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Abstract

Leaf senescence, the last stage of leaf development, is a type of postmitotic senescence and is characterized by the
functional transition from nutrient assimilation to nutrient remobilization which is essential for plants’ fitness. The
initiation and progression of leaf senescence are regulated by a variety of internal and external factors such as age,
phytohormones, and environmental stresses. Significant breakthroughs in dissecting the molecular mechanisms
underpinning leaf senescence have benefited from the identification of senescence-altered mutants through
forward genetic screening and functional assessment of hundreds of senescence-associated genes (SAGs) via reverse
genetic research in model plant Arabidopsis thaliana as well as in crop plants. Leaf senescence involves highly
complex genetic programs that are tightly tuned by multiple layers of regulation, including chromatin and
transcription regulation, post-transcriptional, translational and post-translational regulation. Due to the significant
impact of leaf senescence on photosynthesis, nutrient remobilization, stress responses, and productivity, much
effort has been made in devising strategies based on known senescence regulatory mechanisms to manipulate the
initiation and progression of leaf senescence, aiming for higher yield, better quality, or improved horticultural
performance in crop plants. This review aims to provide an overview of leaf senescence and discuss recent
advances in multi-dimensional regulation of leaf senescence from genetic and molecular network perspectives. We
also put forward the key issues that need to be addressed, including the nature of leaf age, functional stay-green
trait, coordination between different regulatory pathways, source-sink relationship and nutrient remobilization, as
well as translational researches on leaf senescence.
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Introduction
Senescence is the final stage of plant development and is
characterized by a series of programmed disassembly
and degenerative events (Guo and Gan 2005; Lim et al.
2007). In plants, there are two types of senescence: mi-
totic and post-mitotic senescence (Gan and Amasino

1997; Guo and Gan 2005). Mitotic senescence occurs in
shoot apical meristem (SAM) containing multipotent
stem cells, similar to replicative senescence in mamma-
lian cell cultures and yeast (Gan and Amasino 1997;
Guo and Gan 2005). In contrast, post-mitotic senescence
occurs in organs such as leaves and flowers. Leaves are
organs that characterize plants as autotrophic organisms
and perhaps the primary source of food on earth which
use light energy to fix carbon. As leaves age, chloroplast
degeneration is initiated, paralleled by catabolism of
macromolecules, including nucleic acids, proteins and
lipids. The released nutrients are exported to other de-
veloping organs, such as new buds, young leaves, flowers
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or seeds, which leads to increased reproductive success
(Lim et al. 2007). In perennial plants, such as deciduous
trees, nutrients disassembled from senescent leaves are
relocated to form bark storage proteins (BSP) in phloem
tissues, stored over the winter, and then remobilized and
reutilized for shoot or flower growth during the next
growing season (Cooke and Weih 2005; Keskitalo et al.
2005). Therefore, the appropriate initiation and progres-
sion of leaf senescence are essential for plant fitness
(Uauy et al. 2006). Efficient senescence is critical for
maximizing viability in the next generation or season,
while premature senescence induced by numerous envir-
onmental factors decreases the yield and fresh product
quality of crop plants (Hortensteiner and Feller 2002).
These insights suggest that leaf senescence evolves as a
life history strategy and is of substantial biological sig-
nificance. Understanding the regulatory mechanisms of
leaf senescence will provide valuable clues and a theoret-
ical basis for manipulation of this trait in agronomically
important plants (Guo and Gan 2014).
Leaf senescence is not a passive but a highly coordinated

process regulated by hundreds of senescence-associated genes
(SAGs), whose transcripts increase as leaves age (Guo and
Gan 2005; Lim et al. 2007). Many breakthroughs in dissect-
ing the regulatory mechanisms underpinning leaf senescence
have benefited from the identification and functional assess-
ment of hundreds of SAGs and their corresponding mutants
in Arabidopsis thaliana, tomato (Solanum lycopersicon), to-
bacco (Nicotiana tabaccum), rice (Oryza sativa) or wheat
(Triticum aestivum) (Breeze et al. 2011; Woo et al. 2016; Li
et al. 2018, 2020). Forward genetic studies by screening for
mutants affected in senescence and reverse genetic analysis
of SAGs provide insights into the molecular mechanisms of
leaf senescence. Currently, 5853 SAGs and 617 mutants from
68 species have been identified and manually curated and ex-
tensively annotated, which facilitate the systematical and
comparative investigation of leaf senescence (Li et al. 2020).
It is now clear that leaf senescence is a highly complex gen-
etic program strictly controlled by multiple layers of regula-
tion, including transcriptional, post-transcriptional,
translational and post-translational regulation (Woo et al.
2013, 2019). Moreover, the successful use of multi-omics
methods has enabled the study of the complex process of leaf
senescence, replacing the component-based static view with
a network-based spatial-temporal understanding (Breeze
et al. 2011; Guo 2013; Kim et al. 2018).
Leaf senescence is a genetically controlled develop-

mental process (Gan and Amasino 1997; Lim et al. 2007;
Kim et al. 2009). However, the initiation of leaf senes-
cence is regulated by an array of external and internal
signals that are integrated into the age information (Guo
and Gan 2005; Lim et al. 2007). Plant hormones are
major players influencing each stage of leaf senescence,
including the initiation, progression and terminal phase

of senescence. Ethylene, jasmonic acid (JA), salicylic acid
(SA), abscisic acid (ABA), and strigolactones (SLs) pro-
mote leaf senescence, while cytokinins (CKs), gibberellic
acid (GA), and auxin delay leaf senescence (Gan and
Amasino 1995, 1997; Lim et al. 2007; Miao and Zentgraf
2007; Li et al. 2013; Zhang et al. 2013). Multiple envir-
onmental factors, including abiotic stresses such as
drought, salt, DNA damage, high or low temperature,
darkness and nutrient deficiency, and biotic stresses
such as pathogen infection and phloem-feeding insects
are also critical in regulating senescence (Lim et al.
2007; Guo and Gan 2012; Sade et al. 2018). Recent stud-
ies reveal that DNA damage, caused by endogenous in-
sults or exogenous genotoxic stresses, might be one of
the main determinants of leaf senescence (Li et al. 2020;
Zhang et al. 2020c). Cellular calcium acts as a universal
second messenger, which has allosteric effects on nu-
merous enzymes and proteins in a variety of cellular re-
sponses. In plants, calcium signaling is evoked by
endogenous and environmental factors. Ca2+ ions play
an important role in plant senescence, and exogenous
application of Ca2+ delays the senescence process of de-
tached leaves (Poovaiah and Leopold 1973). Elevated
CO2 usually leads to the accumulation of sugars and the
decrease of nitrogen content in plant leaves, resulting in
the imbalance of C/N ratio in mature leaves, which is
also one of the main factors causing premature leaf sen-
escence (Wingler et al. 2004; Agüera and De la Haba
2018). For plants, stress-induced premature senescence
may not be a passive choice, but is an evolutionary fit-
ness strategy, which speeds up the reproduction of the
next generation under unfavorable living conditions
(Sade et al. 2018). However, each factor does not work
independently, but has mutual promotion or inhibition
(Guo and Gan 2012). Environmental stress factors trig-
ger the changes of endogenous hormones, and then
affect leaf senescence through a complex regulatory net-
work instead of a linear way.
Although continuously increasing efforts have been

devoted to leaf senescence research, many issues remain
to be addressed on this topic (Woo et al. 2013). When
does leaf senescence start? What is the molecular nature
of age? How are external signals integrated into the
plant internal age information? Is the regulatory mech-
anism of leaf senescence conserved among different
plant species? What is the general mechanism of leaf
senescence? In this article, we review recent advances in
understanding leaf senescence and longevity through
molecular, genetic and network analyses. Although our
review mainly focuses on Arabidopsis leaf senescence,
we also discuss critical findings and translational re-
search in agronomically important plants. Examples of
genetic manipulation of leaf senescence for higher yield,
better quality, or improved horticultural performance in
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crop plants are also discussed. Although the knowledge
gained in the annual plant Arabidopsis may not be uni-
versally applicable to all plants, it will provide precious
clues for dissecting regulatory mechanisms in other
plants (Lim et al. 2007). It also provides the biological
information required for developing high-quality and
high-yield crops by finely tuning the senescence process
(Gan and Amasino 1995; Rivero et al. 2007; Guo and
Gan 2014).

Chlorophyll degradation and chloroplast
degeneration--hallmarks of leaf senescence
Leaf senescence is a degenerative process among which
cellular organelles and biomolecules (including nucleic
acids, proteins, and lipids) are broken down and the re-
sultant catabolites are mobilized to sink tissues such as re-
productive organs and new leaves. Chloroplasts possess
approximately 70% of the total proteins in green leaves.
As such, massive breakdown of chloroplasts during leaf
senescence is pivotal for nitrogen and carbon remobiliza-
tion (Kusaba et al. 2009). Moreover, coordinated degrad-
ation of chlorophyll (Chl) and its associated proteins
during this process is crucial for detoxification, as free Chl
and their catabolic intermediates upstream of primary
fluorescent chlorophyll catabolites (pFCCs), are

photosensitizers, which can cause reactive oxygen species
(ROS) burst and subsequent cell damage and/or cell death
(Mur et al. 2010; Hoertensteiner 2013). In this section, we
summarize the biochemistry and regulation of Chl degrad-
ation. We also review our current understanding of
chloroplast degeneration, with a focus on protein degrad-
ation and the cellular machinery involved.

The biochemical pathway of chlorophyll degradation
Chl degradation brings the first visible sign of leaf senes-
cence. Autumn leaf coloring of deciduous plants, mainly
due to Chl breakdown, represents one of the most mag-
nificent sceneries on earth. Chl is composed of a planar
structure of a tetrapyrrole ring (porphyrin), which bears
a magnesium atom in the center and a hydrophobic phy-
tol tail on the side. Terrestrial plants utilize two types of
Chl species (i.e., Chl a and Chl b) for photosynthesis.
Chl b differs from Chl a by the presence of a formyl
group at the C7 position instead of a methyl group
(Chen 2014). By taking advantage of both forward and
reverse genetic approaches, the stepwise enzymatic
breakdown of Chl has been elucidated (Fig. 1). Enzymes
and their corresponding genes responsible for Chl break-
down are generally termed Chl catabolic enzymes
(CCEs) and Chl catabolic genes (CCGs), respectively.

