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ABSTRACT

Formation of small and highly reactive oxygen spediROS) is normal phenomena in living cells. TeacRve
Oxygen Species cover free radical such as superaXiyl), hydroxyl (OH), perhydroxy (H9 and alkoxy (RO)
and non-radicals like, hydrogen peroxide,(4) and singlet oxygert@.). Their formation and reactivity is well
established and found to be tightly regulated. R&&I exceeding the antioxidative capacity of cédisd to
oxidative stress which may result in malfunctionargl ultimately death of the cell. Singlet oxyg8unperoxide,
hydroxyl and hydrogen peroxide tends to react gasith most biomolecules of the cell, causing tldeigradation
and destruction, contributing to cellular streds. plant cells, environmental changes and developiaie¢ransitions
such as seed germination undergoes ROS generdtmavert the oxidative stress and excess of R@8t pklls
are equipped with antioxidative machinery compriggdooth enzymatic and non-enzymatic compoundsvef |
molecular weight. While Superoxide dismutase (S@ajalase (CAT), Ascorbate peroxidase (APX), Ghidaite
peroxidase (GPX), Glutathione-S- Transferase (GSWpnodehydroascorbate reductase (MDHAR) and
Dehydroascorbate reductase (DHAR) forms the enzgmatt, Ascorbate, phenolic compounds, carotenaidd
tocopherols contribute in the non-enzymatic arnthefantioxidative defense of the cell. The preseview focuses
upon the sources of ROS, their characteristics aadtribution to oxidative stress and means of admtiative
machinery to deal with oxidative stress.
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INTRODUCTION

Plant life exclusively depends upon light energywn as Photosynthetic Active Radiation (PAR), wanglth
ranging from 400 to 700 nm. Light intensity more less than this wavelength range leads to redutaat p
productivity [1]. High light intensity influence$i¢ generation and accumulation of ROS due to dltanéioxidative
system. ROS are generated in normal cellular mésabainder tight regulation but sometimes it camtinto
oxidative stress [2]. There is an increase in aiditive activity when plants are transferred frtow to high sun
light. Evidence for an involvement of ROS duringlhiight treatment is provided by the degradatibglatamine
synthetase, phosphoglycolate phosphatase, largmisudd Rubisco and an increase content of carbgnyups in
stromal proteins of pea [3]. Drought stress indunb#bition of photosynthesis leading to accumulatof ROS [4].
Accumulation during such conditions originates rhaifiom the decline in C®fixation, which causes higher
leakage of electrons to,OChanges in antioxidant level are also correlatgld water deficit [5]. Plant responses to
Sallinity often include drought-mediated symptoms thiexcessive uptake of ions (Nand Cl) [6]. Consequently,
it reduces the soil water potential leading to fithe water uptake generating conditions similagtrmught.
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Figure 1: Possible biochemical and molecular mech@&@ms of heavy metal-mediated ROS induction and dange to the development of
higher plants [11]

Therefore, the generation of ROS during salt stiesdmost similar to that during drought. It mgiméads to the
generation of superoxide and®} [7]. Heavy metals (HMs) are natural constituerftsals and occur naturally in
the environment but in the present world scenaaotamination of soils by toxic metals and metakois of major
concern worldwide [8]. HMs are known to disturb eagchomeostasis by stimulating the formation of fradicals
and ROS such as singlet oxygé®y), superoxide radicals (32), hydrogen peroxide (,), and hydroxyl radicals
(OH’) [9]. Plants which are exposed to heavy methlft the balance of ROS metabolism towards acdation of
ROS [10]. Recently, methylglyoxal (MG), a cytotoxiompound, was also found to increase in respansartous
stresses including HMs (Figure 1) [11]. An increas®G level in plant cells further intensifies tpeoduction of
ROS by interfering with different plant physiologland metabolic processes such as inactivatioheofntioxidant
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defense system and interfering with vital plantgblpgical processes such as photosynthesis [11§. @ the most
deleterious effects induced by heavy metals exgosurplants is lipid peroxidation which can dirgcttause
biomembrane deterioration [12] (Figure 1).

