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Abstract 

Abstract of the thesis 

Population explosion in recent decades has led to severe environmental issues. One such 

significant drawback of unregulated population growth is unwanted release of xenobiotics 

such as fluoride in the environment. Excess deposition of fluoride in the ground and surface 

water bodies affects plant health and development. The aim of this Doctoral Thesis was to 

highlight the effects of fluoride toxicity on rice varieties. Exposure to sodium fluoride led to 

higher accumulation of fluoride ions due to higher expression of chloride channels in 10 and 

20 day-old Khitish and MTU1010, respectively that significantly hampered the growth of 

seedlings. Additionally, fluoride toxicity also triggered the formation of superoxide ions and 

H2O2 that caused membrane peroxidation leading to higher electrolyte leakage, formation of 

cytotoxic metabolites like ammonium ions, methylglyoxal and malondialdehyde along with 

higher LOX and NOX activity. Fluoride accumulation also led to degradation of the 

chlorophyll. Contrastingly, higher adaptability against fluoride stress was noted in 20 and 10 

day-old Khitish and MTU1010 seedlings, respectively which was attributed to higher 

expression of FEX and H
+
-ATPase along with efficient uptake and utilization of 

macroelements such as nitrogen and sulfur. Exogenous application of protective chemicals 

such as calcium and silicon lowered the uptake of fluoride ions by chelating them and by 

forming a protective barrier in the roots, respectively, that inhibited the absorption of fluoride 

ions. Moreover, higher endogenous level of calcium and silicon also induced the formation of 

osmolytes and non-enzymatic antioxidants and activity of enzymatic antioxidants that 

detoxified the reactive oxygen species accumulated in the tissues which in turn reduced the 

effects of fluoride-induced oxidative stress. Priming of seeds with calcium compounds also 

improved carbon metabolism in seedlings by restoring the activity of enzymes involved in 

tricarboxylic acid cycle along with sucrose and starch metabolism that provided sufficient 

energy to overcome the stressed environment. Furthermore, the role of abscisic acid (ABA) 

in fluoride stress was also studied since its protective role in case of other abiotic stress is 

widely known. Reduced ABA accumulation led to higher accumulation of gibberellic acid 

and melatonin in fluoride-stressed Nonabokra and Matla seedlings that promoted their 

tolerance level. However, higher ABA content in Jarava seedlings upregulated the expression 

of chloride channels that stimulated the uptake of fluoride ions, leading to severe fluoride-

mediated damage in spite of higher accumulation of polyamines and osmolytes like proline 

and glycine betaine via concerted action of genes like ODC, ADC, DAO, PAO, SAMDC, 

SPDS, SPMS and PDH. Treatment of seedlings with ABA inhibitor (Na2WO4) promoted 
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fluoride tolerance in seedlings, whereas supplementation with exogenous ABA further 

aggravated the symptoms of fluoride toxicity. Overall, the studies undertaken in this thesis 

highlight the toxic effects of fluoride in rice plants and showcase the promising role of 

calcium and silicon in reverting back the normal growth of seedlings. Furthermore, data 

obtained also highlighted that fluoride tolerance is negatively regulated or is independent of 

ABA and ABA signaling pathway, but is rather efficiently regulated by the ABA antagonists 

like melatonin and gibberellic acid. 
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Introduction 

Fluorine (F
-
) is the ninth element of the periodic table and was identified by Professor Henry 

Moissan in 1886. Due to its electronic configuration (1s
2
, 2s

2
, 2p

5
), fluorine is the most 

electronegative and highly reactive element. It is pale yellow irritable gas with pungent smell 

and do not exist freely in nature. Due to high electronegativity, it has strong affinity to 

combine with other elements to form compounds called fluoride. Fluoride occurs naturally in 

rocks particularly that are associated with phosphate. According to Radosites et al. (1994), 

soil that is derived from rocks may contain toxic amount of fluoride. In addition, rapid 

industrialization and population growth have also significantly contributed towards the 

deposition of fluoride in the environment. In India, fluoride poisoning is one of the major 

problems faced by several states due to the presence of excess amount of fluoride in drinking 

water (Choubisa 1997; Choubisa et al. 2001). According to Choubisa (2012), 50-100% 

districts of Gujarat, Rajasthan, Uttar Pradesh and Andhra Pradesh are suffering from fluoride 

contamination, whereas 30-50% districts of Bihar, Karnataka, Haryana, Maharashtra, Tamil 

Nadu, West Bengal, Madhya Pradesh and Punjab are challenged with fluoride pollution. 

Level of fluoride in drinking water in some parts of India is as high as 5.1−15 mg L
-1

 (Dausa, 

Rajasthan) and 3.2−3.8 mg L
-1

 (Birbhum, West Bengal) which is significantly higher than 

that of recommended level of fluoride (1.5 mg L
-1

) by World Health Organization 

(Bhattacharya and Samal 2018). On being cultivated with fluoride-contaminated water, plants 

easily absorbs fluoride from water and soil, leading to eventual accumulation in their tissues 

and grains. Prolonged consumption of these intoxicated crops along with contaminated water 

led to serious health-related problems in humans.  

Fluoride is an emerging pollutant that originates from various sources and pollutes the 

surrounding water bodies and soil, affecting plant growth and nutrient bioavailability of the 

soil. Plants uptake fluoride from the contaminated soil and water bodies when exposed for a 

prolonged period. The endogenous fluoride level in plants is estimated to increase by 3 ppm 

for each 100 ppm increase in soil fluoride up to the 2200-ppm level (Bharti et al. 2017). The 

baseline of fluoride deposition in plants is usually <10 mg kg
-1

, however, it varies depending 

on the species (Zuo et al. 2018). Prolonged exposure of plants to fluoride leads to its 

absorption via fluoride channels such as chloride channel (CLC) 1 and CLC 2. Higher 

deposition of fluoride in the tissues significantly impacts the productivity of plants and also 

causes extensive yield loss. In addition, excessive bioavailability of fluoride incites various 

toxicity effects at biochemical and metabolic level, such as nutrient absorption, mineral 
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homeostasis and alteration in water status within the plant tissues (Farouk and Al-Amri 

2019). Absorption of fluoride beyond the threshold level in plants led to the formation of 

reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) and superoxide radical 

(O2
.-
) that causes peroxidation of lipid membrane and also hampers its integrity (Yadu et al. 

2016). Higher accumulation of ROS also provokes the activity of lipoxygenase (LOX) which 

eventually causes membrane perturbation, leading to higher leakage of electrolytes along 

with higher formation of other cytotoxic species like malondialdehyde (MDA) and 

methylgloxal (MG). The elevated level of ROS and MG generated due to excess 

accumulation of fluoride leads to the modifications of structural property of proteins (protein 

carbonylation) and also enhances their proteolytic breakdown via enhanced protease activity 

(Farouk and Al-Amri 2019). Higher fluoride deposition within the tissues also enhances 

chlorophyll breakdown and inhibits its synthesis (Banerjee and Roychoudhury 2019a).  

In order to survive under harsh conditions, plants are equipped with protective metabolites 

such as osmolytes and antioxidants. Osmolytes such as proline, glycine-betaine and amino 

acids are small electrically neutral, non-toxic metabolites that help in scavenging of free 

radicals in the cells. Additionally, they also enhance the tolerance capability of the plants by 

maintaining the osmotic balance of the cells and integrity of the lipid membranes (Paul et al. 

2017). The activity of Δ
1
-pyrroline-5-carboxylate synthetase (P5CS) that controls the rate 

limiting step of proline biosynthesis was also found to be enhanced during abiotic stresses 

(Zhang and Becker 2015). 

In addition to osmolytes, plants are equipped with enzymatic and non-enzymatic antioxidants 

that detoxify the ROS generated within the cells, thus protecting its overall structure and 

function. The major enzymatic antioxidants present in cells are superoxide dismutase (SOD), 

catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX), guaiacol 

peroxidase (GPoX) and glutathione reductase (GR). During stressed condition, superoxide 

radicals generated in the cells are converted into less toxic H2O2 due to the catalytic activity 

of SOD; H2O2 again decomposes into non-toxic metabolites by the enzymatic action of CAT, 

APX, GPX and GPoX (Chakraborty and Patra 2015). The synthesis of non-enzymatic 

antioxidants such as phenolics, anthocyanins, carotenoids, flavonoids, ascorbate, reduced 

glutathione and xanthophylls is also elevated in cells as a protective measure to abrogate the 

negative effects of oxidative stress, occurring due to the formation of ROS in response to 

abiotic stresses (Ahmad et al. 2010). The role of phenylalanine ammonia lyase (PAL) that 
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enhances the formation of flavonoids by controlling the committed step of flavonoid 

biosynthesis is also well known during fluoride stress in rice seedlings (Banerjee and 

Roychoudhury 2019a). The formation of MG is nullified in the cells by the action of 

glyoxalase I (Gly I) and glyoxalase II (Gly II) that together forms the glyoxalase system 

(Hong et al. 2016). During stressed conditions, the ascorbic acid pool is also used in various 

reactions, as well as by ascorbic acid oxidase (AsAO) to produce dehydroascorbate. 

Tricarboxylic acid (TCA) cycle is regarded as the major path of carbon metabolism. It is 

considered as a vital pathway that connects carbon and nitrogen metabolism along with the 

release of energy in plants (Schnarrenberger and Martin 2002). Various metabolic acids 

(pyruvate, citrate and malate) formed during this cycle collectively helps to mitigate the 

effects of abiotic stresses by taking part in energy production and acting as the precursor of 

various amino acids that quench excess cations and also maintain the homeostasis of the cells 

(Lopez-Bucio et al. 2000). According to Petrovič et al. (2002), abiotic stress hampers the 

activity of enzymes involved in TCA cycle that eventually influences the carbon content of 

the cells. Previously, Banerjee et al. (2019a) reported that fluoride stress hampered the 

activity of three major enzymes of TCA cycle, i.e., pyruvate dehydrogenase (PyDH), 

succinate dehydrogenase (SDH) and malate dehydrogenase (MDH) which in turn lowered the 

tolerance capability of the rice seedlings. Along with organic acids, sugar and starch 

produced during the growing phase of plants also act as osmoregulatory molecules to protect 

various biomolecules from the toxic effects of ROS. Sucrose helps in the translocation of 

carbon molecules, whereas starch acts as a carbon reservoir in leaves and gets finally 

deposited in fruits and grains (Zhou et al. 2002). In photosynthetic tissues, the level of 

sucrose is highly regulated due to the action of sucrose phosphate synthase (SPS). Sugar 

formed due to the action of SPS on d-fructose 6-phosphate and uridine diphosphate glucose is 

broken down by acid invertase (INV) and sucrose synthase (SS) (Geigenberger and Stitt 

1993). Breaking-down of starch due to the catalytic action of starch phosphorylase and α-

amylase provides energy which is utilized by the plants to overcome stressed condition and 

maintain their proper growth (Krasensky and Jonak 2012). 

Mineral elements play a critical role in ameliorating the negative effects of abiotic stress by 

regulating the formation of protective metabolites (Bhardwaj et al. 2023). Nitrogen and sulfur 

are two such important nutrients that act as a major stress reducer in plants. Nitrogen is 

considered as a macronutrient in plants due to its wide involvement in the formation of 
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photosynthetic pigments, polyamines and secondary metabolites. Additionally, it also forms 

an integral part of various enzymes, amino acids and proteins (Zhang et al. 2013). Nitrogen is 

mostly absorbed as nitrate (NO3
-
) from the soil and is readily converted in nitrite (NO2

-
) by 

the action of nitrate reductase (NR). In the cytoplasm, NO2
- 
is transformed into ammonium 

ions (NH4
+
) by the action of nitrite reductase (NiR) (Gangwar and Singh 2011). Ammonium 

ions being highly toxic, plants rapidly convert it into glutamate and glutamine by the action 

of glutamate synthase (GOGAT) and glutamine synthase (GS), respectively. Glutamate is 

further transformed to 2-oxoglutarate by the catalytic action of glutamate dehydrogenase 

(GDH) that acts as a substrate of TCA cycle. Various earlier reports have shown that abiotic 

stress hinders the accumulation of nitrogen in plants that significantly reduces their tolerance 

level. Banerjee et al. (2019a) reported that fluoride stress inhibited the activity of NR in 

susceptible rice variety that drastically hampered its survival capability, as compared to that 

of tolerant cultivar where the activity of NR was marginally affected. Similar results were 

also shown by Sil et al. (2020) where they demonstrated that arsenic stress negatively 

influenced nitrogen assimilation in wheat seedlings showing hindered growth. 

Sulfur is recognized as the fourth most important plant macronutrient after nitrogen, 

phosphorus and potassium (Kumaran et al. 2008). Thorough observation of various plant 

process and biomolecules has recognized sulfur as one of the most abundant molecules in 

organic structures within plants. Sulfur is mostly involved in the formation of proteins, 

chlorophyll, sulfur-containing amino acids (cysteine), vitamins and various protective 

metabolites such as glutathione and phytochelatins that are involved in stress tolerance in 

plants (Spadaro et al. 2010). Similar to that of nitrogen, sulfur is also taken up by the roots 

form the soil as sulfate ions (SO4
2-

). For its incorporation into metabolic pathway, sulfur 

needs to be activated by the enzymatic action of ATP-sulfurylase (ATP-S) (first enzyme of 

sulfur assimilatory pathway) to yield adenosine 5’-phosphosulfate (APS). APS is converted 

to sulfide (S2
-
) that finally reacts with O-acetyl serine to form cysteine in presence of O-

acetylserine(thiol) lyase (OAS-TL). According to Gill and Tuteja (2011), cysteine is the first 

organic compound of sulfur assimilatory pathway that contains reduced sulfur in cells. 

Further, cysteine can be converted to hydrogen sulfide (H2S) by the catalytic action of 

cysteine desufhydrase (DES) that in turn regulates the level of cysteine in the cells (Vojtovič 

et al. 2020). H2S thus formed also plays a major role in regulating the tolerance capability of 

plants under harsh conditions. In past, several reports have shown the positive role of 
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exogenous application of sulfur in plants exposed to stress environment (Hasanuzzaman et al. 

2018; Sheng et al. 2016). 

Previous reports have shown that treatment of plants with diverse chemicals maintain their 

growth on being exposed to harsh environmental condition by enhancing the formation of 

protective metabolites and triggering the uptake of minerals from soil. Calcium (Ca) and 

silicon (Si) are two such elements whose beneficial role has been widely reported against 

abiotic stresses. Sulzbach and Pack (1972) reported that application of divalent metals like 

calcium in soil significantly reduces the uptake of fluoride ions by the plants. Divalent metals 

like Ca bind with the fluoride ions, thus forming their salt, lowering the absorption of F
-
 ions 

by the roots. Dey et al. (2012a) reported that exogenous application of 10 mM calcium 

chloride (CaCl2) lowered the extent of fluoride accumulation in Bengal gram seedlings, 

exposed to 20 mM NaF (sodium fluoride) solution, resulting in higher tolerance level of the 

seedlings. Similarly, Ruan et al. (2004) demonstrated that exogenous application of calcium 

nitrate [Ca(NO3)2] checked the uptake and accumulation of fluoride ions in tea plants. Ca also 

acts as a secondary messenger in plants during unfavorable environmental conditions 

(Mahajan et al. 2008). During salt stress, calmodulin (CaM) and calcineurin-B-like (CBL) 

proteins serve as important Ca sensors that help in ROS detoxification by transmitting stress 

signals (Li et al. 2009a). Another major signaling components that are activated by Ca
2+

 ions 

constitute the salt overly sensitive (SOS) 1, SOS 2 and SOS 3 (Halfter et al. 2000). 

Along with Ca, the protective role of Si against abiotic stresses has also been widely 

demonstrated by various research groups. Initially, Si was considered to be not so important 

for plant growth, but recent studies have shown that it plays a significant role in inducing the 

tolerance capability of the plants and hence considered as a quasi-essential element (Epstein 

and Bloom 2005). Graminaceous plants such as rice uptake Si from soil and accumulate them 

in their epidermal tissues. Katz (2018) demonstrated that upon application, Si is absorbed by 

the plants and is deposited in the internal parts as amorphous silica or in sites like phytoliths 

that in turn stabilizes the chlorophyll structure and facilities the entry of light during 

photosynthesis. Recently, Sogarwal et al. (2023) reported that exogenous application of Si 

(200 and 300 mg per kg of soil) restricted fluoride uptake and its translocation from roots to 

shoot and also triggered the antioxidant defense mechanism in wheat plants exposed to 400 

and 500 mg fluoride per kg of soil. In another study, Banerjee et al. (2021) reported that 

application of Si nanoparticles lowered the extent of fluoride accumulation in rice plants as 
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well as triggered the level of protective metabolites and extent of macronutrient absorption 

from the soil that enabled proper maintenance of the agronomic traits of the plants. 

Phytohormones are identified as cellular signaling molecules that, at low concentrations, act 

as chemical messenger and have a paramount role in regulating various physiological 

activities of the plants (Fleet and Sun 2005). Phytohormones also play a pivotal role in 

regulating various biochemical and physiological processes that govern the growth and yield 

of the plants under optimal and stressed environment. Of the various phytohormones 

identified in plants, abscisic acid (ABA), melatonin and gibberellins (GAs) are among the 

few that have a central role in plant response to environmental stresses (Maheshwari et al. 

2015). ABA was initially identified in plants in early 1960s and was found to responsible for 

seed dormancy. Its potential role in stress adaptation was demonstrated later by various 

scientific communities (Iqbal 2015). Under harsh conditions, stress stimuli triggers ABA 

formation from β-carotene using 9-cis-epoxy carotenoid di-oxygenase (NCED) enzyme. Of 

all the NCEDs identified till date, NCED3 is considered to be the rate limiting enzyme of 

ABA biosynthesis (Tan et al. 2003). ABA-8-oxidase1 (ABA8ox1) is another major enzyme 

of ABA metabolic pathway that regulates degradation of ABA into phaseic acid 

(Roychoudhury and Banerjee 2017). 

It is worth mentioning that ABA triggers and mobilizes a wide array of biochemical defenses 

such as biosynthesis of proline, glycine betaine and polyamine such as spermine, spermidine 

and putrescine that enable plants to ward-off negative effects of abiotic stress (Liu et al. 2018; 

Singhal et al. 2021). Earlier, Shevyakova et al. (2013) demonstrated that treatment of roots of 

Mesembryanthemum crystallinum with ABA (1 µM) lowered the activity of proline 

dehydrogenase, leading to higher proline accumulation in plants exposed to 100 and 300 mM 

salt stress. Moreover, ABA not only regulates physiological responses, but also interacts with 

other phytohormones in plants exposed to unfavorable conditions (He et al. 2018). Melatonin 

antagonistically lowers the level of ABA in apple seedlings exposed to drought by up 

regulating the expression of ABA catabolic genes (Li et al. 2015). Similarly, Zhang et al. 

(2014) reported that melatonin lowers ABA formation in cucumber seedlings by down 

regulating the expression of ABA anabolic genes during salt stress. Gomez-Cadenas et al. 

(2001) reported the GA negatively interacts with ABA to regulate internodal growth and 

germination. 
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In past, several reports have shown that fluoride, when present above the threshold level in 

soil, can be easily absorbed and deposited in the rice. On being deposited in the tissues, 

fluoride led to the higher formation of ROS that compromised the growth and yield of plants. 

In order to survive under these inappropriate conditions, plants produce a wide array of 

protective metabolites that reduces the extent of damage in seedlings by detoxifying the 

cytotoxic metabolites. However, the exact mechanism regarding how these metabolites 

operate in various rice cultivars exposed to fluoride stress is still not fully understood. 

Additionally, the effect of fluoride stress on the metabolic pathways of nitrogen, sulfur and 

carbon (TCA cycle, sugar and starch) assimilation still remain obscure. Previously, various 

reports have established ABA as an important phytohormone that plays a major role in 

mediating stress tolerance capability of the plants; however in case of fluoride stress, no such 

detailed studies have been conducted till date. Because of such lacuna in knowledge, an 

extensive elaborative work was conducted in the present Thesis to investigate the detrimental 

effect of fluoride stress in rice plants. The effect of this emerging pollutant in rice cultivars 

has been investigated at the biochemical and molecular level and feasible cost-effective 

approaches for fluoride stress management in rice have been experimentally analyzed. 

Objectives: 

On the basis of available literature and previous works, this Thesis is aimed to fulfill the 

following objectives. 

1. Biochemical and molecular mechanism of fluoride-mediated oxidative damages and 

defense mechanism in indica rice cultivars, viz., Khitish and MTU-1010, along with 

the effect of fluoride toxicity in metabolic pathways like TCA cycle and nitrogen and 

sulphur metabolism.  

2. Potential role of exogenous application of calcium compounds as ameliorating agents 

to counteract fluoride stress in rice. 

3. To decipher the effect of exogenously applied silicon in abrogating the negative effect 

of fluoride toxicity in rice. 

4. Validation of the mechanism of actions of ABA and ABA-mediated pathways in 

response to fluoride stress in rice. 
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2.1. Overview 

The quality of life and health of surrounding environment are directly related to each other. 

Unprecedented growth of human population along with rise in standard of living and other 

anthropogenic activities have drastically affected the sustainability of the environment. 

Unregulated and untreated dumping of industrial wastes in biosphere has further worsened 

the condition. Toxic pollutant, released in the environment and taken up the plant, eventually 

accumulates in the food chain. On being consumed, the contaminated food grains led to 

human and animal health problem (Shahab et al. 2017). Higher incidence of health problem 

due to environmental change has attracted the attention of various environmentalist and 

research communities. The major sources of pollution in the biosphere is attributed to non-

regulated use of chemical fertilizers (pesticides, herbicides and insecticides), sewage wastes, 

untreated industrial effluents and household wastes (Chouhan and Flora 2010; SCHER 2011). 

Most toxic wastes, released from the industries, consist of large amount of inorganic 

compounds along with hazardous metal and non-metal wastes. Fluorine is one of such severe 

hazardous elements whose release from the industries has significantly enhanced in the past 

two decades. 

Fluorine (
9
F18.998) is the 13

th
 most available element on the earth crust with an average 

concentration of about 625 mg kg
-1 

(Camargo and Alonso 2006; Selinus et al. 2016). It is 

most reactive of all the halogens due to its small size and high electronegativity. Fluorine-rich 

mineral rocks such as fluorite (CaF2), amphiboles (A0-1B2C5T8O22(Cl,F,OH)), sellaite (MgF2), 

cryolite (Na3AlF6), topaz (Al2SiO4(F,OH2)), apatite (Ca5(Cl,F,OH)(PO4)3) and micas [(AB2-

3[X,Si]4)10(O,F,OH)2] are some of the major geogenic sources of fluoride that are widely 

found all over the world (Hem 1985; Pickering 1985). Apart from industrial and household 

wastes, weathering and leaching of fluoride-rich mineral rocks can release fluorides in water 

bodies. According to the Bureau of Indian Standards and World Health Organization, the 

permissible limit of fluoride in drinking water is 1.5 mg L
-1

 (WHO 2004; BIS 2012; WHO 

1997). According to the recent reports of World Health Organization, more than 260 million 

individuals are consuming water, contaminated with fluoride, having concentration of about 1 

mg L
-1

 (WHO 2004). Fluoride toxicity occurs globally in many countries, such as Sri Lanka, 

Pakistan, India, Turkey, Mexico, China, Iran, Italy, Algeria, United States, Korea, Kenya, 

Malawi, Ethiopia, Norway, Ghana and Jordan. In India, the level of fluoride in drinking water 

ranges between 0.1-61.4 mg L
-1

 (Kumar et al. 2021). 
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2.2. Sources of fluoride in environment 

According to the reports of World Health Organization (1984), fluoride is naturally occurring 

elements which accounts for about 0.32% of earth’s crust. The major sources of fluoride in 

the environment are geological, natural and anthropogenic by nature. 

2.2.1. Geological sources 

The major sources of fluoride in the environment constitute weathering and leaching of 

fluoride containing rocks, atmospheric sources and geothermal vents. 

2.2.1.1. Weathering of fluoride-bearing mineral rocks 

The major reserve of fluoride is in the rocks containing fluoride-rich minerals. The average 

value of fluoride in the earth crust is 625 mg kg
-1

. According to Ozsvanth (2009), the level of 

fluoride in different rocks varies with their composition such as 1000 mg kg
-1 

in alkaline 

igneous rocks, 100 mg kg
-1 

in ultramafic rocks and 1300 mg kg
-1

 in marine shales. 

Metamorphic and igneous rocks are the major storehouse of fluoride-containing minerals; 

however, very small quantity is found in the sedimentary rocks. Edmunds and Smedley 

(2005) reported that the concentration of fluoride in sedimentary rocks containing fluorapatite 

and fluoride-enriched clay may be higher than that found in normal sedimentary rocks. 

Weathering of granite rocks such as hornblende, amphiboles and muscovite are also one of 

the major sources of fluoride in groundwater (Vithanage and Bhattacharya 2015). In distant 

past, Churchill et al. (1948) reported that coal burning also significantly contributes towards 

deposition of fluoride in the environment since per kg of coal contains 295 mg of fluoride. 

2.2.1.2. Geothermal sources 

Geothermal and volcanic activities are one of the primary sources of fluoride in some regions 

of the world. According to Camargo (2003), eruption from volcanoes can contribute to about 

60-6000 kilotons of inorganic fluoride annually. India, South Africa, Ethiopia, Ghana, 

Jordan, Senegal and Kenya are highly affected with fluoride contamination due to the 

presence of crystalline metamorphic and igneous rocks beneath the earth’s surface (Dey et al. 

2004). Hydrogen fluoride that is naturally released from volcanic eruption can be present in 

water and surrounding environment even after the activity of volcano ceased long time back 

(Araya et al. 1993). Volcanic rocks can lead to a deposition of around 2000 mg kg
-1

 of 
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fluoride at the subduction zone boundary (Anazawa 2006). Precambrian rocks with 

composition of schist, amphibolites and granite are more responsible for the high 

concentration of fluoride in the hot spring water (Marbaniang et al. 2014). 

2.2.1.3 Atmospheric sources 

Gupta et al. (2005) reported that precipitation and atmospheric air also contributes towards 

the deposition of fluoride in the environment, ranging from almost below the detection limit 

to 0.089 mg L
-1

 and 0.01-0.4 µg m
-3

, respectively. According to the reports of World Health 

Organization (2002), lead fluoride, aluminum fluoride, calcium fluoride, calcium phosphate 

fluoride and sodium hexafluorosilicate are the major sources of fluoride-based particulates 

present in the environment, whereas major gaseous forms are hydrogen fluoride, sulfur 

hexafluoride, fluorosilicic acid and silicon tetrafluoride. During rainfall or precipitation, 

atmospheric fluoride reaches the earth surface. Other factors which controls the deposition 

and distribution of fluoride in the environment are temperature, wind turbulence, wind speed 

and wind direction (Scheringer 2009). Among all the airborne fluorides, silicon tetrafluoride 

and hydrogen fluoride are the most important damaging agents causing air pollution, 

affecting the natural vegetation and agricultural field (Malayeri et al. 2012).  

2.2.2. Anthropogenic sources 

In recent decades, anthropogenic activities are one of major causes of fluoride deposition in 

the biosphere. Industries such as aluminum, steel and iron, thermal power plants and ceramic 

and fertilizer industries chiefly emit fluorides in the form of ash, fluoride-rich dust, fumes and 

airborne particles in the environment (Kundu et al. 2001; Dey et al. 2012b). On being 

deposited on the earth’s surface, these pollutants significantly affect the quality of water and 

soil that eventually lead to a loss of vegetation in the areas located in the vicinity of the above 

mentioned industries (Ranjan and Ranjan 2015). According to the reports of Skjelkvale 

(1994), deposition from aluminum industries might lead to 10 fold rise in the level of fluoride 

in the streams, as compared to that of normal background level of 0.05 mg L
-1

. In addition, 

fluoride-based pollutants, emitted from ceramic industries, thermal power plants, brick 

making industries, aluminum smelting factories and glass industries are highly reactive and 

readily undergo hydrolysis to yield hydrogen fluoride in the environment (Vike 2005). 

Extensive use of non-renewable fossil fuel in the industries leads to emission of gaseous 

fluoride in the environment. Clay, used for brick making, contains very high level of fluoride 
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(Cape et al. 2003). Deposition from phosphate fertilizer industries drastically increases the 

level of fluoride by more than 100 times in water bodies, as compared to the level of fluoride 

naturally present in these water bodies (Camargo 2003). Various chemical making factories 

produce calcium fluoride, hydrogen fluoride and sodium fluoride that also increase the 

concentration of fluoride in the environment. In addition to industries, one of major factors, 

contributing toward fluoride pollution in soil and water bodies, includes the unprecedented 

use of fluoride-based phosphate fertilizers (Kundu and Mandal 2009). Wash-away from the 

agricultural field leads to the deposition of fluoride in the water bodies which on being used 

for irrigation further aggravate the conditions (Pettenati et al. 2013). According to the reports 

of Rao (1997), the use of superphosphate fertilizers can lead to a deposition of about 0.34 mg 

L
-1

 of fluoride in the water bodies (Fig. 2.1). 

 

“Fig 2.1: Natural and anthropogenic sources of fluoride in the environment, 

significantly   contaminating the biosphere, thus leading to its higher deposition in soil 

and water bodies. [Reprinted with permission from Springer Nature, Environmental 

Geochemistry and Health, Groundwater fluoride contamination, probable release, and 

containment mechanisms: a review on Indian context. Mukherjee I and Singh UK, 2018 

vide license number 5587751124472]” 
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2.2.3. Natural sources 

The natural sources of fluoride are marine aerosols, volcanic gases and airborne dust particles 

(Tavener and Clark 2006). According to Camargo (2003), marine aerosols can lead to an 

annual deposition of about 20 kilotons of inorganic fluoride globally. Volcanic eruptions 

release a significant amount of fluoride in the environment along with volcanic ash that 

readily gets admixed with the water vapour present in environment and finally comes down 

to earth’s surface, thus contaminating a huge topographical area (Araya et al. 1993). In a 

recent report, Bellomo et al. (2007) stated that volcanic activities in Southern Italy by Mount 

Etna volcano releases 200 mg of hydrogen fluoride daily which is deposited by dry and wet 

deposition on the earth’s crust (Fig. 2.1). 

2.3. Extent of fluoride pollution in context to Indian subcontinent 

According to the reports of World Bank (2010), groundwater accounts for about 85% of 

drinking water supplies in India. Around 50% urban and 80% rural population of India is 

directly or indirectly dependent on groundwater source for domestic purpose (Pemmaraju and 

Rao 2011). Thus, contaminations of groundwater with fluoride have significantly affected the 

Indian population. According to the reports of Chakraborti et al. (2016), more than 66 million 

of Indian population including 6 million children spreading across 17 different states is 

suffering from acute dental and skeletal problem due to consumption of fluoride-

contaminated groundwater. According to the reports of Shankar et al. (2011), around 90% of 

the total consumable water in rural areas comes from groundwater sources such as tube wells 

(56%) and open wells (14%) which further worsen the conditions of people residing in these 

areas. Almost all the major states of India is reported to have fluoride contamination in 

groundwater among which Gujarat, West Bengal, Rajasthan, Andhra Pradesh, Telangana, 

Uttar Pradesh, Assam, Bihar, Jharkhand, Orissa, Chhattisgarh, Punjab, Madhya Pradesh, 

Haryana, Karnataka, Manipur and Tamil Naidu are most affected (Mukherjee and Singh 

2018) (Fig. 2.2). In addition to groundwater, atmospheric deposition of fluoride due to 

various anthropogenic activities is also noticeable in several parts of India. Earlier report by 

Saxena et al. (1994) demonstrated the atmospheric deposition of fluoride by dust (30 kg km
-2

 

year
-1

) and rainwater (60 kg km
-2

 year
-1

) in Agra due to thermal power plants, burning of 

fossil fuels and smelting of aluminum ore. Similar report was also published by 

Chandrawanshi and Patel (1999) where they showed atmospheric deposition of fluoride over 
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“Fig. 2.2: Fluoride level in groundwater of Indian states [Reprinted with 

permission from Springer Nature, Environmental Geochemistry and Health, 

Groundwater fluoride contamination, probable release, and containment 

mechanisms: a review on Indian context. Mukherjee I and Singh UK, 2018 

vide license number 5633551033607].” 

central part of India. Along with anthropogenic activities, various natural sources also 

contribute toward addition of fluoride in soil and water of Indian subcontinent. 
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2.4. Uptake and bioaccumulation of fluoride in plants 

In recent time, fluoride toxicity has become one of the most common contaminants for plant 

species. Plants generally absorb fluoride from air via leaves and from soil and water via roots 

that ultimately leads to higher accumulation of fluoride ions in various plant parts 

(Anshumali 2014; Smolik 2011). Several factors such as soil properties, concentration of 

fluoride in soil and plant species determine the amount of fluoride uptake from the soil 

(Tylenda 2003). In addition, presence of other anions and pH of soil also influence the 

fluoride accumulation in plants (Ruan et al. 2004).  

Plants uptake fluoride ions from the soil via apoplastic transport system or anion channel. 

Due to the presence of positive charges on the cell wall, apoplastic uptake of fluoride is the 

dominant pathway in the roots of the plants. Fluoride reaches to vascular stele through free 

space and cell wall of epidermis and cortex. This pathway occurs especially in secondary root 

as it grows through endodermis and allows the entry of fluoride ions directly to the 

xylem/phloem, bypassing the casparian strip (Singh et al. 2018). Another way of uptake of 

“Fig. 2.3: Fluoride uptake and accumulation in plants: (a) uptake mechanism in roots 

and (b) overall translocation from roots to shoots. [The image has been taken from 

Kumar et al. (2021) under Creative Commons Attribution License (CC BY)]” 
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fluoride ions from root to shoot is via anion channels. Due to polarization, fluoride ions 

cannot freely cross the lipid membrane and carried out by some selective channels or carrier 

proteins that facilitate the efflux and influx of fluoride ions from the cells (Fig 2.3).  

Accumulation of fluoride ions in various parts of plants mostly depend on its translocation 

from root to shoot and other parts (Agarwal and Chauhan 2014). Deposition of fluoride in 

leafy vegetables such as spinach and coriander (42.3 and 2.3 mg kg
-1

, respectively) was found 

to be more, as compared to that of grains and fruit crops (Gupta and Banerjee 2011). 

According to Rhimi et al. (2016), deposition of fluoride ions was found to be higher in the 

leaf lamina of grape vines, as compared to that of leaf stock and internodes. Ruan and Wong 

(2001) demonstrated higher level of fluoride in old leaves, as compared to that of other parts. 

2.5. Effect of fluoride toxicity on plants 

Higher bioaccumulation of fluoride in plants from soil, water and air affects almost all the 

physiological and metabolic processes of plants. 

2.5.1. Effect on growth parameters 

Accumulation of fluoride above the threshold level significantly lowers the germination and 

early development of seeds. Reduced germination of seeds might be linked with lower uptake 

of water and inhibited cell division which result in the enlargement of embryo and overall fall 

in the level of other metabolic activity that controls this complex process. In addition, Ram et 

al. (2014) and Panda (2015) showed that fluoride inhibited the activity of phytase enzyme 

that was responsible for dephosphorylation of phytin compounds, amylase activity and uptake 

of minerals nutrients that altogether lowered the germination rate of seeds. Fluoride-induced 

DNA damage also led to reduced RNA and protein synthesis that ultimately inhibited the cell 

elongation and cell division and consequently inhibited growth (Panda 2015). Fluoride 

present in atmosphere can be accumulated by stomata that results in leaf tip necrosis and 

chlorosis which are the primary symptoms of fluoride toxicity (Panda 2015) (Fig. 2.4). 

2.5.2. Fluoride induced inhibition of photosynthesis 

Fluoride stress significantly affects the rate of photosynthesis mainly by reducing the 

synthesis of chlorophyll or by enhancing its degradation along with inhibition of Hill reaction 

and degradation of chloroplast ultra-structure (Baunthiyal and Ranghar 2014). Higher 
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accumulation of fluoride ions was found to decrease the availability of Fe
2+

 ions that are 

essential for chlorophyll synthesis and to increase the activity of chlorophyllase enzyme that 

controls the degradation of chlorophyll and inhibits the process of photosynthesis (Yadu et al. 

2016). Fluoride ions chiefly accumulate in the chloroplast of leaves which drastically affects 

the level of photosynthetic pigments such as chlorophyll a, chlorophyll b, anthocyanins and 

carotenoids (Kumar and Rao 2008). Fluoride stress affect chloroplast and sub cellular 

organelles along with inhibited uptake of carbon dioxide from environment that limits the 

process of photosynthesis in plants. In addition, fluoride ions also affect the activities of 

sucrose synthase, RuBisCo (ribulose 1,5-biphosphate carboxylase) and other enzymes 

associated with CO2 fixation (Banerjee et al. 2019a). 

2.5.3. Generation of ROS 

Reactive oxygen species (ROS) are groups of free radicals like superoxide anion (O2
•–

), 

singlet oxygen (
1
O2), hydroxyl radical (OH

•
) and hydrogen peroxide (H2O2) that are derived 

from oxygen (Apel and Hirt 2004). They are strong oxidizing agent that can readily react 

with any component of cell organelles and causes severe damage to nucleic acid, proteins and 

lipids (Sharma et al. 2012). Under abiotic stresses including fluoride-exposure, limited CO2 

“Fig. 2.4: Fluoride induced physiological and morphological damage in plants” 
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fixation occurs which leads to a decrease in both carbon reduction by the Calvin cycle, and 

the oxidized NADP
+ 

level. This oxidized form of NADP
+
 serves as an electron acceptor when 

ferredoxin is reduced during the transfer of electrons in photosynthesis. Thus, electrons may 

be transferred from the photosystem I to O2 to form O2
•–

 by the process called the Mehler 

reaction (Gill and Tuteja 2010). Higher fluoride induces the formation of O2
•– 

via the above 

mentioned pathways, whereas at lower concentration, fluoride enhances the formation of OH
• 

via Heber-Weiss reaction (Wang et al. 2004) (Fig 2.4).               

Enhanced formation of ROS in the cells significantly affects the stability of macromolecules. 

The most prominent effect noted in the cells is the oxidation of poly unsaturated fatty acids 

that are important components of cell membrane. Fluoride toxicity also reduces the formation 

and enhances the degradation of proteins in the seedlings in both time and dose dependent 

manner (Datta et al. 2012; Gadi et al. 2012). Saleh and Abdel-Kader (2003) demonstrated 

that fluoride toxicity inhibits the pace of RNA synthesis, and nitrogen metabolism, and 

enhances the activity of ribonuclease that affects the turnover of protein formation. Similar to 

that of lipids, proteins are also affected by higher ROS accumulation that causes deleterious 

modification such as carbonylation, nitrosylation, glutathionylation and formation of 

disulfide bonds (Parkhey et al. 2014). In addition, proteins with amino acids, containing 

sulfur such as cysteine and methonine, are highly prone to ROS (Parkhey et al. 2014).  

2.6. Effect of fluoride toxicity on humans 

In humans, fluoride is important for the integrity of bones and teeth till an optimum level. 

Sufficient level of fluoride in the body prevents osteoporosis, increase bone density and 

prevent dental caries (Ericsson 1970; Arlappa et al. 2013). On the other hand, consumption of 

fluoride above safe limit can be highly toxic. Long term exposure to fluoride might lead to 

dental fluorosis which is early symptom of fluoride toxicity (Choubisa and Sompura 1996). 

Choubisa (2001) and Choubisa and Sompura (1996) conducted a survey in Dungarpur, 

Udaipur and Banswara districts of Southern Rajasthan and found that more than 21% 

children and 36% adults were suffering with dental fluorosis on consumption of fluoride 

contaminated water. Other symptoms of fluoride toxicity include limb motor dysfunction, 

joint pain and reduced joint movement (Choubisa and Sompura 1996). Chiba et al. (2012) 

stated that acute fluoride toxicity inhibited the secretion of insulin that eventually lowered the 

level of osteocalcin and further worsened the conditions of patients suffering from skeletal 
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fluorosis by inducing bone lesions (Thomas et al. 1996). Further study by Trivedi et al. 

(1993) demonstrated that 40% of the patients suffering from acute fluoride toxicity also show 

impaired glucose tolerance along with higher serum insulin on ingestion of glucose orally. 

Irreversible damage to hard tissues (teeth and bones) leading to osteo-dental and non-skeletal 

fluorosis in domesticated animals due to consumption of fluoridated water released from 

industries have also been well reported (Choubisa 2017). 

Along with significant effect on hard tissues, fluoride can severely affect the mammalian 

nervous system due to its capacity to penetrate blood-brain barrier (Zuo et al. 2018). 

According to Shivarajashankara et al. (2002), higher consumption of fluoride inhibits brain 

specific metabolism by inhibiting the activity of neuronal enzymes and inhibiting lipid 

peroxidation. In an interesting study conducted on rats by Cheng et al. (2002), it was shown 

that fluoride ions directly hamper the function of neurons, neurotransmitters and myelin. 

Higher fluoride consumption by pregnant mother severely affected the neonatal 

“Fig 2.5: Detrimental effects of fluoride exposure on human health. Fluoride 

intoxication exerts several health hazards in human beings. It causes dental and 

skeletal fluorosis. In addition, fluoride-induced oxidative stress can be detrimental 

to renal, intestinal and central nervous system functions. [The figure has been taken 

from Kashyap et al. (2021) under creative Commons Attribution-NonCommercial-

No Derivatives License (CC BY NC ND)” 
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neurodevelopment, as compared to that of pregnant women, who were not exposed to 

fluoride toxicity (Susheela et al. 1993). Similarly, Zhang et al. (2015) showed that the IQ of 

the children residing in the fluoride contaminated areas was significantly lower than those 

residing in non-contaminated areas. This proves that consumption of fluoride above threshold 

level drastically affects the development of nervous system (Fig 2.5). 

Soft tissues such as heart, lungs, kidney and liver are very prone to fluoride toxicity. Kumar 

and Kumari (2011) reported that prolonged dose of fluoride severely affects the function of 

heart, liver and kidney. Higher risk of chronic kidney disease was noted in people who were 

continuously exposed to fluoride toxicity through food and water (Dharmaratne 2015). 

People working in aluminum mines and factories show high signs of asthma (Søyseth and 

Kongerud 1992). According to Macnee and Rahman (2001), higher intake of fluoride via 

respiration induces the formation of ROS in lungs, thus leading to oxidative stress and other 

respiratory diseases. In addition, excess fluoride exposure also induces the rate of cellular 

apoptosis and arrest cell cycle in G2 phase (Meng et al. 2014). 

2.7. Internal protective mechanism of plants 

In order to survive under harsh conditions, plants usually influx and synthesize various 

metabolites and accumulates them for regulating homeostatic status of the cells which in turn 

maintain the growth and development of plants. The internal protective machineries of the 

plants can be broadly categorized under three major groups: (i) osmolytes, (ii) non-enzymatic 

antioxidants and (iii) enzymatic antioxidants 

  2.7.1. Osmolytes 

In plants, the production of osmolytes confers the osmotic adjustment in the cells that 

eventually protects the cellular organelles and regulates the tolerance capability of the plants. 

The term osmolytes generally refer to neutrally charged low molecular weight metabolites or 

compounds such as sugar, secondary metabolites, polyamines and amino acids (Hussain et al. 

2008). Synthesis and accumulation of osmolytes is considered as one of the paramount 

responses of plants for combating against osmotic and oxidative stress due to various 

stressors. Some of the major osmolytes generated in plants in response to abiotic stresses are 

proline, polyamines, glycine betaine and sugars. 



 

                                                 Page | 24  
 

 

Review  of  Literature 

 To protect against osmotic stress, plants induce the formation of proline which serves as 

antioxidant and ROS scavenger. Higher accumulation of proline in cells is due to its higher 

production, being catalyzed by Δ
1
-pyrroline-5-carboxylate synthetase (P5CS) or due to its 

lower degradation (Dos Reis et al. 2012). Delauney et al. (1993) reported that glutamine 

serves as the precursor of proline in plants; however, in nitrogen deficient condition, 

orinithine serves for the same. The protective role of proline against fluoride stress is widely 

reported in various plant species. Recently, Chakraborty et al. (2022) reported that exogenous 

application of dopamine enhances the formation of proline in rice cultivar which in turn 

enhances the survival capability seedlings on being exposed to 50 mg L
-1

 NaF solution. 

Similar report was also published by Farhangi-Abriz and Ghassemi-Golezani (2022) where 

they also showed that treatment of the mint plant under fluoride stress significantly enhances 

the level of proline. In an another study conducted by Banerjee and Roychoudhury (2019a), it 

was shown that treatment of rice seedlings with fluoride solution significantly enhanced 

proline level in fluoride tolerant cultivar; however, the level was comparable to that of 

control seedlings in the susceptible variety. The defensive role of proline against other abiotic 

stress such as drought, salinity and heat has also been widely reported by various researchers 

in past (Molla et al. 2014; Shahid et al. 2014; Wu et al. 2017; El Sabagh et al. 2015a; El 

Sabagh et al. 2015b). 

Polyamines are nitrogenous compounds that play a significant role in various cellular 

mechanisms (Kusano et al. 2007; Paschalidis et al. 2005). Several types of polyamines such 

as the diamine (putrescine), triamine (spermidine) and tetramine (spermine) play a pivotal 

role in mitigating the negative effects of abiotic stress in plants. Polyamines block the ion 

channels that help to achieve the osmotic balance in cells by means of inorganic ions and also 

scavenge ROS that in turn enhances the tolerance level of the plants. Cuevas et al. (2008) 

reported higher formation of putrescine during chilling stress in Arabidopsis that conferred 

tolerance to the plant. Sadeghipour (2019) and Nahar et al. (2016) reported that spermine, 

spermidine and putrescine enhances drought and salt stress tolerance, respectively in mung 

beans by increasing the net photosynthetic rate, relative water content and protein and 

chlorophyll content in the seedlings. In addition, exogenous application of spermine and 

spermidine was also shown to curtail the negative impacts of fluoride toxicity in rice plants 

by inducing the activity of protective machineries in seedlings (Banerjee et al. 2019b; 

Banerjee et al. 2019c). 
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In response to abiotic stresses, plants along with the above mentioned metabolites also induce 

the formation of glycine betaine.  Choline and glycine serves as the precursor of glycine 

betaine (Chen and Murata 2002). By double step oxidation of choline to toxic intermediate 

betaine aldehyde, catalyzed by the enzymes, viz., choline monooxygenase and betaine 

aldehyde dehydrogenase (BADH), glycine betaine is formed. Glycine betaine treatment 

induces the activity of the enzymatic antioxidants which in turn scavenge the ROS generated 

in Crataegus monogyna in response to chilling stress that enhances the survival capability of 

the plant (Razavi et al. 2018). Al-Taweel et al. (2007) demonstrated that glycine betaine 

reduces the accumulation of ROS and also enhances the activity of photosystem II in tobacco 

plants, thus leading to higher tolerance level against drought stress.  

It is widely proven that soluble sugar and starch molecules directly take part in carbon 

storage, ROS scavenging, stabilization of protein structures and osmotic adjustment (Strand 

et al. 1999; Gill et al. 2001). Starch molecules are the stored form of carbon that is finally 

stored in grains or fruits, whereas sucrose is mostly involved in the translocation of carbon 

molecules (Zhou et al. 2002). According to Krasensky and Jonak (2012), under stressed 

condition, remobilization of starch due to the enhanced activity of starch phosphorylase and 

α-amylase provides energy that is utilized by the plants to overcome the stressed condition. 

The degradation of starch release sucrose molecules that serve as osmoprotectant in cells. In 

addition, sucrose is formed in the tissues by the enzymatic activity of sucrose phosphate 

synthase on uridine diphosphate glucose and d-fructose 6-phosphate. Acid invertase and 

sucrose synthase control the accumulation of sucrose in cells by regulating its degradation. 

The protective role of sucrose and starch is widely reported against various abiotic stresses 

(López et al. 2008; Cha-Um et al. 2009). 

2.7.2. Non-enzymatic antioxidants 

Similar to that of osmolytes, non-enzymatic antioxidants are also electrically neutral 

compounds such as ascorbic acid, glutathione, carotenoids and phenolic compounds that 

scavenge ROS, maintain homeostasis of cell and structure of proteins and lipids. 

Ascorbic acid is one of the most extensively studied antioxidants that is widely present in 

almost all of the cell organelles and apoplasts of plant (Domanovic et al. 2021). Ascorbic acid 

is generally synthesized in mitochondria and is transported to cellular compartment either by 

facilitated diffusion or by electrochemical proton gradient (Gill and Tuteja 2010). Ascorbic 
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acid plays a pivotal role in the regulation of growth and metabolism of plants along with 

scavenging of ROS, thus preventing oxidative damage in cells. Ascorbic acid can directly 

detoxify singlet oxygen, superoxide radical and hydrogen peroxide which in turn generate 

tocopherol as a by-product (Shao et al. 2007). The role of ascorbic acid against various 

abiotic stresses such as drought, light and UV-B was extensively studied in past (Eltayeb et 

al. 2007; Matos et al. 2022). In addition, promising role of ascorbic acid in abrogating 

negative effect of fluoride toxicity is also known. Gao et al. (2018) reported higher ascorbic 

acid formation in the tissues of Hydrilla verticillata on being exposed to 0, 10, 20, and 40 mg 

L
-1

 fluoride solution.  

Glutathione is a tripeptide (γ-glutamylcysteinylglycine) that is primarily present in reduced 

form and its concentration is highest in the chloroplast, as compared to other cell organelles 

(Hajam et al. 2023). In two steps catalyzed by glutathione synthetase and γ-glutamylcysteine 

synthetase, the amino acids are joined in an ATP-dependent manner to form tripeptide. 

Glutathione plays a pivotal role in the regeneration of ascorbic acid via ascorbate-glutathione 

cycle (Millar et al. 2003). The protective role of glutathione against fluoride stress has been 

widely established by various reports in past. Chakraborty et al. (2022) reported that priming 

of rice seeds with dopamine enhanced the formation of glutathione in rice seedlings on being 

treated with NaF solution that in turn regulated the tolerance capability of the seedlings. 

Earlier, Sharma et al. (2019) also showed that exposure of Spirodela polyrhiza L. Schleiden 

to fluoride toxicity induced the generation of glutathione that in turn scavenged ROS and 

caused lesser cellular damage, maintaining the integrity of the cell membrane. 

Carotenoids are tetraterpene pigments that are widely found in photosynthetic bacteria, algae, 

plants and animals. Carotenoids can be further categorized into carotenes (α-carotene, β-

carotene, lycopene) and xanthophylls (β-cryptoxanthin, fucoxanthin, lutein, astaxanthin, 

zeaxanthin and peridinin). The primary activity of carotenoids is based on their conjugated 

double-bonded structure and ability to delocalize unpaired electrons to quench singlet oxygen 

(Mortensen et al. 2001). Ghassemi-Golezani and Farhangi-Abriz (2019) showed that fluoride 

stress reduced the level of carotenoids in safflower that in turn reduces the tolerance 

capability of the plant; however, on application of biochar, the level of carotenoids is restored 

that in turn enhances the survival ability of the seedlings. In addition, Xu et al. (2020) showed 

that during drought and heat stress, the level of carotenes and xanthophylls was induced in 

two varieties of alfalfa (Deqin and Algonguin) that in turn protected the photosynthetic 
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machineries and maintained the photosynthetic rate of the plant. Similarly, the role of 

carotenoids in abating the negative effects of other abiotic stresses is also widely accepted 

(Samanta et al. 2021a; Gupta et al. 2009). 

Phenolics are diverse group of secondary metabolites comprising of flavonoids, lignin and 

tannins that are abundant in plant cells. Phenolics are strong antioxidants due to their property   

of being highly reactive as hydrogen or electron donors, the ability of forming the 

polyphenol-derived radical to stabilize and delocalize the unpaired electron (chain-breaking 

function), and their ability to chelate transition metal ions (termination of the Fenton reaction) 

(Rice-Evans et al. 1997). Phenolics interfere with the oxidation of lipids and other molecules 

by the rapid donation of hydrogen atoms to radicals. Similar to that of other antioxidants, the 

role of phenolics in ameliorating the negative effects of abiotic stresses is also widely 

analyzed. Parida et al. (2004) reported that the treatment of Aegiceras corniculatum with 250 

mM NaCl solution enhanced the concentration of polyphenols in cells. Similarly, Phimchan 

et al. (2004) also observed higher activity of phenylalanine ammonia lyase (PAL, the key 

enzyme involved in polyphenol biosynthesis) under drought stress led to higher accumulation 

of phenolics in the fruits of capsicum. The beneficial role of phenolic compounds is also 

established in plant species exposed to fluoride toxicity. Sharma and Kaur (2019) reported 

that the level of phenolic compounds was enhanced in Spirodela polyrhiza L. Schleiden 

exposed to 5, 10, 15, 20, 25 and 50 mg L
-1

 fluoride solution to abrogate the negative effects 

of fluoride-induced damage and conferring tolerance. This proved the beneficial role of 

phenolic compounds in response to fluoride stress. 

2.7.3. Enzymatic antioxidants 

Along with non-enzymatic antioxidants, enzymatic antioxidants also play a pivotal role in 

reducing the effects of oxidative stress in plants by scavenging ROS accumulated in cells. 

Various enzymes constitute the enzymatic antioxidant defense system. Enzymatic 

antioxidants either prevent Foyer–Halliwell–Asada pathway or Haber-Weiss reaction that 

reduces the accumulation of H2O2 in plants. The major antioxidants found in plants include 

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

peroxidase (GPX) and glutathione reductase (GR). 

Superoxide dismutase catalyzes the detoxification of superoxide radicals to less toxic H2O2 

molecule and oxygen. Depending on the presence of metallic co-factors, SOD has various 
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isoforms such as Fe-SOD, Cu/Zn-SOD and Mn-SOD. These cofactors stabilize the transition 

bond formed during the reaction. Superoxide radicals have one extra electron that is 

transferred to these cofactors which ultimately passes the extra electron to hydrogen to yield 

H2O2 and release oxygen as the end product. Enhanced SOD activity in rice and Phaseolus 

vulgaris cultivars was detected in response to drought stress (Sharma and Dubey 2005; Zlatev 

et al. 2006). Eyidogan and Oz (2007) reported higher activity of all the three isoforms of 

SOD against salinity stress in Cicer arietinum. Similarly, higher SOD against fluoride stress 

was also reported in rice seedlings (Banerjee and Roychoudhury 2019a). 

Catalase does not require any reductant for its activity. In a two step reaction, H2O2 first 

oxidize Fe atom present in CAT to produce iron peroxide as intermediate, followed by the 

second step where another molecule of H2O2 reacts with iron peroxide to produce water and 

oxygen (Oshino et al. 1975). Multiple isoforms of CAT have been reported to be expressed at 

different developmental phases and abiotic stresses in plants (Anjum et al. 2016). The activity 

of CAT was differentially regulated in plants in response to abiotic stresses. Fluoride stress 

inhibited the activity of CAT, attributed to the replacement of hydroxyl groups present in the 

iron atoms of the CAT by low molecular weight fluoride ions when present in sufficient 

amount (Kumar et al. 2009). Enhanced activity of CAT was also noted in case of other 

abiotic stresses like drought, salinity, heat and heavy metal stress (Kukreja et al. 2005; Shi et 

al. 2018; Zafar et al. 2020). 

Ascorbate peroxidase is class I haem-peroxidase and is otherwise known as ascorbate-

dependent peroxidase due to its dependency on ascorbate as a cofactor to scavenge H2O2. 

APX has been localized in cytosol, chloroplast, mitochondria and membrane-bound cell 

organelles such as glyoxisome and peroxisome. According to Teixeira et al. (2005), the 

expression of APX gene varies in tissues, based on developmental stages and abiotic stresses. 

Salt and drought stress induced the expression of APX gene in French bean seedlings 

(Nageshbabu and Jyothi 2013; Eltelib et al. 2012). In a similar study, Caverzan et al. (2012) 

reported higher APX activity in the cold tolerant maize cultivar, but not in the sensitive 

variety. Cadmium chloride significantly boosted the APX activity in salt tolerant rice cultivar, 

whereas in the salt sensitive variety, the level was comparable to that of control seeding 

(Roychoudhury and Ghosh 2013). Siddiqui (2013) also reported higher APX activity during 

lead and salt stress in Vigna radiata seedlings. 
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Glutathione peroxidases are the family of multiple isozymes that detoxify the generated H2O2 

in plant cell in response to abiotic stresses. A number of previous studies have highlighted the 

role of GPX in regulating the stress tolerance capability of plants against abiotic stresses 

(Passaia et al. 2013; Islam et al. 2015). Zhai et al. (2013) showed that overexpression of 

wheat GPX gene in Arabidopsis enhanced its tolerance capability against salinity stress. 

Similarly, Passaia et al. (2013) reported overexpression of five GPX genes in rice seedling on 

exogenous application of H2O2 and cold stress. GPX isoform was also reported in rice 

seedlings on being exposed to arsenic stress (Samanta et al. 2021b). 

Glutathione reductase is a flavoprotein oxidoreductase that catalyzes the conversion of 

glutathione disulfide to its reduced form using NADPH as a reductant. According to Gill et 

al. (2013), GR is mostly localized in the stroma of chloroplast along with its isoforms found 

in cytosol, peroxisomes and mitochondria. Saruhan et al. (2009) showed leaf rolling in 

response to water scarcity accompanied by higher GSH level. Additionally, higher GR 

activity during drought in plants such as rice, wheat, barley and maize is widely reported 

(Selote and Chopra 2006; Chinnusamy et al. 2005; Kocsy et al. 2002; Chen et al. 2004). 

Similarly, the higher GR activity during salt stress was also reported in rice, tomato, pea and 

wheat (Hasanuzzaman et al. 2013; Repetto et al. 2012; Szalai et al. 2009). Elevated GSH 

level and activity of GR suggested efficient elimination of H2O2 in mustard and apple 

seedlings that enhanced their thermotolerant capacity (Kuk et al. 2003). Similarly, the 

promising role of GR during fluoride stress was also reported in past by Banerjee and 

Roychoudhury (2019a). 

2.8. Role of externally applied chemical agents 

The above mentioned protective metabolites significantly regulate the tolerance capability of 

crops against abiotic stresses. In past, researchers have externally applied various chemical 

agents that further boosted the formation and activity of these internal protective metabolites 

which was beneficial for growth and maintaining proper yield of the crops against abiotic 

stresses. Calcium and silicon are two such chemical agents whose promising role against 

abiotic stresses in plants is widely known. 
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2.8.1. Calcium 

Calcium (Ca) is an important macronutrient for both plants and animals that plays an 

indispensable role in signaling.  Calcium ions also play a pivotal role in maintaining normal 

metabolism and physiological function of plant cells (Poovaiah et al. 1987). In response to 

abiotic stresses such as salinity, drought, and low temperature, the cytosolic level of Ca
2+

 ions 

was enhanced in cells and the signal was transmitted downstream by Ca
2+

-binding proteins 

(calmodulin or Ca
2+

 sensors) that regulated plant cell division, elongation, stomata movement 

and stress response (Gao and Zhang 2019; Zhao et al. 2013; Jing et al. 2019; Iqbal et al. 

2020). Higher level of Ca in the cytosol was achieved by Ca
2+

 efflux through pumps and 

influx through channels. In normal condition, Ca does not remain at high concentration in 

cytosol as it reacts with phosphoric acid (needed for energy production) to produce by-

product that would precipitate and inhibit normal physiological growth of cells and even lead 

to cell death (Li et al. 2022). To avoid this, Ca
2+

 ions are mostly present in bound form with 

Ca storing protein in plant cells collectively known as Ca pool (Matthus et al. 2019). 

Calcium is also known as secondary messenger in plant cells. Calcium sensors in plants are 

mainly composed of Ca binding proteins like calmodulins (CaMs), calcineurin B-like (CBL) 

proteins, Ca dependent protein kinases (CDPKs) and calmodulin like (CML) proteins. The 

role of Ca signaling in plants cells in response to stimuli of abiotic stresses is widely studied. 

CBLs interact with CBL-interacting protein kinases (CIPKs) to form a CBL/CIPK signaling 

network, which plays a key role in the plant response to abiotic stress. These networks may 

contain many interactions, with CBLs activating CIPKs and CIPKs phosphorylating CBLs. 

Phosphorylation is the major mechanism affecting downstream proteins (Ma et al. 2020). 

2.8.1.1. Ca as a signaling molecule 

In resting stage, Ca ions remain in the bound form and Ca channels usually remain in closed 

state. On receiving external stimuli, Ca channels opens, that lead to rapid dissociation of Ca
2+

 

ions from the bonded proteins due to their low affinity for the Ca
2+

 ions and influx of Ca
2+

 

ions in the cytosol locally occurs (Matthus et al. 2019). Local influx of Ca
2+

 ions may affect 

other Ca channels that in turn significantly enhance the cytoplasmic Ca level or they may 

only activate local Ca channel in the vicinity to influence cellular processes (Medvedev 

2005). Coelho et al. (2002) reported that in response to hyperosmotic shock, local Ca
2+

 signal 

was generated in the embryo rhizoids of Fucus sp. They further reported that this local rise in 
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“Fig 2.6: A generic pathway for calcium regulated gene expression and the stress 

response. The calcium level increases in response to the stimuli. The increased 

level of Ca2+ is recognised by some Ca2+-sensors or calcium-binding proteins, 

which can activate many calcium dependent protein kinases. These kinases 

regulate the function of stress responsive genes, resulted in the phenotypic 

response of stress tolerance. CNGC: Cyclic nucleotide gated channel; NCL: 

Na+/Ca2+exchanger like protein; FER: FERONIA; HKT: High-affinity K+ transport; 

PC: phosphatidylcholine; SOS: salt overlay sensitive; PLD: Phospholipase D; PA: 

Phosphatidic acid; CaM; Calmodulin; TF: Transcription factors; CBL: Calcineurin 

B-like; CIPK: CBL-interacting protein kinases; CAX: Cation exchanger; NHX: 

Na+/H+ transporter; MPK: Mitogen-activated protein kinase; MKK: Mitogen-

activated protein kinase kinase. [The image has been taken from Patra et al. 

(2021) the Creative Commons Attribution License (CC BY)]” 

 

  

 

Ca
2+

 in the cytoplasm was noted near the nucleus region which lasted for about 15-30 

miliseconds. According to Dawson (1997), the process of Ca signal propagation in the 

cytoplasm is achieved by sequential activation of Ca
2+

 channels and presence of Ca
2+

 pumps 

in endoplasmic reticulum (Fig 2.6). 
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The amplification of Ca signal is perceived by other secondary messengers IP3, binding with 

Ca
2+

-binding sensor proteins or by modification of cytoskeleton elements. Upon binding with 

Ca
2+

-binding sensor proteins such as CaMs, CDPKs, CMLs and CBLs, the calcium signal is 

transmitted to the effectors (ionic channels, enzymes, cytoskeleton proteins and transcription 

factors) via reversible phosphorylation of proteins (Sanders et al. 1999). Upon completion of 

the inevitable process, Ca
2+

 signal is stopped by the excess removal of Ca
2+

 by Ca pumps 

from the cytoplasm or by its sequestration in the cell organelles, accompanied by the 

dephosphorylation of proteins that return cells to their initial stage (Trewavas and Malho 

1998; Sanders et al. 2002) 

2.8.1.2. Role of Ca as protective agent 

2.8.1.2.1. Drought Stress 

Drought stress or water scarcity is one of most common environmental factors that 

significantly inhibit the growth and development of plants. Additionally, it also enhances the 

formation of ROS that promotes peroxidation of lipid membrane (Abid et al. 2018).  

