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ABSTRACT: Senescence is the final stage of organ development in plants. It is an oxidative process which
involves a general deterioration of cellular metabolism in plants. The symptoms of senescence include loss in
chlorophyll, carotenoids, proteins and increase in lipid peroxidation and membrane permeability which results in
injury and leads to decrease in the photosynthetic output. During the period of senescence, a multiple factors such
as hormones, environmental factors and senescence associated genes (SAGs) are involved. Plant hormones or
phytohormones acts as chemical messengers which are involved in plant growth and developmental process and
play a major role in regulation of senescence. The phytohormones such as salicylic acid, abscisic acid, jasmonic
acid and ethylene promote senescence, where as others like cytokinins, gibberellins, and auxins delay this process.
During the process of senescence generation of reactive oxygen species (ROS) which includes superoxide, singlet
oxygen, hydroxyl radical and hydrogen peroxide radicals increased in thylakoids takes place. These free radicals
are capable of inducing cellular damage by oxidation of proteins, inactivation of enzymes, alterations in the gene
expression, and decomposition of biomembranes. Thus, plants have evolved a defense mechanism which scavange
ROS by antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT). Thus in the present review
all factors that are responsible for causing or accelerating senescence have discussed, antioxidant activity which
protects plants from ROS and role of phytohormones such as auxins, gibberillic acid and cytokinins have
participated significantly in delaying or to control senescence have been discussed.
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INTRODUCTION

Senescence is a genetically regulated process which is characterized by a network of molecular and biochemical
mechanisms. It is a synchronized series of events which occur during the course of plant development, but any type
of stress in plants may bring about the process of senescence [1]. In plants, senescence is a complex deterioration
process which can lead to the death of whole organism or a single organ and is highly regulated by various factors
such as age, reproductive development, and phytohormone levels and by environmental signals, including
photoperiod, stresses such as drought, ozone, nutrient deficiency, wounding, and shading [2]. Senescence in leaf is
the final step in the development of leaf and is characterized by degradation of biomolecules. Senescence is a
synchronized and sequential process in which first undergoes the degeneration of chloroplast which is followed by
the hydrolysis and remobilization of macromolecules to other plant parts and disintegration of nucleus as well as
mitochondrian takes place [3].
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It is a deteriorative process which includes the loss of chlorophyll (Chl), decrease in the total RNA and protein
contents [4]. The process of degradation of chloroplast involves the disorientation of granum stacks and swelling
of the thylakoids that results in the enlargement of plastoglobuli [7]. The most evident events triggered during
senescence are the breakdown of chlorophyll, protein and oxidative stress [5,6]. The generation of ROS is one of
the earliest responses of plant cells under abiotic stresses [9] and senescence which play a significant role in stress
signaling [8]. The formation of ROS which generally causes oxidative damage to DNA, proteins and membrane
lipids and also play an important role in cellular signalling pathways in plants [10].

Thus, plants have evolved some defense mechanisms for the protection against ROS production by the process of
acclimation which involves decreased production of ROS coupled with an efficient antioxidant defense mechanism
[11] and the activation of different signaling pathways [12,13]. Antioxidant enzymes such as superoxide
dismutase, ascorbate peroxidase, glutathione reductase, peroxidise and catalase are involved in the scavenging of
reactive oxygen species. Plant hormones are also known as phytohormones which play a critical role in plant
developmental processes and play a significant role in the regulation of leaf senescence [14]. Phytohormones like
auxins, gibberillins and cytokinins delays the process of senescence where as ethylene and abscisic acid that
promote senescence [15]. Various factors like phytohormones and microRNAs participated significantly to control
senescence under non-stress and stress conditions have also been discussed. (Fig: 1)
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Fig. 1: Different factors involved in senescence

Biochemical changes during senescence:

(a) Photosynthetic pigments:

Photosynthetic pigments such as Chl a, Chl b, carotenoids and xanthophylls decreased during leaf senescence. In
higher plants, studies reveal that a greater loss of chlorophylls than carotenoids, that results in yellow colouration
of senescing leaves.