1.Derivatives of Oxygen and other ROS

The metabolic pathways in the univalent reductib@gto water lead to generation of ROS due to the bigtrgy
time window. The spin restriction makes frefer to accept its e- one at a time, leadinB@5. The ground state
O is inactive until it accepts electrons and becattésated. The activation leads to singlet oxygartipipating in
reactions involving the simultaneous transfer ad ®lectrons. The single e- reduction gfrf@sults in the generation
of the superoxide radical ¢{0). At low pH, dismutation of @~ is unavoidable, with one £ giving up its added
electron to another O, followed by protonation to generate of hydrogenopide (HO,). Furthermore, @™ can be
protonated to form hydroperoxy radical (KD Additionally, O, ~ can also donate an electron to iron*(Fé yield

a reduced form of iron (B8 which can then reduce,8, to hydroxyl radical (OH). The reduction througiigh
0,7, H,O, and iron rapidly generate OH’ is called the HalMaiss reaction whereas the final step which in®lve
the oxidation of F& by H,0; is referred to as the Fenton’s reaction (FigureH2) is formed when OH' is further
reduced. Details of different ROS are summarizetable 1.

(a) 0, +H,0, > 0,+OH" +OH-

Fe2* Fe3*

\ W 4

(b) H,0, > OH +OH'

Figure 2: Equations depicting Haber-Weiss Reactioand Fenton Reaction

3.1 Singlet Oxygen'0,)

Significant production of singlet{zan occur in all living organisms through varianechanisms but is particularly
prominent in the chloroplast because of the roufimmation of excited pigments in photosynthesibiodic stress
factors lead to closing of stomata and result®w intracellular CQ@ concentration in the chloroplast, favoring the
formation of*O,. 'O, can last for nearly 4s in water and 100s in polar organic solvents. The lifetime’a}, in a
cell has been measured to be approximatalg 13]. In this small time, a fraction 0, may be able to diffuse
over considerable distances of several 100nm. Hewegcent measurements show that its lifetimeushmonger
(6 ps) than stated earlier [14}0, can react with proteins, pigments and lipids amdhought to be the most
important species responsible for light-induced loEPSII activity, the degradation of the D1 piotgrotein of the
reaction centre of PSII) and for pigment bleaching.

3.2 Superoxide radicals (@)

Superoxide radical is considered as the primary RO®e generated. In plant tissues about 1-2 % of O
consumption leads to the generation of OO, ~ is produced by the single electron reduction efdDring é
transport along the non-cyclic pathway in the ElattTransport Chain of chloroplast at the leveP& [15] while

in non-green plant parts or in darkness, the miadhia appear to be the main ROS producers [16].i© also
produced in peroxisomes [17] and in the plasma mangby NADPH oxidase [18]. Its half-life is apphmately
2-4 us; therefore it cannot cross biomembranes andysgedildismutated to 4D,.
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Table 1: Key reactive oxygen species (ROS), theirgperties, and main scavenging systems in plant tel

Half-life and . . .
S.No. ROS mobility Mode of Action Main scavenging systems
. Reacts with double bond-containing compounds sadfoa- . . L
1. r:;gzlrc()g.d_? 1us, 30 nm | sulphur (Fe-S) clusters of proteins; reacts withimoxide (NO) Superoxide dismutases (SOD)
to form peroxynitrite (ONOQ
. . S Flavonoids, prevention of OH]
2 Hydroxyl _ 1ns, 1nm Extremely reactive with protein, lipids, DNA, anther formation by sequencing Fe
radical (OH") macromolecules
3 Hydrogen 1 ms. um Oxidizes proteins; reacts with O2n a Fe-catalyzed reaction tp Catalases, various Peroxidasegs,
' peroxide (HO,) H form OH’ peroxiredozins, and flavonoids
4. Slngl(?go)xygen 1ps, 30 nm Directly oxidizes protein, polyunsaturdty acids, and DNA| Carotenoids amdocopherols
2,