Kuromori et al. (2022) monitored the water potential of root vascular system and observed 

that plants relay stress signals to the leaves that lead to stomatal closure, thus improving 

water use efficiency of plants by reducing the rate of transpiration flux. Damage caused due 

to drought stress is reduced by the activation of Ca channel mediated closure of stomata that 

reduced transpiration rate to avoid dehydration (de Carvalho 2008). Feng et al. (2016) 

demonstrated that drought stress up regulated the efflux of Ca
2+

 ions in mesophyll and 

epidermal cells in roots of barley seedlings. Additionally, treatment of Arabidopsis plants 

with exogenous Ca lowered the generation of ROS which protected the plasma membrane, 

maintained normal photosynthetic and metabolism rate that in turn regulated the tolerance 

capability of the drought stressed seedlings (Zhu et al. 2013). The adverse effect of drought 

stress is also curtailed by the Ca induced activation of SOD, APX, CAT, GR and peroxidases 

(POD) that scavenge the ROS generated and thus reduces the impairment of lipid membranes 

(Hasanuzzaman et al. 2012; Jiang and Hunag 2001) (Fig 2.7). 

2.8.1.2.2. Salinity stress 

Salt stress limited the growth of plants by causing osmotic balance, ionic toxicity and 

oxidative stress that affects the sustainability of crops. Under normal condition, presence of 
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salt content in the soil above the threshold level led to higher uptake of sodium ions (Na
+
) by 

the roots, thus causing hypersaline stress. Ca plays a pivotal role in regulating plant tolerance 

against salt stress. During salt stress, exogenous application of Ca inhibits the uptake of Na
+
 

from the soil by regulating nonselective cation channels. Moreover, Ca inhibits the efflux of 

potassium ions (K
+
) from the cells that initiates salt overly sensitive (SOS) signaling pathway 

and maintains the plasticity of roots (Hryvusevich et al. 2021; Wegner and de Boer 1997; 

Mahajan et al. 2008). Ma et al. (2019) reported that during salt stress, the cytoplasmic level of 

Ca in the roots enhances that causes activation of SOS signaling pathways, transduced by 

SOS3-SOS2-SOS1. Initially, SOS3 acts as a Ca binding protein that interacts with SOS2 to 

form complex that finally activates SOS1 via phosphorylation (Ma et al. 2014). Vaghela et al. 

(2009) reported that exogenous application of Ca reversed the effects of saline stress by 

maintaining the level of protective metabolites, increasing the uptake of nutrients (potassium, 

nitrogen and phosphorus) and reducing the accumulation of Na
+
 ions in the leaves. Similarly, 

Shariat Jafari et al. (2009) reported that application of Ca and potassium diminished the 

negative effects of saline stress in sorghum plants. Thus, various mechanisms have been 

proposed to establish the beneficial role of Ca against salinity stress. Firstly, Ca reduces the 

uptake of Na
+
 ions and enhances the concentration of Ca

2+
 and K

+
 ions in the cytoplasm that 

maintains membrane integrity and secondly it enhances the activity of various enzymatic 

antioxidants and formation of protective metabolites (osmolytes and non-enzymatic 

antioxidants) that scavenge the ROS and maintain osmotic balance of the cells (Bolat et al. 

2006; Shoresh et al. 2011) (Fig. 2.7). 

2.8.1.2.3. Heat stress 

Similar to that of drought and salinity stress, heat stress also generates ROS that cause 

membrane damage and osmotic imbalance, inhibited photosynthetic rate, cell ageing and cell 

death (Suzuki and Katano 2018). Exogenous application of Ca has shown promising role in 

abrogating negative impact of heat stress in plants like chrysanthemum, tomato and laver (Hu 

et al. 2021; Li et al. 2009b; Xing et al. 2021). Dou et al. (2015) reported that exogenous 

spraying of calcium chloride (CaCl2) in heat stressed tomato seedlings improved stomatal 

conduction, photosynthetic rate and transpiration rate. Similarly, Hu et al. (2021) also 

reported that exogenous application of CaCl2 increases the activity of protective enzymes, 

enhances soluble protein content and reduces the concentration of malonic acid in leaf of 

tomato seedlings, thus inducing adaptability against heat stress. In an interesting study, Li et 
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al. (2012) and Zheng et al. (2020) reported that under heat stress, the expression of CAM1 

and CAM2 was enhanced in Pyropia haitanensis that enhanced the survival capability of 

seedlings. However, in presence of EDTA (ethylene diamine tetraacetic acid; Ca chelator), 

the expression of both the genes was not significantly up regulated that drastically reduced 

the tolerance level of the algae. Pretreatment of wheat seedlings with Ca enhanced the 

formation of Ca based heat shock proteins (Kolupaev et al. 2005) during heat stress. 

Similarly, Larkindale and Knight (2002) also reported higher formation of Ca dependent heat 

shock proteins in Arabidopsis that induced thermotolerance of the plants (Fig 2.7). 

2.8.1.2.4. Cold stress 

Cold stress induces the production of ROS in plants, thereby damaging the membrane system 

and photosynthetic machineries (Suzuki and Mittler 2006). In comparison to that of drought, 

salinity and heat stress, the role of Ca in cold stress is not well studied and only a few reports 

are available. Shi et al. (2014a) reported that in response to cold stress, the level of Ca was 

enhanced in leaves and roots of Bermuda grass that was associated with higher cold tolerance 

level due to higher formation of antioxidants. Ca treatment in cold stressed tobacco seedlings 

increased the endogenous Ca level that improved the activity of enzymatic antioxidants such 

as CAT, SOD and POD and reduced the accumulation of ROS and cytotoxic metabolites like 

malondialdehyde (Luo et al. 2018). In citrus plants, Ca and CaM could regulate freezing 

tolerance, while treatment with exogenous Ca chelator like EDTA or CaM blocker could 

inhibit the freezing tolerance of the plants (Li et al. 1997) (Fig. 2.7). 

2.8.1.2.5. Heavy metal toxicity 

Rapid industrialization and various anthropogenic activities have drastically increased the 

content of heavy metals in soil (Hasanuzzaman and Fujita 2012). Under heavy metal stress, 

the most common response in plants are higher ROS formation, reduced nutrient uptake from 

soil, higher membrane dysfunction, inhibited photosynthetic rate and reduced water potential 

(Roychoudhury et al. 2012; Emamverdian et al. 2015). Exogenous application of Ca 

countered the toxicity of heavy metals in various plants species. Suzuki (2005) reported that 

exogenous application of CaCl2 restored root elongation and growth of the cadmium stressed 

seedlings. Exogenous application of 5 mM calcium nitrate Ca(NO3)2 curtailed the harmful 

effects of cadmium toxicity (40 µM) in Lens culinaris (Talukdar 2012). Application of Ca 

could also resist the uptake of heavy metal such as chromium, lead and copper from 
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contaminated soil that improved the tolerance ability of the plants (Kinraide 1998; Huang and 

Huang 2008). Maksymiec and Baszynski (1999) reported that presence of copper in soil 

above threshold level led to higher accumulation of Ca in plant roots that might be regarded 

as a protective measure. Addition of Ca in combination with other metabolites was also 

highly effective in ameliorating the symptoms of abiotic stresses. Fang et al. (2014) reported 

that chromium stress enhanced the formation of hydrogen sulfide (H2S) and Ca signal 

transduction in Setaria italica. They further reported that Ca in combination with H2S can 

drastically reduce the effects of chromium toxicity; however, when Ca chelating agent along 

with H2S synthesis inhibitor was used, the effect of chromium toxicity was restored in 

seedlings. In addition, Ca also plays a significant role in the prevention of electrolyte leakage 

from cells, membrane stabilization and in maintenance of cellular pH (Hirschi 2004) (Fig 

2.7). 
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2.8.1.2.6. Fluoride toxicity 

Sulzbach and Pack (1972) reported that the presence of divalent metals like Ca
2+

 in the soil 

can combine with fluoride ions and thereby significantly reduce their uptake in the plant 

tissues which lowered fluoride induced damage in the cells. However, the protective role of 

Ca against fluoride toxicity in plants is less studied and very few works have been done to 

showcase the beneficial role of Ca in response to fluoride stress. Ruan et al. (2004) reported 

that exogenous application of Ca(NO3)2 could drastically reduce the uptake and accumulation 

of fluoride ions in tea plants. Similarly, Dey et al. (2012a) demonstrated that exogenous 

application of 10 mM CaCl2 alleviated the fluoride (20 mM NaF) induced damage in Bengal 

gram seedlings by reducing the uptake of fluoride ions and maintaining the formation of 

protective metabolites. The role of Ca compounds in the removal of fluoride ions from water 

has also been reported earlier which showed that treatment of ground water before field 

application might also reduce the accumulation of fluoride ion in the agricultural fields 

(Margaretha et al. 2018) (Fig. 2.7). 

2.8.2. Silicon 

Earlier, the role of silicon in growth, development and protection of plants against stressed 

environment was not fully known and thus silicon was considered as non-essential element 

for plants. However, with time, the importance of silicon and its versatile role in providing 

protection to the plants was deciphered by various researchers which ultimately make it a 

quasi-essential “multi-talented” micronutrient for plant growth (Zargar et al. 2012). Some of 

the pivotal roles of silicon in plants are protection against abiotic stresses, enhancing 

“Fig. 2.7: Plant self-responses to abiotic stresses and mechanisms of exogenous 

calcium involved in enhancement of plant stress tolerance. The red and green 

arrows indicate a promotion/increase or an inhibition/decrease, respectively. 

GORK: Guard cell outward rectifying potassium channels; SOS: Salt overly 

sensitive; NSCC: Non-selective cation channel; IAA: Indole-3-acetic acid; GA: 

Gibberellic acid; CTK: Cytokinin; ABA: Abscisic acid; SOD: Superoxide dismutase; 

POD: Peroxidase; CAT: Catalase; APX: Ascorbate peroxidise; ROS: Reactive oxygen 

species; ATP: Adenosine-triphosphate; TCA: Tricarboxylic acid; LDH: Lactate 

dehydrogenase; ADH: Alcohol dehydrogenase; GABA: Gamma-aminobutyric acid; 

PA: Polyamines; PLC: Phospholipase C; MIPS: Myo-inositol-3-phosphate synthase. 

[The image has been taken from Feng et al. (2023) the Creative Commons 

Attribution License (CC BY)]” 
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photosynthetic rate and nitrogen fixation and enhancing yield and crop quality (Zargar et al. 

2019). Ample amount of silicon is present in earth’s crust and is considered as the second 

most abundant element present in soil after oxygen; however, most of it is present in silicon 

dioxide forms that cannot be taken up by the plants. According to Marxen et al. (2015), 

silicon on being taken up by the roots gets deposited in the tissues, thus making them rigid 

and stronger. Based on silicon accumulation ability, plants can be classified into low silicon 

accumulator (accumulates silicon less than 0.2% of their dry weight) and high silicon 

accumulator (deposits silicon more than 1.5% of their dry weight) (Tubana and Heckman 

2015).  Graminaceous plants such as barley, rice, wheat and sugarcane absorb silicon in much 

higher quantity, as compared to that of plants like beans and tomatoes (Nikolic et al. 2007). 

After uptake of silicon from the soil, graminaceous plants deposit silicon in the epidermal 

tissues where in presence of pectin and calcium, silicon forms a protective barrier that 

provides protection to the plants against abiotic and biotic stresses (Belanger et al. 2003; 

Rodrigues et al. 2003). Silicon also interacts with phytohormones such as jasmonic acid and 

ethylene that provides protection to the tomato plants against Ralstonia solanacearum 

(Ghareeb et al. 2011). Thus, the protective role of silicon against abiotic stress in plants 

cannot be neglected which makes it an agronomically essential element. 

2.8.2.1. Uptake and transportation of silicon in plants from soil 

Silicon is mostly absorbed by the roots as mono silicic acid [Si(OH)4)]. According to Liang et 

al. (2015), available form of silicon that can be taken up by the plants from the soil ranges in 

between 10 to 100 mg kg
-1

 soil. However most of the silicon present in soil is in insoluble 

form and is of no use in agronomy. Natural source of silicon in soil is quartz, diopside, 

calcite, idocrase and garnet (Zargar et al. 2019). 

Monocot plants such as rice can deposit silicon in their tissues up to 10% of their weight. The 

high accumulation of silicon in plants can be attributed to the transporter present in the roots 

that can be classified in two types: silicon influx transporter [Lsi (Low silicon) 1 and Lsi6] 

and silicon efflux transporter (Lsi2 and Lsi3). Lsi1 is mainly involved in the uptake of silicon 

from the soil. Ma et al. (2006) first reported the presence of silicon transporter in rice plants. 

After being absorbed from the soil, the deposited silicon in the cells is effluxed out by Lsi2 

into the apoplast from where it is again translocated upward to the shoot via transpiration 

system. Along with transpiration system, plants have other pathways to control silicon 
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transportation. Ma et al. (2011) and Yamaji et al. (2015) demonstrated that during 

developmental phase, the distribution of silicon is mainly regulated by vascular system near 

the nodes. According to Yamaji et al. (2015), Lsi1 along with Lsi6, uptake silicon from the 

soil via roots and transfer it to xylem transfer cells from where it is again symplastically 

transported by Lsi2 through bundle sheath cells. Finally, before the accumulation of silicon in 

the grains, silicon is transported by Lsi3 via parenchyma cell layers (Fig. 2.8). 

 

 

 

  

2.8.2.2. Role of silicon during abiotic stress 

2.8.2.2.1. Drought stress 

Silicon curtails the negative symptoms of drought by various mechanisms such as up 

regulation of aquaporin gene and mitigation of ROS induced inhibition of aquaporin activity 

(Zargar et al. 2019). Chen et al. (2018) reported that application of silicon improved the root 

hydraulic conductance by enhancing root/shoot ratio, modifying root growth and enhancing 

the activity of aquaporin channels. In presence of silicon, higher uptake and transportation of 

“Fig. 2.8: A schematic model of silicon (Si) transport in plants modified from Ma 

and Yamaji (2015) and Yamaji et al. (2015). (A) Three types of Si uptake. (B) 

Arrows with different colors or symbols showing different Si flow in C–E. (C) Two 

possible Si uptake and radical transport pathways in root. (D) Possible Si 

transport and distribution model in node. (E) Possible Si unloading and deposition 

pathway in leaf.” 
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water help to maintain higher photosynthetic rate and thus tolerance to drought stress in 

plants (Luyckx et al. 2017). Similarly, Zargar and Agnihotri (2013) reported that in presence 

of calcium silicate, the germination of seeds of maize plants exposed to drought stress was 

enhanced. They further reported that silicon application also enhanced the biochemical 

processes and protected the seedlings from ROS induced oxidative damage by enhancing the 

formation of antioxidants. Another major effect of drought stress is impaired uptake of 

essential nutrients by plants (Emam et al. 2014). Earlier, Gunes et al. (2008) reported that 

exogenous application of silicon in soil significantly enhanced the uptake of macronutrients 

i.e., Ca, Mg, K and P and micronutrients like Mn, Cu and Fe in crops exposed to drought 

stress. Additionally, Emam et al. (2014) also reported that treatment of rice plants with 

silicon enhanced the deposition of P and K in the straw of drought stressed plants. Moreover, 

application of silicon also reduced the effects of drought induced oxidative stress by inducing 

the activity of enzymatic antioxidants in plant species such as sunflower, chickpea, tomato 

and wheat (Gunes et al. 2008; Gunes et al. 2007a; Shi et al. 2014b; Tale Ahmad and Haddad 

2011) (Fig. 2.9). 

2.8.2.2.2. Salinity stress 

Similar to that of drought stress, silicon mediated tolerance in plants is regulated by 

maintenance of water balance, lower ionic accumulation in cells, higher mineral uptake from 

soil and biosynthesis of compatible solutes. Garg and Bhandari (2015) reported that 

exogenous application of silicon fertilizers lowered the absorption of Na
+ 

ions from the soil 

and also maintained K
+
/Na

+
 ratio in salt stressed Cicer arietinum that effectively abrogated 

the negative effects of salinity stress. Presence of excess salt in soil also hampered the uptake 

of macro and micronutrients from the soil in plants. Abdalla (2011) reported that in presence 

of silicon, the absorption of K, Mg, Ca and P was restored in salt stressed Egyptian clover 

plants. Likewise, the same was also reported in case of tomato plants where salt stress 

inhibited the absorption of Mg and Ca by roots (Gupta and Huang 2014). Silicon application 

also maintained transpiration rate, stomatal conductance, photosynthetic rate, leaf water 

status, water use efficiency and root hydraulic conductance in various crops like wheat, rice, 

cucumber, okra and maize (Chen et al. 2014; Mahdieh et al. 2015; Amirossadat et al. 2012; 

Abbas et al. 2015; Rohanipoor et al. 2013). Moreover, exogenous application of silicon 

further enhanced the formation of osmoprotectants like proline, glycine betaine and amino 

acids in salt stressed okra seedlings (Abbas et al. 2015). Silicon application also enhanced the 
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activity of enzymatic antioxidants that reduce the effects of oxidative damage by maintaining 

plasma membrane H
+
-ATPase, membrane fluidity and reduced ROS generation (Al-aghabary 

et al. 2005). In addition, silicon application also activated the genes related to salt stress 

(DREB1, DREB2 and DREB3), antioxidants (APX, SOD and CAT) and silicon transporters 

(Lsi1, Lsi2 and Lsi3) that up regulated the tolerance level of tomato seedlings (Muneer and 

Jeong 2015) (Fig. 2.9). 

 

 

 

2.8.2.2.3. Heat stress 

Plants evolved a diverse array of tolerance mechanism that includes formation of heat shock 

proteins, induction of phytohormones and ROS detoxification. Khan et al. (2020) 

demonstrated that heat stress stimulated the formation of antioxidants and heat shock proteins 

(HSPs) in tomato seedlings on application of silicon. Similarly, exogenous administration of 

silicon was also effective in improving biomass production and shoot length in heat stressed 

cucumber, sword fern and rice (Liu et al. 2009; Sivanesan et al. 2014). According to 

Chalanika De Silva and Asaeda (2017), higher thermotolerance in submerged macrophytes 

could be due to silicon induced higher synthesis of photosynthetic pigments like chlorophyll 

a, chlorophyll b and carotenoids. Saha et al. (2021) also reported that exogenous application 

of silicon up regulated the expression of heat tolerance genes such as DREB2, HSFA1a, 

“Fig. 2.9: Impact of abiotic stress on various aspects of plant growth and 

defense   mechanisms evoked by application of silicon. [The image has been 

taken from Mir et al. (2022) under the Creative Commons Attribution License 

(CC BY)]” 



 

                                                 Page | 41  
 

 

Review  of  Literature 

HSFA1b, HSFA2, HSFA3, HSFA7 and MAPK1 in tomatoes. Most remarkably, the heat shock 

factors (HSFs) and HSPs interact with diverse signaling cascades triggered by Ca
2+

, 

phospholipids, salicylic acid, ethylene and ABA to circumvent the negative impacts of heat 

stress on crop plants (Sharma et al. 2020). Hence, these reports strongly suggest that Si-

induced HSPs are at the forefront of establishing proper folding and preventing denaturation 

and aggregation of cellular proteins through phytohormone regulation under heat-stressed 

conditions (Abdelrahman et al., 2017) (Fig 2.9). 

2.8.2.2.4. Cold stress 

According to Habibi (2015), temperature below 15°C can be considered as chilling stress, 

whereas that below 0°C led to freezing stress in plants that severely influenced their 

development and growth.  Foliar application of silicon effectively maintained the integrity of 

cellular membrane and reduced photoinhibition in grapevine plants exposed to cold stress. 

Various reports also suggested that silicon treatment can modulate the level of 

phytohormones such as jasmonic acid, ABA and salicylic acid that in turn induced cold 

tolerance in plants (Rastogi et al. 2021; Eremina et al. 2016). Moradtalab et al. (2018) 

reported that silicon enhance cold tolerance by affecting hormonal balance and micronutrient 

uptake from soil in the early growth phase of maize plants. Silicon alleviates cold stress by 

modulating the formation of protective metabolites and activity of apoplastic enzymes in leaf 

apoplasm in barely seedlings (Joudmand and Hajiboland 2019). Silicon in combination with 

other elements such as selenium was also shown to be beneficial to circumvent the negative 

effects of cold stress in cucumber plants under field conditions (Hu et al. 2022). 

2.8.2.2.5. Heavy metal toxicity 

Silicon mediated detoxification of heavy metal toxicity includes various mechanisms such as 

immobilization of toxic metal in the soil and co-precipitation of heavy metal with silicon that 

lowers heavy metal concentration in plant tissues (Gu et al, 2011). Additionally, Zhang et al. 

(2008) reported that exogenous application of silicon stimulated the activity of enzymatic 

antioxidants and non-enzymatic antioxidant formation and led to the compartmentalization of 

cadmium in the metabolically inactive part of root cell walls that ultimately lowered their 

translocation into the shoot of rice plants. Application of silicon based fertilizer can also 

immobilize toxic metals in soil either by changing metal speciation that led to the formation 

of silicate complexes or by changing the pH of the soil (Adrees et al. 2015). Sahebi et al. 
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(2015) reported the importance of silicon in mitigating Mn and Al toxicity in crops such as 

beans, cucumber, maize, rice, barley, tomato, pumpkin and cowpea. Silicon supplement 

lowered peroxidation of lipid membrane by inducing the activity of SOD, GR and APX and 

formation of non-enzymatic antioxidants in cucumber and cowpea (Shi et al. 2005; Iwasaki et 

al. 2002). In another study, Kim et al. (2014) reported that silicon application significantly 

down regulated the expression of genes encoding the transporter of heavy metals such as 

HMA2 and HMA3 and up regulated the expression of silicon transporters like Lsi1 and Lsi2 in 

rice plants. It has been observed that silicon treatment accelerated root vascular tissue 

development, casparian bands and suberin lamellae in maize under cadmium stress 

(Lukacova et al. 2013; Vaculík et al. 2012). Siliocn application in hydroponic solution also 

enhanced the uptake and translocation of macro-elements such as Ca, P, K and Mg and 

micro-elements like Zn and Mn in wheat plants under chromium, copper and cadmium 

stresses (Rizwan et al. 2012; Tripathi et al. 2015; Keller et al. 2015) (Fig. 2.9).  

2.8.2.2.6. Fluoride toxicity 

Protective role of silicon in above mentioned abiotic stresses is widely known, however its 

importance in fluoride stress is not significantly deciphered. Recently, Sogarwal et al. (2023) 

reported that mixing of silicon fertilizer (200 and 300 mg kg
-1 

soil) in soil alleviated the toxic 

effects of fluoride stress, improved plant growth and antioxidant defense mechanism, and 

restricted fluoride uptake and translocation from roots to shoot in wheat cultivars. However, 

reports are quite limited in this area and in coming time, the importance of silicon in plants 

exposed to fluoride stress needs to be analyzed. 

2.9. Role of metabolic cycle in amelioration of fluoride stress 

Plants produce a wide array of different metabolites in environmental or spatiotemporal 

dependent manner (Fang et al. 2019). This large diversity of metabolites can be divided into 

two types such as primary metabolites that are directly required for plant growth such as 

tricarboxylic acid (TCA) cycle intermediates and secondary metabolites that are involved in 

regulating plant-environment interaction such as nitrogen containing compounds and sulfur 

containing compounds (Erb and Kliebenstein 2020). 
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2.9.1. Tricarboxylic acid (TCA) cycle 

The TCA cycle or Kreb’s cycle metabolites have long been recognized as vital biomolecules 

needed in cells to produce macromolecules and cellular energy. It is consider as the central 

metabolic hub for energy production in cells which constantly oxidize carbon to produce 

energy rich molecules like NADH and FADH2 and also connects glycolysis with electron 

transport chain (Zhang et al. 2023). Additionally, organic acids such as pyruvate, citrate, 

fumarate and malate produced as intermediate of TCA cycle serves as osmoprotectants that 

mitigate the negative impact of abiotic stresses by maintaining the osmotic balance of the 

cells and scavenging the ROS formed (López-Bucio et al. 2000).  

TCA cycle is composed of a series of reactions catalyzed by several enzymes which in turn 

produce energy rich molecules as a by-product. Pyruvate, the end product of glycolysis, is 

initially converted into acetyl coenzyme A by the catalytic action of pyruvate dehydrogenase 

complex, accompanied with the release of NADH molecule. Acetyl coenzyme A thus 

produced serves as a precursor molecule for TCA cycle which is utilized by citrate synthase 

to produce isocitrate. Isocitrate is further converted into α-ketoglutarate by the reaction 

catalysed by isocitrate dehydrogenase along with the release of high energy NADH molecule. 

Other major step of TCA cycle is the catalysis of α-ketoglutarate into succinate by α-

ketoglutarate dehydrogenase which again releases a NADH molecule. Succinate is converted 

into fumarate by succinate dehydrogenase along with the formation of FADH2 molecule. 

Fumarate is again converted into malate in presence of water molecule by fumarate 

dehydrogenase which is finally converted into oxaloacetate by malate dehydrogenase along 

with production of NADH molecule (Fig. 2.10).  

The TCA cycle is regarded as the major pathway of carbon metabolism in cells 

(Schnarrenberger and Martin 2002). Nunes-Nesi et al. (2013) and Jacoby et al. (2013) stated 

that TCA cycle connects carbon and nitrogen metabolism along with the release of energy 

molecules that makes it a central point of metabolism in plants cells. In a recent study, Peng 

et al. (2023) reported that tea which is a natural hyperaccumulation of fluoride showed higher 

formation of organic acid such as citrate and malate along with the activity of PyDH in the 

roots of plants, that efficiently regulated the carbon metabolism in cells and provided 

sufficient energy to overcome the toxic effects of fluoride stress. Similarly, Banerjee et al. 

(2019a) also reported that fluoride stress significantly affected the activity of enzymes of 
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TCA cycle in susceptible rice cultivar, i.e., IR64 which lowered its survival capability due to 

reduced carbon assimilation and energy formation on being compared to that of tolerant 

cultivar (Gobindobhog) where in presence of fluoride solution, the activity of the above 

mentioned enzymes was significantly induced. In addition, the beneficial role of TCA cycle 

in mitigating the negative effects of other abiotic stress such as drought, salinity, heat and 

heavy metal stress is also widely demonstrated (Guo et al. 2018; Krasensky and Jonak 2012; 

Nunes-Nesi et al. 2013; Sil et al. 2018; Sanchez et al. 2008). 

 

 

 

 

 

 

“Fig. 2.10: Overview of TCA cycle. TCA Cycle is a cyclic reaction system consisting 

of a series of enzymatic reactions, starting with the formation of citric acid from 

acetyl coenzyme A and oxaloacetate, followed by four dehydrogenations, a 

horizontal phosphorylation of the substrate, and finally the production of two 

molecules of carbon dioxide and the re-formation of oxaloacetate.” 
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2.9.2. Nitrogen metabolism 

Nitrogen is one of most essential macronutrients for general plant function as it is essential 

for the synthesis of amino acids that is essential unit of enzymes and proteins. In addition, 

nitrogen is also one of the fundamental elements found in nucleic acids, polyamines, 

hormones and chlorophyll (Zhang et al. 2013). In soil, nitrogen is present in both inorganic 

(nitrate and ammonia) and organic (urea, short peptide and free amino acids) forms. In 

aerobic soil, nitrate (NO3
−
) is the most abundant form of nitrogen which is readily taken up 

by the transporters present in the roots of the plants. NO3
− 

thus absorbed is converted into 

nitrite (NO2
−
) by the catalytic action of nitrate reductase in the cytoplasm. Again, NO2

− 
is 

converted into ammonium ions (NH4
+
) by the action of nitrite reductase, which is rapidly 

converted into glutamate or glutamine by glutamate synthase and glutamine synthetase, 

respectively due to its toxic nature (Gangwar and Singh 2011). Glutamate synthase and 

glutamine synthetase together forms the glutamate synthase/glutamine synthetase cycle. The 

amino acids thus produced serves as a precursor of other amino acids, proteins, nucleic acids, 

variety of metabolites and photosynthetic pigments that are required for normal growth and 

development of the plants (Singh et al. 2009). Glutamate is also catabolised by the enzymatic 

action of glutamate dehydrogenase (GDH) to release 2-oxoglutarate which serves as a 

substrate for TCA cycle and thus acting as a connector between carbon and nitrogen 

metabolism in plants (Fig 2.11). 

In past, various studies have shown the importance of nitrogen metabolism in plants exposed 

to abiotic stresses. Banerjee et al. (2019a) demonstrated that the activity of nitrate reductase 

was enhanced that maintained the assimilation of nitrogen in fluoride tolerant rice cultivar, 

whereas the same was reduced in the susceptible variety. Asthir and Tak (2017) reported that 

upon treatment of two wheat cultivars, i.e., HD 3086 (fluoride-tolerant) and WH 1105 

(fluoride-sensitive), higher glutamate oxaloacetate transaminase and glutamate pyruvate 

transaminase activity was noted in HD 3086 which marked the efficient conversion of 

glutamate and glutamine into other amino acids and thus higher protein, as compared to that 

of WH1105. Better nitrogen utilization by HD 3086 cultivar can be related to its higher 

tolerance level as to that of WH1105. Along with this, the beneficial role of nitrogen 

metabolism in various crops against other abiotic stresses is also widely known (Sil et al. 

2020; Ghosh et al. 2013; Gou et al. 2020; El-shora and Ali 2011; Kusano et al. 2011). 
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2.9.3. Sulfur metabolism 

Along with carbon and nitrogen, sulfur is also an essential macronutrient for plant 

development and growth and response to environmental changes. It is essential for the 

biosynthesis of sulfur containing amino acids like cysteine, methionine, proteins, vitamins 

and co-enzymes (Yoshimoto et al. 2003). According to Davidian and Kopriva (2010), sulfur 

is mostly present as sulfate (SO4
2-

) in soil which is taken up by the sulfate transporters present 

in the roots. Once within the cells, sulfate is rapidly converted into adenosine 5’-

phosphosulfate by the catalytic action of ATP-sulfurylase (ATP-S) (first enzyme of sulfur 

assimilatory pathway) (Leustek et al. 1994). Adenosine 5’-phosphosulfate is finally converted 

into sulfide (S2
-
) by a series of enzymatic reactions. Reduced sulfide ions react with O-acetyl 

“Fig. 2.11: Nitrogen-assimilation pathway in higher plants. Inorganic nitrogen in 

the form of nitrate or ammonia becomes incorporated into amino acids and 

other organic molecules as depicted. The specific steps shown include enzymes: 

nitrate transporters (NRT), nitrate reductase (NR), nitrite reductase (NiR), 

ammonium transporters (AMT), glutamine synthetase (GS), glutamate synthase 

(GOGAT), asparagine synthetase (AS) and glutamate dehydrogenase (GDH). Link 

between nitrogen metabolism and TCA cycle is also shown in the figure. [The 

image has been taken from Lu et al. (2016) under the the Creative Commons (CC 

BY)]” 
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serine to give cysteine in reaction catalyzed by O-acetylserine(thiol) lyase (OAS-TL). 

According to Gill and Tuteja (2011), cysteine is the first organic compound of sulfur 

assimilatory pathway containing reduced sulfur in cells. Level of cysteine is regulated in the 

cells by the action of cysteine desulfhydrase (DES) that converts cysteine into hydrogen 

sulfide (H2S) (Vojtovič et al. 2020). H2S also plays a pivotal role in regulating the tolerance 

capability of plants under stressed conditions by the activation of defense mechanisms and 

alleviating stress-induced injuries in cells (Hancock 2019; Corpas 2019). Various reports 

have shown that exogenous application of sulfur can play a pivotal role in abrogating the 

negative effects of environmental stressors by maintaining usual metabolic process 

(Hasanuzzaman et al. 2018) (Fig. 2.12).  

 

 

 

 

“Fig 2.12: The sulfate assimilation and metabolism pathway. Enzymes are 

indicated in orange letters. APS: adenosine 5′-phosphosulfate; Ser: serine; OAS,: 

O-acetylserine; Cys: cysteine; Thr: threonine; Hcyst: homocysteine; Met: 

methionine; γ-EC: γ-glutamylcysteine; GSH: glutathione; Glu: glutamate; ATPS: 

ATP sufurylase; APK: APS kinase;; SiR: sulfite reductase; SAT: serine 

acetyltransferase; OAS-TL: OAS (thiol)lyase.  [The image has been taken from Li et 

al. (2020) under the the Creative Commons (CC BY)]” 
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2.10. Abscisic acid: major stress regulator phytohormone 

Phytohormones are important for plant growth and development under stressed environment. 

Among all the phytohormones, abscisic acid (ABA) is the central mediator of abiotic stress 

responses. ABA is an isoprenoid phytohormone that regulates various physiological 

processes like bud dormancy, seed germination, stomatal closure, cuticle wax deposition, 

osmotic regulation and leaf senescence (Roychoudhury et al. 2013). It provides adaptation to 

salinity, drought and cold stresses and acts as a signaling molecule during plant adaptive 

response to environmental condition (Benderradji et al. 2021). During stressed condition, the 

concentration of ABA is induced in the cells that then bind to its receptors to initiate signal 

transduction, leading to stress response. Therefore, ABA is also known as “universal stress 

hormone” (Mehrotra et al. 2014). After its discovery, various works have demonstrated the 

promising role of ABA in abrogating the negative effects of abiotic stress in plants. The 

ABA-dependent signaling pathway leads to the up regulation of osmotic stress-responsive 

genes like TRAB1, Responsive to ABA 16A (Rab16A), Oryza sativa embryonic abundant 

(Osem) and dehydration-responsive element binding 2A (DREB2A) that enable the plants to 

counteract oxidative stress, incurred by salinity (Basu and Roychoudhury 2014). Similarly, 

Yu et al. (2016) also showed that Osem acts as a positive regulator of drought tolerance and 

its overexpression in rice plants resulted in up regulated expression of late embryogenesis 

abundant (LEA) genes like Rab16A, Rab16C, and other related genes. In addition, ABA also 

induces the formation of other protective metabolites like polyamines, proline and glycine 

betaine that in turn further enhances the tolerance capability of plants. 

2.10.1. ABA biosynthetic pathway 

ABA (C15H20O4) is a type of metabolite known as terpenoid or isoprenoid. Isopentenyl is a 

five-carbon (C5) molecule that acts as a precursor of ABA. According to Finkelstein (2013), 

ABA is directly produced from farnesyl diphosphate in fungi, whereas in case of plants, it is 

indirectly synthesized from β-carotene. Nambara and Marion-Poll (2005) reported that 

zeaxanthin epoxidase (encoded by AtABA1) marks the initiation of ABA formation in 

Arabidopsis by converting zeaxanthin to all-trans-violaxanthin. Further, North et al. (2007) 

stated that violaxanthin is converted to neoxanthin by AtABA4. The cleavage of cis-isomers 

of neoxanthin and violaxanthin to a C-15 compound is catalyzed by nine-cis-epoxycarotenoid 

dioxygenase (NCED) enzyme which controls the entire ABA biosynthesis process by 
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regulating the rate-limiting step. All the above mentioned steps take place in plastids, while 

the last two steps, i.e., formation of ABA aldehyde from xanthine (catalyzed by AtABA2) 

and oxidation of ABA aldehyde to ABA [catalyzed by abscisic aldehyde oxidase (AAO)] 

takes place in cytosol (Seo et al. 2004). Along with de novo synthesis of ABA, Xu et al. 

(2012) reported that ABA biosynthesis can occur in vacuole and endoplasmic reticulum by 

hydrolysis of ABA glucosyl ester (ABA-GE) catalyzed by AtBG2 and AtBG1. During 

stressed condition, ABA formation mostly occurs via degradation of ABA-GE that rapidly 

induces the concentration of ABA in cells. To regulate the level of ABA, plants mediate the 

catabolism of ABA via hydroxylation and glucose conjugation. Saito et al. (2004) 

demonstrated that of all the three methyl groups present at C-9′, C-8′ and C-7’, hydroxylation 

mostly occurs at C-8′ position catalyzed by the protein encoded by AtCYP707A gene. Along 

with hydroxylation, conjugation of ABA with glucose is catalyzed by ABA-

glucosyltransferase (Fig. 2.13).  
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2.10.2. Role of ABA in plants during abiotic stress 

Under abiotic stresses, the expression levels of numerous genes are up regulated or down 

regulated via ABA-dependent or independent pathways in plants. Based on their function, 

stress-responsive genes can be categorized into two groups: firstly genes encoding proteins 

that are required for stress signaling and secondly genes encoding proteins that are directly 

involved in stress tolerance.  

Genes encoding abiotic stress responsive protein involved in stress signaling are transcription 

factors, protein kinases, protein phosphatases, and ubiquitination-related proteins involved in 

protein degradation. Many transcription factors such as MYC, MYB, DREB, bZIP, NAC and 

ERF are involved in up regulation of stress-inducible genes (Trivedi et al. 2016). The 

promoter regions of stress induced genes have cis elements such as abscisic-acid-responsive 

element (ABRE). Gao et al. (2011) reported higher expression of bZIP1 in soybean against 

abiotic stresses that regulate stomatal closure leading to abiotic stress tolerance. MYC and 

MYB have significant role in ABA mediated abiotic stress tolerance by inducing the 

expression of genes such as RD22 (Abe et al. 2003). They further identified some of the 

MYB genes like AtMYB15, AtMYB44 and AtMYB60 in Arabidopsis that were involved in 

ABA mediated drought and salt stress tolerance. Moreover, NAC transcription factors also 

play a significant role in ABA mediated stress tolerance. Nakashima et al. (2009) reported 

that overexpression of AtNAC045 and AtNAC072 from rice and Arabidopsis provides drought 

“Fig. 2.13: Metabolism of ABA in higher plants; β-carotene serves as the precursor 

of ABA biosynthetic pathway. The biosynthesis of ABA begins with the epoxidation 

of zeaxanthin (formed from β-carotene) to produce all-trans-violaxanthin by the 

catalytic activity of the enzyme, zeaxanthin epoxidase, which is further converted 

into 9′-cis violaxanthin and 9′-cis-neoxanthin. The cleavage of cis-isomers of 

neoxanthin and violaxanthin to a C-15 compound (xanthoxin) is catalyzed by nine-

cis-epoxycarotenoid dioxygenase (NCED) enzyme which controls the entire ABA 

biosynthesis process by regulating the rate-limiting step. Xanthoxin is next 

converted to abscisic aldehyde by the action of ABA2. Finally, abscisic aldehyde is 

converted to ABA by abscisic aldehyde oxidase. ABA can also be formed from ABA 

glucosyl ester present in endoplasmic reticulum and vacuole by BG1 and BG2, 

respectively {Solid arrow denotes the anabolic pathway and broken arrow denotes 

the catabolic pathway}. [Reprinted with permission from Springer Nature, Abscisic 

acid in plants under abiotic stress: crosstalk with major phytohormones, Singh and 

Roychoudhury, (2023) vide license number 5633630784216].” 



 

                                                 Page | 51  
 

 

Review  of  Literature 

stress tolerance. Additionally, Mao et al. (2014) reported that during multiple abiotic stresses 

or ABA treatment, the expression of NAC67 was noticeably induced in wheat cultivar. 

According to Raghavendra et al. (2010), during stressed environment, plants induce the level 

of ABA in cells which in turn activates protein kinases such as SnRK, OST1, CPK4 and 

CPK11 that activates the expression of ABA dependent transcription factors like ABFs, 

ABI5, ABI4 and ABI3. These activated transcription factors bind with the promoter region of 

ABA-dependent stress responsive genes that provides tolerance against harsh environmental 

condition (Trivedi et al. 2016) (Fig. 2.14). 

 

 

 

Second group of genes encoding proteins that directly contribute to minimize cellular damage 

includes enzymes involved in osmolyte formation, heat shock proteins, chaperonins and 

“Fig 2.14: ABA mediated abiotic stress tolerance in plants. [Reprinted with 

permission from Springer Nature, DREBs-potential transcription factors involve 

in combating abiotic stress tolerance in plants, Singh and Chandra (2021) vide 

license number 5633631411469].” 

Enhanced Stress Tolerance and Adaptations 
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antioxidative enzymes. ABA mediates the formation of osmolytes like proline, glycine 

betaine and polyamines (spermine, spermidine and putrescine). Planchet et al. (2014) 

demonstrated that application of ABA induces proline accumulation in drought stressed 

Medicago truncatula that might be due to induced activity of proline synthesizing enzymes or 

reduced activity of proline catabolising enzymes, i.e., proline dehydrogenase which was 

again proved by Shevyakova et al. (2013) where they showed that ABA treatment lowered 

the activity of proline dehydrogenase in salt stressed (100 and 300 mM NaCl) 

Mesembryanthemum crystallinum. Similarly, Zhang et al. (2012) also reported that during 

drought stress, exogenous application of ABA further enhanced the formation of glycine 

betaine in maize seedlings; however, on application of ABA synthesis inhibitor like 

fluridone, the level of both ABA and glycine betaine was reduced in the cells. ABA also 

regulates the level of polyamines during stressed environment. Polyamines are low molecular 

weight aliphatic nitrogenous compounds carrying two or more amino groups. Overexpression 

of ADC (arginine decarboxylase), SAMDC (S-adenosyl-methionine decarboxylase) and 

SPMS (spermine synthase) enhanced the activity of NCED that ultimately triggered the 

formation of ABA in plants which in turn initiates a positive feedback loop between ABA 

and polyamine biosynthesis (Pal et al. 2018).  

2.10.3. Crosstalk between ABA and major stress regulator phytohormones 

2.10.3.1. Crosstalk with melatonin 

Melatonin was initially considered just as an antioxidant; however, with time, various recent 

studies have proved its efficacy as growth and stress regulators in plants. However, melatonin 

acts antagonist to that of ABA. Tryptophan acts as a precursor of melatonin. In plants, 

tryptophan is converted into serotonin via tryptamine or 5-hydroxytryptophan. After its 

synthesis, serotonin is converted into melatonin in a two step reaction catalyzed by serotonin 

N-acetyltransferase (SNAT), acetylserotonin O-methyltransferase (ASMT) and caffeic acid 

3-O-methyltransferase (COMT). SNAT catalyzes an acetylation reaction, whereas ASMT 

and COMT act as methytransferases (Back et al. 2016). During salt stress, the level of 

melatonin was enhanced in Limonium bicolor which in turn lowered the formation of ABA 

which can be linked with reduced expression of ABA synthesizing genes (NCED1 and 

NCED2) and higher expression of ABA degrading genes (CYP707A1 and CYP707A2) (Yuan 

et al. 2016). Similarly, Tan et al. (2019) also reported that melatonin-mediated seed 
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germination is controlled by higher H2O2 biosynthesis and higher efflux of Ca
2+

 ions that 

eventually resulted in higher ABA catabolism. During heat stress, application of melatonin 

suppressed the expression of ABI5, ABI3 and NCED3 that delayed leaf senescence in Lolium 

perenne (Zhang et al. 2017). In contrast, various studies have also showed a positive 

interaction between ABA and melatonin. Li et al. (2019) demonstrated that during drought 

stress, melatonin biosynthesis enhanced the formation of ABA in watermelon seedlings that 

confers higher tolerance level by wax biosynthesis and deposition on the leaves which 

ultimately reduced the rate of water loss. Similarly, Fu et al. (2017) also reported that 

exogenous application of melatonin triggered ABA formation in Elymus nutans. Melatonin-

ABA synergistic crosstalk in rice seedlings during fluoride stress was also reported by 

Banerjee and Roychoudhury (2019b). They reported that during fluoride stress, exogenous 

application of melatonin led to its higher accumulation in the cells which in turn induced the 

tolerance level of the seedling by inducing ABA formation and up regulating the expression 

of NCED3 and reducing its degradation by reducing the expression of ABA catabolizing 

gene, i.e., ABA8ox1. Similar report was also published by Zahedi et al. (2020) in salt-stressed 

Fragaria ananassa. Thus, it can be stated that both positive and negative crosstalk occurs in 

between ABA and melatonin which varies from plant species to species under harsh 

conditions. 

2.10.3.2. Crosstalk with gibberellin 

Gibberellin and ABA is a classic pair of hormone that acts antagonistically during the 

regulation of various physiological processes in plants such as seed germination, seed 

dormancy and maturation, flowering time and root growth (Yang et al. 2014). In normal 

conditions, gibberellin down regulates the ABA signaling pathway by ubiquitination of PSY 

family of proteins (Vishal and Kumar 2018). Ali et al. (2022) demonstrated that transcription 

factors containing LEC1, FUS3, AP2 and ABI4 domains negatively regulate the interaction 

between ABA and gibberellin signaling. Shu et al. (2018) reported that ABI4 enhanced the 

expression of NCED6 and GA2ox7 gene which in turn enhanced the formation of ABA and 

reduced the level of gibberellin in seed that eventually extended the dormancy period of the 

seeds. In a similar report, Footitt et al. (2011) demonstrated that during winter season, higher 

dormancy of the seeds was facilitated by higher ABA formation and gibberellin degradation, 

whereas contrasting level of both the phytohormones was noted during spring and summer 

season. During stressed environment, the bioactive form of gibberellin is inactivated due to 
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enhanced activity of GA2ox7 and GA2ox6 that led to hydroxylation of gibberellin in 

Arabidopsis (Magome and Kamiya 2018). Guilfoyle et al. (2015) demonstrated that RGL2, a 

DELLA repressor of gibberellin signaling, stimulated the activity of ABI5 and ABI3 which 

led to the formation of ABA via XERICO protein. Under suitable environmental condition, a 

negative feedback loop operates between DELLA proteins, ABI2 and MFT expression 

(Vaistij et al. 2018). Toh et al. (2008) reported that high temperature induced ABA formation 

in Arabidopsis seedlings which can be attributed to the up regulated expression of ABA 

synthetic enzymes genes (ZEP, NCED9, NCED5 and NCED2). In contrast to ABA level, the 

formation of gibberellin was drastically reduced in heat stressed seedlings that was largely 

due to down regulated expression of gibberellin synthesizing genes. Chiu et al. (2012) 

reported that FUS3 (master regulator of Arabidopsis seed development) activated ABA 

metabolic genes and heat related metabolite formation and inhibited gibberellin metabolism 

under high temperature. Similar to that of heat stress, cold stress also promotes the expression 

of gibberellin catabolizing gene (GA2ox) which enhanced the level of ABA in Arabidopsis 

seedlings (Achard et al. 2008). Thus, it can be stated that antagonist behavior between 

gibberellin and ABA widely regulates various physiological processes in plants ranging from 

seed germination to abiotic stress tolerance. 
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“3.1. Materials 

3.1.1. Plant materials 

Seeds of the following rice cultivars were used for 

Rice cultivar Source 

Khitish (KH) Rice Research Station, Chinsurah, Hooghly, West Bengal. 

MTU1010 (MTU) Rice Research Station, Chinsurah, Hooghly, West Bengal 

Nonabokra (NB) 
Central Soil Salinity Research Institute, Canning, South 24 

Parganas, West Bengal 

Matla (MT) Rice Research Station, Chinsurah, Hooghly, West Bengal 

Jarava (JV) Rice Research Station, Chinsurah, Hooghly, West Bengal 

 

3.1.2. Chemicals and Stocks 

3.1.2.1. Crude chemicals 

Chemical/Reagent Concentration Purpose 

Mercuric chloride 

(HgCl2) 

0.1% (w/v) Surface sterilization of rice seeds 

 Preparation of Nessler’s reagent 

Deionized water  Several purposes 

Liquid nitrogen  Freezing sample for homogenization 

Chilled acetone 80% (v/v) 
Quantification of total chlorophyll 

Extraction of xanthophylls and carotenoids 

Trichloroacetic acid 

0.1% (w/v) Extraction of H2O2 and MDA 

5% (w/v) 

Estimation of protease, starch phosphorylase 

activity 

Deproteinization of pyruvic, citric and malic 

acid content 

Potassium iodide 

(KI) 

20% (w/v) 
Estimation of MDA and protein 

carbonylation assay 

100% (w/v) Estimation of protein carbonylation assay 

0.2% (w/v) 
Enzyme activity of glycine betaine and α-

amylase estimation 
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 Preparation of Nessler’s reagent 

1 M Estimation of H2O2 content 

2,4-dintrophenylhydrazine 

(DNPH) 

0.02% (w/v) Estimation of pyruvic acid content 

0.1% (w/v) 
Estimation of malic acid and gibberellic acid 

content 

0.2% (w/v) Estimation of protein carbonylation 

Casein hydrolysate 20 mg mL
-1

 Estimation of protease activity 

2-thiobarbituric acid 

(TBA) 
0.5% (w/v) Estimation of MDA content 

Linoleic acid 
0.5 mM Estimation of LOX activity 

0.1% (v/v) Substrate buffer for LOX isozymes 

Ethylene diamine tetraacetic 

acid 

(EDTA) 

0.5 mM Estimation of AsAO activity 

1 mM 
Extraction of Gly I, Gly II, APX, GR, MDH, 

INV, SPS, SS, PHO, NR and P5CS 

2 mM 
Extraction of GST, GOGAT, GS, GDH 

PyDH, H2S ATP-S and OAS-TL 

3 mM Extraction of NOX 

10 mM Estimation of H2S 

100 mM 
Estimation of SOD activity 

Substrate buffer for SOD isozymes 

Dithiothreitol 

(DTT) 

0.5 mM Extraction of GPOX and GOGAT 

1 mM Estimation of NOX and DES activity 

1.25 mM Extraction of NOX 

2 mM 
Extraction of Gly I, Gly II, ATP-S and OAS-

TL 

2.5 mM Extraction of SPS and SS 

500 mM Gel loading dye for SDS-PAGE 

33.4 mM Estimation of OAS-TL 

Phenyl methyl sulfonyl 

fluoride 

(PMSF) 

1 mM 
Extraction of NOX, INV, PHO 

Estimation of NOX activity 
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Sucrose 

0.19 M Extraction and estimation of SDH activity 

250 mM Extraction and estimation of NOX activity 

0.4 mM Estimation of INV activity 

0.7 M Extraction of PyDH 

250 mM Tris-KCl-MgCl2 buffer 

2,3-Bis-(2-Methoxy-4-

Nitro-5-Sulfophenyl)-2H-

Tetrazolium-5-

Carboxanilide 

(XTT) 

0.5 M Estimation of NOX activity 

0.5 mM Estimation of superoxide anion 

Nicotinamide adenine 

dinucleotide phosphate 

reduced 

(NADH) 

100 μM Estimation of NOX activity 

0.2 mM Estimation of GPX activity 

3.24 mM Estimation of GR activity 

0.4 mM Estimation of P5CS and GDH activity 

2 mM Estimation of NR activity 

L-ascorbic acid 0.1 mM Estimation of AsAO activity 

Sulfanilamide 1% (w/v) 
Color developing reagent for NR and NiR 

assay 

N-(1-Naphthyl) 

Ethylenediamine 

Dihydrochloride 

(NEDA) 

0.2% (w/v) 
Color developing reagent for NR and NiR 

assay 

Perchloric acid 

5% (v/v) Extraction of methylglyoxal and cysteine 

10% (v/v) Homogenization for polyamine extraction 

52% (v/v) Measurement of starch content 

concentrated Estimation of silicon 

Zinc acetate 
0.1 mM Estimation of NR activity 

10 mM Extraction and estimation of H2S 

N-acetyl cysteine 500 mM Estimation of methylglyoxal content 

Potassium nitrate 

(KNO3) 
10 mM Estimation of NR activity 
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Nicotinamide adenine 

dinucleotide hydrogen 

(NADPH) 

0.4 μM Estimation of MDH activity 

2.5 mM Estimation of NR activity 

Magnesium sulfate 

(MgSO4) 
15 mM Estimation of Gly I and GS activity 

Reduced glutathione 

(GSH) 

1.7 mM Estimation of Gly I activity 

4 mM Estimation of GPX activity 

5 mM Estimation of GST activity 

Methylglyoxal 

(MG) 
3.5 mM Estimation of Gly I activity 

5,5′-dithiobis-(2-

nitrobenzoic acid) 

(DTNB) 

0.2 mM Estimation of Gly II activity 

1 mM Estimation of CS activity 

10 mM Estimation of reduced glutathione and H2S 

S-lactoyl-D-glutathione 

(SLG) 
1 mM Estimation of Gly II activity 

Sulfosalicylic acid 3% (w/v) 
Homogenization of tissue for proline 

extraction 

Ninhydrin  Preparation of acid ninhydrin 

Glacial acetic acid  Preparation of acid ninhydrin 

Ortho-phosphoric acid 6 M Preparation of acid ninhydrin 

Stannous chloride  Preparation of ninhydrin 

Methyl cellosolve  Preparation of ninhydrin 

Sodium citrate  

Preparation of ninhydrin 

Homogenization of tissue for PHO 

extraction 

Citric acid  

Preparation of ninhydrin 

Homogenization of tissue for PHO 

extraction 

Sulfuric acid 

(H2SO4) 

2 N 
Estimation of glycine betaine and ascorbic 

acid content 

6 N Preparation of Chen’s reagent 

98% (v/v) Estimation of malic acid, total soluble sugar, 
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starch content and total and soluble nitrogen 

Preparation of anthrone reagent 

Ethanol 

80% (v/v) 

Extraction of total amino acids 

Extraction and estimation of total soluble 

sugar 

100% (v/v) Estimation of protein carbonylation assay 

50% (v/v) Estimation of ABTS potential 

70% (v/v) Estimation of OAS-TL 

1,2-dichloroethane  Estimation of glycine betaine content 

Iodine 1% (w/v) Preparation of Lugol’s iodine solution 

Methanol 

80% (v/v) Estimation of gibberellic acid 

90% (v/v) 
Estimation of carotene and xanthophyll 

content 

Aluminum chloride 

(AlCl3) 
2% (w/v) Estimation of flavonoid content 

n-Hexane  
Estimation of carotene and xanthophyll 

content 

Folin-Ciocalteau reagent  Estimation of total phenolic content 

Sodium carbonate 

(Na2CO3) 
7.5% (w/v) Estimation of total phenolic content 

Ammonium heptamolybdate 
2.5% (w/v) Preparation of Chen’s reagent 

5% (w/v) Estimation of ascorbic acid 

m-phosphoric acid 5% (w/v) Extraction of ascorbic acid 

Sodium phosphate dibasic 

(Na2HPO4) 

100 mM Estimation of methylglyoxal content 

250 mM Estimation of ascorbic acid 

0.5 M Estimation of INV activity 

L-phenylalanine 40 mM Estimation of PAL activity 

Hydrochloric acid 

(HCl) 

Concentrated 
Acid digestion for endogenous total silicon 

content 

3% (v/v) Measurement of total silicon content 

1 N Estimation of malic acid content 
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4 M Estimation of PAL activity 

6 M Estimation of α-amylase activity 

Polyvinylpyrrolidone 

(PVP) 

2% (w/v) 
Extraction of CS, P5CS. GOGAT, ATP-S 

and OAS-TL 

5% (w/v) Extraction of APX, GR and IDH 

7.5% (w/v) Extraction of GST 

10% (w/v) Extraction of SOD 

5 mM Extraction of GPoX 

Nitro blue tetrazolium 

chloride 

(NBT) 

0.25 mM Substrate buffer for SOD 

2.45 mM Substrate buffer for APX 

 For staining of Western blot 

Tetramethyl ethylene 

diamine 

(TEMED) 

 Estimation of SOD activity 

28 mM Substrate buffer for APX 

Riboflavin 
2 mM Substrate buffer for SOD 

5 mM Estimation of SOD activity 

Hydrogen peroxide 

(H2O2) 

4 mM Substrate buffer for APX isozymes 

5 mM Estimation of GPoX activity 

12 mM Estimation of APX activity 

13 mM Substrate buffer for GPoX 

20 mM Estimation of CAT activity 

30% (v/v) 
Estimation of silicon and total and soluble 

nitrogen 

Bovine serum albumin 
0.1% (w/v) Extraction of GPoX 

0.5% (w/v) Extraction of PyDH 

Guaiacol 
0.46 % (v/v) Substrate buffer for GPoX 

15 mM Estimation of GPoX activity 

β-mercaptoethanol 

4 mM Extraction of APX and GR 

5 mM Extraction of MDH and PHO 

10 mM Extraction of IDH and P5CS 

14 mM Extraction of GST, GS and GDH 
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57 mM Extraction of PyDH 

 Tris-KCl-MgCl2 buffer 

1-Chloro-2,4-dinitrobenzene 

(CDNB) 
1 mM Estimation of GST activity 

Cumene hydroperoxide 0.5 mM Estimation of GPX activity 

Glutathione reductase 1 U Estimation of GPX activity 

Glycerol 20% (v/v) Extraction of APX and GR 

Sodium ascorbate 

2 mM Substrate buffer for APX isozymes 

4 mM Substrate buffer for APX isozymes 

5 mM Estimation of APX activity 

Oxidized glutathione 16 mM Estimation of GR activity 

Sodium bicarbonate 

(NaHCO3) 
100% (w/v) Estimation of polyamines 

Potassium hydroxide 

(KOH) 

10% (w/v) Estimation of gibberellic acid 

30% (w/v) Estimation of SPS and SS activities 

Dansyl chloride  Estimation of polyamines 

Toluene  Estimation of polyamines 

Sodium hydroxide 

(NaOH) 

0.8 N Estimation of pyruvic acid content 

10 M pH adjustment for Na2HPO4 

10% (w/v) Estimation of total and soluble nitrogen 

 Preparation of Nessler’s reagent 

2 N Estimation of nitrate 

Acetic anhydride 0.5 M Estimation of citric acid 

Pyridine 0.1 M Estimation of citric acid 

Ammonium hydroxide 

(NH4OH) 

5 N Estimation of malic acid 

6 mM Estimation of GS 

Orcinol 0.08% (w/v) Estimation of malic acid 

Calcium chloride 

(CaCl2) 

10% (w/v) Estimation of malic acid 

3 mM Estimation of α-amylase and GDH activity 

Magnesium chloride 

(MgCl2) 

10 μM Estimation of MDH activity 

20 mM Extraction and estimation of P5CS activity 
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3.3 mM Estimation of INV activity 

5 mM 
Estimation of PyDH activity 

Extraction of SPS and SS 

15 mM Estimation of SPS activity 

50 mM Extraction of MDH 

5 mM Tris-KCl-MgCl2 buffer 

7 mM Estimation of ATP-S 

Pyruvate 1.5 mM Estimation of PyDH activity 

Cysteine 

5 μM Extraction of α-amylase 

2.6 mM Estimation of PyDH activity 

25 mM Extraction of NR 

8 mM Estimation of DES activity 

Coenzyme-A 0.12 mM Estimation of PyDH activity 

Nicotinamide adenine 

dinucleotide 

(NAD) 

800 μM Estimation of IDH activity 

1.4 mM Estimation of PyDH activity 

Iso-ascorbic acid 10 mM Estimation of CS activity 

Oxaloacetic acid 

(OAA) 

5 μM Estimation of MDH activity 

10 mM Estimation of CS activity 

Acetyl-CoA 10 mM Estimation of CS activity 

Sodium isocitrate 2 mM Estimation of IDH activity 

Manganese sulphate 

(MnSO4) 
200 μM Estimation of IDH activity 

Sodium succinate 0.5 M Estimation of SDH activity 

Iodonitrotetrazolium 

chloride 

(INT) 

8 mM Estimation of SDH activity 

Sodium azide 10 mM Estimation of SDH activity 

Phenol solution 
5% (v/v) 

Estimation of total soluble sugar and starch 

content 

1% (v/v) Estimation of dissolved ammonium ions 
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Fructose-6-phosphate 25 mM Estimation of SPS activity 

Glucose-6-phosphate 25 mM Estimation of SPS activity 

UDP-glucose 25 mM Estimation of SPS activity 

Fructose 25 mM Estimation of SS activity 

Soluble starch 
1% (w/v) Estimation of α-amylase activity 

5% (w/v) Estimation of PHO activity 

Sodium chloride 

(NaCl) 
0.15 M Estimation of α-amylase activity 

Glucose-1-phosphate 0.1 M Estimation of PHO activity 

Urea 8 M Estimation of protein carbonylation 

Ethyl acetate 100% (v/v) 
Estimation of protein carbonylation and 

endogenous melatonin content 

Nitric acid 

(HNO3) 
Concentrated 

Acid digestion for endogenous total silicon 

content 

Tween-20 0.1% (v/v) Estimation of LOX activity 

Dimethyl sulfoxide 

(DMSO) 
 Solubilization of XTT for NOX assay 

Potassium chloride 

(KCl) 

25 mM Tris-KCl-MgCl2 buffer 

0.6 M Extraction of P5CS 

Potassium persulfate  Estimation of ABTS potential 

ABTS  Estimation of ABTS potential 

Ferric chloride 

(FeCl3) 

1% (w/v) Substrate buffer for CAT 

20 mM Estimation of FRAP 

2,4,6-tris(2-pyridyl)-s-

triazine 
 Estimation of FRAP 

Guaiacol 15 mM Estimation of GPoX activity 

Glutathione reductase 1 U Estimation of GPX activity 

Adenosine triphosphate 

(ATP) 

5 mM Estimation of P5CS and GS activity 

2 mM Estimation of ATP-S 

Glutamic acid 
75 mM Estimation of P5CS activity 

30 mM Estimation of GS activity 
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3.1.2.2. Fine chemicals/enzymes 

Chemical/Enzyme Purpose Source 

DNase I Removal of DNA contamination in RNA Thermo Fisher Scientific 

RNase I Removal of RNA contamination in DNA Thermo Fisher Scientific 

Copper sulfate 

(CuSO4) 
0.5% (w/v) Preparation of Lowry reagent 

3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium 

bromide 

(MTT) 

1.2 mM Substrate buffer for GPX isozyme 

Malate 50 mM Estimation of fumarase activity 

2-oxoglutarate 
10 mM Estimation of GOGAT activity 

20 mM Estimation of GDH activity 

Sodium silicate 10% (w/v) Estimation of total and soluble nitrogen 

Salicylic acid 5% (w/v) Estimation of nitrate 

Sodium nitrite 25 mM Estimation of NiR 

Methyl viologen 3 mM Estimation of NiR 

Sodium hyposulfite 0.025% (w/v) Estimation of NiR 

Sodium nitroprusside 0.05% (w/v) Estimation of dissolved ammonium ions 

Sodium hypochlorite 0.042% (v/v) Estimation of dissolved ammonium ions 

L-glutamine 10 mM Estimation of GOGAT activity 

Casein 1.5% (w/v) Estimation of GOGAT activity 

Aspartate 6 mM Estimation of GS activity 

Triton X-100  
Extraction of NOX, CS, Gly I, SPS and 

GDH 

Sulfate-free inorganic 

pyrophosphatase 
0.032 U mL

-1 
Estimation of ATP-S 

O-acetylserine 5 mM Estimation of OAS-TL 

Sodium sulfide 5 mM Estimation of OAS-TL 
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M-MLV Reverse 

transcriptase 

Reverse transcription for semi-

quantitative reverse-transcriptase PCR 
Thermo Fisher Scientific 

Taq DNA 

polymerase 
PCR amplification Genet Bio 

Diethyl 

pyrocarbonate 
Inactivation of RNase enzyme Invitrogen 

 

