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2.1 Physiological processes associated with germination
Germination is a process during which a seed recovers from its resting stage, resumes a
consistency in metabolism intensity and then completes the cellular events which leads to
embryo emergence, and further prepares for subsequent growth (Nonogaki et al., 2010).
Germination is also simply defined as the emergence of the radicle from surrounding
structural components (Baskin & Baskin, 2004; Finch-Savage & Leubner-Metzger, 2006).
The completion of the process of seed germination represents a key ecological and
agronomic trait which determines the entry of plants in the ecosystem (Bewley & Black,
1994; Wilkinson et al., 2002). Hence, the germination potential as well as the dormancy
status of a seed is extremely regulated by both the internal and external factors. The process
of germination is known to usually involve triphasic phenomena of water uptake. At the
initial phase (Phase-I) the rate of water uptake is rapid and it continues until all matrices and
cell contents are fully hydrated. In the later phase (Phase-II) limited water uptake takes place
and so it is also termed as the plateau phase. During phase-II, due to less water uptake the
progress of germination is slowing down. In the next phase (Phase-III), due to elongation in
the embryonic axes which also indicates the accomplishment of germination process, the
rate of water uptake increases. Here, the increase in the water uptake occurs due to growing
of radicle and cell expansion (Bewley, 1997; Nonogaki et al., 2007). After the rapid
imbibition of water during initial phase there occurs a temporary membrane disturbance and
solute leakage which is also believed to be recovered shortly. The recovery of membrane
stabilisation indicates the synthesis of components responsible for cellular repair damages
during the imbibition process (Nonogaki et al., 2010). As soon as the imbibition of water
takes place, the respiratory activity with the seed is triggered and oxygen consumption
occurs until the radicle penetrates the surrounding structure. The cellular system of mature
dry seed contains sufficient amount of Kreb's cycle enzymes and terminal oxidases to
provide adequate amounts of energy in the form of ATP from oxidative phosphorylation to
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carry on the metabolic activities for several hours after imbibition (Ehrenshaft and Brambl,
1990; Attucci et al., 1991).

The two other equally important respiratory pathways,

glycolysis and the pentose phosphate pathway (PPP), are also triggered in imbibed seeds.
Many seeds experience temporary oxygen deficiency due to dense internal structure during
the process leading to ethanol production (Kennedy et al., 1992). The glycolytic pathway
predominates when mitochondrial ATP synthesis is restricted by anaerobic condition, often
due to limited gaseous diffusion of oxygen by the structures surrounding the embryo. In
contrast, when mitochondria become active, eventually the PPP predominates (Roberts,
1964). The reactive oxygen species (ROS) production takes place during water uptake
process. A beneficial role of ROS signalling has been reported in breaking the seed
dormancy (Schopfer, 2001; Oracz et al., 2009) but in imbibed seeds, these free radicals are
found to have adverse effect due to their involvement in the damage of the biomolecules and
other cell components. The antioxidant enzymes present in the pea seeds such as catalase,
superoxide dismutase, ascorbate peroxidase, and glutathione reductase are found to scavenge
the free radicals produced during imbibition (Wojtyla et al., 2006). For the completion of the
process of germination, the radicle emergence has to occur through the surrounding
structure. But in some species, the constrained structure of embryo imposes mechanical
barrier against emergence which may lead to physical dormancy. So, to penetrate through
this barrier there requires induction of cell wall remodelling enzymes or physical weakening
of the cell walls. Many researchers have proposed the weakening of endosperm barrier by
various enzymes such as β-glucanase, endo-β-mannase, xyloglucan endotransglycosylase,
polygalacturonase, pectic methylesterase and other proteins such as expansins (Holdsworth
et al., 2008). The weakening of the mannan rich endosperm barrier by endo-β-mannase
enzyme has been reported in the wild type seeds of tomato (Voigt and Bewley, 1996).
Though numerous studies have performed explaining different aspects of mechanisms
involved during germination but still more and more updates are required to have a complete
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picture of seed germination (Nonogaki et al., 2010). There are also challenges for
enhancement of growth performances during germination in horticultural and agronomic
crops, and the technique of priming and pelleting/coating has met the need to some extent.
However, success has been achieved specially for seeds planted in experimental conditions
at small scale.
2.2 Elicitation and the role of elicitors in plant system
Elicitation is considered as an effective strategy to enhance the synthesis of wide spectrum
of bioactive secondary metabolites. The factors applied for elicitation are known as elicitors.
Elicitors are responsible for inducing physiological alteration in the plant system which
leads to enhancement in the bioactive components (Duenas et al., 2015). Elicitors may be
categorised into biotic elicitors: one with biological origin and other abiotic elicitors: not
associated with the biological origin, the hormones are also considered as the elicitors
(Baenas et al., 2014).
The elicitor signal transduction is an important subject of investigation. In response
to the physiological alteration caused by these elicitors, plants activate an array of defense
mechanisms, as during pathogen infections or environmental stimuli, thus affecting the plant
metabolism and further enhancing the biosynthesis of bioactive components (Zhao et al.,
2005). These defense mechanisms includes, hypersensitive responses, production of reactive
oxygen species, structural barrier such as lignification, induction of antioxidant enzymes and
pathogenesis related proteins, alteration in ion fluxes and also regulation of gene expression
associated with various secondary metabolite biosynthetic pathways (Garcia-Brugger et al.,
2006; Ferrari, 2010). The mode of elicitation may be of two types namely, pre-harvest
elicitation and the postharvest elicitation. The former includes, seed priming (Cho et al.,
2008), soaking seeds in aqueous solution of elicitor, or applying exogenous spray method
over the leaves (Baenas et al., 2014) or in a hydroponic system (Wei et al., 2011). A daily
elicitation with 10 μM of methyl jasmonate by exogenous spraying resulted in 31%, 23%
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and 22% enhancement in flavonoid, phenolic and glucosinolates content, respectively, in 7
days old broccoli sprouts (Perez-Balibrea et al., 2011). During postharvest elicitation the
elicitors are applied on the harvested products such as foods and vegetables for enhancement
in the quality composition. It was observed that ultraviolet irradiation resulted in the
significant increase in the antioxidant activity of the grapes (Crupi et al., 2014). Also, an
elevation of 35% and 52% was reported in the phenolic content and antioxidant potential of
strawberry fruits when elicited with exogenous application of methyl jasmonate for one
week (De la Pena Moreno et al., 2010).
Unfortunately, during seed germination subsequent reduction in the antioxidative
potential of the sprouts has been observed due to decrease in the phenolics which are known
to be potent antioxidant agents (Swieca et al., 2012). Nevertheless, successful attempts have
been made through various elicitation processes regarding the improvement of antioxidant
potential of sprouts along with the related phenolics. In this context, elicitation of
phenylpropanoid pathways by UV irradiation have resulted a significant increase in the
antioxidant property of broad beans sprouts (Shetty et al., 2002). Later, Randhir et al. (2004)
have implemented the biotic elicitors such as oregano extract, fish protein hydrolysate and
lactoferrin and enhanced the antioxidant potential of mung bean sprouts. An increase in the
composition of different antioxidant molecules such as polyphenols, ascorbic acid and βcarotene as well as increased digestibility and solubility of proteins has been obtained in
chick pea (Khattak et al., 2007). Also, the elicitation technique of high pressure condition
led to an increase in antioxidative activity in the sprouts of Vigna sinensis (Doblado, 2007).
These elicitors are not only known for the enhancement of the nutraceutical properties of
fruits, vegetables and sprouts; moreover, they also play vital role in many physiological
processes such as germination, breaking of seed dormancy, and also providing tolerance
towards different environmental stress conditions. The role of phytohormones: gibberellins,
ethylene and brassinosteroids in promoting the process of seed germination by breaking the
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seed dormancy are well known (Kucera et al., 2005). Another important plant hormone
which has been successfully utilized as a potent elicitor molecule is salicylic acid. It has also
been implemented through varied methods of application (soaking, adding to the hydroponic
solution, or spraying solution) and has been shown to protect various plant species against
abiotic stresses by inducing stress tolerance mechanisms (Horvath et al., 2007).
Polyamines are polycationic, low molecular weight and nitrogenous growth
regulators present ubiquitously in all living system. The most commonly available free
polyamines in plants are di-amine putrescine, tri-amine spermidine and tetra-amine
spermine. These regulator molecules are also known to enhance the tolerance level in several
plants towards the environmental stresses such as drought, salinity, chilling and potassium
deficiency (Martin-Tanguy, 2001; Takahashi and Kakehi, 2010; Alcazar et al., 2010).
Different studies have suggested additive or synergistic responses after combination
of these elicitors; also different signal transduction pathways are associated with the
environmental stresses and elicitors. Consequently, these associated pathways might
antagonize or harmonize with each other, leading to negative or additive interactions,
respectively (Zhang et al., 2002; Cho et al., 2008; Cevallos-Casals and Cisneros-Zevallos,
2010). Furthermore, it is also observed that the nature, dosage and time of treatment strongly
affect the intensity of the plant responses.