3.3 Hydrogen Peroxide (HO,)

Major pathways producing J@, are photorespiratiofs; oxidation, proton-induced decomposition of Tanion and
defense against pathogens and via enzymes likerogime P-450, D-amino acid oxidase, acetyl coenzyme
oxidase and uric acid oxidase [19, 20]. Furthe,dkidation of sarcosine in the pahway of glycinetatolism leads
to H,O, formation [21] It is moderately reactive and relatively long-livetblecule with a half-life of 1ms. Its
stability and ability to cross membranes makg®4& good signalling molecule [22]. It's not a freelicl but it
plays a radical forming role as an intermediatdh&production of more reactive free radicals.

3.4 Hydroxyl Radical (OH)

OH is considered as most reactive and damaging &dieal with a half-life of 1 ns [23]. It is highleactive with
proteins, lipids, DNA and other macromolecules. Thajor pathways producing hydroxyl are decompasitid
ozone in the presence of ki apoplastic space and during the pathogen respf@4]. In the presence of suitable
transition metals, especially Fe, Qidn also be produced fromy Oand HO, at neutral pH through Fenton reaction
(Figure 2). OH" are thought to be largely respdesfbr mediating oxygen toxicity in vivo. Plantseaunable to
scavenge this highly reactive ROS. Hydroxyl is oonsidered to have signaling function but the potslwf its
reactions can elicit signaling responses [25].

2.ROS and Oxidative damage

During metabolic processes there is continuousymiioch of ROS which induces oxidative stress andresult in
damage to cell membranes, inactivation of enzymesage to genetic material and to other vital cethponents.
There is equilibrium between production and rem@fdROS which can be perturbed by various biotid ahiotic
factors. The main cellular modifications are dissed below.

4.1 Modifications to PUFA (Poly Unsaturated Fatty Aids)

Lipids are one of the essential biomolecules reglifior cells and cell organelles. It is of utmastportance to
maintain the integrity of the membrane made of pho$ipids, sphingolipids and cholesterol. PUFA aery
important to maintain the membrane’s property betytare also most susceptible to the damagingteftddROS,
whereas fatty acids having one or no double bomdsmere resistant to peroxidation than PUFA. Duéitgh
oxidizing potential, OH’, H®), RO" and R@ are capable of doing lipid oxidation. Severaletlgdes, like 4-
hydroxy-2-nonenal (HNE) and malondialdehyde (MDA)well as hydroxyl and keto fatty acids are fornasda
result of PUFA peroxidation [26, 27]The occurrence of MDA is considered as a usefubindf general lipid
peroxidation.

Due to lipid peroxidation, membrane propertiesatered, which include the composition and orgatioreof lipids
inside the bilayer, degree of PUFA unsaturation,bifity of lipids within the bilayer, localization fothe
peroxidative process in a particular membrane Aedpteventive antioxidative process including R@&venging
and lipid product detoxification [28]. Lipid peraation causes decreased membrane fluidity, makeasier for
phospholipids to get exchanged between the twoekabf the bilayer, increases the leakiness of mangbto
substances that normally don’t cross the bilaydreothan through specific channels and damage narmabr
proteins, inactivating receptors, enzymes, ancci@annels [29].
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4.2 Modifications to DNA

HO' is considered to be the most reactive ROSerctmtext of damaging DNA, the genetic materiahef cell.’O,
primarly attacks guanine while hydrogen peroxide smperoxide does not react at all [26]. Very Higlrels of UV-
B radiation can also induce oxidative damage in DR®S can react with DNA in three distinct waysirstHs the
chemicalpredominatreaction which involve the breakage of double bandtie DNA bases resulting in the loss of
UV absorption at 260 nm. Second is the liberatiod detection of all 4 bases either treated or aniee with
hydrogen peroxide. Third is the breakage of theasughosphate backbone due to an indirect resyfriof base
alteration and removal. DNA damage results in wegiphysiological effects, such as reduced protgithgsis, cell
membrane destruction and damage to photosynthetteips which affects growth and development of whmle
organism [30]. Indirectly, ROS can also modify DNWich involves conjugation of the PUFA breakdownghrct
MDA with guanine, which creates an extra ring [31].

