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Abstract
Plant leaves offer an exclusive windowpane to uncover the changes in organs, tissues, and cells as they advance towards the
process of senescence and death. Drought-induced leaf senescence is an intricate process with remarkably coordinated phases of
onset, progression, and completion implicated in an extensive reprogramming of gene expression. Advancing leaf senescence
remobilizes nutrients to younger leaves thereby contributing to plant fitness. However, numerous mysteries remain unraveled
concerning leaf senescence. We are not still able to correlate leaf senescence and drought stress to endogenous and exogenous
environments. Furthermore, we need to decipher how molecular mechanisms of the leaf senescence and levels of drought
tolerance are advanced and how is the involvement of SAGs in drought tolerance and plant fitness. This review provides the
perspicacity indispensable for facilitating our coordinated point of view pertaining to leaf senescence together with inferences on
progression of whole plant aging. The main segments discussed in the review include coordination between hormonal signaling,
leaf senescence, drought tolerance, and crosstalk between hormones in leaf senescence regulation.
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Introduction

Leaf senescence is thoroughly a coordinated physiological
mechanism that advances towards the ultimate stage death.
Diverse environmental stresses and plant age are potential
determinant factors of senescence. Leaf senescence has a
functional significance when plants are exposed to extreme
climatic regimes, and it imparts considerable tolerance to
plants particularly subjected to drought stress (Jibran et al.
2013). Drought stress provokes varied physiological

interruptions leading to senescence which has an imperative
function in survival of plants. For example, leaf senescence
induced by drought is believed to provide sufficient amounts
of nutrients to young leaves and fruits via nutrient remobili-
zation from senescing to young leaves under extreme environ-
mental conditions (Distelfeld et al. 2014). Furthermore, leaf
senescence ensures plant survival through nutrient mobiliza-
tion from vegetative to reproductive tissues which thereby
help complete the life cycle of monocarpic plant species in
extreme environmental conditions (Gan and Hörtensteiner
2013). Although the leaf senescence induced by drought is a
slow process, it is identified by specific microscopic, cellular,
biochemical, and molecular alterations (Chen et al. 2015a, b).
These changes include leaf depigmentation, convoluted vari-
ations in ultra-cellular structures such as condensed nuclear
material, thylakoid invaginations, and accretion of
plastoglobuli and impairment in metabolic processes leading
to protein denaturation, lipid peroxidation, and altered gene
expression throughout the process of leaf senescence in plants
exposed to drought stress (Wehner et al. 2016). Leaf senes-
cence has three major phases, initiation, re-organization, and
terminal phases (Holland et al. 2015). The re-organization
phase is characterized by fundamental alterations in cellular
metabolism stimulated by a decline in cytokinins and
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enhanced levels of ABA and ROS (Sarwat et al. 2013). The
interplay of phytohormones exclusively cytokinins and ABA
is believed to be implicated in controlling leaf senescence in
plants grown under water-deficit conditions (Munné-Bosch
and Alegre 2004). Furthermore, functional significance of
transcriptional factors like NAC, AP2/ERF, WRKY together
with ethylene-induced modulation of transcriptional factors
cannot be ruled out (Xu et al. 2011). Hence, drought-
induced leaf senescence is quite an intricate process; there
are still certain loopholes that remain to comprehend the pro-
cess of leaf senescence completely. There are several other
research reports that demonstrate synthesis of cytokinins
through enhanced expression of an IPT gene that lead to ac-
cretion of cytokinins resulting in higher drought tolerance in
transgenic crops like tobacco, cassava, peanut, petunia, and
bent grass (Qin et al. 2015). Emerging trends in technology
particularly in molecular biology are advancing their tailoring
of pathways that regulate drought-induced leaf senescence.

In this review, we will present in-depth synopsis of tran-
scriptional factors NAC, WRKY and other regulatory cas-
cades implicating ethylene-induced modulation of transcrip-
tional factors and their interactions with the phytohormones
for commencement of leaf senescence.

Synchronization of hormonal signaling, leaf
senescence, and drought tolerance

Identification of leaf senescence is parallel with the knowl-
edge pertaining to understanding of plant responses to prevail-
ing environmental stress. Majority of research illustrates the
potential role of phytohormones in drought-induced leaf se-
nescence via nutrient remobilization in economically impor-
tant crops (Cheng and Guan 2014; Zhang et al. 2015; Burgess
and Huang 2016). However, there is a dearth of research re-
ports pertaining tomolecular mechanisms involved in control-
ling gene expression throughout the whole process of leaf
senescence particularly in field-grown plants. Involvement
of five main groups of phytohormones specifically auxins,
gibberellins, cytokinins, ethylene, and ABA is documented
in the literature. Moreover, there are also reports pertaining
to the potential roles of jasmonic acid, salicylic acid,
brassinosteriods, and polyamines play in leaf senescence
(Saini et al. 2015; Pandey 2017). Though cytokinins, auxins,
and gibberillins are known to hamper leaf senescence, the
remaining phytohormones are known to be implicated in the
activation of leaf senescence (Zhang et al. 2017a, b); however,
the direct implication of other phytohormones in advancing
leaf senescence is still lacking (Jajic et al. 2015). For example,
Yang et al. (2003) demonstrated that increased ABA levels
enhanced macronutrient mobilization within grains from
senescing leaves in rice and wheat plants grown under drought
stress. Conversely, reduced levels of cytokinins exhibited an

inverse association with photosynthetic rate and pigment con-
centration, while they showed direct relatedness with sucrose
phosphate synthase activity, an enzyme known to avert leaf
senescence in drought stressed crops (Sami et al. 2016).
Cytokinins have a potential function in controlling source to
sink reallocation (Thomas 2013; Yu et al. 2015). However,
nutrient deficiency itself suppresses cytokinin levels in roots
and hence enhances senescence in mature or older leaves,
thereby stimulating the transport of nutrients from senescing
leaves to younger leaves (Maillard et al. 2015; Have et al.
2016). As nutrients translocate from senescing to young
leaves, plants reveal increased anti-oxidative defense during
stress advancement until plants thrive under stress conditions
and resume their normal growth. This incited an immense
debate against the premises that cytokinins function as a main
trigger for promoting leaf senescence in case their levels de-
cline below threshold and anticipated that varied sink-source
association in transgenic plants may obstruct the regular pro-
cess of senescence. Hydrogen peroxide generation has been
provoked by ABA and salicylic acid, and an involvement of
ROS in ABA signaling pathway has been established (Bai
et al. 2014; Kumar et al. 2015; Noctor and Foyer 2016).
Neill et al. (2003) reported interrelatedness between genera-
tion of hydrogen peroxide and nitric oxide that consecutively
controls transcription of explicit genes; however, precise
process by which it regulates SAG is still unknown.
Hoeberichts and Woltering (2002) demonstrated the potential
role of ROS in regulation of cell death primarily via ROS
modulation in plants, which is quite similar to control of leaf
senescence. During recent years, new findings illustrating
gene expression under drought stress are widely documented
(Wehner et al. 2016; Pandey et al. 2017). These reports clearly
depict valuable data to produce inclusive representation of
molecular modifications that occur throughout the drought-
induced leaf senescence exclusively in case when research is
carried out in field conditions displaying varied gene
expression.