(i) Chlorophyll degradation:

The chloroplast is the first organelle in the green cell to show signs of decay, that is characterized by the
dissociation of grana, increase in size and number of plastaglobuli and disruption of the chloroplast envelope [16].
Some reasearchers termed the degrading chloroplast as gerontoplast [17]. Chloroplast degradation includes the
progressive loss of proteins in the chloroplast, such as ribulose biphosphate carboxylase (Rubisco) and Chl a/b
binding protein (CAB) which is caused by the hydrolysis of proteins to free amino acids by the action of several
endo and exopeptidases [18]. The Chloroplast degeneration is accompanied by chlorophyll degradation which is
one of the most earliest symptoms of senescence.
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The Chl degradation is one of the potential indicators of leaf senescence, any effect in degradation of
chlorophyll can be directly related to leaf senescence. The breakdown of chlorophyll leads to the yellowing of
blade, this is the most visible symptom of chlorophyll breakdown during senescence [19]. There is a pathway for
chlorophyll degradation which consists of several reaction steps catalysed by enzymes [20].

In the process of chlorophyll degradation, removal of phytol by chlorophyllase enzyme is the first step
involved and is the first enzyme in this pathway [21]. The second step involved in this process is the removal of
magnesium from chlorophyllide by Mg-dechelatase. Oxygenolytic opening of porphyrin macrocycle in
phaeophorbide, that produces fluorescenct chlorophyll catabolites (FCCs). This step is catalysed by an enzyme
phaeophorbide a oxygenase which required oxygen, ATP, ferrodoxin, NADPH, iron, and thylakoid and stromal
proteins [22]. The last step involves the catabolism of FCCs to non-fluorescent chlorophyll catabolites (NCCs) and
the disposal of NCCs in vacuoles. During the degradation of chlorophyll the breakdown products of both chl a as
well as chl b are derived as the final catabolites[23]. And these degraded products and the chlorophyll are
transferred to the cell vacuole [24].

(ii) Carotenoid catabolism:

Carotenoids play a significant role in the assembly of light-harvesting complex as antenna pigments, and protect
the photosynthetic apparatus from photo-oxidative damage. The carotenoid catabolism has been studied during
fruit ripening and in flowers [25]. There is a slower degradation of carotenoids than Chls, which results in
unmasked carotenoids. In gymnosperms and angiospermic plants a relative stability of carotenoids has been
demonstrated during leaf senescence. A decline has shown in the rates of both the chlorophyll and carotenoid
pigments was observed in ferns, tobacco and barley leaves during senescence. During naturally occurring and
artificially-induced senescence, formation of plastoglobuli has been observed and the structures of these are
demonstrated to contain thylakoid breakdown products which includes carotenoid esters and free carotenoids such
as B-carotene and xanthophylls [26]. There is an increased free fatty acids which are released from triacyl glycerols
by the action of hydrolysing lipases, and free carotenoids released from thylakoids that are esterified by these fatty
acids, and their deposition in plastoglobuli has been observed during the advanced stages of senescence [27].

(b) Alterations in electron transport chain:

During leaf senescence many alterations in the structure and function of chloroplasts has occured [28,29]. The
alterations include the degradation of photosynthetic pigments and proteins, inactivation of both photosystems (PS)
I and II, and down regulation of enzyme activities associated with Calvin-Benson cycle [30]. Reports
demonstrating the damage of PS II, with oxygen evolving complex (OEC) as one of the initial events during leaf
senescence [31]. During senescence the disassembly of photosynthetic complexes which results in the
differentiation of chloroplasts into gerontoplasts that causes the changes in stoichometries of photosynthetic
complexes [32]. This changes may lead to an imbalances in the photosynthetic electron chain responsible for an
enhanced production of ROS and the enhanced risk of photoinhibition. There will be the reduction in ability of
photosynthetic CO2 fixation have been reported due to the loss in the total chlorophyll and protein content as well
as the disorganization of the structure of chloroplast membranes during senescence. This loss of function in the
structure of chloroplast may be associated with the decline in the photochemical activities of PS I and PS II there is
more susceptible PS II to senescence than PS I and a greater decrease in PS II activity has been observed during
senescence of leaves. The cause for this decreased PS II electron transport is not clear but studies have shown that
the decrease in PS II activity is due to an inactivation of the oxygen evolution system, or a loss of PS II reaction
centre complexes [33], or an inhibition of excitation energy transfer from carotenoids to chlorophyll. Thus during
senescence, several studies have investigated the changes in the maximal efficiency of PS II photochemistry
(Fv/Fm) in vivo on whole leaves.