4.3 Modifications to Proteins

Proteins can be damaged by direct attack of ROS/&®dB them or by secondary damage involving attgci&nd
products of lipid peroxidation, such as MDA or HNH#ost types of protein oxidations are essentiatigviersible
whereas a few involving sulfur-containing aminodacare reversible [32]. Generally, whatever is Itoation of
ROS synthesis and action, proteins having sulfurtaining amino acids or thiol groups are always tdrget of
ROS [33]. There are approximately four modes oftgiro oxidation: metal catalyzed oxidation, aminddac
oxidation, oxidation induced cleavage and the agetjion of lipid peroxidation products [34]. Metahtalyzed
oxidation is one of the most prevalent forms oftgiro oxidation. Enzymes such as NADH and NADPH ezl are
required for this system, which catalyzes the rédnand oxidation of metal ions such as Fe (@ (1), and Cu
(ID/Cu (1) and generate #D,. Fe (1) and Cu (l) ions then bind to a specifietal binding site within the protein and
react with HO, to generate OH’, which then attacks the amino @stlues near the metal binding site [35]. One of
the consequences is the oxidation induced cleashgeptide bonds. This can be either achieved by ®hich
reacts with proteins and forms alkyl radicals thatn cross-links with other similar alkyl-radicais form protein
aggregates or reacts with, @ generate an alkylperoxide radical. The cleawafgéne peptide bond can also be a
consequence of the reaction of a free radical slclOH™ with the glutamyl, prolyl and aspartyl resd of the
protein chain [36].

Another oxidative pathway is the direct modificatiof amino acids. The most sensitive amino acitdues are
those having aromatic side chains or those comtgisulfydryl groups. For example, oxidation of pylatanine

residues leads to a formation of mono and di-hygrderivatives whereas tryptophan residues are ctetvdo

several hydroxyl-derivatives to formylkynureninetomitrotryptophan [33, 37]. Tyrosine residuessgatinverted to
a diydroxy derivative, nitrotyrosine, chlorotyrosimnd a dityrosine derivative upon oxidation whikesic amino
acids like histidine residues can be oxidized tmx@histidine and 4-hydroxyglutamate [38]. They d¢Bnused as
markers to determine the amount of cellular oxidatdamage.

The oxidation of sulfur-containing amino acids mversible and also plays important roles in redortrol
mechanism [39]. Cys and Met react specifically wi and OH'. The thiols of cysteine can be modifiedato
disulfide (PSSP), sulphenic acid (PSOH), sulphimitd (PSGH) or sulphonic acid (PS®l) [40]. The reduced
forms can be regenerated by the thioredoxin (Trxylataredoxin systems [26, 35]. Like cysteine, m@tine is
also one of the most readily oxidized amino actging to the presence of sulphur and is susceptibkgtack by
most reactive oxygen or nitrogen species. Oxidadfomethionine usually yields methionine sulphox{&eSOCH)
and a higher level of modification leads to sulphdR-SQCHs). Met sulphoxide can be reversed by chemical
reduction or by the action of methionine sulphoxi@eluctase, whereas methionine sulphone is thotglue
irreversible and damaging to protein [40].