Crosstalk between hormones in regulating
leaf senescence

Several research reports have documented the potential func-
tion of phytohormones to control leaf senescence and overall
plant fitness under extreme climatic conditions. The time reg-
ulation of leaf senescence is not yet elucidated, and disparity
in response to varied stresses in inducing senescence has not
been demonstrated evidently (Fischer 2012). However, time
regulation including commencement and advancement of leaf
senescence and stimulatory role of varied stress in inducing
leaf senescence is still unclear (Woo et al. 2013, 2016).
Several research reports confirm that phytohormones regulate
leaf senescence through hermetic response to diverse
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environmental stresses and varied developmental processes
(Woolhouse and Batt 2016; Abdelrahman et al. 2017).
Phytohormones impart their effect via modulation of plant
adaptability to changing environment through changes in de-
velopmental and metabolic processes (Azooz and Ahmad
2016). Sugar and phytohormone signaling play a potential
function by regulating communication between source and
sink throughout the process of senescence (Thomas and
Ougham 2014). Senescence is a program but not pro-
grammed, and is an essentially trans-differentiation event sub-
sequent to growth completion. Senescence is not essentially
followed by death, and thus, the event is determined by cell
viability and explicit gene expression (Thomas 2013). Hence,
senescence can be related to age-related changes (ARCs)
which are defined as permanent variations that are truly age
and development dependent (Jing et al. 2005). The age-related
changes are not easily perceptible, and they encompass phys-
ical, chemical, and biochemical alterations in developmental
processes. All such alterations are contemplated as ARCs
(Kim et al. 2016a, b). Environmental stresses and ARCs inte-
grate to lead to leaf senescence except in young leaves where-
in the environmental signals cannot provoke senescencemain-
ly due to the absence of ARCs (Sklensky and Davies 2011).
As leaves shift from young to mature stage, a multitude of
factors along with ARCs, phytohormones, and senescence-
associated genes (SAGs) advance leaf senescence, while cy-
tokinins, gibberellins, and auxins are believed to delay senes-
cence (Hu et al. 2017). Several research reports are in corrob-
oration with the anticipation that senescence is controlled by
associative and parallel functioning of diverse plant growth
regulators (Robert-Seilaniantz et al. 2011; Delatorre et al.

2012). Moreover, leaf senescence induced by ethylene, JA,
and ABA is delayed primarily due to defects in the functions
of transcriptional factors Ethylene Insensitive 2 (EIN2), F box
protein Oresara (ORE9), and transcriptional activators C-
repeat-binding factor CBF2/CBF3 (Woo et al. 2013). Thus,
the roles of plant growth regulators intersect, and regulation of
leaf senescence is carried out through conjoint genetic path-
ways. However, the role of other potential plant growth regu-
lators such as ABA, ethylene, SA, and JA in modulating se-
nescence depends on how they respond to a stress (Chen et al.
2011). The synergistic and antagonistic functions of hormones
with one another have an alarming effect on regulating senes-
cence. Thus, strong relationship among ARCs, hormones,
stress, and senescence regulation may determine the timing
of senescence.

It is a well-established fact that hormones play a critical
function in regulating leaf senescence. Ethylene, jasmonic ac-
id (JA), abscisic acid (ABA), and salicylic acid (SA) act as
enhancers of leaf senescence while as cytokinins, gibberellic
acid (GA), and auxins delay senescence (Jibran et al. 2013)
(Fig. 1). Cytokinins and ethylene are the most significant phy-
tohormones regulating the timing of leaf senescence.
Numerous transcription factors are reported to be intermedi-
ates of cytokinin signaling comprising class II transcription
factor family HAT22 known as positive senescence regulator
leading to early chlorophyll degradation (Benner et al. 2012).
On contrary, ethylene induces leaf senescence, and an increase
in biosynthetic genes of ethylene is observed during senes-
cence. Some of ethylene receptors like EIN2 intercede in
ABA and JA signaling paving way towards crosstalk between
phytohormones leading to leaf senescence (Jibran et al. 2013).
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However, ethylene-induced senescence is age dependent,
while JA-induced senescence is associated with stress re-
sponses indicating JA as an enhancing factor and not an initi-
ator of senescence. Conversely, phytohormones that delay se-
nescence like GA levels decrease with increasing leaf age
signifying its negative role in senescence. But, GA is also
known to counteract the ABA effects. Along with GA, auxins
also function as negative regulators of senescence, but their
connotation in senescence is intricate and it is strongly asso-
ciated to developmental aspects. The implication of
brassinosteriods in senescence is expected as indirect possibly
because of its impact on leaf development.

Cytokinins

Cytokinins are known to be the first line of hormones that
delay senescence and provide better application in advance-
ment of growth in economically important crops (Zwack and
Rashotte 2013). Declined levels of cytokinins are often report-
ed to be associated with impairment in nutrient translocation
in leaves/roots thereby causing leaf senescence (Paparozzi
et al. 2016; Guo et al. 2017). The senescence repressing role
of cytokinins has now been well established; however, their
declined level being a major cause of senescence is not still
experimentally confirmed (Edlund et al. 2017). Cytokinins
inhibit senescence via up-regulation of oxidative stress genes
to avert chlorophyll degradation and preserve chloroplast
structure (Lu et al. 2017). Cytokinins besides their regulatory
role in development and growth exert their ameliorative effect
on stressed plants (Zwack et al. 2016; Blume et al. 2017).
Enhanced levels of cytokinins were reported to confer drought
tolerance and delay leaf senescence in creeping bentgrass be-
cause of enhanced activity of isopentyl transferase (Merewitz
et al. 2016). Declined cytokinin biosynthesis is believed to be
often associated with decreased photosynthetic rate (Reguera
et al. 2013). However, in transgenic plants thriving in drought
stress, photosynthesis is restored by enhancing expression of
cytokinin biosynthetic genes, indicating that plants function
properly via proper regulation of cytokinin pool (Thu et al.
2017). Ramel et al. (2013) have reported contribution of anti-
oxidant pool generated from the methylerythritol phosphate
(MEP) pathway. Interestingly, the MEP pathway is intricately
related to photosynthetic electron transport which produces a
major fraction of ROS in plastids (Dani et al. 2014). The
methylerythritol 4-phosphate (MEP) pathway generates iso-
prene units which conjugate to form diverse sesiqueterpenes
like ABA and carotenoids (Nisar et al. 2015). Dani et al.
(2016) demonstrated evolution in emission of MEP-derived
metabolites following varied selection pressures at intricate
biological levels. Numerous research reports document anti-
oxidant potential of isoprenoids and interplay between diverse
metabolites generated from the MEP pathway in leaf devel-
opment. Diverse selection pressures on the MEP pathway

induce cytokinin biosynthesis exhibiting advanced functional
synergism in impeding plant senescence (Kieber and Schaller
2014). One of the major pressures includes ROS production
which leads to plastome integrity, which is vital for proceed-
ing towards leaf senescence and ultimately death. Cytokinins
delay senescence by auto-regulation of cytokinin biosynthesis
through the isopentenyl transferase gene using a promoter
senescence-associated gene 12 (SAG12). In this context,
SAG12::IPT gene has been extensively evaluated in diverse
species, and all of them exhibited delayed senescence (Xiao
et al. 2017).