2.3 Importance of Nitric oxide signalling in plant system
Nitric oxide (NO) is an important signalling molecule, which has been known to participate
in wide spectrum of regulatory functions in almost all stages of plant development (Wilson
et al., 2008; Sirova et al., 2011). In the year 1975, the emission of NO from plants was first
observed by Klepper in soybean plants treated with herbicides (Klepper, 1979). Plants not
only react to the atmospheric or soil NO, but they are also able to generate NO via reduction
of apoplastic nitrite (Bethke et al., 2004) or by carotenoids in presence of light (Cooney et
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al., 1994). The major production of NO in plants, however, is probably carried through the
action of NAD(P)H-dependent nitrate reductase enzyme (Dean and Harper, 1988) which is
also considered as an endogenous source of NO in plant system (Yamasaki et al., 1999).
The synthesis of NO in animals is carried out by the enzyme nitric oxide synthase (NOS) via
deamination of L-Arginine. But, there are no such genes in plant system including
Arabidopsis thaliana that are homological to NOS genes of animals (Gupta et al., 2011).
Among the photosynthetic members, only Ostreococcus tauri, an unicellular green algae
was found to possess a NOS having a homology of only 45% with the human NOS (Foresi
et al., 2010). At present several pathways involved in NO synthesis in plant system are
known, also some are assumed which are given in Figure 2.1 (Mamaeva et al., 2015). The
biosynthetic pathways leading to the production of NO in plants might be either oxidative or
reductive. The oxidative pathway is carried out by NOS like enzyme which also includes
synthesis from polyamines. The reductive pathway is mediated by enzymes such as nitrate
reductase (NR) and nitrite-NO reductase (Ni-NOR). Furthermore, this pathway includes
xanthine oxidoreductase (XOR) in peroxisomes and cytochrome c oxidase (COX) that
synthesizes NO from nitrite in mitochondria (Mamaeva et al., 2015).
The application of exogenous NO to plants or cell cultures has revealed valuable
information about the influence of this molecule on various physiological and biochemical
processes. The summary of the functions NO associated with various physiological,
biochemical and molecular processes is given in Figure 2.2 (del Rio et al., 2004). The
earlier reports suggest that NO can mediate the biological effects of signalling molecules
such as phytohormones. The biosynthesis of NO has been found to be induced by cytokinin
in different plants and hence the possibility of involvement of NO in the cytokinin-induced
programmed cell death process is proposed by Neill et al., (2003). Likewise, it has been
demonstrated that NO synthesis in cucumber roots is induced by auxin (Pagnussat et al.,
2003). Additionally, the interaction between both the gaseous molecules NO and ethylene in
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the maturation and senescence of plant tissues has been reported during plant development
(Lamattina et al., 2003).
The identification of the NO synthesis enzymes and the discovery of regulatory role
of NO in the activity of specific proteins within subcellular compartments provided
significant understanding of NO signalling at the molecular level (Hanafy et al., 2001; Kone
et al., 2003; Stuehr et al., 2004). Over the past decade, considerable progress has been made
in understanding the mechanism of NO signalling in plants. NO modulates the activity of
most proteins through nitrosylation and tyrosine nitration mechanism. The post translational
modifications via nitrosylation as well as S-nitrosylation have been resulted in regulation of
several plant proteins in vitro also in vivo to some extent. The proteins which are the targets
of NO include haemoglobin, cytochrome c oxidase, metacaspase 9, glyceraldehyde-3phosphate dehydrogenase, and methionine adenosyltransferase (Besson-Bard et al., 2008).
Endogenous NO has been found to function as a calcium ion-mobilizing messenger by
inducing the rise in cytosolic Ca2+ concentrations. The rise in cytosolic Ca2+ concentration
further aid NO to modulate the protein kinases and channels involved in the signalling
cascade, thus regulates important physiological process such as stomatal closure,
adventitious root formation also the expression of defense genes (Garcia-Mata et al., 2003;
Lamotte et al., 2006). In Arabidopsis, it was demonstrated that the production of NO by
elicitors such as lipopolysaccharides is regulated by Ca2+ influx mediated by the cyclic
nucleotide-gated channel (Ali et al., 2007).

2.4 Role of Calcium signalling in plant system
The calcium ion has been well established as a second messenger in several plant signalling
pathways, conveying a wide range of stimuli to appropriate physiological responses. Ca2+
signals are considered as a core regulator of cell physiology and cellular responses of plants
to the environment. Many extracellular and environmental signals including both abiotic and
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Figure 2.1: Pathways involved in synthesis and utilization of NO in plant system (modified from Mamaeve et al., 2015)
NOS: Nitric oxide synthase; NR: Nitrate reductase; COX: Cytochrome oxidase; XOR: Xanthine oxidoreductase; CuAO: Cu-amine oxidase; NiNOR: Nitrite-NO reductase;
GSH: Reduced glutathione; GSNO: S-nitrosoglutathione; GSNOR: S-nitrosoglutathione reductase; GSSG: oxidized glutathione; GS(O)NH2: Glutathione sulfinamide

15

Figure 2.2: Functions of Nitric oxide associated with various physiological, biochemical and molecular processes (modified from del
Rio et al., 2004)
16

biotic factors, elicit change in the cellular level of calcium, termed as calcium signatures
(Lecourieux et al., 2006). This “Ca2+ signatures” represent a central mechanistic principle
for stimulus-specific information in the cell system. The channels, pumps, and carrier
proteins serve as the mechanistic basis for generation of Ca2+ signals by modulating the flux
of calcium ions among the subcellular compartments, cell and its extracellular environment
(Dodd et al., 2010).
The disorders due to Ca-deficiency in plants have been considered to be very much
harmful in horticulture sector commercially (Poovaiah, 1986). Some of the diseases caused
due to deficiency of calcium in plants are tipburn and brown heart in leafy vegetables,
blossom end rot of tomato fruit, empty pod in peanut also structural weakness in cell wall.
The Ca-deficiency generally occurs when there is unavailability of sufficient calcium in the
developing tissues due to failure of calcium mobilization by phloem. On the other hand,
presence of excess calcium in the substratum also creates a cytotoxic environment for plants.
The excessive calcium reduces the germination rate of the seeds and also retards the plant
growth rates (Poovaiah, 1986; White and Broadley 2003). The other functions of calcium
ion in the plant systems are elucidated in Figure 2.3.
Since the presence of higher calcium ion concentration is cytotoxic, a
submicromolar level of calcium ion is maintained by Ca2+ATPases and H+/Ca2+ antiporters
in unstimulated cells (Sze et al., 2000; Hirschi, 2001). These proteins maintain this optimum
level by fluxing the extra cytosolic Ca2+ either to the apoplast or the lumen of vacuole or
endoplasmic reticulum (Sanders et al., 2002). There are other class of proteins which change
their conformation or catalytic activity upon binding with the calcium ion and hence regulate
the calcium signals. Also it has been reported that specific sensors and signals of calcium ion
signatures regulated cellular responses to specific biotic and abiotic stimuli (White, 2000).
The proteins responsible for the perception and decoding of Ca2+ signals are present in the
cytosol and nucleus of the plant cell. Several calcium sensors with different Ca2+-binding
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Figure 2.3: Involvement of Ca2+ signal in various physiological, biochemical and molecular processes in plant system (modified from
White and Broadley, 2003; Leucouriex et al., 2006)
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characteristics, subcellular localizations and signalling interactions comprises a toolkit that
helps in decoding the information within Ca2+ signatures in the form of spikes or oscillations
(Dodd et al., 2010; Batistic and Kudla, 2012). Further these sensor proteins accordingly
carry the processing of this information into respective alterations in cell function.
Conceptually, plant Ca2+ sensor proteins that are functionally signalling components have
been classified into sensor relays and sensor responders (Sanders et al., 2002). The sensor
responder proteins which include Ca2+- dependent protein kinases (CDPK) combine both
sensing function and responding function, regulated by calcium-binding proteins that often
cause conformational changes (e.g., protein

kinase activity) within a single protein.