(¢) Lipid peroxidaition during senescence

Advanced senescence causes a notable increase in lipid peroxidation [34] which leads to the generation of free
radicals, that can lead to the promotion of senescence [35]. Lipid peroxidation is an indicator of prevalence of free
radicals in tissues. The senescence causes an enhancement in the lipid perixidation in chloroplast [36] which
clearly indicates the production of ROS inside the organelle is enhanced. During senescence lipid peroxidation
causes the production of variety of toxic aldehydes and ketones [37]. Such products of lipid peroxidation are
malondialdehyde and 4-hydroxynonenal which cause protein damage by means of reactions with lysine amino
groups, cysteine sulfhydryl groups and histidine imidazole groups [38]. The lipid peroxidation causes a chemical
change in the membrane lipids which results in an increase in the ratio of sterol/phospholipid however, the sterol
content declines with physiological aging.
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Production of ROS and protection against reactive oxygen species during senescence

The initiation of senescence involved in the production of ROS [39]. The enzymes for ROS-production were
identified, such as NADPH oxidases, aminooxidases and cell wall-bound peroxidises. During senescence the levels
of ROS are increased that have been reported to coincide with increased levels of lipid peroxides [40] and oxidized
proteins [41].

The photosynthetic electron transport chain might become another major source for ROS such as singlet oxygen
('0,), superoxide anion radicals (027 and also hydrogen peroxide [42] during senescence. These are called
reactive oxygen species (ROS) which are extremely reactive and are able to oxidize biological molecules, such as
DNA, proteins or lipids. Several studies have reported an increase in the production of O°,” during the natural and
artificially induced senescence [43].

(i) Singlet oxygen (‘O»)

Singlet oxygen is the highly reactive and is generated when chlorophyll is excited and form triplet state ("Chl)
which reacts with the molecular oxygen that is a triplet in its ground state (O?). The triplet state of chlorophyll is
generated when there is damage in the reaction centre of photosystem II [44] by charge recombination reactions
[45] and in the light harvesting complex IT (LHC II). The generation of 'O, during photosynthesis is caused by the
photoactivation of photosensitizers, mainly chlorophylls and their precursors [46] and also during senescence [47]
and under abiotic stresses [48]. Singlet oxygen has dual effect which act as an oxidising agent and can react with
various biological molecules, causing damage and leading to cell death [49].

(ii) Superoxide Anion and Hydrogen peroxide:

Superoxide anions O2~ are generated in different plant cell organelles which include chloroplasts, peroxisomes,
apoplast, the mitochondrial electron transport chain, and the plasma membrane [50]. In peroxisomes, there are
two different sources for the generation of superoxide anion: one is by electron transport chain (ETC) in
peroxisomal membrane [51] and in peroxisomal matrix via action of enzyme xanthine oxidase [52]. This generated
superoxide anion (O2") is converted to hydrogen peroxide (H202), by the action of CuZn-superoxide dismutase
[53].

Hydrogen peroxide plays an important role under stress conditions as a signaling molecule which mediates
between different physiological processes [54] i.e., involved in the regulation of the senescence process [55]
protection against pathogen attack [56]. When compared with other ROS, H,O; is the most stable and least reactive
ROS which can easily cross the membrane [57] and hence acts as a good signaling molecule. The production of
H,0, in plants involved via two possible pathways: dismutation of O°,~ with the involvement of SOD [53], and via
oxidases such as amino and oxalate oxidases. In plants, H,O, by acting as a signaling molecule which is involved
in the regulation of various abiotic and biotic stresses [54] and has a role in cell death which contributes to cell
degradation [58] during the final stages of senescence.