The cytokinin receptor family has been described in
Arabidopsis comprising the genes, Arabidopsis histidine ki-
nases AHK2, AHK3, and AHK4. Any impairment in AHK3
may lead to premature leaf senescence because of
phosphoralyting activation of ARR2, type B-ARR.
Cytokinins induce a majority of Arabidopsis type A response
regulators (ARRs) that up-regulate cytokinin biosynthesis
(Cheng and Kieber 2015). Brenner et al. (2012) demonstrated
cytokinin involvement in gene regulation of DNA-binding
type-A response regulator cytokinin response factors (CRFs)
and proteins localized in chloroplasts. The CRFs are
cytokinin-regulated APETALA2/ethylene responsive factor
(AP2/ERF). The ERF transcription factors have an imperative
role in leaf senescence (Zwack and Rashotte 2013). The func-
tional reversibility in cytokinin response factor 6 (CRF6) leads
to modulation of leaf sensitivity inhibition and acceleration of
leaf senescence in crf6 mutants (Raines et al. 2016). This
study confirms a negative regulator of leaf senescence impli-
cated in time-dependent regulation of leaf senescence.
Drought stress shows a significant decline in cytokinin pool
due to down-regulation of IPT genes (Nishiyama et al. 2011).
Alvarez et al. (2008) have illustrated a declined production
rate of isoprene-type cytokinins namely tZ and tZ riboside
and enhanced levels of cytokinin 6-benzylaminopurine, there-
by confirming hermetic response of cytokinin biosynthesis to
drought stress. Cytokinins have an intricate relation with
drought stress as revealed by Arabidopsis histidine kinases
(AHKs) like AHK2, AHK3, and AHK4. These receptors act
as negative regulators in ABA and osmotic stress signaling,
affirming that cross-talks occur among cytokinins, ABA, and
stress signal transduction pathways (Kumar and Verslues
2015). Drought-induced osmotic stress has a distinct effect
on AHK cytokinin receptors, AHK2 and AHK4 which were
down-regulated in both shoot and roots in Arabidopsis,
whereas AHK3was up-regulated in response to drought stress.
This varied set of AHK receptor expression might modulate
the final receptor output under drought stress. Keeping in view
the ameliorative role of cytokinins in plant survival, Kuppu
et al. (2013) illustrated expression of Agrobacterium ipt in
cotton from drought-induced promoter (SARK) leading to en-
hanced tolerance under extreme drought stress. Nishiyama
et al. (2011) reported declined cytokinin levels through
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enhanced levels ofCKX3 or CKX4 or via impairment in many
IPT genes leading to drought and salt phenotypes because of
ABA hypersensitivity and elevated membrane integrity
(Kieber and Schaller 2014). Xiao et al. (2017) reported that
over-expression of PSAG12:IPT (isopentyl-transferase gene
coupled to SAG12) could delay leaf senescence and induce
drought tolerance by lowering the levels of ABA and
malondialdehyde in transformed eggplants.

Recently, Edlund et al. (2017) confirmed that downstream
signal of daylight perception is dubious to entail the decline in
CK levels or its signaling. This work presented huge patterns
of CK-associated gene expression that are implicated in CK
biosynthesis and signaling. Further, it was confirmed that any
decline in CK or class of CKs confers no effect on progression
or commencement of senescence, indicating no confirmed
evidence for CK as a trigger of leaf senescence in aspen plants
(Edlund et al. 2017). There was no parallelism between gene
expression of CK biosynthesis genes and metabolite levels in
senescent leaf tissues. So, it can be conjectured that either
level of CK or ratio of two CK-related molecules or rate of
metabolic process can be triggered due to leaf senescence.
Hence, identification of exact trigger for leaf senescence is
still not clear. Leaf senescence can also be assumed as a de-
fault leaf developmental process, which requires to be
counterfeited with a senescent inhibiting factor leading to im-
pairment in progression of leaf senescence. Hence, so far,
there is no distinct evidence that proves CK as upstream or
downstream of key trigger in leaf senescence.

Gibberellic acid

Gibberellic acid exhibits inhibitory effect on senescence, but
as plant ages, its active form undergoes degradation. For ex-
ample, during senescence, 18-fold increment in GA
deactivating gene GA 2-oxidase signifies degradation of ac-
tive form of GA in leaf senescence (van der Graaff et al.
2006). Hence, with progression of senescence, availability of
active forms or free forms of GA like GA4 and GA7 were
reported to be inhibited in lettuce (Li et al. 2012). GA can
inhibit leaf senescence by exerting an inhibitory effect on
ABA as observed in Paris polyphylla (Yu et al. 2009).
Hence, we can conclude that GA is not directly implicated
in leaf senescence. Furthermore, regulatory pathways of GA
are linked with ABA function in maintaining membrane in-
tegrity and opening of flowers as observed in Gladiolus (da
Costa and Finger 2016). The functional significance of gib-
berellins in leaf senescence has been demonstrated through
implication of DELLA proteins which are negative regulators
of gibberellins. Even though main progress has been made in
elucidating the underlying process of GA signaling, but mech-
anism by which GA alters leaf senescence is still needs to be
unraveled. Till now, it has been confirmed that GA interaction
with WRKY45 modulates onset and advancement of leaf

senescence. However, future efforts are required to identify
variation in GA levels during senescence and discover further
senescence-associated proteins likeDELLAswhich could sup-
plement more elucidation of GA-induced leaf senescence.

Auxins

Due to the prime role of auxins in plant growth and develop-
ment, the significance of auxins in developmental leaf senes-
cence has become an intricate topic (Lim et al. 2007). There is
no regular pattern or relations that exist between endogenous
levels of auxins and senescence (Rivero et al. 2007). Auxins
are known to remarkably decrease the expression of SAG12,
thereby delaying senescence (Mueller-Roeber and Balazadeh
2014). Extensive function of GH3 genes which encode for
IAA amido synthetase was reported in up-regulation of devel-
opmental and dark-induced senescence (van der Graaff et al.
2006). Kim et al. (2011) illustrated over-expression of
YUCCA6, a gene which belongs to YUCCA family (flavin
monooxygenase proteins that catalyzes a rate-limiting step in
de novo auxin biosynthesis) in Arabidopsis thaliana leading
to activation of mutants yuc6-1D and 35S:YUC6 that display
higher levels of auxins and remarkable longevity. Arabidopsis
mutant yuc6-1D displayed declined rate of transcript levels of
SAG12, NAC1, and NAC6 compared to wild types in
Arabidopsis throughout the process of senescence. Kant
et al. (2009) observed higher levels of SAUR39 (small
auxin-up RNAs; these belong to a large multigene family
involved in early auxin responses) leading to declined IAA
levels, due to reduced auxin transport and ultimately resulting
in premature senescence. Expression of SAUR39 was more
elevated in older leaves than in young ones which show higher
auxin levels in meristematic regions. This research report an-
ticipated implication of SAUR39 in auxin signaling and mod-
ulation of leaf senescence via auxin biosynthesis and its polar
transport in an age-dependent manner. Lim et al. (2010) re-
ported delayed senescence in mutant Oresara14 that encodes
ARF2 which represses auxin response genes in Arabidopsis.
In another study, it was reported that SAUR36, identical to
SAG21, is effectively involved in positively regulating the leaf
senescence of Arabidopsis (Narsai et al. 2011). Stamm and
Kumar (2013) reported auxin (IAA)-induced SAUR36 expres-
sion in 3-day-old seedlings of Arabidopsis thaliana, whereas
repression was observed with 1-N-naphthylphthalamic acid.
Enhanced thiol reductase activity was observed in
Arabidopsis thaliana due to enhanced expression of YUC6
which is essential for ROS detoxification during drought tol-
erance response. This study confirmed declined ROS accumu-
lation in YUC6-OX during senescence, while YUC6-OXC85S
over-expressing mutant YUC6 that lacks thiol reductase activ-
ity accumulated ROS. These observations indicate that thiol
reductase activity of YUC6 is indispensable for delaying se-
nescence. In a previous study, Cha et al. (2015) have already

Roles of potential plant hormones and transcription factors in controlling leaf senescence and drought... 317



confirmed dual function of YUC6 in delaying senescence and
ROS homeostasis. Feng et al. (2016) illustrated the potential
role of AINTEGUMENTA (ANT), a member of AP2/ERF tran-
scription factor family in extending leaf longevity through
downstream regulation of ARF2. Moreover, functional signif-
icance of auxins in controlling cell division and cell expansion
justifies its role in controlling ARCs. Thus, future efforts
should be directed towards determination of stage that con-
tributes to the senescence regulating method implicating
ORE1 regulon to commence the program. These research en-
deavors will reveal the potential roles auxins play in leaf
senescence.