3.1.2.3. Stress-imposing agent 

Chemical Concentration 

Sodium fluoride 

(NaF) 

25 mg L
-1

 (~ 0.6 mM) 

50 mg L
-1

 (~ 1.2 mM) 

Sodium chloride 

(NaCl) 
12 g L

-1 
(~ 200 mM) 

 

3.1.2.4. Chemical used for stress amelioration 

Chemical Concentration 

Calcium hydroxide 

[Ca(OH)2] 

0.3 mM 

0.5 mM 

Calcium nitrate 

[Ca(NO3)2] 

0.3 mM 

0.5 mM 

Calcium chloride 

(CaCl2) 

0.3 mM 

0.5 mM 

Silicon 2 mM 

Sodium tungstate 

(Na2WO4) 
2 mM 

 

3.1.2.5. Reagents used for biochemical analyses 

3.1.2.5.1. Acid ninhydrin 

Components Volume (50 mL) 

Ninhydrin 1.25 g 

Glacial acetic acid 30 mL 
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6 M Phosphoric acid 20 mL 

 

3.1.2.5.2. Ninhydrin reagent 

Components Volume For 25 mL 

Stannous chloride 0.02 g 
Solution I: Stannous chloride added to 12.5 

mL of citrate buffer (pH 5.0) 
Citric acid 20.5 mL 

Sodium citrate 29.5 mL 

Ninhydrin 0.5 g Solution II: 0.5 g ninhydrin in 12.5 mL 

methyl cellosolve Methyl Cellosolve 12.5 mL 

12.5 mL of Solution I and 12.5 mL of Solution II mixed to produce 25 mL acid ninhydrin 

 

3.1.2.5.3. Lugol’s iodine solution 

Component Concentration 

Potassium iodide 2% (w/v) 

Iodine 0.2% (v/v) 

 

3.1.2.5.4. Chen’s reagent 

Component Concentration 

H2SO4 6 N 

Ammonium heptamolybdate  2.5% (w/v)  

Ascorbic acid 10% (w/v)  

 

3.1.2.5.5. Nitrogen color developing reagent 

Component Concentration 

Sulfanilamide 1% (w/v) 

HCL 1.5 N 

NEDA 0.2% (w/v) 
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3.1.2.5.6. Anthrone reagent 

Component Concentration 

Anthrone 0.2% (w/v) 

H2SO4 98% (v/v) 

 

3.1.2.5.7. Lowry reagent 

Component Concentration Volume 

Na2CO3 2% (w/v) Solution A (50 mL): 1 g Na2CO3 dissolved in 

0.2 g NaOH NaOH 0.1 N 

Copper sulfate 

(CuSO4) 
0.5% (w/v) Solution B (2 mL): 1 mL CuSO4 mixed with 

1 mL sodium potassium tartarate solution 
Sodium potassium tartarate 1% (w/v) 

50 mL of solution A and 1 mL of solution B mixed to prepare Lowry reagent or alkaline 

CuSO4 solution 

 

3.1.2.5.8. Bradford reagent 

Component Concentration Volume (1 L) 

Coomassie Brilliant Blue G-250  100 mg 

Ethanol 95% (v/v) 50 mL 

Ortho-phosphoric acid 85% (w/v) 100 mL 

Double distilled water  Volume up to 1 L 

 

3.1.2.5.9. 2, 2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) 

reagent 

Component Volume 

Potassium persulfate Solution I: 37.5 mg dissolved in 1 mL distilled water 

ABTS Solution II: 9.7 mg dissolved in 2.5 ml distilled water 

44 µL solution I was mixed with solution II to prepare ABTS reagent 
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3.1.2.5.10. Ferric-reducing antioxidant potential (FRAP) reagent 

Component Concentration Volume 

Acetate buffer (pH 3.6) 300 mM 10 mL 

2,4,6-tris(2-pyridyl)-s-triazine (TPTZ)  1 mL 

FeCl3 20 mM 1 mL 

 

3.1.2.5.11. Nessler’s reagent 

Component Concentration Volume (20 mL) 

KI  2 g 

HgCl2  3 g 

KOH 30% 40 g 

Water  Volume up to 20 mL 

 

3.1.2.6. Reagents used for molecular analyses 

Chemical Concentration Purpose 

Liquid nitrogen  Freezing the sample for homogenization 

TRizol  Extraction of RNA 

Chloroform  Extraction of RNA 

Ethylenediamine tetraacetic acid 0.5 M Agarose gel electrophoresis 

Acetic acid 10% (v/v) Agarose gel electrophoresis 

Sodium dodecyl sulfate 

(SDS) 
1% (w/v) Running buffer for SDS-PAGE 

Isopropanol  Precipitaion of RNA 

Ethanol 70% (v/v) Washing pellet of RNA 

Agarose 
1%, 2%, 3% 

(w/v) 
Agarose gel electrophoresis 

Ethidium bromide 

(EtBr) 
10 mg mL

-1
 Visualize the DNA bands 

Ammonium persulfate 10% (w/v) Resolving and stacking gel 

Tris (pH 8.8, 6.8) 1 M, 1.5 M Resolving and stacking gel 

Acrylamide 30% (w/v) Resolving and stacking gel 

Bromophenol blue 0.1% (w/v) 
Gel-loading dye for native-PAGE and 

SDS-PAGE 

Glycerol 10% (v/v) Gel-loading dye for native-PAGE and 
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SDS-PAGE 

Glycine  

Running buffer for native-PAGE 

Running and transfer buffer for SDS-

PAGE 

Bovine serum albumin  Blocking agent 

 

3.1.2.7. Buffers for biochemical assay 

3.1.2.7.1. Sodium phosphate buffers 

pH 1 M Na2HPO4 (For 100 mL) 1 M NaH2PO4 (For 100 mL) 

6.6 35.2 64.8 

7.0 57.8 42.4 

7.2 68.4 31.6 

7.4 77.4 22.6 

7.8 89.6 10.4 

 

3.1.2.7.2. Potassium phosphate buffers 

pH 1 M K2HPO4 (For 100 mL) 1 M KH2PO4 (For 100 mL) 

6.0 13.2 86.8 

6.6 38.1 61.9 

7.0 61.5 38.5 

7.4 77.4 22.6 

 

3.1.2.7.3. Borate buffer 

Composition Concentration 

Boric acid 0.1 M 

Sodium tetraborate 0.1 M 

 

3.1.2.7.4. Sodium acetate buffers 

Concentration pH Sodium acetate (For 1 L) Acetic acid (For 1 L) 

10 mM 4.6 405.861 mg 303.4 mg 

100 mM 4.8 4.791 g 2.498 g 
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3.1.2.7.5. Citrate buffer (50 mM, pH 6.0) 

Composition Mass 

Citric acid 1.736 g 

Sodium citrate dihydrate 12.044 g 

 

3.1.2.7.6. Total ionic strength adjustment buffer (TISAB pH 5.2) 

Component Amount (1 L) 

Glacial acetic acid 57 mL 

EDTA 4 g 

NaCl 45 g 

Double distilled water Up to 1 L 

 

3.1.2.7.7. Tricine buffer 

Component Concentration 

Tricine 100 mM 

EDTA 1 mM 

PVP 5% (w/v) 

Glycerol 20% (v/v) 

β-mercaptoethanol 4 mM 

 

3.1.2.8. Buffers for molecular analyses 

3.1.2.8.1. Buffer for agarose gel-electrophoresis 

3.1.2.8.1.1. TAE Buffer (50X, pH 8.0) 

Component Volume (For 1 L) 

Tris-base 242 g 

EDTA 18.61 g 

Glacial acetic acid 57.1 mL 

Double distilled water Volume up to 1 L 
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3.1.2.8.1.2. 6X DNA loading dye 

Component Concentration Volume (10 mL) 

Bromophenol blue 0.25% (w/v) 25 mg 

Xylene cyanol FF 0.25% (w/v) 25 mg 

Glycerol 30% (v/v) 3.3 mL 

Double distilled water  6.7 mL 

 

3.1.2.8.2. Buffer for isozyme analyses 

3.1.2.8.2.1. Running buffer for native-PAGE (5X, pH 8.3) 

Component Volume (1 L) 

Tris-base 15.1 g 

Glycine 94 g 

Double distilled water Volume up to 1 L 

 

3.1.2.8.2.2. Gel loading dye for native-PAGE 

Component Concentration 

Tri-Cl (pH 6.8) 50 mM 

Bromophenol blue 0.1% (w/v) 

Glycerol 10% (v/v) 

 

3.1.2.8.2.3. Resolving gel buffer for native-PAGE (12%) 

Component Concentration Volume (10 mL) 

Acrylamide mix 30% (w/v) 4.0 mL 

Tris-base (pH 8.8) 1.5 M 2.5 mL 

Ammonium persulfate 10% (w/v) 100 μL 

TEMED  4 μL 

Double distilled water  3.4 mL 
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3.1.2.8.2.4. Stacking gel buffer for native-PAGE (5%) 

Component Concentration Volume (6 mL) 

Acrylamide mix 30% (w/v) 1.0 mL 

Tris-base (pH 8.8) 1 M 750 μL 

Ammonium persulfate 10% (w/v) 60 μL 

TEMED  6 μL 

Double distilled water  4.16 mL 

 

3.1.2.8.2.5. Substrate buffer for SOD isozymes 

Component Concentration 

Potassium phosphate buffer (pH 7.8) 50 mM 

EDTA 100 mM 

Riboflavin 2 mM 

NBT 0.25 mM 

TEMED 28 mM 

 

3.1.2.8.2.6. Substrate buffer for GPoX isozymes 

Component Concentration 

Potassium phosphate buffer (pH 7.0) 50 mM 

Guaiacol 0.46% (v/v) 

H2O2 13 mM 

 

3.1.2.8.2.7. Substrate buffer for APX isozymes 

Component Concentration 

Sodium phosphate buffer (pH 7.0, 7.8) 50 mM 

Sodium ascorbate 2 mM, 4 mM 

H2O2 4 mM 

NBT 2.5 mM 

TEMED 28 mM 
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3.1.2.8.2.8. Substrate buffer for CAT isozymes 

Component Concentration 

Sodium acetate buffer (pH 5.5) 50 mM 

H2O2 4 mM 

FeCl3 1% (w/v) 

Potassium ferricyanide 1% (w/v) 

 

3.1.2.8.2.9. Substrate buffer for GPX isozymes 

Component Concentration 

Tris-Cl buffer (pH 7.9) 50 mM 

GSH 13 mM 

H2O2 0.004% (v/v) 

MTT 1.2 mM 

Phenazine methosulfate 1.6 mM 

 

3.1.2.8.3. Buffer for immunoblot analyses 

3.1.2.8.3.1. Resolving gel buffer for SDS-PAGE (10%) 

Component Concentration Volume (10 mL) 

Acrylamide mix 30% (w/v) 3.3 mL 

Tris-base (pH 8.8) 1.5 M 2.5 mL 

SDS 10% (w/v) 100 μL 

Ammonium persulfate 10% (w/v) 100 μL 

TEMED  5 μL 

Double distilled water  4.0 mL 

 

3.1.2.8.3.2. Stacking gel buffer for SDS-PAGE (5%) 

Component Concentration Volume (10 mL) 

Acrylamide mix 30% (w/v) 0.83 mL 

Tris-base (pH 6.8) 0.5 M 0.63 mL 

SDS 10% (w/v) 50 μL 

Ammonium persulfate 10% (w/v) 50 μL 
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TEMED  5 μL 

Double distilled water  3.4 mL 

 

3.1.2.8.3.3. Tris-Buffered Saline (10X, pH 7.6) 

Component Volume (For 1 L) 

Tris-base 24 g 

NaCl 88 g 

Double distilled water Volume up to 1 L 

 

3.1.2.8.3.4. SDS Running buffer (10X) 

Component Volume (1 L) 

Tris-base 30.3 g 

Glycine 144.4 g 

SDS 10 g 

Double distilled water Volume up to 1 L 

 

3.1.2.8.3.5. Transfer buffer (1X) 

Component Volume (1 L) 

Tris-base 14 g 

Glycine 4 g 

Double distilled water 820 mL 

Methanol 180 mL 

 

3.1.2.8.3.6. Gel loading dye for SDS-PAGE 

Component Concentration 

Tris-Cl 500 mM 

Bromophenol blue 0.05% 

Glycerol 50% 

DTT 500 mM 

SDS 10% 
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3.1.2.9. Kits used for different experiments 

Kit Source 

RNAiso plus Takara, Japan 

Maxima First Strand cDNA synthesis kit Thermo Scientific, USA 

Melatonin detection kit Abcam, UK 

ABA immunoassay kit Sigma-Aldrich, USA 

 

3.1.2.10. List of primers 

Genes Primers Gene accession ID 

PDH 
FP: GAACAGGGGATTGCTCTCGT 

LOC_Os10g40360 
RP: CAGCATTGCAGCCTTGAACC 

P5CS 
FP: CGCAGGATCAATTCGTGAAATCGCA 

LOC_Os05g38150 
RP: GCAATCTGTACCAAGGCATCAGGA 

BADH1 
FP: TCTTTGGACCGGTCATCTGC 

LOC_Os04g39020 
RP: CTTGGTGACTTGCTTCACGC 

CAT 
FP: GGAGGAGGAGAGGTTCGACT 

LOC_Os02g02400 
RP: AGCATCAGGTAGTTTGGCCC 

SOD 
FP: ATGGTGAAGGCTGTTGCTGTG 

LOC_Os07g46990 
RP: CTAACCCTGGAGTCCGATGAT 

CBL10 
FP: CCAACTCTCTCGATTCGGGG 

LOC_Os01g51420 
RP: TTCTTTCCAGCCGGTGTTCT 

CAM1-1 
FP: TCACAACCAAGGAGCTGGGA 

LOC_Os01g16240 
RP: TGGTCTTTGTCGAACACCCT 

SOS1 
FP: GGATCGCTCGAATTTGGCAC 

LOC_Os12g44360 
RP: ACGGGGTCAGTTGCACTAAG 

SOS2 
FP: GCAGGTCAGTTTTCATGCCC 

LOC_Os06g40370 
RP: CATCACAAGAGGGCCACCAT 

SOS3 
FP: CGCCCAAACCACCTTTACG 

LOC_Os05g45810 
RP: CGACCGTACAAACTCCCCAA 

PyDH 
FP: ACCCATCATGTGCTTGTCGT 

LOC_Os03g44300 
RP: GGATACCTCGCTACATGGGC 
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CS 
FP: GATGAGAGGGATGACTGGAATG 

LOC_Os01g19450 
RP: GGATGAGCAGTTACAGGAAGAG 

IDH 
FP: GTGTCATTGCGGAAGGCAAG 

LOC_Os04g05430 
RP: CCTGGGAAGCGTCGTACAAA 

SDH 
FP: AATCATTTGGCCCGGAGGAA 

LOC_Os09g20440 
RP: GATCTTTCCCCACTCGGACC 

MDH 
FP: GGTTCATGGGGGATGACCAG 

LOC_Os10g33800 
RP: TTCGGGCAGTACTTGGCAAT 

INV 
FP: CGGACGGCTGTCTTCTTCTA 

LOC_Os02g01061 
RP: AACATTGCTAGAAAGACTTACCAAA 

SS 
FP: CGACACCAAGGGTGCTTTTG 

LOC_Os03g28330 
RP: GAAGCCAGACACTCCGTTCA 

SPS 
FP: CTCAAGGAGGTCACCAAGGC 

LOC_Os01g69030 
RP: CACGGGAGAGAACGTGCCAA 

PHO 
FP: TTCACGAGTACGCCAAGGAC 

LOC_Os02g59421 
RP: CAAAGCGAAACCTTCCTGCC 

α-amylase 
FP: GTCGCCGAGATATGGAGCAA 

LOC_Os02g52710 
RP: GTAGCCCTGCATGACCTTGT 

NCED3 
FP: CTCACATACAGCGGCAGCAC 

LOC_Os03g44380 
RP: CGCTCGAGGACATTCGCCAC 

ABA8ox 
FP: AAGTGCTACCTCTGTTCCGC 

LOC_Os03g32230 
RP: TTCTTGCGGGTGAAGCTCAT 

Rab16A 
FP: ATGAGGGAGGAGCACAAGAC 

LOC_Os02g04680 
RP: GGGCAGCTTCTCCTTGATCT 

Osem FP: ATGGCGTCCGGGCAGCAGCAG 
LOC_Os05g28210 

 RP: CTAGGACTTGGTCTTGTACTTGG 

TRAB1 FP: TTTCTCACCGGTGGGGATTG 
LOC_Os05g28210 

 RP: GCTGCTGACTCCCTGTTCTT 

DREB2A FP: ACCTCATTGGGTCAGGAAGAA 
LOC_Os01g07120 

 RP: TTGGTTCACGGATCTCAGCC 

CLC1 FP: CGGCAAGTCACACTAACAAGGG LOC_Os01g0876100 
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 RP: TGACTACAAAATTTCCATTC 

CLC2 FP: GGCTGATTTTTAAGCGTTTT 
LOC_Os02g0558100 

 RP: CAAATATGCCTTAGCACAAC 

ADC 
FP: AGCGCGCTGGTGTGCGCACCA 

LOC_Os06g04070 
RP: TGTCGCAGGTGAGGTCGGAG 

ODC 
FP:GCGTCAAGGACAAGAAGGTG 

LOC_ Os02g0482400 
RP:GTTGCACTTGACGGCGTAG 

DAO 
FP: ACGTGACCTACCACCTC 

LOC_Os07g38440 
RP:TACCACAGCACGATGTCCT 

PAO 
FP:ACCGAGCTCATGGCGAACAACAGTTCA 

LOC_Os09g20260 
RP:CTGAAGCTTTCACAGCCGGGAGATGAG 

SAMDC 
FP:TCTTGCTTATGGCGACCTGG 

LOC_Os04g42090 
RP:AGCAACAGGTACGTCTTCGG 

SPDS 
FP:CCTGGTGAGGCACACTCATT 

LOC_Os07g22600 
RP:TTGCTCCACCGAGGAATGTC 

SPMS 
FP: ATCCTTTGCTGACACCTGGG 

LOC_Os02g14190 
RP:GCGTCTCATTCAACAGCGAC 

TDC 
FP: AACCCGGAGTACCTCAAGAA 

LOC_Os08g04540 
RP: TGATCCTGAAGCAGACGAGA 

FEX FP: ATGGAAAGTTCATCAGCTAGGAGCAAC 
LOC_Os10g41749 

 RP: CAGTAATGCTCTACCCACACCG 

H
+
-ATPase FP: GTCTCGCAGCTGGTCATTTA 

LOC_Os01g0711000 
 RP: GTGTAGGACTGGTGAATGGTATC 

NR 
FP: CAACTGCTGGTTCAGGGTGA 

LOC_Os08g36480 
RP: CGTAGGGCTCTCAACGATGG 

NiR 
FP: AAACCCTGCTCTCAGCATCT 

LOC_Os01g25484 
RP: CATCTTGGCGAGCTCCTTGA 

GS 
FP: AGGCGAAGGGAAAAGGCTAC 

LOC_Os02g50240 
RP: ATTTCGAGGGAAGGACGCAG 

GOGAT 
FP: ACCGATCCATTCATTCGCCA 

LOC_Os01g48960 
RP: CCCAGCATCCTTTGTCACCT 
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GDH 
FP: AGTGTGACGTTGCATTCCCT 

LOC_Os01g0558200 
RP: GTTGAAACCAGGCGGAAACA 

β-actin 
FP: GAACTGGCATGGTCAAGGCTG 

LOC_Os11g06390 
RP: ACACGGAGCTCGTTGTAGAAG 

 

FP: Forward Primer      RP: Reverse Primer 

 

3.2. Methods 

3.2.1. Seedling growth condition and stress imposition 

 For all the experimental analysis presented in chapter 1 of the results and discussion 

section, seeds of the rice cultivars, i.e., KH and MTU were initially surface sterilized with 

HgCl2 for 5 min, followed by extensive washing with double distilled water to remove the 

traces of HgCl2. The seeds were placed over sterile gauge and were allowed to germinate 

at 32 ± 2 ºC for three days in dark in presence of 25 mg L
-1

 NaF solution. After three days, 

uniformly germinated seeds were further divided into two sets: 1
st
 set was further 

maintained with NaF solution for 7 days and 2
nd

 set was treated with NaF solution for 17 

days, Both the sets were allowed to grow in growth chamber (N. R. Scientific, India) with 

photosynthetically active radiation (PAR), 700 μmol photons m
-2

 s
-1

, day-night regime: 

16:8 h and relative humidity: 65-70%. Thus, the seeds were exposed to fluoride stress for 

either 10 days (short-term) or 20 days (long-term). Four sets of two varieties were 

maintained as follows: 

Set 1: Khitish seeds treated with water only for 10 days. 

Set 2: Khitish seeds treated with NaF (25 mg L
−1

) solution for 10 days. 

Set 3: MTU1010 seeds treated with water only for 10 days. 

Set 4: MTU1010 seeds treated with NaF (25 mg L
−1

) solution for 10 days. 

Set 5: Khitish seeds treated with water only for 20 days. 

Set 6: Khitish seeds treated with NaF (25 mg L
−1

) solution for 20 days. 

Set 7: MTU1010 seeds treated with water only for 20 days. 

Set 8 MTU1010 seeds treated with NaF (25 mg L
−1

) solution for 20 days 

After completion of 10 and 20 days, the seedlings were harvested and washed with milli-Q 

water and was immediately frozen using liquid nitrogen and were stored at -80°C for 
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further experiments. For each set, three replicates were maintained (Roychoudhury et al. 

2008). 

 For all the experimental analysis presented in chapter 2 of the results and discussion 

section, seeds of the rice cultivar, i.e., KH were initially sterilized (similar to that of above 

mentioned procedure) followed by priming with two different concentration (0.5 and 0.3 

mM) of three calcium salts, i.e., Ca(OH)2, Ca(NO3)2 and CaCl2 along with distilled water. 

For priming, the seeds were imbibed with the above mentioned concentrations of calcium 

salts at 25 °C for 24 h with constant stirring, keeping the seed weight to solution volume in 

1:5 ratio (Hussain et al. 2016). The solution was changed after 12 h. After priming, the 

seeds were air dried to their original moisture content and were allowed to germinate for 

three days in presence of 25 mg L
−1

 NaF solution. After germination, the seed were further 

allowed to grow for seven days in presence of NaF solution as mentioned above. Thus, the 

seeds were maintained in triplicate sets as follows: 

Set 1: Water primed seeds grown for 10 days in presence of water only 

Set 2: water primed seeds grown for 10 days in presence of 25 mg L
−1

 NaF 

Set 3: 0.3 mM Ca(OH)2 primed seeds grown for 10 days in presence of water only 

Set 4: 0.3 mM Ca(OH)2 primed seeds grown for 10 days in presence of 25 mg L
−1

 NaF 

Set 5: 0.5 mM Ca(OH)2 primed seeds grown for 10 days in presence of water only 

Set 6: 0.5 mM Ca(OH)2 primed seeds grown for 10 days in presence of 25 mg L
−1

 NaF 

Set 7: 0.3 mMCa(NO3)2 primed seeds grown for 10 days in presence of water only 

Set 8: 0.3 mM Ca(NO3)2 primed seeds grown for 10 days in presence of 25 mg L
−1

 NaF 

Set 9: 0.5 mM Ca(NO3)2 primed seeds grown for 10 days in presence of water only 

Set 10: 0.5 mM Ca(NO3)2 primed seeds grown for 10 days in presence of 25 mg L
−1

 

NaF 

Set 11: 0.3 mM CaCl2 primed seeds grown for 10 days in presence of water only 

Set 12: 0.3 mM CaCl2 primed seeds grown for 10 days in presence of 25 mg L
−1

 NaF 

Set 13: 0.5 mM CaCl2 primed seeds grown for 10 days in presence of water only 

Set 14: 0.5 mM CaCl2 primed seeds grown for 10 days in presence of 25 mg L
−1

 NaF 

The seedlings were monitored for their overall growth and after completion of 10 days (3 

days + 7 days), they were harvested and stored following the procedure as mentioned 

above.  
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 For all the experimental analysis presented in chapter 3 of the results and discussion 

section, seeds of the rice of rice cultivar, i.e., KH were initially sterilized and were 

incubated at 32°C in dark for 3 days. After 3 days, the uniformly germinated seeds were 

allowed to grow for additional 7 days in presence of two different concentrations of NaF 

solution (25 and 50 mg L
-1

), either in absence or presence of 2 mM sodium metasilicate 

(Na2SiO3). The six experimental sets included:  

Set 1: KH seeds maintained in water only 

Set 2: KH seeds maintained in presence of 2 mM Na2SiO3 solution 

Set 3: KH seeds maintained in presence of 25 mg L
-1

 NaF 

Set 4: KH seeds maintained in presence of 25 mg L
-1

 NaF and 2 mM Na2SiO3 

Set 5: KH seeds maintained in presence of 50 mg L
-1

 NaF 

Set 6: KH seeds maintained in presence of 50 mg L
-1

 NaF and 2 mM Na2SiO3 

The pH of the Si solution was maintained within the range of 5.5-6.0 with 0.1 M HCl to 

avoid polymerization of silicates. After completion of 10 days (3 days + 7 days), the 

seedlings were harvested and were stored for further analysis. The concentration of 

Na2SiO3 was initially standardized by prior exposure of the seedlings to 1 mM, 2 mM and 

4 mM Na2SiO3 through multiple trial studies. Preliminary standardization of silicon 

concentration established that the seedlings raised from seeds treated with 2 mM Na2SiO3 

showed the best performance in terms of percentage of seed germination and overall plant 

growth, as compared to 1 mM and 4 mM Na2SiO3 (Fig. 4.3.1a). 

 For all the experimental analysis presented in chapter 4 of the results and discussion 

section, seeds of the rice cultivars, i.e., NB, MT and JV were selected due to high 

endogenous ABA level. After sterilization, the seeds of each variety were divided into 

three sets with each set maintained in either water or 12 g L
−1

 NaCl or 50 mg L
−1

 NaF. 

Thus, altogether, seeds on 9 sets of Petri plates were allowed to germinate for three days, 

following which the uniformly germinated seeds were again maintained with the above set 

of treatments for 17 additional days. The nine experimental sets included: 

Set 1: NB seeds maintained with water for 20 days 

Set 2: NB seeds maintained with 12 g L
−1

 NaCl for 20 days 

Set 3: NB seeds maintained with 50 mg L
−1

 NaF for 20 days 

Set 4: MT seeds maintained with water for 20 days 

Set 5: MT seeds maintained with 12 g L
-1

 NaCl for 20 days 



 

                                                                                                                            Page | 82  

 

Materials  and  Methods 

Set 6: MT seeds maintained with 50 mg L
-1

 NaF for 20 days 

Set 7: JV seeds maintained with water for 20 days 

Set 8: JV seeds maintained with 12 g L
-1

 NaCl for 20 days 

Set 9: JV seeds maintained with 50 mg L
-1

 NaF for 20 days 

After completion of 20 days (3 days + 17 days), all the sets were harvested and the 

seedlings were stored for further analysis as mentioned above. 

In another experiment, the seeds of the three cultivars were again exposed to 50 mg L
−1

 

NaF in conjunction with 30 mg L
−1

 ABA, applied exogenously, either in presence or 

absence of 2 mM Na2WO4. Thus, the seeds were maintained with water (control), 50 mg 

L
−1

 NaF alone, 30 mg L
−1

 ABA solution alone, 50 mg L
−1

 NaF along with 30 mg L
−1

 ABA 

solution, either in presence or absence of 2 mM Na2WO4.The seeds were again grown for 

20 days and after that, they were harvested and stored at −80 °C. 

3.2.2. Determination of physiological parameters 

The number of seeds germinated after 3 days was calculated for each set and germination 

percentage was obtained. Root length (RL) and shoot length (SL) of 10 seedlings from each 

set was measured using a centimeter scale. Average RL and SL was expressed in cm. 

Similarly, biomass of 10 seedlings from each set was measured and average biomass was 

expressed as mg. 

3.2.3. Determination of parameters associated with oxidative damages 

3.2.3.1. Estimation of chlorophyll loss 

For determination of chlorophyll, 500 mg of freshly harvested seedlings was homogenized in 

5 mL of chilled acetone in presence of liquid nitrogen. After homogenization, the mixture 

was centrifuged at 10,000 revolutions per minute (rpm) for 20 min followed by collection of 

the supernatant. The absorbance of the supernatant was monitored at 645 and 663 nm and 

total chlorophyll level present in the tissues was estimated by following the equation of 

Arnon (1949): 

Total chlorophyll = [{(8.02 x A663) + (20.2 x A645)}/ 1,000 × W] × V 

W = fresh weight of the seedling and V = extraction volume 

3.2.3.2. Estimation of electrolyte leakage from tissues 

For determination of electrolyte leakage from the tissues, 100 mg of freshly harvested 
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seedlings was placed in 10 mL of distilled water for 22 h at room temperature. After 

completion of 22 h, initial conductance of the sample was recorded using digital conductivity 

meter (Digital Instruments Corporation, D-511, India) following which the samples were 

boiled for 30 min on water bath and final conductivity recorded (Rady 2011). Electrolyte 

leakage of the samples was calculated and was expressed in percentage. 

3.2.3.3. Quantification of H2O2 

For estimation of H2O2, protocol reported by Velikova et al. (2000) was used. 500 mg of 

seedlings was homogenized in 5 mL of trichloroacetic acid and was centrifuged for 15 min at 

12,000 rpm. After centrifugation, supernatant (100 µL) was collected and mixed with 10 mM 

potassium phosphate buffer (pH 7.0) and KI. The mixture was kept in dark for 1 h after 

which the absorbance of the sample was recorded at 395 nm. The concentration of H2O2 in 

samples was calculated using a standard curve. 

 3.2.3.4. Quantification of superoxide anion 

Superoxide anion in tissues was determined following the protocol by Yadu et al. (2017). 200 

mg of the freshly harvested tissues was imbibed in 20 mM potassium phosphate buffer (pH 6) 

containing XTT at 26°C in dark. After 2 h, the absorbance was recorded at 470 nm and 

content of superoxide radical was calculated using extinction coefficient of 2.16 × 10
4
 M

−1
 

cm
−1

. 

3.2.3.5. Quantification of MDA 

For determination of MDA content of the seedlings, 500 mg of the tissues was homogenized 

in 50 mM potassium phosphate buffer (pH 7.0) containing trichloroacetic acid followed by 

centrifugation at 10,000 rpm for 15 min. After that, the supernatant (0.5 mL) was collected 

and was mixed with 4 mL of TBA solution [0.5% (w/v) TBA dissolved in 20 (w/v) 

trichloroacetic acid] and was boiled. After incubating for 30 min, the mixture was quickly 

placed on ice bath to stop the reaction. The absorbance of reaction mixture was recorded at 

532 nm and 600 nm and total MDA concentration was calculated by using the difference in 

absorbance and using molar extinction co-efficient of 155 mM
-1

 cm
-1

 (Zeb and Ullah 2016). 

3.2.3.6. Quantification of methylglyoxal (MG) 

2.5 g of the seedlings was homogenized in 5 mL perchloric acid followed by centrifugation 

for 15 min at 10,000 rpm. After centrifugation, 0.05 mL of the supernatant was collected and 

mixed with 0.93 mL Na2HPO4 (100 mM, pH 7.0) and 0.02 mL N-acetyl cysteine. The rate of 
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change in absorbance at 288 nm was recorded for 2 min. MG content of the seedlings was 

estimated using standard curve prepared using different known concentration of MG (Wild et 

al. 2012). 

3.2.3.7. Quantification of protein carbonylation 

500 mg of tissues was crushed in 5 mL tricine buffer in presence of liquid nitrogen followed 

by collection of supernatant after centrifugation at 10,000 rpm for 20 min. The supernatant 

thus obtained (50 µL) was mixed with DNPH and was allowed to incubate in dark. After 1 h, 

100% (w/v) trichloroacetic acid solution was added to stop the reaction and the mixture was 

placed on ice for 5 min followed by centrifugation at 10,000 rpm for 2 min to obtain the 

pellet. The pellet was washed in 0.5 mL ethanol:ethyl acetate (1:1) and was finally dissolved 

in 1 mL guanidine-HCl solution. Absorbance of the mixture thus obtained was recorded at 

360 nm and total protein content was measured at 280 nm. Protein carbonyl content was 

calculated using a known curve of BSA following the protocol of Levine et al. (1994). 

3.2.3.8. Estimation of protease activity 

For determination of protease activity, 500 mg tissues was homogenized in 5 mL sodium 

phosphate buffer (100 mM, pH 6.5) followed by centrifugation at 10,000 rpm for 20 min. 

After centrifugation, Lowry assay was performed following which the protein content of each 

sample was determined. 200 µg of protein from each sample was incubated with 1 mL of 20 

mg ml
-1

 purified casein hydrolysate for 2 h at 30°C. After incubation, trichloroacetic acid was 

added to stop the reaction and the protein present in the mixture was analyzed to measure 

protease activity (Basu et al. 2012). 

3.2.3.9. Estimation of lipoxygenase (LOX, EC 1.13.2.11) activity 

For determination of LOX activity in the tissues, 300 mg seedlings was homogenized in 2 mL 

sodium phosphate buffer (pH 7.0) followed by centrifugation at 10,000 rpm for 15 min. After 

centrifugation, 0.5 mL of the supernatant was mixed with 50 mM Tris-Cl buffer (pH 9.0) and 

250 mM linoleic acid and change in absorbance of the mixture was recorded at 234 nm for 5 

min. Finally, the LOX activity was calculated using molar extinction co-efficient of 25,000 

M
-1

 cm
-1

 (Basu et al. 2012). 

3.2.3.10. Estimation of NADPH oxidase (NOX, EC 1.6.3.1) activity 

500 mg tissue was crushed in 3 mL phosphate buffer (pH 6.8) containing EDTA, DTT, 

sucrose and PMSF and homogenate was centrifuged at 10,000 rpm for 15 min. The molecular 
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fraction thus obtained was further resuspended in 50 mM phosphate buffer (pH 6.8) 

containing Triton X-100, DTT, PMSF and sucrose. The mixture was kept on ice bath for 5 

min followed by centrifugation at 13,000 rpm for 45 min. The final supernatant was mixed 

with 50 mM Tris-Cl (pH 7.5), XTT and NADPH to measure the activity of NOX at 470 nm 

(Sagi and Fluhr 2001). 

3.2.3.11. Estimation of ascorbic acid oxidase (AsAO, EC 1.10.3.3) activity 

For determination of AsAO activity, 300 mg seedling was homogenized in 0.1 M phosphate 

buffer (pH 6.5) and homogenate was centrifuged at 12,000 rpm for 15 min to obtain the 

supernatant. The reaction mixture, which comprised of supernatant along with 0.1 M 

phosphate buffer (pH 5.6), EDTA and 0.1 mM L-ascorbic acid, was prepared following the 

protocol of Pignocchi et al. (2003). The change in absorbance of reaction mixture was 

recorded at 265 nm. 

3.2.4. Determination of elements accumulated in seedlings 

3.2.4.1. Estimation of fluoride in tissues 

For determination of fluoride accumulated in the tissues, 200 mg seedling was homogenized 

in 4 mL TISAB buffer using liquid nitrogen. After complete homogenization, the mixture 

was transferred in test tube and was boiled for 30 min for complete mineralization of the 

sample after which it was centrifuged at 13,000 rpm for 20 min. The supernatant was 

carefully collected and fluoride present in the supernatant was measured using fluoride 

sensitive electrode (Cole Palmer, USA) (Banerjee and Roychoudhury 2019a). 

3.2.4.2. Estimation of calcium (Ca) and sodium (Na) ions in tissues 

For analysis of Ca and Na, 1 g seedling was freeze dried followed by crushing. After 

crushing, 200 mg of the sample was pelleted using a tabletop pelletizer by applying 120 kg 

cm
-2

 pressure for 1 min. Each pellet was analyzed via energy dispersive X-ray fluorescence 

spectrometry (Horiba Ltd., Japan) following earlier protocol of Attaelmanan (2012). 

3.2.4.3. Estimation of silicon in tissues 

Silicon accumulated in the tissues was analyzed by following the earlier work of Ang and Lee 

(2005). Initially, seedlings were dried and 1 g of dried sample was mineralized in 

concentrated HNO3 till brown fumes stop appearing. After that, 1 mL H2O2 was added to the 

left over debris along with 1 mL double distilled water. After evaporation, 1 mL concentrated 
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perchloric acid was added and the whole mixture was mineralized till the formation of 

viscous yellow complex which was incubated overnight in presence of 1 mL concentrated 

HNO3. After incubation, the volume was made up to 50 mL with distilled water. The mixture 

was finally filtered and the silicon content was measured in flame atomic absorption 

spectroscopy (Perkin-Elmer, USA). 

3.2.5. Estimation of osmolytes synthesized in seedlings 

3.2.5.1. Determination of proline 

For estimation of proline, 300 mg seedling was crushed in 6 mL sulfosalicylic acid followed 

by centrifugation at 10.000 rpm for 15 min. After centrifugation, 2 mL supernatant was 

mixed with 2 mL glacial acetic acid and acid ninhydrin solution and the mixture was boiled 

in water bath. After completion of 30 min, the mixture was quickly cooled in ice bath for 15 

min. The red complex thus formed was analyzed at 520 nm and the level of proline was 

calculated using standard curve of known concentration of proline (Basu et al. 2012). 

3.2.5.2. Determination of amino acids 

Supernatant collected for the estimation of proline was also used for the analysis of total 

amino acid formed in the tissues. 0.2 mL extract was mixed with 1 mL stannous chloride-

ninhydrin solution and 0.8 mL of distilled water. The mixture was then kept in boiling water 

bath for 20 min after which it was quickly cooled on ice. The purple colored complex thus 

developed was analyzed at 570 nm and the concentration of amino acids was determined 

using a standard curve of known concentration of proline (Paul and Roychoudhury 2017). 

3.2.5.3. Determination of glycine betaine 

500 mg seedling was homogenized in 4 mL deionized water followed by centrifugation at 

10,000 rpm for 15 min. After centrifugation, the supernatant was collected, mixed with 2N 

H2SO4 and was cooled on ice for 1 h. After 1 h, 0.2 mL chilled Lugol’s iodine solution was 

added and mixture was vortexed followed by overnight incubation at 4°C. Next day, the 

mixture was centrifuged and periodide crystals thus obtained were dissolved in 7 mL 1,2-

dichloroethane. After incubation for 2 h, the absorbance of the mixture was recorded at 365 

nm and the amount of glycine betaine present in the seedlings was estimated using standard 

curve of known concentration of glycine betaine (Grieve and Grattan 1983). 
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3.2.6. Estimation of polyamines accumulated in seedlings 

For determination of polyamines, 3 g seedling was homogenized in 5 mL chilled perchloric 

acid in presence of liquid nitrogen. After homogenization, the samples were kept on ice for 

30 min followed by centrifugation at 10,000 rpm for 30 min. 0.2 mL of the supernatant thus 

collected was mixed with NaHCO3 until saturation was reached. After complete 

effervescence, 0.2 mL of dansyl chloride (10 mg mL
-1

) was added and the mixture was 

incubated overnight at room temperature in dark. The following day, 0.2 mL toluene was 

added followed by centrifugation at 10,000 rpm for 10 min. After centrifugation, the upper 

layer containing dansylated amines were carefully separated and were spotted on a thin layer 

chromatographic plate of silica gel that was pre-activated at 80°C for 1 h. Similarly, standard 

of putrescine, spermidine and spermine were also spotted on the silica plate. The plate was 

placed in glass chamber containing saturated atmosphere with cyclohexane:ethylacetate (3:2) 

as the mobile phase. After complete migration of the mobile phase, the plate was air dried 

and spots of the corresponding polyamines were marked. Marked spots were carefully 

scraped and silica thus obtained was dissolved in 2 mL acetone. The mixture was centrifuged 

at 10,000 rpm for 10 min and supernatant thus obtained was analyzed using a fluorescence 

spectrophotometer (Hitachi, Japan) with excitation and emission wavelengths of 360 nm and 

506 nm, respectively (Roychoudhury et al. 2011). 

3.2.7. Determination of level of non-enzymatic antioxidants in seedlings 

3.2.7.1. Level of anthocyanins 

For determination of anthocyanin level, 300 mg seedling was homogenized in acidified 

methanol followed by incubation of the mixture at 4°C overnight. Next day, the mixture was 

centrifuged at 10,000 rpm for 15 min followed by collection of the supernatant. The 

absorbance of the extract was measured at 525 nm and total anthocyanin content of the 

seedling was calculated according to the protocol suggested by Roychoudhury et al. (2007). 

3.2.7.2. Level of phenolics 

500 mg seedling was homogenized in 3 mL absolute methanol followed by collection of the 

supernatant by centrifugation of mixture at 10,000 rpm for 10 min. The supernatant (0.1 mL) 

thus obtained was mixed with 1 mL Folin-Ciocalteau reagent (10 fold diluted) and 2 mL 

Na2CO3 followed by incubation for 30 min in dark at 4°C. After incubation, absorbance of 

the mixture was recorded at 760 nm and the amount of phenolics was estimated using 
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standard curve of known concentration of gallic acid (Basu et al. 2012). 

3.2.7.3. Level of xanthophylls and carotenoids 

500 mg seedling was homogenized in 80% (v/v) acetone followed by collection of 

supernatant by centrifugation of mixture at 10,000 rpm for 15 min. Next, equal volume of 

supernatant was mixed with n-hexane followed by centrifugation at 12,000 rpm for 10 min to 

separate chlorophyll (lower layer) from carotenes and xanthophylls (upper layer). To 1 mL of 

collected upper layer, 90% (v/v) methanol was added in order to separate carotenes (upper 

layer) and xanthophylls (lower layer). The amount of carotenes and xanthophylls was 

estimated by recording the absorbance at 425 nm and 450 nm, respectively (Davies 1965). 

3.2.7.4. Level of flavonoids 

300 mg seedling was homogenized in 3 mL absolute ethanol and the mixture was centrifuged 

at 10,000 rpm for 15 min to collect the supernatant. The reaction mixture consists of 0.1 mL 

extract along with 1 mL AlCl3. After incubating for 1 h in dark, the absorbance of mixture 

was recorded at 415 nm. The concentration of flavonoids in the tissues was calculated using a 

standard curve of known concentration of rutin (Basu et al. 2012). 

3.2.7.5. Level of ascorbic acid 

For estimation of ascorbic acid, freshly harvested seedling (500 mg) was homogenized in 3 

mL of m-phosphoric acid followed by collection of supernatant by centrifugation of mixture 

at 10,000 rpm for 15 min. The reaction mixture consists of 0.1 mL extract, 1 mL ammonium 

heptamolybdate (dissolved in H2SO4) and 1 mL Na2HPO4. The mixture was boiled in water 

bath for 15 min followed by recording the absorbance of mixture at 660 nm. The 

concentration of ascorbic acid was estimated by using a standard curve of known volume of 

sodium ascorbate (Ghosh et al. 2008). 

3.2.7.6. Level of reduced glutathione 

For determination of reduced glutathione, 300 mg seedling was crushed in 5 mL tricine 

buffer followed by centrifugation of homogenate at 10.000 rpm for 15 min. The supernatant 

(0.1 mL) thus obtained was mixed with 0.9 mL Na2HPO4 and 30 µL DTNB. The reaction was 

allowed to stand for 2 min followed by measuring the absorbance at 412 nm. The 

concentration of reduced glutathione was estimated using a standard curve of known 

concentration of reduced glutathione (Bonifacio et al. 2011). 
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3.2.7.7. Measure of ABTS potential of seedling 

300 mg seedling was homogenized in 3 mL tricine buffer and supernatant was collected by 

centrifugation of mixture at 10,000 rpm for 15 min. The reaction mixture consists of 1 mL 

extract and 250 µL ABTS (1 mL ABTS mixed in 88 mL of 50% ethanol) and was allowed to 

stand for 4 min. The absorbance of mixture was recorded at 734 nm and ABTS potential of 

seedlings was estimated and expressed as ascorbic acid equivalent (Lalhminghlui and Jagetia 

2018). 

3.2.7.8. Estimation of FRAP of seedling 

For measure of FRAP, the extract obtained for estimation of ABTS potential was used. The 

reaction mixture composed of 50 µL extract along with 3 mL FRAP reagent. The mixture 

was incubated at 37°C for 30 min followed by recording the absorbance of mixture at 593 

nm; FRAP of the seedling was expressed as milligram ferrous sulfate equivalents per 100 g 

seedling (Lalhminghlui and Jagetia 2018). 

3.2.8. Estimation of activity of enzymatic antioxidants in seedlings 

3.2.8.1. Activity of superoxide dismutase (SOD, EC 1.15.1.1) 

For estimation of SOD activity, 500 mg seedlings was homogenized in 3 mL Tris-Cl buffer 

(50 mM, pH 7.5) containing EDTA and PVP at 4°C. The homogenate was centrifuged at 

10,000 rpm for 15 min followed by the collection of supernatant. In 3 mL reaction mixture 

comprising of 50 mM potassium phosphate buffer (pH 7.8) along with NBT, EDTA, TEMED 

and riboflavin, 0.2 mL extract was added. The reaction mixture was divided into two sets. 

One set was maintained for 15 min in dark and the other set was exposed to light for same 

time. After incubation period, absorbance was measured for both set at 560 nm; SOD activity 

was calculated according to the protocol of Alonso et al. (2001). 

3.2.8.2. Activity of catalase (CAT, EC 1.11.1.6) 

For estimation of CAT activity, 300 mg seedling was homogenized in 3 mL ice cold sodium 

phosphate buffer (100 mM, pH 7.0) and was centrifuged at 10,000 rpm for 15 min. The 

supernatant (20 µL) obtained after centrifugation was mixed with sodium phosphate buffer 

(50 mM, pH 7.0) and H2O2 and change in the absorbance of the mixture at 240 nm due to 

utilization of H2O2 was monitored to estimate the activity of CAT (Banerjee and 

Roychoudhury 2019a). 
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3.2.8.3. Activity of guaiacol peroxidase (GPoX, EC 1.11.1.7) 

The extract used for estimation of CAT activity was again used for the estimation of GPoX 

activity. To 0.1 mL extract, H2O2 and guaiacol was added in presence of sodium phosphate 

buffer (50 mM, pH 7.0). The change in absorbance of the mixture was taken at 470 nm for 5 

min to calculate the activity of GPoX in seedlings (Awasthi et al. 1975). 

3.2.8.4. Activity of ascorbate peroxidase (APX, EC 1.11.1.11) 

For estimation of APX activity, the protocol suggested by Nakano and Asada (1981) was 

followed. 400 mg seedling was homogenized in ice cold tricine buffer (100 mM) containing 

EDTA, PVP, glycerol and β-mercaptoethanol. The homogenate was centrifuged at 10,000 

rpm for 10 min and supernatant obtained was mixed with H2O2 and sodium ascorbate in 

presence of sodium phosphate buffer (50 mM, pH 7.0). The change in absorbance at 290 nm 

was monitored for 5 min to determine the activity of APX in seedling. 

3.2.8.5. Activity of glutathione peroxidase (GPX, EC 1.11.1.9) 

GPX activity was estimated using the same extract that was used for determination of APX 

activity. The reaction mixture comprised of 20 µL extract in presence of potassium phosphate 

buffer (100 mM, pH 7.0), cumene hydroperoxide, GSH, NADPH and I U of glutathione 

reductase. The decrease in absorbance was monitored at 340 nm for 5 min to calculate the 

activity of GPX (Awasthi et al. 1975). 

3.2.8.6. Activity of glutathione reductase (GR, EC 1.8.1.7) 

GR activity was measured by following the earlier protocol reported by Smirnoff and 

Colombe (1988). To 20 µL extract (supernatant used for determination of APX activity), 

tricine buffer (100 mM, pH 7.6), NADPH and oxidized glutathione were added and fall in 

absorbance (340 nm) was monitored for 5 min to calculate the activity of GR. 

3.2.9. Estimation of Δ
1
-pyrroline-5-carboxylate synthetase (P5CS, EC 2.7.2.11) and 

phenylalanine ammonia lyase (PAL, EC 4.3.1.24) activity in seedlings 

P5CS activity was estimated following the earlier work of Ghosh and Roychoudhury (2018). 

500 mg seedling was homogenized in 5 mL potassium phosphate buffer (100 mM, pH 7.4) 

containing EDTA, β-mercaptoethanol, PVP, MgCl2 and KCl, followed by collection of 

supernatant by centrifugation of homogenate at 10,000 rpm for 10 min. The supernatant (100 

µL) thus obtained was mixed with Tris-Cl buffer (100 mM, pH 7.2), NADPH, ATP and 
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MgCl2 to estimate the activity of P5CS. The absorbance of reaction mixture was recorded at 

340 nm and decrease in absorbance due to consumption of NADPH was monitored to 

calculate the activity of P5CS. 

Extract of seedlings used earlier for the determination of APX activity was again used for 

estimation of PAL activity. The reaction mixture consisted of Tris-Cl buffer (100 mM, pH 

8.8), L-phenylalanine and 100 µL enzyme extract. The assay mixture was incubated at 37°C 

for 30 min followed by the addition of 50 µL HCl to terminate the reaction. Finally, rise in 

absorbance of mixture due formation of trans-cinnamic acid was recorded at 290 nm to 

calculate the activity of PAL (Paul and Roychoudhury 2017). 

3.2.10. Estimation of activity of enzymes of glyoxalase cycle 

3.2.10.1. Activity of glyoxalase I (Gly I, EC 4.4.1.5) 

For estimation of Gly I activity, 500 mg seedling was homogenized in cold phosphate buffer 

(10 mM, pH 7.0) consisting of EDTA, DTT and Triton X-100. The homogenate was 

centrifuged at 10,000 rpm for 15 min followed by collection of supernatant. For 

determination of Gly I activity, 100 µL extract was mixed with phosphate buffer (100 mM, 

pH 7.0) along with reduced glutathione and MgSO4. The reaction was initiated by adding 

methylglyoxal followed by monitoring the absorbance at 240 nm for 5 min (Hasanuzzaman et 

al. 2019). 

3.2.10.2. Activity of glyoxalase II (gly II, EC 3.1.2.6) 

The extract used for the estimation of Gly I activity was also used for the determination of 

Gly II activity. The assay mixture comprised of 100 µL enzyme extract, Tris-Cl buffer (100 

mM, pH 7.2) and DTNB. The reaction was initiated by adding SLG. Formation of GSH was 

monitored at 412 nm to determine the activity of Gly II (Hasanuzzaman et al. 2019). 

3.2.11. Estimation of phytohormone level of the seedlings 

3.2.11.1. Concentration of ABA 

Freshly harvested seedling (200 mg) was homogenized in 4 mL potassium phosphate buffer 

(100 mM, pH 7.4) and was centrifuged at 10,000 rpm for 15 min to collect the supernatant. 

The extract isolated was diluted using Tris-buffer saline supplied with ABA 

immunodetection kit (Sigma-Aldrich, USA). ABA content of the seedling was estimated 

using ABA immunodetection kit at 405 nm following manufacturer’s protocol. The actual 



 

                                                                                                                            Page | 92  

 

Materials  and  Methods 

ABA content of the seedling was calculated using a standard curve of known concentration of 

ABA. 

3.2.11.2. Concentration of melatonin 

For determination of melatonin content, 500 mg seedlings was homogenized in 80% (v/v) 

methanol followed by incubation of the homogenate at 4°C for overnight. Next day, the 

supernatant was collected by centrifugation of homogenate at 10,000 rpm for 20 min. Level 

of melatonin was determined using melatonin immunodetection kit (Abcam, USA) at 405 

nm. The concentration of melatonin was calculated using a standard curve of known volume 

of melatonin. 

3.2.11.3. Concentration of gibberellin 

200 mg seedling was homogenized in 3 mL absolute methanol and was left overnight at 4°C 

followed by collection of supernatant by centrifugation of homogenate at 10,000 rpm for 20 

min. The supernatant (0.2 mL) was mixed with 1 mL acidified DNPH solution and was 

incubated at 100°C for 5 min. Following incubation, the mixture was quickly cooled on ice 

and was diluted using 5 mL potassium hydroxide-methanol solution. The wine red colored 

(equal volume of mixture mixed with distilled water) thus formed was analyzed at 430 nm to 

estimate the concentration of gibberellin using standard curve of known concentration of 

gibberellin (Graham and Thomas 1961). 

3.2.12. Estimation of major organic acids and enzymes of TCA cycle 

3.2.12.1. Major organic acids of TCA cycle 

The level of pyruvate, citrate and malate in the seedling was quantified by crushing 500 mg 

seedling in 4 mL phosphate buffer (0.2 M, pH 7.4). After centrifugation at 10,000 rpm for 15 

min, supernatant was collected and was deproteinized by adding 0.1 mL trichloroacetic acid. 

3.2.12.1.1. Level of pyruvate 

To 1 mL extract, 1 mL phosphate buffer (0.2 M, pH 7.4) was added along with DNPH 

followed by incubation for 30 min at 37°C. After incubation, 0.8 N NaOH was added and 

mixture was allowed to stand for 10 min. The brown color generated after 10 min was 

measured at 510 nm and the amount of pyruvate in seedlings was quantified by using a 

standard curve of known concentration of pyruvate (Sadasivam and Manickam 2008). 

3.2.12.1.2. Level of citrate 
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The reaction mixture was prepared by adding 1 mL tissue extract in 0.5 M acetic anhydride 

and 0.1 M pyridine. The mixture was incubated at 32°C for 30 min in water bath followed by 

recording of absorbance at 405 nm. The amount of citrate in seedling was calculated by using 

a standard curve of known concentration of citrate (Saffran and Denstedt 1948). 

3.2.12.1.3. Level of malate 

To 1 mL supernatant, 0.1% DNPH, 1 N HCl and 10% (w/v) CaCl2 were added followed by 

incubation at room temperature. After 30 min, 5 N NH4OH was added to the reaction mixture 

and again incubated overnight at room temperature. Next day, the mixture was centrifuged at 

10,000 rpm for 20 min and supernatant was discarded. The pellet obtained was dried at 

105°C for 10 min followed by addition of 0.08% (w/v) orcinol-H2SO4 solution. The blue 

fluorescence of the mixture was quantified by fluorescence spectrophotometry using 340 nm 

as excitation wavelength and 385 nm as emission wavelength (Hummel 1949). 

3.2.12.2. Activity of enzymes of TCA cycle 

3.2.12.2.1. Activity of pyruvate dehydrogenase (PyDH, EC 1.2.4.1) 

The PyDH activity was assayed by homogenizing 500 mg seedling in 3 mL Tris-Cl buffer 

(50 mM, pH 7.8) containing EDTA, sucrose, β-mercaptoethanol and BSA. To 0.2 mL 

supernatant (obtained after centrifugation of homogenate at 10,000 rpm for 15 min), Tris-Cl 

buffer (50 mM, pH 8.0) was added along with pyruvate, MgCl2, coenzyme A and cysteine-

HCl. The reaction was initiated by adding 1.4 mM NAD and change in absorbance was 

recorded at 340 nm for 2 min to estimate the activity of PyDH (Williams and Randalls 1979). 

3.2.12.2.2. Activity of citrate synthase (CS, EC 2.3.3.1) 

For the determination of CS activity, 300 mg seedling was homogenized in 3 mL Tris-Cl 

buffer (0.1 M, pH 8.0) containing iso-ascorbic acid, Triton X-100 and PVP. The homogenate 

was centrifuged at 10,000 rpm for 15 min to obtain the supernatant. The reaction mixture was 

prepared by adding 0.1 mL extract to Tris-Cl buffer (100 mM, pH 8.0) along with OAA, 

DTNB and acetyl CoA. The change in absorbance was noted at 412 nm for 2 min to calculate 

the activity of CS (Srere 1969). 

3.2.12.2.3. Activity of isocitrate dehydrogenase (IDH, EC 1.1.1.41) 

For estimation of IDH activity, 300 mg seedling was homogenized in 3 mL HEPES buffer 

(50 mM, pH 7.5) containing β-mercaptoethanol and PVP followed by centrifugation at 
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12,000 rpm for 15 min. The reaction mixture comprise of 20 µL enzyme extract, along with 

HEPES buffer (40 mM, pH 8.2), sodium isocitrate, MnSO4 and NAD. The rise in absorbance 

was noted for 2 min at 340 nm to estimate the activity of IDH (Zhou et al. 2012). 

3.2.12.2.4. Activity of succinate dehydrogenase (SDH, EC 1.3.5.1) 

SDH activity was assayed by crushing 300 mg seedling in 4 mL Tris-Cl buffer (50 mM, pH 

7.5) containing sucrose followed by centrifugation at 12,000 rpm for 20 min. After 

centrifugation, the supernatant (200 µL) obtained was mixed with Tris-Cl buffer (100 mM, 

pH 7.5) containing sucrose, sodium azide, INT and distilled water. The mixture was 

incubated at 30°C in water bath for 10 min followed by the addition of 95% (v/v) ethanol. 

The mixture was kept on ice for 15 min and was centrifuged at 8,000 rpm for 10 min. The 

absorbance of the supernatant thus obtained was recorded at 458 nm and activity of SDH was 

calculated following the method of Green and Narahara (1980). 

3.2.12.2.5. Activity of fumarase (EC 4.2.1.2) 

For estimation of fumarase activity, 500 mg seedling was homogenized in potassium 

phosphate buffer (100 mM, pH 7.4) followed by collection of the supernatant by 

centrifugation at 10,000 rpm for 20 min. The enzyme extract (0.5 mL) thus obtained was 

mixed with phosphate buffer (70 mM, pH 7.4) and malate. The rise in absorbance due to 

fumarase activity was estimated at 240 nm for 2 min and fumarase activity was calculated 

(Puchegger et al. 1990). 

3.2.12.2.6. Activity of malate dehydrogenase (MDH, EC 1.1.1.37) 

For estimation of MDH activity, 500 mg seedling was homogenized in 3 mL Tris-Cl buffer 

(50 mM, pH 8.0) containing EDTA, MgCl2 and β-mercaptoethanol followed by collection of 

supernatant by centrifugation at 10,000 rpm for 20 min. The reaction mixture comprised of 

100 µL enzyme extract along with Tris-Cl buffer (100 mM, pH 7.8), OAA and MgCl2. The 

reaction was initiated by adding NADH and activity of MDH was estimated by recording the 

absorbance of reaction mixture at 340 nm for 2 min (Kumar et al. 2000). 

3.2.13. Amount of sucrose and activity of sucrose metabolizing enzyme 

3.2.13.1. Concentration of sucrose in seedling 

300 mg seedling was homogenized in 3 mL 80% (v/v) ethanol followed by collection of 

supernatant by centrifugation of the homogenate at 10,000 rpm for 15 min. The extract 
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obtained (1 mL) was mixed with 5% (v/v) phenol and 98% (v/v) H2SO4 followed by 

incubation at 30°C for 20 min. After incubation, the intensity of the yellow-orange complex 

developed was measured at 490 nm; sucrose content of seedling was calculated using 

standard curve of glucose (Dubois et al. 1956). 

3.2.13.2. Activity of acid invertase (INV, EC 3.2.1.26) 

For determination of INV activity, 300 mg seedling was homogenized in 2 mL sodium 

acetate buffer (10 mM, pH 4.6) containing PMSF, EDTA and MgCl2. The homogenate was 

centrifuged at 12,000 rpm for 15 min followed by collection of the supernatant. The reaction 

mixture was composed of sodium acetate buffer (10 mM, pH 4.6), sucrose and 200 µL 

extract followed by incubation of reaction mixture at 30°C for 30 min. After incubation, the 

reaction was terminated by adding 0.1 mL Na2HPO4 (Borkowaska and Szczerba 1991). The 

activity of INV was estimated by determining the amount of sucrose hydrolyzed following 

the above mentioned protocol of sucrose estimation. 

3.2.13.3. Activity of sucrose phosphate synthase (SPS, EC 2.4.1.14) 

400 mg seedling was homogenized in 3 mL HEPES-NaOH buffer (50 mM, pH 7.5) 

containing, EDTA, MgCl2, DTT and Triton X-100. The homogenate was centrifuged at 

12,000 rpm for 20 min followed by collection of supernatant (Hubbard et al. 1989). Activity 

of SPS was determined following the earlier protocol of Miron and Schaffer (1991). To 1 mL 

extract, 1 mL HEPES-NaOH buffer (100 mM, pH 7.5), MgCl2, fructose-6-phosphate, 

glucose-6-phosphate and UDP-glucose were added followed by incubation at 37°C for 30 

min. After incubation the reaction was terminated by adding 0.1 mL KOH and the amount of 

sucrose formed due to the activity of SPS was estimated using anthrone reagent following the 

previous work of Vassey et al. (1991). 

3.2.13.4. Activity of sucrose synthase (SS, EC 2.4.1.13) 

For estimation of SS activity, the plant extract was prepared following the above mentioned 

protocol similar to that of SPS activity. The reaction mixture comprised of 1 mL extract, 1 

mL HEPES-NaOH buffer (100 mM, pH 7.5), MgCl2, fructose and UDP-glucose. The mixture 

was incubated at 37°C for 30 min followed by reaction termination by adding 0.1 mL KOH 

(Miron and Schaffer 1991). The amount of sucrose hydrolyzed was estimated by using 

freshly prepared anthrone reagent following the previous work of Vassey et al. (1991). 
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3.2.14. Amount of starch and activity of starch metabolizing enzyme 

3.2.14.1. Concentration of starch in seedling 

The residual mass remaining after collection of supernatant during the estimation of sucrose 

was again suspended in distilled water followed by the addition of 52% (v/v) perchloric acid. 

The filtrate obtained after centrifugation at 10,000 rpm for 20 min was mixed with 500 µL, 

each of H2SO4 and phenol solution followed by incubation at 30°C in water bath for 20 min. 

After incubation, the absorbance was monitored at 490 nm and total starch content was 

estimated (McCready et al. 1950). 

3.2.14.2. Activity of starch phosphorylase (PHO, EC 2.4.1.1) 

300 mg seedling was homogenized in 4 mL citrate buffer (50 mM, pH 6.0) containing EDTA, 

PMSF and β-mercaptoethanol followed by collection of supernatant by centrifugation of 

homogenate at 12,000 rpm for 10 min. The supernatant (500 µL) was mixed with 1.5 mL 

citrate buffer (100 mM, pH 6.0), soluble starch and glucose-1-phosphate followed by 

incubation at room temperature for 20 min. After incubation period, 0.1 mL trichloroacetic 

acid was added to terminate the reaction followed by estimation of inorganic phosphorus 

formed in the reaction mixture using freshly prepared Chen’s reagent at 800 nm (Fiske and 

Subbarow 1925). 