Protection against ROS by antioxidant enzymes:

Plants have evolvled some defense mechanisms against ROS which include superoxide dismutase, ascorbate
peroxidase (APX) and catalase [59]. The induction of these cellular antioxidant machinery is important for
protection against various stresses [60]. The antioxidant defense system include both enzymatic and non-enzymatic
antioxidants. The SOD and CAT are included under enzymatic antioxidants and GSH, AA (both water soluble),
carotenoids and tocopherols (lipid soluble) [61] are included under non-enzymatic antioxidants.

(i) Catalase

CATs are tetrameric heme containing enzymes which directly involves the dismutation of H,0, into H,O and O,
and also involves in the detoxification of ROS during stress conditions. In higher plants, the isozymes of CAT have
been extensively studied. Maize has three isoforms (CAT 1, CAT 2 and CAT 3), found on separate chromosomes
and are differentially expressed and independently regulated [62]. Catalase regulates the intracellular H,O, [63].
The down-regulation of CAT 2 expression during leaf senescence has occurred and an increased level of H,O, has
been postulated [64].

(ii) SOD:

Superoxide dismutases (SOD; EC 1.15.1.1) are a class of metalloenzymes and ubiquitous in all oxygen-consuming
organisms which catalyze the dismutation of superoxide radicals (O;’) to molecular oxygen and hydrogen peroxide,
the substrate of catalases and peroxidises.

202-+2H+—>H202+02
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Superoxide dismutases can also be divided into three classes [65] in which the first class of SODs are located in the
cytosol, chloroplasts and mitochondria of eukaryotic cells and having Cu*" and Zn*" at the active binding site. The
class IT SODs uses Mn®" as a cofactor. The manganese-dependent SODs are found in prokaryotes and in the
mitochondria of eukaryotes and have a speculated peroxisomal and cytosolic location for MnSODs [66]. The third
class of SODs have Fe’" at the active site and are found in prokaryotes and mainly in the chloroplasts of some
plants.

Involvement of phytohormones in the regulation of senescence

The senescence programme is the final developmental phase of a leaf which can be influenced by several
phytohormones. These are also called plant hormones which are chemically plant growth substances that regulate
various aspects of plant growth & development. The hormones include auxins, gibberellins (GAs), cytokinins,
abscisic acid, brassinosteroids & jasmonic acid(JA). Plant hormones such as ethylene, abscisic acid, salicylic acid,
and jasmonic acid promote senescence, whereas auxin, gibberellic acids (GAs), and cytokinins retard it [67].

(i) Auxins

Auxins are a group of phytohormones which play a significant role in the plant growth and development. These are
involved in various developmental processes such as apical dominance, embryonic and postembryonic patterning,
vascular differentiation, root and shoot development, branching, tropisms and flowering. Auxins mainly
represented by Indole Acetic Acid (IAA) and indole butyric acid, which are synthesized from tryptophan via two
different pathways [68]. A distinct feature of auxin is the polar auxin transport by auxin efflux carriers with polar
distribution in cells. Auxins referred to as plant developmental hormone which play a significant role in senescence
[69]. Several studies have suggested the correlation between auxin levels with senescence and abscission. In plants,
auxin may retard [70] or accelerate senescence. The levels of auxins were declined as leaf aged and senescence
occurred when the levels of auxins between the leaf and stalk were approximately equal [70]. Exogenous
application of auxins were reported to cause down-regulation of some SAGs [71]. Thus, auxins are contemplated
as negative regulators of leaf senescence. Genetic mutants which are defective in auxin signalling may reinforces
their role in leaf senescence [72]. For example, a transcription repressor of auxin signaling pathway, auxin
response factor 2 (ARF2), is up-regulated during leaf senescence [70]. It has been reported the T-DNA mutants of
ARF2 cause delay in leaf senescence, suggesting their role as positive regulators in the process [73]. Because of
these reports auxins are effective in regulation of leaf senescence.