Fig. 1 The biochemical pathway of Chl degradation. The initial steps of Chl catabolism occur in the Chloroplast. pFCC and hydroxy-pFCC are released to the
cytosol by unknown mechanisms. Additional modifications are catalyzed by the ER-localized CYP89A9 and the cytosol MES16. mFCCs and DFCCs are imported
into the vacuole and converted into NCCs and DNCCs under acidic conditions. Heatmaps show relative expression values of each gene at indicated days after
emergence (DAE) versus that at 16 DAE. A published dataset (GSE43616) is used for analysis (Woo et al. 2016). HM Chl a, 7-hydroxymethyl Chl a; Phein a,
pheophytin a; Pheide a, pheophorbide a; RCC, red Chl catabolite; pFCC, primary FCC; mFCC, modified FCC; DFCC, dioxobilin-type (type-II) FCC; NCC:
nonfluorescent Chl catabolite; DNCC: dioxobilin-type (type-II) NCC.
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Chl b has to be converted to Chl a before it can be chan-
neled into the degradation pathway. Two sequential en-
zymatic reactions catalyze the conversion. NON-
YELLOW COLORING 1 (NYC1) and NYC1-like (NOL),
two Chl b reductases, catalyze the reduction of Chl b to 7-
hydroxymethyl Chl a (Kusaba et al. 2007; Horie et al.
2009; Sato et al. 2009). 7-hydroxymethyl Chl a is further
reduced by the 7-hydroxymethyl Chl a reductase HCAR
to produce Chl a (Meguro et al. 2011). In Arabidopsis,
only NYC1 is induced during leaf senescence, and its dys-
function results in Chl b over-accumulation (Horie et al.
2009; Sakuraba et al. 2012). However, NYC1 and NOL are
both required for Chl b degradation in rice (Sato et al.
2009). 7-hydroxymethyl Chl a is barely detectable due to
high expression of HCAR (Meguro et al. 2011). Chl a deg-
radation is initiated via removing the central magnesium
by the Mg-dechelatase NON-YELLOWINGs/ STAY-
GREENs (NYEs/SGRs), which produces pheophytin a
(Shimoda et al. 2016). NYE1 and NYE2 predominantly ex-
tract Mg from Chl a, whereas SGR-LIKE (SGRL), a distant
paralogous protein of NYE1/2, is mainly expressed in
non-senescent leaves and prefers chlorophyllide a as its
substrate (Shimoda et al. 2016). Notably, malfunctions in
NYEs and their orthologous genes results in stay-green
phenotypes in diverse plant species, including Mendel’s
green-cotyledon pea (Armstead et al. 2007; Jiang et al.
2007; Park et al. 2007; Ren et al. 2007; Barry et al. 2008;
Hoertensteiner 2009; Zhou et al. 2011a; Christ and
Hortensteiner 2014). Pheophytin a is hydrolyzed by the
pheophytinase PPH to generate pheophorbide a and phy-
tol (Schelbert et al. 2009). The porphyrin ring of pheo-
phorbide a is then opened by the pheophorbide an
oxygenase PAO to produce a red chlorophyll catabolite
(RCC) (Pruzinska et al. 2003), while phytol has been impli-
cated as a source for vitamin E biosynthesis (Zhang et al.
2014). RCC is further reduced into a primary fluorescent
chlorophyll catabolite (pFCC) by the RCC reductase
RCCR (Pruzinska et al. 2007). Additional modifications
such as C32 hydroxylation, C1 deformylation and O84 de-
methylation, as catalyzed by TIC55, CYP89A9 and
MES16, respectively, can occur on pFCC to produce di-
verse types of modified pFCCs and/or FCCs (Christ et al.
2012, 2013; Hauenstein et al. 2016). FCCs are further
isomerized to non-fluorescent chlorophyll catabolites
(NCCs) under low pH condition, which likely takes place
in the vacuole (Oberhuber et al. 2008). NCCs have anti-
oxidant properties that may play a role in maintaining the
integrety of senescing cells (Mueller et al. 2007). Since the
cleavage of the porphyrin ring is believed to be a landmark
event during Chl degradation and the resultant linear
catabolic intermediates are called phyllobilins, this Chl
degradation pathway is referred to as the “PAO/phyllobi-
lin” pathway or simply as the PAO pathway (Kuai et al.
2018).

Regulation of Chl degradation
Chl degradation occurs not only during specific develop-
mental windows such as leaf senescence, fruit ripening,
and seed maturation, but also under unfavorable envir-
onmental conditions including various biotic and abiotic
stresses (Kuai et al. 2018). Therefore, CCGs should be
able to be induced by diverse signals. On the other hand,
to avoid phototoxicity, CCEs must act cooperatively to
degrade Chl timely and efficiently. To achieve this,
CCGs, including NYE1, PPH and PAO, are strongly co-
expressed. In fact, searching for genes co-regulated with
NYE1 has led to the identification of CRN1 (Co-regu-
lated with NYE1)/PPH (Ren et al. 2010). Recent ad-
vances in the transcriptional regulation of CCGs
highlight the importance of key transcription factors
(TFs) downstream of ethylene (Qiu et al. 2015), ABA
(Sakuraba et al. 2014; Gao et al. 2016), JA (Zhu et al.
2015), and light (Song et al. 2014; Zhang et al. 2015;
Chen et al. 2017a) signaling pathways in direct induction
of CCGs expression.
During ethylene-mediated leaf senescence, ETHYLE

NE-INSENSITIVE3 (EIN3), its target TF ORESARA 1
(ORE1)/ANAC092, and the ethylene biosynthesis gene
ACS2 form a positive feedback loop to amplify upstream
signals. On the other hand, EIN3, ORE1, and CCGs (in-
cluding NYE1, NYC1, and PAO) form a coherent feed-
forward loop to stimulate CCGs expression (Qiu et al.
2015). Similarly, MYC2/3/4, ANAC019/055/072, and
several CCGs also forms a coherent feedforward loop
during JA-mediated leaf senescence (Zhu et al. 2015).
Moreover, ABA INSENSITIVE 5 (ABI5), ENHANCED
EM LEVEL (EEL), and ABA RESPONSIVE ELEMENTS-
BINDING FACTOR 2/3/4 directly activate multiple
SAGs expression (including CCGs) downstream of the
ABA signaling pathway (Sakuraba et al. 2014; Gao et al.
2016). Intriguingly, Chl degradation during seed matur-
ation largely depends on another ABA-pathway TF
ABI3. ABI3 is highly expressed in seeds and directly acti-
vates NYE1 and NYE2 expression during seed matur-
ation. Like the nye1 nye2 double mutant, the abi3
mutant produces mature green seeds (Delmas et al.
2013). Prolonged darkness treatment has been widely
used as a tool for studying leaf senescence.
PHYTOCHROME-INTERACTING FACTOR (PIF) fam-
ily proteins are key TFs in the light signaling pathway,
which are stabilized in the nucleus under dark condi-
tions (Sanchez et al. 2020). PIF4/5 can directly or indir-
ectly (through ABI5/EEL, EIN3, or ORE1) activates
CCGs expression during dark-induced leaf senescence.
These TFs may also act through forming multiple coher-
ent feedforward loops (Sakuraba et al. 2014; Song et al.
2014). Moreover, a MADS-box TF SOC1 negatively reg-
ulates NYE1 and PPH expression (Chen et al. 2017a). In
rice, OsNAC2 and OsNAP (NAC-LIKE, ACTIVATED
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BY AP3/PI) directly target CCGs and several SAGs dur-
ing ABA- and age-dependent leaf senescence (Liang
et al. 2014; Mao et al. 2017). In Citrus sinensis, the
ethylene-responsive factor CitERF13 promotes Chl deg-
radation likely through inducing the expression of PPH
(Yin et al. 2016). Recently, the maize TF ZmNAC126 is
reported to function downstream of the ethylene signal-
ing pathway and activate the expression of CCGs via dir-
ectly binding to their promoters to accelerate leaf
senescence (Yang et al. 2020).
Transcription of CCGs is also subject to epigenetic regu-

lation. He et al. (2018) identified a natural DNA methyla-
tion variation locus NMR19 (naturally occurring DNA
methylation variation region 19–4, caused by insertion of
LINE1 retrotransposon) at the Arabidopsis PPH promoter.
DNA methylation levels of NMR19–4 correlates with sup-
pressed PPH expression and retarded Chl degradation.
More intriguingly, association analysis of 137 Arabidopsis
accessions revealed that NMR19–4 may be involved in
local climate adaptation (He et al. 2018). Recently, it was
found that the H3K27me3 (trimethylation of lysine 27 on
histone H3 protein) demethylase REF6 positively regulates
the de-repression of CCGs and other SAGs through re-
moving the silent chromatin marker H3K27me3 on re-
spective genes (Wang et al. 2019). Altogether, these
findings suggest that CCGs are critical convergent nodes
for incoming signals during leaf senescence. The molecu-
lar relationship and crosstalk among TFs and their inter-
actions with epigenetic factors on CCGs expression
remain poorly understood.
CCEs are also subject to post-translational regulation.