Consequently, these kinases mediate the information encoded in Ca2+ signals into
phosphorylation events of specific target proteins. In contrast, sensor relay proteins such as
calmodulin (CaM) and calmodulin like protein (CML) also contain multiple calcium-binding
domains and undergo conformational changes with Ca2+ signals but lacking the enzymatic
function. Therefore, these proteins have to interact with other target proteins and regulate
their activity for transduction of Ca2+ signal, which means they must undergo Ca2+dependent protein-protein interactions (Luan et al., 2002). The calcineurin B-like (CBL)
protein are another family of sensor proteins which lack the enzymatic activity hence belong
to sensor relay proteins. However, their specific interaction is with a family of protein
kinases designated as CBL-interacting protein kinases (CIPKs), so, CBL–CIPK complexes
are considered as bimolecular sensor responders (Hashimoto and Kudla, 2011). CaM is
highly conserved in all eukaryotic members, whereas CML, CDPK and CBL proteins have
been found to be present only in plant system (Batistic and Kudla, 2009). The specific
binding of Ca2+ with Calmodulin7 (Cam7) results in direct interaction and regulation, while
other calmodulins are likely to mediate gene regulation via interacting with other
transcriptional (co)regulators. Metabolic and biosynthetic processes such as brassinosteroid
synthesis are important targets of direct Ca2+-dependent modulation (Du and Poovaiah,
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2005), but on the other hand Ca2+-dependent phosphorylation and gene regulation provides
the major cellular currencies for transduction of specific Ca2+ signals into targeted
downstream responses (Harper and Harmon, 2005).

2.5 Concept of free radicals
A free radical is defined as a molecular species which is capable of independent existence
and posses an unpaired electron in its outermost atomic orbital. This unpaired electron
results in presence of certain common properties that are shared by most of the radicals.
These free radicals are highly unstable as well as highly reactive. They have the capability to
either donate an electron or accept an electron from other molecules, therefore altering their
native properties (Cheeseman and Slater, 1993; Lobo et al., 2010). The free radicals
generated from oxygen are called reactive oxygen species (ROS) and those from nitrogen
are termed as reactive nitrogen species (RNS). ROS includes various forms of activated
oxygen molecules, such as superoxide (O2• −), hydroxyl (•OH) and peroxyl (ROO•), as well
as non-free radicals hydrogen peroxide (H2O2) and singlet oxygen (1O2). Likewise, RNS
includes nitric oxide (NO•) and nitrogen dioxide (NO2•) and free radicals such as nitrous acid
(HNO2) as peroxynitrite (ONOO−) (Halliwell, 1994; Chanda and Dave, 2009). These free
radicals are generated under normal physiological conditions but become harmful when not
being eliminated from the cellular systems. In fact, such imbalance between the production
and elimination of reactive oxygen species in the cell system leads to a condition known as
oxidative stress. After excessive accumulation, they attack vital biomolecules leading to cell
damage and homeostatic disruption. The major targets of these free radicals are lipids,
nucleic acids, proteins and carbohydrates (Aruoma, 1994). The formation of free radical is a
consequence of both enzymatic and non-enzymatic reactions which occurs continuously in
the cell system. Enzymatic reactions include those phenomena involved in the phagocytosis,
respiratory chain, synthesis of prostaglandin also in the cytochrome P450 system (Lui et al.,
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1999; Lobo et al., 2010). Free radicals can also be produced in non-enzymatic reactions
between oxygen and organic compounds as well as those initiated by ionizing reactions. In
the cellular system, free radicals can be derived from two sources either endogenous sources
such as nutrient metabolism, ageing process etc or exogenous sources which include tobacco
smoking, radiation ionization, pollution, organic solvents, etc (Buyukokuroglu et al., 2001).
The various sources of free radical formation are illustrated in Figure 2.4.

2.6 Oxidative stress and their impact on human health
When oxygen traps single electron, it becomes very unstable and reactive and results in
generation of destructive chain reactions against various biomolecules. The high degree of
toxic effect of oxygen is associated with its high capacity of generating free radicals and
thus, destroying major biological molecules (Valko et al., 2006). Oxidative stress may also
occur in tissues damaged by trauma, infection, heat injury and toxins. These injured tissues
rapidly increases the synthesis of radical generating enzymes, activates phagocytes, causes
release of free iron and copper ions and disruption of the respiratory chains (Rao et al.,
2006). A role of oxidative stress has been postulated in many conditions resulted from the
damages caused such as membrane lipid peroxidation, protein oxidation and DNA damage
(Lobo et al., 2010). Protein containing amino acids such as methionine, histidine, arginine,
and cysteine are found to be most vulnerable to oxidation reaction. Protein oxidation leads to
alteration of signal transduction mechanism, enzyme activity and proteolysis susceptibility,
which leads to ageing (Freeman and Crapo, 1982). Lipid peroxidation is a damaging process
which involves a source of secondary free radicals, which acts as second messenger or may
directly react with other biomolecules causing biochemical lesions. Lipid peroxidation
usually occurs on sites of cell membranes with polyunsaturated fatty acid and it further
proceeds with radical chain reaction (Lovell et al., 1995). It has also been reported
previously that especially in ageing and cancerous disorders, DNA is considered as a major

21

METABOLISM

ORGANIC
SOLVENTS
ROS

DNA, PROTEIN,
LIPID

STRESS

POLLUTION

CARBOHYDRATES

ROS

INFLAMMATION

IRRADIATION

22

Figure 2.4 : Sources of free radical formation (modified from Buyukokuroglu et al., 2001)

target (Woo et al., 1998). These deleterious effects of oxidative stress has been significantly
attributed to numerous diseases including neurological disorders (Alzheimer’s disease,
Parkinson’s disease, memory loss and depression), muscular dystrophy, cardiovascular
disease, inflammatory diseases (arthritis, glomerulonephritis, vasculitis, adult respiratory
diseases syndrome), gastric ulcers, hypertension, diabetic disorders and carcinogenesis
(Chanda and Dave, 2009; Lobo et al., 2010).
2.7 Prevention of human diseases through dietary intake of sprouts
Considering the rapid increase in risk factors of human to several fatal diseases, a global
trend has been set towards the use of natural substance dietary sources as therapeutic
antioxidants. It has been suggested that there lies an inverse relationship between the dietary
intake of antioxidant rich food and incidence of human diseases. The use of natural
antioxidants would be promising alternative for those synthetic antioxidants in respect of
cost, compatibility and side effects inside the human system (Lobo et al., 2010).
Sprouts are gaining significant commercial importance due to its enriched nutritional
and antioxidant value, also sprouting causes removal of some anti-nutrients and thus make
them safer for consumption (Laila and Murtaza, 2014). Sprouts mainly originate from the
members of Leguminosae family and there are different plants which are consumed as
sprouts, such as alfalfa, broccoli, mung bean, radish, soybean and fenugreek (Yang et al.,
2013). It has been widely accepted that sprouts provide higher nutritional value than seeds
and their production is simple and cost effective, thus, they are highly preferred as health
food (Bodi et al., 2013).
During the course of germination the complex molecules are converted to their
simpler forms such as polysaccharides degrade into oligo and monosaccharides, fats into
free fatty acids and proteins into oligopeptides and free amino acids. Since, they enhance the
efficiency of catabolic enzymes therefore germination can be considered as a kind of predigestion mechanism. While sprouting the reduction in the anti-nutritive factors such as
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trypsin inhibitor, tannin and phytic acid takes place along with increase in bioactive
compounds with health-maintaining impact and phytochemical properties (glucosinolates,
enzymes, natural antioxidants). Thus, the method of sprouting can lead to the development
of functional foods having positive impact on the human health (Sangronis and Machado,
2007).
Several research works have shown that different food forms rich in phytochemicals
possess health promoting and diverse diseases and disorders preventive properties (Saxena et
al., 2013). The phenolic components have drawn progressive attention as potential agents for
prevention and treatment of several oxidative stress mediated diseases (Gan et al., 2010).
Several studies have been conducted regarding the comparative analysis of antioxidant
activity, antioxidant enzyme activity and related phenolic content in seeds and sprouts of
various plants. Furthermore, it was observed that sprouting of soybean, mungbean and
cowpea resulted in enhanced nutritional value of seeds, in terms of phenolics in a natural
way (Chon, 2013).
Likewise, numerous reports have been documented till date suggesting sprouts as a
potential anti-diabetic functional food (Laila and Murtaza, 2014). Sprouts including mung
bean sprouts (Yao et al., 2008; Yeap et al., 2012), broccoli sprouts (Bahadoran et al., 2012),
buckwheat sprouts (Watanabe and Ayugase, 2010), and chickpea sprouts (Mao et al., 2008)
have been shown to exhibit a potential antidiabetic activity under in vivo conditions. The
presence of some health-protecting bioactive components at much higher concentration in
the sprout than in the developed plant has also been reported (Fernandez-Orozco et al.,
2008). These phytochemicals have significant antigenotoxic effect against H2O2 induced
DNA damage; additionally, in those people who consumed cabbage and leguminous sprouts
compared to the control diet, reduction in the risk of cancer was observed. The methanolic
extract of the radish sprout was shown to exhibit potential antioxidant activity attributed to
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components with efficient radical-scavenging capacity such as flavonoids and esters of
sinapic acid (Takaya et al., 2003).
The sprouts of five lentil varieties, when analysed for amino acid composition, it
was found that the amino acid content was enhanced significantly in sprouts with asparagine
being highest in concentration than in seeds (Rozan et al., 2001). Urbano et al. (2005) fed
some rats with raw green pea and sprouted green pea for six days; interestingly the nitrogen
balance, protein efficiency ratio and utilizable carbohydrate index were found to be
significantly higher in those rats consuming sprouted green pea. A good amount of organic
phosphates, a mixture of polyphenols, enzymes and reducing glucosides were found in the
wheat sprouts by Amici et al. (2008). Also, the phenolic derivatives present in the sprouts
were identified as gallic acid, catechin, epicatechin, epigallocatechin-3-gallate and
epigallocatechin (Amici et al., 2008). Furthermore, they claimed that the extract of the wheat
sprouts were responsible for inhibition cancer cell growth along with enhancement of
intracellular oxidative proteins. Similarly, broccoli sprouts were found to hinder the growth
of various types of cancerous cells such as lung cancer, urinary bladder cancer, prostate
cancer cells, skin tumour, ovarian cancer and breast cancer (Abdulah et al., 2009; Zhang et
al., 2006; Wang and Shan, 2012).
Therefore, sprouts might be an affordable and efficient solution to the burden of
diseases and disorders if included in our daily diet and further implemented in
pharmaceutical preparations.