3.2.14.3. Activity of α-amylase (EC 3.2.1.1) 

500 mg seedling was homogenized in 3 mL sodium acetate buffer (0.1 M, pH 4.8) containing 

cysteine, followed by collection of supernatant by centrifugation of homogenate at 12,000 

rpm for 10 min. 2 mL supernatant was mixed with 3 mM CaCl2 and was incubated at 70°C 

for 5 min in hot water bath. Next to that, the prepared solution was mixed with sodium 

acetate buffer (0.1 M, pH 4.8) containing soluble starch and NaCl followed by incubation at 

30°C for 1 h. After incubation, reaction was terminated by adding 6 M HCl. Finally to 1 mL 

aliquot, I2-KI solution [1% (w/v) I2 in 0.2% (w/v) KI] was added followed by recording the 

absorbance at 660 nm to estimate the activity of α-amylase (Chrispeels and Varner 1967). 

3.2.15. Estimation of metabolites and activity of enzymes involved in nitrogen cycle 

3.2.15.1. Estimation of total and soluble nitrogen 

For estimation of total nitrogen, 1 g seedling was dried at 80°C for 3 days. Dried seedlings 
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was powdered followed by digestion in 2 mL concentrated H2SO4. After digestion, 1 mL 

H2O2 was added and mixture was again heated until all the solution gets decolorized with 

constant addition of H2O2. The reaction mixture was prepared by adding 1 mL of decolorized 

extract along with equal amount of NaOH, sodium silicate and Nessler’s reagent. After 

incubation for 30 min in dark, the absorbance of the reaction mixture was recorded at 430 nm 

and concentration of total nitrogen was estimated using a standard curve of known 

concentration of (NH4)2SO4 (Vogel 1961). 

For determination of soluble nitrogen, 1 g seedling was homogenized in 4 mL distilled water 

followed by collection of the supernatant by centrifugation of the homogenate at 10,000 rpm 

for 5 min. 5% (w/v) trichloroacetic acid was added to deproteinize the extract. For estimation 

of soluble nitrogen, above mentioned protocol (used for the estimation of total nitrogen) was 

again followed with the deproteinized extract (Vogel 1961). 

3.2.15.2. Estimation of nitrate and nitrite 

500 mg seedling was boiled in 3 mL water for 30 min followed by collection of aqueous 

phase. To 1 mL aqueous solution, 0.5 mL salicylic acid was added and the mixture was 

incubated in dark for 20 min. After incubation, 1 mL NaOH wad added and the reaction 

mixture was vortexed until the yellow color appeared. The absorbance of the reaction mixture 

was recorded at 430 nm for the determination of nitrate content of seedling (Cataldo et al. 

1975). 

500 mg seedling was homogenized in 3 mL phosphate buffer (100 mM, pH 7.7) followed by 

collection of the supernatant by centrifugation of homogenate at 10,000 rpm for 20 min. To 1 

mL supernatant, 500 µL color developing reagent (composed of sulfanilamide and NEDA) 

was added and the mixture was incubated in dark for 25 min. After incubation, the absorption 

of the red colored complex was monitored at 540 nm to estimate the nitrite level in seedlings 

(Snell and Snell 1953). 

 3.2.15.3. Activity of nitrate reductaes (NR, EC 1.6.6.1) and nitrite reductase (NiR, EC 

1.7.7.1) 

1 g seedling was homogenized in potassium phosphate buffer (25 mM, pH 8.8) containing 

EDTA and cysteine, followed by collection of the supernatant by centrifugation of 

homogenate at 10,000 rpm for 20 min. The reaction mixture comprised of potassium 

phosphate buffer (100 mM, pH 7.5), 0.2 mL potassium nitrate, 0.4 mL NADH and 0.2 mL 
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extract. The change in absorbance due to the formation of nitrite was monitored at 540 nm for 

3 min to estimate the activity of NR (Hageman and Reed 1980). 

500 mg seedling was homogenized in 3 mL Tris-Cl buffer (50 mM, pH 7.5). The homogenate 

was centrifuged at 10,000 rpm for 30 min for collection of the supernatant. The reaction 

mixture comprised of 1 mL Tris-Cl buffer (100 mM, pH 7.5), 40 µL sodium nitrite, 2 µL 

methyl viologen, 200 µL sodium hyposulfite and 300 µL enzyme extract. The reaction 

mixture was incubated at 30°C for 40 min followed by constant shaking until blue color 

developed. To the above mixture, 1 mL nitrogen color developing reagent was added and 

absorbance was measured at 540 nm to estimate the amount of nitrite reduced due to activity 

of NiR (Vega et al. 1980). 

3.2.15.4. Estimation of dissolved ammonium ions 

200 mg seedling was crushed in 3 mL deionized water followed by collection of supernatant 

by centrifugation of homogenate at 12,000 rpm for 15 min. To 0.5 mL plant extract, equal 

amount of phenol reagent (1% (v/v) phenol mixed with 0.05% (w/v) sodium nitroprusside) 

was added along with 0.3 mL alkaline sodium hypochlorite. The reaction mixture was 

incubated at 37°C for 20 min followed by recording of the absorbance at 430 nm to estimate 

the level of dissolved ammonium ions using a standard curve of known concentration of 

(NH₄)₂SO₄ (Hoshida et al. 2000). 

3.2.15.5. Activity of glutamine synthetase (GS, EC 6.3.1.2) and glutamate synthase (GOGAT, 

EC 1.4.1.14) 

For estimation of GS and GOGAT activity, 300 mg seedling was homogenized in 2 mL 

potassium phosphate buffer (50 mM, pH 7.5) containing, EDTA, DTT, soluble casein and 

PVP. The supernatant obtained after centrifugation of homogenate at 12,000 rpm for 20 min 

was used in the preparation of assay mixture. 

For estimation of GS activity, reaction mixture was prepared by adding 200 µL enzyme 

extract to Tris-Cl buffer (100 mM, pH 7.6) along with glutamate, aspartate, EDTA, NH4OH 

and ATP. The absorbance of the mixture was monitored at 540 nm and the amount of 

glutamic hydroxamate formed was calculated to determine the activity of GS (Canovas et al. 

1991). 

For determination of GOGAT activity, the reaction mixture was prepared by adding 100 µL 

enzyme extract to potassium phosphate buffer (50 mM, pH 7.4) containing L-glutamine, 2-
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oxoglutarate and NADH. Decrease in absorbance at 340 nm due to utilization of NADH was 

monitored for 2 min to estimate the activity of GOGAT (Chen and Cullimore 1988). 

3.2.15.6. Activity of glutamate dehydrogenase (GDH, EC 1.4.1.2) 

For estimation of GDH activity, 500 mg seedling was homogenized in 3 mL sodium 

phosphate buffer (0.2 M, pH 7.5) containing EDTA, KCl, β-mercaptoethanol and Triton X-

100. The supernatant (100 µL) obtained after centrifugation of homogenate at 10,000 rpm for 

10 min was added to Tris-Cl buffer (100 mM, pH 8.2) containing NH4Cl, CaCl2, NADH and 

2-oxoglutarate. The fall in absorbance due to utilization of NADH was monitored at 340 nm 

for 3 min to estimate the activity of GDH in seedling (Akihiro et al. 2008). 

3.2.16. Estimation of metabolites and activity of enzymes involved in sulfur metabolism 

3.2.16.1. Estimation of cysteine and hydrogen sulfide (H2S) 

For estimation of cysteine, 300 mg seedling was homogenized in 2 mL perchloric acid 

followed by collection of the supernatant by centrifugation of homogenate at 10,000 rpm for 

15 min. To 200 µL extract, freshly prepared acid ninhydrin reagent was added along with 

glacial acetic acid. The reaction mixture was boiled for 20 min followed by quick cooling by 

placing in ice bath. The absorbance of reaction mixture was measured at 560 nm followed by 

estimation of cysteine concentration in seedling using a standard curve of known volume of 

cysteine (Gaitonde 1967). 

For estimation of H2S concentration, 1 g seedling was homogenized in 5 mL Tris-Cl buffer 

(20 mM, pH 8.0) containing EDTA and zinc acetate. The homogenate was centrifuged at 

12,000 rpm for 15 min to obtain the tissue extract. Reaction mixture was prepared by adding 

1 mL tissue extract to 3 mL Tris-Cl buffer (100 mM, pH 8.0) containing EDTA, zinc acetate 

and DTNB. Next, the mixture was allowed to stand for 2 min followed by recording of 

absorbance at 412 nm. The level of H2S in the seedling was calculated using a standard curve 

of known concentration of sodium hydrosulfide (Li et al 2015). 

3.2.16.2. Activity of ATP sulfurylase (ATP-S, EC 2.7. 7.4), O-acetylserine(thiol)lyase (OAS-

TL, EC 2.5.1.47) and L-Cys desulfhydrase (DES, EC 4.4.1.1) 

For estimation of ATP-S and OAS-TL activity, 500 mg seedling was crushed in 3 mL Tris-Cl 

buffer (50 mM, pH 8.0) containing DTT, EDTA and PVP followed by collection of 

supernatant by centrifugation of homogenate at 10,000 rpm for 20 min. 
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For determination of ATP-S activity, the reaction mixture was prepared by adding 100 µL 

extract to 0.5 mL Tris-Cl buffer (100 mM, pH 8.0) containing MgCl2, ATP and 0.032 U/mL 

of sulfate-free inorganic pyrophosphatase. The reaction mixture was incubated at 37°C for 15 

min followed by recording of absorbance at 340 nm. The ATPS activity was determined by 

subtracting the control (prepared using 100 µL distilled water) from the sample (Santiago et 

al. 2020). 

For determination of OAS-TL activity, 100 µL extract was added to 1 mL Tris-Cl buffer (100 

mM, pH 7.5) containing O-acetylserine, DTT and sodium sulfide followed by incubation at 

37°C for 30 min. After incubation, the reaction was terminated by adding 1 mL acidic 

ninhydrin reagent. For development of color, reaction mixture was again heated at 100°C for 

10 min followed by adding ethanol (0.1 mL) to stabilize the color formed. The absorbance 

was recorded at 560 nm and activity of OAS-TL was calculated by determining the amount 

of cysteine formed due to enzyme activity (Santiago et al. 2020). 

For estimation of DES activity, 1 g seedling was homogenized in 3 mL Tris-Cl buffer (50 

mM, pH 8.0) followed by collection of supernatant by centrifugation of homogenate at 

10,000 rpm for 20 min. The reaction mixture was prepared by adding 100 µL extract with 

Tris-Cl buffer (100 mM, pH 9.0) containing L-cysteine and DTT. The mixture was incubated 

at 37°C for 40 min followed by addition of 100 µL HCl to terminate the reaction. To 

calculate the activity of DES, the amount of H2S formed due to activity of DES was 

estimated following the above mentioned protocol (Li et al. 2012). 

3.2.17. Total RNA isolation, DNase I treatment and semi-quantitative reverse-transcriptase 

polymerase chain reaction (RT-PCR) analyses 

100 mg freshly harvested seedling was used for RNA isolation. Total RNA was isolated 

using RNAisoplus (Takara, Japan) following the manufacturer's instructions. The purity of 

obtained RNA was determined from the A260/A280 absorbance ratio. Total RNA was treated 

with DNase I (1 U μL
-1

, Thermo Scientific, USA) to remove DNA contamination. About 5 

μg of total RNA was reverse-transcribed using Maxima First Strand cDNA synthesis kit 

(Thermo Scientific). The cDNA sequences retrieved from NCBI Nucleotide Database and 

Rice Genome Annotation Project (TIGR) were used to design primer sequences for semi-

quantitative RT-PCR analysis with β-actin as internal standard. 

 



 

                                                                                                                            Page | 101  

 

Materials  and  Methods 

3.2.18. Immunoblot analysis 

3 g of freshly harvested seedling was homogenized in TKM buffer using liquid nitrogen. The 

concentration of the protein isolated was estimated using Bradford assay (1976). 100 µg of 

protein for each treatment was electrophoresed for 90 min followed by transfer on 

nitrocellulose membrane (GE Healthcare, USA) using Mini Trans-Blot Cell (Bio-Rad, USA). 

The membrane was blocked using BSA solution followed by extensive washing to remove 

the excess BSA solution. Next, the membrane was incubated with primary antibody at 

prescribed dilutions by the manufacturers. After stringent washes, the anti-rabbit anti-Fc 

secondary antibody conjugated with alkaline phosphatase (Abcam, USA) at 1: 1000 dilutions 

was used as the secondary antibody. After incubation, the specific protein bands were 

detected by incubating the membrane in substrate solution containing NBT-BCIP (Sambrook 

and Russell 2001). 

3.2.19. Isozyme analysis of SOD, APX, GPoX, GPX and CAT 

For visualization of isozyme profile of enzymatic antioxidants, 3 g seedling was 

homogenized in 5 mL chilled sodium phosphate buffer (100 mM, pH 7.0) followed by the 

collection of supernatant by centrifugation of homogenate at 10,000 rpm for 20 min. The 

protein concentration of each sample was estimated using Bradford assay (1976). 120 µg 

protein was loaded for each sample and electrophoresis was performed at 4°C by passing 8 

mA current in native-PAGE gel. 

For visualization of SOD isozymes band, the gel was incubated in freshly prepared SOD 

staining substrate buffer under dark condition till bands appeared. The bands were visualized 

by keeping the gel submerged in the substrate buffer till the completion of incubation period 

(Roychoudhury et al. 2016). 

For visualization of APX isozyme profile, the gel was incubated in phosphate buffer (50 mM, 

pH 7.0) and 2 mM sodium ascorbate for 30 min followed by incubation in phosphate buffer 

(50 mM, pH 7.0) containing 4 mM sodium ascorbate and 2 mM H2O2 for 20 min. Next, the 

gel was washed with phosphate buffer (50 mM, pH 7.0) followed by incubation in phosphate 

buffer (50 mM, pH 7.8) containing TEMED and NBT. The APX isozyme band was 

visualized under white light as achromatic bands on a purple background (Roychoudhury et 

al. 2016). 
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GPoX isozyme was visualized by staining the gel in GPox substrate buffer for 20 min in dark 

along with gentle shaking. GPoX bands appeared as dark brown band on a colorless 

background (Roychoudhury et al. 2016). 

The isozyme of GPX was visualized by staining the gel in GPX substrate buffer for 20 min 

followed by brief rinse. The band of GPX was developed in dark by submerging the stained 

gel in 1.2 mM MTT and 1.6 mM PMS for 10 min. The clear zones of GPX activity were 

found on purple background (Lin et al. 2002). 

The isozyme of CAT was visualized by staining the gel in CAT substrate buffer for 40 min in 

dark along with gentle shaking (Roychoudhury et al. 2016). 

3.2.20. Protein estimation and statistical analysis 

For estimating the enzyme activity, the total protein was extracted and their concentration 

was determined following Bradford (1976) where BSA was used as the standard. Equal 

concentration of total protein was used in all the experiments from each sample set. 

Three replicates (n = 3) for each set were maintained in a completely randomized design 

(CRD). The data which are graphically represented are mean ± standard error (SE) and 

statistical significance was calculated at p ≤ 0.05, using analysis of variance (ANOVA). The 

XLSTAT 2017 was used for performing all the calculations.” 
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“4.1.1. Overview of the chapter 

The results obtained in this chapter showed that unregulated uptake of fluoride ions in 10 and 

20 day old Khitish (KH) and MTU1010 (MTU) seedlings, respectively occurred due to 

higher expression of chloride channel (CLC1 and CLC2). Higher deposition of fluoride ions 

enhanced the formation of cytotoxic metabolites like superoxide ions, H2O2, MDA and MG 

and triggered the activity of LOX and NOX which in turn enhanced the loss of electrolytes 

form the cells along with chlorophyll loss in the seedlings that eventually retarded the growth 

of the seedling and lowered the tissue biomass. Additionally, the level of ammonium ions 

was also enhanced in seedlings, along with inhibited activity of GS and GOGAT, implying 

that the incorporation of ammonium ions into glutamine and glutamate via GS and GOGAT 

was hindered. However, in case of stressed 20-day old KH and 10-day old MTU seedlings, 

plant growth was maintained with lesser oxidative damages due to up regulated expression of 

H
+
-ATPase and FEX. Moreover, higher accumulation of nitrogen-containing compounds 

such as nitrate, nitrite and total and soluble nitrogen and sulfur-containing compounds like 

cysteine and H2S could also be linked with higher tolerance capability of seedlings. Higher 

accumulation of nitrogen was due to higher activity and expression of NR and NiR. Similarly 

sulfur assimilation was catalyzed by the higher activity of ATP-S and OAS-TL. Additionally, 

the activity of the enzymatic antioxidants (SOD, CAT, APX, GPoX and GPX) and the level 

of non-enzymatic antioxidants (anthocyanins and flavonoids) were also enhanced that 

strengthened the antioxidative potential of the seedlings. The present chapter clearly 

demonstrated that differential reprogramming of the protective metabolites and nitrogen and 

sulfur assimilation pathways was largely responsible for the differential pattern of adaptive 

strategies against fluoride stress in the two varieties, viz., KH and MTU, the former 

exhibiting resilience against long-term stress, whilst the latter showing high susceptibility for 

the same. 
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4.1.2. Introduction of the chapter 

Continuous discharge of fluoride containing waste materials in the biosphere and unplanned 

exploitation of natural resources have significantly enhanced the level of fluoride in the 

environment. Fluoride ions are easily taken up by the plants by the chloride channels due to 

their smaller size as compared to that of chlorine ions (Baunthiyal and Sharma 2014). Excess 

deposition of fluoride ions in the tissues led to the formation of reactive oxygen species 

(ROS) such as superoxide ions and hydrogen peroxide (H2O2) that in turn causes membrane 

perturbation by oxidation of lipid moiety present in cell membrane. Additionally, excess 

fluoride accumulation also induces the activity of oxidative enzymes like lipoxygenase 

(LOX) and NADPH oxidase (NOX) which intensify the effects of oxidative damage (Hong et 

al. 2016). Higher membrane damage causes leakage of electrolytes from the cells along with 

the formation of other cytotoxic metabolites like methyglyoxal (MG) and malondialdehyde 

(MDA). Deposition of fluoride ions above threshold level also decreases the level of 

chlorophyll in the tissues by inhibiting its formation or/and enhancing the activity of 

chlorophyll degrading enzymes (Debska et al. 2012). 

Nitrogen and sulfur is an essential element that plays a pivotal role in controlling growth and 

development of plants. They are regarded as macronutrient due to their wide involvement in 

the formation of secondary metabolites, polyamines, proteins, nucleic acids and various 

metabolic enzymes (Zhang et al. 2013). Nitrogen is taken up from the soil and is assimilated 

in plants by the activity of nitrate reductase (NR) and nitrite reductase (NiR). Another major 

nitrogen-containing compound formed in plants due to the activity of NiR is ammonium ion 

which is highly toxic for plants and is rapidly converted to glutamine and glutamate by the 

enzymatic action of glutamine synthetase (GS) and glutamate synthase (GOGAT) that 

together constitutes the GS/GOGAT cycle (Gangwar and Singh 2011). Glutamate is 

catabolised by the enzymatic action of glutamate dehydrogenase (GDH) that releases 2-

oxoglutarate that connects nitrogen with carbon metabolism (Singh et al. 2009). Sulfur is 

taken from the soil as sulfate ions via sulfate transporters (Davidian and Kopriva 2010). Once 

sulfate is accumulated within the cells, it is converted into cysteine (first organic compound 

of sulfur assimilatory pathway) via activity of ATP-sulfurylase (ATP-S) and O-

acetylserine(thiol) lyase (OAS-TL) (Gill and Tuteja 2011). Another major sulfur-containing 

compound is hydrogen sulfide (H2S) that is formed due to the degradation of cysteine 

catalyzed by cysteine desufhydrase (DES) (Vojtovič et al. 2020). In addition, plants have 



 

                                                                                            Page | 107  
 

Results  and  Discussion 

 
internal protective machineries which consist of enzymatic antioxidants (CAT, SOD, APX 

and GPX) and non-enzymatic antioxidants (anthocyanins and flavonoids) that strengthen the 

antioxidative potential and thus help in better survival capability (Waskiewicz et al. 2014).  

In spite of considerable research contributing towards our perception regarding the effect of 

fluoride stress in different plants species, detailed study regarding time-dependent effect of 

fluoride toxicity in rice is still unexplored. The current work was devised to examine the 

effect of fluoride stress in two rice cultivars, viz., KH and MTU, exposed to short term (10 

days) and long term (20 days) fluoride stress. After 10 and 20 days, fluoride accumulation in 

seedlings was examined along with expression level of the major transporters (CLC1, CLC2, 

H
+
-ATPase and FEX) involved in fluoride translocation. Certain physiological parameters 

including those associated with oxidative damages were also analyzed in seedlings exposed 

to fluoride stress along with the level of other protective metabolites like non-enzymatic 

antioxidants and activity of enzymatic antioxidants. Additionally, nitrogen and sulfur 

metabolism in seedlings was also determined to decipher the differential regulation of 

nitrogen and sulfur metabolism during fluoride toxicity. 

 

 

 

 

 

 

 

 

 

 

 

 



 

                                                                                            Page | 108  
 

Results  and  Discussion 

 
4.1.3. Result and discussion 

4.1.3.1. Analysis of basic physiological parameters 

On being exposed to NaF solution (applied for 10 days), the shoot and root length of KH was 

significantly reduced (1.6 and 1.7 fold, respectively) in comparison to the control seedlings. 

However, no prominent reduction was noted in the above mentioned parameters in case of 

MTU variety. On the contrary, long term fluoride exposure enhanced the adaptability of KH 

by maintaining their growth, whereas the same was drastically affected in MTU variety (1.6 

and 1.3 times reduced shoot and root length, respectively). Similar trend was also observed in 

case of seedling biomass where 1.7 and 1.4 times reduced biomass was noted in 10 and 20 

day old KH and MTU seedlings, respectively, whereas 20 and 10 day old stressed KH and 

MTU seedlings showed no significant change in their biomass (Fig 4.1.1; Table 4.1.1). Thus, 

this observation pointed out the fact that KH was initially susceptible to fluoride stress; 

however; with time; it got adapted to fluoride toxicity and thus showed better growth 

performance. However, MTU which showed higher stress tolerance capability in initial phase 

was severely affected on being exposed to long term stressed condition. 

Fig. 4.1.1: Effect of application of 25 mg L-1 NaF solution for 10 days and 20 days in KH 

and MTU seedlings; the untreated seedlings (grown in water) served as experimental 

control. 
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 Table 4.1.1: Root and shoot length and biomass of 10 day and 20 day old KH and MTU 

seedlings, grown either in presence or absence of 25 mg L-1 NaF solution.  Data 

represented are the mean value (n = 3) ± SE. ‘*’ represents data with significant 

differences (P ≤ 0.05) between control and stressed seedlings, ‘#’ represents data with 

significant differences (P ≤ 0.05) between the two cultivars and ‘+’ represents data with 

significant differences (P ≤ 0.05) between the seedlings grown for 10 days and 20 days. 

 

4.1.3.2. Uptake and accumulation of fluoride ions 

Reduced growth of 10 day-old KH and 20 day-old MTU seedlings could be attributed to 27.7 

and 40.1 fold higher accumulations of fluoride ions in the respective cultivars during stress 

(Fig. 4.1.2a). Higher uptake of fluoride ions by the above mentioned cultivars could be linked 

with the higher expression of CLC1 and CLC2 which facilitates the uptake of fluoride ions 

via roots (Fig. 4.1.2b, 4.1.2c). Our results were in line with the previous work of Banerjee et 

al. (2019a) where they showed that higher accumulation of fluoride ions in two different rice 

cultivars (IR-64 and Gobindobhog) was assisted by the above mentioned chloride channels. 

They further supported their observation by the fact that chloride channels have larger 

passage diameter as compared to that of size of fluoride ions and thus can facilitate the uptake 

Variety and 

Treatment 

Period of 

exposure 

Root length 

(cm) 

Shoot length 

(cm) 

Seedling Biomass 

(mg) 

KH 

(Control) 

10 Days 

4.98 ± 0.49 10.84 ± 1.14 257.21 ± 13.54 

KH 

 (Stress) 
2.98 ± 0.74

*
 6.54 ± 0.98

*
 149.47 ± 10.54

*
 

MTU 

(Control) 
5.21 ± 1.01 11.24 ± 1.03 297.24 ± 9.84 

MTU 

(Stress) 
4.87  ± 0.64

#
 10.47 ± 0.54

#
 224.32 ± 14.57

#
 

KH 

 (Control) 

20 Days 

7.87 ± 1.00 19.64 ± 1.40
+

 402.12 ± 15.24
+

 

KH 

 (Stress) 
7.27 ± 0.98

+
 16.74 ± 1.54

+
 354.21 ± 11.42

+
 

MTU 

(Control) 
7.24 ± 0.74 20.54 ± 0.64

+
 421.21 ± 14.54

+
 

MTU 

(Stress) 
5.34 ± 0.69

*#
 12.47 ± 1.34

*
 301.49 ± 12.74

*
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of fluoride ions. On the contrary, regulated uptake of fluoride ions, noted in 20 day-old and 

10 day-old KH and MTU seedlings, respectively might be due to down regulation of both the 

chloride channels in the two cultivars. In addition to chloride channel, analysis of the 

expression pattern (at both gene and protein level) of H
+
-ATPase (involved in maintaining 

the proton gradient across the cells) and FEX (selectively exporting fluoride ions) revealed 

that both the transporters were induced in expression in the stressed 20-day old and 10 day-

old KH and MTU seedlings, respectively, as compared to that of respective 10-day old and 

20 day-old counterparts (Fig. 4.1.2d, 4.1.2e, 4.1.2f, 4.1.2g). Higher expression of H
+
-ATPase 

and FEX plays a pivotal role in stressed seedlings in regulating the cellular homeostasis of 

the seedlings. Earlier, Baunthiyal and Sharma (2014) reported that higher expression of H
+
-

ATPase was important in regulating the tolerance capability of three semi-arid fluoride- 

hyperaccumulator plants (Cassia fistula, Acacia tortilis and Prosopis juliflora) on being 

exposed to fluoride stress. Similarly, in another study, Banerjee et al. (2019a) observed 

higher expression of H
+
-ATPase in the stressed seedlings of the tolerant cultivar, as compared 

to that of stressed seedlings of the sensitive variety, supporting our observation. Recently, 

Agarwal et al. (2021) reported that the expression of FEX was highly induced in Vigna 

radiata that assisted in the exclusion of the accumulated fluoride ions from the plasma 

membrane of plants, imparting higher survival rate to the seedlings. Additionally, Banerjee 

and Roychoudhury (2021) also demonstrated that overexpression of FEX in Nicotiana 

benthamiana was efficient to promote fluoride tolerance which coincides with our 

observation. Thus, unregulated uptake of fluoride ions in 10-day old KH seedling via CLC1 

and CLC2 was responsible for stunted growth of the seedlings; however, the seedlings were 

less affected during long term (20 days) exposure to fluoride because of the enhanced 

expression of H
+
-ATPase and FEX transporters which maintained cellular homeostasis. 

Moreover, down regulated expression of CLC1 and CLC2 also controlled the uptake of 

fluoride ions. However, contrasting behavior was noted in MTU seedlings where the 

absorption of fluoride ions was initially regulated due to reduced expression of chloride 

channels; however, with the passage of time, this regulation was lost, resulting in higher 

accumulation of fluoride ions in seedlings that eventually led to significant damages in the 

seedlings. 
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Fig. 4.1.2: Level of fluoride accumulation (a), expression pattern of CLC1 (b), CLC2 (c), 

H+-ATPase (d) and FEX (e) genes and accumulation of H+-ATPase (f) and FEX (g) 

proteins in KH and MTU seedlings in presence of 25 mg L−1 NaF for 10 days and 20 days. 

‘*’ represents data with significant differences (P ≤ 0.05) between control and stressed 

seedlings, ‘#’ represents data with significant differences (P ≤ 0.05) between the two 

cultivars and ‘+’ represents data with significant differences (P ≤ 0.05) between the 

seedlings grown for 10 days and 20 days. Histone H3 (h) was used as a control to check 

equal loading of protein. 

F
o

ld
 C

h
a

n
g

e 

 
F

o
ld

 C
h

a
n

g
e 

 

F
o

ld
 C

h
a

n
g

e 

 

F
lu

o
ri

d
e 

a
cc

u
m

u
la

ti
o

n
 

(m
g

 k
g

-1
 F

W
) 

 
F

o
ld

 C
h

a
n

g
e 

 

H+-ATPase 

 

FEX 

 

Histone H3 

 

Khitish 

(10 days) 

 

Khitish 

(20 days) 

 

MTU1010 

(20 days) 

 

MTU1010 

(10 days) 

 

Khitish 

(10 days) 

 

Khitish 

(20 days) 

 

MTU1010 

(20 days) 

 

MTU1010 

(10 days) 

 

Khitish 

(10 days) 

 

Khitish 

(20 days) 

 

MTU1010 

(20 days) 

 

MTU1010 

(10 days) 

 

Khitish 

(10 days) 

 

Khitish 

(20 days) 

 

MTU1010 

(20 days) 

 

MTU1010 

(10 days) 

 

Khitish 

(10 days) 

 

Khitish 

(20 days) 

 

MTU1010 

(20 days) 

 

MTU1010 

(10 days) 

 

Khitish 

(10 days) 

 

Khitish 

(20 days) 

 

MTU1010 

(20 days) 

 

MTU1010 

(10 days) 

 
Fig: 
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4.1.3.3. Higher fluoride accumulation leads to higher oxidative damages 

Higher accumulation of fluoride ions in 10 day-old and 20 day-old seedlings of KH and 

MTU, respectively led to the enhanced formation of ROS such as H2O2 (2.7 and 2.4 times, 

respectively) and superoxide radicals (2.0 and 2.4 fold, respectively) which caused 

peroxidation of lipid membrane, leading to 2.5 and 2.6 times higher leakage of electrolytes 

from the cells and also induced the formation of cytotoxic metabolites like MG and MDA in 

the stressed seedlings, as compared to that of control (non-stressed) seedlings. Additionally, 

higher accumulation of ROS also led to 1.3 and 1.6 times higher chlorophyll loss in 10 day-

old and 20 day-old stressed KH and MTU seedlings, respectively. Similar trend was also 

noted in case of LOX and NOX activity where exposure to fluoride stress enhanced their 

activity by 2.2 and 2.0 times, respectively in 10 day-old stressed KH seedlings and by 2.8 and 

2.0 fold, respectively in 20 day-old stressed MTU seedlings, as compared to that of control 

seedlings (Table 4.1.2). Higher activity of LOX and NOX induces the accumulation of ROS 

in seedlings which further worsened the condition. Thus, it can be concluded that higher 

fluoride accumulation in NaF-treated 10 day-old and 20 day-old KH and MTU rice cultivar, 

respectively resulted in higher formation of H2O2 in seedlings that hampered the overall 

integrity of cell membrane, leading to higher electrolyte leakage along with induced 

formation of MDA and MG, higher chlorophyll loss and LOX and NOX activity. Contrasting 

trend was noted in case of 20 day-old and 10 day-old KH and MTU seedlings, respectively 

which might be due to controlled uptake of fluoride ions, restricting the formation of ROS 

with lower extent of peroxidation of lipid membrane and reduced formation of cytotoxic 

metabolites (Table 4.1.2). Our observation can be justified by the earlier work of Banerjee 

and Roychoudhury (2019a) where they reported that fluoride accumulation in the tolerant rice 

cultivar was significantly lower, as compared to that of susceptible variety upon being treated 

with 15 and 25 mg L
-1

 NaF solution, causing lower oxidative damage and maintaining the 

growth of the seedlings. 

Table 4.1.2: Chlorophyll level, H2O2, superoxide radical, electrolyte leakage, MDA, MG, 

LOX and NOX activity in 10 and 20 day-old KH and MTU seedlings, grown either in 

presence or absence of 25 mg L-1 NaF solution.  Data represented are the mean value (n 

= 3) ± SE. ‘*’ represents data with significant differences (P ≤ 0.05) between control and 

stressed seedlings, ‘#’ represents data with significant differences (P ≤ 0.05) between 
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the two cultivars and ‘+’ represents data with significant differences (P ≤ 0.05) between 

the seedlings grown for 10 days and 20 days. 

 

 

 

 

Parameters 10 days 20 days 

 
KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

Chlorophyll 

(μg g
−1

 FW) 

100.67 

± 10.98 

78.98 

± 9.87
*
 

110.87 

± 8.87 

89.98 ± 

6.87 

150.87 

± 

11.87
+
 

134.89 

± 

12.36
*+

 

165.98 

± 9.87
+
 

100.87 

± 

12.98
*#+

 

H2O2 

(μM g
−1

 

FW) 

0.13 ± 

0.04 

0.35 ± 

0.01
*
 

0.15 ± 

0.02 

0.21 ± 

0.03
#
 

0.19 ± 

0.04 

0.29 ± 

0.06 

0.17 ± 

0.05 

0.40 ± 

0.08
*#+

 

Superoxide 

anion 

(μM min
−1

 

g
−1 

FW) 

2.12 ± 

0.12 

4.19 ± 

0.67
*
 

2.09 ± 

0.98 

3.16 ± 

0.87 

2.68 ± 

0.57 

4.26 ± 

0.46
*
 

2.87 ± 

0.33 

6.78 ± 

0.82
*#+

 

Electrolyte 

leakage 

(%) 

15.31 ± 

1.21 

39.12 

± 1.56
*
 

14.98 ± 

2.12 

21.87 ± 

1.67
#
 

15.98 ± 

1.45 

35.65 ± 

2.87
*
 

16.90 ± 

1.20 

43.61 ± 

1.43
*+

 

MDA 

(μM g
−1

 

FW) 

2.11 ± 

0.98 

4.89 ± 

0.87
*
 

1.97 ± 

0.43 

2.98 ± 

0.57
#
 

2.56 ± 

0.52 

4.15 ± 

0.87
*
 

2.19 ± 

0.45 

6.86 ± 

3.38
*#+

 

MG 

(mg g
−1

 

FW) 

24.89 ± 

1.56 

35.18 

± 1.17
*
 

21.87 ± 

0.98 

28.19 ± 

1.56
#
 

26.92 ± 

1.19 

39.87 ± 

0.59
*
 

24.87 ± 

1.67 

40.97 ± 

1.49
*#+

 

LOX 

activity 

(U mg
−1

 leaf 

protein) 

5.87 ± 

0.45 

12.87 

± 0.98
*
 

4.98 ± 

0.87 

8.98 ± 

0.34
#
 

6.89 ± 

1.11 

15.98 ± 

0.76
*
 

6.98 ± 

0.15 

19.98 ± 

1.78
*+

 

NOX 

activity 

(U mg
−1

 leaf 

protein) 

22.27 ± 

1.19 

43.87 

± 0.95
*
 

24.87 ± 

1.67 

34.98 ± 

0.56
#
 

27.98 ± 

0.81 

37.98 ± 

1.39 

29.76 ± 

2.67 

59.67 ± 

1.33
*#+
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4.1.3.4. Fluoride stress regulated the content of different forms of endogenous nitrogen 

The level of total and soluble nitrogen was reduced in fluoride stressed (applied for 10 days) 

KH cultivars (1.5 and 1.7 times, respectively), whereas in case of MTU, the level of total and 

soluble nitrogen was not significantly affected in comparison to that of water treated 

seedlings. However, the level of total and soluble nitrogen was comparable to that of control 

seedlings in KH cultivars and the same was reduced by 1.5 fold in MTU variety on being 

exposed to long term fluoride stress. Similar trend was also noted in case of nitrate and 

nitrite, which was reduced by 2.2 and 2.1 fold, respectively in KH seedlings (10 day-old NaF 

treated) and 1.3 and 1.4 times in MTU seedlings (exposed to fluoride solution for 20 day) in 

comparison to that of control seedlings (Table 4.1.3). These observations clearly pointed out 

that depletion in endogenous nitrogen pool (total and soluble nitrogen, nitrate and nitrite) was 

one of the prime causes for inhibited growth of KH seedlings in the initial phase of their life 

cycle. Additionally, with time induction, the restoration of the endogenous nitrogen pool was 

responsible for overcoming the fluoride-mediated growth inhibition. On the contrary, the 

depletion of nitrogen-containing metabolites in 20 day-old MTU seedlings led to significant 

amount of damage which was significantly lesser in 10 day-old seedlings. The present work 

can be linked with the recent work of Paul et al. (2022), where they showed that exogenous 

application of nitrogen-containing fertilizers like calcium nitrate and ammonium acetate were 

highly effective in abrogating the effects of cadmium-mediated oxidative damage in rice 

cultivar, i.e., Lalat, by differential reprogramming of the nitrogen-containing metabolites. 

Similarly, Sil et al. (2020) also reported that exogenous application of silicon restored the 

level of nitrogen-containing metabolites in wheat seedling exposed to arsenic toxicity that 

eventually enhanced the tolerance capability of the seedlings. 

The level of another major nitrogen containing metabolites, formed in plants in response to 

abiotic stress is amino acids. Amino acids are well known for their ROS-scavenging 

capability and for maintaining the osmotic balance of the cells. The level of amino acids was 

enhanced by 1.4 fold in both 10 and 20 day-old fluoride stressed KH seedlings and by 1.7 and 

1.3 fold, respectively in 10 and 20 day-old fluoride stressed MTU seedlings (Table 4.1.3). 

The level of amino acid pool was enhanced in all the treatment; however, the major rise was 

noted in 20 day-old KH and 10 day-old MTU which accounts for their better growth. The rise 

in the level of amino acids can be corroborated with the previous work of Azevedo-Neto et 

al. (2009) and Misra et al. (2006) where they showed higher content of amino acids in roots 
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and leaves of salt-stressed maize and green gram seedlings, respectively that eventually 

regulated the survival of the seedlings. 

 Table 4.1.3: Level of total and soluble nitrogen, nitrate, nitrite, amino acids and 

ammonium ions in KH and MTU seedlings in presence of 25 mg L−1 NaF for 10 days and 

20 days. Data represented are the mean value (n = 3) ± SE. ‘*’ represents data with 

significant differences (P ≤ 0.05) between control and stressed seedlings, ‘#’ represents 

data with significant differences (P ≤ 0.05) between the two cultivars and ‘+’ represents 

data with significant differences (P ≤ 0.05) between the seedlings grown for 10 days and 

20 days 

 

4.1.3.5. Activity and gene expression of NR and NiR 

In 10 day-old KH seedling, the activity of NR and NiR was drastically reduced by 1.7 times 

and 1.8 times, respectively. However with time, the activity of both the above mentioned 

enzymes was recovered in fluoride-stressed KH seedlings and became comparable to that of 

control seedlings. In contrast, the activity of NR and NiR was not significantly reduced in 10 

Variety 

and 

treatment 

Period 

of 

exposure 

Total 

nitrogen 

(mg g
-1

 

DW) 

Soluble 

nitrogen 

(µg g
-1

 

FW) 

Nitrate 

(µg g
-1

 

FW) 

Nitrite 

(µg g
-1

 

FW) 

Amino 

acid 

(mg g
-1

 

FW) 

Ammonium 

ions 

(µg g
-1

 FW) 

KH  

(Control) 

10 Days 13.83 ± 

0.97 

76.91 ± 

3.24 

259.32 ± 

7.07 

27.91 ± 

2.72 

335.88 ± 

9.09 

22.42 ± 2.66 

KH  

 (Stress) 

9.43 ± 

0.15
*
 

44.36 ± 

2.61
*
 

119.85 ± 

6.41
*
 

13.41 ± 

1.19
*
 

467.67 ± 

14.94 

47.27 ± 

2.92
*
 

MTU 

(Control) 

16.52 ± 

1.49 

70.89 ± 

2.33 

229.79 ± 

6.25 

35.05 ± 

3.09 

347.37 ± 

10.60 

25.31 ± 3.78 

MTU 

(Stress) 

14.00 ± 

0.29 

67.09 ± 

3.92
#
 

201.56 ± 

3.99
#
 

31.20 ± 

1.88
#
 

593.79 ± 

9.12
*
 

34.21 ± 

2.22
#
 

KH  

 

(Control) 

20 Days 21.97 ± 

0.47
+
 

130.28 ± 

8.02
+
 

354.44 ± 

6.59 

52.94 ± 

3.35
+
 

503.93 ± 

8.08
+
 

30.19 ± 3.93 

KH  

 (Stress) 

28.53 ± 

1.56
+
 

111.44 ± 

1.27
+
 

327.72 ± 

3.88
+
 

57.00 ± 

2.17
+
 

705.69 ± 

10.29
*+

 

36.67 ± 1.09 

MTU 

(Control) 

24.07 ± 

0.19
+
 

145.21 ± 

2.82
+
 

393.63 ± 

4.79
+
 

61.10 ± 

1.74
+
 

530.79 ± 

9.16
+
 

27.96 ± 2.43 

MTU 

(Stress) 

16.28 ± 

1.33
*#

 

97.89 ± 

3.61
*
 

293.34 ± 

5.62
*+

 

42.41 ± 

2.68
*#

 

680.41 ± 

12.72 

52.27 ± 

3.81
*#+
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day-old MTU (fluoride treated) seedlings, but with time, the effect of fluoride toxicity 

became pronounced in MTU seedlings that also inhibited the activity of NR and NiR by 1.5 

and 1.7 fold, respectively. Analysis of the expression pattern of NR and NiR in fluoride 

stressed KH seedlings showed an up regulation in the expression of both the genes after 10 

day, whilst after 20 days, the expression of both the genes were comparable to that of control 

seedlings. Similarly, no significant change was noticeable in the expression of both the genes 

in 10 day-old MTU seedling (fluoride-treated); however, after 20 day, their expression was 

significantly reduced in the stressed seedlings (Fig 4.1.3). Thus, based on the above data, it 

could be concluded that fluoride stress inhibited the activity of both the enzymes in 10 and 20 

day-old KH and MTU seedlings, respectively, which in turn lowered the pool of nitrogen- 

containing metabolites (total and soluble nitrogen, nitrate and nitrite) as previously observed. 

The expression of NR and NiR genes were also lowered in 20 day-old stressed MTU 

seedlings which also coincided with inhibited activity of both the enzymes. Our findings can 

be justified by the work of Ghosh et al. (2013), where they demonstrated that arsenic 

treatment inhibited the activity of NR and NiR which in turn lowered the nitrogen content in 

wheat cultivars. They further reported that in presence of selenate, the activity of NR and NiR 

was restored in stressed seedlings which eventually led to higher accumulation of nitrogen 

containing compounds and helped in overcoming the negative effects of arsenic toxicity. 

Similarly, the activity and expression of NR was reduced in salt-stressed sensitive rice 

cultivar, i.e., IR-64, whereas the expression and activity of enzyme was enhanced in salt 

tolerant rice cultivar (CSR-36) that replenished the nitrogen pool, so as to confer sufficient 

protection to seedlings (Rohilla and Yadav 2019). 
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Fig 4.1.3: Activity of NR (a) and NiR (b) and expression of NR (c) and NiR (d) genes in 

10 and 20 day-old KH and MTU seedlings, grown either in presence or absence of 25 mg 

L-1 NaF solution.  Data represented are the mean value (n = 3) ± SE. ‘*’ represents data 

with significant differences (P ≤ 0.05) between control and stressed seedlings, ‘#’ 

represents data with significant differences (P ≤ 0.05) between the two cultivars and ‘+’ 

represents data with significant differences (P ≤ 0.05) between the seedlings grown for 

10 days and 20 days. 

4.1.3.6. Level of ammonium ions and activity of GS, GOGAT and GDH 

A significant rise was noted in the level of ammonium ions in 10 day-old KH (2.1 fold) and 

20 day-old MTU (1.9 fold) stressed seedlings. However, the extent of ammonium ion 

accumulation in 20 day-old KH and 10 day-old MTU stressed seedlings was comparable to 

that of water treated seedlings (Table 4.1.3). Additionally, the activity of GS and GOGAT 

was inhibited by 2.1 and 1.8 times in 10 day-old stressed KH seedlings. In contrast, the 

activity of both the enzymes was restored in KH seedlings exposed to long term fluoride 

stress. These results also coincided with the results derived from gene expression analysis, 

where fluoride stress reduced the expression of both the genes in 10 day-old KH seedlings, 

whereas the genes were significantly enhanced in seedlings grown for 20 day under NaF 

solution. In contrast to that of KH, the activity of both the enzymes was inhibited by 1.9 and 

1.8 times in fluoride stressed (20 day-old) MTU seedlings, whereas the activity of enzymes 

was comparable to that of control seedlings in 10 day-old seedlings. Contrasting trend was 

also noted in the expression patter of GS (significantly enhanced) and GOGAT (significantly 

down regulated) in 20 day-old fluoride stressed MTU seedlings, whereas no such difference 
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was noticeable in 10 day-old stressed seedlings. Another major enzyme involved in nitrogen 

metabolism is GDH that was enhanced by 1.5 and 2.6 times in 10 and 20 day-old stressed KH 

seedlings, respectively and by 2.5 and 1.4 times in 10 and 20 day-old stressed MTU 

seedlings, respectively. Additionally, the expression of GDH was significantly induced in all 

the treatment except in 10 day-old stressed MTU seedlings where no significant rise was 

noticeable as to that of control seedlings (Fig 4.1.4). Fluoride stress affected the activity of 

GS and GOGAT in 10 and 20 day-old KH and MTU seedlings, respectively which can be 

linked with higher accumulation of ammonium ions in the cells. However, higher activity of 

GS in 20 and 10 day-old KH and MTU seedlings, respectively rapidly convert the toxic 

ammonium ions into non-toxic glutamine that is further transformed into glutamate by 

enzymatic action of GOGAT. This rapid incorporation of ammonium ions into glutamate and 

glutamine was significantly important for the growth of the seedlings, since other amino acids 

and nitrogenous metabolites are formed from these two amino acids (Kusano et al. 2011). 

Additionally, Gou et al. (2020) showed that the activity of GS and GOGAT was down 

regulated in nitrate-stressed cucumber seedlings which in turn elevated the level of 

ammonium ions. They further reported that in presence of silicon, the activity of both the 

enzymes was restored which led to higher incorporation of ammonium ions into glutamine 

and glutamate. Similarly, the activity of both the enzymes was restored in cadmium-stressed 

rice seedlings in presence of nitrogen supplement that enhanced the tolerance capability of 

seedlings by reducing the level of ammonium ions in the cells. Furthermore, glutamate and 

glutamine formed due to higher activity of GS/GOGAT cycle was again utilized by GDH to 

produce α-ketoglutarate that links the nitrogen metabolism with carbon metabolism and thus 

providing higher tolerance level to the seedlings. Thus, based on these observations, it can be 

concluded that induction of GS/GOGAT cycle in 20 and 10 day-old KH and MTU seedlings, 

respectively rapidly converted toxic ammonium ions into non-toxic amino acids (glutamine 

and glutamate) which were again utilized by GDH to link nitrogen and carbon metabolism 

and to produce other amino acids that helped to overcome the detrimental effects of fluoride 

toxicity. 
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Fig 4.1.4: Activity of GS (a), GOGAT (b) and GDH (c) and expression of genes, GS (d), 

GOGAT (e) and GDH (f) in 10 and 20 day-old KH and MTU seedlings, grown either in 

presence or absence of 25 mg L-1 NaF solution.  Data represented are the mean value (n 

= 3) ± SE. ‘*’ represents data with significant differences (P ≤ 0.05) between control and 

stressed seedlings, ‘#’ represents data with significant differences (P ≤ 0.05) between 
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the two cultivars and ‘+’ represents data with significant differences (P ≤ 0.05) between 

the seedlings grown for 10 days and 20 days. 

4.1.3.7. Role of sulfur in regulating the tolerance mechanism of seedlings 

Upon being challenged with fluoride toxicity, there was lowering in the activity of the major 

sulfur assimilatory enzymes, viz., ATP-S (1.4 and 1.2 times, respectively) and OASTL (1.6 

and 1.3 times, respectively) that led to decrease in the formation of cysteine by 1.6 and 1.3 

fold, respectively in 10 day-old and 20 day-old stressed KH and MTU seedlings, thus 

reducing their tolerance level (Table 4.1.4). Our result can be supported by the previous work 

of Santiago et al. (2020) where they showed higher ATP-S and OASTL activity in two 

varieties of arugula, as compared to two cultivars of lettuce that maintained the tolerance 

level of the seedlings upon being treated with various concentration of selenate (Na2SeO4). 

Contrasting results were noted in case of 20 day-old and 10 day-old KH and MTU seedlings, 

justifying the efficacy of sulfur as an important protective element against fluoride toxicity. 

Another important sulfur-containing metabolite that also acts as a major signaling molecule is 

H2S. In presence of fluoride stress, the level of H2S was decreased by 1.5 and 1.3 times in 10 

day-old and 20 day-old KH and MTU seedlings, respectively which might be due to reduced 

formation of cysteine that acts as a precursor of H2S or it can also be attributed to the reduced 

activity of DES (the sole enzyme responsible for the generation of H2S in plant cytosol) by 

1.8 and 1.7 fold, respectively in the above mentioned cultivars, as compared to that of water-

treated seedlings. On the contrary, higher H2S level was noted in 20 day-old stressed KH 

seedlings which might be due to enhanced DES activity, as compared to that of 10 day-old 

stressed seedlings that eventually contributed towards higher tolerance level in the former. 

Reduced DES activity and H2S level in 20 day-old MTU seedlings, as compared to that of 10 

day-old seedlings, heightened the fluoride-induced damage in the former (Table 4.1.4). 

Kushwaha and Singh (2020) also observed that the treatment of tomato, pea and brinjal 

seedlings with 25 μM potassium dichromate inhibited the formation of cysteine and H2S in 

leaf and root. The activity of DES was restored in the stressed seedlings on being treated with 

potassium sulfate (additional source of sulfur) which resulted in higher formation of H2S, 

thereby maintaining the tolerance capability of seedlings. 
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Table 4.1.4: Level of Cys and H2S and activity of ATP-S, OAS-TL and DES in KH and MTU 

seedlings in presence of 25 mg L−1 NaF for 10 days and 20 days. Data represented are 

the mean value (n = 3) ± SE. ‘*’ represents data with significant differences (P ≤ 0.05) 

between control and stressed seedlings, ‘#’ represents data with significant differences 

(P ≤ 0.05) between the two cultivars and ‘+’ represents data with significant differences 

(P ≤ 0.05) between the seedlings grown for 10 days and 20 days. 

 

 

4.1.3.8. Enzymatic antioxidants regulating the level of ROS in seedlings 

Enzymatic antioxidants play a pivotal role in regulating the stress tolerance capability of 

plants by scavenging the free radicals formed, thus maintaining cellular homeostasis and 

redox status. In fluoride-stressed KH and MTU seedlings, the activity of SOD was enhanced 

by 1.8 and 2.4 fold, respectively in 10 day-old seedlings and by 2.2 and 1.4 times, 

respectively in 20 day-old seedlings that enabled detoxification of superoxide anions; 

however, the tolerance in 20 day-old and 10 day-old KH and MTU seedlings was governed 

by the rise in the activity of the enzyme (Table 4.1.5). Similar trend was noted with regard to 

Parameters 10 days 20 days 

 
KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

Cys 

(μg g
−1

 FW) 

1.54 ± 

0.12 

0.98 ± 

0.09
*
 

1.67 ± 

0.28 

1.78 ± 

0.12
#
 

2.78± 

0.09 

4.77 ± 

0.15
*+

 

2.56 ± 

0.20 

2.01 ± 

0.21
#
 

H2S 

(μM g
−1

 

FW) 

8.97 ± 

0.54 

5.78 ± 

0.65
*
 

7.98 ± 

0.76 

10.98 ± 

1.12
#
 

11.94 ± 

1.29 

17.89 ± 

0.98
*+

 

12.76 ± 

0.67
+
 

9.67 ± 

0.32
#
 

ATP-S 

activity 

(μM PPi 

min
-1

 mg
-1

 

leaf protein) 

6.78 ± 

0.38 

4.76 ± 

0.87
*
 

7.98 ± 

0.37 

10.67 ± 

0.76
#
 

7.98 ± 

1.10 

12.87 ± 

0.98
*+

 

9.67 ± 

0.99 

8.14 ± 

1.09 

OAS-TL 

activity 

(μM Cys 

min
-1

 mg
-1

 

leaf protein) 

3.12 ± 

0.76 

1.98 ± 

0.16
*
 

4.67 ± 

0.18 

5.45 ± 

0.38
# 

3.98 ± 

0.18 

5.76 ± 

0.67
*+

 

5.12± 

0.17 

3.98 ± 

0.87
*+

 

DES activity 

(μM H2S 

min
-1

 mg
-1

 

leaf protein) 

0.98 ± 

0.01 

0.54± 

0.07 

1.12 ± 

0.12 

1.08 ± 

0.06
*#

 

1.54 ± 

0.09 

1.98 ± 

0.06
*+

 

1.43 ± 

0.03 

0.86 ± 

0.01
*#
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isozyme profiling, where eight different isoforms of SOD were observed. Of all the isoforms, 

SOD4 and SOD5 were prominently enhanced in 20 day-old KH and 10 day-old MTU 

seedlings, respectively (Fig. 4.1.5a). SOD converts superoxide anions into H2O2 which is 

again detoxified by CAT, APX, GPoX and GPX into non toxic metabolites. Almost 1.3, 1.4 

and 1.5 times higher activity of APX, GPoX and GPX, respectively was noted in 10 day-old 

KH seedlings, whereas the activity of the above mentioned enzymes was enhanced by 1.4, 

1.6 and 1.6 times in 20 day-old KH seedlings, as compared to that of control seedlings which 

suggested that the enhanced activity of enzymatic antioxidants helped in adaptation of 

seedlings to fluoride stress. Similarly, in 10 day-old stressed MTU seedlings, the activity of 

the above protective enzymes was escalated by 1.7, 2.2 and 1.4 fold, respectively, whereas in 

case of 20 day-old stressed seedlings, the respective rise in the activity of the above enzymes 

was only 1.1, 1.6, 1.3 times, as compared to that of water-treated seedlings. In case of MTU, 

the activity of enzymatic antioxidants did not rise significantly, leading to higher 

accumulation of ROS and increasing the susceptibility of the seedlings (Table 4.1.5). The 

enhanced activity of the enzymatic antioxidants can be supported by the previous work of 

Banerjee and Roychoudhury (2019a) where they showed that fluoride stress significantly 

enhanced the activity of the above mentioned antioxidative enzymes in the tolerant cultivar, 

viz., Gobindobhog, whereas in case of susceptible variety (IR-64), such induction in the 

activity of enzymatic antioxidants was insignificant, leading to higher damage in the 

seedlings. Contrasting results were noted with regard to CAT activity where fluoride stress 

inhibited its activity by 1.5 and 1.3 fold in 10 day-old KH and 20 day-old MTU seedlings, 

respectively, whereas no such inhibition was noted in 20 day-old KH and 10 day-old MTU 

seedlings, respectively (Table 4.1.5). Reduced activity of CAT can be supported by the 

earlier observation of Kumar et al. (2009) where they showed that fluoride ions replace the 

hydroxyl moiety present in the ferric group residing at the active site, responsible for 

maintaining the active conformation of this enzyme. Isozyme analysis of APX revealed four 

isoforms of APX in seedlings, where APX3 isoform was only detected in 20 day-old 

seedlings of both the cultivars. In case of GPoX, five isoforms were noted. GPoX3 was 

observed in only 20 day-old KH seedlings along with higher induction of GPoX5 which was 

absent in 10 day-old KH seedlings. This suggested that GPoX3 and GPoX5 might contribute 

toward tolerance level of the seedlings. In case of GPX, eight isoforms were observed and 

activity of GPX7 was reduced in 10 day-old KH and 20 day-old MTU seedlings, respectively, 

whereas contrasting effect was noted in case of 20 day-old KH and 10 day-old MTU 
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seedlings, which suggested the involvement of GPX7 isoform in fluoride tolerance. Upon 

analysis of CAT isozyme, seven different isoforms of CAT were observed, of which CAT4 

was reduced in 10 day-old KH seedlings. Two new isoforms, viz., CAT6 and CAT7 were 

observed in 20 day-old KH seedlings which suggested the importance of these two isoforms 

in ameliorating the adverse effects of fluoride stress (Fig. 4.1.5). 

Table 4.1.5: Activity of SOD, CAT, APX, GPoX and GPX in KH and MTU seedlings in 

presence of 25 mg L−1 NaF for 10 days and 20 days. Data represented are the mean 

value (n = 3) ± SE. ‘*’ represents data with significant differences (P ≤ 0.05) between 

control and stressed seedlings, ‘#’ represents data with significant differences (P ≤ 0.05) 

between the two cultivars and ‘+’ represents data with significant differences (P ≤ 0.05) 

between the seedlings grown for 10 days and 20 days 

Parameters 10 Days 20 Days 

 
KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

SOD activity 

(unit mg
−1 

protein) 

2.12 ± 

0.12 

3.78 ± 

0.34 

1.98 ± 

0.14 

4.67 ± 

0.19
*
 

2.67 ± 

0.78 

5.98 ± 

0.98
*+

 

2.76 ± 

0.37 

3.97 ± 

0.67
#
 

CAT activity 

(μM H2O2 

min
−1

 mg
−1

 

protein) 

20.89 ± 

1.98 

14.09 

± 0.87
*
 

22.98 ± 

1.92 

30.17 ± 

2.87
*#

 

28.17 ± 

2.87 

35.38 

± 

1.54
*+

 

27.89 ± 

0.46 

21.08 

± 

1.74
*+ 

APX activity 

(μM 

ascorbate 

min
−1

 mg
−1 

protein) 

168.98 

± 10.27 

220.72 

± 

12.82 

146.83 

± 11.87 

250.98 

± 9.76
*
 

219.67 

± 8.8 

298.67 

± 

12.29
*+

 

200.98 

± 9.46 

230.56 

± 

12.78
#
 

GPoX 

activity 

(μM 

tetraguaiacol 

min
−1

 mg
−1

 

protein) 

15.87 ± 

1.53 

22.63 

± 1.89 

12.37 ± 

0.78 

26.82 ± 

1.01
*
 

19.65 ± 

0.67 

31.67 

± 

1.17
*+

 

13.87 ± 

1.98 

22.29 

± 

0.83
*#

 

GPX activity 

(μM 

NADPH 

min
−1

 mg
−1

 

protein) 

45.98 ± 

2.76 

69.18 

± 3.82
*
 

51.72 ± 

3.16 

72.82 ± 

3.91
*
 

61.98 ± 

1.87 

98.37 

± 

2.82
*+

 

57.19 ± 

3.28 

75.38 

± 

2.72
*#
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Fig. 4.1.5: In-gel isozyme profile of SOD (a), CAT (b), APX (c), GPoX (d) and GPX (e) of 

KH and MTU seedlings in presence of 25 mg L−1 NaF for 10 days and 20 days. 

4.1.3.9. Fluoride stress regulates the level of non-enzymatic antioxidants in seedlings 

Along with enzymatic antioxidants, plants also harbor several endogenous protective 

metabolites that help in reducing the damaging effects of stress. One such group of protective 
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metabolite constitutes the non-enzymatic antioxidants that regulate the expression of genes 

associated with stress tolerance in plants (Waskiewicz et al. 2014). Almost 1.3 and 1.2 times 

enhanced level of anthocyanins and flavonoids, respectively was noted in 10 day-old stressed 

KH seedlings, as compared to that of water-treated seedlings. Exposure of seedlings to 

fluoride for 20 days in KH seedlings further enhanced the level of the above mentioned 

metabolites by 1.7 and 1.4 folds, respectively which again suggested that the fluoride induced 

damages were mitigated by magnifying the amount of such protective metabolites (Table 

4.1.6). In case of MTU seedlings, the level of anthocyanins and flavonoids was enhanced by 

1.5 and 1.5 folds, respectively in 10 day-old stressed seedling, whereas much lesser 

increment (1.4 and 1.2 fold) was observed in 20 day-old seedlings, which suggested that with 

progression in duration of stress, there was reduced accumulation of metabolites, as 

compared to early response (10 days) that ultimately compromised the tolerance level of this 

cultivar (Table 4.1.6). The enhancements in the level of these antioxidants also led to 

increment in ABTS and FRAP in 10 day-old KH seedlings by 1.1 and 1.3 fold, respectively 

and by 1.7 and 1.3 fold, respectively in 20 day-old KH seedlings which clearly indicated 

higher antioxidative potential as adaptive strategy against fluoride stress. The reverse trend 

was noted in case of MTU seedlings where the ABTS and FRAP were induced by 1.7 and 1.3 

fold, respectively in 10 day-old stressed seedlings and 1.5 and 1.4 fold, respectively in 20 

day-old stressed seedlings. This pointed to the fact that antioxidative potential was severely 

compromised during long term exposure of MTU seedlings to fluoride stress, with 

pronounced susceptibility (Table 4.1.6). Similar trend was also earlier reported by Banerjee 

and Roychoudhury (2019a) where they demonstrated that the radical scavenging potential 

was reduced in the susceptible variety as compared to that of tolerant cultivar where 

significant enhancement in antioxidative potential was noted that in turn enhanced the 

tolerance capability. 