In Brassica napus, de-phosphorylation of PAO contrib-
utes to its increased activity during seed maturation
(Chung et al. 2006). Recently, Xie et al. (2019) identified
a conserved C-terminal cysteine-rich motif of NYE1 that
is critical for its oligomerization through both inter- and
intra-molecular disulfide bonds. In another study, BAL-
ANCE of CHLOROPHYLL METABOLISM 1 (BCM1), a
CAAX-type endopeptidase, is highly abundant in non-
senescent leaves and degrades NYE1 through physical
interaction, providing a mechanism for repressing leaky
expression of NYE1. During leaf senescence, BCM1 is
down-regulated and releases its inhibition on NYE1 ac-
cumulation (Shin et al. 2020).
Analyses of CCG mutants also point to a feedback

mechanism, which possibly involves chloroplast-to-
nucleus retrograde signaling. In the nye1 and nye1 nye2
mutants, not only Chl a but also Chl b is over-
accumulated (Ren et al. 2007; Wu et al. 2016a). In accord-
ance with this, overexpression of NYE1 accelerates Chl b
degradation through induction of NYC1 expression (Sato
et al. 2018). The pph and pao mutants only accumulate a
tiny amount of their respective substrates but heavily re-
tain Chl a and Chl b (Pruzinska et al. 2005; Schelbert et al.

2009). Transcriptomic analyses on three CCG mutants
(i.e., nye1, pph, and pao) revealed that JA biosynthesis and
signaling genes are preferentially induced in the pao mu-
tant 2 days after dark treatment. Accordingly, JA produc-
tion is enhanced in the pao mutant. The results suggest
that pheophorbide a, the substrate of PAO, may serve as a
feedback signal for JA production (Aubry et al. 2020). Not
come singly but in pairs, DEX (dexamethasone)-induced
overexpression of NYE1 also stimulates JA production,
which likely contributes to SAGs (including other CCGs)
induction and consequently leaf senescence (Sato et al.
2018; Ono et al. 2019). Since the DEX induction system
can induce ultrahigh expression levels of target genes in a
very short time, it is tempting to speculate that a burst of
NYE1 may transiently over-produce Chl catabolic inter-
mediates including pheophorbide a. It is unknown
whether pheophorbide a can act as a retrograde signal as
several Chl biosynthetic intermediates do (Chi et al. 2013).
Plants have evolved a tightly coupled degradation

mechanism of Chl and its binding proteins. In senescing
leaves of nye1, nye1 nye2 and pph mutants, not only
Chls, but also their binding proteins (e.g., LHCA and
LHCB proteins), are retained. Strikingly, such coupling
mechanism appears to not exist during seed maturation
(Li et al. 2017). The underlying mechanisms for coupling
and uncoupling await investigation. Moreover, timely re-
moval of high toxic catabolites is crucial. In pao and rccr
mutants, over-accumulation of respective substrate
catabolites (i.e., pheophorbide a and RCC) causes
accelerated cell death phenotypes (Pruzinska et al. 2003,
2007).

Chloroplast degradation
Chloroplast degeneration and degradation involve both
plastidic and extraplastidic pathways (Otegui 2018; Buet
et al. 2019; Zhuang and Jiang 2019). Although a number
of chloroplast proteases are up-regulated during leaf sen-
escence, only a few of them have been functionally char-
acterized in senescence-associated protein degradation
(Roberts et al. 2012). In tobacco, the chloroplast aspartic
protease CND41 degrades Rubisco in vitro. The CND41
activity is enhanced in senescent leaves. Transgenic ana-
lyses suggest that CND41 positively regulates leaf senes-
cence and Rubisco degradation (Kato et al. 2004, 2005).
Similar conclusions are obtained in Arabidopsis under
low N-induced leaf senescence (Diaz et al. 2008). A re-
cent study showed that the barley cysteine protease
HvPAP14 accumulates in senescent leaves and degrades
multiple chloroplast proteins, including LHCB1/5,
PSBO, and RbcL (Frank et al. 2019). Zelisko et al. (2005)
reported that the metalloprotease FtsH6 is up-regulated
during leaf senescence and is responsible for Lhcb3 deg-
radation in Arabidopsis. However, no significant differ-
ences between ftsh6 mutants and wild-type plants are
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reported in another study (Wagner et al. 2011). While it
is generally accepted that plastidic proteases participate
in early stages of chloroplast protein degradation, they
mainly serve as quality control machinery in protein
homeostasis (Van Wijk 2015). On the other hand, grow-
ing bodies of evidence suggest the existence of multiple
extraplastidic trafficking vesicles for bulk degradation of
chloroplast components, which are either autophagy-
related proteins (ATG)-dependent or independent. The
ATG-dependent vesicles include Rubisco-containing
bodies (RCB, around 1 μm in diameter, sic passim)
(Ishida et al. 2008), ATI1-GFP labels plastid-associated
bodies (ATI-PS body, around 1 μm) (Michaeli et al.
2014), small starch granule-like structures (SSTG, <
0.5 μm) (Wang et al. 2013), and chlorophagy bodies (i.e.
autophagic bodies containing an entire damaged chloro-
plast) (Izumi et al. 2017; Nakamura et al. 2018). The
ATG-independent vesicles include senescence-associated
vacuoles (SAVs, 0.8–1 μm) (Otegui et al. 2005; Martinez
et al. 2008; Carrion et al. 2013) and CHLOROPLAST
VESICULATION (CV)-containing vesicles (CCVs)
(Wang and Blumwald 2014). These trafficking vesicles
are eventually internalized into central vacuoles for deg-
radation. The ubiquitin-26S proteasome system (UPS) is the
major pathway for nuclear and cytosolic protein degradation
in eukaryotes, but is absent inside of chloroplasts. However,
cumulative evidence suggests the involvement of the UPS in
chloroplast protein degradation. PUB4, a cytoplasmic-
localized U-box E3 ubiquitin ligase, participates in the clear-
ance of damaged chloroplasts. Loss of function in PUB4 re-
sults in precocious leaf senescence (Woodson et al. 2015).
Moreover, the chloroplast-associated protein degradation
(CHLORAD) system, which includes SP1 [a chloroplast
outer-envelope-membrane (OEM) targeted RING-type ubi-
quitin E3 ligase], SP2 (another OEM-targeted Omp85-type
protein) and CDC48 (a cytosol AAA-type ATPase), pro-
motes leaf senescence likely by altering the chloroplast prote-
ome through selective breakdown of translocon outer
membrane complex (TOC) proteins (Ling et al. 2012, 2019).
While neither PUB4 nor SP1 is involved in autophagic
chloroplast degradation, combined mutations of PUB4 and
AUTOPHAGY5 (ATG5) or ATG7 significantly accelerates
leaf senescence under both natural and dark-induced condi-
tions, suggesting synergistic interactions between the PUB4-
associated UPS pathway and the autophagy pathway in pro-
tein degradation during leaf senescence (Kikuchi et al. 2020).

Genetic control of leaf senescence
The leaf senescence syndrome, including chloroplast/Chl
degradation and other degenerative processes, involves
highly complex genetic programs that are tightly tuned
by multiple layers of regulation, including chromatin re-
modeling and transcription regulation, as well as post-

transcriptional, translational, and post-translational
regulation (Fig. 2).

Epigenetic regulation
The structural dynamics of chromatin through histone
modification and chromatin-remodeling enzymes is a
key mechanism of leaf senescence regulation. After
Humbeck’s group found that histone modification is al-
tered during plant senescence (Ay et al. 2009), the
genome-wide landscape of histone modification during
developmental leaf senescence in Arabidopsis has been
explored by combining chromatin immunoprecipitation-
sequencing (ChIP-seq) and RNA-seq approaches. Two
active marks, trimethylation of lysine 4 on histone H3
protein (H3K4me3) and acetylation of lysine 9 on his-
tone H3 protein (H3K9ac), were identified to be associ-
ated with leaf senescence. H3K4me3 is relatively
dominant compared with H3K9ac, and a subset of genes
differentially expressed during leaf senescence is signifi-
cantly correlated with the level of H3K4me3 (Brusslan
et al. 2015). The first piece of evidence for a direct link
between histone modification and control of leaf senes-
cence comes from a study of upstream transcriptional
regulation of several regulators of leaf senescence during
plant aging. The suppressor of variegation 3–9-homolo-
gous2 (SUVH2) histone methyltransferase is involved in
H3 lysine methylation and functions to delay leaf senes-
cence (Ay et al. 2009). The JmjC-domain containing pro-
tein 16 (JMJ16) H3K4 demethylase on the other hand,
functions as a senescence-promoting factor whose loss-
of-function mutants show delayed senescence pheno-
types and less enriched H3K4me3 in the promoter of
the positive senescence regulator WRKY53 (Liu et al.
2019). Both H3K27me3 demethylase REF6 (Wang et al.
2019) and HISTONE DEACETYLASE9 (HDA9) (Chen
et al. 2016) promote leaf senescence: REF6 functions
through directly activating positive senescence regulators
such as ETHYLENE INSENSITIVE 2 (EIN2), ORE1, and
NAP, while HDA9 forms a complex with POWER-
DRESS and WRKY53, and WRKY53 directs POWER-
DRESS and HDA9 to W-box containing promoters of
negative senescence regulators, including AUTOPHAGY
9 (ATG9), NUCLEAR PROTEIN X 1 (NPX1), and
WRKY57. HDA15 interacts with the single-stranded
DNA-binding protein WHIRLY1 and affects H3K9ac en-
richment in the promoter of WRKY53 to suppress its
transcription, thus delaying leaf senescence (Huang et al.
2018). Moreover, histone acetyltransferase HAC1 has
been shown to promote leaf senescence (Hinckley et al.
2019), while several HDACs, including HDA9, HDA15,
HD2C, and AtSRT1, negatively regulate stress-induced
senescence in Arabidopsis (Hu et al. 2019b; Ueda and
Seki 2020).
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The importance of chromatin-mediated regulation in
leaf senescence has also been inferred from mutation
analyses of several chromatin-remodeling factors, includ-
ing DEFECTIVE IN RNA-DIRECTED DNA METHYL
ATION 1 (DRD1), and DECREASED DNA METHYL
ATION 1 (DDM1) (Cho et al. 2016). Loss-of-function
mutants of DRD1 or DDM1 exhibit delayed leaf senes-
cence while dysfunction mutation of BRM accelerates
leaf senescence (Efroni et al. 2013; Li et al. 2016; Xu
et al. 2016a; Archacki et al. 2017). DEMETER-like DNA
demethylase gene DML3 is specifically expressed during
leaf senescence. Knockout of DML3 results in DNA
hypermethylation in the promoters of many SAGs whose

expression is consequently suppressed, leading to a sig-
nificant delay in leaf senescence. This suggests that
DML3-mediated DNA demethylation regulates leaf sen-
escence by controlling the expression of a subset of
SAGs (Yuan et al. 2020). However, the detailed mecha-
nisms of how histone modification and chromatin-
remodeling enzymes directly regulate SAGs expression
remain exclusive.