2.8 Phytotherapeutic potency of Trigonella foenum-graecum
Fenugreek (Trigonella foenum-graecum) is a leguminous herbaceous plant cultivated as
semi-arid crop. It is a member of Fabaceae family and is given several names in different
languages; for example, Methi (Hindi), Koroha (Japanese), Fenugrec (French), Fieno greco
(Italian), Pazhitnik (Russian), Hulba (Arabian), Alholva (Spanish) and K’u-Tou (China)
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(Srinivasan, 2006). India is major producer of fenugreek, also one of the main consumers for
its culinary and medicinal uses. The seeds of fenugreek are used in the form of spice for
seasoning and flavouring agent also making soups in comparatively larger quantities
(Srinivasan, 2006; Meghwal and Goswami, 2012).

The taxonomic position of fenugreek according to scientific classification of plant kingdom
is given below:
Kingdom: Plantae
Class: Magnoliopsida
Order: Fabales
Family: Fabaceae
Genus: Trigonella
Species: foenum-graecum
The fenugreek (Trigonella foenum-graecum) seed usually sprouts within three days under
favourable environmental conditions. Seedling grows erect, semi-erect or branched based on
its variety and attains a height of 30 to 60 cm. The plant develops with compound pinnate,
trifoliate leaves, axillary white to yellow flowers, and 3-15 cm long thin pointed hoop-like
beaked pods. Each pod is said to bear 10-20 oblong greenish-brown seeds within its unique
hooplike groves. Fenugreek is a self pollinating annual crop and being a leguminous plant it
is an efficient atmospheric nitrogen fixer (Srinivasan, 2006).
The specific epithet "foenum-graecum" in latin means "Greek hay" indicating its use as a
forage crop also the plant is believed to be native to the Mediterranean region. However, at
present it is grown all over the world as a spice crop including United States of America,
parts of Europe, Canada, northern Africa, Australia, Argentina, west and south Asia; India
being the leading producer as reported by Prajapati et al., 2014.
Historical records indicate that almost all parts of fenugreek plants especially seeds
and leaves were used for treatment of several diseases and disorders, such as treating mouth
ulcers, abdominal pain, curing baldness, treatment of cardiovascular and hepatic disorders,
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arthritis, gastric problems, spleen and liver enlargement, kidney ailments, anorexia among
several others, in the subcontinent of India, Greece, Arab and China (Prajapati et al., 2014).
The seeds of fenugreek are small in size, golden yellow in colour, rigid and exist in fourfaced stone shape and biologically it is endospermic in nature (Altuntas et al., 2005). They
are considered as the most important and useful part among the whole plant body. The taste
of seeds is bitter due to the presence of saponin and alkaloids but their bitterness is
minimized and flavour can be enhanced by roasting. The whole seed or powder is used as
spices in pickles and vegetable dishes (Jani et al., 2009). The leaves and tender stem are also
edible; they are enriched with several nutritional components such as calcium, magnesium,
sodium, potassium, zinc, vitamin C, carotene, nicotinic acid and riboflavin (Srinivasan,
2006).
The volatile oils from fenugreek, which are present in about 6-8%, have active
odorous compounds and bitter taste. The unsaponifiable part of oil contains the lactationstimulating factor due to which fenugreek is used to increase lactation in women and cattle
traditionally. Further, oil is also used for cosmetic industries in manufacturing perfumes, and
is reported to possess potential insect and pest repellent property (Srinivasan, 2006;
Meghwal and Goswami, 2012).
Fibre in the diet provides health benefits by replacing calories, suppressing appetite,
and controlling excess weight-gain. It is reported that near about 50% dry weight of
fenugreek seeds comprises of edible dietary fibre, which believed to be highest among the
natural sources of fibers (Madar and Shomer, 1990).
The dietary fibre of fenugreek is known to reduce the risk of alimentary disorders
such as diverticulosis, hemorrhoids, and anal fissures (Raju et al., 2001).

Also, it is

suggested that consumption of 30g fenugreek dietary fibre a day results in weight loss
without the side effects of dieting. Furthermore, the fibre of fenugreek has been
implemented in preparation of various food items such as chapatti, chips and wafers, which
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has further fortified the nutritional value of these food stuffs as reviewed by Srinivasan,
(2006).
Due to presence of numerous bioactive components, fenugreek has been considered
as an important source of medicinal values. Fenugreek seeds contain protein rich in lysine
and tryptophan; it is a good source of phenol and flavonoids hence exhibit potential
antioxidant activity (Randhir et al., 2004). The supplementation of fenugreek powder
resulted in enhancement of antioxidant status along with reduced lipid peroxidation
phenomena (Madar, 1984, Anuradha and Ravikumar, 2001). Compounds such as saponins,
coumarin, nicotinic acid, sapogenins, and trigonelline, present in fenugreek are thought to
account for several therapeutic effects (Billaud and Adrian, 2001). Trigonelline and
sapogenins present in fenugreek are reported show potential hypoglycemic effects. Thus, the
most important documented medical use of fenugreek is to control blood sugar in both
insulin-dependent and noninsulin-dependent diabetics (Sharma et al., 1996; Bordia et al.,
1997). The steroidal saponins such as diosgenin, tigogenin and neotigogenin are claimed to
inhibit cholesterol absorption as well as its synthesis, thus exerting potential role in
prevention of arteriosclerosis. It has been clinically demonstrated that fenugreek
consumption leads to significant reduction in human serum total cholesterol, triglycerides
and LDL cholesterol (Sowmya and Rajyalakshmi, 1999; Prasana, 2000). Diosgenin
extracted from fenugreek are used as a precursor molecule for the synthesis of steroidal
hormones such as cortisone and progesterone. It has also been found to be potentially
implemented in treatment of cancer (Aggarwal and Shishodia, 2006).

2.9 Mechanism of antioxidant action
The word “antioxidant” has been an important topic of research and equally popular in
modern society due to its health benefits. The dictionary definition of this term is rather
straightforward: “a substance that opposes oxidation or inhibits reactions promoted by
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oxygen or peroxides”. A more biologically relevant definition of antioxidants would be
“synthetic or natural substances that are capable of combating the damaging effects of
oxidation in cell system” as reviewed by Huang et al., (2005).
Early research based on the role of antioxidants in biology focused on their
capability to prevent the oxidation of unsaturated fats, which is considered as major cause of
rancidity (German, 1999). Accordingly, the antioxidant activity of a substance was
determined simply by measuring the oxidation rate of fat kept in a closed container with
oxygen. The possible mechanism of antioxidant action was first observed when it was
recognized that a substance which gets oxidized itself possess antioxidative activity as
reviewed by Lobo et al., (2010). The exploration of the mechanism involved in the
prevention of lipid peroxidation by vitamin E led to the identification of antioxidants as
reducing agents which actually prevent oxidation by scavenging ROS (Wolf, 2005). The
antioxidant molecule regulates the level of free radicals in a cell system. There are two
principle mechanisms of action which have been proposed for the removal of free radicals
by antioxidants (Rice Evans and Diplock, 1993). The first mode involves the chain breaking
mechanism in which the primary antioxidant molecule donates an electron to the free
radicals present in the system and stabilises them. The other mechanism involves removal of
ROS/RNS initiators by quenching chain initiating catalyst. Antioxidants may also neutralise
these free radicals by other mechanisms including metal ion chelation, co-antioxidants or
regulation of gene expression (Krinsky, 1992).
The mode of action of antioxidant in the regulation of free radicals level is mainly of
two types: enzymatic and non enzymatic. Accordingly, the antioxidants are classified into
two groups: enzymatic and non enzymatic (Nimse and Pal, 2015).