 

Table 4.1.6: Level of anthocyanins, flavonoids, ABTS scavenging activity and FRAP in 

KH and MTU seedlings in presence of 25 mg L−1 NaF for 10 days and 20 days. Data 

represented are the mean value (n = 3) ± SE. ‘*’ represents data with significant 

differences (P ≤ 0.05) between control and stressed seedlings, ‘#’ represents data with 

significant differences (P ≤ 0.05) between the two cultivars and ‘+’ represents data with 

significant differences (P ≤ 0.05) between the seedlings grown for 10 days and 20 days. 
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Parameters 10 days 20 days 

 
KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

KH 

Control 

KH 

Stress 

MTU 

Control 

MTU 

Stress 

Anthocyanins 

(μM g
−1

 FW) 

20.92 ± 

1.28 

27.19 

± 2.28 

19.65 ± 

1.63 

30.38 ± 

1.83
*#

 

25.28 ± 

2.29 

42.29 

± 

2.98
*#+

 

27.29 ± 

1.19 

38.29 

± 1.80 

Flavonoids 

(μg g
−1

 FW) 

182.28 

± 7.38 

220.28 

± 9.82
*
 

167.38 

± 8.34 

250.38 

± 9.27
*
 

200.28 

± 10.28 

289.29 

± 

12.29
*+

 

187.29 

± 12.10 

229.29 

± 

10.18
#
 

ABTS 

(mg ascorbic 

acid 

equivalent 

100 g
-1

 FW) 

6.98 ± 

0.91 

7.78 ± 

1.01 

5.87 ± 

0.87 

10.27 ± 

1.12
*#

 

7.98 ± 

1.01 

13.58 

± 

0.98
*+

 

8.89 ± 

0.67
+
 

11.38 

± 0.76 

FRAP 

(mg ferrous 

sulfate 

equivalents 

100 g
-1 

FW) 

10.23 ± 

0.78 

12.98 

± 0.67 

9.38 ± 

0.78 

14.29 ± 

1.00
*
 

11.92 ± 

0.67 

15.38 

± 

1.21
*+

 

11.27 ± 

0.87 

15.98 

± 

0.71
*
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4.1.4. Conclusion of the chapter 

Overall this chapter was dedicated to reveal the responses occurring in two different rice 

cultivars, viz., KH and MTU at genetic and metabolic level upon being exposed to fluoride 

toxicity for two different time periods, viz., 10 days and 20 days. Based on the above data, we 

can clearly infer that KH exhibited long term fluoride tolerance, as compared to that of MTU 

which appeared as a susceptible variety. Initially, KH suffered higher oxidative damages due 

to unregulated uptake of fluoride ions; however, with prolonged stress exposure after 20 

days, KH was able to adjust and maintain the cellular homeostasis as well as showing tight 

regulation of fluoride uptake due to higher expression of H
+
-ATPase and FEX, allowing it to 

behave as the tolerant cultivar. On the contrary, the trend in MTU was totally reverse, since 

short term stress exposure incited lesser oxidative damages in this cultivar, concomitant with 

lesser fluoride accumulation, allowing it to maintain growth. However, such regulated uptake 

of fluoride ions was lost during long-term stress exposure after 20 days that significantly 

enhanced the accumulation of toxic metabolites, accompanied with higher oxidative damages 

and reduced growth of the seedlings, making it a highly susceptible variety. The activity of 

the enzymatic antioxidants was significantly enhanced in the stressed seedlings of KH, as 

compared to that of MTU exposed to long term fluoride stress, allowing the former to 

maintain the normal physiology of the seedlings. Similar trend was also noted in case of non-

enzymatic antioxidants. Additionally, the nitrogen- (total and soluble nitrogen, nitrate, nitrite 

and amino acids) and sulfur- containing metabolites (cysteine and H2S) played a pivotal role 

for the survival of the seedlings. In 20 day-old KH seedlings, the level of nitrogen- and 

sulfur- containing metabolites was enhanced, attributed to the higher activity of the enzymes 

catalyzing nitrogen and sulfur uptake and assimilation in tissues that in turn enabled the 

seedlings to overcome the detrimental effects of fluoride stress. Overall, a clear-cut varietal 

difference between KH and MTU was noteworthy from the present investigation. Differential 

reprogramming of the metabolites and enzymes of nitrogen and sulfur assimilation pathways, 

along with antioxidative machineries, were synergistically responsible for the differential 

pattern of adaptive strategies against fluoride stress in the two examined varieties, viz., KH 

and MTU,  the former exhibiting resilience against long-term stress, whilst the latter showing 

high susceptibility (Fig. 4.1.6).” 
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“Fig. 4.1.6: Model depicting the differential regulation of metabolites and transporters 

that regulate the tolerance capability of two rice cultivars at different time period.” 
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“4.2.1. Overview of the chapter 

From the experimental results in the previous chapter (Chapter 4.1), it was clearly established 

that fluoride stress significantly affected the tolerance capability of Khitish seedlings at the 

initial stages of growth. Thus, the next aim of work was to restore the tolerance level of the 

seedlings at the early growth stage by using ameliorating agent (calcium) so that the plants 

become more robust to fluoride stress in later phases of their life. The present chapter 

demonstrated the promising role of calcium compounds in abrogating the negative effects of 

fluoride stress and regulating the calcium-mediated signaling in the seedlings. Inhibited 

uptake of fluoride ions upon priming of seeds with calcium salts effectively lowered the 

damaging effects of oxidative stress in seedlings and restoring their growth. Calcium-

regulated amelioration of damage was mediated by higher proline (due to up regulated P5CS 

and down regulated PDH expression) and glycine betaine synthesis (due to higher BADH1 

expression). Additionally, the level of carotenoids and phenolics was enhanced due to 

calcium priming, whilst stress-enhanced level of flavonoids and ascorbic acid was restored to 

normal content along with release in inhibition of the activity of AsAO. Calcium priming also 

regulated the activity of the major enzymatic antioxidants, viz., CAT, SOD and GPoX along 

with the expression level of CAT. Enhanced expression of genes (particularly CBL10) related 

to calcium signaling pathways contributed to the higher tolerance level of seedlings upon 

calcium priming. In addition, higher endogenous calcium level (due to priming) also 

enhanced the energy production in seedlings by relieving the fluoride-mediated inhibition of 

TCA cycle and restored the level of sucrose (by up regulating the activity and expression of 

SPS and SS) and starch (due to its lower catabolism) which could also be linked with higher 

survival rate of fluoride-stressed seedlings. 
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4.2.2. Introduction of the chapter 

Higher accumulation of fluoride ions (due to up regulated expression of chloride channels) 

affects the overall physiology of the seedlings, thereby reducing their growth and 

development of symptoms like chlorophyll loss and electrolyte leakage. In addition, fluoride 

toxicity also perturbs the biochemical processes like pigment synthesis, enzyme activity and 

protein structure. Impaired biochemical processes lead to the overproduction of reactive 

oxygen species (ROS) that results in oxidative stress, ultimately leading to membrane 

disruption and overproduction of cytotoxic metabolites like malondialdehyde (MDA) (Kumar 

and Singh 2015; Yadu et al. 2016). 

 In order to escape the detrimental effects of fluoride toxicity, rice seedlings have their 

internal protective machineries that comprise of osmolytes like proline, glycine betaine and 

amino acids, as well as enzymatic and non-enzymatic antioxidants. Upon exposure to fluoride 

ions above threshold level, the level of the protective metabolites along with the activity of 

enzymatic antioxidants are increased that detoxifies ROS and maintain the osmotic balance of 

the cells (Ahmad et al. 2010). 

Along with these protective metabolites and enzymes, tricarboxylic acid (TCA) cycle and 

sucrose and starch metabolism also help in overcoming the stressed conditions. Organic acids 

such as pyruvate, malate and citrate collectively help to mitigate stress by participating in 

energy production, acting as precursors of amino acids and driving other biochemical 

pathways. Moreover, they also maintain osmotic balance and quench excess ROS (Lopez-

Bucio et al. 2000). TCA cycle acts as a major pathway for carbon metabolism and is 

considered as the central point of plant metabolism. TCA cycle also connects carbon and 

nitrogen metabolism as shown in the earlier chapter. According to Sanchez et al. (2008) and 

Usadel et al. (2008), the metabolites of the TCA cycle and organic acids provide protection to 

the glycophytes against salt, drought and temperature stress. Moreover, sucrose and starch are 

also two major sources of carbon molecule. According to Zhou et al. (2002), starch is the 

stored form of carbon which accumulates in the fruits and grains, whereas sucrose takes part 

in translocation of carbon molecules. Under stressed condition, α-amylase and starch 

phosphorylase (PHO) degrades starch molecules followed by the release of high energy 

molecules which is then utilized by the plants to overcome the negative effects of 

environmental stress. Additionally, sucrose molecules released due to starch remobilization 
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acts as an osmoregulatory molecule that supports the growth of the plants (Krasensky and 

Jonak 2012). Plants can also produce sucrose molecules by the enzymatic action of sucrose 

phosphate synthase (SPS) on uridine diphosphate glucose and d-fructose 6-phosphate. To 

maintain the optimum level of sucrose in the cells, sucrose synthase (SS) and acid invertase 

(INV) catalyzes the degradation of sucrose molecules. 

Calcium is an important element that plays a pivotal role in maintaining normal physiological 

functions of plant cells. Calcium functions as a secondary messenger and is involved in plant 

response to various abiotic stresses (Li et al. 2022). The endogenous calcium level in cells is 

triggered on being exposed to harsh environment that lead to the activation of calcium 

sensors such as calmodulins (CaMs), calcineurin B-like proteins (CBLs) and salt overly 

sensitive (SOSs) which play a pivotal role in regulating the transcriptional expression of 

multiple anti-stress genes to enhance the adaptability of plants, exposed to extreme 

environment (Zeng et al. 2020). 

Previously, Sulzbach and Pack (1972) showed that the presence of divalent metals like 

calcium in soil significantly chelates fluoride ions by forming complex like calcium fluoride 

(CaF2) which significantly reduces their uptake by roots. Moreover, higher level of calcium 

also regulates the level of internal protective machineries of plants that in turn lowers the 

effects of oxidative damages. Earlier, Ruan et al. (2004) showed that the application of 

calcium nitrate (Ca(NO3)2) significantly reduced the uptake and assimilation of fluoride ions 

in tea plants. Similarly, Dey et al. (2012a) showed that the presence of calcium chloride 

(CaCl2) in the medium chelates fluoride ions that reduce its uptake by the roots of Bengal 

gram seedlings, helping in combating the symptoms of fluoride toxicity. 

In the previous chapter, the detrimental effects of fluoride toxicity have been demonstrated in 

two different rice cultivars, i.e., Khitish (KH) and MTU1010 (MTU) during short term and 

prolonged stress. The present chapter validated the promising role of calcium salts (as 

priming agents) in abating negative effects in 10 day-old KH cultivars by reducing the uptake 

of fluoride ions from the media and regulating the production of protective metabolites and 

enzymatic antioxidants. Moreover, the positive role of calcium priming in maintaining the 

carbon metabolism in seedlings was also demonstrated since carbon metabolism is the major 

source of energy production in cells. 
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4.2.3. Results and discussion 

4.2.3.1. Calcium mediated regulation of seedling growth 

1.8 fold lower germination was noted in the stressed seedlings, whereas priming of seeds with 

both the concentration, i.e., 0.3 mM and 0.5 mM each of calcium hydroxide (Ca(OH)2), 

Ca(NO3)2 and CaCl2 rescued their germination rate appreciably (Table 4.2.1). Similarly, 

priming of stressed seeds with the above mentioned calcium compounds also markedly 

restored their root and shoot length and tissue biomass, as compared to that of water primed 

stressed seedlings (Table 4.2.1). Ca(OH)2 and Ca(NO3)2 seemed to work better at lower 

concentration (0.3 mM), whilst CaCl2 seemed to be more potent at higher concentration (0.5 

mM) (Fig. 4.2.1). Reduced germination of water primed stressed seedlings could be due to 

lower water uptake, impairment of metabolic processes or inhibited cell division as reported 

by Yadu et al. (2016) during fluoride stress in plants. Similarly, Gadi et al. (2012) also 

reported inhibited growth of Vigna radiata on being exposed to fluoride stress. Priming of 

seeds with calcium rescued the effects of fluoride-induced damages in seedlings, as justified 

by the previous work of Dey et al. (2012a) where they showed that exogenous application of 

any calcium source such as CaCl2 was highly effective in reducing the signs of fluoride 

toxicity. 

Table 4.2.1: Percentage of seed germination, seedling biomass, RL and SL of rice 

seedlings grown hydroponically in presence of NaF (25 mg L−1) for 10 days, either in the 

absence or presence of seed priming with 0.3 mM and 0.5 mM, each of Ca(OH)2, 

Ca(NO3)2, and CaCl2 for 24 h. Data are the mean value (n = 3) ± SE. Data with significant 

differences obtained against control are labeled with ‘*’ at P ≤ 0.05. 

Sample  

Percentage 

germination 

(%) 

Total seedling 

biomass 

(g) 

Shoot length 

(cm) 

Root 

length 

(cm) 

Control  94.48 ± 0.25 140.54 ± 0.25 10.24 ± 0.49 5.74 ± 0.26 

NaF  54.47 ± 0.36* 100.25 ± 0.28* 6.44 ± 0.75* 
2.45 ± 

0.41* 

 

Ca(OH)2 

0.3 mM 96.25 ± 0.35* 152.01 ± 0.88* 
11.28 ± 

0.44* 

5.54 ± 

0.48* 

0.5 mM 97.85 ± 0.48 150.24 ± 0.59 11.55 ± 0.48 5.79 ± 0.41 

0.3 mM + 90.02 ± 0.58 132.01 ± 0.25* 9.41 ± 0.15 4.57 ± 0.38 
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NaF 

0.5 mM + 

NaF 
91.25 ± 0.79 135.04 ± 0.48 9.13 ± 045 4.79 ± 0.60 

 

Ca(NO3)2 

0.3 mM 96.45 ± 0.44 148.25 ± 0.55* 10.84 ± 0.33 5.21 ± 0.48 

0.5 mM 95.44 ± 0.46 144.00 ± 0.55 11.04 ± 0.50 6.01 ± 0.49 

0.3 mM + 

NaF 
80.54 ± 0.75 134.05 ± 0.45 9.27 ± 0.50 

4.12 ± 

0.49* 

0.5 mM + 

NaF 
78.58 ± 0.94 124.02 ± 0.25 8.94 ± 0.32 4.87 ± 0.59 

 

CaCl2 

0.3 mM 92.41 ± 0.46 139.04 ± 0.54 10.64 ± 0.60 5.94 ± 0.94 

0.5 mM 93.45 ± 0.44 141.47 ± 0.25 11.19 ± 0.60 6.12 ± 0.50 

0.3 mM + 

NaF 
71.05 ± 0.25* 115.05 ± 0.79* 8.15 ± 0.45 

3.97 ± 

0.88* 

0.5 mM + 

NaF 
82.41 ± 0.49 138.04 ± 0.50* 9.95 ± 0.46 4.21 ± 0.68 

Fig. 4.2.1: Effect of seed priming with calcium compounds, viz., Ca(OH)2, Ca(NO3)2 and 

CaCl2 (0.3 mM and 0.5 mM), for 24 h on seedling growth under stressed condition (25 

mg L−1 NaF) for 10 days; the untreated seedlings (with or without calcium pre-

treatment of seeds) served as experimental control. 
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4.2.3.2. Calcium priming interferes with fluoride uptake 

The level of fluoride ions in water primed seedlings was as high as 28 times compared to that 

of water primed non-stressed seedlings. On the contrary, priming of seeds with 0.3 mM 

Ca(OH)2, Ca(NO3)2 and CaCl2 reduced the extent of fluoride accumulation in seedlings by 

2.1, 2.6 and 1.4 times, respectively, while in case of seedlings primed with 0.5 mM calcium 

compounds, 1.8, 1.9 and 2.5 fold, respectively lower fluoride ion accumulation was noted 

(Table 4.2.2). The endogenous content of calcium in water primed fluoride-stressed seedlings 

was reduced significantly by 2.6 times, whereas priming of seedling with 0.3 mM calcium 

compounds restored their endogenous calcium pool by 1.6, 1.5 and 1.2 fold, respectively. 

Similarly, priming of seeds with 0.5 mM calcium compounds enhanced the endogenous 

calcium level by 1.5, 1.2 and 1.4 times, respectively (Table 4.2.2). Based on these 

observations, it was clear that in water primed stressed seedlings, higher accumulation of 

fluoride ions chelated the endogenous calcium that lowered the calcium content of the 

seedlings, leading to higher deterioration in the growth parameters of fluoride stressed 

seedlings. Calcium priming inhibited the deposition of fluoride ions in the metabolically 

active tissues by forming complex with fluoride ions. These calcium-fluoride complexes 

could be deposited in inactive tissues of the seedlings as earlier suggested by Afzal et al. 

(2012) during salt stress in the aromatic rice cultivars. Furthermore, calcium priming restored 

the endogenous calcium pool which in turn might up regulate calcium signaling pathway of 

seedlings, leading to better retaliation of fluoride induced damage. 

Table 4.2.2: Calcium content and fluoride accumulation of rice seedlings grown 

hydroponically in presence of NaF (25 mg L−1) for 10 days, either in the absence or 

presence of seed priming with 0.3 mM and 0.5 mM, each of Ca(OH)2,Ca( NO3)2, and CaCl2 

for 24 h. Data are the mean value (n = 3) ± SE. Data with significant differences obtained 

against control are labeled with ‘*’at P ≤ 0.05. 

Sample  
Calcium content 

(mg kg
-1 

FW) 

Fluoride accumulation 

(mg kg
-1

 FW) 

Control  618.00 ± 23.69 7.00 ± 2.26 

NaF  230.33 ± 14.22* 199.00 ± 1.41* 

Ca(OH)2 

0.3 mM 540.33 ± 14.05* 7.50 ± 0.98 

0.5 mM 638.00 ± 15.87 7.70 ± 1.27 

0.3 mM + NaF 388.67 ± 16.56* 94.00 ± 5.65* 

0.5 mM + NaF 346.67 ± 30.75 113.50 ± 0.70* 
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Ca(NO3)2 

0.3 mM 560.67 ± 12.26* 7.30 ± 0.98 

0.5 mM 527.00 ± 26.29 7.90 ± 2.68 

0.3 mM + NaF 348.33 ± 20.26* 75.30 ± 1.55* 

0.5 mM + NaF 291.67 ± 27.54 104.30 ± 2.12* 

CaCl2 

0.3 mM 521.00 ± 28.93* 7.30 ± 1.27 

0.5 mM 506.67 ± 27.75 6.60 ± 1.69 

0.3 mM + NaF 283.00 ± 31.19* 142.80 ± 1.97* 

0.5 mM + NaF 322.67 ± 23.69 79.10 ± 1.83* 

 

4.2.3.3. Calcium mediated lowering of oxidative damage 

The extent of oxidative damage in water primed stressed seedlings was highly enhanced as 

compared to that of non-stressed seedlings. Fluoride stress triggered the formation of 

hydrogen peroxide (H2O2) by 2.2 fold that caused higher formation (1.8 fold) of MDA. 

Moreover, higher content of fluoride ions also led to higher degradation of chlorophyll 

molecules (1.9 times), electrolyte leakage (2.7 fold) and inhibits the activity of ascorbic acid 

oxidase (3.2 fold) (Table 4.2.3). Priming of seeds with 0.3 and 0.5 mM Ca(OH)2, Ca(NO3)2 

and CaCl2 reduced the extent of fluoride accumulation in the metabolically active tissues that 

relieved the symptoms of fluoride toxicity. Cell membranes are the prime targets for damage 

due to the formation of ROS like H2O2 during abiotic stresses. In the present study, it was 

found that fluoride ions significantly induced the generation of H2O2 following Mehler 

pathway that led to peroxidation of lipid membrane, thus causing higher leakiness of cell as 

shown by Ghassemi-Golezani and Farhangi-Abriz (2019) in safflower during fluoride stress. 

Additionally, fluoride ions also triggered the degradation of chlorophyll molecules or reduced 

their synthesis (Banerjee and Roychoudhury 2019a). Priming of seeds with calcium 

compounds lowered the magnitude of oxidative damage by reducing the availability of 

fluoride ions as discussed above and also enhanced the calcium mediated detoxification of 

ROS. Fluoride mediated inhibition of AsAO activity was relieved due to calcium priming that 

also highlighted the efficacy of calcium priming of seeds during fluoride contamination. 

Based on all the above analyses, it was evident that Ca(OH)2 and Ca(NO3)2, each at 0.3 mM 

concentration, while CaCl2 at 0.5 mM concentration were more effective in increasing the 

endogenous calcium content, which in turn, participated in ameliorating the toxic effects of 

fluoride stress in rice seedlings. Therefore, further analyses on defence mechanism in terms 
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of osmolyte and antioxidant activation were undergone only at the above concentrations of 

the respective calcium compounds. 

Table 4.2.3: Chlorophyll content, electrolyte leakage, MDA and H2O2 content, and AsAO 

activity in rice seedlings grown hydroponically in presence of NaF (25 mg L-1) for 10 d, 

either in absence or presence of seed priming with 0.3 mM and 0.5 mM, each of Ca(OH)2, 

Ca(NO3)2 and CaCl2 for 24 h. Data are the mean value (n = 3) ± SE. Data with significant 

differences obtained against control are labelled with star ‘*’ at P ≤ 0.05. 

Sample  
Chlorophyll 

(µg g
-1

 FW) 

Electrolyte 

leakage 

(%) 

MDA 

(µM g
-1

 

FW) 

H2O2 

(µM g
-1

 

FW) 

AsAO 

activity 

(µM min
-1

 

mg protein
-1

) 

Control  
100.26 ± 

4.88 
15.15 ± 1.23 2.80 ± 0.13 0.13 ± 0.04 51.43 ± 1.53 

NaF  
52.20 ± 

1.72* 

41.46 ± 

0.82* 

5.11 ± 

0.08* 

0.29 ± 

0.03* 
15.92 ± 1.55* 

Ca(OH)2 

0.3 mM 
112.03 ± 

1.25 

11.47 ± 

2.07* 
2.44 ± 0.10 0.10 ± 0.04 46.19 ± 1.49* 

0.5 mM 
107.05 ± 

1.53 

23.47 ± 

1.65* 
2.94 ± 0.13 0.12 ± 0.06 43.85 ± 2.04 

0.3 mM + 

NaF 
91.71 ± 2.54 13.98 ± 0.58 3.34 ± 0.07 0.13 ± 0.06 37.45 ± 0.99 

0.5 mM + 

NaF 
85.25 ± 3.69 29.48 ± 0.82 

4.45 ± 

0.16* 
0.15 ± 0.04 29.27 ± 1.63* 

Ca(NO3)2 

0.3 mM 93.07 ± 5.06 17.12 ± 0.55 
2.41 ± 

0.27* 
0.09 ± 0.02 37.08 ± 0.76* 

0.5 mM 94.75 ± 1.92 23.30 ± 1.15 2.87 ± 0.01 0.14 ± 0.03 36.81 ± 1.49 

0.3 mM + 

NaF 
95.45 ± 1.81 23.46 ± 0.78 3.28 ± 0.10 0.15 ± 0.07 33.02 ± 1.38 

0.5 mM + 

NaF 
83.02 ± 1.39 30.92 ± 0.52 3.65 ± 0.17 0.18 ± 0.06 22.66 ± 1.70* 

CaCl2 

0.3 mM 92.77 ± 3.03 32.69 ± 2.15 
4.58 ± 

0.19* 
0.15 ± 0.04 29.78 ± 1.52 

0.5 mM 84.02 ± 3.08 22.24 ±0.48* 
2.81 ± 

0.17* 
0.10 ± 0.06 36.24 ± 2.24 

0.3 mM + 

NaF 

60.36 ± 

3.99* 

38.51 ± 

0.70* 

4.74 ± 

0.20* 

0.17 ± 

0.06* 
20.16 ± 2.07* 

0.5 mM + 

NaF 

79.81 ± 

3.66* 

26.96 ± 

1.19* 

3.33 ± 

0.21* 
0.15 ± 0.04 32.47 ± 1.21 
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4.2.3.4. Calcium regulates the formation of osmolytes in seedlings 

The level of osmolytes like proline, glycine betaine and amino acids was enhanced by 1.7, 

1.7 and 2.0 fold, respectively in water primed stressed seedlings (Table 4.2.4). The 

expression of proline dehydrogenase (PDH) was considerably reduced which suggested that 

seedlings are trying to recover from fluoride damage by conserving endogenous proline 

content. Along with PDH, the expression level of Δ
1
-pyrroline 5-carboxylate synthetase 

(P5CS) was also reduced. The level of betaine aldehyde dehydrogenase 1 (BADH1) was 

comparable to that of control seedling which showed that glycine betaine level was 

maintained in the stressed seedlings (Fig 4.2.2). During fluoride stress, the enhanced level of 

osmolytes can be supported by the earlier work of Tak and Asthir (2017) where they showed 

that wheat seedlings grown in presence of NaF solution maintained higher level of the above 

mentioned osmolytes that helped in detoxification of ROS and maintained the osmotic 

balance of cells. Higher level of proline can be attributed to its higher formation by P5CS or 

its lower degradation catalyzed by PDH. In this study, higher proline content of the seedlings 

was due to reduced expression of PDH. Similarly, higher level of glycine betaine (due to 

BADH1 expression) and amino acids in water primed stressed seedlings can be justified by 

the earlier work of Hasthanasombut et al. (2011) and Azevedo-Neto et al. (2009) during salt 

stress in rice and maize seedlings, respectively. On priming of seeds with calcium 

compounds, the level of osmolytes, i.e., proline, glycine betaine and amino acids was reduced 

which highlighted the efficacy of all the three calcium compounds in ameliorating the 

negative effects of fluoride toxicity. In addition, the expression of P5CS was significantly up 

regulated in all the calcium primed stressed seedlings which suggested efficient utilization of 

the synthesized proline molecules in abating the signs of fluoride toxicity. Priming of 

seedlings with calcium also lowered the expression of BADH1 linked with the lower level of 

glycine betaine in the seedlings (Fig 4.2.2; Table 4.2.4).  

Table 4.2.4: Level of proline, glycine betaine and total amino acids in rice seedlings 

grown hydroponically in presence of NaF (25 mg L-1) for 10 days, either in absence or 

presence of seed priming with 0.3 mM, each of Ca(OH)2 and Ca(NO3)2 and 0.5 mM CaCl2 

for 24 h. Data are the mean value (n = 3) ± SE. Data with significant differences obtained 

against control are labeled with ‘*’ at P ≤ 0.05. 

 



 

                                                                                  Page | 139  
 

Results  and  Discussion 

 
Sample  

Proline 

(µg g
-1

 FW) 

Glycine betaine 

(mg g
-1

 FW) 

Total amino 

acids 

(µg g
-1

 FW) 

Control  0.04 ± 0.02 14.92 ± 0.52 0.26 ± 0.01 

NaF  0.07 ± 0.03* 25.32 ± 0.52* 0.51 ± 0.02* 

Ca(OH)2 
0.3 mM 0.04 ± 0.08 16.06 ± 0.47 0.30 ± 0.04 

0.3 mM + NaF 0.05 ± 0.02 19.55 ± 0.36 0.36 ± 0.07 

Ca(NO3)2 
0.3 mM 0.04 ± 0.06 16.21 ± 0.36 0.31 ± 0.03 

0.3 mM + NaF 0.06 ± 0.01* 23.23 ± 0.36* 0.39 ± 0.06* 

CaCl2 
0.5 mM 0.04 ± 0.07 19.43 ± 0.57 0.33 ± 0.02 

0.5 mM + NaF 0.06 ± 0.09* 23.96 ± 0.36* 0.47 ± 0.01* 

 

Fig. 4.2.2: Effect of seed priming with calcium compounds, viz., Ca(OH)2 and Ca(NO3)2 

(0.3 mM) and CaCl2 (0.5 mM), for 24 h on the expression level of genes, viz., P5CS (a), 

PDH (b) and BADH1 (c) in seedlings under stressed condition (25 mg L−1 NaF) for 10 

days; the untreated seedlings (with or without calcium pre-treatment of seeds) served 

P5CS 

 

Fig: 4.2.2a 

F
o

ld
 C

h
a

n
g

e 

 

H2O 

 

Ca(OH)2 

 

Ca(NO3)2 

 

CaCl2 

 

PDH 

 

BADH1 

 

F
o

ld
 C

h
a

n
g

e 

 

Fig: 4.2.2b 

Fig: 4.2.2c 

F
o

ld
 C

h
a

n
g

e 

 

H2O 

 

Ca(OH)2 

 

Ca(NO3)2 

 

CaCl2 

 

H2O 

 
Ca(OH)2 

 
Ca(NO3)2 

 

CaCl2 

 

Control 

 
Stress 

 



 

                                                                                  Page | 140  
 

Results  and  Discussion 

 
as experimental control. Data are the mean value (n = 3) ± SE. Data with significant 

differences are labeled with ‘*’ at P ≤ 0.05, as compared with non-primed control set. 

4.2.3.5. Calcium mediates the level of non-enzymatic antioxidants in seedlings 

The level of flavonoids and ascorbic acid was enhanced by 1.5 and 1.4 fold, respectively in 

water primed stressed seedlings, whilst the level of the other two non-enzymatic antioxidants, 

i.e., carotenoids and phenolics was lowered by 1.6 and 1.5 fold, respectively as compared to 

that of water treated non-stressed seedlings (Table 4.2.5). Priming of seeds with Ca(OH)2, 

Ca(NO3)2, and CaCl2 lowered the level of flavonoids and ascorbic acid. In contrast, the level 

of carotenoids and phenolics was restored in calcium primed stressed seedlings and was 

comparable to that of control set (Table 4.2.5). During fluoride stress, the enhanced level of 

ascorbic acid can be supported by the inhibited activity of AsAO as observed earlier which 

suggested that seedlings managed to conserve the endogenous ascorbate pool; in presence of 

calcium, the activity of AsAO was restored that led to higher oxidation of ascorbic acid 

suggesting its considerable utilization as an antioxidant to overcome the stressed condition. 

Higher ascorbic acid during fluoride stress can also be supported by the work of Bhargava 

and Bhardwaj (2010) where they demonstrated higher ascorbate formation in fluoride 

stressed wheat seedlings. Similarly, induced level of flavonoids can be supported by the work 

of Sarker and Oba (2018) and Quan et al. (2016) where they observed higher flavonoid 

content in Amaranthus leafy vegetables and rice, respectively under drought stress. In 

contrast, fluoride stress deteriorated the level of carotenoids and phenolics in seedlings which 

was in accordance with the work of Sachan and Lal (2018) that demonstrated lower 

carotenoid level in barley upon treatment with fluoride solution. However, on priming with 

calcium compounds, the level of phenolics and carotenoids was restored which again proved 

the intrinsic potential of calcium compounds in abrogating the fluoride stress in rice 

seedlings. 

Table 4.2.5: Carotenoids, ascorbic acid, phenolics and flavonoids in rice seedlings 

grown hydroponically in presence of NaF (25 mg L-1) for 10 days, either in absence or 

presence of seed priming with 0.3 mM, each of Ca(OH)2 and Ca(NO3)2 and 0.5 mM CaCl2 

for 24 h. Data are the mean value (n = 3) ± SE. Data with significant differences obtained 

against control are labeled with ‘*’ at P ≤ 0.05. 
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Sample  

Carotenoids 

(µM g
-1

 FW) 

Ascorbic 

acid 

(µg g
-1

 FW) 

Phenolics 

(mg g
-1

 

FW) 

Flavonoids 

(mg g
-1

 

FW) 

Control  29.64 ± 0.41 6.26 ± 0.50 0.74 ± 0.02 2.71 ± 0.63 

NaF  18.60 ± 0.47* 9.08 ± 0.84* 0.47 ± 0.02* 3.98 ± 0.45* 

Ca(OH)2 
0.3 mM 29.88 ± 0.47 6.15 ± 0.48 0.71 ± 0.01 2.87 ± 0.33 

0.3 mM + NaF 25.66 ± 0.47 7.15 ± 0.67 0.66 ± 0.01 3.16 ± 0.41 

Ca(NO3)2 
0.3 mM 28.30 ± 0.54 6.22 ± 0.49 0.70 ± 0.02 2.84 ± 0.48 

0.3 mM + NaF 23.65 ± 0.61* 7.27 ± 0.71 0.63 ± 0.01 3.68 ± 0.07* 

CaCl2 
0.5 mM 27.57 ± 0.47 6.44 ± 0.54 0.67 ± 0.01 2.89 ± 0.45 

0.5 mM + NaF 21.73 ± 0.61* 8.52 ± 0.74* 0.59 ± 0.01* 3.77 ± 0.37* 

 

4.2.3.6. Activity and gene expression analysis of enzymatic antioxidants 

During fluoride stress, the activity of catalase (CAT) was reduced by 1.9 fold, as compared to 

that of control seedlings which can be explained by the fact that fluoride ions replace the 

hydroxyl ions from the iron moiety present in the active site of the enzymes. Thus, the 

enzyme structure is distorted, compromising its activity (Yadu et al. 2016). In contrast, 

calcium priming scavenged the fluoride ions which lowered its bioavailability in tissues that 

led to the structural integrity of CAT (Table 4.2.6). Additionally, the above observation can 

also be supported by CAT gene expression in water primed stressed seedlings where the 

expression of CAT gene was down regulated, whilst on calcium priming, the expression was 

comparable to that of water primed stressed seedlings, showing uninterrupted enzyme 

function in presence of calcium (Fig. 4.2.3a). The activity of the other enzymatic antioxidants 

i.e., superoxide dismutase (SOD) and guaiacol peroxidase (GPoX) was enhanced in stressed 

seedlings which suggested that in absence of CAT activity, the major task of detoxification of 

ROS was carried out by these two enzymes (Table 4.2.6). Enhanced activity of GPoX as 

observed during this work coincided with the earlier work of Kumar et al. (2009) in fluoride 

stressed mulberry leaves. The enhanced activity of SOD might be due to its higher gene 

expression in water primed stressed seedlings as observed here (Fig 4.2.3b). Additionally, 

higher SOD activity was also reported by Chakrabarti and Patra (2013) in fluoride stressed 

spinach, radish, coriander and mustard seedlings. Moreover, calcium priming lowered the 

activity of SOD and GPoX which showed the efficacy of calcium compounds in detoxifying 

ROS without much need of the involvement of antioxidative enzymes. 
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Table 4.2.6: Activity of CAT, SOD and GPoX in rice seedlings grown hydroponically in 

presence of NaF (25 mg L-1) for 10 d, either in absence or presence of seed priming with 

0.3 mM, each of Ca(OH)2 and Ca(NO3)2 and 0.5 mM CaCl2 for 24 h. Data are the mean 

value (n = 3) ± SE. Data with significant differences obtained against control are labeled 

with ‘*’ at P ≤ 0.05. 

Sample  

CAT activity 

(µM min
-1

 mg
-1

 

leaf protein) 

SOD activity 

(unit mg
-1

 leaf 

protein) 

GPoX activity 

(µM min
-1

 mg
-1

 leaf 

protein) 

Control  30.01 ± 1.09 1.72 ± 0.05 8.16 ± 0.24 

NaF  16.00 ± 0.86* 3.57 ± 0.07* 13.82 ± 0.31* 

Ca(OH)2 

0.3 mM 28.93 ± 1.18 1.74 ± 0.09 8.96 ± 0.24 

0.3 mM + 

NaF 
24.34 ± 0.73 2.49 ± 0.06 10.07 ± 0.16 

Ca(NO3)2 

0.3 mM 31.12 ± 1.09 1.88 ± 0.06 9.12 ± 0.21 

0.3 mM + 

NaF 
24.28 ± 0.75 3.10 ± 0.06* 11.09 ± 0.16* 

CaCl2 

0.5 mM 31.92 ± 0.59 1.88 ± 0.08 9.33 ± 0.24 

0.5 mM + 

NaF 
23.60 ± 0.80* 3.27 ± 0.09* 10.09 ± 0.19 

 

Fig. 4.2.3: Effect of seed priming with calcium compounds, viz., Ca(OH)2 and Ca(NO3)2 

(0.3 mM) and CaCl2 (0.5 mM), for 24 h on expression level of genes encoding antioxidant 

enzymes, CAT (a) and SOD (b), in seedlings under stressed condition (25 mg L−1 NaF) 

for 10 days; the untreated seedlings (with or without calcium pre-treatment of seeds) 

served as experimental control. Data are the mean value (n = 3) ± SE. Data with 
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significant differences are labeled with ‘*’ at P ≤ 0.05 as compared with non-primed 

control set. 

4.2.3.7. Expression analysis of genes linked with calcium signaling pathway 

The expression of genes involved in calcium signaling pathway, i.e., CaM1-1, CBL10, SOS1, 

SOS2 and SOS3 was analyzed under all the experimental conditions. Data recorded showed 

strong inhibition in calcium signaling pathways due to down regulated expression of CaM1-

1, CBL10, SOS2 and SOS3 in water primed stressed seedlings (Fig 4.2.4). In water primed 

stressed seedlings, the availability of calcium ions was reduced probably due to complex 

formation with fluoride, thus ultimately causing lower expression of the calcium sensors in 

seedlings. Our observation also coincided with the previous work of Asad et al. (2019) where 

they showed that lower level of calcium ions reduced the expression of calcium responsive 

genes in Arabidopsis and rice seedlings. However, in contrast to SOS2 and SOS3, the 

expression of SOS1 was induced in fluoride stressed water primed seedlings; however, this 

induction was insufficient to overcome the detrimental effects of fluoride toxicity as the 

activation of SOS1 is directly controlled by SOS2 and SOS3. On priming the seeds with 

calcium compounds, the expression of all the above mentioned genes was restored which 

might be due to induced endogenous calcium content of the seedlings. The most remarkable 

change was noted in case of CBL10 whose expression was drastically enhanced in calcium 

primed fluoride stressed seedlings which can be supported by the earlier work of Cheong et 

al. (2003). They reported higher expression of CBL genes in calcium rich environment. 

Additionally, higher expression of CaM and SOS pathway genes can be supported by the 

previous report of Tuteja and Mahajan (2007) where they stated that higher calcium content 

in the cells can be sensed by the calcium sensor that lead to the up regulation of calcium 

signaling genes. Overall, the most noteworthy change was observed in the expression of 

CBL10 genes in calcium primed fluoride stressed seedlings which proved that it acts as a 

nodal regulator of calcium signaling pathways involved in fluoride tolerance of seedlings. 

Based on all the above analyses, it was evident that of all the calcium compounds, Ca(OH)2 

and Ca(NO3)2, at lower (0.3 mM) concentration were more effective in increasing the 

tolerance capability of seedlings, as compared to that of CaCl2 at higher concentration (0.5 

mM). Therefore, further analyses on TCA cycle and sucrose and starch metabolism was 

undergone only at the above concentrations of Ca(OH)2 and Ca(NO3)2. 
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Fig. 4.2.4: Effect of seed priming with calcium compounds, viz., Ca(OH)2 and Ca(NO3)2 

(0.3 mM) and CaCl2 (0.5 mM), for 24 h on expression level of genes involved in Ca 

signaling pathway, CaM1-1 (a), CBL10 (b), SOS1 (c), SOS2 (d), and SOS3 (e), in seedlings 

under stressed condition (25 mg L−1 NaF) for 10 days; the untreated seedlings (with or 

without calcium pre-treatment of seeds) served as experimental control. Data are the 

mean value (n = 3) ± SE. Data with significant differences are labeled with ‘*’ at P ≤ 0.05, 

as compared with non-primed control set. 
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4.2.3.8. Calcium priming restored the content of organic acids in seedlings 

 Organic acids play a major role in energy production that enables the plants to adapt 

according to challenging environment. Fluoride stress reduces the content of pyruvate, citrate 

and malate by 1.5, 1.8 and 1.3 times, respectively in seedlings, as compared to that of control 

sets. However, on priming with 0.3 mM Ca(OH)2, the level of the above mentioned organic 

acids was induced by 1.3, 1.6 and 1.1 fold, respectively in the stressed seedlings. Similarly, 

the level was enhanced by 1.2, 1.4 and 1.1 fold, respectively in Ca(NO3)2 primed stressed 

seedlings, as compared to that of water primed stressed seedlings (Fig 4.2.5). Reduced 

content of organic acids in fluoride stressed seedlings clearly demonstrated that fluoride ions 

significantly inhibited the energy productions in cells that increased the vulnerability of KH 

seedlings. Lower content of organic acids during salt stress in rice and barely seedlings was 

earlier reported by Das et al. (2019) and Widodo et al. (2009), respectively that also 

supported our observation. Priming of seeds with calcium compounds restored the level of 

organic acids which suggested increased flow of carbon to TCA cycle from glycolytic 

pathway, thus leading to higher formation of energy rich molecules such as NADH, FADH2 

and ATP which in turn supported the growth of the seedlings. Moreover, organic acids also 

presumably helped to maintain the osmotic balance of the cells which helped to combat the 

effects of fluoride induced oxidative damage in seedlings. 
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Fig. 4.2.5: Content of organic acids, viz., pyruvic acid (a), citric acid (b) and malic acid 

(c) during fluoride (25 mg L−1 NaF) stress for 10 days in the seedlings raised from seeds 

primed with either Ca(OH)2 (0.3 mM) or Ca(NO3)2 (0.3 mM) for 24 h, as against water-

primed seeds; the non-stressed seedlings were used as control. Data are the mean value 

of triplicate sets (n = 3) ± SE. Data with significant differences are labeled with ‘*’ at P ≤ 

0.05, as compared to water-primed set. 

4.2.3.9. Calcium regulated activity and expression of enzymes of TCA cycle 

Fluoride toxicity drastically inhibited the activity of enzymes of TCA cycle, viz., PyDH (2.1 

times), CS (1.7 times), IDH (1.5 times) and SDH (1.6 times) in water primed stressed 

seedlings (Table 4.2.7). Additionally, the gene expression pattern of the above mentioned 

enzymes was also down regulated in fluoride stressed seedlings (Fig 4.2.7). Upon priming of 

seedlings with Ca(OH)2, the activity of the above mentioned enzymes was enhanced by 1.7, 

1.4, 1.3 and 1.1 fold, respectively whereas priming with Ca(NO3)2 enhanced the same by 1.7, 

1.3, 1.3 and 1.1 fold, respectively, as compared to that of water primed stressed seedlings 

(Table 4.2.7). Similarly, on priming with both the calcium compounds, the expression of 

PyDH, CS and SDH was also enhanced in fluoride stressed seedlings, whilst the expression 

of IDH remain unchanged on priming with Ca(OH)2 but was enhanced in Ca(NO3)2 primed 

stressed seedlings (Fig 4.2.6). In contrast, the activity of fumarase and MDH was induced by 

1.8 and 1.5 times, respectively in water primed fluoride stressed seedlings, whereas priming 

with Ca(OH)2 reduced their activity by 1.5 and 1.2 fold, respectively. However, priming with 

Ca(NO3)2 showed negligible change in the activity of enzymes, as compared to that water 

primed stressed seedlings (Table 4.2.7). The gene expression of MDH coincided with enzyme 

activity in water primed and calcium primed stressed seedlings (Fig 4.2.6). PyDH is the 
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major enzyme that links glycolysis with TCA cycle. Inhibited activity and gene expression of 

PyDH leads to decreased supply of carbon to the TCA cycle that lowered the energy 

production in cells, resulting in higher cellular damage. Our results can be further supported 

by the work of Che-Othman et al. (2019) where they showed reduced PyDH activity in salt 

susceptible wheat variety. Priming of seeds with calcium compounds induced the expression 

and activity of PyDH that maintained the carbon supply and energy production in cells which 

in turn reduced the signs of fluoride induced damage. Decreased activity of CS can be linked 

with lower formation of citrate in fluoride stressed seedlings along with its lower gene 

expression. However on calcium priming, the level of citrate was enhanced which eventually 

led to higher CS activity, resulting in higher carbon condensation. Another major enzyme of 

TCA cycle that links carbon and nitrogen metabolism is IDH. Fluoride stress substantially 

lowered IDH activity and expression which signified higher mitochondrial damage during 

fluoride stress, that was rescued on priming with calcium. Similar to our observation, 

Bouthour et al. (2015) showed that higher activity of IDH contributed toward higher 

tolerance level of wheat seedlings exposed to salt stress. Reduced activity of SDH can be 

supported by the work of Banaei-Asl et al. (2016) where they reported that salt stress 

inhibited the activity of SDH in canola seedlings that hampered both TCA cycle and electron 

transport chain, leading to lower energy production in the cells. However, on calcium 

priming, the activity of SDH was restored that aided in higher energy production which was 

again utilized by the cells to overcome the fluoride toxicity. Additionally, the activity of the 

above mentioned enzymes was also severely retarded in salt stressed rice and Vigna radiata 

seedlings, supporting our observation (Das et al. 2019; Saha et al. 2012). On calcium 

priming, the activity of the mitochondrial respiratory enzymes was rescued in cucumber 

seedlings under hypoxia stress as reported by He et al. (2015) that coincided with our 

observation. Higher fumarase and MDH activity in fluoride stressed KH seedlings can be 

supported by the work of Chojak-Koźniewska et al. (2018) and Sil et al. (2018) where they 

showed induced fumarase activity in salt stressed cucumber seedlings and MDH activity in 

arsenic stressed wheat seedlings, respectively. MDH converts malate to oxaloacetate that 

leaks out from the cell membrane into the cytoplasm and acts as a marker of higher cell 

damage. Thus, higher MDH activity during fluoride stress indicates towards higher cellular 

damage. On priming of seeds with calcium, the activity of fumarase and MDH was reduced 

in seedlings which highlight the role of calcium as an effective stress ameliorating agent. 
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Table 4.2.7: Activity of respiratory enzymes, viz., PyDH, CS, IDH, SDH, fumarase and 

MDH during fluoride (25 mg L−1 NaF) stress for 10 days in the seedlings raised from 

seeds primed with either Ca(OH)2 (0.3 mM) or Ca(NO3)2 (0.3 mM) for 24 h, as against 

water-primed seeds; the non-stressed seedlings were used as control. Data are the 

mean value of triplicate sets (n = 3) ± SE. Data with significant differences are labelled 

with ‘*’ at P ≤ 0.05 as compared to water-primed set. 

Enzyme activity Control NaF 
Ca(OH)2 Ca(NO3)2 

Control NaF Control NaF 

PyDH 

(µmol NADH min
-1

 

mg
-1    

protein) 

45.67 ± 

2.03 

21.19 ± 

2.99* 

47.74 ± 

1.30 

36.19 ± 

2.94* 

43.67 ± 

1.75 

36.84 ± 

1.94* 

CS 

(µmol TNB min
-1

 

mg
-1

 protein) 

74.77 ± 

1.77 

43.72 ± 

1.66* 

80.81 ± 

1.58 

59.70 ± 

1.32* 

76.99 ± 

1.58 

55.54 ± 

1.16* 

IDH 

(µmol NADH min
-1

 

mg
-1    

protein) 

10.90 ± 

0.57 

7.07 ± 

0.64* 

12.02 ± 

0.58 

9.45 ± 

0.69 

11.50 ± 

0.53 

9.51 ± 

0.61 

SDH 

(µmol INT min
-1

 

mg
-1

 protein) 

15.82 ± 

1.11 

10.07 ± 

0.76* 

13.87 ± 

0.99* 

11.10 ± 

0.46 

12.49 ± 

0.70 

10.98 ± 

0.68 

Fumarase 

(µmol fumarate 

min
-1

 mg
-1

 protein) 

167.79 ± 

12.25 

309.18 

± 

11.22* 

154.88 ± 

12.55 

208.45 ± 

13.71* 

150.95 ± 

10.62 

296.14 ± 

11.89 

MDH 

(µmol NADH min
-1

 

mg
-1    

protein) 

0.16 ± 

0.009 

0.25 ± 

0.009* 

0.17 ± 

0.003 

0.21 ± 

0.006* 

0.16 ± 

0.007 

0.24 ± 

0.004 
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Fig. 4.2.6: Expression analysis of genes, viz., PyDH (a), CS (b), IDH (c), SDH (d) and MDH 

(e) during fluoride (25 mg L-1 NaF) stress for 10 days in the seedlings raised from seeds 

primed with either Ca(OH)2 (0.3 mM) or Ca(NO3)2 (0.3 mM) for 24 h, as against water-

primed seeds; the non-stressed seedlings were used as control. Data are the mean value 

of the triplicate sets (n = 3) ± SE. Data with significant differences are labeled with ‘*’ at 

P ≤ 0.05 as compared to water-primed set. 

4.2.3.10. Calcium regulated sucrose formation and activity and expression of concerned 

enzymes 

2.3 fold reduction in the level of sucrose was noted in water primed fluoride stressed 

seedlings, whereas priming with Ca(OH)2 and Ca(NO3)2 restored the level of the same by 1.8 

and 1.4 fold, respectively as compared to that of water primed stressed seedlings (Table 

4.2.8). Reduced content of sucrose in the fluoride stressed seedlings can be justified by the 

reduced activity of SPS by 1.5 fold. However, on priming, the activity of SPS was increased 
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by 1.4 and 1.1 times, respectively in fluoride stressed seedlings. Furthermore, the expression 

of SPS was also drastically reduced in fluoride stressed seedlings, whereas it was restored in 

calcium primed seedlings which coincided with the activity of SPS in seedlings (Fig 4.2.7). 

Additionally, the activity of INV was also enhanced by 2.1 times in water primed stressed 

seedlings that contributed towards lower sucrose content in the seedlings. Calcium priming 

inhibited the activity of INV by 1.5 and 1.2 times, respectively that led to higher preservation 

of endogenous sucrose pool of the seedlings. Likewise, the expression of INV was up 

regulated in the stressed seedlings, whereas priming with Ca(OH)2 and Ca(NO3)2 down 

regulated the expression of INV. Fluoride stress lowered the activity of SS by 1.5 times in 

water primed seedlings, whilst the activity of same was enhanced by 1.2 fold on priming with 

either Ca(OH)2 or Ca(NO3)2. Similarly, the expression of SS was reduced in fluoride stressed 

seedlings and was restored on priming with calcium compounds. Sucrose is an important 

osmoprotectant that scavenge ROS generated during environmental stresses and also balance 

the osmotic level of the cells. Reduced content of sucrose in stressed seedlings might be due 

to over utilization of sucrose pool by the seedlings, leading to its exhaustion. During abiotic 

stress, higher activity of INV and reduced activity of SPS lead to the lower formation of 

sucrose, as shown earlier by Choudhury et al. (2010) and Yang et al. (2019).  Moreover, 

lower activity of SS might be due to conservation of sucrose pool by the seedlings for further 

utilization as an osmoprotectant. The sucrose level along with higher activity of SPS and SS 

and lower activity of INV in presence of calcium compounds, suggested lesser utilization of 

sucrose as an osmoprotectant, thus exhibiting the efficacy of calcium as an efficient 

ameliorating agent. Higher sucrose content on exogenous application of calcium was earlier 

noted in beetroot that efficiently minimized the extent of drought induced oxidative damage 

in seedlings as reported by Hosseini et al. (2019) that supports our observations. 

Table 4.2.8: Sucrose and starch content and activity of enzymes, viz., SPS, SS, INV, PHO 

and α-amylase during fluoride (25 mg L−1 NaF) stress for 10 days in the seedlings raised 

from seeds primed with either Ca(OH)2 (0.3 mM) or Ca(NO3)2 (0.3 mM) for 24 h, as 

against water-primed seeds; the non-stressed seedlings were used as control. Data are 

the mean value of triplicate sets (n = 3) ± SE. Data with significant differences are 

labeled with ‘*’ at P ≤ 0.05 as compared to water-primed set. 
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Parameters Control NaF 

Ca(OH)2 Ca(NO3)2 

Control NaF Control NaF 

Sucrose content 

(mg g
-1

 FW) 

15.41 ± 

0.54 

6.77 ± 

0.36* 

14.92 ± 

0.50 

12.33 ± 

0.57* 

16.00 ± 

0.43 

9.71 ± 

0.43* 

Starch content 

(mg g
-1

 FW) 

148.01 ± 

4.37 

100.54 ± 

3.50* 

146.29 ± 

3.89 

120.95 ± 

3.63* 

143.77 ± 

4.30 

117.28 ± 

4.19 

SPS activity 

(μmol of sucrose 

formed min
-1

 mg
-1

 

protein) 

44.28 ± 

1.48 

29.10 ± 

1.31* 

47.47 ± 

1.30 

39.63 ± 

1.52 

47.37 ± 

1.72 

32.12 ± 

1.56* 

SS activity 

(μmol of sucrose 

hydrolyzed min
-1

 mg
-1

 

protein) 

39.98 ± 

1.47 

25.88 ± 

1.44* 

42.56 ± 

2.25 

31.49 ± 

1.49 

43.42 ± 

1.54 

29.89 ± 

1.59* 

INV activity 

(μmol of sucrose 

hydrolyzed min
-1

 mg
-1

 

protein) 

18.71 ± 

1.48 

39.61 ± 

1.44* 

19.44 ± 

1.54 

25.82 ± 

1.87* 

19.51 ± 

1.51 

32.38 ± 

1.80* 

PHO activity 

(μmol of Pi liberated 

min
-1

 mg
-1 

protein 

45.30 ± 

1.72 

73.05 ± 

1.75* 

45.71 ± 

2.15 

60.94 ± 

2.95* 

51.65 ± 

2.87 

71.50 ± 

2.19 

α-amylase activity 

(μg of starch 

hydrolyzed min
-1

 mg
-1

 

protein 

18.71 ± 

1.48 

35.87 ± 

1.53* 

20.40 ± 

1.63 

22.80 ± 

1.53* 

19.86 ± 

1.44 

28.96 ± 

1.49* 
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Fig. 4.2.7: Expression analysis of genes, viz., SPS (a), SS (b) and INV (c) during fluoride 

(25 mg L−1 NaF) stress for 10 days in the seedlings raised from seeds primed with either 

Ca(OH)2 (0.3 mM) or Ca(NO3)2 (0.3 mM) for 24 h, as against water-primed seeds; the 

non-stressed seedlings were used as control. Data are the mean value of the triplicate 

sets (n = 3) ± SE. Data with significant differences are labeled with ‘*’ at P ≤ 0.05 as 

compared to water-primed set. 

4.2.3.11. Calcium regulated starch formation and activity and expression of concerned 

enzymes 

Fluoride stress reduced the endogenous starch content of the seedlings by 1.5 times which 

could be justified by the enhanced activity of PHO (1.6 times) and α-amylase (1.9 times) 

(Table 4.2.8). Moreover, the expression of both PHO and α-amylase genes was enhanced in 

water primed stressed seedlings (Fig. 4.2.8). On priming with Ca(OH)2, the activity of PHO 

and α-amylase was reduced by 1.2 and 1.6 times, respectively which was reflected by higher 

endogenous level of starch (1.2 times). Similarly, priming with Ca(NO3)2 also enhanced the 

level of starch in the seedlings by 1.2 fold and reduced the activity of PHO and α-amylase by 

1.1 and 1.2 times, respectively (Table 4.2.7). Reduced activity of both the above mentioned 

enzymes on calcium priming could be justified by down regulated gene expression in fluoride 

stressed seedlings (Fig 4.2.8). Moreover, lower starch content could be justified by the fact 

that seedlings are trying to overcome the fluoride stress by catabolizing the stored form of 

carbon, i.e., starch, to produce osmoregulatory molecules by inducing PHO and α-amylase 

activity. Yang et al. (2001) also reported lower starch content in rice seedlings on being 

exposed to drought stress that supports our observation. On priming of seeds with calcium 
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compounds, the activity of both the enzymes was reduced along with their gene expression. 

This proved the efficacy of calcium in abating the effects of fluoride induced damage in 

seedlings without using the endogenous starch pool that led to its lower catabolic breakdown. 

 

Fig. 4.2.8: Expression analysis of genes, viz., PHO (a) and α-amylase (b) during fluoride 

(25 mg L−1 NaF) stress for 10 days in the seedlings raised from seeds, primed with 

either Ca(OH)2 (0.3 mM) or Ca(NO3)2 (0.3 mM) for 24 h, as against water-primed seeds; 

the non-stressed seedlings were used as control. Data are the mean value of the 

triplicate sets (n = 3) ± SE. Data with significant differences are labeled with ‘*’ at P ≤ 

0.05 as compared to water-primed set. 
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4.2.4. Conclusion of the chapter 

Overall, for this study, three different calcium compounds, i.e., Ca(OH)2, Ca(NO3)2 and 

CaCl2 were examined to abrogate the fluoride induced oxidative damage and inhibition of 

carbon metabolism (TCA cycle and sucrose and starch metabolism) in rice seedlings. From 

the data obtained, it was clearly visible that Ca(OH)2 was the most effective in curtailing the 

signs of fluoride damage in seedlings, followed by Ca(NO3)2, whereas CaCl2 was the least 

effective of all the three calcium compounds used.  It was also apparent from our study that 

for Ca(OH)2 and Ca(NO3)2, 0.3 mM concentration worked better, as compared with CaCl2, 

where 0.5 mM appeared to be the better concentration to abrogate fluoride toxicity. Lower 

efficacy of CaCl2 against fluoride stress, as compared with Ca(OH)2 and Ca(NO3)2, whether 

at 0.3 mM or 0.5 mM is rather difficult to explain and possibly needs further investigation in 

the future. Thus, it could be concluded that pre-soaking of rice seeds with calcium 

compounds, prior to sowing, acts as a promising strategy to overcome the negative effects of 

fluoride induced oxidative damage and inhibited carbon metabolism in rice seedlings that can 

be adopted by the farmers as a strategy to deal with fluoride pollution in the agricultural 

fields (Fig. 4.2.9).” 
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“Fig. 4.2.9: Fluoride ions in the soil are taken up by the roots of the plants that 

induce the formation of ROS leading to oxidative damage. On priming of seeds with 

calcium compounds the level of fluoride deposited in the tissues was reduced that 

restored the normal metabolic cycle   in the seedlings. Additionally, calcium 

application also regulates the level of protective metabolites that in turn mediates 

the tolerance capability of seedlings.” 
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Chapter 4.3 

Silicon modulates the fluoride tolerance 
level of susceptible rice cultivar 

Data Published in this chapter has already been published in: 

Plant Physiology and Biochemistry (2020) 154:758-769,  

doi: 10.1016/j.plaphy.2020.06.023 
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“4.3.1 Overview of the chapter 

In the previous chapter, the potency of calcium in nullifying the negative effects of fluoride 

stress in rice seedlings was established. This chapter elaborately elucidates the ameliorative 

effects of exogenous application of silicon in the seedlings of Khitish rice variety, subjected 

to fluoride stress. Fluoride stress (25 and 50 mg L
-1 

NaF) restricted the growth of seedlings by 

enhancing the extent of oxidative damages in the seedlings. Exogenous silicon application, 

irrespective of fluoride concentrations, restored the normal growth of the seedlings by 

restricting the uptake of fluoride ions from the surrounding media. Moreover, higher 

deposition of silicon in the tissues efficiently lowered the fluoride-mediated methylglyoxal 

formation in the tissues by inducing the activity of Gly I and Gly II. The activity of enzymatic 

antioxidants (APX, SOD, GPoX, GR and GPX) which was up regulated in the stressed 

seedlings was lowered in presence of silicon, whilst the fluoride induced inhibition in the 

activity of CAT was restored. Additionally, silicon application also reduced the level of non-

enzymatic antioxidants such as anthocyanins, flavonoids, ascorbate, xanthophylls and 

reduced glutathione, and osmolytes such as proline, glycine betaine and amino acids along 

with the activity of P5CS and PAL which altogether signified the promising role of silicon in 

curtailing the negative effects of fluoride stress. Thus, overall it was established that 

oxidative damage incited due to fluoride stress was efficiently augmented on application of 

silicon that sustained the growth of the seedlings. 
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4.3.2. Introduction of the chapter 

 In recent times, silicon is identified as one of the most beneficial elements for plants that 

performs an array of functions, including tolerance to both biotic and abiotic stresses. Silicon 

is the second most abundant element present in both soil and earth’s crust (Ranjan et al. 

2021). Silicon is predominantly present as silica in soil which cannot be taken up by the 

plants. Silicon also exists as silicic acid and monosilic acid in soil that can be easily absorbed 

by the silicon transporters present in the plant roots (Vivancos et al. 2016). Once being 

absorbed, silicon is transported from xylem to xylem parenchyma cells and subsequently gets 

deposited in root endodermis, epidermal cells of leaf and inflorescence bracts (Mabagala et 

al. 2020). Silicon not only protects plants from stresses, but also plays a vital role in the 

regulation of various physiological processes such as plant development, seed germination, 

gene expression and regulation of enzymatic activities which altogether improves the 

adaptability of plants. Moreover, silicon-induced antioxidant defense system and its property 

to confer protection form oxidative damage has been reported in many plant species such as 

tomato, sorghum, wheat and spinach under drought stress (Cao et al. 2015; Galvez and Clark 

1991; Kim et al. 2016; Gunes et al. 2007b). Many studies have also demonstrated the 

protective role of silicon in other abiotic stresses such as salinity, chilling, cadmium and 

aluminium toxicity and UV-B stress (Liang et al. 2007; Liu et al. 2009; Kollarova et al. 2019; 

Singh et al. 2011; Chen et al. 2016). In a recent study, Mishra et al. (2020) using EDXRF 

technique has shown higher accumulation of silicon in Pokkali rice variety over IR-64 rice 

cultivar which contributed to much needed salinity tolerance of the former in the seedling 

stage. Similarly, Garg and Bhandari (2016) and Tuna et al. (2008) showed that exogenous 

application of silicon reduced the concentration of Na
+
 ions in salt stressed chickpeas and 

wheat seedlings, leading to higher K
+
/Na

+
 ratio. Silicon application has also been shown to 

reduce the metal toxicity either by reducing the apoplastic concentration of metals in cell 

walls or by apoplastic metal detoxification (Wu et al. 2019). 

Any form of abiotic stress lead to direct or indirect production of ROS that causes oxidative 

damage in plants. However, silicon application has been proved to minimize the 

concentration of ROS in cells either by inhibiting its formation or by enhancing its 

detoxification (Kim et al. 2017). Yin et al. (2019) and Cao et al. (2015) reported that silicon 

application reduced the effects of oxidative damage caused due to salt and light stress in 

cucumber and tomato seedlings, respectively by enhancing the activity of catalase (CAT), 
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ascorbate peroxidase (APX), glutathione reductase (GR) and superoxide dismutase (SOD). 

Similarly, Ma et al. (2016) reported that drought-induced lipid peroxidation and flavonoid 

and reduced glutathione content (GSH) level were reduced by the application of silicon in 

wheat plants. Thus, in past, a plethora of information regarding defensive mode of action of 

silicon against many abiotic stressors in plants have been documented. 

The biological effects of silicon application during fluoride toxicity in rice seedlings have not 

been explored. Therefore, the main aim of this chapter was to showcase the beneficial role of 

silicon during fluoride stress in rice seedlings, since the efficacy of silicon in reducing the 

detrimental effects of other forms of abiotic stress is widely recognized. The physiological 

parameters, including fluoride-induced oxidative damage and defense machinery were 

analyzed in presence of silicon. The ameliorative role of silicon in fluoride stress was verified 

through determination of endogenous silicon content and the participation of enzymatic and 

non-enzymatic antioxidants, along with osmolytes and glyoxalase systems. Based on the 

earlier works, we hypothesized that silicon application could restrict the uptake of fluoride 

ions from the media and also regulate the formation and activity of protective metabolites and 

enzymatic antioxidants, so as to maintain the tolerance level of the seedlings. 
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4.3.3. Results and discussion 

4.3.3.1. Physiological parameters 

Initial standardization using three different concentrations of silicon, viz., 1, 2 and 4 mM 

Na2SiO3 showed that 2 mM Na2SiO3 was the most suitable for overall plant growth (Fig. 

4.3.1a). Exogenous application of silicon restored the overall growth of the seedlings that was 

retarded in the presence of 25 and 50 mg L
-1

 NaF solution (Fig. 4.3.1b). NaF solution (25 and 

50 mg L
-1

) significantly reduced the germination of seeds by 1.4 and 1.9 fold, respectively as 

compared to that of control seeds, whereas the same was restored by 1.2 and 1.3 fold in 

silicon treated stressed seeds, respectively. Similarly, application of 25 mg L
-1

 NaF solution 

reduced the shoot and root length by 1.3 and 1.4 fold, respectively. Shoot and root length was 

further reduced by 1.6 and 1.7 fold, respectively in fluoride (50 mg L
-1

 NaF) stressed 

seedlings. Silicon restored the growth of shoot and root length by 1.2 and 1.3 fold, 

respectively in 25 mg L
-1

 NaF-treated seedlings and by 1.3 and 1.4 fold, respectively in 50 

mg L
-1

 NaF-treated seedlings. Moreover, silicon application also restored the biomass of the 

seedlings by 1.3 fold which was reduced by 1.5 and 1.7 fold, respectively in 25 and 50 mg L
-1

 

NaF-treated seedlings, respectively (Table 4.3.1). Similar to our observations in the earlier 

chapters, fluoride application detrimentally affected the physiological parameters of 10 day-

old KH cultivar. On silicon supplementation, these parameters were restored to nearly their 

control value. The data can be supported by the earlier work of Haghighi et al. (2012) where 

they reported higher germination rate in silicon-treated salt-stressed tomato seedlings. 