The major products of protein oxidation, such aptide bond cleavage and amino acid oxidation acgepr

carbonyls. Carbonyl groups can also be formed bgrsgary reaction with the lipid peroxidation protlike HNE

or with reducing sugars or their oxidation produf26]. Protein Carbonylation is found to be higherthe

mitochondria than in chloroplasts and peroxisom#dd, [indicating that the mitochondria are more sypsible to

oxidative damage or the removal of modified praeamless efficient in the mitochondria. Oxidizewtpins cause
cellular dysfunction making their removal necessdiyey are normally recognized and degraded byepsaimal
complexes. If oxidized proteins are not efficientiynoved, they get accumulated and alter the gelitioning and
promote toxicity.
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3.Antioxidant System

The effective control and rapid elimination of R@Xssential to the proper functioning and survofabrganisms.
This is performed by a vigorous antioxidant defessgtem (Table 2). Antioxidants are interdependeniature and
subject to variations due to intrinsic biologicgklkes, ambient physico-chemical environment andhrapiogenic
pollutants [42]. When ROS levels rise due to rapidtabolism, antioxidants keep active oxygen spegieer
control and function as a reductant for many fesiaals.

The antioxidative system is comprised of two comgrds — antioxidant enzymes and low-molecular weight
components. Antioxidant enzymes include SOD, CADDRAPX and GR while low-molecular weight antioxids
can be water soluble like ascorbic acid and GSHpad soluble like tocopherol, carotenoids, quirsngnd some
polyphenols.

5.1 Enzymatic antioxidants

5.1.1 Superoxide dismutase (SOD)

Metalloenzyme SOD catalyzes the disproportionatbér©, ~ into H,O, and Q. This reaction has a 10,000 fold
faster rate than spontaneous dismutation. It isgmiein all aerobic organism and subcellular corepts
susceptible to oxidative stress. SOD are classifienlthree types based on their metal cofactoo, dfvwhich are
similar i.e., Fe-SOD (localized in chloroplast) ahth- SOD (localized in mitochondria) and one of whiis
structurally unrelated i.e., Cu/Zn —SOD (localizeahloroplast, peroxisome and cytosol) [43]. Relyea new type
of SOD with Ni in the active centre has been désctiin Streptomyces [28].

5.1.2 Catalase (CAT)

Catalase also known as,®p Oxidoreductase is a heme containing tetramerigraaz The enzyme occurs in all
aerobic eukaryotes and its function is to remove 0D, generated in the peroxisome duripigxidation of fatty
acids, photorespiration, purine catabolism andndudxidative stress. Catalase controls peroxisd#a@l, without
limiting its production. Catalase has one of thghlest turnover rate similar to that of D1 protefrP&1l but unlike
APX, it doesn’t require reducing power wheras ARuires a reductant (Ascorbate) and has a higfieityaffor
H,0O,, allowing for the scavenging of small amounts glOFin more specific locations. There are three main
isoforms of catalase- CAT1, CAT2 and CAT3. All tiseforms are suddivided into classes I, Il and@AT1 and
CAT?2 are localised in peroxisomes and the cytoswmnwas CAT3 is mitochondrial [44].

5.1.3 Peroxidase

Peroxidases are a group of enzymes which ys® td oxidize another substrate. Peroxidases can dafipfor a
particular substrate (such as GSH for glutathiomeoxidase) but most have broader substrate spggific
Peroxidases include cytochrome C peroxidase, NABHyidase, Ascorbate peroxidase etc. There are Sdame
specific peroxidases’ include Guaiacol peroxidétmseradish peroxidase etc.

Table 2: Major ROS scavenging enzymatic antioxidargt

S.No. Enzymatic antioxidant Enzyme code Reactiongatalyzed
1. Superoxide dismutase (SOD) EC1.15.1.1 00, "+ 0, "+ 2H'—> 2H,0; + O,
2. Catalase (CAT) EC1.11.1.6| H,0, > H,O +1/20G
3. Glutathione reductase (GR) EC 1.6.4.2] GSSG + NAD(P)H— 2GSH + NAD(PY
4. Ascorbate peroxidase (APX) EC 1.11.1.11 H,0, + AA— 2H,0 + DHA
5. Guaicol peroxidase (GPX) EC1.11.1.71 H,0, + GSH— H,0 + GSSG
6. Monodehydroascorbate reductase (MDHAR) EC 1.6.5.4 MDHA +NAD(P)H —AA + NAD(P)"
7. Dehydroascorbate reductase (DH: EC 1.8.5. DHA + 2GSH—AA + GSSC