Ethylene

Ethylene is extensively known as senescence inducing gas-
eous phytohormone as it speeds up leaf and flower senescence
(Jing et al. 2005). In addition to senescence, ethylene controls
maturation of fruits, confers stress tolerance, and induces ab-
scission (Skirycz et al. 2011). Transcriptomic analysis has
confirmed implication of ethylene-associated process
throughout developmentally induced leaf senescence. A direct
association has been confirmed between transcript levels re-
lated to ethylene signaling genes with pectin esterase and lipid
catabolic activity transcripts and an inverse trend in photosyn-
thetic transcript (Breeze et al. 2011). The ethylene signaling
can easily unravel the regulatory pathways implicated in pro-
gression of leaf senescence. As signal is generated, it is trans-
mitted to the network comprising CTR1, EIN2, and Raf like
serine/threonine protein kinase (Berens et al. 2017). In addi-
tion to leaf senescence, a significant role of ethylene in induc-
ing flowering in pineapple has been established (Li et al.
2016). This study demonstrates an over-expression of ethyl-
ene receptors AcERS1a, AcERS1b, AcETR2a, and AcETR2b
in the bract primordia and flower primordia when treated with
ethephon. In another study, Li et al. (2016) using a compara-
tive transcriptomic profiling in ethylene-treated juvenile and
adult plants of silver vase (Aechmea fasciata) displayed
down-regulation of TARGET OF EAT 1(TOE1) and TOE3
associated with AP2-like transcription factors was reported.
Dubois et al. (2015) advocated the significance of ethylene
response factors ERF5 and ERF6 in Arabidopsis that enhance
leaf growth under extreme environmental conditions. The
ERF6 gene inhibits cell proliferation, and leaf growth, and this
inhibition is driven in association with gibberellins and
DELLA signaling (Müller and Munné-Bosch 2015). The
ERF6 exists as a connecting link between ethylene forming
enzyme 1-aminocyclopropane1-carboxylic acid (ACC) and
DELLA signaling within pause-stop model of cell cycle there-
by advancing the perception pertaining to reduced leaf
primordia proliferation in drought stressed plants (Dubois
et al. 2013). Hence, it can be conjectured that ethylene signal-
ing pathway including ETHYLENE RESPONSE1 (ETR1),

ETHYLENE INSENSITIVE2 (EIN2), EIN3, and EIN3-
LIKE1 (EIL1) transcription factors trigger explicit target gene
expression leading to consequent physiological changes.
Apart from canonical ethylene signaling pathway, modulation
of miRNA164 through EIN2/ORESARA2/3 (ORE2/3) paves
a way forward towards trichotomous signaling pathway in-
volved in controlling the expression of a vital transcription
factor in senescence-associated gene expression program,
NAC2/ANAC092/ORE1 gene products, which lead to activa-
tion of SAG12. Although ethylene is not a senescence initia-
tion factor, ethylene-EIN3 signaling functions in execution of
senescence progression; therefore, any practical mutilation of
EIN3 is pertinent to control plant organ senescence. Thus, it
can be concluded that ethylene integrates with transcription
factors in the regulation of senescence initiation; however, no
clear interaction between ethylene and such TFs is found to
trigger leaf senescence.

Jasmonic acid

Jasmonic acid is known to induce 3- to 4-fold increase in
chlorophyll degradation and plastid protein turnover in
Arabidopsis during senescence (Reinbothe 1993a, b). It
has also been shown that genetic regulation of miR319-
TCP can be altered by miR319-TCP by repressing LOX2
expression thereby modulating JA biosynthetic genes and
the endogenous JA levels (Schommer et al. 2008). From
this study, it was possible to conclude that TCP2/4/10 pos-
itively regulates leaf senescence. This increment in JA levels
was later on reported to be due to increase in transcript
number of established genetic markers of developmental
senescence, e.g., SEN4, ERD1, and senescence-associated
gene 21 (SAG21) following application of methyl
jasmonate. Several research studies report generation of JA
as a by-product of macromolecule breakdown and mem-
brane degradation during senescence (Chini et al. 2016;
Hu et al. 2017). In another study, Reinbothe et al. (2009)
illustrated a positive correlation between transcript levels of
JA biosynthetic genes (AOS, LIPOXYGENASE1 (LOX1),
LOX3, LOX4, OPR1, and OPR3) and progression of senes-
cence. Some of studies demonstrated JA as a by-product of
macromolecular degradation during progression of senes-
cence. Breeze et al. (2011) also illustrated enhanced tran-
script levels of AOC1, AOC4, and OPR3 and (MYC2,
JAZ1, JAZ6, and JAZ8) during senescence. Recent research
reports document potential function of JA biosynthetic
genes and JA receptors in time-dependent regulation of se-
nescence (Danisman et al. 2012). However, during recent
years, it has been reported that mutation of JA receptors
and JA biosynthetic genes remarkably affected time-
dependent regulation of senescence in Arabidopsis
(Danisman et al. 2012). JA can decline RuBPCase activase
(RCA) proteins and transcript levels in COI1 (Coronatine
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Insensitive 1, the jasmonate receptor)-dependent manner
which might explain JA-induced leaf senescence. Some
WRKY transcriptional factors are also implicated in JA-
induced senescence, e.g., WRKY70 and WRKY53 act as a
node of JA- and SA-induced signals and function as regu-
lators of senescence (Xie et al. 2014). Jiang et al. (2014)
showed that WRKY 57 represses gene expression of SAGs
like SEN4 and SAG12 which play as a junction for JA and
auxin-mediated signaling pathway. Recently, Uji et al.
(2017) have reported a transcription factor, OSMYC2, as a
positive regulator of JA signaling, and its over-expression
promotes leaf senescence. JASMONATE ZIM-domain
(JAZ) proteins are an imperative group of transcriptional
repressors of JA signaling pathway which confer tolerance
against varied stresses and induce leaf senescence (Zhang
et al. 2015). Previously, JAZ4 and JAZ8 have been reported
to interrelate with the WRKY57 TFs which physically reg-
ulate inversely JA-induced leaf senescence. Further, JAZ7
was reported to delay dark-induced leaf senescence in con-
trast to wild-type plants, and the jaz7 mutant exhibited high
leaf-senescence phenotype showing more chlorophyll degra-
dation, extra leaf yellowing, and high accretion of hydrogen
peroxide in the dark (Yu et al. 2016). This characteristic of
dark-induced leaf-senescence expression can be reverted in
JAZ7-overexpession lines. Goossens et al. (2016) have re-
ported targets of Jaz receptors like MYC3, and MYC4, three
bHLH (basic helix-loop-helix) TFs that control major char-
acteristics of JA signaling pathway. Earlier, Qi et al. (2015)
observed that bHLH subgroup IIId TFs (bHLH03, bHLH13,
bHLH14, and bHLH17) can ameliorate leaf senescence
when MYC2/MYC3/MYC4. MYC2, MYC3, and MYC4
proteins bind to PAO (pheophorbide a oxygenase) promoter
stimulating gene expression of enzyme that are significant
for chlorophyll degradation during leaf senescence progres-
sion (Zhu et al. 2015). A crosstalk between ethylene and
jasmonic acid has been observed through temporary activa-
tion or constitutive over-expression of EIN2 and EIN3 (Li
et al. 2013). Recently, Hu et al. (2017) have reported a
mechanistic viewpoint describing the implication of EIN2–
EIN3–miR164–NAC2 in leaf senescence regulation through
crosstalk linking the JA and ethylene signaling pathways.
The regulatory role of JA in senescence is primarily depen-
dent on ethylene signaling to some degree which signifies
that at lower levels of JA, EIN2 can be avoided by ethylene
signaling (Kim et al. 2013). Although under specific condi-
tions, ethylene signaling can divert EIN2, ethylene percep-
tion is believed to be vital for JA response. It can be
conjectured that JA can alter leaf senescence via modulation
of ethylene biosynthetic pathway as intermediate ACC con-
jugates with JA leading to biosynthesis of ethylene (Kim
et al. 2015). There is an ample scope for tailoring the ex-
tensive range of protagonists that arbitrate process of aging
and regulate timing of leaf senescence.