(ii) Gibberillins

Gibberellic acid is a pentacyclic diterpene which is involved in plant development processes such as cell
elongation, seed germination, dormancy, reproductive growth, senescence and tolerance against various
environmental stresses [74]. Gibberillins play a significant role in senescence by acting as a senescence-retarding
hormone [75] whose active form declines in leaves as they age. The potential indicator of leaf senescence is the
chlorophyll degradation, so effect on chlorophyll degradation can be directly related to leaf senescence that was
considered to be associated with the endogeneous endogenous gibberellin content in shoots of Paris polyphylla
during senescence[76]. It has been reported that the exogenous application of gibberillinsin in various plant species
may result in delayed senescence. For example, plant species in which GA3 delays senescence include lettuce,
Rumex crispus and R. obtusifolius, Catharanthus roseus [77], nasturtium (Tropaeolum majus) [78], and Dioscorea
rotundata [79]. When a study with perennial plant P. polyphylla [76] it has shown that exogenous application with
gibberellic acid (GA3) caused an enhancement in the level of internal GAs (GA4+GA7) which results in
retardation of shoot senescence, that was attributed primarily to the suppression of degradation of proteins and
chlorophyll as well as lipoxygenase activity [76]. It was proposed that GA antagonizes the effects of ABA by
inhibiting leaf senescence in Paris polyphylla [80,]. Senescence process is inhibited by the availability of free GA
(GA4 and GA7) [81]. Mutations in the F-box protein (SLY1), result in a block of GA-responsive genes, delay
senescence when crossed to abil [82].

(iii) Cytokinins

Cytokinins (CKs) are well-studied group of plant hormones, which are adenine derivatives with isoprenoid or
aromatic side chains. In higher plants, isopentenyladenine and zeatin are the most abundant CKs. Cytokinins are
involved in regulating various plant growth and developmental processes [83,84] and also function in adaptation to
stress [85]. They play major roles in diverse developmental processes including shoot meristem initiation, leaf and
root differentiation, vascular patterning, seed development, photomorphogenesis and gravitropism.

Like other plant hormones have their role in senescence, cytokinins receive the maximum attention in delaying leaf
senescence [86].
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The high levels of cellular cytokinins may delay leaf senescence [86]. During leaf senescence, certain studies [87]
have demonstrated the down-regulation of cytokinin biosynthesis genes such as adenosine phosphate isopentenyl-
transferase (IPT) and cytokinin synthase as well as up-regulation of cytokinin oxidation genes (cytokinin oxidase).
During leaf senescence, the expression of cytokinin oxidase, an enzyme involved in CK degradation, is increased
which results in the repression of signaling and transcription of genes involved in CK biosynthesis takes place [88].
IPT (isopentyl-transferase), an enzyme that catalyzes the rate-limiting step in CK biosynthesis, this is an evidence
provided for a function of CKs in senescence. Cytokinins regulate senescence by controlling the activity of
extracellular invertase [89].

The content of cytokinin decreases in senescing leaves and this has been proposed as one of the key signals for
initiating senescence. Hexokinase (HXK), is an enzyme which controls the cytokinin-mediated senescence which
induces senescence when over expressed [90]. The inhibition of leaf senescence by cytokinin has been observed
when its biosynthesis genes are driven by the SAG 12 promoter. Cytokinins also mediate their action by
modulating a number of transcription factor genes like GATA 22, HAT 4, HAT 22 and bHLH 64 [91,92]. For
example, over expression of HAT 22 has been shown to cause reduction in chlorophyll content of seedlings and an
early onset of leaf senescence in these plants [91].

Future prospects

Hormonal regulation of senescence is very important as it involves a complex interplay of signaling molecules at
various stages of senescence. Recent progress in elucidating molecular events of phytohormone action in
senescence just begun to clarify the composition of the regulatory pathways involved. However, the exact
mechanism how hormones delay or hasten the process of plant senescence is not yet well known. Therefore, there
is still a need to study the role of hormones in senescence at the physiological and molecular levels. It could be
helpful in preventing loss during the storage of fruits, legumes, flowers and crops. Certainly future research on
senescence will be an amalgamation of bioinformatical predictions, hormonal regulation of senescence that will
unravel the mechanism underlying leaf aging.
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