5.1.3.1 Ascorbate peroxidase (APX)

APX plays an essential role in scavenging ROS amdepting cells in higher plants, algae, Euglend ather
organisms. Ascorbate is found in the chloroplagipsol, vacuole and extra-cellular compartmentthefcell [45].
Whereas CAT reduces,8;levels in peroxisome, APX performs this functioncimoroplast and cytosol of plant
cells. APX uses ascorbate as a hydrogen donordakbdown HO, forming H,O and Monodehydroascorbate
(MDHA) in the process. It is a very important enzyin the ascorbate-glutathione cycle. The APX fgrodnsists
of at least five different isoforms including thigtad (tAPX) and glyoxisome membrane forms (gmAPa9,well as
chloroplast stromal soluble form (sAPX), cytosdiiem (cCAPX) [27]. These enzymes are haem protaihgbited
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by cyanide and azide and operate by the ‘classpmiboxidase mechanism where they form an ascodutal,
which disproportinates into ascorbate and Dehydmdsite.

5.1.3.2 Guaiacol Peroxidase (GPoX)

GPoX is a heme-containing protein, which are monsnoé approximately 40-50 kDa, oxidize certain stdies at
the expense of D, and rid the cell of excess peroxide produced byabwism under both normal and stress
conditions GPX differs from APX in terms of differences in segces and physiological functions. GPX
decomposes indole-3-acetic acid (IAA) and has a mlthe biosynthesis of lignin and defence agabistic
stresses by consuming®. GPoX and other peroxidase bound to plant cell wafid oxidize the phenols like
aromatic e- donors into phenoxyl radicals whichyp@rize to form lignin. It has been considered dSsteess
enzyme” because both of its extra and intracellidems participate in the breakdown of®3.

5.1.4 Glutathione reductase (GR)

GR is a flavo-protein oxidoreductase, found in bptbkaryotes and eukaryotes [17]. Its role is vesHablished in
Halliwell-Asada pathway. It is a regulator of GSeflox state, catalyzing the NADPH dependent formatiba

disulphide bond in GSSG pool and is important f@intaining the reduced pool of GSH. Hence, it playsery

important role in maintaining the redox poise oé ttell. It is localized predominantly in chlorogldsut small

amount of this enzyme has also been reported iochmindria and cytosol. It reduces GSSG in which G8H are

linked by a disulphide bridge which can be conwback to GSH by GR. GR and GSH play a crucial ole
determining the tolerance of a plant to varioussses.

5.1.5 Monodehydroascorbate reductase (MDHAR)

MDHAR is a flavin adenine dinucleotide (FAD) enzyme foundhloroplast and cytosol where it regenerates th
reduced ascorbate [46]. Accompanying APX, MDHARaiso located in peroxisome and mitochondria wlitere
scavenges ¥D,. It is an efficient e- acceptor and accepts efepeatially from NADH rather than NADPH. It has
been suggested that the activities of enzymeswedoin regeneration of ascorbate i.e., MDHAR, Debgdcorbate
reductase (DHAR) and GR were higher in droughtsstd rice seedling¥he mechanism of regeneration involves
the reduction of the enzyme-FAD to form a chargandfer complex. The reduced enzyme donates eessigely

to MDHA, producing two molecules of ascorbate viseaiquinone form [E-FAD-NADR.