Salicylic acid

A significant role of salicylic acid and its signaling pathways
in regulation of developmentally induced leaf senescence
have been reported in Arabidopsis thaliana (Lim et al.
2007). The mutants developed from Arabidopsis like NahG
(naphthalene oxygenase), pad4 (phytolexin deficient 4), and
npr1 having dysfunctional SA signaling and altered expres-
sion of SAGs lead to delay in leaf senescence (Lu et al. 2016;
Huysmans et al. 2017). This study confirmed that SA exhibits
a significant role in onset, sequential advancement, and pro-
gression of leaf senescence by controlling positive and nega-
tive regulators of the pathway. Autophagy is another strategy
by which plants regulate leaf senescence through vacuolar
dilapidation of cellular components (Xiao et al. 2010).
Autophagy and SA integrate to control pathogenic attacks,
and the mutants atg5 and atg2 lacking autophagy have elevat-
ed SA and ROS levels and hence causing senescence early
(Yoshimoto et al. 2009). Xiao et al. (2010) illustrated the po-
tential role of senescence by binding acyl-CoA binding pro-
tein 3 (ACBP3) with phosphatidylethanolamine (PE) and its
interruption of ATG via hindering conjugation of PE to
autophagy-related proteins (ATG8). ACBP3 regulates starva-
tion and development-induced senescence in SA-dependent
and JA-independent pathway. Xiao and Chye (2011) also re-
ported over-expression of ACBP3 in Arabidopsis responsible
for controlling biotic tolerance against Pseudomonas syringae
pv., tomato. This suggests concerned role of SA in regulating
stress tolerance during senescence by modulating lipid bio-
synthesis, ATG, and ROS generation. By summing up differ-
ent research reports, it can be easily concluded that SA is
implicated in the commencement and advancement of leaf
senescence via regulation of comparative loads of negative
and positive regulators of leaf senescence.

SA and JA are integrated via transcriptional factors,
WRKY53, which interact antagonistically with JA-inducible
p ro t e i n EP ITHIOSPECIFYING SENESCENCE
REGULATOR (ESR/ESP) in response to JA and SA levels,
respectively. ESR exhibits dual functionality as positive
cytoplasmic epithiospecifier and WRKY53 as negative
regulator in the nucleus. Zhang et al. (2017a, b) reported a
critical function of mitochondrial AAA-protease gene
AtFtSH4 from Arabidopsis in controlling senescence and au-
tophagy bymediatingWRKY-dependent accretion of salicylic
acid and its signaling. Repression or knock-out of AtFtSH4
leading to ftch4-4 mutant displayed increased senescence, en-
hanced levels of autophagy ultimately leading to death. Up-
regulation of antioxidant defense system and suppression of
senescence by counteracting JA-induced leaf senescence via
nitric oxide-associated (NOA1)-dependent NO signaling have
been reported (Ji et al. 2016). Wang et al. (2016) reported a
direct link between non-expresser pathogenesis-related (NPR)
namely NPR1, NPR3, and NPR4 and salicylic acid signaling
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in Arabidopsis thaliana. This study reported enhanced leaf
senescence in npr3/npr4 mutants as compared to wild types
suggesting NPR3 and NPR4 as negative regulators of leaf
senescence. The role of mitogen-activated protein kinases
(MAPK) signaling cascades in regulating leaf senescence by
modulating SA levels which is imperative in regulating leaf
senescence was first reported by Li et al. (2016). In this study,
a negative dominant mutant of ZmMEK1 in transgenic lines of
Arabidopsis displayed higher salicylic acid accretion which
consequently led to salicylic acid-induced leaf senescence.
Recently, Deng et al. (2017) have characterized premature leaf
senescence mutants yellow leaf and dwarf 1 (yld1) in rice
which accumulated higher levels of SA and abnormal starch
granules. This study demonstrated new links between leaf
senescence, starch metabolism, and salicylic signaling.
Though SA biosynthesis is elucidated completely, the catabol-
ic pathways of SA are still poorly understood. The molecular
mechanism underlying the functional role of salicylic acid in
leaf senescence is known to be mediated through interconnec-
tions between leaf senescence and disease response. Even
though numerous research has been done for confirming JA
as a signaling molecule in disease response, but, there still
remains more research to be done in order to elucidate inter-
connections of SAwith positive regulators (ABA, JA, an ET)
or negative regulators (CKs and GAs) of leaf senescence.
Autophagy acts as both survival strategy as well as alternative
cell death mechanism, thereby signifying SA as an inducer of
programmed cell death. The optimized SA levels are signifi-
cant to implement cell death completely.

Abscisic acid

Abscisic acid (ABA) is an important sesquiterpenoid (15-
carbon) hormone that controls numerous metabolic and devel-
opmental mechanisms including senescence and abscission
(Lee et al. 2011). Several studies have reported an important
function of abscisic acid in conferring resistance in plants
subjected to different abiotic and biotic cues (Lee and Luan
2012). ABA is strongly linked with ARC, so it can be inferred
that ABA is a prerequisite for developmental progression of
senescence. Lee and Luan (2012) reported stomatal closure
against ABA as an adaptation strategy against salinity and
drought. Receptor like kinase 1 (RPK1) is a leucine-richmem-
brane-bound receptor-like kinase that functions as an up-
regulator of ABA signaling and its enhanced expression in
ABA-dependent during progression of leaf senescence (Lee
et al. 2011). While carrying out the functional analysis of
RPK1, the authors have shown ABA as a positive regulator
in leaf senescence. These findings were further authenticated
with rpk1 mutant exhibiting delayed leaf senescence in re-
sponse to ABA, whereas transgenic line exhibiting over-
expression of RPK1 showed increased leaf senescence. Yang
et al. (2011) have reported direct association between abiotic

stress and leaf longevity. This study demonstrated up-
r egu l a t i on o f NAC t r an sc r i p t i on f ac to r VND-
INTERACTING 2 (VNI2) by ABA and salt stress. This tran-
scription factor functions to incorporate ABA-linked abiotic
stress signals into developmental senescence program via reg-
ulation of COLD REGULATED (COR) and RESPONSIVE
TO DEHYDRATION (RD) genes. Over-expression of COR,
VNI2, and RD genes led to delayed leaf senescence. ABA-
mediated transcript loads of VNI, COR15A, COR15B,
RD29A, and RD20 in response to salt stress have been dem-
onstrated in ABA-deficient mutant aba3-1. These studies
demonstrate a close association between ABA stress
signaling and developmentally induced senescence
suggesting increased stress tolerance followed up by
increased plant longevity. Zhang and Gan (2012) demonstrat-
ed that SAG113 encoding protein phosphatase 2C intervening
in ABA metabolism regulates stomatal movement and water
loss during leaf senescence. Song et al. (2016) isolated two
early Arabidopsis mutants (eas1-1 and eas1-2) which exhibit
varied phenotypes like early leaf senescence, larger stomatal
aperture, and insensitivity to stress. Numerous SAGs were up-
regulated in eas1 mutants. Furthermore, calcium levels as well
as calcium channel activity of eas1 mutant guard cells were
reported to be lower than those in wild types. These studies
confirmed that endogenous levels of ABAwere implicated in
regulating the commencement of leaf senescence. Zhao et al.
(2016) illustrated extensive selection of transgenic plants that
exhibit enhanced expression of ABA receptors like pyrabactin
resistance 1-like (PYL) family. This study demonstrates that
PYL9 induces drought tolerance by reducing transpiration rate
leading to senescence in older leaves and declined growth in
younger tissues in drought-stressed plants. Song et al. (2016)
reported that endogenous levels of ABA promote leaf senes-
cence by increasing cytoplasmic calcium levels in the guard
cells. This demonstrates a direct link between ABA levels and
Ca2+ signaling. A variation in PSII photo-damage and D1
protein turnover during leaf senescence and association with
ABA accumulation in senescing rice mutant psf (premature
senescing flag) leaves has been observed (Wang et al. 2016).
This mutant displayed a strong association between ABA
levels, PSII photo-damage, and D1 protein turnover during
leaf senescence. Drought-induced leaf senescence has been
reported through contribution of ABA INSENSITIVE
GROWTH (AB1G1) transcriptional factor which increases
in response to drought (Liu et al. 2016). In this study, mutants
such as abig1 exposed to drought and ABA remained green
and exhibited lesser senescent leaves. Recently, new early leaf
senescencemutants in rice early senescence 3 (est3) have been
discovered (Su et al. 2017), which displayed yellowing of
leaves and higher accumulation of ABA indicating ABA as
a significant positive regulator of leaf senescence. In this
study, over-expression of OsNAC2 remarkably promoted leaf
senescence in rice by activating chlorophyll-degrading genes
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OsSGR and OsNYC3. Further, ectopic expression of OsNAC2
is believed to up-regulate ABA biosynthetic genes OsNCED3
and OsZEP1 and down-regulate ABA catabolic gene
OsABA8ox1which leads to build up of high pool of ABA that
leads to leaf senescence.