Transcriptional regulation
Time-course gene-expression profiling of Arabidopsis
leaves during aging indicated that 10–16% of genes show
expression changes during leaf senescence (Breeze et al.

Fig. 2 Multilayer-control of plant aging and senescence. Leaf senescence involves highly complex genetic programs that are tightly tuned by
multiple layers of regulation, including DNA methylation, histone methylation/acetylation and chromatin remodeling, transcription regulation by
WRKYs, NACs and MYBs TFs, as well as post-transcriptional regulation including miRNAs, RNA splicing and RNA editing, translational, and post-
translational regulation including protein phosphorylation, ubiquitination and autophagy
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2011; Woo et al. 2016). The importance of TF-mediated
transcriptional regulation has emerged from the identifi-
cation of master TFs that play critical roles in the leaf
senescence program.
Master TFs are crucial for regulating the temporal ex-

pression of SAGs during leaf aging (Penfold and
Buchanan-Wollaston 2014; Huang et al. 2015; Kim et al.
2016b, 2018). Among the TF families, the WRKY family
members involved in leaf senescence include WRKY6,
WRKY53, WRKY54, WRKY22, WRKY70, and WRKY75
(Robatzek and Somssich 2001; Miao et al. 2004; Zentgraf
et al. 2010; Zhou et al. 2011b; Besseau et al. 2012; Guo
et al. 2017). The NAC family is one of the largest gene
families in plants and plays a central role in regulating
leaf senescence. More than 50% of the NAC family genes
show expression changes during leaf aging in Arabidop-
sis. Genetic studies identified a number of NACs as posi-
tive (ANAC016, AtNAP, ORS1, and ORE1) or negative
(JUB1 and AVNI2) regulators of leaf senescence (Wu
et al. 2012a; Hickman et al. 2013; Kim et al. 2016b,
2018). Members in the NAC family and the WRKY fam-
ily may interact with each other by activating or repres-
sing transcription or by forming protein complexes in
regulating the expression of downstream genes (Zentgraf
et al. 2010; Besseau et al. 2012; Kim et al. 2016b, 2018).
The basic helix-loop-helix (bHLH) TFs also coordinate
in regulating leaf senescence. The IIIe subgroup bHLH
TFs MYC2, MYC3, and MYC4 function redundantly to
activate JA-induced leaf senescence in which MYC2
binds to and activates the promoter of target gene
SAG29. The IIId subgroup bHLH factors bHLH03,
bHLH13, bHLH14, and bHLH17, on the other hand,
bind to the promoter of SAG29 and repress the MYC2-
activated expression of SAG29 to attenuate JA-induced
leaf senescence (Qi et al. 2015). Furthermore, evidence
of MYBs’ involvement in leaf senescence is increasing
(Jaradat et al. 2013; Huang et al. 2015; Qi et al. 2015;
Goossens et al. 2017).

Post-transcriptional regulation
Key regulators of leaf senescence are also subject to mul-
tiple post-transcriptional level modulations, including
RNA editing, splicing, transport, and degradation by
miRNAs and non-coding RNAs binding to cis-elements
in mRNA.
Weigel’s group firstly reported that miR319 regulates

leaf senescence via repressing the expression of several
members of the TEOSINTE BRANCHED/CYCLOIDEA/
PCF (TCP) family TFs, which function in promoting leaf
senescence in Arabidopsis (Schommer et al. 2008). Then
Nam’s group reported that miR164 controls ORE1 tran-
scription and leaf aging (Schommer et al. 2008; Kim et al.
2009; Li et al. 2013). In genome-wide studies of miRNA
abundances during leaf development, more than 50

miRNAs show differential expression during senescence.
Predicted target genes of the senescence-regulated miR-
NAs are involved in stress response, plant hormones, nu-
trient mobilization and cell structural integrity (Thatcher
et al. 2015; Woo et al. 2016). When miRNA-dependent
gene regulatory networks were investigated in maize and
rice (Xu et al. 2014; Wu et al. 2016b), common miRNA
species, including miR159, miR160, miR167 and miR172,
were identified to be senescence-regulated, suggesting
conserved functionality of these miRNAs in senescence
regulation (Yolcu et al. 2017).
In addition to miRNA, a few other types of small

RNAs (smRNAs) have been identified to be regulated by
leaf senescence. Among these, 200 AGO1-enriched
smRNA–target SAG pairs (Qin et al. 2015), 117 trans-
acting small interference RNAs (tasiRNAs)–target SAG
pairs, and 235 21-nt smRNA–target SAG pairs (Woo
et al. 2016) have been identified to be potentially in-
volved in leaf senescence. However, only a small number
of miRNAs, including miR840, miR585, and miR172,
have been characterized to regulate leaf senescence via
direct cleavage and/or translational repression of target
SAG genes (Ren et al. 2020; Wu et al. 2020).
Other than smRNAs components of spliceosome and

editosome are also part of the post-transcriptional regu-
latory mechanisms underlying leaf senescence. A minor
spliceosome component U11-48 K, which is required for
correct splicing of U12 introns, is required for normal
plant development, including leaf senescence and cell
fate (Xu et al. 2016a; Gault et al. 2017; Bai et al. 2019).
Alternative splicing (AS) is an important factor in gene
regulation and gene splicing. It is involved in a variety of
plant growth and developmental processes, such as in-
duction of flowering (Slotte et al. 2009), plant responses
to changing environmental conditions, pathogen attacks
(Barbazuk et al. 2008), as well as leaf senescence (Riester
et al. 2019). ETHYLENE RESPONSE FACTOR4 (ERF4),
a positive regulators of leaf senescence, functions to-
gether with ERF8 in suppressing the expression of its
direct target gene EPITHIOSPECIFIER PROTEIN/ EPIT
HIOSPECIFYING SENESCENCE REGULATOR (ESP/
ESR), negatively regulating the transcription factor
WKRY53 and delayed leaf senescence (Koyama et al.
2013; Miao and Zentgraf 2007). Alternative splicing and
polyadenylation of ERF4 result in two ERF4 isoforms:
one containing the EAR-motif (ERF4-R), one lacking it
(ERF4-A) (Lyons et al. 2013). ERF4-A acts as a transcrip-
tional activator and ERF4-R as a repressor of their direct
target gene CATALASE3 (CAT3), controlling the con-
centrations of ROS in cells and regulating leaf senes-
cence (Riester et al. 2019). The editosome core
component MORF9, which is required for correct edit-
ing of RPS14–80 and RPS14–149, also affects leaf senes-
cence (Woo et al. 2006; Hackett et al. 2017; Sun et al.
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2018; Tian et al. 2019). Further studies are needed to un-
cover the potential roles of other types of post-
transcriptional mechanisms involving mRNA processing
(5′-capping, splicing, and 3′-end processing), mRNA
modification, and mRNA export machinery.

Post-translational regulation
Post-translational regulation is crucial in cellular signal-
ing. During leaf senescence, although phosphorylation,
glycosylation and other protein modifications might be
as important (Ahmad and Guo 2019), the predominant
form of post-translational regulation that has been well-
characterized is protein degradation, which is critical not
only in signaling transduction, but also for the execution
of the senescence syndrome. The main protein degrad-
ation routes during plant senescence are proteasome
and autophagy, which, together, enable turnover of or-
ganelles and aberrant or aggregated proteins, proper nu-
trient recycling, and precise control of the homeostasis
of senescence regulators. The UPS involves the covalent
attachment of multiple ubiquitins to selected target pro-
teins, triggering their recognition and degradation by the
26S proteasome (Vierstra 2009). Whereas the UPS typic-
ally removes single proteins, autophagy removes protein
complexes, protein aggregates, part of or even whole or-
ganelles (Schreiber and Peter 2014). Autophagy appears
to prevent senescence, while the proteasome functions
as a positive regulator of senescence (Wang and Schip-
pers 2019). However, interestingly, current evidence de-
scribed above (2.3) suggests synergistic interactions
between the 26S ubiquitin-proteasome and the autoph-
agy pathway in chloroplast protein degradation during
leaf senescence (Kikuchi et al. 2020).
Initiation of leaf senescence leads to upregulation of