Similarly, higher biomass and root and shoot length of the seedlings on silicon treatment in 

the present work are in accordance with work of Sattar et al. (2013) in wheat seedlings. 
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Fig. 4.3.1: Standardization of silicon concentration for optimum growth of rice 

seedlings (a) and the effect of application of 2 mM Na2SiO3 on growth performance of 

seedlings in presence or absence of 25 and 50 mg L-1 NaF (b) monitored for 10 days; 

untreated (non-stressed) seedlings served as experimental control. 

Table 4.3.1: Percentage of seed germination, total biomass of seedlings, and shoot and 

root length of seedlings, grown either in presence of 25 or 50 mg L-1 NaF in absence or 

presence of 2 mM Na2SiO3. Data represented are the mean value (n = 3) ± SE and ‘*’ 

represents data with significant differences at P ≤ 0.05 against control set. 

 

 

Parameters Control 
Na2SiO3 

(2 mM) 

NaF 

(25 mg L
-

1
) 

NaF (25 

mg L
-1

) + 

Na2SiO3 (2 

mM) 

NaF 

(50 mg L
-

1
) 

NaF (50 mg 

L
-1

) + 

Na2SiO3 (2 

mM) 

Percentage 

germination 

(%) 

93.62 ± 

1.27 

96.57 ± 

2.07 

69.14 ± 

0.98* 

82.14 ± 

0.47 

49.17 ± 

0.57* 
65.17 ± 0.84 

Seedling 

biomass 

(mg) 

154.00 

± 1.97 

160.00 ± 

2.98 

105.47 ± 

0.49* 

132.78 ± 

1.02 

91.02 ± 

0.43* 

120.87 ± 

1.49 

Shoot length 

(cm) 

9.20 ± 

0.24 

10.90 ± 

0.45 

7.32 ± 

0.43* 
8.95 ± 0.40 

5.81 ± 

0.49* 
7.54 ± 0.59 

Root length 

(cm) 

4.27 ± 

0.14 

4.67 ± 

0.27 

3.12 ± 

0.34* 
3.98 ± 0.13 

2.54 ± 

0.37* 
3.54 ± 0.50 
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4.3.3.2. Fluoride and silicon content of the seedlings 

The fluoride content of the seedlings was drastically enhanced by 17.9 and 36.8 fold in 25 

and 50 mg L
-1

 NaF treated seedlings, respectively, as compared to that of control seedlings. 

Application of 2 mM Na2SiO3 enhanced the content of silicon in seedlings by 12.1 times. 

Higher accumulation of silicon inhibited the uptake of fluoride ions in seedlings as noted 

from reduced endogenous content of fluoride ions by 1.9 and 2.9 folds in 25 and 50 mg L
-1

 

NaF treated seedlings, respectively, as compared to that of their respective stressed seedlings 

grown in absence of silicon (Fig 4.3.2). Based on these observations, it appeared that silicon 

application inhibited the uptake of fluoride ions via roots which could be justified by the 

previous work of Emamverdian et al. (2018) where they showed that silicon deposition in 

roots acts as a physical barrier that inhibit the absorption and translocation of heavy metals 

from the soil. Earlier, Adrees et al. (2015) also reported that silicon stimulates the production 

of root exudates that can chelate metals in soil, thereby reducing their uptake via roots. Such 

results also coincide with our observation of lower fluoride deposition in seedlings on 

application of silicon. 

Fig. 4.3.2: Accumulation of endogenous fluoride (a) and silicon (b) in rice seedlings 

grown in presence of 25 or 50 mg L-1 NaF, either in absence or presence of 2 mM 

Na2SiO3. Data represented are the mean value (n = 3) ± SE and ‘*’ represent data with 

significant differences at P ≤ 0.05 against control set. 
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4.3.3.3. Extent of oxidative damage in seedlings 

On application of NaF solution, the level of fluoride ions in the tissues was enhanced that up 

regulated the formation of H2O2 by 1.4 and 1.8 fold in 25 and 50 mg L
-1

 NaF applied 

seedlings, respectively. Fluoride-induced oxidative stress also hampered the integrity of cell 

membrane, enhancing the electrolyte leakage from the cells by 2.4 and 3.2 fold, respectively, 

along with the formation of cytotoxic metabolites such as MDA by 1.8 fold and 2.6 fold in 25 

and 50 mg L
-1

 NaF applied seedlings, respectively. Additionally, higher oxidative stress also 

induced the activity of LOX and protease by 1.7 and 2.0 fold in 25 mg L
-1

 NaF stressed 

seedlings, respectively and by 2.2 and 2.4 fold in 50 mg L
-1

 NaF stressed seedlings, 

respectively. Higher protease activity led to 3.4 fold and 4.3 fold higher protein carbonylation 

in 25 and 50 mg L
-1

 NaF stressed seedlings, respectively. Similarly, higher accumulation of 

fluoride ions also reduced the chlorophyll content by 1.8 and 2.3 fold, respectively in the 

stressed seedlings (Table 4.3.2). Gill and Tuteja (2010) reported that fluoride accumulation 

imposes oxidative stress on the cells and triggered the formation of ROS that led to lipid 

peroxidation along with higher formation of cytotoxic metabolites like MDA that coincides 

with our observation. Additionally, Moller et al. (2007) reported that protein carbonylation is 

an important consequence of stress mediated oxidative damage to cellular proteins and is 

regarded as an important marker of oxidative stress. Protein carbonylation inhibits the normal 

functions of proteins and enhances their proteolytic cleavage by distorting their stable 

structure. 

Exogenous application of silicon inhibited the uptake of fluoride ions by the roots that almost 

restored the normal physiological growth of the seedlings and alleviated the extent of 

oxidative damage in the seedlings. In presence of silicon, the level of H2O2 was reduced by 

1.4 and 1.5 fold in 25 and 50 mg L
-1

 NaF stressed seedlings, respectively, as compared to that 

of their respective stressed counterparts. Lower accumulation of ROS also restored the 

integrity of cell membrane that ultimately led to 1.6 fold lower electrolyte leakage in case of 

both 25 and 50 mg L
-1

 NaF-stressed seedlings. Similarly, the level of MDA and protein 

carbonylation in the seedlings was lowered by 1.6 and 1.5 fold in 25 mg L
-1

 NaF stressed 

seedlings, respectively and by 1.8 and 1.6 fold in 50 mg L
-1

 NaF stressed seedlings, 

respectively, in presence of silicon. Fluoride-mediated enhanced activity of LOX and 

protease was also down regulated by 1.4 and 1.7 fold, respectively, in 25 mg L
-1

 NaF- 

stressed seedlings and by 1.5 and 1.5 fold, respectively, in 50 mg L
-1

 NaF-stressed seedlings 
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in presence of silicon. Similarly, silicon application also stabilized chlorophyll synthesis 

which was enhanced by 1.3 and 1.4 fold in 25 and 50 mg L
-1

 NaF stressed seedlings, 

respectively (Table 4.3.2). Based on such data, it could be concluded that silicon 

accumulation in seedlings acted as a physical barrier that inhibited the uptake of fluoride ions 

from the surrounding media. Furthermore, lesser accumulation of fluoride ions also lowered 

the formation of ROS, minimized the extent of lipid peroxidation that was reflected in lower 

MDA level, and down regulated LOX and protease activity, leading to lower protein 

carbonylation and chlorophyll loss in the seedlings. Similar results were also reported by 

Khan et al. (2019) where they showed that exogenous application of silicon inhibited the 

absorption of Na
+
 ions via roots during pH stress in tomato seedlings, restoring the normal 

growth of the seedlings. Srivastava et al. (2014) also observed lowered protein carbonylation 

in cadmium-stressed rice seedlings during exogenous application of silicon that appeared to 

be advantageous for the rice plants. Thus, based on these observations, it could be stated that 

silicon application reduced the effects of fluoride toxicity, either by reducing the 

concentration of fluoride in cells wall or by its efficient detoxification by depositing fluoride 

ions in metabolically inactive tissues. 

Table 4.3.2: Chlorophyll content, electrolyte leakage, MDA, H2O2, protein carbonylation, 

LOX activity and protease activity of rice seedlings grown in presence of either 25 or 50 mg 

L
-1

 NaF in absence or presence of 2 mM Na2SiO3. Data represented here are the mean value 

(n = 3) ± SE and ‘*’ represents data with significant differences at P ≤ 0.05 against control 

set. 

Parameters 
Control 

 

Na2SiO3 

(2 mM) 

NaF 

(25 mg L
-

1
) 

NaF (25 mg 

L
-1

) + 

Na2SiO3 (2 

mM) 

NaF 

(50 mg L
-

1
) 

NaF (50 

mg L
-1

) + 

Na2SiO3 

(2 mM) 

Chlorophyll 

(µg g
-1

 FW) 

95.47 ± 

4.35 

100.79 ± 

4.13 

53.70 ± 

1.69* 
70.74 ± 3.77 

41.63 ± 

1.13* 

60.16 ± 

3.08* 

Electrolyte 

leakage (%) 

13.71 ± 

1.61 

12.40 ± 

1.60 

33.64 ± 

0.91* 

21.54 ± 

1.69* 

43.49 ± 

0.73* 

26.92 ± 

1.29 

MDA (µM g
-1

 

FW) 

1.48 ± 

0.14 

1.25 ± 

0.15 

2.68 ± 

0.20* 
1.62 ± 0.21 

3.89 ± 

0.13* 

2.21 ± 

0.16* 

H2O2 (µM g
-1

 

FW 

0.27 ± 

0.01 

0.24 ± 

0.03 

0.38 ± 

0.02* 
0.28 ± 0.01 

0.44 ± 

0.02 

0.30 ± 

0.04 
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4.3.3.4. Glyoxalase cycle in seedlings 

 Along with other cytotoxic metabolites, fluoride stress also enhanced the formation of 

methylglyoxal by 1.3 and 1.4 fold in 25 and 50 mg L
-1

 NaF-treated seedlings, respectively. 

The activity of glyoxalase (Gly) I and Gly II was also enhanced by 1.5 and 1.2 times, 

respectively, in 25 mg L
-1

 NaF-stressed seedlings and by 1.6 and 1.9 fold, respectively, in 50 

mg L
-1

 NaF-stressed seedlings (Fig. 4.3.3). On exogenous application of silicon, the content 

of methylglyoxal in the seedlings was reduced by 1.2 and 1.3 fold, respectively, which could 

be attributed to 1.2 and 1.5 fold rise in the activity of Gly I and Gly II in 25 mg L
-1

 NaF- 

stressed seedlings, respectively and 1.7 and 1.5 fold rise in the activity of Gly I and Gly II in 

50 mg L
-1

 NaF-stressed seedlings, respectively (Fig. 4.3.3). Methylglyoxal is an α-

oxoaldehyde and is one of the major cytotoxic metabolites whose level was enhanced in 

fluoride-stressed seedlings in a concentration-dependent manner. Accumulation of 

methylglyoxal above threshold level can readily modify nucleic acids, proteins and 

phospholipids that inevitably distort their structure and hamper their activity. Exogenous 

silicon application lowered the formation of methylglyoxal in the seedlings which can be 

supported by the earlier work of Hasanuzzaman et al. (2019) where they reported the 

beneficial role of silicon application in methylglyoxal reduction in nickel-stressed rice 

seedlings. They further reported that silicon application aggravated the activity of Gly I and 

Gly II that helped in detoxification of methylglyoxal which is in accordance with the present 

observation. 

 

Protein 

carbonylation 

(mol 

carbonyl mol
-

1
 BSA) 

0.69 ± 

0.07 

0.58 ± 

0.06 

2.37 ± 

0.31* 
1.51 ± 0.05 

2.94 ± 

0.12* 

1.75 ± 

0.02* 

LOX activity 

(U mg
-1

 leaf 

protein) 

5.96 ± 

0.46 

4.91 ± 

0.48 

10.20 ± 

1.02* 
7.27 ± 0.51* 

13.01 ± 

0.50* 

8.40 ± 

0.89* 

Protease (µg 

of protein 

cleaved min
-1

 

mg
-1

 leaf 

protein) 

2.17 ± 

0.15 

2.03 ± 

0.24 

4.30 ± 

0.20* 
2.57 ± 0.21 

5.28 ± 

0.25* 

3.41 ± 

0.10* 
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Fig. 4.3.3: Level of methylglyoxal (a) and activity of Gly I (b) and Gly II (c) enzymes in 

rice seedlings, grown in presence of 25 or 50 mg L-1 NaF, either in absence or presence 

of 2 mM Na2SiO3. Data represented are the mean value (n = 3) ± SE and ‘*’ represent 

data with significant differences at P ≤ 0.05 against control set. 

4.3.3.5. Level of osmolytes and activity of P5CS in the seedlings 

The level of the major osmolytes like proline was enhanced by 2.1 and 2.7 fold in 25 and 50 

mg L
-1

 NaF-stressed seedlings, respectively which could be linked with the higher activity 

(1.8 and 2.5 fold, respectively) of Δ
1
-pyrroline-5-carboxylate synthetase (P5CS) in the 

stressed seedlings. However, application of silicon reduced the extent of fluoride-induced 

damage in the seedlings, restoring the level of proline by 1.2 fold for both the treatments 

along with 1.1 and 1.4 fold lower activity of P5CS in 25 and 50 mg L
-1

 NaF-stressed 

seedlings, respectively. Similar pattern was also noted in case of amino acids and glycine 

betaine where fluoride application enhanced the level of osmolytes by 1.8 and 1.7 fold, 

respectively in 25 mg L
-1

 NaF stressed-seedlings and by 2.4 and 2.2 fold, respectively in 50 
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mg L

-1
 NaF-stressed seedlings. In presence of silicon, the concentration of amino acids and 

glycine betaine was lowered in seedlings, treated either with 25 mg L
-1

 NaF (1.3 and 1.2 fold, 

respectively) or with 50 mg L
-1

 NaF (1.2 and 1.1 fold, respectively) (Fig. 4.3.4). Osmolytes 

are low molecular weight compounds that scavenge ROS and protect the cellular membrane 

from oxidative damages (Roychoudhury et al. 2011). During fluoride stress, higher formation 

of osmolytes could be justified by the previous work of Banerjee and Roychoudhury (2019a). 

Based on the data obtained, the examined osmolytes aided in maintaining the osmotic 

balance, detoxified the ROS and also stabilized the cellular membrane of stressed seedlings. 

Application of silicon reduced the requirement of these protective metabolites in the 

seedlings, thus leading to their lower synthesis. Moreover, the reduced activity of P5CS in 

presence of silicon lies in concurrence with the lower level of proline in fluoride stressed 

seedlings. The results of these observations can be supported by the previous work of Gong et 

al. (2005) in wheat and Mauad et al. (2016) in rice where they reported lower formation of 

osmolytes along with P5CS activity in water stressed seedlings on exogenous application of 

silicon. 
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Fig. 4.3.4: Level of total amino acids (a), glycine-betaine (b), proline (c) and activity of 

P5CS (d) in rice seedlings grown in presence of 25 or 50 mg L-1 NaF, either in absence or 

presence of 2 mM Na2SiO3. Data represented are the mean value (n = 3) ± SE and ‘*’ 

represent data with significant differences at P ≤ 0.05 against control set. 

4.3.3.6. Activity of enzymatic antioxidants in the seedlings 

Enzymatic antioxidants work coordinately to detoxify ROS formed during abiotic stresses. 

Silicon application efficiently reduced the activity of SOD by 1.2 and 1.6 fold in 25 and 50 

mg L
-1

 NaF-applied seedlings, respectively; the activity was enhanced by 1.3 and 1.8 fold, 

respectively, in the stressed seedlings. In contrast, NaF application inhibited the CAT activity 

by 2.2 and 3.3 fold in 25 and 50 mg L
-1

 NaF treated seedlings, respectively, whereas in 

presence of silicon, the activity of CAT was restored by 1.4 and 2.2 fold, respectively in the 

above mentioned sets. The activity of both the enzymatic antioxidants, i.e., APX and GPoX 

was enhanced by 1.4 fold in 25 mg L
-1

 NaF treated seedlings, whereas the same was 

enhanced by 1.6 and 1.8 fold, respectively in 50 mg L
-1

 NaF treated seedlings. Silicon 

exhibited the intrinsic potential of protecting the seedlings, as reflected in 1.2 fold reduction 

in the GPoX activity in both 25 and 50 mg L
-1

 NaF-treated seedlings and 1.1 fold reduction in 

the APX activity in both 25 and 50 mg L-1 NaF-treated seedlings. The activity of GR and 

GPX was up regulated by 1.8 and 1.6 fold, respectively in 25 mg L
-1

 NaF-treated seedlings 

and by 2.5 and 2.3 fold, respectively in 50 mg L
-1

 NaF-treated seedlings. Silicon application 

lowered the extent of ROS accumulation in seedlings that respectively led to 1.3 and 1.1 fold 

lower GR and GPX activity in 25 mg L
-1

 NaF-treated seedlings, whilst the same were 

reduced by 1.2 and 1.3 fold, respectively in 50 mg L
-1

 NaF-treated seedlings (Table 4.3.3). 

In fluoride-stressed seedlings, the seedlings managed to detoxify the superoxide radicals 

generated in the cells into less toxic H2O2 molecule via up regulated activity of SOD. 

Moreover, the H2O2 formed in the seedlings was further detoxified by the activity of 

enzymatic antioxidants, viz., APX, GPoX, GR and GPX. However, fluoride stress inhibited 

the activity of CAT which could be supported by the earlier work of Kumar et al. (2009) 

where they reported that accumulation of fluoride ions above threshold level could inhibit the 

activity of CAT by replacing the hydroxyl group present in the active site of the enzyme. 

Enhanced activity of SOD, APX and GPoX as observed here is also in concurrence with the 

previous work of Banerjee and Roychoudhury (2019a). Thus, increment in the activity of the 
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antioxidative enzymes clearly indicates their active participation in the detoxification ROS. In 

presence of silicon, the activity of all the enzymatic antioxidants (except CAT whose activity 

was restored in seedlings) was lowered which proved the efficacy of silicon in minimizing 

ROS accumulation due to lesser deposition of fluoride ions in the tissues. Moreover, the 

current observations coincide with the earlier work of Maksimovic et al. (2012) where lower 

GPoX activity was noted in cucumber seedlings on exogenous application of silicon during 

Mg stress. Similar observation was also reported by Gunes et al. (2008) who observed lower 

SOD and APX activity and higher CAT activity in drought-stressed sunflower seedlings in 

presence of silicon. 

Table 4.3.3: Activity of major enzymatic antioxidants like CAT, GPOX, APX, SOD, GPX 

and GR in rice seedlings, grown in presence of either 25 or 50 mg L-1 NaF in absence or 

presence of 2 mM Na2SiO3. Data represented are the mean value (n = 3) ± SE and ‘*’ 

represents data with significant differences at P ≤ 0.05 against control set. 

Parameters Control 
Na2SiO3 

(2 mM) 

NaF 

(25 mg L
-

1
) 

NaF (25 mg 

L
-1

) + 

Na2SiO3 (2 

mM) 

NaF 

(50 mg L
-

1
) 

NaF (50 

mg L
-1

) + 

Na2SiO3 (2 

mM) 

CAT activity 

(μM H2O2 

used min
-1

 

mg
-1

 protein) 

14.06 ± 1.29 
12.30 ± 

1.23 

6.40 ± 

0.05* 
8.96 ± 0.93* 

4.27 ± 

0.64* 
9.22 ± 0.29 

SOD activity 

(Unit mg
-1

 

protein) 

2.37 ± 0.13 2.48 ± 0.19 3.13 ± 0.01 2.55 ± 0.21 
4.38 ± 

0.22* 
2.67 ± 0.21 

GPOX 

activity (μM 

tetraguaiacol 

formed min
-1

 

mg
-1

 protein) 

18.07 ± 1.15 
16.86 ± 

1.99 

25.53 ± 

0.69* 
22.04 ± 0.85 

31.95 ± 

1.89* 

25.96 ± 

2.52 

APX activity 

(μM 

ascorbate 

oxidised 

min
-1

 mg
-1

 

protein) 

160.50 ± 

2.55 

160.14 ± 

14.43 

224.21 ± 

8.35* 
209.87 ± 4.97 

254.84 ± 

7.42 

224.11 ± 

2.30 

GPX activity 

(μM of 

NADPH 

used min
-1

 

mg
-1

 protein) 

47.97 ± 3.44 
54.56 ± 

0.92 

74.89 ± 

1.51* 
65.98 ± 0.42 

108.64 ± 

5.20* 

83.36 ± 

0.15 
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4.3.3.7. Level of non-enzymatic antioxidants and PAL activity in the seedlings 

Fluoride application enhanced the level of anthocyanins by 1.8 and 2.4 fold in 25 and 50 mg 

L
-1

 NaF-treated seedlings, whereas the application of silicon reduced the same by 1.2 and 1.3 

fold, respectively in the above mentioned stressed sets. Similarly, the level of both ascorbate 

and GSH was elevated by 1.5 fold in seedlings treated with 25 mg L
-1

 NaF solution and by 

1.8 and 2.0 fold, respectively in seedlings treated with 50 mg L
-1

 NaF solution, whereas 

application of silicon lowered the content of both the metabolites by 1.2 and 1.1 fold, 

respectively in 25 mg L
-1

 NaF-treated seedlings and by 1.2 and 1.6 fold in 50 mg L
-1

 NaF- 

treated seedlings. The level of xanthophylls was enhanced by 1.6 and 1.8 fold, respectively, 

in 25 and 50 mg L
-1

 NaF-treated seedlings, whilst silicon application lowered the same by 1.3 

and 1.2 fold, respectively in the above mentioned stressed seedlings. In contrast, the level of 

carotenoids and phenolics was reduced by 1.4 and 1.6 times, respectively in 25 mg L
-1

 NaF- 

stressed seedlings and by 1.6 and 1.9 fold, respectively, in 50 mg L
-1

 NaF-stressed seedlings. 

Exogenous application of silicon restored the content of carotenoids and phenolics by 1.1 and 

1.5 fold, respectively in 25 mg L
-1

 NaF-treated seedlings and by 1.3 and 1.5 fold, respectively 

in 50 mg L
-1

 NaF-treated seedlings. The level of flavonoids was up regulated by 1.4 and 1.6 

fold, respectively in 25 and 50 mg L
-1

 NaF-treated seedlings which can be linked with the 

higher activity of PAL (1.5 and 1.6 fold, respectively). On application of silicon, the extent of 

flavonoid accumulation in seedlings was reduced by 1.1 and 1.2 fold, respectively in stressed 

seedlings which might be due to reduced activity of PAL by 1.4 and 1.1 fold, respectively in 

25 and 50 mg L
-1

 NaF-treated seedlings (Table 4.3.4). 

The level of the major non-enzymatic antioxidants, viz., anthocyanins, ascorbate, GSH, 

xanthophylls and flavonoids was induced in fluoride-stressed seedlings which proved the 

efficacy of these antioxidants as important redox homeostasis managers. Moreover, the 

present observation lies in congruence with the earlier work of Banerjee et al. (2019a). 

Roychoudhury and Basu (2012) also observed that ascorbate and GSH are the key 

metabolites for ascorbate-glutathione cycle under harsh conditions to detoxify the toxic free 

GR activity 

(μM of 

NADPH 

used min
-1

 

mg
-1

 protein) 

23.33 ± 2.78 
23.81 ± 

3.83 

42.43 ± 

4.02* 
33.64 ± 3.01 

57.33 ± 

4.31* 

48.83 ± 

2.33* 
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radicals. Reduced level of phenolics and carotenoids could be justified by the fact that 

seedlings were actively utilizing these metabolites to overcome the damaging effects of  

fluoride-induced oxidative damages. Moreover, the enhanced level of flavonoids can be 

attributed to the higher activity of PAL, the key rate-limiting enzyme of phenylpropanoid 

pathway. In presence of silicon, the level of the above mentioned protective metabolites 

(except carotenoids and phenolics) along with the activity of PAL was reduced that again 

showcase the efficacy of silicon in abrogating the negative symptoms of fluoride toxicity. 

Earlier studies conducted by Ma et al. (2016) and Metwally et al. (2018) also reported that 

exogenous application of silicon reduced the level of ROS in drought-stressed wheat plants 

and boron-stressed canola plants, respectively that led to the lower formation of ascorbate, 

GSH and flavonoids in the stressed seedlings. The trend was bit different in case of phenolics 

and carotenoids where silicon application enhanced the content of both the metabolites in the 

stressed seedlings in the present study. This data can be supported by the earlier work of 

Pontigo et al. (2017) and Al-Huqail et al. (2019), respectively. 

Table 4.4.4: Level of major non-enzymatic antioxidants like anthocyanins, total 

phenolics, carotenoids, xanthophylls, flavonoids, ascorbate and GSH and activity of PAL 

in rice seedlings, grown in presence of either 25 or 50 mg L-1 NaF, in absence or 

presence of 2 mM Na2SiO3. Data represented here are the mean value (n = 3) ± SE and ‘*’ 

represents data with significant differences at P ≤ 0.05 against control set. 

Parameters Control 
Na2SiO3 

(2 mM) 

NaF 

(25 mg L
-1

) 

NaF (25 mg 

L
-1

) + 

Na2SiO3 (2 

mM) 

NaF 

(50 mg L
-

1
) 

NaF (50 

mg L
-1

) 

+ 

Na2SiO3 

(2 mM) 

Anthocyanins 

(µM g
-1

 FW) 

24.31 ± 

1.56 

26.89 ± 

2.08 

43.35 ± 

1.49* 
35.33 ± 2.08 

58.43 ± 

1.93* 

43.35 ± 

1.49 

Total 

phenolics 

(µg g
-1

 FW) 

91.72 ± 

3.35 

95.97 ± 

4.06 

56.90 ± 

4.37* 
83.81 ± 3.15 

49.49 ± 

1.42* 

72.58 ± 

3.15* 

Carotenoids 

(µM g
-1

 FW) 

16.04 ± 

0.61 

15.77 ± 

0.30 

11.75 ± 

0.37* 
13.42 ± 0.37 

9.96 ± 

0.49* 

13.20 ± 

0.62 

Xanthophylls 

(µM g
-1

 FW) 

4.64 ± 

0.16 

4.46 ± 

0.11 
7.26 ± 0.11* 5.42 ± 0.26 

8.22 ± 

0.30* 

6.64 ± 

0.20 
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Flavonoids 

(µg g
-1

 FW) 

113.20 ± 

3.44 

116.53 ± 

4.53 

161.79 ± 

3.62* 

144.61 ± 

8.34* 

183.46 ± 

4.89* 

150.64 ± 

3.44 

Ascorbate 

(µg g
-1

 FW) 

12.06 ± 

0.54 

12.61 ± 

0.93 

17.65 ± 

0.67* 
14.27 ± 0.83 

21.20 ± 

0.99* 

17.11 ± 

0.93 

GSH 

(mM g
-1

 FW) 

29.88 ± 

1.16 

32.58 ± 

1.66 

46.17 ± 

1.41* 

40.52 ± 

1.08* 

60.23 ± 

2.49 * 

37.05 ± 

0.99 

PAL activity 

(µM trans-

cinnamic 

acid formed 

min
-1

 mg
-1

 

protein) 

2.00 ± 

0.17 

1.86 ± 

0.11 
3.07 ± 0.04* 2.24 ± 0.09 

3.10 ± 

0.18 

2.80 ± 

0.15 
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4.3.4. Conclusion of the chapter 

Overall, this chapter clearly demonstrated the efficacy of silicon in curtailing the negative 

effects of fluoride-induced oxidative damages. Exogenous application of silicon elevated the 

endogenous content of silicon in the tissues that acted as a physical barrier to check the 

absorption of fluoride ions via roots. Furthermore, based on previous studies, it could also be 

assumed that higher endogenous level of silicon detoxified the fluoride ions by depositing 

them into metabolically inactive tissues. Exogenous application of NaF solution led to higher 

deposition of fluoride ions in the tissues that restricted the growth of the seedlings along with 

induced formation of ROS (H2O2) leading to higher peroxidation of lipid membrane 

(reflected by higher electrolyte leakage) and formation of cytotoxic species such as MDA and 

methylglyoxal. Higher activity of protease and LOX was also noted in the stressed seedlings, 

leading to higher protein carbonylation in a concentration dependent manner. As a result of 

exogenous application of silicon, there was enhancement in the endogenous silicon level that 

efficiently checked the formation of ROS, thereby mitigating fluoride toxicity, together with 

stabilizing the chlorophyll molecule. Moreover, lower formation of ROS in presence of 

silicon also reduced the burden on protective metabolites such as osmolytes (proline, amino 

acids and glycine betaine) and non-enzymatic antioxidants (anthocyanins, xanthophylls, 

ascorbate, GSH and flavonoids) that eventually lowered their accumulation in the seedlings. 

Lower level of proline and flavonoids in presence of silicon could be further linked with the 

down regulated activity of P5CS and PAL, respectively in the stressed seedlings. Similarly, 

the activity of the enzymatic antioxidants such as SOD, APX, GPoX, GR and GPX was also 

down regulated in silicon-treated, stressed seedlings that further highlighted the efficacy of 

silicon in restraining the formation of ROS in stressed seedlings and thus reducing the burden 

of the enzymatic antioxidants. Thus, based on these observations, deployments of silicon rich 

fertilizer in fluoride contaminated soil is recommended for the farmers that will improve the 

growth of rice plants by refurbishing the cellular homeostasis (Fig. 4.3.5).” 
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“Fig. 4.3.5:  Exogenous application of silicon elevated the endogenous content of 

silicon in the tissues that acts as a physical barrier to check the absorption of fluoride 

ions via roots and also maintains growth and development of seedlings.” 
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“4.4.1. Overview of the chapter 

Plants perceive and respond adaptively to abiotic stress mainly using phytohormones. ABA is 

one such phytohormone whose role has been widely reported in plants surviving under 

challenging environment. However, the role of ABA during fluoride stress still remains 

unexplored in rice. This chapter focuses upon investigating whether ABA promotes fluoride 

tolerance in rice seedlings, similar to triggering salt tolerance in rice. Suppressed ABA 

biosynthesis and down regulated expression of ABA inducible genes, viz., TRAB1, Osem and 

Rab16A triggered NaCl induced ROS formation such as H2O2 that led to oxidative damage 

(electrolyte leakage, formation of MDA and methylglyoxal and chlorophyll degradation) and 

growth inhibition in Matla seedlings. Reduced ABA accumulation led to higher formation of 

gibberellic acid and melatonin in 50 mg L
-1

 NaF-stressed Matla and Nonabokra that 

promoted fluoride tolerance of the seedlings. Higher content of ABA in fluoride-stressed 

Jarava seedlings up regulated the expression of chloride channels that caused higher 

deposition of fluoride ions in tissues. Thus, accumulation of fluoride ions led to severe 

oxidative damage in spite of higher production of ABA-associated osmolytes like 

polyamines, proline and glycine betaine in Jarava seedlings. Increased accumulation of 

compatible solutes in presence of high endogenous ABA promoted salt tolerance in Jarava; 

the same was insufficient to ameliorate fluoride-induced injuries in this cultivar. Treatment 

with Na2WO4 (ABA biosynthetic inhibitor) reversed the effects of fluoride damage in Jarava 

seedlings, whilst further application of ABA resulted in reversion back to fluoride susceptible 

seedlings. Thus based on these observations, we hypothesized that unlike salt stress, fluoride 

tolerance is negatively regulated by ABA, but promoted by ABA antagonist phytohormones 

like melatonin and gibberellic acid. 
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4.4.2. Introduction of the chapter 

Abscisic acid (ABA) is a well know phytohormone and its role in curtailing the damaging 

effects of abiotic stress is well established along with its pivotal role in controlling growth 

and development of the plants under normal conditions. It also plays a major influential role 

in various physiological processes in plants such as stomatal opening, seed dormancy and 

development, protein and lipid synthesis, flowering, grain filling and plant-microbe 

interaction (Govind et al. 2011; Sreenivasulu et al. 2010). β-carotenoids serve as the 

precursor of ABA in plants. Initially, β-carotenoids are converted into 9′‐cis‐neoxanthin and 

9′‐cis‐violaxanthin which is again converted into ABA by the enzymatic action of 

9‐cis‐epoxycarotenoid dioxygenase (NCED; the rate limiting enzyme of ABA biosynthetic 

pathway). Another major enzyme that regulates the level of ABA in cells is ABA-8-oxidase 1 

(ABA8ox1) which degrades ABA into phaseic acid (Roychoudhury and Banerjee 2017). 

On being exposed to abiotic stress, plants efficiently up regulates the endogenous ABA pool 

either by enhancing its formation or by reducing its degradation that in turn ensures tolerance 

against salinity and drought stress (Chen et al. 2020). Basu and Roychoudhury (2014) 

reported that ABA-dependent signaling pathway led to the up regulation of osmotic stress 

responsive genes, viz., TRAB1, dehydration-responsive element binding 2A (DREB2A), 

Oryza sativa embryonic abundant (Osem) and Responsive to ABA 16A (Rab16A) that 

countered the effects of salinity-induced oxidative stress in rice plants. Yu et al. (2016) 

demonstrated that Osem acts as a positive regulator of drought tolerance and its over-

expression in rice plants resulted in the up regulated expression of late embryogenesis 

abundant (LEA) genes like Rab16A, Rab16C and other related genes, involved in maintaining 

systemic integrity against unfavorable environmental conditions. Similar to that of ABA-

dependent genes, ABA-independent genes such as DREB2A and DREB2B also contributes in 

maintaining the tolerance level of plants against dehydration stress as earlier reported by 

Roychoudhury et al. (2013). 

ABA also maintains the level of protective metabolites such as polyamines (putrescine, 

spermidine and spermine), glycine betaine and proline along with other phytohormones such 

as melatonin and gibberellic acid. Polyamines are low molecular weight compounds carrying 

two or more amino groups. Arginine and ornithine are converted into putrescine by the 

catalytic action of arginine decarboxylase (ADC) and ornithine decarboxylase (ODC), 
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respectively. Putrescine is again converted into spermidine and spermine by the sequential 

addition of aminopropyl group to the putrescine backbone by the action of spermidine 

synthase (SPDS) and spermine synthase (SPMS). Polyamine oxidase (PAO) and diamine 

oxidase (DAO) catalyze the degradation of polyamines in plants. Pal et al. (2018) 

demonstrated that over-expression of ADC, SAMDC or SPMS up regulated the expression of 

NCED that triggered the formation of ABA in plants. Additionally, the protective roles of 

proline and glycine betaine against fluoride stress have been highlighted in the previous 

chapter. Planchet et al. (2014) and Zhang et al. (2012) reported a positive feedback regulation 

between ABA and proline and glycine betaine, respectively. ABA application induces the 

formation of proline in water deficient Medicago truncatula which might be due to its lower 

degradation or its higher formation (Planchet et al. 2014). Along with ABA, melatonin and 

gibberellic acid are the two major phytohormones that act antagonistically to ABA. 

Melatonin reduced the level of ABA in drought-stressed apple seedlings and salt stressed 

cucumber seedlings by up and down regulating the expression of ABA catabolic and anabolic 

genes, respectively (Li et al. 2015; Zhang et al. 2014). Gomez-Cadenas et al. (2001) also 

demonstrated that gibberellic acid acts antagonistically to ABA in order to regulate internodal 

growth and germination in plants. 

 Tungsten (W) is a rare transition element that has high resemblance with molybdenum (Mo). 

Due to its high physico-chemical similarity with Mo, W is largely used as an inhibitor of 

enzymes containing Mo as a cofactors. Adamakis et al. (2012) reported that Mo is present as 

a cofactor in the active site of abscisic aldehyde oxidase (AAO) that catalyzes the formation 

of ABA from abscisic aldehyde. Jiang et al. (2004) reported that exogenous application of 

Mo upregulated the expression of AAO that eventually triggered the formation of ABA, 

whilst application of W above threshold level lowered ABA content in barley seedlings.  

Although the protective role of ABA against various abiotic stresses like drought and salinity 

in several crops is well documented (Roychoudhury et al. 2013; Shevyakova et al. 2013; 

Zhang et al. 2012), the precise function and importance of ABA in fluoride tolerance in 

plants still remain to be extensively investigated. In this study, three rice genotypes, viz., 

Nonabokra (NB), Matla (MT), and Jarava (JV) were selected. These varieties are well 

characterized for their salt-tolerant trait and also high endogenous ABA level. The role of 

ABA in rice cultivars under salt stress is extensively studied earlier. All observations on ABA 

response during fluoride stress were compared against salt stress as reference. The parameters 
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related to physiological damages such as chlorophyll loss, electrolyte leakage, H2O2, MDA, 

and MG formation in the tissues were analyzed, along with monitoring the ABA level and 

endogenous Na
+
 and fluoride ion accumulation within the tissues. The level of ABA-

regulated metabolites like polyamines, glycine betaine and proline and that of ABA-

antagonistic growth regulators like melatonin and gibberellic acid along with the expression 

profiling of associated genes were adequately monitored. To further justify the findings, the 

fluoride-stressed cultivars with exogenous ABA were grown in presence or absence of W so 

as to demonstrate the overall physiological effects in order to arrive at a clear cut conclusion 

on the role of ABA in mediating fluoride stress response in rice.  
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4.4.3. Results and discussion 

4.4.3.1. Growth and ABA content and expression of ABA metabolic genes 

Under non-stressed condition, the highest ABA level was recorded in NB seedlings as 

compared to that of MT and JV. During salt stress, the level of ABA was enhanced by 1.1 

and 1.2 times in NB and JV seedlings, respectively, whereas nominal fall in the level of ABA 

was noted in salt-stressed MT seedlings (Fig. 4.4.1a). Rise in ABA level in NB and JV 

seedlings supported their growth during salt stress, whilst fall in ABA content led to higher 

salt-induced oxidative damage in MT seedlings (Fig. 4.4.2). Moreover, higher ABA content 

in NB and JV seedlings can be supported by the up and down regulated expression of NCED3 

and ABA8ox1, respectively in both the cultivars. In case of MT seedlings, no change in 

expression of NCED3 and reduced expression of ABA8ox1 indicated toward efficient 

utilization of ABA in stress amelioration (Fig 4.4.1b, c). Higher tolerance level of NB and JV 

could be linked with their ABA content that can be supported by the earlier work of Paul and 

Roychoudhury (2019) where they showed that up and down regulated expression of NCED3 

and ABA8ox1, respectively are required for maintaining higher ABA content which in turn 

regulates the tolerance capability of salt-stressed rice seedlings. In contrast to NB and JV, the 

level of ABA was reduced in MT seedlings that somewhat led to oxidative damage in the 

seedlings. 

As compared to that of salt stress, higher ABA level (1.5 times) failed to maintain the growth 

of JV seedlings during fluoride stress, whereas luxuriant growth was noted in case of NB and 

MT seedlings, in spite of lower ABA content that was reduced by 1.3 and 1.1 fold in 

seedlings, respectively, as compared to that of control seedlings (Fig 4.4.1a). According to 

Reyes and Chua (2007), drought stress induced the formation of ABA in Arabidopsis 

seedlings that led to higher formation of miRNA159 in ABA insensitive 3 (ABI3) dependent 

manner. Transcription factors, viz., MYB101 and MYB33 are the prime targets of 

miRNA159 and are positive regulators of ABA responses. Thus, higher ABA formation 

cleaves these transcription factors that arrest the growth of seedlings. Higher level of ABA in 

fluoride stressed JV seedlings could be justified by the up regulated expression of NCED3, 

whilst higher expression of ABA8ox1 reduced the level of ABA in fluoride-stressed NB and 

MT seedlings (Fig 4.4.1 b, c). Based on such observations, it could be inferred that higher 

expression of NCED3 and ABA8ox1 led to higher ABA formation followed by its subsequent 
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breakdown into phaseic acid that regulated the fluoride tolerance capability of NB seedlings. 

In contrast, the expression of NCED3 was comparable to that of NB in JV seedlings; 

however, the expression of ABA8ox1 was significantly lower in JV. This led to higher 

accumulation of ABA in JV seedlings that curbed the tolerance level of seedlings. Thus, 

higher ABA level failed to confer tolerance against fluoride stress as it does against salt 

stress. 

Fig. 4.4.1: ABA level (a), and expression of NCED3 (b) and ABA8ox1 (c) in NB, MT and JV 

cultivars in presence of 12 g L-1 NaCl or 50 mg L-1 NaF. Data represented are the mean 

value (n = 3) ± standard error (SE); ‘*’ and ‘#’ represent data with significant differences 

between treatment and cultivars, respectively, at P ≤ 0.05 against control set. 
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Fig. 4.4.2: Effect of exogenous application of 12 g L-1 NaCl or 50 mg L-1 NaF solution for 

20 days on overall growth performance of NB, MT and JV seedlings. Untreated 

(maintained with water only) seedlings served as experimental control. 

4.4.3.2. Expression pattern of ABA dependent and ABA independent genes  

In salt stressed NB and JV seedlings, the expression of ABA dependent genes such as 

TRAB1, Osem and Rab16A was upregulated that could be linked with higher ABA content of 

the seedlings. This rise in the expression of stress responsive genes promoted the growth of 

the seedlings. On the contrary, in MT seedlings, the expression of the above mentioned genes 

was reduced or remained comparable to that of control seedlings that hampered the growth of 

salt stressed seedlings (Fig 4.4.3a-c). Lower expression of ABA dependent genes in MT 

seedlings could be linked with lower ABA level in seedlings. Paul and Roychoudhury (2019) 

demonstrated that salt stress (250 mM NaCl) induced the level of ABA that up regulated the 

expression of the above mentioned genes in the tolerant rice cultivar, whereas no significant 

change was noted in case of the sensitive variety that coincided with our observation. 

Interestingly, the expression of DREB2A (ABA independent gene) was upregulated in NB 
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and MT and down regulated in JV seedlings (Fig 4.4.3d). Thus, higher ABA level in NB and 

JV regulated the expression of ABA dependent genes that positively modulated the tolerance 

level of the stressed seedlings unlike in MT where lower ABA level reduced the expression 

of ABA dependent genes that made it susceptible toward salinity.  

Upon treatment with NaF solution (50 mg L
-1

), the expression of ABA dependent (TRAB1, 

Osem and Rab16A) and independent genes (DREB2A) was downregulated in NB seedlings 

which could be linked with their lower ABA content, as compared to that of water treated 

seedlings. In contrast, the expression of ABA dependent and ABA independent genes was up 

regulated in fluoride-stressed MT seedlings which might be due to nominal rise in the level of 

ABA in seedlings, as compared to control seedlings. In case of fluoride stressed JV seedlings, 

the expression of ABA dependent genes was up regulated and ABA independent gene was 

down regulated that can be supported by their higher endogenous ABA level, as compared to 

that control seedlings (Fig 4.4.3 a-d). Thus, it can be presumed that fluoride tolerance is not 

governed by ABA dependent genes, since it was clearly noticeable in JV that higher 

expression of ABA dependent genes (due to higher endogenous ABA pool) failed to restore 

the normal growth of the seedlings on exogenous application of NaF solution, unlike in salt 

stress where higher ABA content up regulated the expression of the above mentioned stress 

responsive genes that abrogated the signs of fluoride-induced damages in seedlings.  
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Fig. 4.4.3: Gene expression pattern of TRAB1 (a), Osem (b), Rab16A (c), and DREB2A (d) 

in NB, MT, and JV cultivars in presence of 12 g L-1 or 50 mg L-1 NaF. Data represented 

are the mean value (n = 3) ± SE; ‘*’ and ‘#’ represent data with significant differences 

between treatment and cultivars, respectively at P ≤ 0.05 against control set. 

4.4.3.3. Na and fluoride deposition in seedlings 

During salt stress, the highest Na
+ 

ion accumulation was noted in salt stressed MT seedling 

which was 1.2 and 1.3 fold higher, as compared to that of salt stressed NB and JV seedlings, 

respectively (Fig 4.4.4a). Additionally, the level of fluoride ions in all the three salt stressed 

cultivars was comparable to that of their respective control seedlings where no uptake of 

fluoride ions during salt stress was noted (Fig 4.4.4b). Our observation can be supported by 

the work of Saeedipour (2011) where they showed higher Na
+
 ion accumulation in salt 

sensitive variety, as compared to that of tolerant cultivar. They further showed that on 

exogenous application of fluoridone (ABA inhibitor), the level of ABA was reduced in 

seedlings that significantly raised the endogenous accumulation of Na
+
 ion accumulation in 

both the seedlings. 

On exogenous application of NaF, the level of fluoride ions was drastically enhanced in JV 

seedlings (1.3 fold higher as compared to that of both fluoride stressed NB and MT seedlings) 

(Fig 4.4.4b). Thus, it can be evidently stated that higher ABA level induces the accumulation 

of fluoride ions in JV seedlings. Furthermore, no significant rise in the level of Na
+
 ions was 

noted in fluoride stressed cultivars which suggested that damaging effects manifested on 

application of 50 mg L
-1

 NaF solution was due to accumulation of fluoride ions and not Na
+
 

ions (Fig 4.4.4b). 
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Fig. 4.4.4: Na+ (a) and F- (b) accumulation in NB, MT and JV cultivars in presence of 12 g 

L-1 NaCl or 50 mg L-1 NaF. Data represented are the mean value (n = 3) ± SE; ‘*’ and ‘#’ 

represent data with significant differences between treatment and cultivars, 

respectively at P ≤ 0.05 against control set. 

4.4.3.4. Expression of chloride channels, viz., CLC1 and CLC2 in seedlings 

Chloride channels have been reported to regulate the uptake of chloride ions via roots during 

salt stress in rice (Nakamura et al. 2006). In addition, Um et al. (2018) reported that higher 

ABA level maintains elevated or steady state of chloride channels in salt stressed rice 

seedlings. In fluoride stressed JV seedlings, there was no significant change in the expression 

of chloride channels which can be linked with higher ABA level. Constant expression of 

chloride channels led to unregulated uptake of fluoride ions via roots that elevated the 

symptoms of fluoride induced oxidative damage in JV seedlings. Such observation coincided 

with the earlier work of Banerjee and Roychoudhury (2019a) where they showed that 

chloride channels passively mediates the translocation of fluoride ions in rice seedlings due to 

similarity between the structures of chloride ions and fluoride ions (Fig 4.4.5). Lower content 

of ABA in NB seedlings down regulated the expression of both the chloride channels, 

thereby restricting the deposition of fluoride ions in tissue biomass. Similarly, the expression 

of CLC1 was also reduced in fluoride stressed MT seedlings which might be due to reduced 

ABA level in the seedlings (Fig 4.4.5a). Banerjee et al. (2019a) showed that fluoride stress 

induces the expression of chloride channels, i.e., CLC1 and CLC2 in fluoride sensitive rice 
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cultivar (IR 64) that led to severe physiological damage to seedlings which lies in 

concurrence with our observation. 

Fig. 4.4.5: Gene expression pattern of CLC1 (a) and CLC2 (b) in NB, MT and JV cultivars 

in presence of 12 g L-1 NaCl or 50 mg L-1 NaF. Data represented are the mean value (n = 

3) ± SE; ‘*’ and ‘#’ represent data with significant differences between treatment and 

cultivars, respectively at P ≤ 0.05 against control set. 

4.4.3.5. Extent of salt and fluoride induced oxidative damage in the cultivars 

The germination percentage of salt stressed MT seeds was reduced by 1.2 fold, whilst no 

significant change was noted in case of NB and JV seedlings which can be linked with higher 

ABA content and accounting for their higher tolerance nature. Similar results was also 

reported by Saeedipour (2011) where they demonstrated that higher ABA level maintained 

the growth and development of salt stressed rice cultivars.  During fluoride stress, the 

germination of NB and JV was reduced by 1.3 and 1.1 times, whereas no significant change 

was noted in case of MT seeds. Lower germination rate of fluoride stressed NB and JV seeds 

could be linked with their higher initial ABA. Such data lies in concurrence with the previous 

observations that showed higher fluoride induced damage in presence of elevated ABA 

content.  

On treatment with 12 g L
-1

 NaCl solution, the level of H2O2 was induced by 1.5 times in MT 

seedlings that hampered the integrity of lipid membrane, thus leading to 2.2 fold higher 

electrolyte leakage. Furthermore, higher ROS accumulation also induced the formation of 

cytotoxic metabolites such as MDA and methylglyoxal by 1.7 and 1.6 times and reduced the 

chlorophyll level by 1.2 times. In case of NB and JV, no such prominent symptom of salt 
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stress was observed as compared to water treated seedlings (Table 4.4.1). Exposure to salt 

stress triggered the formation of ROS, leading to higher electrolyte leakage, MDA and 

methylglyoxal formation and chlorophyll loss which could be justified by lower ABA content 

of seedlings. However, higher ABA content of NB and JV seedlings rescued the seedlings 

from salt induced oxidative damage that lies in concurrence with the previous work of 

Roychoudhury et al. (2008) where they showed that application of 200 mM NaCl solution led 

to higher Na
+
 deposition and associated oxidative injuries in salt sensitive rice cultivars, viz., 

Gobindobhog and M-1-48, as compared to salt tolerant variety, i.e., NB. Shevyakova et al. 

(2013) further reported that application of 1 µM ABA protected ice plant seedlings from 100 

and 300 mM NaCl induced oxidative damage. 

During fluoride stress, the growth and physiology of JV seedlings was highly compromised, 

whilst no major effect was noted in case of NB and MT. Fluoride stress led to 2.2 times 

higher H2O2 formation that caused 2.5 fold higher electrolyte leakage. Additionally, 

accumulation of ROS caused lipid membrane peroxidation producing 2.1 and 1.9 times 

higher cytotoxic metabolites like MDA and methylglyoxal, respectively. Fluoride stress also 

induced chlorophyll degradation in the seedlings by 2.0 times (Table 4.4.1). Similar effects 

were also reported by Banerjee and Roychoudhury (2019a) where they showed that 

application of NaF resulted in unrestricted uptake of fluoride ions in IR64 (fluoride sensitive 

cultivar) that caused higher oxidative damage in seedlings as compared to that of fluoride 

tolerant variety (Gobindobhog). Thus, overall it was observed that higher ABA content of JV 

seedlings failed to protect the seedlings from fluoride induced oxidative damage, ultimately 

leading to higher membrane perturbation, electrolyte leakage, chlorophyll loss and formation 

of cytotoxic metabolites. Banerjee and Roychoudhury (2019b) also demonstrated that higher 

ABA content of rice seedlings is not associated with fluoride tolerance. 

Table 4.4.1: Germination percentage, chlorophyll, H2O2, electrolyte leakage, MDA and 

MG content of NB, MT and JV cultivars in presence of 12 g L-1 NaCl or 50 mg L-1 NaF. 

Data represented are the mean value (n = 3) ± SE; ‘*’ and ‘#’ represent data with 

significance differences between treatment and cultivars respectively at P ≤ 0.05 against 

control set. 
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4.4.3.6. Level of polyamines and expression of associated genes 

Salt stress induced the level of putrescine by 1.6, 1.4 and 1.7 times in NB, MT and JV, 

respectively. Similarly, the level of spermidine and spermine was also elevated by 2.2 and 1.5 

times, respectively in NB, 1.1 and 1.6 times, respectively in MT and 1.7 and 1.5 times, 

respectively, in JV during salt stress (Table 4.4.2). Higher formation of putrescine in all the 

three cultivars can be justified by the up regulated expression of ODC and ADC that are 

involved in the formation of putrescine from ornithine and arginine, respectively (Fig 4.4.6a, 

b). Additionally, down regulated expression of DAO (involved in putrescine catabolism) also 

supports the higher endogenous putrescine level of the seedlings (Fig 4.4.6c). Moreover, 

higher endogenous putrescine pool was further utilized by SPDS and SPMS during the 

formation of spermidine and spermine. Down regulated expression of PAO also inhibited the 

oxidation of spermine to putrescine (Fig 4.4.6d). Higher ABA level was responsible for 

elevation in the expression of SAMDC (the rate limiting enzyme of polyamine biosynthesis) 

in all the three genotypes (Fig 4.4.6e). The expression of SPDS and SPMS was enhanced in 

the salt stressed NB and JV that resulted in higher spermidine and spermine formation in 

these seedlings, as compared to that of salt stressed MT seedlings (Fig 4.4.6 f, g). Higher 

Treatment Cultivars 

Germination 

percentage 

(%) 

Chlorophyll 

(µg g
-1

 FW) 

H2O2 

(µM g
-1

 

FW) 

Electrolyte 

leakage 

(%) 

MDA 

(µM g
-1

 

FW) 

MG 

(mg g
-1

 

FW) 

Control 

NB 98.23 ± 1.98 
106.54 ± 

5.51 

0.27 ± 

0.05 

13.76 ± 

0.66 

2.32 ± 

0.18 

8.35 ± 

0.52 

MT 97.54 ± 2.04 
101.54 ± 

4.88 

0.28 ± 

0.04 

13.78 ± 

0.70 

2.45 ± 

0.15 

8.63 ± 

0.50 

JV 98.01  ± 2.20 
106.69 ± 

2.02 

0.26 ± 

0.06 

14.51 ± 

0.39 

2.22 ± 

0.18 

8.11 ± 

0.34 

12 g L
-1

 

NaCl 

NB 95.47 ± 1.58 98.82 ± 1.18 
0.28 ± 

0.04 

17.38 ± 

0.84 

2.73 ± 

0.21 

9.72 ± 

0.34 

MT 
78.95 ± 

1.49
*#

 

83.49 ± 

6.69
*
 

0.41 ± 

0.08
*#

 

29.8 ± 

1.69
*
 

4.17 ± 

0.19
*#

 

13.54 ± 

0.78
*
 

JV 90.41 ± 1.74 99.84 ± 1.34 
0.28 ± 

0.06 

17.85 ± 

0.84 

2.74 ± 

0.25 

9.60 ± 

0.45 

50 mg L
-1

 

NaF 

NB 
76.24 ± 

1.21
*#

 
93.39 ± 5.21 

0.28 ± 

0.04 

16.38 ± 

0.21 

2.82 ± 

0.22 

9.29 ± 

0.42 

MT 92.12 ± 2.54 87.69 ± 4.60 
0.31 ± 

0.06 

17.34 ± 

0.64 

2.99 ± 

0.45 

9.83 ± 

0.57 

JV 89.54 ± 1.97 
52.79 ± 

6.25
*#

 

0.58 ± 

0.05
*#

 

35.94 ± 

0.56
*#

 

4.59 ± 

0.24
*#

 

15.74 ± 

0.89
*#
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level of polyamines in NB and JV seedlings could be directly linked with their higher 

endogenous ABA content as shown earlier by Pal et al. (2018). Significant rise in the level of 

polyamines in NB and JV seedlings efficiently curtailed the effects of fluoride induced 

oxidative damage in the seedlings that positively regulated the tolerance capability of 

seedlings. However, in case of MT seedlings, induced polyamine level was insufficient to 

scavenge the ROS formed that restrained the growth of seedlings. Do et al. (2014) screened 

21 rice varieties and observed that salt stress induced the level of polyamines in the tolerant 

ones as compared to that of susceptible cultivars that coincided with our observation. 

On application of NaF solution, the level of putrescine was enhanced by 1.3, 1.8 and 2.3 

times in NB, MT and JV seedlings, respectively (Table 4.4.2). The highest level of putrescine 

in JV seedlings could be linked with their highest ABA level during fluoride stress. 

Additionally, ABA dependent up regulated expression of ODC and ADC also contributed to 

enhance the level of putrescine in JV cultivars (Fig 4.4.6a, b). Moreover, down regulated 

expression of DAO and PAO also justified higher endogenous content of putrescine in 

fluoride stressed JV seedlings (Fig 4.4.6 c, d). Ndayiragije and Lutts (2006) linked higher 

putrescine level of the stressed seedlings with their susceptible nature that lies in concurrence 

with the present observation. The level of spermidine and spermine was elevated by 1.4 and 

1.1 times, respectively in NB, 1.5 and 1.5 times, respectively in MT and 2.5 and 1.5 times, 

respectively in JV seedlings during fluoride stress. Again, extended accumulation of ABA in 

seedlings led to the highest formation of spermidine and spermine in JV seedlings; however, 

this rise in the level of polyamines was insufficient to abrogate the symptoms of fluoride 

induced oxidative damage in seedlings. Based on these observations, JV seedlings were 

unable to efficiently utilize the endogenous polyamine pool to scavenge the ROS generated in 

response to fluoride stress that significantly hampered their growth and aggravated cellular 

damage. In contrast, the endogenous polyamines were efficiently employed by NB and MT 

seedlings during NaF treatment, restoring the growth of seedlings and ameliorating the 

damaging effects of fluoride toxicity. 

Table 4.4.2: Putrescine, spermidine and spermine content of NB, MT and JV cultivars in 

presence of 12 g L-1 NaCl or 50 mg L-1 NaF. Data represented here are the mean value (n 

= 3) ± SE; ‘*’ and ‘#’ represent data with significance differences between treatment and 

cultivars respectively at P ≤ 0.05 against control set. 
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Treatment Cultivars 

Putrescine 

(nM g
-1

 FW) 

Spermidine 

(nM g
-1

 FW) 

Spermine 

(nM g
-1

 FW) 

Control 

NB 3.12 ± 0.57 1.12 ± 0.09 2.09 ± 0.15 

MT 2.74 ± 0.49 1.97 ± 0.05 1.89 ± 0.21 

JV 2.98 ± 0.39 1.41 ± 0.03 1.97 ± 0.08 

12 g L
-1

 

NaCl 

NB 4.98 ± 0.16
*
 2.51 ± 0.09

*
 3.19 ± 0.13

*
 

MT 3.97 ± 0.59 2.13 ± 0.19 2.99 ± 0.04
*
 

JV 5.12 ± 0.37
*#

 2.41 ± 0.21
*
 2.87 ± 0.09 

50 mg L
-1

 

NaF 

NB 4.12 ± 0.09 1.54 ± 0.19 2.24 ± 0.81 

MT 4.97 ± 0.23 2.97 ± 0.11 2.74 ± 0.15* 

JV 6.79 ± 0.57
#
 3.57 ± 0.17

#
 3.04 ± 0.29

*#
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Fig. 4.4.6: Gene expression pattern of ODC (a), ADC (b), DAO (c), PAO (d), SAMDC (e), 

SPDS (f), and SPMS (g) in NB, MT and JV cultivars in presence of 12 g L-1 NaCl or 50 mg 

L-1 NaF. Data represented are the mean value (n = 3) ± SE; ‘*’ and ‘#’ represent data with 

significant differences between treatment and cultivars, respectively at P ≤ 0.05 against 

control set. 

4.4.3.7. Glycine betaine and proline content in seedlings along with PDH expression 

The level of glycine betaine was induced by 1.6, 1.8 and 1.9 times in salt stressed NB, MT 

and JV seedlings, respectively, whereas the level of proline was induced by 1.8, 3.5 and 1.3 

fold, respectively in the above mentioned stressed varieties (Table 4.4.3). Significant rise in 

the level of proline in salt stressed MT seedlings can be supported by the down regulated 

expression of PDH that conserve the endogenous proline content of seedlings (Fig 4.4.7a). 

Contrastingly, the expression of PDH was induced in both NB and JV seedlings which could 

be justified by the fact that seedlings efficiently channelized the endogenous proline pool to 

other protective metabolites for effective stress mitigation. Highest level of proline in MT 

seedlings could be supported by the earlier work of Roychoudhury et al. (2008) where they 
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reported significant rise in the level of proline in salt sensitive rice variety, as compared to 

that of tolerant one. 

Similar to that of salt stress, fluoride stress also induced the level of glycine betaine by 1.7, 

1.5 and 2.5 times, respectively in NB, MT and JV seedlings (Table 4.4.3). Amongst all the 

cultivars, the highest glycine betaine level was noted in JV seedlings that coincided with its 

highest ABA level. Nawaz and Wang (2020) reported that exogenous application of ABA 

stimulated the formation of gylcine betaine in drought stressed Axonopus compressus, 

highlighting a direct correlation between glycine betaine and ABA content of seedlings. The 

level of proline was also induced by 1.5, 2.8 and 2.7 times in the above mentioned fluoride 

stressed rice cultivars, respectively (Table 4.4.3). The higher level of proline in JV seedlings 

could be linked with their higher ABA content. Additionally, higher proline level in MT 

could be linked with significantly reduced expression of PDH in fluoride stressed seedlings 

(Fig 4.4.7a). Similar to that of polyamines, the level of glycine betaine and proline was also 

enhanced in fluoride stressed JV seedlings, but interestingly, the rise in the level of these 

protective metabolites was still insufficient to curtail the negative impact of fluoride toxicity. 

Such antagonist relation was attributed primarily to prominent negative role by ABA in 

fluoride adaptation. Unlike JV seedlings, lower polyamines, glycine betaine and proline level 

in fluoride stressed NB and MT seedlings as compared to that of JV seedlings were highly 

efficient to maintain the growth and development of the seedlings which might be due to 

suppressed or unaltered endogenous ABA level in fluoride treated seedlings, as compared to 

that of control seedlings. 

Table 4.4.3: Proline, glycine betaine, melatonin and gibberellic acid content of NB, MT 

and JV cultivars, in presence of 12 g L-1 NaCl or 50 mg L-1 NaF. Data represented here are 

the mean value (n = 3) ± SE; ‘*’ and ‘#’ represent data with significance differences 

between treatment and cultivars respectively at P ≤ 0.05 against control set. 

Treatment Cultivars 
Proline 

(µg g
-1

 FW) 

Glycine 

betaine 

(mg g
-1

 FW) 

Melatonin 

(µg g
-1

 FW) 

Gibberellic 

acid 

(µg g
-1

 FW) 

Control 

NB 15.92 ± 1.17 50.96 ± 2.43 164.32 ± 4.15 12.15 ± 0.89 

MT 11.65 ± 1.38 52.47 ± 2.12 184.24 ± 3.34 13.54 ± 1.21 

JV 16.47 ± 1.24 41.72 ± 2.96 169.67 ± 3.74 11.91 ±  1.14 
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4.4.3.8. Gibberellic acid and melatonin level in seedlings and TDC expression 

Salt stress reduced the level of gibberellic acid and melatonin by 1.3 and 1.2 times, 

respectively in NB, 1.5 and 1.1 times, respectively in MT and 1.1 and 1.2 times, respectively 

in JV seedlings (Table 4.4.3). Lower gibberellic acid and melatonin content in the seedlings 

can be supported by the previous work of Gomez-Cadenas et al. (2001) and Zhang et al. 

(2014), where they reported that higher ABA level suppressed the synthesis of gibberellic 

acid and melatonin, respectively in seedlings. On the contrary, in spite of lower TDC 

expression, the level of melatonin in MT seedlings was the highest in all the salt stressed 

cultivars which might be due to its lower ABA content (Fig 4.4.7b). In case of NB and JV 

seedlings, the expression of TDC was up regulated, whilst melatonin level was reduced that 

could probably be due to its higher utilization in stress amelioration as earlier demonstrated 

by Liu et al. (2020) where they showed the efficiency of melatonin in generating salt tolerant 

seedlings. 