The significant relation between ABA and senescence has
not been elucidated clearly through genetic evaluation.
Though pre-existing research reports show that ABA induces
senescence via biosynthesis of ethylene; however, recent stud-
ies confirmed ethylene-independent ABA signaling (Zhao
et al. 2016). ABA regulates both stress-induced responses
and leaf senescence through proper adjustment via ARCs. In
developing plants, ABA functions as an intrinsic orchestrator
which equilibrates the functions that promote morphogenesis
and hampers cellular functions. On the contrary, in old plants,
ABA acts as a modulator in the aging process. After all, we
can put forth assumption that ABA plays an effective role in
plant developmental processes including senescence by coor-
dinating the expression of a number of proper genes and in-
duction of a myriad of metabolic changes.

Brassinosteroids

These are polyhydroxysteroids that are reported to influence
senescence and confer resistance against different abiotic and
biotic stresses (Krishna et al. 2017). Brassinosteroids are posi-
tive regulators of leaf senescence. Brassinosteroids were applied
exogenously to different plants, and results showed that exoge-
nous application of brassinosteroids promoted senescence,
whereas BR-deficient mutants exhibited delay in leaf senes-
cence (Sağlam-Çağ 2007). Progression of leaf senescence in
response to higher dosage of exogenous epibrassinolide and
delayed senescence following lower BR levels took place in
wheat leaves. Increased leaf longevity was reported in parallel
to reduced SAGs transcript levels in bri 1 (BR in sensitive 1)
null mutants, whereas bri1-EMS suppressor1 showed enhanced
senescence because of constitutively active BR response path-
way (He et al. 2007). Brassinosteroids induce senescence by
altering antioxidant defense, increasing chlorophyll degradation
and hampering anthocyanin biosynthesis (Bajguz and Hayat
2009). Plants exhibiting over-expression of P450SU1, encoding
CYP105A1monooxygenase genes, degrade BRs and hence dis-
play delayed senescence. Husar et al. (2011) also documented
delayed senescence in Arabidopsis against over-expression of
UGT73C6 coding UDP-glycosyltransferase which inactivates
BRs. BRs hence play a significant role in stress response and
developmentally regulate senescence by controlling ARC
timing. BRs are significantly implicated in up-regulation of
stress-associated genes for instance WRK3, WRKY6, HSP70,
and MYB, and their interplay with GA, JA, and SA has not yet
been unraveled to decipher their role in stress tolerance (Nawaz
et al. 2017). Ye et al. (2017) demonstrated crosstalk between
drought tolerance and brassinosteriod signaling via over-

expression of BES1-regulated genes. Gene expression studies
illustrated interaction of RD26with Bes1 protein and antagoniz-
ing BES1 transcriptional activity of BR-linked genes, and BR
signaling can suppress RD26 gene expression and its homologs
thereby inhibiting drought responses (Nolan et al. 2017; Yang
et al. 2015). A mechanistic approach has been adopted for
deciphering association between drought tolerance and BR sig-
naling through BES1/BZR1 family of transcription factors (Ye
et al. 2017). This study demonstrated transcription factor RD26
which binds to BES1 and alienates transcriptional activity of BR
biosynthetic genes and induce drought tolerance. Enhanced leaf
senescence has been reported in response to BR by modulating
lipid pool in plants (Fedina et al. 2017). Chen et al. (2017a, b)
have reported a significant role of BRASSINOSTERIOD
INSENSITIVE1-EMS-SUPPRESSOR 1/BRASSINAZOLE-
RESISTANT 1 (BES1/BZR1) transcriptional factors in drought
tolerance. This study evaluated three transcriptional factors,
WRKY46, WRKY54, and WRKY70, that were positively reg-
ulated byBR and negatively by drought stress. There is no direct
evidence of BRs in inducing leaf senescence; however, BRs
integrate with GA through interaction of (brassinosteroid signal-
ing positive regulator) BZR1 and BES1 with DELLAs and
amplify signaling via degradation and inactivation of DELLAs
proteins. Moreover, there is no data pertaining to mechanism
underlying increase of BR-induced lipid catabolism during leaf
senescence.

Transcriptional regulation of plant leaf
senescence

In Arabidopsis, genome-wide studies have shown that
senescence-associated genes are expressed during different
phases of senescence, such as degradation of macromolecules,
their remobilization, and transportation, and also during various
stress responses (Breeze et al. 2011; Velasco-Arroyo et al.
2017). The vital genes having a prominent role in various pro-
cesses of senescence have been characterized at the molecular
level in the model plant Arabidopsis thaliana, such as Oresara1
(ORE, ANAC092; AtNAC2) (Balazadeh et al. 2010; Rauf et al.
2013), ORE9, Arabidopsis thaliana NAC-like, activated by
apetala3/pistillata (AtNAP, ANAC029) (Guo and Gan 2006),
WRKY53 (Zentgraf 2007), Lipoxygenase 1 (LOX1,
AT1G55020) (Li et al. 2012), senescence-associated gene 101
(SAG101) (He and Gans 2002; Chen et al. 2015a, b), and NAC
124 with Transmembrane Motif1 like 4 (NTL4) (Lee et al.
2012). Among the large number of transcriptional factors
(TFs) induced by senescence, NAC and WRKY families of
TFs represent an important family having a conspicuous role
in leaf senescence (Podzimska-Sroka et al. 2015; Kim et al.
2016a, b; Mao et al. 2017; Shahnejat-Bushehri et al. 2017;
Chen et al. 2017a, b).
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Regulatory role of NAC transcription factors