The enzymatic

antioxidants include important enzymes such as catalase, peroxidase, superoxide dismutase
and glutathione reductase. These antioxidants are primarily involved in the first line of
defence i.e. suppression of formation of free radical in the cellular system. They also
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minimize the levels of lipid hydro-peroxides and H2O2, hence play important role in the
prevention of lipid peroxidation and further maintaining the integrity and function of the cell
membranes. On the other hand, non enzymatic antioxidant system mainly includes vitamins
and phenolic compounds. These are involved in the second line of defence that means they
act as free radical scavenger and inhibit the chain initiation or disrupt the chain propagation
reactions (Krinsky, 1992; Lobo et al., 2010). There are other factors which play role of
antioxidants such as proteolytic enzymes which include proteases and peptidases; they
prevent the accumulation of oxidized proteins by degrading and removing from the cellular
system (Niki, 1993).

2.10 Synthetic antioxidants
The synthetic antioxidants are usually applied for preservation of food stuffs which are rich
in lipids. They are chemically synthesized due to their unavailability in nature. The mode of
action of both natural and synthetic antioxidants are similar, hence their efficiencies are
difficult to compare. The activity of synthetic antioxidants depends on various factors such
as their chemical structure, solubility, polarity as well as their redox potential (Pokorny,
2007). These synthetic antioxidants act in different forms namely, free radical terminators,
chelating agents and singlet oxygen scavengers. The compound which acts as free radical
terminator comprises of those which are implemented in food preservation due to their
capability to prevent lipid peroxidation by termination of free radical chains. Some synthetic
antioxidants which act as chain terminators are butylated hydroxytoluene (BHT), butylated
hydroxyanisole (BHA), propyl gallate (PG) and octyl gallate (OG). Those which are
potential oxygen scavengers are glucose oxidase and ascorbyl palmitate, they function as
reducing agents. The chelating agents, quercetin, tannins, phytates, and ethylene
diaminetetracetic acid prevent lipid peroxidation by chelating the heavy metals such as iron
and copper which are responsible for oxidation of lipids (Leopoldini et al., 2006; Pokorny,
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2007;Venkatesh and Sood, 2011 ). Synthetic antioxidants are more preferred over other
natural antioxidants, because the synthetic forms are more liposoluble. Natural antioxidants
are generally more polar than synthetic ones, except for carotenes. Therefore, natural
antioxidants are not sufficiently soluble in the lipid phase, which limits their efficiency in
prevention of peroxidation of bulk lipids. The synthetic antioxidants which are used in food
are believed to exhibit similar effects as those used as dietary supplements in the biological
systems (Evans, 1997; Brul and Coote, 1999). Though the synthetic antioxidants exhibit
similar efficiency of that of the natural ones but due to their negative effects they are
avoided. There are few synthetic antioxidants such as butylated hydroxytoluene (BHT),
butylated hydroxyanisole (BHA), tertiary butyl hydroquinone (TBHQ) and propyl gallate
(PG) currently permitted to be used as food preservatives. The amount of synthetic
antioxidant permissible in food stuffs is limited to 0.02% of total antioxidants (Pokorny,
2007). The intake of synthetic antioxidants at recommended level may cause no harm to
health but long term consumption might cause modification of acute toxicity of several
carcinogenic and mutagenic chemicals thus leading to chronic adverse effects (Pokorny,
2007; Venkatesh and Sood, 2011).

2.11 Secondary metabolites as a rich source of antioxidant
The plant metabolites are classified into two different categories namely primary metabolites
and secondary metabolites. The substances produced through primary metabolic processes
are called primary metabolites which include amino acids, sugars, fatty acids and nucleic
acids. These primary metabolites are involved in the growth and maintenance of cells
(Kliebenstein and Osbourn, 2012). On the other hand, secondary metabolites are derived
from these primary metabolites through various biosynthetic pathways. These secondary
metabolites are organic in nature and are indirectly involved in the growth and development
of plants. They are basically involved in the defense mechanism of plant against various
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adverse environmental conditions. They are capable of removing excess free radicals from
the cellular system, help in modulating immune system along with killing of pathogenic
microbes and preventing herbivory (Kasote et al., 2015).
Till date, several thousand types of secondary metabolites have been reported to be
identified and isolated in plant system. Due to their potential bioactivity such as antioxidant,
antimicrobial and anti-carcinogenic property, they are used for pharmaceutical or
agricultural purposes including manufacturing of natural antibiotics (Stone & Williams,
1992; Korkina, 2007).
Secondary metabolites are further divided into three large groups, they are the
nitrogen containing alkaloids, and other two without nitrogen are terpenoids and phenolics
(Patra et al, 2013). Alkaloids are heterocyclic, nitrogen containing compound which are
accumulated in near about 20% of plant species which mainly include indole, tropane and
purine alkaloids having diverse clinical properties (Ziegler and Facchin, 2008). They usually
possess potential bioactivity and are usually bitter in taste. The tropane alkaloids such as
atropine and scopolamine present in Atropa belladona , Datura spp and Hyoscyamus niger
are reported to possess anticholinergic activity and are used to reduce smooth muscle spasms
and pain. Many other such as vinblastine and vincristine has antitumor properties; quinine
has antipyretics and antimalarial properties and reserpine is used to treat high blood pressure
(Grynkiewicz and Gadzikowska, 2008; Reyburn et al., 2009). However, under in vitro
antioxidant measurement assay conditions, the radical scavenging potential of alkaloids is
reportedly moderate to nonexistent.
Terpenoids comprise another large family of secondary metabolites, consisting of
over 40,000 different compounds (Aharoni et al., 2005). Monoterpenes, sesquiterpenes and
diterpenes have been found to possess notable antioxidant activity in different in vitro
assays. However, most of these activities have no physiological relevance (Baratta et al.,
1998). Tetraterpenes and carotenoids have been shown to possess potent antioxidant activity
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within both in vivo and in vitro studies (Palozza and Krinsky, 1992). Among all secondary
metabolites, phenolic antioxidants appear to be the most important due to their promising
antioxidant activity in both in vivo and in vitro systems. Plant phenolics are generally
classified into five groups which comprises of phenolic acids, flavonoids, lignans, stilbenes
and tannins (Blokhina et al., 2003). Phenolic compounds generally contain one or more
aromatic rings along with one or more hydroxyl groups with them. It is assumed that the
degree of antioxidant property of phenolics depends upon the number of free hydroxyls
present and conjugation of side chains to the aromatic rings of the molecule (Morgan et al.,
1997). The major phenolic compounds; flavonoids and phenolic acids are biosynthetically
derived from amino acids phenylalanine or tyrosine via Shikimate pathway (Dewick, 2009).
The compounds belonging to these two classes of secondary metabolites are found to exhibit
best antioxidant activity. The stable delocalization system in flavonoid comprises of
aromatic and heterocyclic rings as well as unsaturated bonds helps to delocalize the free
radicals present in cellular system. Various flavonoids such as quercetin and catechins are
reported to be better antioxidants than other the antioxidant components such as vitamin C
and vitamin E (Rice-Evans et al., 1997). Flavonoids and phenylpropanoids are also found to
act as H2O2 scavengers by being oxidized by peroxidase enzymes (Sakihama et al., 2002;
Michalak, 2006). Under experimental conditions, the antioxidant property of the plant
phenolics is usually attributed to ability to donate electrons, reducing power and chelating
ability of heavy metal ions (Rice-Evans et al., 1997). As their defence strategy, plants
synthesize several forms of secondary metabolites that play important roles in ROS
metabolism and prevent oxidative damages. These metabolites are also found to play
important role in providing plants’ adaptability to environmental fluctuations. Secondary
metabolites provide both passive and active resistance to living beings. In passive resistance,
these metabolites are readily available and help the concerned molecules to fight against
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stress whereas in active resistance, metabolites itself are produced in higher amount in
response to specific stressors (Korkina, 2007).
However, the secondary metabolites have numerous scientifically proven
pharmaceutical properties for human health as well as for defense mechanism for but many
of these effects are still unknown which are yet to be investigated.
2.12 Assessment of antioxidant activity
The terms “antioxidant activity” and “antioxidant capacity” indicates different meanings; the
antioxidant activity indicates the kinetics of a reaction involving an antioxidant and the free
radical it reduces or scavenges, while antioxidant capacity is the measurement of efficiency
of an antioxidant in the thermodynamic conversion of an oxidant. The antioxidant activity or
capacity of antioxidant molecules depend on its chemical nature and free radicals,
concentration of free radicals as well as their sources. Therefore, evaluation of single assay
is not sufficient for the proper determination of antioxidant potential of an extract because
the mode of action of different antioxidants varies (Pokorny, 2007; Apak et al., 2013).
The major factors that form the basis for the selection of more reliable method are biological
relevance as well as method of quantification. The antioxidant capacity estimated by any of
the assay of in vitro method should closely reflect during in vivo system analysis also. A
good method should be capable of assessing different types of antioxidants or their mixture
and should provide an accurate value. Furthermore, a good method should be able to
distinguish the antioxidant compounds with different reaction kinetics (Prior et al., 2005).
Several in vitro assays and methods have been introduced for the measurement of
antioxidant potential of bioactive components either as pure compound or in extract form. A
basic classification of antioxidant assays is done on the basis of the mode of action of
antioxidants and accordingly they are classified in two major categories namely, hydrogen
atom transfer (HAT) based assay and electron transfer (ET) based assay (Chanda and Dave,
2009).
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The hydrogen atom transfer based assays determine the capability of a compound to
scavenge free radicals by the mechanism involving hydrogen atom donation to the unstable
free radicals. The hydrogen atom transfer based assays are usually based upon following
mode of reaction:
X· + AH → XH + A·
The HAT based reactions are usually rapid and complete within few seconds or minutes,
also they are solvent and pH independent (Prior et al., 2005). Some of the assays which
involve HAT based reactions are Oxygen Radical Absorbance Capacity (ORAC), Total
radical trapping antioxidant potential (TRAP) and β-carotene bleaching assay (Huang et al.,
2005).
The electron transfer based assays determine the potential of an antioxidant
compound to reduce any unstable compounds including metals, carbonyls, and radicals by
transfer of single electron. The electron transfer based assays are usually based upon
following mode of reaction:
M (III) + AH → AH· + M (II)
The ET based reactions are usually slow and takes place for long duration, consequently
measurement of antioxidant capacity is based on percent decrease in product rather than
kinetics. Additionally, these reactions are pH dependent (Sartor et al., 1999). The assays
which involve ET based reactions are trolox equivalent antioxidant capacity (TEAC), α,αdiphenyl-β-picryl-hydrazyl radical scavenging assay (DPPH), Ferric reducing antioxidant
power (FRAP), Superoxide anion radical scavenging assay, Nitric oxide radical scavenging
assay, Hydroxyl radical scavenging assay and total phenol assay (Huang et al., 2005). Some
of the assays implemented for the determination of antioxidant potential of a sample are
discussed here.
DPPH is a simplest and stable free radical that possesses the capacity to accept an
electron to attain a stable diamagnetic molecule. The purple chromogenic solution of DPPH
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radical is reduced by antioxidant thus changing the colour to the corresponding yellowish
hydrazine. The DPPH solution loses its original colour when the concentration of
antioxidant compound is increased in the reaction mixture (Calliste et al., 2001; Calliste et
al., 2010). The scavenging of the DPPH radicals is monitored spectrophotometrically by
recording the decrease in absorbance at 517 nm. Since DPPH is soluble in organic solvent
(methanol), therefore the evaluation of hydrophilic antioxidant is not possible by this
method.
Another important method of determining the antioxidant activity involves
scavenging of another free radical 2, 2’-azinobis (3-ethyl-benzothiazoline 6- sulfonate
(ABTS) which is water as well as organic soluble. In this method the cation ABTS˙+ radical
is generated by oxidation of ABTS by reacting with persulfate overnight. The resultant
bluish green chromogenic solution is reacted with the test sample for estimating its
antioxidant potential. A decrease of the intensity of chromogenic solution as well as ABTS˙ +
concentration is said to be linearly dependent on the concentration of antioxidant (Stratil et
al., 2006). Although wavelengths such as 415 and 645 nm have been used for recording the
change in absorbance of reaction mixture (Prior et al., 2005), but the wavelength of 734 nm
has been generally preferred due to minimal interference of plant pigments. This method can
be implemented for evaluating the antioxidant potential of both lipophilic and hydrophilic
compounds.
Another assay that is used for the measurement of antioxidant activity is ferric
reducing antioxidant power (FRAP); this reaction measures the reduction of ferric 2,4,6tripyridyl-s-triazine (TPTZ) to a colored product at wavelength of 700 nm (Benzie and
Strain, 1996).The reaction detects compounds with redox potentials so this assay is a
reasonable method for determining the redox status in cellular system. The reducing power
is considered to be associated with the extent of hydroxylation and conjugation in phenolic
components (Pulido et al., 2000). The FRAP mechanism is totally based on electron transfer,
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so in combination with other assays it can be useful in distinguishing dominant mechanisms
with different antioxidants (Cao et al., 1997).
For classical antioxidant activity, an assay based on a HAT is preferred over ET
mechanism because of the predominant presence of peroxyl radical in lipid oxidation of
biological systems. However, it is also important to perform the assays for other radical
sources such as peroxynitrite, superoxide, and hydroxyl because they are equally active in
the biological system (Prior et al., 2005; Salazar et al., 2008).
Some of the problems often overlooked during these analytic studies included
sample homogeneity, identification of critical control points, extraction efficiency, and
failure to adherence to better control procedures. Other factors which should be taken under
consideration for better results are critical handling, identification of interferences and
solution for their elimination, storage and statistical analysis (Prior et al., 2005).