5.1.6 Dehydroascorbate reductase (DHAR)

DHAR regenerates ascorbate from the oxidized stateserves as an important regulator of Ascorbid @&A)
recycling [47]. The univalent oxidation of ascorlicid leads to the formation of MDHA, which is cented to the
divalent oxidation product (DHA) via spontaneouspdoportionation or further oxidation. DHA is theeduced to
AA by DHAR in a reaction that requires GSH [47, 48]

5.1.7 Glutathiones-transferase (GST)

GST is in fact a large and diverse group of enzymhich catalyze the conjugation of elctrophilic mbiotic
substrates with the tripeptide glutathione (GSHglu-cys-gly). GST can reduce peroxides with thégp e GSH
and produce scavenging of cytotoxic and genotogimpounds. Plant gene families are large and highigrse
with 25 numbers reported in soybean, 42 in maize5Shin Arabidopsis [27]. Plant GSTs are knownunodtion in
herbicides detoxification, hormone homeostasis, ushr sequestration anthocyanin, tyrosine metatoolis
hydroxyperoxide detoxification, regulation of apogis and in plant responses to biotic and abittésses.

5.1.8 Glutathione peroxide (GPX)

GPX are a largefamily of isozymes that use GSH to reduce hydrogemoxide and organic and lipid
hydroperoxides generated during oxidative stre8$. [A family of seven related proteins of GPX iidified in
cytosol, chloroplast, mitochondria and endoplasmiculum named AtGPX1- AtGPX in Arabidopsis.

5.2 Non-enzymatic antioxidants

5.2.1 Ascorbic Acid

Ascorbic acid is one of the most powerful antioxittaand it is present in most plant cell types. plints and
animals except primates and guinea pig can symhesicorbic acid [50]. Ascorbic acid mostly remainavailable
in reduced form in leaves and chloroplast undemabiphysiological conditions but its intracellulesncentration
can build up to millimolar range i.e., 20 mM in ttyggosol and 20-300 mM in the chloroplast stromH.[& helps in
ROS scavenging and is also involved in a potenthas@ism for preventing photo-oxidation. Although @bate is
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an essential metabolite implicated in vital celhdtions, but its synthetic pathway in plants rermain be
established. The hypothesis that Ascorbate is sgizhd from glucose is widely accepted but meastatss of
conversion of labeled glucose into Ascorbate arg kav. Still, two routes of Ascorbate biosyntheai® illustrated
—inversion (found in animals) and non-inversiaou¢fd in plants) pathway [52].

Ascorbate is synthesized in both green and nomgtesues and its formation is not directly deperden
photosynthesis. For its transport in chloroplaatilitated diffusion is required, while the thyladanembrane has
no Ascorbate transport system. There are alsordiffenechanisms in plasma membrane for facilitafiagorbate-
mediated transport of reducing equivalents betwiertytosol and apoplast-

1. A highly specific b-type cytochrome transferringfieem cytosolic Ascorbate to extracellular acceptancluding
MDHA

2.A plasma membrane localized MDHAR

3.Ascorbate carriers selectively transporting Asctetzand DHA between the cytosol and apoplast.

Its an effective antioxidant because of the abildydonate e- in a wide range of enzymatic and exmymatic
reaction in the aqueous phase. It scavenges'0Q,and OH' and reduces,6, to water via Ascorbate-peroxidase
reaction. It also acts as a cofactor of violaxantie-epoxidase in chloroplast and function in @isson of excess
excitation energy. It regenerates tocopherol frocopheroxyl radical providing membrane protectid@]| Like
GSH, it also plays non-antioxidative role as hasnbémplicated in the regulation of cell divisiorellccycle
progression from ¢to S Phase and cell elongation.

5.2.2 Tocopherols

Tocopherol is present in all phototropic organissrsept for some cyanobacteria. It is a lipid satudhtioxidant
and is considered as potential scavenger of ROSi@iddradicals. In addition to tocopherols, togetrols are also
considered as an important antioxidant. There@reisomers of thesee; B, Y andg, which structurally consist of

a chroman head group and a phytyl side chain givitgmin E its amphipathic character [53, 5&elated
antioxidative activity of the tocopherol isoménsvivois o> 3> Y> & which is due to the methylation pattern and the
amount of methyl groups attached to the phenolig of the polar head structure. So accordingtytocopherol
with its three methyl subsituents has the highesbxzidative capacity.