During fluoride stress, the level of gibberellic acid and melatonin was enhanced by 1.3 and 

1.5 times in NB seedling, but was lowered by 1.5 and 1.6 times in JV seedlings, respectively, 

whereas no such significant change was noted in MT seedlings (Table 4.4.3). Lower level of 

melatonin in JV seedlings could be directly linked with their higher ABA level. The present 

observation lies in line with the previous work of Banerjee and Roychoudhury (2019b) where 

they demonstrated that exogenous application of melatonin (20 µM) inhibited the uptake of 

fluoride ions and stimulated the level of endogenous melatonin and gibberellic acid in 

fluoride stressed seedlings, thereby maintaining the growth of seedlings by regulating the 

12 g L
-1

 

NaCl 

NB 29.10 ± 0.83
*
 82.68 ± 1.97

*
 132.19 ± 3.66 9.87 ± 1.54 

MT 40.96 ± 1.38
*#

 97.05 ± 2.19
*
 160.23 ± 3.41 8.74 ± 0.98

*
 

JV 21.12 ± 0.97
*
 77.95 ± 2.58

*
 

143.96 ± 

2.60
*
 

10.90 ± 1.97 

50 mg L
-1

 

NaF 

NB 23.76 ± 1.17 84.48 ± 2.79 
247.42 ± 

2.93
*
 

15.43 ± 0.54 

MT 32.63 ± 1.22 80.96 ± 3.80 196.10 ± 3.98 13.82 ± 0.81 

JV 44.03 ± 0.83
*#

 
102.54 ± 

3.49
*#

 

107.87 ± 

2.41
*#

 
7.97 ± 1.41

*#
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level of protective metabolites and enzymes. Thus, lower level of gibberellic acid and 

melatonin in fluoride stressed JV seedlings clearly showcase its inability to adapt against 

fluoride toxicity. Hence, based on these observations, it could be stated that fluoride tolerance 

is negatively regulated or is independent of ABA signaling pathway and is more prominently 

controlled by melatonin and gibberellic acid. 

Fig. 4.4.7: Gene expression pattern of PDH (a) and TDC (b) in NB, MT and JV cultivars in 

presence of 12 g L-1 NaCl or 50 mg L-1 NaF. Data represented are the mean value (n = 3) 

± SE; ‘*’ and ‘#’ represent data with significant differences between treatment and 

cultivars, respectively at P ≤ 0.05 against control set. 

4.4.3.9. Application of Na2WO4 firmly establish the negative role of ABA in fluoride 

tolerance 

To further corroborate the role of ABA during fluoride stress, a specific inhibitor of ABA 

biosynthetic pathway, viz., sodium tungstate (Na2WO4) was applied to rice seedlings. 

Adamakis et al. (2012) stated that the presence of tungstate above threshold level replaces the 

Mo ions present in the active site of AAO that catalyzes the conversion of ABA aldehyde to 

ABA. For this work, three dosage of Na2WO4, i.e., 1, 2 and 4 mM were used. Prolonged 

application of 2 mM Na2WO4 could significantly suppress the level of ABA in all the three 

cultivars (Table 4.4.4, 4.4.5 and 4.4.6). The current observation was in line with the work of 

Jiang et al. (2004) where they showed that application of Na2WO4 repressed the level of ABA 

in barley seedlings by inhibiting the AAO activity. Interestingly, on application of Na2WO4 

solution, the growth of fluoride stressed JV seedlings was restored and was comparable to 

that of control seedlings. However, on combined application of ABA (30 mg L
-1

) and NaF, 

Control NaF NaCl 

Fig: 4.4.7a 
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the symptoms of damage were again reverted back even in presence of Na2WO4 (Fig 4.4.8a). 

Moreover, treatment of fluoride stressed NB and MT seedlings with Na2WO4 solution 

showed no such appreciable change in the growth of the seedlings which could be linked with 

their tolerant nature. Treatment of fluoride stressed NB and MT seedlings with ABA 

compromised the growth of seedlings, either in presence or absence of Na2WO4 (Fig 4.4.8b, 

4.4.8c). These observations clearly highlight the negative role of ABA in controlling fluoride 

tolerance in these rice seedlings. 

To further validate the present observations, major deleterious parameters linked with 

fluoride toxicity were monitored in presence or absence of ABA and Na2WO4. All the stress 

related parameters such as chlorophyll loss, electrolyte leakage, fluoride accumulation, H2O2, 

MDA and methylglyoxal formation were the highest in fluoride stressed JV seedlings, as 

compared to that of NB and MT which could be associated with its highest ABA level in all 

the three cultivars upon application of ABA exogenously (Table 4.4.4). However, application 

of Na2WO4 restored the chlorophyll (1.5 times) level of the stressed JV seedlings along with 

appreciably reducing the effects of fluoride induced damage, whilst exogenous application of 

ABA again restored all the symptoms of fluoride induced damage in JV seedlings even in 

presence of Na2WO4 close to that of only fluoride treated seedlings. Jiang and Zhang (2002) 

demonstrated that desiccation stress promoted ABA formation in maize seedlings that 

ultimately triggered oxidative damage in seedlings due to excess accumulation of ROS that 

supports the current observation. Based on these observations, it could be stated that Na2WO4 

application significantly lowered the endogenous ABA content (2.0 times) in fluoride 

stressed JV seedlings that restricted the uptake and deposition of fluoride ions in seedlings 

along with restoration of the membrane integrity and chlorophyll level by reducing the 

formation of ROS and cytotoxic metabolites (MDA and methylglyoxal). 

NB and MT exhibited fluoride tolerance due to reduced endogenous ABA pool; however, 

exogenous application of ABA elevated their endogenous ABA content that aggravated the 

symptoms of fluoride toxicity due to unrestricted uptake of fluoride ions. In presence of 

Na2WO4, the level of ABA was reduced by 1.5 times in both the fluoride stressed seedlings 

that countered the signs of fluoride toxicity. Furthermore, application of ABA along with 

NaF and Na2WO4 solution triggered ABA accumulation in NB and MT seedlings by 3.1 and 

2.4 times, respectively that drastically reduced the chlorophyll content and also enhanced 

ROS formation, leading to higher membrane damage, as compared to that of seedlings treated 
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with NaF and Na2WO4 solution (Table 4.4.5, 4.4.6). These observations clearly highlight the 

negative role of ABA in regulating fluoride tolerance in NB, MT and JV seedlings. Thus, 

ABA formation during fluoride stress aggravated the level of oxidative damage, resulting in 

the generation of fluoride sensitive phenotype. Additionally, tolerance against fluoride stress 

was tightly mediated by melatonin and gibberellic acid, unlike salt stress where tolerance 

nature is significantly governed by ABA. Moreover, it was noted that treatment of seedlings 

with ABA inhibitor reduced their endogenous ABA pool that restored the normal growth of 

seedlings. However, on treatment with ABA again, the signs of oxidative damage reappeared. 

Thus, it could be concluded that fluoride tolerance is negatively regulated or is independent 

of endogenous ABA level in the examined rice varieties. 

Table 4.4.4: Chlorophyll, H2O2, electrolyte leakage, MDA, methylglyoxal, fluoride and 

ABA content in JV seedlings, in absence or presence of 2 mM Na2WO4 and exposed to 50 

mg L-1 NaF solution alone or in conjunction with 30 mg L-1 ABA. Data represented are 

the mean value (n = 3) ± SE; ‘*’ represent data with significance differences between 

treatment at P ≤ 0.05 against control set. 

 In absence of 2 mM Na2WO4 In presence of 2 mM Na2WO4 

Parameters Control 

50 mg 

L
-1

 

NaF 

30 mg 

L
-1

 

ABA 

50 mg L
-1

 

NaF + 30 

mg L
-1

 

ABA 

Control 

50 mg 

L
-1

 

NaF 

30 mg 

L
-1

 

ABA 

50 mg L
-1

 

NaF + 30 

mg L
-1

 

ABA 

Chlorophyll 

(µg g
-1

 FW) 

104.17 

± 1.54 

52.64 

± 5.03
*
 

107.02 

± 2.28 

41.06 ± 

1.94 

99.15 ± 

1.88 

79.60 

± 2.33 

94.06 

± 5.54 

67.65 ± 

6.06
*
 

H2O2 

(µM g
-1

 FW) 

0.27 ± 

0.03 

0.52 ± 

0.09
*
 

0.24 ± 

0.07 

0.72 ± 

0.03
*
 

0.26 ± 

0.05 

0.38 ± 

0.04 

0.26 ± 

0.07 
0.56 ± 0.06 

Electrolyte 

leakage (%) 
13.66 ± 

0.60 

33.44 

± 1.55
*
 

10.86 

± 0.88 

38.85 ± 

0.50 

13.78 ± 

0.33 

30.65 

± 1.75 

14.71 

± 0.98 

34.39 ± 

1.80 

MDA  

(µM g
-1

 FW) 

2.45 ± 

0.18 

4.50 ± 

0.29
*
 

1.77 ± 

0.22 

7.79 ± 

0.25
*
 

2.55 ± 

0.15 

3.24 ± 

0.87 

2.90 ± 

0.32 

6.00 ± 

0.54
*
 

Methylglyoxal 

(mg g
-1

 FW) 

8.48 ± 

0.34 

16.36 

± 0.39
*
 

7.46 ± 

0.52 

25.18 ± 

0.42
*
 

8.91 ± 

0.79 

14.69 

± 0.60 

8.69 ± 

0.31 

17.07 ± 

0.45 

Fluoride 

(mg kg
-1

 FW) 

24.65 ± 

7.07 

300.42 

± 

16.97
*
 

16.50 

± 1.27 

327.72 ± 

11.45 

15.88 ± 

2.26 

287.53 

± 

30.68 

23.72 

± 7.77 

279.81 ± 

27.71 
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Table 4.4.5: Chlorophyll, H2O2, electrolyte leakage, MDA, methylglyoxal, fluoride and 

ABA content in NB seedlings, in absence or presence of 2 mM Na2WO4 and exposed to 

50 mg L-1 NaF solution alone or in conjunction with 30 mg L-1 ABA. Data represented are 

the mean value (n = 3) ± SE; ‘*’ represent data with significance differences between 

treatment at P ≤ 0.05 against control set. 

 

 

 

ABA 

(pM g
-1

 FW) 

1.26 ± 

0.09 

1.82 ± 

0.06 

3.81 ± 

0.47
*
 

4.28 ± 0.37 
0.77 ± 

0.14 

0.90 ± 

0.02 

2.45 ± 

0.17
*
 

1.69 ± 0.41 

 In absence of 2 mM Na2WO4 In presence of 2 mM Na2WO4 

Parameters Control 
50 mg 

L
-1

 NaF 

30 mg 

L
-1

 

ABA 

50 mg L
-1

 

NaF + 30 

mg L
-1

 

ABA 

Control 

50 mg 

L
-1

 

NaF 

30 mg 

L
-1

 

ABA 

50 mg L
-1

 

NaF + 30 

mg L
-1

 

ABA 

Chlorophyll 

(µg g
-1

 FW) 

103.34 

± 2.26 

96.55 ± 

6.75 

102.44 

± 1.82 

59.97 ± 

3.07
*
 

98.08 ± 

1.69 

104.32  

± 2.25 

91.05 

± 0.54 

71.04 ± 

1.36 

H2O2 

(µM g
-1

 FW) 

0.27 ± 

0.04 

0.29  ± 

0.06 

0.23 ± 

0.01
*
 

0.40 ± 

0.05
*
 

0.26 ± 

0.03 

0.28 ± 

0.09 

0.33 ± 

0.06 

0.36 ± 

0.05 

Electrolyte 

leakage (%) 

14.61 ± 

0.87 

16.88 ± 

0.48 

13.22 ± 

0.34 

38.53 ± 

0.67
*
 

15.98 ± 

0.03 

13.30 

± 0.40 

15.90 

± 0.89 

31.50 ± 

0.71
*
 

MDA 

(µM g
-1

 FW) 

2.32 ± 

0.18 

2.82 ± 

0.22 

2.18 ± 

0.45 

6.20 

±0.07
*
 

2.39 ± 

0.22 

2.50 ± 

0.29 

2.46 ± 

0.30 

4.81 ± 

0.28
*
 

Methylglyoxal 

(mg g
-1

 FW) 

8.54 ± 

0.26 

9.47 ± 

0.68
*
 

7.46 ± 

0.52 

13.48 ± 

0.65
*
 

9.81 ± 

0.31 

8.22 ± 

0.44 

8.02 ± 

0.73 

11.60 ± 

0.52
*
 

Fluoride 

(mg kg
-1

 FW) 

14.60 ± 

1.69 

216.62 

± 

16.68
*
 

26.78 ± 

5.79 

263.40 ± 

21.77 

15.15 ± 

5.23 

216.74 

± 3.81 

17.18 

± 3.25 

214.90 ± 

18.52 

ABA 

(pM g
-1

 FW) 

1.52 ± 

0.89 

1.22 ± 

0.54 

3.02 ± 

0.24
*
 

3.26 ± 

0.97
*
 

0.70 ± 

0.07
*
 

0.8 ± 

0.05 

1.85 ± 

0.09 

2.44 ± 

0.14
*
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Table 4.4.6: Chlorophyll, H2O2, electrolyte leakage, MDA, methylglyoxal, fluoride and 

ABA content in MT seedlings, in absence or presence of 2 mM Na2WO4 and exposed to 

50 mg L-1 NaF solution alone or in conjunction with 30 mg L-1 ABA. Data represented are 

the mean value (n = 3) ± SE; ‘*’ represent data with significance differences between 

treatment at P ≤ 0.05 against control set. 

 In absence of 2 mM Na2WO4 In presence of 2 mM Na2WO4 

Parameters Control 

50 mg 

L
-1

 

NaF 

30 mg 

L
-1

 

ABA 

50 mg L
-1

 

NaF + 30 

mg L
-1

 

ABA 

Control 

50 mg 

L
-1

 

NaF 

30 mg 

L
-1

 

ABA 

50 mg L
-1

 

NaF + 30 

mg L
-1

 

ABA 

Chlorophyll 

(µg g
-1

 FW) 

101.54 ± 

4.88 

95.27 

± 6.11 

110.01 

± 1.70 

64.77 ± 

3.51
*
 

98.87 ± 

1.24 

98.08 

± 1.46 

102.45 

± 1.17 

79.96 ± 

1.13 

H2O2 

(µM g
-1

 FW) 

0.26 ± 

0.03 

0.34 ± 

0.07
*
 

0.25 ± 

0.02 

0.47 ± 

0.04
*
 

0.28 ± 

0.06 

0.30 ± 

0.05 

0.26 ± 

0.07 

0.28 ± 

0.03 

Electrolyte 

leakage (%) 
13.28 ± 

1.40 

17.84 

± 1.35 

11.02 

± 0.60 

32.33 ± 

1.52
*
 

14.36 ± 

1.19 

13.91 

± 0.53 

13.75 

± 1.71 

26.32 ± 

1.53
*
 

MDA 

(µM g
-1

 FW) 

2.35 ± 

0.15 

2.91 ± 

0.13 

2.00 ± 

0.12 

5.67 ± 

0.30
*
 

2.74 ± 

0.19 

2.53 ± 

0.27 

2.31 ± 

0.22 

4.10 ± 

0.30
*
 

Methylglyoxal 

(mg g
-1

 FW) 

8.82 ± 

0.23 

9.45 ± 

0.87 

7.68 ± 

0.31 

12.77 ± 

0.60
*
 

9.19 ± 

0.39 

7.85 ± 

0.55 

8.26 ± 

0.39 

10.61 ± 

0.71 

Fluoride 

(mg kg
-1

 FW) 

16.75 ± 

1.55 

213.12 

± 

16.54
*
 

21.42 

± 4.80 

224.23 ± 

5.93 

21.91 ± 

3.25 

241.49 

± 

23.47
*
 

21.29 

± 2.26 

221.09 ± 

24.04 

ABA 

(pM g
-1

 FW) 

1.14 ± 

0.57 

1.81 ± 

0.08 

4.18 ± 

0.97
*
 

3.11 ± 

0.23
*
 

0.58 ± 

0.04
*
 

1.19 ± 

0.97 

2.50 ± 

0.41 

2.80 ± 

0.57 
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Fig. 4.4.8: Effect of exogenous application of 50 mg L-1 NaF alone or in conjunction with 

30 mg L-1 ABA, either in absence or presence of 2 mM Na2WO4 solution for 20 days on 

growth performance in JV (a), NB (b) and MT (c) seedlings; untreated (maintained with 

water only) seedlings served as the experimental control. 
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4.4.4. Conclusion of the chapter 

The role of ABA is widely documented against abiotic stresses like salinity, drought and heat 

stress; however, in case of fluoride stress, no such elaborate work has been done. For the 

present work, we selected three rice cultivars having high endogenous ABA level and 

exposed them to salt and fluoride stress separately, followed by estimation of damage 

incurred in the seedlings. While higher endogenous ABA level governed the tolerance nature 

of JV seedlings against salt stress, the same was unable to restore the growth and 

development of JV seedlings against fluoride stress in spite of higher formation of protective 

metabolites such as polyamines, proline and glycine betaine.  Interestingly, reduced ABA 

level resulted in salt sensitivity in MT seedlings, but the same efficiently curtailed the 

symptoms of fluoride induced damage in both NB and MT seedlings. Moreover, lower ABA 

content of NB and MT during fluoride stress induced the level of two other phytohormones, 

viz., gibberellic acid and melatonin that stimulated the growth of seedlings. This data 

established the importance of these two phytohormones in fluoride stress tolerance and also 

highlighted that fluoride tolerance in rice seedlings is either ABA independent or is 

unregulated by ABA. On further investigation, it was observed that exogenous application of 

ABA resulted in higher oxidative damage, whereas application of ABA biosynthetic inhibitor 

(Na2WO4) checked the endogenous ABA accumulation in all the three rice cultivars that 

rescued the inhibition of seedling growth. These observations provide a strong support to 

establish the fact that fluoride tolerance is not governed by ABA level or ABA dependent 

signaling pathway, unlike majority of the other abiotic stress where ABA acts as a major 

player in dictating the tolerant trait (Fig. 4.4.9).” 
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“Fig. 4.4.9: Model depicting that fluoride tolerance is independent or is negatively 

regulated by endogenous ABA pool of the rice seedlings” 



 

Chapter 5 

Conclusion of Thesis 
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Conclusion 

Due to rapid industrialization and gradual rise in human population, xenobiotic discharge in 

the environment has risen enormously that has significantly raised the concern of 

environmentalist. Fluoride is one such potent xenobiotic whose unregulated discharge in the 

ground and surface water has significantly affected the farmers utilizing such contaminated 

field and water resource for agriculture. Over exploitation of such contaminated water bodies 

has enhanced the deposition of fluoride in the agricultural field. The present study exclusively 

demonstrated the hazardous effects of fluoride toxicity in two indica rice cultivars, viz., 

Khitish and MTU1010 exposed to NaF (25 mg L
-1

) solution for 10 and 20 days. Unregulated 

uptake of fluoride ions via chloride channels and their accumulation in seedlings (10 and 20 

day-old Khitish and MTU1010, respectively) led to higher accumulation of superoxide anion 

and H2O2 that incited chlorophyll loss and electrolyte leakage along with higher formation of 

ammonium ions, MDA and methylglyoxal. Moreover, fluoride stress also aggravated the 

activity of LOX and NOX that further induced oxidative damages. However, in case of 20 

day-old Khitish and 10 day-old MTU1010 seedlings, plant growth was maintained with lesser 

oxidative damages due to up regulated expression of H
+
-ATPase and FEX along with the 

elevated level of nitrogen (nitrate, nitrite and total nitrogen) and sulfur (cysteine and H2S) 

containing compounds. Higher accumulation of nitrogen was due to higher activity and 

expression of NR and NiR. Similarly, sulfur assimilation was catalyzed by the higher activity 

of ATP-S and OAS-TL. The activity of the enzymatic antioxidants and level of non-

enzymatic antioxidants were also enhanced that strengthened the antioxidative potential of 

the seedlings. Thus, it can be concluded that differential metabolism of nitrogen and sulfur 

assimilatory pathway along with enzymatic antioxidant activity and level of non-enzymatic 

antioxidants were largely responsible for differential pattern of adaptive strategies in the two 

rice cultivars (Khitish and MTU1010), the former exhibiting resilience, while the latter 

showing greater susceptibility against long term stress. 

In order to promote fluoride tolerance, exogenous application of protective agents such as 

calcium and silicon were pursued. These chemicals are eco-friendly, cheap and easily 

accessible to the farmers. On exogenous application of calcium and silicon, the symptoms of 

fluoride-induced damage were significantly lowered due to reduced bioaccumulation of 

fluoride ions in the tissues that restored the normal growth of the susceptible seedlings. 

Furthermore, application of the above mentioned protective chemicals also proved to be 

highly effective in regulating the formation of internal protective metabolites like osmolytes 

and non-enzymatic antioxidants and activity of enzymatic antioxidants that in turn 
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maintained the normal osmotic balance of the cells and also scavenged the ROS formed due 

to excess accumulation of fluoride ions. Priming of seeds with calcium compounds also 

rescued the normal functioning of the TCA cycle and also restored the endogenous pool of 

starch and sucrose that provided sufficient energy to the seedlings to overcome fluoride 

toxicity. Thus, the data obtained highlighted the promising role of calcium and silicon in 

curtailing the negative effects of fluoride toxicity by inhibiting its uptake and modulating the 

formation of protective metabolites. 

The universal stress phytohormone ABA is known to mediate protective signaling responses 

against various abiotic stresses like drought and salinity and is considered to enhance stress 

tolerance. However, contrasting response was noted in case of three rice cultivars having high 

endogenous ABA level, upon being treated with NaF solution. Higher ABA content protected 

the JV seedlings from salt stress, whilst the same was insufficient to maintain the growth of 

the seedlings under fluoride stress, in spite of higher formation of osmolytes and polyamines. 

In contrast, lower ABA level caused higher salt-induced damage in MT seedlings, but the 

same was significantly effective in regulating the tolerance level of fluoride-stressed MT 

seedlings. Moreover, the level of the other two major phytohormones, viz., melatonin and 

gibberellic acid was antagonistically related to ABA that was effective in mitigating the 

effects of fluoride-induced damages in NB and MT seedlings, suggesting that fluoride 

tolerance in rice seedlings is controlled by melatonin and gibberellic acid-dependent 

pathways, but is independent of ABA, unlike other abiotic stresses where ABA plays a 

pivotal role. This was further verified by the exogenous application of ABA that triggered the 

effects of fluoride toxicity, whereas on application of ABA biosynthetic inhibitor (Na2WO4), 

the endogenous ABA content of the seedlings was reduced that restored the normal growth of 

the seedlings. 

The inferences drawn from the overall Thesis work can be summarized as following: 

1) Unregulated uptake of fluoride ions led to higher production of ROS that significantly 

affected the growth of rice cultivars. 

2) Differential formation of protective metabolites and sulfur and nitrogen metabolism 

regulated differentially the fluoride tolerance level of the rice varieties investigated. 

3) Priming of seed with calcium compounds, viz., Ca(OH)2, Ca(NO3)2 and CaCl2 

inhibited the accumulation of fluoride ions and also enhanced the calcium-mediated 

signaling pathways and carbon metabolism, enhancing their adaptability. 
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4)  Treatment of seedlings with silicon led to higher bioaccumulation of silicon in the 

tissues that acted as a protective barrier by inhibiting the uptake of fluoride ions, 

thereby reducing the effects of fluoride-mediated damages. 

5) Fluoride tolerance was found to be independent or not regulated by ABA level, but 

was rather controlled primarily by other two major phytohormones, viz., melatonin 

and gibberellic acid, which usually act antagonistically to ABA. 
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Abstract
The aim of the current work was to decipher the systemic damage and biochemical defense machinery due to combined 
arsenic (5 mg  L−1  Na3AsO4) and fluoride (50 mg  L−1 NaF) stress in two rice cultivars viz., IR-64 (non-aromatic) and 
Gobindobhog (aromatic), grown for 14 days, under 16/8 h light/dark photoperiodic cycle at 32 °C. Higher accumulation 
of arsenic and fluoride in Gobindobhog generated higher levels of  H2O2 that caused higher electrolyte leakage, along with 
malondialdehyde and methylglyoxal formation. Higher oxidative damages severely compromised seed germination and led 
to chlorophyll loss, inhibition of root and shoot growth and fresh and dry weight of the seedlings. On the contrary, oxidative 
damage was less pronounced in IR-64, as compared to that of Gobindobhog, which can be attributed to higher accumulation 
of protective metabolites, i.e., osmolytes and antioxidants. Higher levels of osmolytes (proline, glycine betaine and amino 
acids) in IR-64 helped in maintaining the osmotic balance of the cells and the integrity of the cell membrane. Additionally, 
up regulated activity of enzymatic antioxidants (catalase, superoxide dismutase, ascorbate peroxidase, glutathione peroxidase 
and glutathione S-transferase) along with elevated levels of non-enzymatic antioxidants (flavonoids, phenolics, xanthophylls 
and carotenoids) played a pivotal role in controlling oxidative damages and strengthening the defense machinery in IR-64, 
as compared to that of Gobindobhog where lesser enhancement in the level of the above mentioned protective metabolites 
was noted. The present work illustrated differential phytotoxicity in rice seedlings and elucidated the yet uncharacterized 
biohazard associated with arsenic and fluoride co-contamination, with better adaptive features of IR-64, compared to Gob-
indobhog, which appeared as the sensitive variety.

Keywords Fluoride · Arsenic · Reactive oxygen species · Osmolytes · Antioxidants · Rice

Introduction

Due to continuous industrial expansion and ever-growing 
human population, the discharge of xenobiotic wastes in the 
environment has risen enormously, making it a matter of 
great concern. Various anthropogenic activities, viz., ram-
pant release of untreated industrial wastes, unrestricted use 
of fertilizers and household wastes, several environmental 

factors like emission of ash during volcanic eruption and 
natural weathering of minerals have cumulatively con-
tributed toward the rise in the level of toxic chemicals in 
the environment (Hong et al. 2016). Two such xenobiotics 
that are highly detrimental to humankind are fluoride (F) 
and arsenic (As). F and As include the 13th and 20th most 
abundant element found on the earth’s crust, respectively 
(Chakraborti et al. 2003). The most common contributors 
of F and As are natural sources such as weathering of min-
eral rocks or geothermal vents. Along with this, Patel et al. 
(2019) reported that the synergistic presence of As and F in 
soil can be due to over-exploitation of mining activities. The 
deposition of newer sediments and the recharge conditions 
controlled by the rivers play a significant role in governing 
the concentration of As and F (Das et al. 2016). Gomez et al. 
(2013) examined the sediments, rocks and groundwater to 
analyze As and F co-occurrence. They found that out of 34 
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1. Introduction
Fluorine is the 13th element in terms of its abundance in the 
globe, which is approximately 0.3 g kg–1 of soil present on 
the earth’s surface (Choudhary et al., 2019). This element is 
placed within the halogen group, and has an important role 
in the periodic table due to its two extreme characteristics, 
viz., highest electro-negativity and smallest size. With the 
progressive rise in various anthropogenic activities, there 
has been an enhancement in the release of fluoride (F) 
into the environment. Contamination of the surface water 
with F salts via industrial discharges, agricultural run-offs, 
sewage, and other household wastes has been commonly 
observed in modern times (Hong et al., 2016; Singh et 
al., 2021a). Moreover, the depletion in the level of ground 
water has further led to the contamination of the water 
bodies used for household supply as well as for irrigation 
in the fields (Banerjee and Roychoudhury, 2019a; Mondal, 
2017). Subsequently, the usage of this contaminated water 
in the agricultural field elicits the accumulation of F salts 
in the soil that severely declines the growth and yield of 

crops, ultimately posing a genuine warning to worldwide 
food safety. The extent of F pollution in different locations 
of the Indian subcontinent has been attributed to a higher 
value of F like 69-417 mg kg–1 in soil (Bhattacharya and 
Samal, 2018). 

Rice plants require substantial quantities of water 
for their optimal growth and yield, and have been 
demonstrated to uptake considerable amounts of F via 
chloride channels (Banerjee and Roychoudhury, 2019b). 
Excess deposition of F salts within the tissues of plant 
leads to chlorosis, leaf tip burn, reduced germination 
percentage, lower seedling biomass, enhanced generation 
of toxic reactive oxygen species (ROS), i.e. superoxide 
radical (O2

-) and hydrogen peroxide (H2O2) which in turn 
disintegrate the lipid membrane, ultimately resulting in 
higher leakage of electrolytes along with up-regulating the 
cytotoxic metabolite production [methylglyoxal (MG) and 
malondialdehyde (MDA)] and ultimately cell death (Singh 
et al., 2020). Additionally, higher uptake of F salts from soil 
eventually leads to their accumulation in rice grains that is 

Abstract: This work was aimed to explore the efficacy of activated charcoal (5 mg g–1 soil) in abating fluoride (25 mg L–1 NaF) stress in 
rice seedlings, since the protective role of charcoal is widely reported against other forms of abiotic stress. Application of NaF solution 
reduced germination rate, dry and fresh weight, and shoot and root length of seedlings. Extensive fluoride accumulation lowered the 
chlorophyll level along with higher electrolyte leakage and formation of H2O2, malondialdehyde, and methylglyoxal. Administration of 
activated charcoal lowered the extent of oxidative damages by inhibiting the uptake of fluoride ions. Exogenous application of activated 
charcoal also restored the activity of Kreb’s cycle enzymes, i.e. PDH, IDH, MDH, and SDH, thereby overcoming the burden of carbon 
utilization and energy depletion occurring during stress. Additionally, the osmolyte (soluble sugar, proline, glycine-betaine, and amino 
acid) level was further escalated in presence of activated charcoal. The inhibition in catalase activity in fluoride-stressed seedlings was 
also restored. The activity of a range of enzymatic antioxidants (guaiacol peroxidase, superoxide dismutase, and ascorbate peroxidase) 
along with the glyoxalase system associated-enzymes (glyoxalase I and II) was further triggered in stressed seedlings treated with 
activated charcoal. The enhanced level of carotenoids, ascorbic acid, and total phenolics also enabled efficient scavenging of reactive 
oxygen species, thereby reducing cellular necrosis in the leaves. Based on the current investigation, it can be concluded that activated 
charcoal application appears a promising strategy to improve growth and mitigate damages in rice plants, growing in fluoride-polluted 
soil. 

Key words: Activated charcoal, fluoride-induced damage, osmolytes, Kreb’s cycle, antioxidants, rice
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Abstract
The aim of the manuscript was to demonstrate the efficacy of salicylic acid (SA) in abrogating the fluoride-induced oxidative
damages in the susceptible rice cultivar, MTU1010. Prolonged exposure of seedlings to sodium fluoride (25 mg L−1) severely
impaired growth and overall physiological parameters like germination percentage, biomass and root and shoot length and incited
the formation of hydrogen peroxide that enhanced electrolyte leakage, formation of cytotoxic products like malondialdehyde and
methylglyoxal and lipoxygenase activity. Exogenous application of SA (0.5 mM) enhanced the endogenous level of SA that
restored the chlorophyll content and catalase activity and further escalated the activity of other enzymatic antioxidants (super-
oxide dismutase, guaiacol peroxidase, ascorbate peroxidase, glutathione peroxidase and glutathione S-transferase), formation of
non-enzymatic antioxidants (anthocyanins, carotenoids, flavonoids, phenolics, ascorbate and reduced glutathione) and osmolytes
(proline, amino acids and glycine betaine) that cumulatively maintained the integrity of membrane structure and homeostatic
balance of the cells by scavenging the accumulated hydrogen peroxide. SA-mediated formation of proline and flavonoids was
linked with the enhanced activity of Δ1-pyrroline-5-carboxylate synthetase and phenylalanine ammonia lyase. Fluoride stress
enhanced the activity of enzymes like glyoxalase I and glyoxalase II which were further aggravated in the seedlings upon
treatment with SA, effectively detoxifying the methylglyoxal formed during stress. Overall, the manuscript depicts the pivotal
role played by exogenous SA in ameliorating the effects of fluoride-induced damages in the seedlings and proves its potentiality
as a protective chemical against fluoride stress when applied exogenously in rice.

Keywords Antioxidants . Fluoride toxicity .Oryza sativa . Osmolytes . Oxidative stress . Salicylic acid

Introduction

Fluoride (F) belongs to the halide group and demands atten-
tion due to its high electronegativity and small size that ac-
counts for its unique chemical and biological properties. The
main source of F in nature is parent rocks, but in recent times,
various anthropogenic activities have also enhanced the dis-
charge of F in the environment. In certain regions of India, the

level of F is around 69–417 mg kg−1 of soil (Bhattacharya and
Samal 2018) which affects around 62million people including
approximately six million children (Choudhary et al. 2019).
Excess accumulation of F salts in soil also contaminate the
water bodies, which if used for irrigation in the agricultural
fields cause physiological and molecular abnormalities in
plants (Banerjee and Roychoudhury 2019).

The toxic effect of F on crops like Oryza sativa, Cicer
arietinum, Vigna sp. and Cajanus cajan is widely reported
(Singh et al. 2020a; Dey et al. 2012; Singh et al. 2020b;
Yadu et al. 2017). Prolonged exposure of roots to high F level
results in higher transportation of F− ions within tissues
through the chloride channels. Accumulation of F− ions above
the threshold level causes deleterious effects on nutrient up-
take, seed germination, plant growth, metabolic activities and
biomass accumulation, along with reduced yield. Excess
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Abstract
Key message Seed priming with dopamine reduced fluoride bioaccumulation, induced endogenous dopamine level, 
thereby orchestrating phytohormone homeostasis and biogenic amine metabolism, and modulating osmolyte and 
antioxidant machinery to enhance fluoride tolerance in rice.
Abstract The aim of this study was to decipher the efficacy of seed priming with dopamine in curtailing the adverse 
impacts of fluoride toxicity in rice seedlings. Fluoride-stressed seedlings exhibited severe growth retardation, high fluoride 
bioaccumulation, electrolyte leakage and marked cellular injuries. Dopamine priming stimulated the overall physiological 
growth parameters during stress, via reduced formation of  H2O2, malondialdehyde and methylglyoxal, due to lesser fluoride-
accumulation. Fluoride stress-induced endogenous dopamine level was further induced upon dopamine priming, marked 
by the up regulated DOPA decarboxylase expression. Additionally, dopamine treatment led to escalated activity of catalase, 
superoxide dismutase and glutathione peroxidase in the stressed seedlings, concomitant with altered CAT, SOD and GPX 
expression. The higher accumulation of protective osmolytes (proline and total amino acids) and non-enzymatic antioxidants 
(phenolics, flavonoids, anthocyanins, glutathione and carotenoids), upon dopamine priming, during fluoride stress, could 
be linked with the altered expression pattern of the respective genes. Dopamine promoted active utilization of the biogenic 
amine (polyamines and ϒ-amino butyric acid) pools for toxicity mitigation, correlated with the modulation of the concerned 
enzyme activity and gene expression. Dopamine stimulated the accumulation of phytohormones like gibberellin and salicylic 
acid, via inducing the biosynthetic genes like gibberellin-3-oxidase (GA3ox) and isochorismate synthase (ICS), respectively, 
while depreciating the abscisic acid and melatonin level during fluoride stress. To our knowledge, this is the first documented 
report for the remedial role of dopamine priming against fluoride stress in any plant species. This study will open new arenas 
in sustainable agriculture for the exploitation of this pulsating biomolecule against fluoride stress.

Keywords Dopamine · Seed priming · Fluoride stress · Rice · Osmolytes · Antioxidants · Phytohormones · Biogenic amine

Introduction

Due to progressive human population explosion and indus-
trialization, xenobiotic discharge into the environment has 
risen enormously, making it a matter of great global concern. 
Fluoride (F), being one of such potent xenobiotics, exhibits 
unique biological and chemical properties, owing to its very 
small size and high electronegativity. Being a member of the 
halide group, F has been designated as the thirteenth ele-
ment in terms of its abundance across the globe (Armienta 
and Segovia, 2008). F is highly water-soluble and tends to 
pollute both surface and ground water. Across India, the F 
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Abstract
The main aim of this manuscript was to demonstrate the reprogramming of nitrogen and GABA metabolism in the two rice 
cultivars (Khitish and MTU1010) in response to fluoride stress (25 mg  L−1) for 10 and 20 days. The seedlings were grown 
under 16/8 h light/dark photoperiodic cycle in a plant growth chamber. Fluoride stress significantly hampered growth and 
biomass of Khitish and MTU1010 after 10 days and 20 days of treatment, respectively. Fluoride stress reduced the level of 
total and soluble nitrogen, nitrate and nitrite, concomitant with inhibited activity of NR and NiR, along with corresponding 
gene expression level. In response to fluoride stress, the total amino acids were significantly enhanced in the seedlings, con-
tributing towards better growth. Level of ammonium ions was also enhanced in the stressed seedlings, along with inhibited 
activity of GS and GOGAT, implying that the incorporation of ammonium ions into glutamine and glutamate via GS and 
GOGAT was hindered during fluoride stress. Expression level of GS and GOGAT  was accordingly regulated in the seedlings 
of both the varieties. The endogenous GABA content was enhanced in both the cultivars along with the induced catalytic 
activity of GDH and GAD and their corresponding gene expression level. Our work clearly demonstrated that differential 
reprogramming of the metabolites and enzymes of nitrogen assimilation pathways was largely responsible for the differential 
pattern of adaptive strategies against fluoride stress in the two varieties, viz., Khitish and MTU1010, the former exhibiting 
resilience against long-term stress, whilst the latter showing greater susceptibility.

Keywords Nitrogen metabolism · GABA · Fluoride stress · Rice · Amino acids

Introduction

With the explosion of human population, the release of 
xenobiotic substances in the environment has increased 
enormously to a point of grave concern. Fluoride (F) is one 
of such pollutants whose continuous release in the envi-
ronment has raised a serious cause of concern amongst 
various researchers and environmentalist groups. Along 
with several anthropogenic activities (release of untreated 

water from industries, excess application of fertilisers in 
agricultural fields and various household activities), vari-
ous environmental factors (natural weathering of minerals, 
emissions from volcanic ash and marine aerosols) have also 
contributed towards such abrupt rise of F in the environ-
ment (Hong et al. 2016). F being highly soluble in water 
is easily admixed in the surrounding water bodies and pol-
lutes both ground and surface water. According to a recent 
study conducted by Bhattacharya and Samal (2018), the 
level of F in drinking water in some parts of India is found 
to be as high as 0.8–1.3 mg  L−1 (Bankura and Purulia dis-
tricts of West Bengal) and 0.3–9.8 mg  L−1 (Newai Tehsil, 
Rajasthan). India is an agriculture-based country where 
the farmers heavily rely on such water bodies for irrigat-
ing agricultural fields. Unplanned irrigation of agricultural 
land further deposits F salts, which are readily absorbed 
by the plants. In a recent study, De et al. (2021) reported 
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Fluoride tolerance in rice is negatively regulated 
by the ‘stress‑phytohormone’ abscisic acid (ABA), but promoted 
by ABA‑antagonist growth regulators, melatonin, and gibberellic acid
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Abstract
The present manuscript aimed at investigating whether abscisic acid (ABA) promotes fluoride tolerance, similar to inciting 
salt adaptation in rice. Seeds of three salt-tolerant rice genotypes were maintained at 32 °C under 16/8 h light/dark photo-
periodic cycle with 700 μmol photons  m−2  s−1 intensity and 50% relative humidity in a plant growth chamber for 20 days. 
Suppressed ABA biosynthesis, and downregulated expression of ABA-inducible genes like Rab16A, Osem, and TRAB1 
triggered NaCl-induced growth inhibition and physiological injuries like chlorophyll degradation, electrolyte leakage, forma-
tion of  H2O2, malondialdehyde, and methylglyoxal in Matla. Reduced ABA accumulation increased the levels of melatonin 
and gibberellic acid in NaF (50 mg  L−1)-stressed Nonabokra and Matla, which altogether promoted fluoride tolerance. 
Higher ABA content in NaF-stressed Jarava stimulated fluoride uptake via chloride channels, thus exhibiting severe fluo-
ride susceptibility, in spite of higher production of ABA-associated osmolytes like proline, glycine-betaine and polyamines 
via the concerted action of genes like PDH, ADC, ODC, SAMDC, SPDS, SPMS, DAO, and PAO. Increased accumulation 
of compatible solutes in presence of high endogenous ABA promoted salt tolerance in Jarava; the same was insufficient to 
ameliorate fluoride-induced injuries in this cultivar. Treatment with ABA biosynthetic inhibitor,  Na2WO4 promoted fluoride 
tolerance in Jarava, whereas further supplementation with exogenous ABA resulted in reversion back to fluoride-susceptible 
phenotype. Our work clearly established that ABA cannot always be considered as a ‘universal’ stress hormone as known in 
literature, since it acts as a negative regulator of fluoride tolerance which is more tightly regulated in rice via melatonin- and 
gibberellic acid-dependent pathways in ABA-independent manner.

Keywords Abscisic acid (ABA) · Fluoride stress · Salt stress · ABA inhibitor · ABA-melatonin-gibberellic acid 
interaction · ABA-dependent pathway · Salt-tolerant rice · Varietal difference

Introduction

Increasing environmental contamination with toxic xeno-
biotic substances is a major global problem in the present 
times. Release of fluoride (F) in the environment due to vari-
ous anthropogenic activities from industries, mines, agri-
cultural fields, and various household activities is gradu-
ally turning out to be a menace to the environmental safety 

(Hong et al. 2016). According to a recent study conducted 
by Bhattacharya and Samal (2018), the level of F in soil in 
some parts of India such as Bankura and Purulia (West Ben-
gal) and Newai Tehsil (Rajasthan) ranges between 55–399 
and 50 − 180 mg  kg−1 of soil, respectively, whereas the level 
of F in water ranges between 0.8–1.3 and 0.3–9.8 mg  L−1 
which is significantly higher than that of 1.5 mg  L−1, as 
recommended by the World Health Organization (WHO). 
The use of contaminated water for crop irrigation leads to 
the widespread accumulation of  F− ions in plant biomass. 
Earlier, Gautam et al. (2010) reported that irrigation of crops 
with water having 7.4–14 mg  L−1 F led to the accumula-
tion of F in plants like spinach (26 mg  kg−1 fresh weight) 
and fenugreek (16 mg  kg−1 fresh weight). Water-intensive 
crops like rice uptake  F− ions from the surrounding environ-
ment through the chloride channels, viz., CLC1 and CLC2 
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Seedling Priming with Sodium Nitroprusside Rescues Vigna radiata 
from Salinity Stress‑Induced Oxidative Damages
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Received: 29 October 2020 / Accepted: 26 January 2021 / Published online: 26 February 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract
The main focus of this manuscript was to highlight the efficacy of seedling priming with 0.06 mM sodium nitroprusside 
(SNP), a potent NO donor in the alleviation of salt-induced oxidative and ionic stress in Vigna radiata. Treatment of seedlings 
with 100 mM NaCl reduced their overall growth and severely affected the basic growth and physiological parameters such 
as fresh weight, dry weight, root, shoot and leaf length, and relative water content and led to chlorophyll loss, accumulation 
of  H2O2 and malondialdehyde (MDA) and induced the ascorbic acid oxidase (AAO) activity. Priming with SNP enhanced 
the level of protective metabolites such as proline, reducing sugars, total amino acids and total phenolics, lowered the AAO 
activity, and modulated the activity of antioxidative enzymes such as catalase, ascorbate peroxidase, superoxide dismutase and 
guaiacol peroxidase that efficiently scavenged the  H2O2 formed, lowered the MDA level and chlorophyll loss, and improved 
the overall physiological traits. The activity of polyphenol oxidase, nitrate reductase and α-amylase was also induced in 
presence of SNP during salt stress that ensured better utilization of polyphenolic compounds for defence, and improved the 
nitrogen assimilation efficiency with better mobilization of stored starch, so as to facilitate germination and enhance seedling 
tolerance in response to salinity. Our communication clearly established the prospects of seedling priming with SNP as a 
cost-effective strategy to develop salt-tolerant V. radiata seedlings with better survival capacity.

Keywords Vigna radiata · Sodium nitroprusside · Salt stress · Osmolytes · Antioxidants

Introduction

Around 6% of the total land area of the Earth which com-
prise almost 800 million hectares of cultivable land is 
affected due to salinity that hampers the growth, devel-
opment and yield of various crops (Yang and Guo 2017). 
Accumulation of sodium  (Na+) and chloride  (Cl−) ions are 
responsible for salt toxicity in plants (Ismail et al. 2014). 
Ionic stress occurs due to accumulation of  Na+ and  Cl− ions 

in the tissues that are absorbed by the roots, translocated to 
the shoots and finally accumulated in the leaves (Munns and 
Tester 2008). Higher accumulation of  Na+ ions also hampers 
the  K+/Na+ homeostasis which creates osmotic disbalance 
and inhibits the growth and development of plants (Roy-
choudhury et al. 2008). Excess soluble salts in the soil also 
reduce water availability, i.e. water potential of the root sys-
tem that leads to osmotic stress (Hasegawa et al. 2000). Ionic 
and osmotic stress due to excess soluble salt leads to second-
ary stress that includes formation of reactive oxygen species 
(ROS), i.e.  H2O2 which in turn produce cytotoxic metabo-
lites such as malondialdehyde (MDA) (Roychoudhury et al. 
2011). In addition, salt stress also reduces the chlorophyll 
content that might be due to higher activity of chlorophyl-
lase enzyme, or breakdown of chlorophyll due to deposition 
of ions or disruption of ultrastructure of chloroplasts (Saha 
et al. 2010). Garchery et al. (2013) reported that osmotic 
stress in tomato seedlings induced the activity of ascorbic 
acid oxidase (AAO; EC 1.10.3.3) that ultimately lowered 
the ascorbic acid content of the apoplast which negatively 
affected the tolerance level of the seedlings.

Handling Editor: Rhonda Peavy.

 * Aryadeep Roychoudhury 
 aryadeep.rc@gmail.com

1 Department of Biotechnology, St. Xavier’s College 
(Autonomous), 30, Mother Teresa Sarani, Kolkata 700016, 
West Bengal, India

2 Department of Botany, Aligarh Muslim University, 
Aligarh 202002, India

3 Department of Botany, Scottish Church College, 1&3 
Urquhart Square, Kolkata 700006, West Bengal, India

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Vol:.(1234567890)

Journal of Plant Growth Regulation (2021) 40:2342–2357
https://doi.org/10.1007/s00344-020-10285-z

1 3

Differential Responses of Vigna radiata and Vigna mungo 
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Abstract
The manuscript aimed to explore the differential responses of Vigna radiata and Vigna mungo to fluoride (25 mg  L−1 NaF) 
stress and validate the protective roles of sodium nitroprusside (SNP) (50 µM). V. radiata showed 53.5% higher bioaccumula-
tion of fluoride compared to V. mungo. The overall growth in V. radiata was more affected (32.0%) compared with V. mungo 
(6.3%), which on the contrary displayed regulated fluoride entry and fluoride-adaptive phenotype. Fluoride bioaccumulation 
in V. radiata significantly triggered  H2O2 and methylglyoxal accumulation, electrolyte leakage, chlorophyll degradation and 
lipid peroxidation, which accounted for its fluoride sensitivity. Exogenous SNP alleviated fluoride toxicity in both the spe-
cies by synthesizing osmolytes (proline, glycine-betaine and total amino acids), non-enzymatic antioxidants (anthocyanins, 
flavonoids, total phenolics, carotenoids, ascorbate and glutathione) and activating antioxidative enzymes (APX, SOD, GPX, 
GST, GPOX and GR). Fluoride toxicity inhibited the CAT activity to a higher degree in V. radiata (51.0%) than V. mungo 
(31.3%). However, SNP supplementation rescued the CAT activity, lowered the fluoride uptake and membrane damage, and 
also alleviated oxidative stress in both the species, along with accelerated growth recovery and chlorophyll conservation. 
Cytotoxic methylglyoxal was efficiently detoxified in presence of SNP due to enhanced activity of the glyoxalases. Exogenous 
SNP also triggered endogenous NO formation along with up regulating the activity of P5CS and PAL, which stimulated 
proline and flavonoid biosynthesis during stress. Statistical analyses revealed that the ameliorating potential of SNP was more 
prominent in the susceptible species. Overall, our investigation established V. radiata and V. mungo as fluoride-sensitive and 
fluoride-tolerant species, respectively, and also illustrated the efficacy of SNP in abating stress-induced damages in Vigna 
by augmenting the defence machinery.

Keywords Antioxidative machineries · Fluoride · Glyoxalase · Osmolytes · Oxidative damages · Sodium nitroprusside · 
Vigna radiata · Vigna mungo

Introduction

In recent times, reckless human activities have enhanced the 
releases of fluoride (F) salts from the factories, agricultural 
fields and domestic wastes that get admixed with the sur-
rounding water bodies (Hong et al. 2016). The irrigation of 
agricultural fields from water previously contaminated with 

F salts leads to the deposition of F in the soil that ultimately 
reduces the productivity. The F level in agricultural soil in 
some regions of India such as Newai Tehsil, Rajasthan and 
Bankura and Purulia, West Bengal is recorded to be as high 
as 50–180 and 55–399 mg F  kg−1 of soil, respectively (Bhat-
tacharya and Samal 2018). Accumulated F in the soil is read-
ily taken up by the plants through their chloride channels and 
accumulated in the plants cells (Banerjee and Roychoudhury 
2019a). Deposition of F in the plant tissues causes reduced 
growth and hampers the overall development along with vis-
ible symptoms of damages such as leaf tip burn, formation 
of secondary roots, higher degradation of chlorophyll due to 
chlorosis, and reduced biomass and height of plants. Vari-
ous studies have previously shown the toxic effects of F in 
crops like Vigna radiata, Oryza sativa, Cicer arietinum and 
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Abstract
The aim of the current study was to investigate the regulation of tricarboxylic acid (TCA) cycle and sugar metabolism in the 
seedlings of the rice variety, Khitish, during fluoride stress, either in absence or presence of exogenous calcium compounds, 
viz., calcium hydroxide and calcium nitrate. The inhibitory effect of fluoride stress on energy production was reflected by 
lowered levels of pyruvic acid, citric acid and malic acid, substantial interference with the respiratory enzymes such as 
PDH, CS, IDH and SDH, and inhibiting the expression of the concerned genes. Seed priming with both calcium compounds 
elevated the organic acid levels, restored the activity of the above enzymes and expression of the corresponding genes. On 
the contrary, the enhanced fumarase and MDH activity and MDH gene expression, during fluoride stress, was lowered by 
calcium pre-treatment. The sucrose level, together with SPS and SS activity and expression of the corresponding genes were 
restored to higher levels, concomitant with lowered INV activity and gene expression, in presence of calcium compounds, 
suggesting lesser utilization of sucrose to combat fluoride stress. The efficacy of calcium compounds in conserving starch as 
the major food reserve, without provoking its catabolic breakdown, was established on the basis of enhanced starch content 
with lowered α-amylase and starch phosphorylase activity and corresponding gene expression. The present communica-
tion for the first time documented the detrimental impact of fluoride stress on TCA cycle metabolites and majority of the 
enzymes, and endogenous sucrose and starch accumulation, as well as highlighted the reversal of the negative effects with 
the exogenous application of calcium compounds.

Keywords Tricarboxylic acid cycle · Rice · Fluoride stress · Calcium compounds · Sugar metabolism

Introduction

Fluorine occupies 0.06–0.09% of the total surface area of 
earth and is the 13th most abundant element to be found on 
earth surface (Armienta and Segovia 2008). It exerts toxic 
effects when exceeds the safe limit of 1.5 mg  L−1 as sug-
gested by the World Health Organization (WHO) (Banerjee 
and Roychoudhury 2019a). In India, the fluoride content 
recorded in some regions is as high as 48 mg  L−1 (Sush-
eela 1999). Groundwater contamination with fluoride is 
also an acute menace in recent times. Rice plants requiring 

enormous volume of water for completion of their life cycle 
uptake fluoride from both soil and groundwater through 
chloride channels (Banerjee and Roychoudhury 2019b). 
Bharti et al. (2017) reported that for each 100 ppm rise in 
the fluoride level in the soil up to 2200 ppm, the internal 
fluoride content of the plants rises by 3 ppm. Bhattacha-
rya et al. (2017) observed that the fluoride concentration in 
some parts of West Bengal in India ranges between 55 and 
399 mg kg−1 of soil which leads to fluoride accumulation, in 
crops and vegetables like radish, carrot, onion bulb, brinjal, 
potato tuber, cauliflower, cabbage, coriander and pigeon pea, 
to as high as 13–63 mg kg−1 of dry weight. In another study, 
Bhat et al. (2015) reported fluoride concentration to be vary-
ing between 0.69 and 0.71 ppm in crops like onion, cabbage 
and tomato, grown within 1 km range of a zinc smelter in 
Debari, Udaipur, Rajasthan in India where soil fluoride con-
centration was reported to be as high as 179–189 ppm. The 
fluoride level in countries like China and Croatia is reported 
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Fluoride toxicity variably affects overall physiology and grain
development in three contrasting rice genotypes, representing
a potential biohazard
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Abstract
Ingestion of fluoride through consumption of contaminated food grains has been regarded to be hazardous for consumer health.
The current study indicated the possible occurrence of such biohazard due to fluoride bioaccumulation in rice grains and straw
(cattle feed). The effects of fluoride toxicity at three stages of grain development in three rice genotypes, viz., IR-64,
Gobindobhog (aromatic), and Khitish, were also studied. Irrigation with fluoride-infested water inhibited grain formation in
IR-64 and reduced grain yield in Gobindobhog. Fluoride toxicity promoted seed sterility in IR-64 by triggering reactive oxygen
species (ROS) production and cellular necrosis, suppressing genes like GIF1, DEP1, and SPL14 (positively controlling seed
formation) and inducingGW2 (negatively mediating grain development). Gobindobhog showed intermediate fluoride sensitivity
and accumulated high levels of proline, anthocyanins, flavonoids, and phenolics due to the induction of genes like P5CS, ANS,
and PAL in developing grains. The agronomic attributes in Khitish were unaffected by fluoride stress due to regulated fluoride
uptake and high expression of GIF1, DEP1, and SPL14 along with an increased synthesis of anthocyanins, flavonoids, and
phenolics. Khitish also accumulated low ROS as a result of which lowest lipoxygenase expression (among selected cultivars) was
observed in developing grains. Fluoride entry was accelerated in the straw of Khitish, possibly due to the absence of regulated
uptake mechanism in dead seedlings. Furthermore, the ecological concerns regarding fluoride bioaccumulation and reduced grain
yield at the varietal level were also established, based on statistical modelling.

Keywords Fluoride . Rice grain development . Reactive oxygen species . Biohazard . Varietal response . Statistical modelling

Introduction

Environmental pollution due to fluoride is a rapidly growing
concern, especially in the Southeast Asian countries, since fluo-
ride acts as a potent xenobiotic (Zhou et al. 2019). Unplanned
exploitation of groundwater has drastically reduced the depth of
the presiding water table. As a result, water extracted from deep-
bored pipes is contaminated with fluorides that leach out from
the mineral-bed (Banerjee and Roychoudhury 2019a). Apart
from being used for drinking and other household purposes, a

large proportion of groundwater is adequately used to irrigate
the agricultural fields that are extensively distributed in South
East Asia (Mondal 2017). Rice is one of the most widely culti-
vated food crops in this area, with China, India, Bangladesh, and
Pakistan being some of the largest producers of rice grains (Peng
et al. 2009). The states of West Bengal (rice bowl of India),
Odisha, Bihar, and Chhattisgarh are largely infested with en-
demic fluorosis, and as high as 48 mg L−1 of fluoride has been
detected across the Indian states (Susheela 1999). Fluoride has
been regarded as a dreaded groundwater toxin in Guizhou
Province, Yuncheng Basin, and Northwest China (Sivasankar
et al. 2016). Alarming levels of fluoride have been detected in
the Gangetic delta of Bangladesh (exclusively used for rice cul-
tivation) and the Lahore, Quetta, and Tehsil Mailsi provinces of
Pakistan (Rasool et al. 2018). Enhanced mobility of fluoride in
Indian groundwater (popularly used for irrigation) was due to
the abundance of zeolite-rich sediments which accelerated over-
all ion-exchange (Mondal and Kumar 2017). Ingestion of
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Silicon nanoparticle-pulsing mitigates fluoride stress in rice by fine-
tuning the ionomic and metabolomic balance and refining agronomic
traits
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h i g h l i g h t s

� Nano-silicon strongly stimulated overall rice growth during fluoride toxicity.
� Fluoride-mediated inhibition in grain hardening and lower yield were reversed.
� Nano-silicon enhanced macro and micronutrient uptake during stress.
� ROS was scavenged by the antioxidants and methylglyoxal detoxified by glyoxalases.
� Nano-silicon promoted nanozymatic effect.
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a b s t r a c t

The present manuscript investigates the roles of silicon nanoparticles (SiNPs) in ameliorating fluoride
toxicity in the susceptible rice cultivar, IR-64. Fluoride toxicity reduced overall growth and yield by
suppressing grain development. Fluoride stress alarmingly increased the accumulation of cobalt, which
together with fluoride triggered electrolyte leakage, malondialdehyde, methylglyoxal and hydrogen
peroxide accumulation and NADPH oxidase activity. The overall photosynthesis was compromised due to
chlorosis and inhibited Hill activity. Nano-Si-priming efficiently ameliorated molecular injuries and
restored yield by reducing fluoride bioaccumulation particularly in the grains. The level of non-
enzymatic antioxidants like anthocyanins, flavonoids, phenolics and glutathione was stimulated upon
SiNP-priming. Nano-Si-pulsing removed fluoride-mediated inhibition of glutathione synthesis by acti-
vating glutathione reductase. Glutathione was utilized to activate glyoxalases and associated enzymes
like glutathione-S-transferase and glutathione peroxidase. Uptake of nutrients like silicon, potassium,
zinc, copper, iron, nickel, manganese, selenium and vanadium improved seedling health even during
prolonged fluoride stress. Nano-Si-pulsing produced a nanozymatic effect, since high level of crucial co-
factors like copper, zinc and iron stimulated the activity of superoxide dismutase, catalase, ascorbate
peroxidase and guaiacol peroxidase, which synergistically with other enzymatic and non-enzymatic
antioxidants scavenged reactive oxygen species and promoted fluoride tolerance. Overall, the study
supported by statistical modelling using principal component analysis, t-distributed stochastic neigh-
bour embedding and multidimensional scaling, established the potential of SiNP to promote safe rice
cultivation and precision farming even in fluoride-infested environments.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Rising level of fluoride in groundwater is one of themajor causes

of persistent environmental pollution, owing to its high bio-
magnifying potential (Banerjee and Roychoudhury, 2019a). The
crucial factors for leaching of fluorides from mineral beds are: (i)
anthropogenic water extraction from underground aquifers, and
(ii) increased rates of weathering (due to climate change) and ion-
exchange reactions (Mukherjee and Singh, 2018). As a result,
endemic fluorosis has become a rising concern in extensive areas
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Exogenous supplementation of melatonin alters representative organic 
acids and enzymes of respiratory cycle as well as sugar metabolism during 
arsenic stress in two contrasting indica rice cultivars 
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A B S T R A C T   

The objective of the present investigation was to understand the impact of exogenously applied melatonin on 
mitochondrial respiration and sugar metabolism in two contrasting rice cultivars, viz., Khitish (arsenic-suscep-
tible) and Muktashri (arsenic-tolerant) under arsenic-stress. Melatonin effectively restored the level of organic 
acids like pyruvic acid, malic acid and more particularly citric acid by 33 % in Khitish which were lowered 
during arsenic-stress, whereas their levels were further elevated in Muktashri to provide energy for defence 
against arsenic-induced injury. Arsenic-exposure led to a significant inhibition in enzyme activities as well as 
corresponding transcript level of key respiratory enzymes, viz., pyruvate dehydrogenase, citrate synthase, iso-
citrate dehydrogenase, succinate dehydrogenase and malate dehydrogenase, intriguingly more prominently in 
case of Khitish. Conversely, melatonin supplementation, irrespective of cultivars, considerably improved the 
activity of the above enzymes and corresponding gene expressions during stress, indicating acceleration in the 
rate of Krebs cycle. Melatonin supplementation also stimulated the accumulation of total soluble sugars by 62 % 
and 25 %, reducing sugars by 50 % and 44 % and non-reducing sugars by 75 % and 14 % in Khitish and 
Muktashri respectively, concomitant with higher activities of acid invertase, sucrose synthase and sucrose 
phosphate synthase enzymes, along with the expression of corresponding genes. Enhanced starch accumulation 
via regulation of alpha amylase and starch phosphorylase activities and gene expression, by melatonin also 
contributed towards better stress tolerance. Overall, this work illustrated the efficacy of melatonin in the 
regulation of representative organic acids and enzymes of respiratory cycle along with starch and sugar meta-
bolism in rice cultivars under arsenic toxicity.   

1. Introduction 

Arsenic (As) ranks as the 20th most abundant element in the Earth’s 
crust and 12th in the human body (Singh et al., 2015). Vast stretches of 
Vietnam, Bangladesh, along with West Bengal and other states of India 
depend on As-contaminated groundwater for irrigation of staple food 
crops such as rice (Kumar and Puri, 2012). Although the provisional 
guideline for As in drinking water is 0.01 mg L− 1 (WHO, 2011), nearly 
50 million people, mainly from Bengal Deltaic Plains, are at risk of being 
exposed to > 0.05 mg L− 1 of As, which is the maximum limit of 
As-concentration in drinking water in most of the Asian countries 
(Shrivastava et al., 2015; Rahaman et al., 2013). Arsenic has prominent 
adverse effects on plant growth and agronomic grain yield. In plants, As 
causes physio-biochemical alterations, interferes with the metabolic 

processes and induces generation of reactive oxygen species (ROS), 
which triggers oxidative stress in plants (Samanta et al., 2020; Abbas 
et al., 2018; Khan and Gupta, 2018). Due to similar chemical properties, 
[As(V)] inhibits phosphate-dependent reactions and forms unstable 
arsenate-ADP [As(V)-ADP] by competing with phosphate and uncouples 
ATP synthesis from electron transport (Finnegan and Chen, 2012). This 
leads to detrimental changes of energy bypass in mitochondrial respi-
ration, including electron transport chain (ETC), making mitochondria a 
strong target of As-stress (Cozzolino et al., 2010). 