2.13 Relation between antioxidants and antidiabetic activity
Diabetes mellitus has been ranked as the fourth most common disease responsible for
mortality. According to the International Diabetes Federation, the increase in the number of
diabetic patients is so rapid that the figure may reach up to 552 million around the world by
the year 2030 (Whiting et al., 2011). It is reported that most of the diabetic disorders are
characterized by hyperglycemia, pathway-selective insulin resistance, lack of insulin action,
atherosclerosis and development of diabetes-specific pathology in renal glomerulus and
peripheral nerve (Giacco and Brownlee, 2010).
Hyperglycemia causes tissue damage complications due to activation of five major
mechanisms: Increased polyol pathway flux of glucose and other sugars, increase in the
intracellular production of advanced glycation end-products (AGEs), enhancement in the
expression of the AGEs receptor and its activating ligands, over expression of protein kinase
C (PKC) isoforms and the hexosamine pathway. Several reports have suggested that all
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these five mechanisms are activated by overproduction of reactive oxygen species specially
superoxide by mitochondrial electron transport chain (Du et al., 2000; Nishikawa et al.,
2000). Superoxide is the initial reactive oxygen species formed by mitochondria, which is
further converted to other more reactive free radicals that can cause cellular damages in
various ways (Wallace, 1992).
During electron transfer through Complexes I, III and IV normally the protons are
pumped outwards into intermembrane space, generating a proton gradient that further drives
ATP synthase (Complex V). But during diabetic condition due to high intracellular glucose
concentration, more glucose-derived pyruvate is being oxidized in the TCA cycle, eventually
increasing influx of electron donors (NADH and FADH2) into electron transport chain.
Consequently, the voltage gradient across the mitochondrial membrane increases until a
critical threshold is attained. At this stage, electron transfer inside complex III is blocked,
compelling the electrons to back up to coenzyme Q, which generates superoxide by donating
the electrons to molecular oxygen (Trumpower, 1990).
The major antioxidant enzymes that regulate the process of removal of free radicals
are superoxide dismutase (SOD), glutathione peroxidase and catalase. When overproduction
of ROS or chronic hyperglycemia occurs, the activity of these enzymes is found to be
suppressed thus leading activation of oxidative stress pathways (Ceriello, 2006). This
indicates that the antioxidant enzyme system plays vital role in prevention of oxidative stress
mediated diabetic complications.
The mitochondrial superoxide dismutase converts this oxygen free radical to H2O2,
which is further converted to H2O and O2 by the action of other enzymes, peroxidase or
catalase (Johansen et al., 2005; Shen et al., 2006). GSH peroxidase which is located in the
mitochondria catalyzes the degradation process of H2O2 by reduction, where two reduced
gluthathione (GSH) molecules are oxidized to glutathione disulfide (GSSG). Catalase,
another antioxidant enzyme localized in peroxisomes, detoxifies H2O2 that diffuses to the
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cytosol from the mitochondria, by converting it into water and molecular oxygen (Johansen
et al., 2005). In the diabetic heart, over expression of MnSOD or catalase has been observed
which is believed to protect cardiac mitochondria from oxidative damage and improves
respiration (Ye et al., 2004; Shen et al., 2006).
Besides, antioxidant enzymes there are non enzymatic antioxidant such as vitamin
A, C, E and polyphenols which help in removal of these free radicals causing diabetic
disorders (Evans et al., 2002). Vitamin C plays a vital role in scavenging of ROS and RNS
by being oxidized itself. The oxidized forms of vitamin C namely, ascorbic radical and
dehydroascorbic radical are regenerated by glutathione, NADH or NADPH. In addition,
vitamin C is capable of reducing the oxidized antioxidant compounds such as vitamin E and
glutathione (Garcia-Bailo et al., 2011). Vitamin E is a fat-soluble antioxidant component
which scavenges the lipid hydroperoxides thus preventing the membrane damages.
Furthermore, together with vitamin C it helps in regeneration of glutathione by interacting
with lipoic acid (Evans et al., 2002). Since oxidative stress is responsible for the progression
of diabetes and its complications, amelioration of oxidative status, by antioxidant nonenzymatic defences has been proposed by several authors. Several clinical observational
trials have particularly studied and also proved the correlation between vitamin E status in
plasma and/or diet and type 2 diabetes incidence as well as diabetic complications (MayerDavis et al., 2002).
Numerous conventional drugs are reported to be used for the management of
hyperglycemia; however, most of them were found to be unsuccessful in providing longterm solution. Some of the synthetic antidiabetic components such as metformin,
sulfonylureas, biguanides and insulin have found to be used in diabetes treatment but
moreover they have serious adverse side effects (Patel et al., 2012). Among the known
bioactive compounds and phytochemicals, polyphenols have gained much attention because
of their potential hypoglycaemic property with minimal side effects (Bahadoran et al.,
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2013). The beneficial health effects of the polyphenols have led to an upsurge interest in
these natural compounds among the researchers during the past decade. Several
investigations and clinical trials have successfully demonstrated the potential role of plant
polyphenols in diabetes management (Pandey and Rizvi, 2009).
The rising trend in the prevalence of diabetes and its complications all over the
world suggests that the available medical treatments are not sufficient enough; therefore, the
implementation of supplementary or complimentary treatments in the form of functional
foods and their nutraceuticals might provide significant enhancement in the diabetic
management strategies (Sabu and Kuttan, 2002; Tag et al., 2012).