They are considered as general antioxidant foreptimn of membrane stability, including quenchimgscavenging
ROS like singlet oxygen. In case of protecting thembrane, tocopherols protect the lipids and othembrane
components by physical quenching and react chelyiadgth O, in chloroplast, thus protecting PSII structure and
function. They act as physical deactivators of leihgxygen by charge transfer mechanism. One migeafio-
tocopherol can scavenge up to 2@ molecule by resonance energy transfer. Tocophegalst with RO, ROO’
and RO’ derived from PUFA oxidation. The reactiatweena- tocopherols and lipid radicals occurs in the
membrane- water interface, whetie tocopherol donates hydrogen atom to lipid radicaith the consequent
formation of TOH' that can be recycled back to ¢berespondingi- tocopherols by reacting with ascorbic acid or
other antoxidants. Regenration of TOH" back taéttuced form can be achieved by vitamin C (ascejbetduced
GSH or CoQ.

5.2.3 Carotenoids (CARS)

Carotenoids are lipophilic organic compound locatethe plastids of both photosynthetic and nontpsynthetic
tissues [55,56]. In all photosynthetic organismarotenoids,p- carotene, zeaxanthin and tocopherols serve
important photoprotective role, either by dissipgtiexcess excitation energy as heat or by scavgrigdS and
suppressing lipid peroxidation. There are over 681Rs occurring in nature. They play multitude ohdtions in
plant metabolism including oxidative tolerance ado serve as antenna molecules for photosystem#ey
absorb light in the region from 450-570nm of thsiblie spectrum [55].

They protect the photosynthetic apparatus by quagdhiplet sensitizer chlorophyll (CB| O, and other harmful
free radicals which are naturally formed during foisgnthesis. During quenching of &henergy is transferred
from chlorophyll to CAR which subsequently dissgmthe energy in a non-radiative form. Thus, CABsaa a

competitive inhibitor of singlet formation and thssaided by their proximity to Chlorophyll in thight harvesting

complex.
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5.2.4 Phenolic compounds

Phenolics are diverse secondary metabolites (flaidsn tannins, hydroxycinnamte esters and lignbyraant in
plant tissues [57, 58]. One of the phenolic compglogroups, flavonoids occur widely in the plant ldogh and are
commonly found in leaves, floral parts and polldrsvonoids are suggested to have many functidesflowers,
fruits and seed pigmentation, protection against Ught, defense against phytopathogens (pathogenic
microorganism, insects and animals), plant feytilgermination of pollen and acting as signal moleg in plant-
microbe interaction. Their ability to act as antd@ants depends on the reduction potential and aitility of their
radicals [59]. They have high reactivity as e- dsnand are able to stabilize and delocalize ungare(i.e., their
chain- breaking function) and are able to chelatpsition metal ions (by terminating the fentonctem). They are
also able to alter the peroxidation kinetics by ifyaalg the lipid packing order to decrease fluidaf/the membrane
[60]. These changes could hinder the diffusiorreéfradicals and restrict peroxidative reaction.

ROS formation is the integral part of cells and hath positive and negative roles to play in plans animals.
While positive impact of ROS lead to growth and elepment, preventing the negative consequencesQ8$ R
formation is a necessity and antioxidant defenséesy must keep reactive oxygen under control fist @ther than
reacting with biological macromolecules, ROS alsdluence the number of gene expressions and signal
transduction pathways. ROS specifically react vgittme molecules and direct the plant response t@wsrdss.
Antioxidative capacity of the cell forms the majoont towards plant stress response. They worlowperation for
better defense. Further investigation into ROSaligg, their specificity, antioxidant studies aeguired to explore
the ROS impact on living organisms.
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