ATG genes (Masclaux-Daubresse et al. 2014). Disruption
of different ATGs, including ATG2, ATG4a/4b, ATG5,
ATG7, ATG8, ATG9, ATG10, and ATG18a, causes de-
fective autophagy and precocious leaf senescence in Ara-
bidopsis, especially under nutrient-limited conditions
(i.e., low nitrate) (Minina et al. 2018; Wang and Schip-
pers 2019). Although autophagy has long been thought
to be a synonym for nonselective bulk protein degrad-
ation, an increasing number of studies have demon-
strated selective autophagic-dependent degradation of
cell components, including mitochondria (Li et al. 2014),
peroxisomes (Shibata et al. 2013), chloroplasts (Izumi
et al. 2017), ribosomes (Hillwig et al. 2011), the prote-
asome (Marshall et al. 2015), and the endoplasmic
reticulum (Yang et al. 2016). For instance, ATG8-INTE
RACTING PROTEIN1 (ATI1) is involved in autophagy-
dependent vesicular trafficking of chloroplast proteins to
the vacuole, and selective breakdown of mitochondria-
resident proteins and mitochondrial vesicles during leaf
senescence (Li et al. 2014; Michaeli et al. 2014). While

most studies support the role of autophagy in preventing
senescence, ATG8, through its interaction with the mul-
tidrug and toxic compound extrusion (MATE) trans-
porter ABNORMAL SHOOT3 (ABS3), promotes
senescence and protein degradation at late endosome
(Jia et al. 2019). These data suggest that the components
of autophagy may have dual roles (executioner and pro-
crastinator) in the onset and progression of senescence
to maximize the salvaging of remaining nutrients.
In contrast with the global upregulation of ATG genes,

only a fraction of the proteasome subunit genes in-
creases their expression during senescence (Guo and
Gan 2012). In senescing leaves of oilseed rape, barley,
and Arabidopsis, the proteasome is highly active (Poret
et al. 2016; Velasco-Arroyo et al. 2016). Knocking down/
out subunit genes of the proteasome in Arabidopsis
often causes a delay in the onset of senescence (Lin et al.
2011). Loss of the regulatory particle subunit RPN10 sig-
nificantly delays senescence, while the overexpression of
RPN5a causes premature senescence (Book et al. 2009).
In addition, application of proteasome inhibitors is cap-
able of delaying the onset of senescence (Pak and Van
Doorn 2004). Ubiquitination/ deubiquitination control-
ling ubiquitin dynamics in cells is one of the most com-
mon post-translational modifications (PTMs) and is
involved in a wide repertoire of biological processes in
plants. A set of enzymes and their targets in the ubiqui-
tination cascade function as regulators of leaf senescence
(Shu and Yang 2017). ORE9, an F-box protein, functions
as a positive regulator of leaf senescence (Woo et al.
2001). The U-box (PUB) E3 ubiquitin ligases PUB12 and
PUB13 negatively regulate stress-induced leaf senescence
(Zhou et al. 2015). PUB44, also known as SENESCEN
CE-ASSOCIATED E3 UBIQUITIN LIGASE 1 (SAUL1)
and NOT ORESARA 1 (NORE1), integrally mediates
signals from temperature- and humidity-dependent
defense programs and leaf senescence (Vogelmann et al.
2012). A RING-type ubiquitin ligase, ARABIDOPSIS
TOXICOS EN LEVADURA 31 (ATL31), plays an im-
portant role in leaf senescence under high-CO2/ low-N
conditions (Aoyama et al. 2014). WRKY53 directly acti-
vates ATL31 in response to the cellular C/N status of
the plant, integrating the control of primary metabolism
into leaf senescence (Aoyama et al. 2014).
Members of another HECT-type ubiquitin ligase E3

family (UPL1-UPL7) are also involved in leaf senescence
(Lan and Miao 2019). Knocking-out UPL5 causes
WRKY53 accumulation and early leaf senescence (Miao
and Zentgraf 2010).
In contrary to the more intensively studied function of

E3 ligases, insights into the specific roles of deubiquiti-
nation enzymes (DUBs) in leaf senescence are only re-
cently emerging. Ubiquitin-specific proteases (UBPs) are
the largest subfamily of DUBs with diverse functions in
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plants (Zhou et al. 2017). UBP12 and UBP13 have deubi-
quitinating activities and the ubp12-mild or the
ubp12ubp13 double mutants display altered flowering
time, changes in the circadian rhythms and leaf senes-
cence phenotype (Cui et al. 2013). UBP12 and UBP13
also accelerate leaf senescence by deubiquitinating and
consequently stabilizing ORE1 (Park et al. 2019). There-
fore, the ubiquitin dynamics in the cells is important for
maintain protein functions during plant development.
Taken together, it seems that autophagy and the pro-

teasome may differentially influence aging and the onset
of senescence. Interactions between these two pathways
in regulating senescence also exist. For example, as the
proteasome can be removed by autophagy (Havé et al.
2018), a potential accumulation of proteasomes might be
responsible for the early senescence phenotype of the
autophagy mutants. It might also represent a type of
compensation for the decreased proteolytic activities
that occur.
In addition to protein degradation, senescence-

regulating proteins are subject to a variety of PTMs. A
total of 207 PTMs have been detected on SAG proteins
in Arabidopsis from the Plant PTM Viewer database

(Willems et al. 2019), including lysine acetylation, lysine
methylation, lysine SUMOylation, lysine ubiquitination,
O-GlcNAcylation, phosphorylation, reversible cysteine
oxidation, and so on (Wang and Schippers 2019).
Among them, phosphorylation might be highly relevant
during the onset of senescence, as mitogen-activated
kinase cascades have been shown to affect the timing of
the senescence process in Arabidopsis (Zhou et al. 2009;
Zentgraf et al. 2010; Xiao et al. 2015; Ren et al. 2017). In
all cases, a better understanding of the role of PTMs in
the senescence-associated proteins during plant senes-
cence is needed.

Hormonal regulation of leaf senescence
Phytohormones function to integrate various develop-
mental signals and environmental cues in navigating the
senescence process through a complex network of sig-
naling pathways, in which a fine-tuned balance between
activators and repressors is maintained to ensure com-
pletion of the senescence syndrome before reaching pro-
grammed cell death (Fig. 3). It should be noted that the
characterized functions of each hormone in some plant
species may differ from others or plants with specific

Fig. 3 Hormonal and environmental regulation of leaf senescence. YCCA6 is responsible for the biosynthesis of auxin which inhibits leaf senescence in
young leaves. The auxin responsive genes SAUR36, ARF2, and ANT2 inhibit leaf senescence in young leaves. OsCKX11 degrades cytokinins in rice during
leaf senescence. Arabidopsis MYB2 regulates plant senescence by affecting the cytokinin homeostasis. Activation of the cytokinin receptor AHK3
(ORE12) significantly delays leaf senescence. DELLA proteins interact with TFs WRKY45 and WRKY6 and suppress leaf senescence. ABA receptor PYL9
functions in response to ABA and actives signaling components including ABF2/3/4, ABI5/EEL and AtNAP to promote leaf senescence. SAG113 and
AAO3 are two direct target genes of the AtNAP TF. Ethylene regulates leaf senescence through the EIN2-EIN3-miR164-ORE1 pathway. In addition, ORE1
promotes ethylene synthesis via activating ethylene biosynthesis gene ACS. JA induces leaf senescence via a signaling pathway involving COI1, JAZ
proteins, MYC2/3/4 and NAC proteins ANAC019/055/072. SL induces leaf senescence through TFs ORE9/MAX2. WRKY family TFs WRKY28, 46, 55, 75
and the WHIRLY1 protein induce the expression of ICS1 for SA biosynthesis and SA induces S3H and S5H which convert SA to hydroxylated SA. SA
induces ROS accumulation via the signaling pathway NPR1-PAD4-EDS1, promoting leaf senescence. Arabidopsis circadian evening complex (EC)
negatively regulates JA-induced leaf senescence by suppress the expression of MYC2. PRR9 functions as a positive regulator of leaf senescence by
repressing the transcription of miR164 and activating ORE1 expression. CCA1 counteracts leaf senescence by directly activating GLK2 and suppressing
ORE1 expression. ELF3 and PhyB delay leaf senescence by suppressing the transcription and protein accumulation of PIF4/PIF5. Moreover, PIF4/PIF5
directly activates expression of EIN3, ABI5 and EEL. TF SOC1 is responsive to light and negatively regulates leaf senescence. Drought induces leaf
senescence via activating the ABA signaling pathway. Pathogens induce the expression of WRKY TFs such as WRKY55, promote SA biosynthesis and
ROS accumulation, leading to leaf senescence
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mutation background due to its complex crosstalk with
other hormones.

Cytokinins
Cytokinins are N6-substituted adenine derivatives essen-
tial for plant growth, development, and stress responses
(Sakakibara 2006). The contents of cytokinins gradually
decrease during leaf senescence (Singh et al. 1992; Gan
and Amasino 1996; Zhang et al. 2021). Cytokinins delay
leaf senescence in diverse plant species after exogenous
application or by endogenous production through gen-
etic approaches. The cytokinin synthesis gene IPT driven
by a senescence-specific promoter (the SAG12 gene pro-
moter) significantly delays leaf senescence (Gan and
Amasino 1995). Activation of the cytokinin receptor
AHK3 and subsequent phosphorylation of the type B re-
sponse regulator ARR2 significantly delay leaf senes-
cence (Kim et al. 2006; Zwack and Rashotte 2013).
Cytokinin response factors (CRFs) negatively regulate
dark-induced leaf senescence (Zwack et al. 2016). The
transcription level of CRF6 increases when AHK3 is acti-
vated which imposes a negative regulatory effect on leaf
senescence. CRF6 inhibits leaf senescence by directly or
indirectly inducing the expression of downstream target
genes, including cytokinin response factors ARR6, ARR9
and ARR11, biosynthesis gene LOG7 and transportation-
related gene ABCG14 (Zwack et al. 2016). Mutation of
the TF MYB2 delays whole plant senescence by promot-
ing cytokinin accumulation (Guo and Gan 2011). Al-
though the function of cytokinins in leaf senescence is
well known, the mechanism of cytokinin inhibition of
leaf senescence remains to be elucidated. Based on the
fact that increased cell-wall invertase activity triggered
by cytokinins is both necessary and sufficient for the in-
hibition of leaf senescence, a model has been proposed
in which cytokinins mediate changes in sink/source rela-
tionships that lead senescence (Zwack and Rashotte
2013). In addition, cytokinins may regulate leaf senes-
cence through interactions with other hormones in an
antagonistic or synergistic manner. For example, ele-
vated levels of cytokinins in the rice osckx11 mutant
induce the expression of ABA degradation gene OsA-
BA8ox and inhibit the expression of ABA synthesis gene
OsNCED, thereby reducing ABA content and inhibiting
leaf senescence (Zhang et al., 2021). The mechanisms
that cytokinins regulate sink/source relationships and its
crosstalk with other hormones remain to be further in-
vestigated for a better understanding of the role of cyto-
kinins in leaf senescence.