2.14 Salinity and its effects on plant system
Salinity is considered as one of the major factor affecting the crop production throughout the
world. Salinity either in water or soil represents one of the major abiotic stresses especially
in arid and semi arid regions, which can severely limit the agricultural production (Shanon,
1998). High concentration of salt creates ion imbalance and hyperosmotic stress in plant
system which consequently leads to oxidative damages. Such drastic changes in plant system
cause retardation of growth, molecular damages, membrane disruption and even death. For
the plant to be tolerant to salinity stress: their homeostasis must be re-established along with
detoxification mechanism must be boosted parallely (Zhu, 2001).
The two major consequences of salinity on plant system are osmotic stress and ionic
toxicity; these physical conditions affect all other physiological, biochemical and
developmental processes in plants (Yadav et al., 2011). High salt content in the substratum
creates rise in osmotic pressure of the substratum thus, affecting the water uptake capacity of
plants. Furthermore, decrease in the turgor pressure of the plant cells cause closing of
stomata which leads to reduced carbon fixation but increase in ROS production. These
highly reactive and unstable free radicals disrupt various cellular processes by damaging the
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major biomolecules like lipids, proteins, and nucleic acids (Parida and Das, 2005). Ionic
toxicity is the physiological state in which the equilibrium of ions is disturbed which causes
perturbation in cellular metabolism and processes. High concentration of sodium ions at the
surface of the root disrupts plant nutrition by inhibiting both K+ uptake and enzymatic
activities within the cell (Aslam et al., 2011). Potassium is an important nutrient which
regulates huge number of enzymes activities associated with various major pathways (Kader
and Lindberg, 2010); on the other hand, sodium ions inhibit the activity of enzymes. Na+ is a
cation almost similar to K+, for this reason Na+ can cross the cell membrane without much
disturbance (Parida and Das, 2005). As suggested by Rodriguez-Navarro, (2000) optimum
concentration of K+ required is 100-200mM in the cytosol and the concentration of cytosolic
Na+ excess of 10mM creates stress environment in the system. The oxidative stress induced
by salinity can retard plant growth as major part of energy is wasted on conserving water
and improving ionic balance (Kader and Lindberg, 2010).
Nitric oxide and calcium both are considered as highly versatile signalling
molecules. Various literatures have reported the significant involvement of both of these
molecules in wide range of physiological and developmental processes in plants.
Additionally, these molecules have found to mitigate the adverse effect of varied
environmental stresses including salinity which has been schematically depicted in Figure
2.5.

2.15 NO treatment and its effect on the therapeutic potential and oxidative stress
management in plant system under salinity stress
Nitric oxide as a bioactive molecule has been known to exhibit both pro-oxidant as well as
antioxidant property in plants (Beligni and Lamattina, 2002; Delledonne et al., 2002). Nitric
oxide induces a set of plant defense genes, which includes the two important enzymes of
phenylpropanoid pathway namely, phenylalanine ammonia lyase and chalcone synthase
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Figure 2.5: Interplay of Nitric oxide and Calcium ion and their role in alleviation of oxidative stress mediated damages under
salinity stress
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(Crawford and Guo, 2005).

Since, secondary metabolites have both nutritional and

physiological significance; various strategies have been introduced by several workers for
the enhancement of secondary metabolite production. Considering the above facts, NO oxide
has been successfully implemented by various researchers in the elicitation of secondary
metabolites in many plants. The adventitious roots of Echinacea purpurea when treated
with sodium nitroprusside (SNP) at concentration of 100 µM exhibited enhancement in the
accumulation of caffeic acid derivatives, flavonoids and phenolics. Additionally, NO
treatment induced the antioxidant defense enzymes along with decrease in free radicals and
lipid peroxidation (Wu et al., 2007). Later, El-Beltagi et al. (2015) treated the cell
suspension culture of Gingko biloba with various concentrations of SNP, a potent NO donor;
the content of secondary metabolites along with other parameters were analysed at time
interval of 12h, 48h and 72h after NO treatments. It was found that the 500µM SNP
treatment resulted in significant increase in the production of secondary metabolite contents
which included saponins, phenolics and flavonoids. Further, Manivannan et al., (2016)
studied the effect of different elicitors including methyl jasmonate, salicylic acid and SNP
on the cell suspension culture of Scrophularia kakudensis. The study demonstrated that
along with other elicitors applied SNP treatment resulted in increased production of phenols
and flavonoids in the cell suspension culture of Scrophularia kakudensis which is considered
as an important medicinal plant.
Furthermore, numerous evidences have been provided regarding the active
involvement of NO in alleviation of salinity stress in plant system. Most of the cellular
damages caused by salinity are usually associated with ROS mediated oxidative stress. NO
is said to possess considerable capacity to regulate oxidative stress mediated damages along
with the level and toxicity of ROS.
The properties of NO which makes it capable to exert a protective function against
oxidative stress mediated damages as suggested by Yadav (2010) are given below:

43

i.

It reacts with lipid radicals and stops the propagation of lipid oxidation.

ii.

Scavenging the superoxide anion and formation of peroxynitrite which is toxic for
plant, later neutralized by ascorbate and glutathione.

iii.

Involvement in the activation of antioxidant enzymes.

The lupin seeds when subjected to SNP treatment showed better germination under
saline stress as well as heavy metal stress (lead and cadmium) suggesting involvement of
NO in auxin signalling pathway (Kopyra and Gowdz, 2003). Later, Zheng et al. (2009)
demonstrated that pre-soaking of wheat with SNP for 20h prior to germination resulted in
increased germination rate, radicle weight under 300mM NaCl. Additionally, decrease in
Na+ concentration but increase in K+ concentration in the seeds were observed thereby
indicating role of NO in maintaining a balance between K+ and Na+ during germination
under salt stress. A significant enhancement in the activity of antioxidant enzymes was
observed accompanied with reduced level of malondialdehyde (MDA), H2O2 and superoxide
anions. The pre-treatment of citrus root with exogenous SNP for a duration of 48h exhibited
induction of primary antioxidant responses in the leaves of citrus subjected to salinity stress.
The study revealed that SNP pre-treatment enhanced the activity of antioxidant enzymes
such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) and
glutathione reductase (GR) also prevented the NaCl-dependent protein oxidation (Tanou et
al., 2009). Zheng et al. (2009) claimed in their study that NO treatment effectively
contributed to better accumulation of ferritin, a protein active in chelation of excess of
ferrous ion present in the cellular system of barley plant subjected to salt stress. Exogenous
application of NO through different modes have reported to be effective in regulating the
functioning of photosynthetic pigments (Ruan et al., 2002), improving salt tolerance by
modulating proton pump activity in maize (Zhang et al., 2006), regulating osmoregulation
and proline metabolism in tobacco (Ke et al., 2013) and prevention of mitochondria
oxidative damage (Zheng et al., 2009). Furthermore, various evidences have been provided

44

by research workers about the protective effect of NO during other stress conditions besides
salinity; alleviating the negative effects of UV radiations in wheat seedlings (Yang et al.,
2013); mitigating the oxidative injuries under heavy metal stress in lupin seeds (Kopyra and
Gowdz, 2003); modulating the metabolism of biochemicals during osmotic stress (Ke et al.,
2013). Other beneficial effects of NO donor reported are regulation of seed germination in
Senna macranthera (da Silva et al., 2015); maintenance of optimum Na+/K+ ratio in cotton
seedlings (Dong et al., 2014); enhancement in the enzymes involved in nitrogen metabolism
namely nitrate reductase and nitrite reductase in tomato (Manai et al., 2014), also reduction
of lipid peroxidation, hydrogen peroxide and superoxide anions; elevation in the activity of
major antioxidant enzymes accompanied with increase in the accumulation of biochemicals
such as proline, glutathione and sugars under salnity stress in numerous plant system (Hayat
et al., 2012; Dong et al., 2014; da Silva et al., 2015;Hameed et al., 2015; Ahmad et al.,
2016).