The respiratory cycle acts as a central hub of metabolism in all living 
cells. Pyruvic acid, the end product of glycolysis, is oxidized to acetyl- 
CoA by the enzyme, pyruvate dehydrogenase complex (PDH) (Lin 
et al., 2003). Initiation of Krebs cycle occurs by condensation of 
acetyl-CoA with oxaloacetate by the enzyme, citrate synthase (CS) 
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a b s t r a c t

The fluoride-sensitive indica rice cultivar, IR-64 was subjected to NaF-treatment for 25 days, following
which RNA-Seq analysis identified significant up and down regulation of 1,303 and 93 transcripts
respectively. Gene ontology (GO) enrichment analysis classified transcripts into groups related to ‘cellular
part’, ‘membrane’, ‘catalytic activity’, ‘transporter activity’, ‘binding’, ‘metabolic processes’ and ‘cellular
processes’. Analysis of differentially expressed genes (DEGs) revealed fluoride-mediated suppression of
abscisic acid (ABA) biosynthesis and signaling. Instead, the gibberellin-dependent pathway and signaling
via ABA-independent transcription factors (TFs) was activated. Comparative profiling of selected DEGs in
IR-64 and fluoride-tolerant variety, Khitish revealed significant cytoskeletal and nucleosomal remodel-
ling, accompanied with escalated levels of autophagy in stressed IR-64 (unlike that in stressed Khitish).
Genes associated with ion, solute and xenobiotic transport were strongly up regulated in stressed IR-64,
indicating potential fluoride entry through these channels. On the contrary, genes associated with
xenobiotic mobility were suppressed in the tolerant cultivar, which restricted bioaccumulation and
translocation of fluoride. Pairwise expression profile analysis between stressed IR-64 and Khitish, sup-
ported by extensive statistical modelling predicted that fluoride susceptibility was associated with high
expression of genes like amino acid transporter, ABC transporter2, CLCd, MFS monosaccharide transporter,
SulfT2.1 and PotT2 while fluoride tolerance with high expression of Sweet11.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorine is the 13th most abundant element found in Earth’s
crust and acts as a toxic pollutant in the ecological cycle (Choubisa,
2013). Fluorine is usually detected in the form of fluorides. Increase
in fluoride contamination in groundwater is a rising concern for
overall health of consumers, including animals and even humans.
Ingestion of fluoride beyond the safe limit of 1.5 mg L�1 (as pre-
scribed by theWorld Health Organization) is known to cause severe
fluorosis along with irreversible skeletal and neurological de-
formities (Yadu et al., 2018). Internationally acclaimed and recog-
nized pollution-controlling agencies like the Occupational Safety
and Health Administration (OSHA), Agency for Toxic Substances
and Disease Registry (ATSDR), American Conference of

Governmental Industrial Hygenists (ACGIH), Directly Observed
Treatment (DOT), National Institute for Occupational Safety and
Health, Washington D. C (NIOSH), The International Agency for
Research on Cancer (IARC), National Fire Protection Association
(NFPA) and Environmental Protection Agency (EPA) have recog-
nized fluoride as a severely hazardous element.

Uncontrolled anthropogenic activity and unplanned extraction
of groundwater have led to drastic reduction in the water-table,
leading to unprecedented leaching of fluorides from low-lying
mineral rocks (Mondal, 2017). Currently, groundwater fluoride
pollution is a rising problem in South-East Asian countries largely
involved in rice production (Banerjee and Roychoudhury, 2019a).
Rice is the staple food crop in a large number of countries and is
water-intensive in nature. Unfortunately, the groundwater reserves
of the largest rice-producing countries like China, India, Bangladesh
and Pakistan are drastically affected by endemic fluorosis
(Sivasankar et al., 2016). Highest fluoride level has been detected to
be as much as 48 mg L�1 across Indian states (Susheela, 1999).

In our previous communications, we showed that the use of
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Alleviation of Fluoride-Mediated
Toxicity via Seed Priming with Calcium

Oxide in Oryza sativa L. cv. Khitish

Abstract : The effect of seed priming with calcium oxide
(CaO) in the mitigation of fluoride-mediated stress is
not yet explored. The present manuscript highlights the
amelioration of fluoride toxicity in an indica rice cultivar,
viz., Khitish, by initial priming of seeds for 24 h with two
different concentrations of CaO (0.3 mM and 0.5 mM).
Fluoride toxicity brought about considerable decrease in
the seedling emergence, affecting the overall physiology
of seedlings. Chlorophyll degeneration, enhanced
endogenous malondialdehyde and H2O2, and electrolyte
leakage due to higher bioaccumulation of fluoride were
observed. While the catalase activity was decreased, the
other antioxidants like guaiacol peroxidase, proline and
total amino acids were elevated. Seed priming with CaO
largely improved plant performance under fluoride
stress by enhancing germination efficiency, with better
physiology of plants, reducing fluoride bioaccumulation
and overall oxidative damages. The protective effect of
CaO was also evident from restoration of the catalase
activity, and lowering the level of guaiacol peroxidase,
proline and total amino acids, even under stressed
condition. The decrement in the level of carotenoids and
total phenolics as a consequence of stress was also
overcome via CaO priming. The lower (0.3 mM)
concentration appeared to be more potential in stress
mitigation. Thus, CaO priming offers a reliable strategy
in amelioration of fluoride-mediated injuries in Khitish
by inhibiting fluoride uptake and improving the overall
plant growth.

Keywords: Fluoride stress, calcium oxide, seed priming,
antioxidants, osmolytes, rice

Fluoride contamination is globally recognized as a severe
threat to biotic components of the environment,

hindering water and mineral transport. In plants, fluoride
toxicity affects the overall physiology, causing chlorophyll
damage which ultimately leads to chlorosis, leaf margin
burn, growth retardation and necrosis of leaf tip. It interferes
with the activity of ferric ion-containing enzymes such as
catalase, cytochrome oxidase and peroxidase, hinders

The journal is in the category 'Group A' of UGC-CARE list and falls under the broad category of
Multidisciplinary Sciences covering the areas Arts and Humanities, Science and Social Sciences.

phosphorylation of proteins and rate of photosynthesis,
and generates reactive oxygen species (ROS) which
interfere with other metabolic processes1,2. Bioaccumulation
of fluoride in edible parts can occur through translocation
of fluoride ions via root-shoot system, thereby enhancing
the endogenous fluoride level1.

   In order to counteract oxidative stress, plants
recruit an elaborate defence mechanism involving
compatible solutes like proline and amino acids, as well as
non-enzymatic and enzymatic antioxidants like phenolics,
carotenoids, peroxidase, catalase, etc3. In addition to these
protective machineries, presence of various divalent
elements in the soil like calcium and magnesium has been
reported to bind with fluoride ion which results in lower
uptake of fluoride from soil. The mitigation of fluoride
toxicity by aluminium has been emphasized, but in recent
times, several studies have particularly reported the
protective role of calcium against fluoride stress. Calcium
chelates the fluoride ions forming a CaF2 complex,
ultimately reducing fluoride uptake by plant tissues and
reducing the overall damages. 0.6 g L-1 of CaO
nanoparticles have been used successfully to adsorb 100
mg L-1 fluoride ions when present in aqueous solution4.
The liming of soil with CaO has been shown to decrease
the level of fluoride in Camellia sinensis L. leaves by
10.5% in comparison with the plants, where Ca was not
applied exogenously5.

Seed priming is an effective and practical technique
which accelerates rapid and uniform seedling emergence,
high seedling vigor and better yield, and normal metabolic
processes under unfavourable environmental conditions.
Higher and synchronized germination of primed seeds
primarily occurs due to reduction in the lag time of
imbibition, build-up of germination-enhancing metabolites,
enzyme activation, metabolic repair during imbibition and
osmotic adjustment6. Although the role of CaO in
overcoming fluoride stress has been advocated, there is
no available work on the protective action of seed priming
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Earlier reports have shown that seed priming with
CaCl2 mitigated the adverse effects of drought stress in
sunflower seedlings by increasing the different growth
criteria like SL, leaf area, fresh and dry weight of shoot,
increasing the antioxidant enzymes and photosynthetic
pigments as well as decreasing the level of H2O2, MDA,
soluble phenolic and flavonoid contents, as compared to
drought-stressed seedlings20. Overall, the present study
contributes to our mechanistic understanding of Ca priming-
mediated attenuation of fluoride accumulation in rice and
provides useful information regarding improvement of the
adaptability of rice to fluoride stress by seed priming with
CaO. The results evidently highlight that CaO priming can
be an economic strategy for the farmers engaged in
cultivation of rice to maintain usual growth and yield during
fluoride stress under field conditions.
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Silicon-regulated antioxidant and osmolyte defense and methylglyoxal detoxification
functions co-ordinately in attenuating fluoride toxicity and conferring protection to
rice seedlings
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A B S T R A C T

The objective of this manuscript was to demonstrate the efficacy of silicon supplementation in relieving the flu-
oride-induced damages in rice cultivar, Khitish. The exposure of seedlings to two different concentrations of flu-
oride, viz., 25 and 50 mg L−1 NaF caused increase in fluoride accumulation, as a result of which the seedlings
suffered severe oxidative stress, as evident from growth inhibition, reduction in seed germination, tissue biomass,
root and shoot length, decline in chlorophyll content, increases in electrolyte leakage, H2O2 content, lipid per-
oxidation (malondialdehyde content and lipoxygenase activity), protein carbonylation and protease activity. The
extent of damage was more at higher fluoride concentration. Silicon amendment, irrespective of fluoride concen-
trations, led to large build-up of endogenous silicon level and brought considerable improvement in all the para-
meters examined with respect to fluoride stress. The fluoride-mediated enhancement in methylglyoxal level was
lowered by silicon, because of the prominent activation of glyoxalase I and glyoxalase II. While the stress-medi-
ated induction in antioxidative enzymes like GPOX, APX, SOD, GPX and GR was lowered by silicon, the inhibition
in CAT activity was relieved. The antioxidative defense mechanism was also boosted up via enhanced content
of total phenolics and carotenoids. However, the fluoride-mediated increase in anthocyanins, flavonoids, xantho-
phyll, ascorbate and reduced glutathione, and osmolytes like total amino acids, proline and glycine-betaine, were
all lowered in presence of silicon, together with reduced PAL and P5CS activity. Overall, silicon reduced oxida-
tive damages to develop fluoride-tolerant rice plants through augmentation of different antioxidant and osmolyte
defense and methylglyoxal detoxification system.

1. Introduction

Fluorine belongs to the halogen family and is labelled as the 13th
most profuse non-metal found on the outer layer of the Earth's crust
(Armienta and Segovia, 2008). Due to various anthropogenic ac-
tivities, the range of fluoride (F) pollution in some parts of India is
as high as 69–417 mg kg−1 of F in soil (Bhattacharya and Samal,
2018). The World Health Organization suggested that consumption of
F above 1.5 mg L−1 causes toxic effects in human population (Banerjee
and Roychoudhury, 2019a). Owing to the presence of F-salts in soil,
groundwater also gets polluted due to leaching so that crops like rice
take up adequate amounts of F− ions continuously from both groundwa-
ter and soil through their chloride channels (Banerjee and Roychoud-
hury, 2019b) and deposit them within their cells at a level much above
the threshold limit. Endogenous F− accumulation hampers the overall
growth of the plants. The F-toxicity causes leaf tip burn, chlorosis due
to breakdown of chlorophyll, secondary root formation and reduction
of biomass of rice seedlings (Banerjee and Roychoudhury, 2019c).
Recent reports have shown the effect of F-toxicity on various plants
such as Oryza sativa, Cajanus cajan and Cicer arietinum (Banerjee et al.,
2019a, 2019b; Dey et al., 2012; Singh et al., 2020; Yadu et al.,
2017). Rice seedlings subjected to 25 mg L−1 NaF treatment underwent
considerable tissue damages and stress injuries along with massive ac

cumulation of F− far above the permissible limit (Banerjee and Roy-
choudhury, 2019c).

Over accumulation of F− in plant tissues leads to oxidative stress
which enhances the formation of reactive oxygen species (ROS) like hy-
drogen peroxide (H2O2). Higher level of ROS enhances lipoxygenase ac-
tivity (LOX; EC 1.13.11) which triggers the peroxidation of lipid moi-
eties of cell membrane, thereby up regulating the formation of by-prod-
ucts like malondialdehyde (MDA) and increasing the leakage of elec-
trolytes from cells (Banerjee and Roychoudhury, 2019b). Oxidative
burst in plants leads to the accumulation of other cytotoxic compounds
such as methylglyoxal (MG) (Banerjee and Roychoudhury, 2018)
and induces the carbonylation of certain amino acids present in proteins
which distort their integrated structure, making them susceptible to the
activity of protease (EC 3.4.21). The higher uptake of F− within the tis-
sues leads to the ultimate accumulation of F− in the grains of the agri-
cultural crops (Banerjee and Roychoudhury, 2019c).

To counteract the toxic effect of F− and the F−-induced oxidative
burst in the cells, plants have various protective machineries in the
form of enzymatic and non-enzymatic antioxidants and osmolytes. The
major enzymatic antioxidants involve glutathione reductase (GR; EC
1.6.4.2), guaiacol peroxidase (GPOX; EC 1.11.1.7), catalase (CAT; EC
1.11.1.6), glutathione peroxidase (GPX; EC 1.11.1.9), ascorbate per-
oxidase (APX; EC 1.11.1.11) and superox
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arsenic and fluoride from soil, associated toxicity, defence and glyoxalase
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A B S T R A C T

The current study elucidates the uncharacterized biohazard associated with rice growth in arsenic and fluoride
co-contaminated sites. Analysis of the arsenic-tolerant rice cultivar, Muktashri (known to restrict arsenic uptake)
revealed that fluoride largely stimulated arsenic bioaccumulation in the stressed tissues and vice versa. Gene
expression studies revealed that high arsenic uptake was facilitated by the fluoride-dependent up regulation of
phosphate transporter2 (PT2), PT8 and low silicon rice1 (Lsi1), and elevated fluoride accumulation was stimulated
by the arsenic-mediated induction of chloride channels (CLCs). The endogenous accumulation of fluoride and
arsenic increased reactive oxygen species (ROS), O2

−, membrane peroxidation and arsenic localization within
tissues. This inhibited plant growth by triggering chlorosis, electrolyte leakage, malondialdehyde production
(due to high lipoxygenase activity), protein carbonylation, protease activity and methylglyoxal accumulation
due to inhibited glyoxylase activity. Metabolic analysis showed inhibited proline biosynthesis along with in-
creased channelization of glutathione towards phytochelatin synthase and glutathione-S-tranferase-dependent
pathways. Inhibition of the antioxidant enzymes like catalase, ascorbate peroxidase and guaiacol peroxidase
validated the inefficient scavenging of H2O2 during combined stress. In silico analyses predicted the ecotox-
icological risks of arsenic-fluoride complex formed during joint stress. Overall, our investigation illustrated the
underlying mechanism of arsenic-fluoride co-uptake which resulted in complete suppression of the ‘tolerant’-
phenotype in Muktashri seedlings.
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Seed priming with calcium compounds abrogate fluoride-induced
oxidative stress by upregulating defence pathways in an indica rice
variety
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Abstract
The aim of this manuscript was to investigate the role of calcium compounds, viz., Ca(OH)2, Ca(NO3)2, and CaCl2 (each used at
0.3 mM and 0.5 mM concentration) as seed priming agents to ameliorate fluoride toxicity in rice. The stressed seedlings exhibited
high fluoride bioaccumulation, severe growth retardation, and cellular damages. Calcium compounds improved plant perfor-
mance by increasing seed germination, seedling biomass, and root and shoot length, avoiding chlorophyll degeneration and
leakage of electrolytes, along with lowering the levels of malondialdehdye, H2O2, and endogenous fluoride. Calcium-regulated
defence was mediated by proline synthesised due to increased Δ1-pyrroline 5-carboxylate synthetase (P5CS) and lowered
proline dehydrogenase (PDH) expression, and glycine betaine synthesised due to betaine aldehyde dehydrogenase 1
(BADH1) expression. While the stress-mediated lowering of carotenoids and total phenolics was relieved by calcium priming,
stress-enhanced flavonoids and ascorbic acid content was restored to the normal condition, along with releasing the fluoride-
induced inhibition of ascorbic acid oxidase (AAO) activity. The activities of antioxidant enzymes like catalase, guaiacol perox-
idase, and superoxide dismutase, and the expression of catalase and superoxide dismutase genes were also affected by calcium
priming. The elevated endogenous calcium level, brought about by priming, enhanced the expression of genes related to calcium
signalling pathway, particularly the calcineurin-B-like 10 (CBL10) gene. Ca(OH)2 (0.3 mM) appeared to be the most efficient of
all the three priming agents. Overall, the present work highlighted the efficacy of calcium compounds as priming agents in
abrogating fluoride toxicity in rice.

Keywords Calcium compounds . Fluoride stress . Oxidative damage . Rice . Seed priming

Introduction

Fluorine is ranked as the 13th most abundant element in nature,
covering 0.06–0.09% of total earth surface (Armienta and
Segovia 2008). Rapid industrialisation has led to the higher re-
lease of fluorides in the atmosphere which ultimately increases

the fluoride level above the safety limits. The endogenous fluo-
ride level in plants is estimated to increase by 3 ppm for each
100 ppm increase in soil fluoride up to the 2200-ppm level
(Bharti et al. 2017).Theoverall physiologyof theplants is affect-
ed due to higher level of fluoride, thereby developing symptoms
like chlorosis, leaf tip necrosis, and reduced growth (Banerjee
andRoychoudhury2019a). Inaddition, thebiochemicalprocess-
es like enzyme activity, synthesis of pigments, and proteins are
severely impaired under fluoride stress. The redox homeostatic
conditions of the cell are disrupted due to over production of
reactive oxygen species (ROS) such as hydrogen peroxide
(H2O2). IncreasedlevelofROSresults inmembraneperturbation
and lipid peroxidation which increases the level of
malondialdehyde (MDA) (Yadu et al. 2016) and leakage of elec-
trolytes (Kumar and Singh 2015). Transportation of fluoride
through root-shoot system leads to the bioaccumulation of fluo-
ride in theediblepartsof theplants (Banerjee andRoychoudhury

Key message Seed priming with calcium compounds mitigate fluoride
stress in rice seedlings by lowering fluoride accumulation and oxidative
damages, and triggering the endogenous calcium level which stimulate
the osmolytes, antioxidants, and calcium-dependent genes.
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Abstract
The manuscript illustrates the ameliorative effects of exogenously applied higher polyamine (PA), spermidine (Spd) in the
susceptible indica rice cultivar IR-64 subjected to prolonged fluoride stress. The Spd treatment drastically reduced fluoride
bioaccumulation by restricting entry of the anions through chloride channels and enabled better maintenance of the proton
gradient via accumulation of P-H+/ATPase, thereby improving the root and shoot lengths, fresh and dry weights, RWC, chloro-
phyll content and activities of pyruvate dehydrogenase (PyrDH), α-amylase, and nitrate reductase (NR) in the Spd-treated,
stressed plants. Expression of RuBisCo, PyrDH, α-amylase, and NRwas stimulated. Spd supplementation reduced the molecular
damage indices like malondialdehyde, lipoxygenase, protease activity, electrolyte leakage, protein carbonylation, H2O2, and
methylglyoxal (detoxified by glyoxalase II). Mitigation of oxidative damage was facilitated by the accumulation and utilization
of proline, glycine-betaine, total amino acids, higher PAs, anthocyanin, flavonoids, β-carotene, xanthophyll, and phenolics as
verified from the expression of genes like P5CS, BADH1, SAMDC, SPDS, SPMS, DAO, PAO, and PAL. Spd treatment activated
the ascorbate-glutathione cycle in the stressed seedlings. Expression and activities of enzymatic antioxidants showed that GPOX,
APX, GPX, and GST were the chief ROS scavengers. Exogenous Spd promoted ABA accumulation by upregulating NCED3
and suppressing ABA8ox1 expression. ABA-dependent osmotic stress-responsive genes likeOsem,WRKY71, and TRAB1 as well
as ABA-independent transcription factor encoding gene DREB2A were induced by Spd. Thus, Spd treatment ameliorated
fluoride-mediated injuries in IR-64 by restricting fluoride uptake, refining the defense machinery and activating the ABA-
dependent as well as ABA-independent stress-responsive genes.

Keywords Fluoridestress .Exogenousspermidine .Ricephysiology .Osmolytes .Antioxidants .Abscisicacid .Geneexpression

Introduction

Fluorine is a toxic xenobiotic with about 950 mg L−1 stored as
fluorides within the earth’s crust. Biomagnification of fluoride
in the ecological food chain is a potential biohazard since the
World Health Organization (WHO) has prohibited the ingestion

of fluoride beyond 1.5 mg L−1. Doses above this safe limit lead
to irreversible fluorosis and neurological diseases in humans
and animals (Banerjee and Roychoudhury 2019a, b).
Susheela (1999) recorded the extent of fluoride contamination
to be as high as 48 mg L−1 in the groundwater across Indian
states. Stretches of cultivable lands in West Bengal, Bihar,
Bangladesh, and Pakistan face acute endemic fluorosis
(Banerjee and Roychoudhury 2019c). Large parts of such
fluoride-infested areas are dedicated towards the cultivation of
rice, the staple food crop. Being a water-intensive crop, irriga-
tion with fluoride-contaminated groundwater leads to fluoride
bioaccumulation within rice tissues (Banerjee and
Roychoudhury 2019c; Banerjee et al. 2019a). Limited studies
are available on the detailed mechanism of fluoride-mediated
injuries in rice. Fluoride acts as an accumulative poison that
promotes oxidative stress in plants (Ghassemi-Golezani and
Farhangi-Abriz 2019). It is absorbed by the roots via the
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Abstract
Key message Extensive crosstalk exists among ABA and different phytohormones that modulate plant tolerance 
against different abiotic stress.
Being sessile, plants are exposed to a wide range of abiotic stress (drought, heat, cold, salinity and metal toxicity) that exert 
unwarranted threat to plant life and drastically affect growth, development, metabolism, and yield of crops. To cope with such 
harsh conditions, plants have developed a wide range of protective phytohormones of which abscisic acid plays a pivotal role. 
It controls various physiological processes of plants such as leaf senescence, seed dormancy, stomatal closure, fruit ripening, 
and other stress-related functions. Under challenging situations, physiological responses of ABA manifested in the form of 
morphological, cytological, and anatomical alterations arise as a result of synergistic or antagonistic interaction with multiple 
phytohormones. This review provides new insight into ABA homeostasis and its perception and signaling crosstalk with 
other phytohormones at both molecular and physiological level under critical conditions including drought, salinity, heavy 
metal toxicity, and extreme temperature. The review also reveals the role of ABA in the regulation of various physiological 
processes via its positive or negative crosstalk with phytohormones, viz., gibberellin, melatonin, cytokinin, auxin, salicylic 
acid, jasmonic acid, ethylene, brassinosteroids, and strigolactone in response to alteration of environmental conditions. This 
review forms a basis for designing of plants that will have an enhanced tolerance capability against different abiotic stress.

Keywords ABA perception and signaling · Abiotic stress · Antioxidants · Stress amelioration · Gene interactions

Introduction

Unlike animals, plants are sessile organism and are, thus, 
constantly challenged by unfavorable environment, such as 
drought, salinity, fluctuant temperature, and metal toxic-
ity that significantly hamper their survival capability and 
longevity. The negative effects of abiotic stress impact the 
plants at all phase of their life cycle which are evident at both 
molecular and physiological level. According to the report of 

dos Reis et al. (2012), around 90% of the cultivable land is 
affected by one or more abiotic stress (drought, high salin-
ity, cold, and heat) which accounts for about 70% yield loss 
of the major crops (Mantri et al. 2012). Qadir et al. (2014) 
reported that during last two decades (1990–2013), salinity 
of the arable land has been increased by 37%. Additionally, 
enhanced evapotranspiration due to change in global precipi-
tation patterns and global warming has increased the sever-
ity and frequency of drought stress (Dai 2011). Recently, in 
a meta-analysis study, Raftery et al. (2017) predicted that the 
average temperature of the earth is likely to be increased by 
2.0 to 4.9 °C. Anthropogenic activities can further worsen 
the condition through discharge of the contaminated water 
and solid wastes in cropland that eventually leads to higher 
accumulation of heavy metals. Accumulation of such toxic 
elements above the safety level not only limits the produc-
tivity of crops, but also causes serious risk to human health 
(Rehman et al. 2018). Estimates based on the integration of 
climate change and crop yield model further suggest that 
in coming days, the severity of the damage due to abrupt 
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Biogenic nanoparticles and generation of abiotic stress-resilient plants: A 
new approach for sustainable agriculture 

Swarnavo Chakraborty 1, Ankur Singh 1, Aryadeep Roychoudhury * 

Post Graduate Department of Biotechnology, St. Xavier’s College (Autonomous), 30 Mother Teresa Sarani, Kolkata, West Bengal 700016, India  

A B S T R A C T   

Agricultural crop production is getting a significant setback due to global warming and climate change in the modern era. These two factors have significantly 
induced the severity of abiotic stresses such as drought, salinity, extreme temperature and heavy metal toxicity. Upon being exposed to harsh environmental 
conditions, cytotoxic metabolites such as reactive oxygen species are generated which in turn disturb the homeostatic balance of cells along with inciting membrane 
damage. In order to overcome the negative effects of abiotic stresses, plant and agrarian scientific reports have shown significant progresses in promoting the efficient 
and eco-friendly approaches for the synthesis of plant- and microorganism-based synthesis of nanoparticles. Owing to their nanoscale size, nanoparticles possess a 
large surface/volume ratio that significantly alters their property and characteristic as compared to that of their normal counterparts. Nanoparticles can be phys-
ically, chemically and biologically synthesised. While physical and chemical methods have been successfully applied for the generation of nanoparticles of high 
purity and desired size, these processes are costly and require toxic chemicals. Thus, in the modern era, several investigators have focused their interest on biological 
methods of nanoparticle synthesis, since such methods are fast, cost effective and eco-friendly. In this review, we attempt to deliver information about plant- and 
microorganism-mediated synthesis of nanoparticles, based on recent scientific works. We also demonstrate the significance of these nanoparticles in the mitigation of 
negative impact of abiotic stresses on crop plants which might come handy in near future to the agricultural community.   

Biogenic nanoparticle; Microorganisms; Plants; Abiotic stressors; 
Phytohormones 

1. Introduction 

Rapidly expanding population and global climate change evokes 
serious global agricultural food crisis. Abiotic stress is one such dreaded 
environmental issue that has been threatening the ecological stability at 
an alarming rate. Salinity, drought, extremes of temperature and heavy 
metal toxicity are some of the most common abiotic stressors, 
hampering global agricultural production (He et al., 2018; Khan et al., 
2021). Osmotic stress forms the hall mark of all forms of abiotic stresses, 
leading to altered plant metabolism and ionic allocation (Imran et al., 
2021). Owing to the rise in anthropogenic activities, random climatic 
change and poor techniques of agriculture, acres of agricultural lands 
suffer from stress-induced deterioration of soil quality, causing wide-
spread reduction in the productivity of food crops globally (Mantri et al., 
2011; Wahid et al., 2020). Abiotic stressors trigger the generation of 
harmful reactive oxygen species (ROS), which alter plant cellular 
metabolism at varying levels, including photosynthesis, carbon assimi-
lation, biochemical cascades and permeability of membranes (Jaspers 

and Kangasjärvi, 2010; Khan and Khan, 2017). Hence, a series of effi-
cient and eco-friendly techniques have been exploited to mitigate the ill 
effects associated with various abiotic stressors and to promote plant 
stress adaptive capability. Nanotechnology is one such promising plat-
form, ensuring enhanced stress adaptability and sustainable agriculture 
worldwide (Saxena et al., 2016; Das and Das, 2018). Nanoparticles have 
gained extensive importance in the field of molecular biology, owing to 
their unique physical and chemical properties, viz., tiny size (ranging 
from 1-100 nm); remarkable cellular stability, enormous surface area 
and reactive power (Nejatzadeh, 2021). Nanoparticles can have both 
positive and negative impacts upon the plant system. At very high doses, 
several nanoparticles can impose oxidative injuries to biomolecules, 
leading to plant cellular damages and even cell death. However, at 
optimal levels (low nanomolar concentrations), nanoparticles behave as 
crucial regulators of plant development and growth (Tariq et al., 2021). 
Nanoparticle application enhances plant stress adaptive capability via 
alteration of the crucial metabolic cascades and boosting the 
anti-oxidative defence machinery and free radical detoxification mech-
anisms (Jalil and Ansari, 2019). Specific plant parts, viz., seeds, flowers, 
fruits, stem, bark, leaves, peels and roots have been widely exploited for 
the biosynthesis of an array of nanoparticles, including iron, gold, 
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Abstract

Soil salinity is a major challenge that will be faced more and more by human popula-

tion in the near future. Higher salt concentrations in the soil limit the growth and pro-

duction of crops, which poses serious threats to global food production. Various

plant breeding approaches have been followed in the past which are reported to

reduce the effect of salt stress by inducing the level of protective metabolites like

osmolytes and antioxidants. Conventional breeding approaches are time-consuming

and not cost-effective. In recent times, genetic engineering has been largely followed

to confer salt tolerance through introgressions of single transgenes or stacking multi-

ple transgenes. However, most of such works are limited only at the laboratory level

and field trials are still awaited to prove the long-term efficacy of such transgenics. In

this review, we attempt to present a broad overview of the current strategies under-

taken to develop halophytic and salt-tolerant crops. The salt-induced damages in the

plants are highlighted, followed by representing the novel traits, associated with salt

stress, which can be used for engineering salt tolerance in glycophytic crops. Addi-

tionally, the role of transcriptional and epigenetic regulation in plants for amelioration

of salt-induced damages has been reviewed. The role of post-transcriptional mecha-

nisms such as microRNA regulation, genome editing and alternative splicing, during

salt stress, and their implications in the development of salt-tolerant crops are also

discussed. Finally, we present a short overview about the role of ion transporters and

rhizobacteria in the engineering of salt tolerance in crop species.

1 | INTRODUCTION

To supply food for the growing population of the world, it is necessary

to increase the area of the cultivable land for crop production

and introduce new intensive and ever-growing productive crops.

According to the reports of the Food and Agricultural Organization

(FAO, 2011), the world population is estimated to cross a mark of 9.1

billion by 2050. To feed this enormous population, crop production

should be raised by 70% (FAO, 2011). Salinization of land inflicts a

serious threat and appears as a major challenge to meet this demand

by hampering the growth and productivity of crops.

According to Flowers et al. (2010), salt contamination of around

800 million hectares of land is causing a loss of about 12 trillion

dollars per year to the global agricultural economy. Thus, approxi-

mately one third of the total agricultural land that covers around 6%

of the total land area is highly affected by salt (Mian et al., 2009). The

regions that receive inadequate amount of rainfall or have a high

evapotranspiration rate, that is, arid and semi-arid regions, are more

prone to salt stress (Singh et al., 2015). Plants cultivated on saline soil

accumulate sodium (Na+) and chloride (Cl�) ions in their tissues that

lead to ionic and osmotic stress. Ionic stress hampers the K+/Na+

homeostasis, ultimately inhibiting plant growth and development

(Roychoudhury et al., 2008). High Na+ levels also interfere with

enzyme activities and destabilize protein structures by interfering

with their surface charges. Osmotic stress due to salt toxicity causes

the formation of reactive oxygen species (ROS) such as superoxide
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RNA Interference (RNAi) Technology: 
An Effective Tool in Plant Breeding

Ankur Singh and Aryadeep Roychoudhury

Abstract Traditional plant breeding is widely practised and is very successful in 
producing transgenic plants with desired traits, but it is very time-consuming, not 
cost effective and is only limited to the species which are very closely related. RNA 
interference (RNAi) technology has provided the breeders a new tool by inserting a 
small piece of non-coding RNA which has the ability to decrease the expression of 
a specific gene. Insertion of non-coding RNA suppresses the expression of the gene 
which provides an opportunity to acquire a new trait by accumulating or eliminating 
specific traits which do not exist in wild type plants. RNAi is an evolutionary mech-
anism acquired by the plants as a defence mechanism against foreign genes, but in 
recent times, it has been used by the breeders as a tool for generating better traits in 
organisms. RNAi is a reliable and fast method for studying gene function by silenc-
ing a gene, based on its sequence specificity. Application of RNAi in plants has led 
to the generation of plants which are resistant against stress condition, less suscep-
tible to infection, have better nutritional value along with higher yield. This chapter 
deals with RNAi mechanism, major players involved in RNAi and methods which 
are used for insertion of RNAi in plants. In addition, we focus on the application of 
RNAi in plants to acquire new characters which are difficult to obtain by traditional 
breeding.

Keywords RNA interference · Micro RNA · Plant breeding · Gene silencing · 
Quality traits · Stress
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Hydrogen Peroxide as a Signaling 
Molecule in Plant Abiotic Stress
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ABSTRACT

Hydrogen peroxide (H2O2) is widely generated as a reactive oxygen species 
(ROS) during abiotic stress in all plant systems. H2O2 is formed in an uncon-
trolled way during mitochondrial respiration and photosynthesis via elec-
tron transport process. In addition, activity of various enzymes like amine 
oxidases, oxalate, and flavin-containing enzymes also contribute toward 
tight regulation of H2O2 formation and its level in plants via both enzymatic 
and nonenzymatic H2O2 scavengers. Salinity, drought, light, and extreme 
temperature like external stress can lead to excess formation of H2O2, which 
acts as cytotoxic metabolite in cells. However, in recent time, it is well estab-
lished that optimal concentration of H2O2 acts as a signaling molecule regu-
lating a wide range of biochemical, physiological, and molecular response 
in plants during stressed environment. Various reports have shown that H2O2 
plays a major role in plant development to control physiological processes 
like senescence, seed germination, regulation of stomatal aperture, shoot and 
root development, and programmed cell death. In addition, the crosstalk of 
H2O2 with other signaling molecules likes nitric oxide, ethylene, jasmonic 
acid, salicylic acid, abscisic acid, and calcium plays a key role to abrogate 
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CHAPTER 14

ABSTRACT

Abiotic stress is one of the major limiting factors that significantly hampers 
the development of plants and also negatively affects the quality and 
quantity of crop yield. To overcome the negative effects of abiotic stresses, 
plants reprogram their metabolic pathway which in turn enhances the level 
of primary and secondary metabolites. Metabolomics is an important tech-
nique for deciphering the unknown metabolites or quantification of known 
metabolites in plants formed on being exposed to such limiting factors. 
Metabolome refers to the total metabolite constituent of any plant species 
that can be analyzed to further explore the changes that take place in plants 
on being exposed to environmental stresses. Metabolomics is a promising 
tool that helps in the proper identification of metabolic networks linked with 
abiotic stress that might help in the identification of stress-specific marker 
in plants. Advanced metabolomics tools such as non-destructive nuclear 
magnetic resonance (NMR), gas chromatography-mass spectrometry 
(GS-MS), liquid chromatography-mass spectrometry (LC-MS) and direct 
flow injection mass spectrometry have enhanced the rate of metabolome 
profiling of plants. Presently, integration of metabolomics with other omics 
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CHAPTER 3

ABSTRACT

With the rise in global population, the demand for oil, fibers, foods, and 
crop yields is increasing day by day but in contrast to this unfavorable 
environmental condition hinders the productivity of plants. To attain global 
food demand, it is necessary to improve the yields of the plants by reducing 
the negative effects of abiotic stresses. Abiotic stresses hamper the normal 
growth of plants by inhibiting seed germination, reduced photosynthetic rate, 
water, and nutritional imbalance, higher formation of cytotoxic metabolites 
and lower accumulation of dry mass which ultimately reduces the yield and 
quality of plants. Trace elements (TEs) are a secondary requirement of plants 
for their normal growth, but various reports have demonstrated their impor-
tance in ameliorating the negative effects of abiotic stresses. At the primarily 
level, TEs are important constituents of several metalloproteins, cofactors for 
various enzymes, cell membrane and organelles and at secondary level, they 
regulated the key metabolic pathways involved in gene expressions, produc-
tion of phytohormones and formation of lipids, carbohydrates, proteins, 
osmolytes, and antioxidants that protects the plants from stress-induced 
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CHAPTER 9

ABSTRACT

Phenolic compounds are an important class of secondary metabolites that 
are produced in plants in optimal and suboptimal conditions and play a 
pivotal role in their life cycle. This diverse group of metabolites contains 
various structures, from simple forms consisting of one aromatic ring to 
more complex ones consisting of a large number of polymerized molecules. 
Based on their structures, different polyphenolic compounds show different 
functions that range from protection against abiotic stress to plant growth 
and reproduction. To cope with abiotic stresses, plants enhance the produc-
tion of secondary metabolites such as phenolic acid and flavonoids that 
detoxify the cytotoxic metabolites and help in improving the growth, 
development, and yield of plants. Polyphenolic compounds are synthesized 
in plants via. shikimate/phenylpropanoid pathway. The major enzymes of 
this pathway are phenylalanine ammonia-lyase (PAL), chalcone synthase 
(CHS), chalcone isomerase (CHI), cinnamate 4-hydroxylase (C4H), and 
4-coumarate: CoA ligase (4CL). Phenylpropanoid pathway is activated 
under abiotic stress conditions (drought, heavy metal, salinity, high/low 
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CHAPTER 1 

Antioxidants and Secondary 
Metabolites of Mushrooms as a 
Source of Nutraceuticals and 

Functional Food 
Ankur Singh and Aryadeep Roychoudhury* 

1. Introduction 
Since origin, man has mostly lived in a hunter-gatherer society, depending on the 
biodiversity of their surroundings for their sustenance. Mushrooms have probably 
been eaten for as long as people have walked on the surface of the Earth. The history 
of mushrooms dates back to 300 BC when Theophrastus first mentioned it as ‘truffles’. 
Romans regarded mushrooms as ‘food of the Gods’ whereas Greek warriors used to 
consume them during battles to acquire strength. Basidiomycete fungi, during sexual 
reproduction, produce fruiting bodies that are commonly known as ‘mushrooms’. 
Spores released from the fruiting bodies germinate to form mycelia which in the 
presence of suitable substrate (dead branches, fallen leaves, wood, etc.) further 
develop into primoridia. Finally, primoridia gives rise to the fruiting bodies, i.e., the 
mushrooms. According to Royse et al. (2017), the production of mushrooms was 30 
million tons at a cost of about $63 billion in 2013 which shows a significant rise in the 
production as compared to that of 1978 when only one million ton of mushrooms was 
produced worldwide. Of all the cultivated mushrooms, around 54% (~ $34 billion) was 
edible. Most of the cultivated edible mushrooms consist of five genera: Flammulina 
(11%), Agaricus (15%), Auricularia (17%), Pleurotus (19%) and Lentinula (22%) 
(Raut, 2019). For centuries, mushrooms have been widely used as traditional medicines 
and foods. However, in spite of wide use, the pharmacological and nutritional 
property of mushrooms has been recently recognised worldwide. In recent times, 
various scientific reports have described the pharmacological properties (antifungal, 
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Mechanism of Crosstalk Between 
Cytokinin and Gibberellin 

Ankur Singh and Aryadeep Roychoudhury 

Abstract Phytohormones play an integral role in various plant biological processes 
and regulates the signaling pathways that helps to maintain the growth and devel-
opment of plants in unheralded environmental conditions. Cytokinin and gibberellin 
are two such major phytohormones that regulate the growth of the plants; however, 
various studies have demonstrated that an antagonistic interaction occurs between 
cytokinin and gibberellin during several physiological processes such as shoot and 
root elongation, shoot regeneration in culture, cell differentiation and meristem 
activity. This delicate balance between cytokinin and gibberellin in plants is main-
tained by various proteins such as KNOX, SPY and SEC. KNOX proteins enhance 
the expression of cytokinin-biosynthesis gene Isopentenyl Transferase 7 that accu-
mulates cytokinin in meristems, whereas SPY and SEC are two Serine and Threonine 
O-linked N-acetylglucosamine (O-GlcNAc) transferase that inhibits the gibberellin 
response and enhances cytokinin signaling in plants. The development of plants 
requires a dynamic balance between these two hormones. Thus, the main objective 
of this book chapter is to present all the recent works that was done focusing the 
crosstalk between cytokinin and gibberellin. We also tried to explain the role of 
major components (SPY, SEC and KNOX) involved in this complex network and 
effects of their mutation in plants. 

1 Introduction 

Plants have extraordinary capability of being potentially ‘immortal’. Some plants 
survived several years and their death mostly occurred due to external factors such as 
environmental stress, pathogen infection and other diseases. This long life expectancy 
of the plants is mainly due to presence of long lasting stem cells that continuously 
produces new organs and tissues. According to Heidstra and Sabatini (2014), this
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Role of nanoparticles in remediation of
environmental contaminants
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23.1 Introduction

The industrial revolution brought about economic prosperity, along with the release of various kinds of pollutants in the

environment which is becoming a serious cause of concern for the growing human population. Environmental pollutants

mostly consist of pesticides, fertilizers, heavy metals, herbicides, sewage from households, toxic gases, industrial efflu-

ents, oil splits, and particulate matter. Several new techniques have been initiated to remove these contaminants from

soil, air, and water. Since these pollutants are a mixture of various kinds of substances of different nature, the removal

of these pollutants is quite complex. Thus, to get rid of this problem, recent studies have adopted the use of nanotech-

nology for eliminating toxic pollutants from the environment (Tratnyek & Johnson, 2006).

In recent times, the nanoparticle has gained a lot of popularity due to its distinct size that accounts for its unique

properties. Nanoparticles are stated as particles having sizes lower than 100 nm and higher than 1 nm in two or three

dimensions. Due to their greater surface-to-volume ratio, nanoparticles have higher reactivity as compared to their

bulky counterparts (Guerra, Smith, Alexis, & Whitehead, 2017). Surface functionalization or grafting of nanoparticles

with various functional groups helps in inducing its binding capacity with desired molecules like pollutants (Guerra,

Campbell, Whitehead, & Alexis, 2017). In addition, various morphological properties like porosity, size, and chemical

composition of nanoparticles can also be modified which directly affects the nature of nanoparticles which can be fur-

ther utilized for enhancing their properties. Thus, surface grafting and morphological changes of nanoparticles as

desired offer significant advantages for the elimination of unwanted pollutions from the environment over conventional

methods (Campbell, Guerra, Dhulekar, Alexis, & Whitehead, 2015). Using biodegradable materials provides an alterna-

tive safer and greener method for removing pollutants from the environment. Thus, various groups have focused on

nanotechnology for the efficient removal of wastes from the environment because nanoparticles can be easily engi-

neered to make them more effective and target-specific (Pandey & Fulekar, 2012). Despite such a significant advantage

over conventional methods, nanoparticles are often unstable under normal conditions. Recent advancement in

nanoscience has paved the way for the use of nanoparticles for efficient removal of environmental contaminants by

increasing their stability, preventing their agglomeration, and enhancing their monodispersity. To develop a good nano-

material, a keen understanding of their process of fabrication, the material platforms, and optimized performance are

required. Thus, this chapter will aim to provide an outline of some recent development in the field of nanotechnology

that will be effective in abrogating toxicity emanating from the environmental pollutants.

23.2 Interaction between nanoparticles and biotic and abiotic factors

According to Avio, Gorbi, and Regoli (2017), about 10 million tons of toxic chemicals are discharged by the industries

into the environment, which in reaction with other compounds, release more toxic by-products like polychlorinated

dibenzofurans or polychlorinated dibenzo-p-dioxins. In addition to their complex physical and chemical properties, their

interactions with abiotic and biotic environmental factors like animals, plants, water, soil, microorganism, and air have

further complicated the process of their elimination from the environment.

327
Hazardous and Trace Materials in Soil and Plants. DOI: https://doi.org/10.1016/B978-0-323-91632-5.00021-5

© 2022 Elsevier Inc. All rights reserved.

View publication stats

https://doi.org/10.1016/B978-0-323-91632-5.00021-5
https://www.researchgate.net/publication/362928465


Photosynthesis and Respiratory Cycles during Environmental Stress Response in Plants. Aryadeep 
Roychoudhury (Ed.) 
© 2023 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)

CHAPTER 16

Protective Chemicals and Metabolites 
in Stabilizing Photosynthesis and 
Respiration Machinery during Abiotic 
Stresses
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ABSTRACT

Unfavorable environmental conditions suspend the development and growth 
of plants and also limit their production that ultimately threatens the food 
security of the world. Various abiotic factors such as drought, salinity, 
temperature, heavy metals, and excessive light hamper the photosynthetic 
and respiratory process in plants. These factors either directly inhibit the 
activity of enzyme involved in the above-mentioned process or indirectly 
distort the structure of thylakoids, chloroplast and degrade photosynthetic 
pigments via the formation of reactive oxygen species that again inhibits 
the above-mentioned processes and directly lowers the yield of the plants. 
However, to survive in these hostile environment, plants have developed an 
extensive network of protective metabolites comprising of osmolytes and 
secondary metabolites. Additionally, various reports have also demonstrated 
that exogenous application of certain chemicals such as salicylic acid, nitric 
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Omics Tools to Understand Abiotic Stress
Response and Adaptation in Rye, Oat
and Barley

21

Ankur Singh and Aryadeep Roychoudhury

Abstract

Rye, oat and barley are one of the most highly consumed cereals in the world after
wheat and rice. Their demand in the food industries has enormously increased;
however, despite high productivity, continuous supply as per the market demand
is hard to achieve, mostly because of periodic crop losses occurring due to abiotic
stresses such as drought, salinity, heavy metal toxicity and non-uniform tempera-
ture. Generation of abiotic stress-tolerant crops is one of the most serious
challenges that need to be addressed by the scientific communities. In this regard,
efforts are being made to understand the stress tolerance mechanism, gene
discovery and interaction of genetic and environmental factors. Several omics
tools and approaches have recently been used for the development of stress-
tolerant crops having better grain quality. Modern sequencing technologies have
greatly accelerated the genomics and transcriptomics studies in the above-
mentioned species. In contrast, limited efforts have been made in other omics
branches like proteomics and metabolomics. Extensive cataloguing of omics
resources has highlighted the need for integration of omics approaches for
efficient utilization of resources and a better understanding of the molecular
mechanism. The information provided in this chapter will be helpful to under-
stand the plant responses and genetic regulatory networks involved in abiotic
stress tolerance and efficient utilization of omics resources for improvement in
performances of rye, oat and barley.
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1 Introduction

Beta-aminobutyric acid (BABA) is a nonproteinaceous rare amino acid found in plants 
(Jisha and Puthur, 2015). It is an isomer of γ-aminobutyric acid (GABA) and α-aminobutyric 
acid (AABA) with a common molecular formula C4H9NO2. Due to its lower abundance in 
nature, BABA was earlier considered as xenobiotics, but Gamliel and Katan (1992) showed 
that root exudate of tomato plants grown in solarised soil contains BABA. Baccelli et al. (2017) 
demonstrated the presence of BABA in plants and stated that during abiotic stress, the en-
dogenous level of BABA was enhanced in plants. BABA is a well-known neurotransmitter in 
animals that is perceived by the target cells on being released from the neurones and acts by 
inducing a change in the functional properties of the cells (Deutch, 2013). Due to its ability 
to induce tolerance in plants against stressed environment and its dynamic nature, Baccelli 
and Mauch-Mani (2017) considered BABA as a novel priming hormone for plants. Exogenous 
application of BABA plays a pivotal role in inducing the tolerance level of the plants against 
both biotic and abiotic stress like salinity, water deficit, and heat shock (Jakab et al., 2001; 
Cohen, 2001; Zimmerli et al., 2008). The protective role of BABA in plants against harsh en-
vironmental condition is mainly explained by its interaction with several stress regulating 
hormones in plants such as abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), and 
ethylene (Ton et al., 2005; Jakab et al., 2005). Luna et al. (2014) identified impaired in BABA-
induced immunity 1 (IBI1) gene that encodes for aspartyl-tRNA synthetase in Arabidopsis. On 
priming the Arabidopsis mutants with BABA against the biotrophic oomycete Hyaloperonospora 
arabidopsidis, it was found that both SA-dependent and SA-independent pathways were 
blocked which led to the conclusion that perception of BABA in plants is mediated by an 
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Chapter 4
Hydrogen Sulfide and Redox Homeostasis 
for Alleviation of Heavy Metal Stress

Ankur Singh and Aryadeep Roychoudhury

Abstract The industrial development has led to the release of heavy metals (HMs) 
in the environment beyond the safe limit. The effluents of industries carrying HMs 
like lead, mercury, cadmium, aluminium, zinc, copper, arsenic, etc. are admixed 
with the surrounding water bodies. Agricultural fields when irrigated with water 
from these polluted sources also get contaminated which ultimately has led to the 
toxicity in plants due to accumulation of metals in their tissues above the threshold 
limit. Metal toxicity reduces plant growth and affects crop yield. In addition, metal 
toxicity also induces the formation of reactive oxygen species (ROS) which disturb 
the redox homeostasis of the cells. ROS, when present above a threshold level in 
cells, damage the lipid membranes and other macromolecules. However, plants 
have some protective machinery such as osmolytes, and enzymatic and non- 
enzymatic antioxidants which protect them from metal stress and helps in the detox-
ification of ROS. As a potent endogenous gasotransmitter, hydrogen sulfide (H2S) 
can enhance the function of these protective machineries of plants when exoge-
nously applied. H2S also protects proteins which are sensitive to damage by ROS 
through persulfidation of cysteine residues present in the protein. During metal 
stress, H2S can mediate the signalling pathways of calcium and nitric oxide (NO). 
This chapter mainly deals with the toxic effect of different HMs in plants, metabo-
lism of H2S and its protective role during metal toxicity in plants.

Keyword Hydrogen sulphide · Metal stress · Redox homeostasis · Reactive 
oxygen species · Osmolytes · Antioxidants
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Salicylic Acid and Jasmonic Acid
in Generating Salt Stress-Tolerant Plants

Ankur Singh and Aryadeep Roychoudhury

Abstract Salt toxicity is a severe environmental constraint which limits the growth
and development of the plants. To overcome this unfavourable environmental situa-
tion, plants possess endogenous protective metabolites which reduce the toxicity of
salt stress. Such metabolites cumulatively reduce salt-induced toxicity by reducing
the accumulation of Na+ ions via up regulating the endogenous protective mecha-
nisms of plants. Two such protective compounds are salicylic and jasmonic acids,
also characterized as well-known stress related phytohormones. The precursor of
salicylic acid is phenylalanine and chorismate, whereas that of jasmonic acid is
α-linolenic acid. After being synthesised in the tissues, they are further processed
to give methylated or glycosylated products which are utilized by plants for the
induction of systemic acquired resistance against various abiotic stresses. These two
acids do not only play an independent role during abiotic stress, but also work in
a complex signal network with other plant hormones which help to abrogate the
toxicity caused due to excess accumulation of Na+ ions and lower the level of other
cytotoxic metabolites and reactive oxygen species during salt stress. This chapter
focuses on the harmful effects of salt stress in various crops followed by metabolism
and transportation of salicylic and jasmonic acids. The protective role of salicylic
and jasmonic acid has been discussed along with their crosstalk with other plant
hormones that synergistically help to ameliorate the salt-induced toxicity in plants.

1 Introduction

Production of agricultural crops around the world is severely hampered by abiotic
stresses like drought, salinity, extreme temperature, metal and xenobiotic toxicity
along with several biotic stresses like insects and other diseases which restrict the
growth and development of plants. Unfavourable environmental conditions reduce
the yield of the plants and are a major cause of concern for human food safety. The
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Augmenting the Abiotic Stress Tolerance
in Plants Through Microbial Association 9
Ankur Singh and Aryadeep Roychoudhury

Abstract

Recurring climate change due to irresponsible behaviour of human leads to
unfavourable climatic condition such as drought, salt stress, extreme temperature
and metal toxicity, which significantly decrease the quality and yield of various
plants. Several physiological, biochemical and molecular parameters are ham-
pered due to abiotic stress conditions. To enhance the fertility of soil, chemical
fertilizers are used which causes soil pollution. Hence, it is necessary to develop a
method which is safe and can increase the productivity of the plants by inducing
their tolerance capability against abiotic stress. Application of soil dwelling
microorganisms is a promising method which can be effectively applied in the
field as a bio-fertilizer to induce the crop yield and overcome other symptoms of
abiotic stress. Microbes enhance the tolerance mechanism in plants by increasing
the mobilization of major elements present in soil, thus facilitating their uptake by
plants. In addition, they also induce the formation of hormones, siderophores,
osmolytes and antioxidants, which can combat the effect of unfavourable
conditions. The interaction between plants and microbes is essential as it is a
biological process and in the near future, it can replace the conventional methods
of farming which decrease the fertility of lands. In this chapter, our aim is to
review various mechanisms adopted by the soil microbes to abrogate the negative
effects of abiotic stresses in plants for their better growth and productivity.

Keywords

Abiotic stress · Microbes · Siderophores · Rhizobacteria · Exopolysaccharides ·
Plant–microbe interaction
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Silicon transporters in plants
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1 Introduction

Silicon (Si) is placed in the 14th group of the periodic table and is the most abundant ele-

ment known to be found on the Earth’s surface after oxygen. It is a tetravalent element that

ismostly found as a silicate, aluminosilicates, or as various forms of SiO2. In earlier days, Si

was assumed to be a nonessential element for plant growth and development, but in

recent years, several studies have shown that the presence of Si in plants is necessary

for their resistance against biotic stress, like fungal and bacterial infection, and abiotic

stress, like drought, salt, heavy metals, etc. (Luyckx et al., 2017), which makes it a quasies-

sential element for plants (Epstein and Bloom, 2005). Plants that can accumulate 1.5% or

more Si of their dry weight are considered as high Si-accumulators, whereas plants accu-

mulating 0.2% Si of their dry weight in leaves are termed as low Si-accumulators (Tubana

and Heckman, 2015). Graminaceous plants like rice, wheat, barley, sugarcane, etc. mostly

uptake and accumulatemore Si compared with other plants like tomato and beans, which

cannot absorb Si from the soil (Nikolic et al., 2006). Graminaceous plants absorb Si as

monosilicic acid or orthosilicic acid by their roots and then deposit it to their epidermal

tissue where, in the presence of calcium and pectin ions, Si forms a cellulose membrane-

Si, which provides protection to the plants (Rodrigues et al., 2003; B�elanger et al., 2003).

However, this passive role of Si is too simplistic to explain the better growth of plants sup-

plemented with Si under stress conditions. Si priming is also effective in providing protec-

tion to the plants against abiotic stress conditions. The priming of nonaccumulator plants

with Si also provides protection against stress, such as priming of tomato seeds with Si

upregulates the expression of genes involved in ethylene, jasmonic acid signaling, and

other stress-related genes when plants are infected with Ralstonia solanacearum, an aer-

obic nonspore-forming plant pathogen (Ghareeb et al., 2011). Si also provides protection

to the plants externally by decreasing the pH of the soil and ultimately decreases the bio-

availability of heavy metal to the plants. Si generates gelatinous metasilicic acid that

retains the heavy metals in the soil, thus providing protection to the plants against heavy

metals (Gu et al., 2011).

Plants absorb soluble Si from the soil and formphytolith, which is an important form of

biogenic silica. Total phytolith fixed by the terrestrial vegetation (60–200 Tmol-Si year�1) is

comparable to that of total biogenic silica produced by marine vegetation (240 Tmol-Si

Metal and Nutrient Transporters in Abiotic Stress. https://doi.org/10.1016/B978-0-12-817955-0.00007-7
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Chapter 6
Cytokinin-Mediated Signalling During 
Environmental Stress in Plants

Ankur Singh and Aryadeep Roychoudhury

6.1  Introduction

Plants are sessile living organisms which cannot escape unfavourable environment 
by shifting their positions. Harsh environmental conditions are negative factors 
which adversely affect the growth, biomass and yield of plants. Stress faced by 
plants may be due to the invading pathogens or infestations of insects collectively 
known as biotic stress and abiotic stress which occurs due to hostile environmental 
conditions like drought, salinity, extreme temperature or heavy metal toxicity 
(Roychoudhury et al. 2013). Harsh conditions lead to oxidative burst in plant tissues 
which ultimately enhances the formation of reactive oxygen species (ROS) like 
hydrogen peroxide (H2O2), superoxide (.O2

−) and hydroxyl radicals (.OH). These 
ROS lead to cellular membrane damages and formation of toxic products like malo-
ndialdehyde (MDA) and methylglyoxal (Banerjee and Roychoudhury 2018). Plants 
have several mechanisms which help them adapt and survive under unfavourable 
conditions. Production of various endogenous signalling molecules helps to coordi-
nate and enhance the functions of the internal defensive pathways which ultimately 
induce their survival capability under severe environmental conditions.

In addition to the action of other stress hormones such as abscisic acid (ABA), 
jasmonate and salicylic acid, cytokinin (CK) also plays an important role in regulat-
ing the action of protective machineries of plants (Ha et al. 2012). CKs were ini-
tially believed to be only involved in cell division and in the regulation of the cell 
cycle (Schaller et al. 2014), but later it was found that CKs also govern various other 
functions like inhibition of root growth, maintenance of apical dominance, forma-
tion of shoot meristem, growth of lateral buds, expansion and senescence of leaves 
and nitrogen signalling pathways (Frebort et al. 2011; Giulini et al. 2004; Miyawaki 
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Influence of Night Temperature on Rice
Yield and Quality

Ankur Singh, Bodhisatwa Chaudhuri, and Aryadeep Roychoudhury

Abstract

Rice is an important food crop for a substantial proportion of the human popula-
tion and due to the risks posed by global warming and climate change, there is
significant interest in analysing the effects of environmental factors such as
temperature on rice yield and quality. Compared to studies on the influence of
day temperatures on rice yield and quality, there are fewer studies on the influence
of night temperature on these parameters. Any change in ambient temperature is
known to activate stress-associated signalling pathways in plants. Night tempera-
ture is a crucial environmental factor that affects metabolic processes such as
respiration and translocation of nutrients. An increase in night temperature
reduces rice yield by reducing the translocation of non-structural carbohydrate
and nitrogen which ultimately reduces grain-filling rate, grain weight and quality.
Other parameters such as the percentage of chalky rice kernels are also adversely
affected by an increase in night temperature. High night temperature (HNT)
increases spikelet sterility, thereby decreasing pollination. At the cellular level,
high night temperature decreases membrane thermal stability and increases the
rate of respiration. Treatment with exogenous effectors such as salicylic acid
reduces the effects of high night temperature by increasing the total anti-oxidant
capacity and membrane thermal stability. An increase in Ca signalling proteins
and heat shock proteins (HSPs) also enhances tolerance to high night temperature.
This chapter therefore focuses on the overall influence of night temperature on
rice physiology, grain yield and the endogenous signalling events.
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Genetic Engineering: A Powerful Tool
to Abrogate the Effect of Metal/Metalloid
Toxicity in Rice

Ankur Singh and Aryadeep Roychoudhury

Abstract

Environmental pollution is a matter of growing concern all over the world. The
release of elements from industries pollutes the surface water, which when used
for irrigation deposit heavy metals in the field. Crops like rice, which is a major
food crop of the world, require large amounts of water during their life span. They
accumulate toxic elements in their grains when irrigated with contaminated water
due to their higher translocation factor. Metal toxicity can be of two types:
deficiency of metals, which is the most common problem for metals like iron,
and excess of metal present in the surrounding, which is commonly seen for
mercury, arsenic, cadmium, etc. Both types of toxicity hamper plant growth and
reduce the yield and nutritional content of the grains. To overcome the problem of
metal toxicity, several methods have been used. One such method is genetic
engineering. In this approach, a gene is introduced in the plants, which enhances
the tolerance level of the plants against the metal stress without changing the
agronomic trait. Till date, several transgenic rice plants have been introduced,
which confer tolerance against higher concentration of heavy metals. This chapter
mainly deals with the toxic effects of such metals in rice plants and the genes
introduced in the plants, which help them overcome the toxic effects and enhance
their survival under stress condition.

Keywords

Heavy metals · Metalloids · Rice · Transgenic approach · Phytoremediation ·
Schizosaccharomyces pombe · merAB
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20.1  Introduction

Gamma-aminobutyric acid (GABA) was first reported to be naturally present in the tuber 
of Solanum tuberosum (Steward et al. 1949). GABA is a short, four-carbon amino acid that 
is nonprotein in nature and plays a significant role in the protection of plants against 
 several environmental stresses. GABA is a well-known neurotransmitter in animals; how-
ever, its role in plants was less understood and it was only considered to be a metabolite in 
plants. In recent times, several studies have shown that GABA is not just a metabolite but 
also plays a major role in abiotic stress amelioration in plants. Under different biotic and 
abiotic stresses, around 1000-fold increase occurs in the concentration of GABA depending 
on the level of stress (Bown and Shelp 1997). In Capsicum annuum, photosynthesis and 
antioxidative enzyme activity were positively increased upon exogenous application of 
GABA (Li et al. 2017). Some other functions such as regulation of citric acid cycle metabo-
lism and proline synthesis (Signorelli et al. 2015), metabolism of carbon and nitrogen dur-
ing stress conditions in plants (Barbosa et al. 2010), and amelioration of oxidative damage 
(Shelp et al. 2012) are also controlled by GABA. In some cases, GABA acts as an inducer 
molecule for gene expression (Renault et al. 2011) In addition to its protective functions, 
GABA also plays a role in plant signal transduction pathways (Beuve et al. 2004). Reduction 
of root length occurs when the level of GABA rises in plants (Renault et al. 2013), and it 
also ensures the successful fertilization in plants by guiding the pollen tubes to the ovary 
(Palanivelu et al. 2003). The signal transducer of GABA in plants is aluminum-activated 
malate transporter (ALMT). GABA can also act as a signal for growth in plants by altering 
the cellular signal, which is an important event in tissue growth (Ramesh et al. 2015).

Biological stress may be defined as any condition that alters the initial homeostasis of the 
organisms; stress in plants can be described as any change in surrounding environmental 
condition that alters the optimal homeostasis state. Plant stresses can be classified into two 
types. Biotic stress is caused due to insects and any type of disease or infection, and abiotic 
stress mainly occurs due to physical imbalance of environmental factors such as light, 
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22.1  Introduction

Abiotic stresses are negative impact of nonliving factors that harmfully affect survival, bio-
mass production, accumulation, and grain yield of most crops. There are different types of 
abiotic stressors such as dehydration, intense sunlight, extreme temperature, or others that 
reduce the crop yield below the optimum level. Plants are frequently challenged by many 
types of abiotic stresses because of constant fluctuations of climate. When these stresses 
are severe, both quality and quantity losses are incurred on a wider scale. Abiotic stress is a 
major global problem, which is limiting the productivity of crops. Different types of abiotic 
stresses are a serious problem limiting the yield of the traditional cultivars (Roychoudhury 
et al. 2013).

Plant responses to all abiotic stresses are dynamic and complex. Acute responses cause 
cell death and sub-acute responses lead to changes at biochemical and gene expression 
levels (Toivonen 2005). When plants are exposed to many types of abiotic stresses, they 
actively produce reactive oxygen species (ROS), which are highly reactive and cause dam-
age to many important biomolecules such as proteins, lipids, carbohydrates, as well as 
DNA. On the other hand, cells may use these toxic molecules as biological stimuli to trigger 
changes at gene expression level. Generally, abiotic stressors stimulate perturbation in the 
crop cellular homeostasis, leading to enhanced production of ROS. The ability of the cell to 
suppress the oxidative damages largely depends upon the endogenous free-radical-scav-
enging activity (Das and Roychoudhury 2014).

For improvement of crop quality, plant breeding may also be used. However, this method 
takes a long time to release a new variety resistant to a particular stress. Transgenic technol-
ogy has emerged as an expanding component of agricultural biotechnology over the past 
decades, since it allows the development of plants with qualities in a much shorter period 
of time as compared to conventional breeding. However, there are several ethical and 
biosafety issues of transgenic technology due to which it is restricted till now in terms of 
commercial release.
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