Auxin
Auxin (prominently indole-3-acetic acid, IAA) affects
cell growth and plant morphogenesis. Its role in leaf sen-
escence is complicated and somewhat controversial

(Abeles et al. 1988; Lim et al. 2007). Nevertheless, it is
generally appreciated that auxin is a negative regulator
of leaf senescence. The endogenous IAA levels increase
during leaf senescence (Quirino et al. 1999), while ex-
ogenous application of auxin inhibits the expression of
SAGs (Noh and Amasino 1999), suggesting that auxin
plays a negative role in leaf senescence. IAA might func-
tion at late developmental stages to prevent senescence
from going too fast to ensure the completion of nutrient
recycling before the cell dies. YUCCA6 encodes a flavin
monooxygenase, the rate-limiting enzyme for IAA bio-
synthesis (Kim et al., 2007). Overexpression of YUCCA6
in Arabidopsis increases auxin contents and decreases
the expression of SAGs and the accumulation of ROS,
resulting in a delay of leaf senescence (Kim et al. 2011;
Cha et al. 2016). Loss-of-function mutation of the auxin-
responsive gene SMALL AUXIN UP RNA 36 (SAUR36)
delays leaf senescence, while overexpression of this gene
causes earlier leaf senescence (Hou et al. 2013). Muta-
tion in AUXIN RESPONSE FACTOR 2 (ARF2), a re-
pressor of auxin signaling, delays leaf senescence,
suggesting that auxin signaling suppresses leaf senes-
cence (Lim et al. 2010). Meanwhile, AINTEGUMENTA
(ANT), a TF belongs to the AP2/ERF family, acts down-
stream of ARF2 in regulating leaf senescence (Feng et al.
2016). The soybean (Glycine max) SENESCENCE-AS-
SOCIATED RECEPTOR-LIKE KINASE (SARK) and its
orthologue SARK in Arabidopsis regulate leaf senescence
through synergistic actions between auxin and ethylene
(Xu et al. 2011). Auxin, as a growth hormone, probably
slows down the process of leaf senescence by suppress-
ing the actions of senescence-inducible hormones.

Gibberellin
Gibberellins (GA) are a type of diterpene plant hor-
mones that are biosynthesized through complex path-
ways and control diverse aspects of growth and
development (Yamaguchi 2008). The contents of active
GA in leaves gradually decrease during leaf senescence.
Exogenous application of GA delays leaf senescence,
while exogenous application of GA inhibitors promotes
leaf senescence, suggesting that GA is a hormone that
functions to slow down leaf senescence (Yu et al. 2009).
Further studies have shown that GA does not directly
affect leaf senescence, but it may delay leaf senescence
by antagonizing ABA (Yu et al. 2009). However, several
recent studies showed that GA promotes leaf senescence
in some experiments. The GA signaling DELLA proteins
RGL1 and RGA interact with TFs WRKY45 and WRKY6
respectively and impair their positive roles in leaf senes-
cence (Chen et al. 2017b; Zhang et al. 2018a). The re-
ported inconsistent functions of GA suggest that GA
might indirectly regulate leaf senescence through cross-
talks with other hormones in an antagonistic or
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synergistic manner, which is dependent on the plant
species or specific mutation backgrounds.

Ethylene
Ethylene is a gaseous plant hormone that promotes leaf
senescence (Abeles et al. 1988; Jing et al. 2005). Tran-
scriptomic studies have shown that 25% of the ethylene
biosynthesis and signal transduction genes are upregu-
lated during leaf senescence, consistent with the increase
of ethylene contents in senescing leaves (Buchanan-Wol-
laston et al. 2005; Van der Graaff et al. 2006). Ethylene
treatment promotes leaf senescence while spraying
ethylene inhibitors delays leaf senescence, indicating that
ethylene positively regulates leaf senescence (Abeles
et al. 1988). EIN2, a central regulator of ethylene signal-
ing, regulates miR164, which specifically degrades the
TF ORE1, constituting an EIN2-miR164-ORE1 leaf sen-
escence regulatory module (Kim et al. 2009). Further
study showed that the EIN3 TF acts downstream of
EIN2 and directly binds to the promoter of miR164 and
thus inhibits its expression and indirectly promotes the
expression of ORE1, forming the EIN2-EIN3-miR164-
ORE1 pathway regulating leaf senescence (Li et al.
2013). EIN3 was later found to directly bind to the pro-
moters of ORE1 and AtNAP to induce their transcription
(Kim et al. 2014). Interestingly, over-production of ethyl-
ene in Arabidopsis and tomato at the early growth stage
does not accelerate plants senescence, suggesting that
the induction of leaf senescence by ethylene is
dependent on plant age (Jing et al. 2005; Jibran et al.
2013). In addition, ethylene interacts with JA signaling
in a synergistic manner in regulating leaf senescence
(Tan et al. 2018; Lim et al. 2020). The Chinese flowering
cabbage ERF TF BrERF72 directly activates expression of
the JA biosynthesis genes BrLOX4, BrAOC3, and
BrOPR3 to induce JA production and promote leaf sen-
escence (Tan et al. 2018). The function of ethylene in
leaf senescence is well characterized in multiple plant
species and ethylene has been suggested to be a down-
stream hormone which can directly induce leaf senes-
cence in an age dependent mode.

Salicylic acid
Salicylic acid (SA) is a phenolic plant hormone that plays
multiple roles in plant development, biotic and abiotic
stress responses (Morris et al. 2000). In Arabidopsis, SA
contents gradually increase during leaf senescence
(Breeze et al. 2011; Zhang et al. 2017b). Transgenic
plants expressing the SA degrading enzyme NahG, the
SA biosynthetic mutant sid2, and the signal transduction
mutants eds1, pad4, and npr1 all show delayed leaf sen-
escence (Lim et al. 2007). SA treatment induces the ex-
pression of many SAGs, including the WRKY family TFs
(Dong et al. 2003; Besseau et al. 2012). WRKY TFs such

as WRKY75, WRKY51, WRKY28, WRKY55 and
WRKY46 directly bind to the promoter region of the SA
biosynthesis gene ICS1 and promote the accumulation
of SA and ROS to accelerate leaf senescence (Guo et al.
2017; Zhang et al. 2017a; Tian et al. 2020; Wang et al.
2020b). The retrograde signaling protein WHIRLY1
(WHY1) is dual-localized in chloroplasts and nuclei, reg-
ulates the expression of SA biosynthesis genes ICS1 and
PAL, and promotes leaf senescence via the SA pathway
(Lin et al. 2020). The studies on SA dihydroxylases, SA
3-HYDROXYLASE (S3H) and S5H, showed that SA is
involved in both the onset and the progression of leaf
senescence (Zhang et al. 2013, 2017b). In addition, SA
has been shown to promote leaf senescence by inducing
autophagic lysosome formation (Yoshimoto et al. 2009;
Xiao et al. 2010; Yin et al. 2020). It is well recognized
that SA plays a direct role in both the onset and progres-
sion of leaf senescence, but most of these results are
from Arabidopsis studies. The role of SA in leaf senes-
cence of other plant species, especially in crop plants, re-
mains to be investigated.

Abscisic acid
Abscisic acid (ABA) is a plant hormone belonging to
sesquiterpene, regulating plants’ response to abiotic and
biotic stresses, and various developmental processes.
ABA contents increase during leaf senescence and
exogenous application of ABA induces leaf senescence.
Expression of the NAC TF VNI2 is induced by ABA and
leaf senescence, and VNI2 functions in mediating stress-
triggered leaf senescence (Yang et al. 2011). The ABA-
inducible TF AtNAP promotes leaf senescence by acti-
vating its direct target genes, including the phosphatase
gene SAG113 and the ABA biosynthesis gene AAO3
(Zhang and Gan 2012; Zhang et al. 2012; Yang et al.
2014). The TF CDF4 accelerates leaf senescence by up-
regulating ABA biosynthesis and repressing H2O2 scav-
enging (Xu et al. 2020). In rice, ABA-responsive NAC
TFs OsNAC2 and ONAC054 induce the expression of
ABA biosynthesis or signaling genes, which in turn en-
hance the expression of SAGs and promote leaf senes-
cence (Liang et al. 2014; Mao et al. 2017; Sakuraba et al.
2020). ABA antagonizes cytokinins by inducing the ex-
pression of OsCKX11 which functions to reduce cytoki-
nin contents in senescing leaves of rice (Zhang et al.
2021). Overexpression of OsMYB102 inhibits the expres-
sion of SAGs, including genes associated with ABA deg-
radation and ABA signaling (OsABF4, OsNAP, and
OsCYP707A6) and delays leaf senescence (Piao et al.
2019). The current data show that ABA plays a positive
role in leaf senescence of different plant species includ-
ing Arabidopsis and rice, suggesting that ABA may have
a conserved role in leaf senescence and might be an
ideal target for modulating the leaf senescence process.
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Jasmonic acid
Jasmonic acid (JA) is a class of lipidic plant hormones,
synthesized from α-linoleic acid in the chloroplast mem-
brane, and plays essential roles in plant development
and stress responses (Wasternack 2007). JA content
gradually increases during leaf senescence, and external
application of JA induces leaf senescence (He et al.
2002), suggesting that JA plays a positive role in leaf sen-
escence. Arabidopsis MYC2/3/4, a group of bHLH type
TFs, play a central role in JA-induced leaf senescence
(Zhu et al. 2015; Zhuo et al. 2020). The circadian even-
ing complex (EC) represses JA-induced leaf senescence
in Arabidopsis by directly binding to the promoter of
MYC2 (Zhang et al. 2018b). In addition, JA represses
CAT2 expression to increase H2O2 accumulation, thus
promoting leaf senescence in a MYC2-dependent man-
ner (Zhang et al. 2020d).
JA also regulates leaf senescence via crosstalks with

multiple hormones. WRKY57, a repressor of JA-induced
leaf senescence, interacts with JASMONATE ZIM-
DOMAIN4/8 (JAZ4/8) and the AUX/IAA protein
IAA29 in regulating leaf senescence through JA and IAA
signaling pathways (Jiang et al. 2014). The interacting
proteins WRKY53 and EPITHIOSPECIFYING SENESC
ENCE REGULATOR (ESR/ESP) that are antagonistically
regulated by JA and SA, function in mediating negative
crosstalks between pathogen resistance and senescence,
which is most likely governed by the JA and SA equilib-
rium (Miao and Zentgraf 2007). Rice ETHYLENE RE-
SPONSE FACTOR 101 (OsERF101) promotes the onset
and progression of leaf senescence by binding to the
promoters of OsNAP and OsMYC2, which activate genes
involved in chlorophyll degradation and JA signaling-
mediated leaf senescence (Lim et al. 2020). Wheat
TaWRKY42-B promotes leaf senescence mainly by tar-
geting a JA biosynthesis gene, TaLOX3, which conse-
quently contributes to JA accumulation in dark-induced
leaf senescence (Zhao et al. 2020). Apple (Malus domes-
tica) BT2 protein interacts with MtJAZ protein and
MtMYC2, and negatively regulates JA-triggered leaf sen-
escence by modulating the stability of MtMYC2 and
MtJAZ2 (An et al. 2020). The positive role of JA in leaf
senescence has been proved in different plant species in-
cluding Arabidopsis, rice, wheat, and apple. As a stress
responsible hormone, together with ABA and SA, JA
might function to integrate environmental cues into the
leaf senescence process.