On the basis of similarity in the DNA-binding domain, NAC
family of transcription factors has been classified in the three
major super families namely no apical domain (NAM),
arabidopsis transcription activation factor (ATAF), and cup-
shaped cotyledon (CUC) (Puranik et al. 2012). Recently, by
the availability of whole genome sequences of various plants a
large number of NAC genes has been found like 163 NAC
genes in Populus spp., 151 NAC genes in Oryza sativa, 117
NAC genes in Arabidopsis thaliana, 152 NAC genes each in
Glycinemax andNicotiana tabacum, and 79NAC genes inVitis
vinifera (Dalman et al. 2017; Huang et al. 2012). The NAC
transcription factors play a very diverse role and are involved
in the regulation of various developmental processes as well as
response to various types of biotic and abiotic stresses
(MacMillan et al. 2017; Pimenta et al. 2016). The global tran-
scriptome profiling has identified more than 30 NAC genes in
Arabidopsis thaliana that are considerably upregulated in Leaf
senescence, hence emphasizing their importance in senescence
regulation (Kou et al. 2012; Lindemose et al. 2014). In
Arabidopsis thaliana, the regulatory role of various NAC tran-
scriptional factors has been confirmed. Among these transcrip-
tion factors, the following NAC proteins play important regula-
tory roles like NAC-like, activated by apetala3/pistillata
(AtNAP) (Guo and Gan 2006), Oresara sister1 (ORS1)
(Balazadeh et al. 2011), Oresara1 (ORE1; AtNAC2) (Kim
et al. 2009), Vascular-related NAC-domain interacting (VNI2)
(Yang et al. 2011), Jungbrunnen1 (JUB1) (Wu et al. 2012a, b),
Arabidopsis thaliana activating factor1 (ATAF1) (Garapati et al.
2015), and ANAC016 (Kim et al. 2013). However, the over-
expression of AtNAP, ORE1, ORS1, ANAC016, and ATAF1
depicted severe senescence phenotype which was deferred to
some extent by silencing the function of these genes, thus
confirming the positive role of these transcription factors in the
regulation of leaf senescence. On the other hand, the experimen-
tal evidences have identified JUB1 and VNI2 as repressors of
leaf senescence (Shahnejat-Bushehri et al. 2016; Kim et al.
2016a, b; Podzimska-Sroka et al. 2015). Besides, the close ho-
mologs of Arabidopsis NAC transcription factors like
ANAC019, ANAC055, and RD26 (ANAC072) also show the
senescence-induced expression patterns and thus play an impor-
tant role in senescence-associated regulatory networks
(Hickman et al. 2013; Ramaswamy et al. 2017). The character-
ization of NAC transcription factors in Arabidopsis thaliana has
been confirmed long before by Guo and Gan 2006. It has been
observed that over-expression of NAP in young leaves of
Arabidopsis caused advanced senescence which was further
confirmed from the knockout mutant which showed the delayed
leaf senescence. Themutant effect was nullified by the introduc-
tion of wild-type copy of AtNAP in the mutant plants, thus
confirming its positive role in leaf senescence. Later on in
2012, Zhang and Gan have further elucidated that AtNAP

directly interacts with the promoter of SAG113, a negative reg-
ulator of the abscisic acid (ABA) pathway which inhibits sto-
matal closure, thus activating leaf senescence.

One of the most important transcription factors that posi-
tively regulate leaf senescence in Arabidopsis is ORESARA1
(ORE1) or ANAC092 (Balazadeh et al. 2010). It plays an
important regulatory role by controlling the expression of
about 170 genes among which altogether 78 genes are SAGs
(senescence-associated genes) (Liebsch and Keech 2016).
ORE1 acts as crucial transcriptional factor and directly targets
the key senescence-associated genes like BIFUNCTIONAL
NUCLEASE1 (BFN1), SEVEN IN ABSENTIA (SINA) and
SENESCENCE ASSOCIATED GENE 29 (SAG29)/SUGARS
WILL EVENTUALLY BE EXPORTED TRANSPORTERS 15
(SWEET15) (Matallana-Ramirez et al. 2013). The expression
profile of ORE1 and BFN1 is overlapping and thus together
play an important regulatory role in the degradation of nucleic
acids during the programmed cell death and senescence
(Matallana-Ramirez et al. 2013). SAG29 or SWEET 15 codes
for an important sugar transporter gene, and when this gene
was overexpressed, the transgenic plants depicted accelerates
senescence (Seo et al. 2011), probably by fluctuating sugar
transport. Similarly, SINA1 codes a typical E3 ubiquitin ligase
and results in the degradation of protein by 26S proteasomal
pathway (Zhang et al. 2014; Jensen and Skriver 2014).
However, ORE1 is in turn under the tight control of
Ethylene Insensitive 2 (EIN2), an ethylene signaling transcrip-
tion factor at the transcriptional level and microRNA164
(miR164) at the post-transcriptional level. During the com-
mencement of leaf senescence, the expression of ORE1 is
induced by EIN2 and is delayed by the regulatory effect of
miR164 (Pei et al. 2013). Similarly, Ethylene Insensitive 3
(EIN3) directly binds to the promoters of ORE1 and AtNAP
genes and thus induces the transcriptional activity of these
genes. Hence, EIN3 indirectly induces leaf senescence by ac-
tivating the expression of ORE1 and AtNAP (Kim et al.
2014). It has been found that miR164 is negatively regulated
by EIN2 and its downstream target EIN3. During leaf senes-
cence, EIN3 directly binds to the promoter of miR164 and
downregulates the accumulation of miR164 (Li et al. 2013).

Besides, ORE1 directly interacts with the Golden2-like
transcription factors GLK1 and GLK2 which are involved
in the proper development and maintenance of chloroplasts
(Rauf et al. 2013). It has been found that expression of
GLKs is highly induced during early leaf development,
which results in the activation of photosynthesis-related
genes (Rauf et al. 2013). On the other hand, in the
senescing leaves, the expression of ORE1 is augmented,
which in turn, seizes GLKs thereby down-regulating their
expression (Jensen and Skriver 2014). The interaction of
ORE1 with the GLKs doesnot has any effect on the
transactivating activity of ORE1 but hampers GLK tran-
scriptional activity (Jensen and Skriver 2014).
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Recently, ATAF1 has also been found as activator of leaf
senescence by upregulating SAGs along with ABA hormone
signaling and repressor of photosynthesis-associated genes
(Garapati et al. 2015). ATAF1 directly interacts with the pro-
moters of GLK1 and ORE1 and thus differentially regulates
the expression levels of these genes. By balancing the expression
profile of ORE1 and GLK1, ATAF1 directly regulates the accu-
mulation of photosynthesis-related genes (REFS). Besides,
ATAF1 also elevates the ABA levels by directly interacting with
the ABA biosynthetic gene NCED3, and the ABA transporter
gene, ABCG40 (Jensen et al. 2013; Garapati et al. 2015).
Similarly, ORS1, a subfamily NACmember, was also elucidated
as positive regulator of leaf senescence. In 2011, Balazadeh et al.
confirmed that the over-expression of ORS1 within the plants
promoted, whereas the null mutants delayed senescence. In the
same report, it has been shown by the transcriptome analysis that
about 76% and 67% of ORS1-regulated genes were elevated by
the salinity stress and H2O2 treatment, respectively.

In contrary to positive regulators of leaf senescence, anoth-
er NAC transcription factor JUNGBRUNNEN1 (JUB1) de-
lays leaf senescence by decreasing cellular H2O2 levels and
thus acts as negative regulators of leaf senescence. It has been
found that JUB1 is induced by H2O2 and stimulates the ex-
pression of DREB2A and several ROS-responsive genes (Wu
et al. 2012a, b). Subsequently, it was elucidated that in
Arabidopsis, AtJUB1 imparts important crosstalk with the
gibberellin (GA) and brassinosteroid (BR) biosynthetic path-
ways (Shahnejat-Bushehri et al. 2016). AtJUB1 suppresses
the expression of two important genes of GA and BR biosyn-
thetic pathways by directly binding to the promoters of
GA3ox1 and DWF4, respectively (REFS). Furthermore,
AtJUB1 triggers the DELLA encoding genes by increasing
the expression levels of GAI and RGL1 (Thirumalaikumar
et al. 2017). Thus, suppression of GA and BR biosynthetic
pathway genes, GA3ox1 and DWF4, and up-regulation of
DELLA genes, i.e., GAI and RGL1, result in the amassing of
DELLA proteins in AtJUB1 over-expression lines. Thus,
over-expression lines AtJUB1 display the typical phenotypic
characteristic of low-GA and low-BR mutants (Shahnejat-
Bushehri et al. 2016). Similarly, in tomato, the over-
expression of AtJUB1 resulted in GA and BR deficiency phe-
notypes similar to those observed in Arabidopsis AtJUB1
over-expression transgenic lines (Bushehri et al. 2017).
Recently, it has been found that AtJUB1 inhibits cell elonga-
tion by directly suppressing the expression of PIF4
(Shahnejat-Bushehri et al. 2016). The proteolysis of plasma
membrane during ABA-mediated drought stress results in the
release of membrane-bound NTL4 (Lee et al. 2012). The in-
creased expression of NTL4 directly elevates the NADPH
oxidases (Atrboh A, C, and E genes) which in turn are in-
volved in the production of ROS and ultimately results in
the programmed cell death during drought-induced leaf senes-
cence (Lee et al. 2012).