2.16 Application of Calcium and its effect on the therapeutic potential and oxidative
stress management in plant system under salinity stress
Calcium is considered as multifunctional element in plants besides as a nutrient, it is
involved in several physiological processes like maintenance of membrane integrity, cell
wall structure, regulating the activity of key enzymes and phytohormones interaction
(Barker and Pilbeam, 2007). Additionally, it plays vital role in signalling network as a
secondary messenger under varied environmental conditions (Tuteja, 2009; Batistic and
Kudla, 2012). By virtue of this property it is capable of ameliorating the adverse effects of
abiotic stresses including chilling, thermal, drought, heavy metals and salinity (Ma et al.,
2005; Shao et al., 2008; Siddiqui et al., 2011; Zehra et al., 2012).
Many authors have suggested the beneficial role of calcium ion in the alleviation of
the adverse effects of abiotic stress conditions. Therefore, the maintenance of optimum
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supply of calcium in saline soil is considered as an important factor in preventing the
severity of specific ion toxicities, in those crops which are susceptible to salinity stress
injury (Grattan and Grieve, 1999). In their study Hasegawa et al., (2000) have suggested that
during salt stress plants are able to tolerate high saline concentration by inducing the signal
transduction cascade involving calcium ion. Thus, when exposed to stress conditions
including salinity, plants increase the cytosolic Ca2+ accumulation to combat the oxidative
damages. Although the basic mechanism involved has remained unexplained still now,
prevailing models for Ca2+ functioning include both membrane stabilisation and signalling
significance. Considering the potential role of calcium ion in overcoming the negative
impacts of several stresses, it has been implemented in various modes in order to provide
stress tolerance to plants. Jaleel et al., (2007) demonstrated that when Catharanthus roseus
plants were supplemented with calcium chloride under drought condition, calcium ion
provided osmoprotection to the plants along with increase in glycine betaine accumulation
and indole alkaloid content in the shoot and roots of the plant. Also, a significant
enhancement in the activity of antioxidant enzymes namely superoxide dismutase, catalase
and peroxidase was reported in the same plant subjected to salinity stress (Jaleel et al.,
2007). According to Khan et al., (2010) when calcium chloride was applied to linseed in
combination with gibberellic acid proved more effective in ameliorating the negative effects
of NaCl stress. It was found that the electrolyte leakage of membranes was reduced
considerably with decrease in the accumulation of lipid peroxides and hydrogen peroxide.
Later Sharma and Dhanda, (2015) suggested the protective role of calcium chloride
treatment in Vigna radiata in which it was found that the presence of calcium ion helped in
maintenance of photosynthetic pigments under salt stress. Similarly, calcium was found to
maintain the rate of photosynthesis in Zoysia japonica under drought stress by reducing the
damage of photosynthetic pigment (Xu et al., 2013); increasing the germination rate and
growth of forest tress under simulated acid rain (Liu et al., 2011); involvement in the
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enhancement of chilling stress in Stylosanthes guianensis by interacting with abscisic acid
(Zhou and Ghou, 2009); the application of calcium in the culture medium was found to
activate the accumulation of flavonol in Polygonum hydropiper (Nakao et al., 1999); also
increase in the activity of antioxidant enzymes, regulation of biochemical metabolism and
maintenance of membrane integrity by calcium has been reported in plant system under
various stress conditions (Jaleel et al., 2007; Zhou and Ghou, 2009; Khan et al., 2010; Xu et
al., 2013; Sharma and Dhanda, 2015). Besides these, calcium chloride treatment of fruits
and vegetables has resulted in significant increase in their shelf life. The application of
calcium chloride reduced post harvest decay in apples, strawberries, oranges and pineapples;
increased vitamin C content and also improved the firmness and quality of fruits (Sams et
al., 1993; Garcia et al., 1996; Vilas Boas et al., 1998, Gonclaves, 2000). Furthermore, it has
been reported that calcium helps in reducing sporulation and growth of pathogens in fruits
and vegetables (Conway et al., 1994).

2.17 Polyamines and their role in the physiology, antioxidant and biochemical
attributes of plant system under salinity stress
Polyamines are considered as a new class of growth regulators which includes spermidine: a
triamine; spermine: a tetramine and their obligate precursor putrescine: a diamine, which are
actively involved in the regulation of development and physiological processes in plants
(Kusano et al., 2007). These are small ubiquitous polycations involved in the processes
associated with the growth and development of plant and are well known for exhibiting antistress effects attributed to their acid neutralizing and antioxidant properties, as well as
membrane and cell wall stabilizing abilities (Liu et al., 2007; Zhao and Yang, 2008).
Furthermore, it has been suggested that these factors play important role in controlling the
defense responses of plants towards diverse environmental stresses, such as heavy metal
toxicity, drought, chilling stress, and salinity (Gill and Tuteja, 2010). The simplicity in their
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structure, their universal distribution in the cellular compartments, and active involvement in
physiological activities ranging from structural stabilization of major macromolecules to
cellular membranes prove them to be an attractive group of metabolites to regulate a
multitude of biological functions. The accumulation of polyamines in the cell is reported to
sequester extra nitrogen thus minimizing ammonia toxicity and also helps in balancing the
total nitrogen distribution into the concerned pathways (Moschou et al., 2012; Guo et al.,
2014).
In their review Minocha et al. (2014) have precisely summarized the various
probable roles of polyamines in providing the tolerance to plants against stress conditions.
These include: (i) serving as compatible osmolytes along with proline, glycinebetaine and
GABA; (ii) interactions with macromolecules like DNA, RNA, and cellular membranes and
their stabilization; (iii) scavenging of free radicals along with enhancement in the production
of antioxidant enzymes and metabolites; (iv) acting as signal molecules in ABA-regulated
stress response pathway; (v) regulations of ion channels; (vi) involvement in programmed
cell death (Alcazar et al., 2006; Alet et al., 2011; Hussain et al., 2011; Gupta et al., 2013;
Shi and Chan, 2014). Exogenous application of polyamines in several plants has reported
beneficial effects of these metabolites in regulating the stress responses under wide range of
environmental conditions. In their study, Tang and Newton, (2005) have demonstrated the
effect of application of putrescine, spermine and spermidine on the callus culture and
plantlets of Virginia pine under salt stress. The study revealed that among the three
polyamines, putrescine was found to enhance the activity of antioxidant enzymes, inhibiting
the activity of acid phosphatase along with considerable reduction in lipid peroxidation of
plant tissues. Likewise, exogenous application of spermidine for 7 days in rice plant
increased the yield, calcium content and resulted in higher K +/Na+ ratio than control plants
under saline conditions (Saleethong et al., 2013). Furthermore, foliar spray of putrescine in
wheat under drought stress significantly increased the photosynthetic attributes, and
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accumulation of essential biochemicals thus resulting in stress tolerance and increase in
yield as reported by Gupta et al. (2012). Similarly, several authors have claimed the
involvement of these polyamines in boosting the tolerance level of numerous types of plants
under varied stress conditions (Wilmalasekera et al., 2011; Shi et al., 2013; Tanou et al.,
2014)
The available literature reviewed above revealed that Trigonella foenum-graecum is
a plant of great medicinal value which has been serving the mankind since ancient times.
Being rich source of bioactive components makes it better alternative for the treatment of
wide spectrum of disease and disorders in human beings, thus, avoiding the synthetic
sources and their side effects. Though almost all the plant parts of fenugreek have been
reported to possess potential therapeutic value however, works on the sprouts of fenugreek
has been yet to be updated. Inclusion of sprouts in the daily diet is believed be more
beneficial due to the loss of anti nutritive factors during the process of germination and also
the metabolites are usually stored in simpler form which are easily digestible. Several
techniques and strategies have been introduced by the researchers regarding the
enhancement in the bioactive components of various plants among which the priming
technique has been considered as one of the effective strategy. Calcium ion and nitric oxide
have not only been implemented for the enhancement of these bioactive components but,
these signalling molecules have also been successfully used in the development of stress
tolerance in plants under wide range of environmental stresses. Therefore, this study have
been carried out to explore the role of these two important signalling molecules in enhancing
the stress tolerance level of fenugreek towards salt stress along with improvement in the
therapeutic properties of the fenugreek in sprouting stage through priming technique.
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