Brassinolide
Brassinolide (BR) is a kind of polyhydroxy sterol, which
regulates a wide range of physiological processes, includ-
ing plant growth and immunity. Exogenous spray of BR
accelerates leaf senescence, while the BR perception mu-
tant bri1 exhibits a delayed leaf senescence phenotype,

indicating that BR plays a positive regulatory role during
leaf senescence (Jibran et al. 2013). ATBS1-INTERACT
ING FACTOR 2 (AIF2), a non-DNA-binding bHLH TF,
retards dark-triggered and BR-induced leaf senescence
in Arabidopsis (Kim et al. 2020). BR signals affect the
transcription and stability of AIF2 and regulate leaf sen-
escence (Kim et al. 2020). BR as a growth-related hor-
mone, together with auxin, CK and GA, may integrate
the developmental signals to the age inducible processes
of leaf senescence.

Strigolactones
Strigolactones (SLs) are a group of terpenoid lactones
synthesized from carotenoids. SLs are involved in shoot
branching, root development, secondary growth, and
drought tolerance (Yamada and Umehara 2015). Loss-
of-function mutation of ORE9, an F-box protein identi-
cal to SL signaling protein MORE AXILALY
GROWTH2 (MAX2) in Arabidopsis, and its orthologue
OsDE3 in rice, both result in delayed leaf senescence
(Woo et al. 2001; Stirnberg et al. 2002; Yan et al. 2007),
suggesting that SL plays a positive role in leaf senes-
cence. Exogenous application of G24 (a synthetic SL
analog) promotes leaf senescence in the SL-deficient
mutants max1, max3 and max4 of Arabidopsis and d10,
d17 and d27 of rice (Yamada and Umehara 2015). Al-
though GR24 treated wild-type rice do not show an early
leaf senescence phenotype, the expression levels of SAGs
are increased in plants, suggesting that GR24 induces
SAGs during leaf senescence (Yamada et al. 2014). SL
biosynthesis is induced under nitrogen or phosphate de-
ficiency, indicating that SL serves as a signal for nutrient
availability in regulating leaf senescence (Yamada et al.
2014; Yamada and Umehara 2015). The SL biosynthesis
genes MAX3 and MAX4 are dramatically induced by
dark incubation and ethylene (Ueda and Kusaba 2015).
Furthermore, leaf senescence is strongly induced by the
application of SL in the presence of ethylene but not by
SL alone, suggesting that SL and ethylene interact syner-
gistically in regulating leaf senescence (Ueda and Kusaba
2015). Since the amount of SL is pretty low in plants, it
is tedious to quantify SL contents in different stages of
leaf senescence. Future work may focus on the mecha-
nisms of how SL integrates environmental cues into de-
velopmental and leaf senescence processes.

Environmental regulation of leaf senescence
A range of abiotic stressors, such as drought, darkness,
extreme temperature, salt and nutrition deficiency, and
biotic factors, such as pathogen infection and insect at-
tack, can accelerate the onset and/or progression of leaf
senescence (Guo and Gan 2005; Lim et al. 2007; Guo
and Gan 2012) (Fig. 3). However, accelerated senescence
may be an active ‘escape’ strategy through which plants
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can reduce the canopy size in response to stresses,
thereby increasing the survival rate and the chance of re-
productive success (Munne-Bosch and Alegre 2004).

Circadian rhythm
The circadian clock is closely related to aging. In plants
the circadian rhythm is intertwined with leaf senescence.
For example, the period of circadian rhythm is shorter
(~ 22.6 h) in old leaves than that of young leaves (~ 24 h)
in the same Arabidopsis plant (Kim et al. 2016a). TIMI
NG OF CAB EXPRESSION 1 (TOC1), a clock oscillator,
is an essential component of circadian rhythms that inte-
grate age-related signals (Kim et al. 2016a). The Arabi-
dopsis circadian EC, consisting of EARLY FLOWERING
3 (ELF3), ELF4, and MYB family TF LUX ARRHYTHM
O (LUX), negatively regulates JA-induced leaf senes-
cence by suppressing MYC2 expression (Sanchez and
Kay 2016; Zhang et al. 2018b; Woo et al. 2019). PRR9,
another core component of the circadian rhythm, func-
tions as a positive regulator of leaf senescence via
repressing the transcription of miR164 and consequently
increasing ORE1 expression (Kim et al. 2018). CIRC
ADIAN CLOCK-ASSOCIATED 1 (CCA1), a central cir-
cadian clock component, counteracts leaf senescence by
directly activating GLK2 and suppressing ORE1 expres-
sion (Song et al. 2018), suggesting that ORE1 may be a
pivotal converging node that mediates circadian rhythm-
regulated leaf senescence. These findings indicate that
circadian rhythm is relevant to lifespan in plants. But it
remains unclear whether dysregulation of rhythm is the
cause or merely a consequence of senescence.

Light
Light is essential for plant growth and plays a critical role
in regulating leaf senescence (Lim et al. 2018). Changes in
light intensity, light quality and the red to far-red light ra-
tio affect leaf senescence (Lim et al. 2018). Red light has a
negative impact on leaf senescence, while far-red light
plays a positive role (Thompson et al. 2000; Lim et al.
2007). PIF4 and PIF5 are crucial for darkness-induced sen-
escence (Sakuraba et al. 2014; Song et al. 2014). ELF3 and
phytochrome B (PhyB) delay leaf senescence by suppress-
ing transcription and protein accumulation of PIF4/PIF5.
Moreover, PIF4/PIF5 directly activates the expression of
EIN3, ABI5, and EEL. In turn, PIF4/5, EIN3, ABI5 and
EEL directly activate ORE1, thus forming multiple, coher-
ent feed-forward loops (Sakuraba et al. 2014). PhyA and
PhyB act antagonistically with WRKY6 to regulate FR-
mediated leaf senescence (Sakuraba et al. 2014). FAR-RED
ELONGATED HYPOCOTYL3 (FHY3) directly binds to
the promoter region of WRKY28 to repress its expression,
which slows down SA biosynthesis and light-mediated leaf
senescence (Tian et al. 2020).

Prolonged darkness, or complete deprivation of light
over a longer time period, is one of the major inducers of
leaf senescence. The transcriptome changes during dark-
induced senescence largely resemble those during natural
senescence (Guo and Gan 2012). Therefore, dark treat-
ment has been widely used as a quick, simple and efficient
method to synchronously induce leaf senescence, which is
convenient for testing the effects of additional bioactive
senescence regulators such as phytohormones, sugars, and
secondary metabolites. In general, the leaf senescence
phenotype caused by dark treatments is consistent with
that under natural conditions. However, there are also
cases where the senescence phenotype is not consistent.
In this case, the senescence phenotype under natural con-
ditions is used to determine whether a gene is positively
or negatively regulating leaf senescence.

Salt stress
Salt stress is a major cause that affects plant productivity
and geographical distribution in agriculture (Zhu 2016).
High salinity seriously affects the growth and development
of plants, including acceleration of leaf senescence. Ionic
stress, osmotic stress and secondary stresses, particularly
oxidative stress, are generated under high salinity condi-
tions to suppress normal growth and development of
plants, resulting in excessive salt accumulation in leaves,
thereby inducing leaf senescence and reducing plant yield
(Ghanem et al. 2008; Yang and Guo 2018). When exposed
to salt stress, plant cells over-accumulate ROS (Han et al.
2020). Elevated ROS levels serve as a signal that is sensed
by a ROS sensor/receptor or active oxygen scavenging en-
zymes, including superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD) and others, which function to
remove excessive ROS and free radicals and maintain nor-
mal growth and development (Yang and Guo 2018; Han
et al. 2020). A number of TFs, such as the NAC family
members, have been demonstrated to regulate salt stress-
induced leaf senescence. ONAC106, a salt stress-
responsive gene, negatively regulates leaf senescence in
rice. The onac106-1D (insertion of the 35S enhancer in
the promoter region of the ONAC106 gene) mutants dis-
play delayed senescence and enhanced tolerance to salt
stress (Sakuraba et al. 2015). Mutation in BILATERAL
BLADE SENESCENCE 1 (OsBBS1/OsRLCK109), a rice
receptor-like kinase gene, accelerates leaf senescence and
attenuates salt tolerance in rice (Zeng et al. 2018). Overex-
pression of the salt-induced protein salT also delays leaf
senescence in rice (Zhu et al. 2019), which might be a
feedback regulation to suppress leaf senescence induced
by salt stress.