Although the NAC transcription factors has been fully
characterized in Arabidopsis, but recently, the regulatory role
of these factors in senescence has been validated in many
economically important crop plants to a large extent. The
NAC transcription factors in crop plants like rice OSNAC2,
barley HvNAC005, litchi LcNAC1, and in soybean
GmNAC81 were characterized as positive regulators of age-
related leaf senescence (Mao et al. 2017; Christiansen et al.
2016; Jiang et al. 2017; Pimenta et al. 2016). Thus, the NAC
transcription factors play an important regulatory role in leaf
senescence and act as key players in integrating external en-
vironmental signals with the overall development of the plant.
Although an intricate mechanism regarding the regulation of
NAC transcription factors has been proposed, still more re-
search is required to link the regulatory mechanism of NAC
transcription factors with the onset of leaf senescence within
plants.

Regulatory role of WRKY transcription factors

The involvement of WRKY transcription factors in regulating
leaf senescence has been studied rigorously. The functional
genomics approach has provided considerable confirmation
that WRKYproteins besides playing an important role in var-
ious types of abiotic stresses like drought are important regu-
lators of leaf senescence in plants (Qin et al. 2015; He et al.
2016). The first confirmation about the probable role of
WRKY transcription factors in senescence came from the
studies of Arabidopsis thaliana AtWRKY6 (Besseau et al.
2012.). It has been shown that during senescence,
AtWRKY6 strongly induces the expression of AtSIRK
(Arabidopsis thaliana senescence-induced receptor-like ki-
nase). In the over-expression transgenic lines of WRKY6,
the transcript levels of AtSIRK were evidently elevated, and
in the wrky6 knockout mutants, the expression level was dras-
tically reduced (Ciolkowski et al. 2008). Another WRKY
transcription factor WRKY53 was characterized as a positive
regulator of leaf senescence, and it was reported that it targets
various SAGs, stress-related genes, and other transcription
factors (Miao et al. 2004). Also, it has been reported that
WRKY53 directly interacts with EPITHIOSPECIFYING
SENESCENCE REGULATOR (ESR), which inhibits the
DNA-binding activity of WRKY53 and thus represses leaf
senescence (Miao and Zentgraf 2007). The single mutants of
WRKY54 show an obvious senescence phenotype, whereas
that of WRKY70 depicts the weak and premature senescence
phenotype. On the other hand, the double mutants of the
wrky54 and wrky70 revealed an early-senescence phenotype
as compared to the weak and premature senescence phenotype
of WRKY70 (Besseau et al. 2012). This showed that
WRKY70 andWRKY54 play redundant functions in control-
ling leaf senescence. The protein-protein interactions have
shown that WRKY30, having a major role in ROS signaling,
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interacts individually with WRKY53, WRKY54, and
WRKY70 (Scarpeci et al. 2013). Thus, WRKY30 acts as an
important mediator for regulating the positive and negative
transcription factors of senescence in a concerted manner. It
has been shown that WRKY22 also positively regulates dark-
induced leaf senescence and acts downstream of WRKY53.
Like all other transcription factors, the over-expression of
WRKY22 induces leaf senescence, whereas the knock-out
mutants show a delay in leaf senescence (Zhou et al. 2011).
Recently, Zhang et al. (2016) have identified 116 WRKY
transcription factors from wheat (Triticum aestivum L.) ge-
nome database, of which 13 TaWRKYs were found to be
senescence-associated genes. Out of the 13 TaWRKYs,
TaWRKY7 was fully characterized and its expression was
shown to be induced during leaf senescence. Similarly, Fan
et al. (2017) have characterized WRKY65 from the econom-
ically important leafy vegetable, Brassica rapa L. It has been
found that expression of BrWRKY65 was highly induced
during post-harvest senescence. Moreover, DNA-binding in-
teractions have shown that BrWRKY65 directly interacts with
various promoters of senescence-associated genes like
BrNYC1 and BrSGR1. Altogether, these interpretations dem-
onstrate that WRKY transcription factors play an important
role in regulating the complex transcriptional networks of leaf
senescence not only in model plants but also in some other
economically important crops.

Regulatory role of other transcription factors

Besides the well-characterized NAC andWRKY transcription
factors, the other transcription factors also play a significant
role in the regulatory mechanism of leaf senescence. For ex-
ample, in Arabidopsis thaliana, B3-domain type transcription
factor, related to ABA-insensitive3 (ABI3)/Viviparous1
(AtRAV1), positively regulates leaf senescence (Woo et al.
2010). On the other hand, C-repeat/dehydration-responsive
element binding factor 2 (CBF2) negatively regulates leaf se-
nescence (Sharabi-Schwager et al. 2010). Further, Zhang et al.
(2011) reported that an Arabidopsis R-R-typeMYB-type tran-
scription factor, MYBL, acts as a positive regulator of leaf
senescence. Recently, phytochrome-interacting factors
(PIFs), a family of bHLH transcription factors, has been found
as positive regulators of dark-induced leaf senescence (Song
et al. 2014; Liebsch and Keech 2016). On the basis of pheno-
typic evaluation of over-expression and mutant lines, it has
been demonstrated that PIF3, 4, and 5 induce both dark-
induced and age-triggered leaf senescence. For example,
PIF4 positively induces the expression of chlorophyll degra-
dation genes and down-regulates the genes responsible for the
suppression of chlorophyll biosynthesis and chloroplast activ-
ity (Song et al. 2014). Also, PIF4 stimulated ROS generation
systems to promote senescence (Song et al. 2014). Thus, al-
together, these studies provide strong evidence that PIF3, 4,

and 5 are novel-positive regulators of leaf senescence (Song
et al. 2014). Moreover, numerous transcription factors that
directlymediate hormone signaling pathways and are indirect-
ly involved in leaf senescence have been already discussed in
the hormone section. Further, Auxin Response Factor2
(ARF2) plays a significant role in regulating leaf senescence
augmented by auxin signaling (Lim et al. 2010). The Signal
Responsive 1 (SR1), a calmodulin-binding transcription fac-
tor, regulates ethylene-induced leaf senescence by directly
binding to the EIN3 promoter, a positive regulator of ethylene
signaling pathway (Nie et al. 2012; Sarwat 2017). It has been
found that these transcriptional factors play a significant role
in the diverse growth and developmental processes of plants.
There is a complex interaction among these transcriptional
factors, and it will be advisable to identify their specific down-
stream effectors which are responsible for controlled cellular
and biochemical regulation during senescence.

Conclusions and future prospects

Aging and consequent death is a significant stage in the
plant life cycle. In this review, we have discussed intricate
processes that operate within plants experiencing particu-
larly drought and senescence. Though leaf senescence has
been investigated, all molecular mechanisms and signal-
ing pathways have been highlighted only at senescent
phases. How environmental signals coordinate with en-
dogenous hormonal levels to promote senescence has
not been fully elucidated. Both molecular and genetic
strategies can be employed to screen sequential progres-
sion of young leaves towards senescence. Research stud-
ies that integrate hormonal signals and transcriptional fac-
tors associated with drought tolerance need to be elucidat-
ed. Though genetic and molecular approaches are
employed to decipher the role of phytohormones in regu-
lation of leaf senescence, so far, there is no direct link or
involvement of environmental cues for triggering leaf se-
nescence. Research done so far presents an orchestra of
events interwoven intricately within the frame of metabol-
ic and molecular networks regulating together towards
progression of senescence. Researchers still lack lucidity
to pinpoint a common junction which prompts the plants
towards the onset of senescence.
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