Drought stress
Drought is another critical factor affecting plant growth
and survival rate. Drought stress induces a variety of
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responses in plants, including leaf senescence (Munne-
Bosch and Alegre 2004). ABA is the major phytohor-
mone that mediates drought-induced leaf senescence
(Fujii and Zhu 2009). By activating the PP2Cs-SnRK2s-
RAV1/ABF2-ORE1 signaling cascade, the ABA receptor
PYL9 promotes drought resistance through limiting
transpirational water loss and triggering dormancy-like
responses such as senescence in old leaves and inhibiting
growth in young tissues under severe drought conditions
(Zhao et al. 2016). The accelerated leaf senescence in
pRD29A::PYL9 transgenic plants helps generate a greater
osmotic potential gradient, allowing water to preferen-
tially flow to developing tissues. While the acceleration
of leaf senescence caused by drought positively affects
plant survival and adaptability, plenty of evidence sug-
gests that delaying leaf senescence enhances drought tol-
erance (Guo and Gan 2014) (See Genetic manipulation
of leaf senescence for stress tolerance section). The
membrane-bound TF ONAC054 is required for ABA-
induced leaf senescence and is regulated at the transcrip-
tional, post-transcriptional, and post-translational levels
(Breeze 2020; Sakuraba et al. 2020). Under drought
stress, the balance between growth and survival has to
be well geared for plants’ fitness (Claeys and Inzé 2013),
and the mechanisms underlying this are barely
understood.

Pathogen attack
In nature, plants are frequently attacked by various patho-
gens, leading to senescence and even death of plants. In
this case, plants will initiate a series of immune defense re-
sponses to fight back. Dozens of WRKY family TFs are in-
volved in regulating both leaf senescence and pathogen
defense response, evidently through the ROS and SA
pathways, both of which play important roles in leaf senes-
cence and defense responses induced by pathogens
(Zhang et al. 2020b). WRKY55 regulates the accumulation
of ROS and SA by modulating the transcription of genes
related to the biosynthesis of ROS and SA, thus positively
regulating leaf senescence and defense against P. syringae
(Zhang et al. 2020d). Pathogen-induced leaf senescence
also involves sugar signals. Altered sensitivity to sugars
and/or increased efficiency of sugar signaling in hys1/cpr5
mutants contribute to the initiation of leaf senescence and
pathogen-defense responses in Arabidopsis (Yoshida et al.
2002). An in-depth understanding of the regulatory mech-
anisms of pathogen-induced leaf senescence will help in
breeding high-yield and disease-resistant crops via mo-
lecular breeding strategies.

DNA-damaging stress
Plants also suffer from various types of DNA damage in-
duced by endogenous factors and exogenous genotoxic
stresses (Vijg 2000), including drought, ultraviolet light,

and metabolic by-products such as ROS (Tuteja et al.
2001). Due to increased genotoxic stress and decreased
DNA repair capacity, DNA damage gradually increases
during normal senescence. Age-related DNA damage ac-
cumulation has been regarded as one of the main drivers
of animal senescence (Vijg 2000). Recent studies revealed
that a similar mechanism exists for plant senescence. As
leaves age, DNA damage increases and DNA repair effi-
ciency declines. Double-strand DNA breaks (DSBs) caused
by inducible overexpression of I-PpoI restriction endo-
nuclease or genotoxic chemical bleomycin accelerate leaf
senescence (Li et al. 2020). Moreover, comparative ana-
lysis of transcriptomic data reveals that DSB causes gene
expression changes similar to senescence. A number of
the DNA repair pathway components have been shown to
be involved in leaf senescence. ATAXIA TELANGIECT
ASIA MUTATED (ATM), a primary transducer of the
DSB signal (Shiloh and Ziv 2013), is a negative regulator
of leaf senescence. ATM delays senescence of Arabidopsis
leaves by suppressing DSB-induced expression of
senescence-associated TFs such as ANAC016, WRKY6,
WRKY53 and WRKY75 via modulation of histone lysine
methylation (Li et al. 2020). Furthermore, SUPPRESSOR
OF ATM MUTANT IN FERTILITY (SATMF) plays an
antagonistic role in ATM-mediated plant longevity
(Zhang et al. 2020c). Nevertheless, it remains a big chal-
lenge to test whether DNA damage is a driver of senes-
cence in plants.

Translational research on leaf senescence for crop
improvement
As summarized above, our current understanding of leaf
senescence is mainly based on studies of model systems
such as Arabidopsis. Due to the significant impact of leaf
senescence on photosynthesis, nutrient remobilization,
and stress responses, much effort has been made in de-
vising strategies based on known senescence regulatory
mechanisms to manipulate the initiation and progression
of leaf senescence, aiming for higher yield, better quality,
or improved horticultural performance in crop plants
(Guo and Gan 2014; Havé et al. 2016).

Genetic manipulation of leaf senescence for higher yield
A positive correlation between delay in leaf senescence,
or the stay-green trait, and higher yield has been ob-
served in cultivars of cereal crops such as maize (Tolle-
naar 1991), wheat (del Pozo et al. 2016), and sorghum
(Vadez et al. 2011). Stay-green crops maintain photosyn-
thesis capacity for a longer time after anthesis, have an
extended grain-filling period, and as a consequence,
higher biomass accumulation and grain yield, especially
under stress conditions. During the long history of crop
breeding for higher yield, genetic loci associated with
stay-green traits have been selected to accumulate in
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most modern elite cultivars (Thomas and Ougham 2014;
Kamal et al. 2019). As more and more of the stay-green
loci being molecularly dissected and a large number of
senescence regulators identified from model plant sys-
tems, during the past two decades, a significant amount
of work has been done in genetic manipulation of crop
plants to delay leaf senescence (Guo and Gan 2014;
Havé et al. 2016; Woo et al. 2019).
As an example of successful senescence manipulation

through genetic approaches, the senescence-specific en-
hancement of cytokinin accumulation system has been
widely utilized to effectively delay leaf senescence in a
large number of plant species (Guo and Gan 2014). This
autoregulatory system is designed based on the
senescence-inhibiting effect of cytokinins with the cytoki-
nin biosynthetic Isopentenyl transferase (IPT) gene driven
by the senescence-specific SAG12 promoter (Gan and
Amasino 1995). Significant delay of leaf senescence has
been observed in transgenic plants harboring pSAG12::
IPT or IPT driven by other senescence-inducible pro-
moters, with higher yield often achieved in crop plants
(Guo and Gan 2014; Kant et al. 2015; Décima Oneto et al.
2016; Joshi et al. 2019) (Table 1).
Other than the IPT-based senescence-inhibiting ap-

proach, major senescence regulators, mostly
senescence-regulating TFs, NAC family TFs in par-
ticular, have been used in genetic manipulation of leaf
senescence (Liang et al. 2014; Borrill et al. 2015; Lira
et al. 2017; Raineri et al. 2019; Zhang et al. 2019).
NAP and ORE1 are NAC family TFs that were ini-
tially identified in Arabidopsis as master regulators of
leaf senescence (Guo and Gan 2006; Kim et al. 2009).
Homolog genes in a number of plant species of
AtNAP and AtORE1 have been characterized to have
similar functions in regulating leaf senescence (Guo
and Gan 2014; Liang et al. 2014; Lira et al. 2017; Ma
et al. 2018). Changes in expression of these TFs in
crop plants lead to a significant delay in leaf senes-
cence and in many cases, yield increase (Lu et al.
2017; Ma et al. 2018; Kang et al. 2019; Raineri et al.
2019).
It is promising to see that yield increase via delaying

leaf senescence has been achieved in diverse crop species
including rice (Peleg et al. 2011; Liang et al. 2014; Lu
et al. 2017; Kang et al. 2019; Zhang et al. 2021), maize
(Décima Oneto et al. 2016; Raineri et al. 2019; Zhang
et al. 2019), wheat (Joshi et al. 2019), tomato (Lira et al.
2017; Ma et al. 2018), canola (Kant et al. 2015), and pea-
nut (Qin et al. 2011). Delayed leaf senescence however,
does not always result in increased yield. A 23% reduc-
tion in yield of storage root was observed when the
pSAG12::IPT strategy was applied on cassava, accom-
panied by a significant delay in leaf senescence (Zhang
et al. 2010). In several other cases, a significant delay in

leaf senescence did not affect yield (Uauy et al. 2006;
Sýkorová et al. 2008; Avni et al. 2014; Borrill et al. 2015;
Zhao et al. 2015) (Table 1).
The senescence process of leaves could impact crop

yield though two opposite directions: delayed leaf senes-
cence on one side could increase yield due to prolonged
photosynthesis and an extended grain-filling period
while on the other hand, delay in leaf senescence could
compromise nutrient remobilization from senescing
leaves to organs to be harvested, which may negatively
affect yield (Wu et al. 2012b; Gregersen et al. 2013; Dis-
telfeld et al. 2014). In a number of cases, delayed senes-
cence was associated with reduced grain protein content
(Uauy et al. 2006; Avni et al. 2014; Liang et al. 2014), in-
dicating delayed nitrogen remobilization from the source
leaves. Also, the yield potential of cereals is believed to
be the result of the synergistic interaction between
source activity and sink capacity (Lv et al. 2020). Sink
strength, not source activity which is affected by leaf
senescence, has been suggested to be the limiting factor
in yield formation, at least for some crops such as wheat
(Borrás et al. 2004). Since source-sink interaction and
nutrient remobilization during senescence seem to be
dependent on plant species, harvesting organs, and
growth conditions (Havé et al. 2016; Kamal et al. 2019),
studies targeting specific crop species are necessary to
facilitate utilization of our current understanding of leaf
senescence and nutrient remobilization for yield and
quality improvement in agriculture.

Genetic manipulation of leaf senescence for stress
tolerance
It is almost always the case that plants with delayed leaf
senescence show higher tolerance to environmental
stresses, including drought, salinity, low nitrogen, flood-
ing, cold and heat (Guo and Gan 2014). As described in
the previous section, senescence can be triggered by a
variety of biotic as well as abiotic stresses (Ali et al.
2018; Woo et al. 2019), and significant similarity in gene
expression is found between senescence and plants’ re-
sponse to different stress conditions (Guo and Gan
2012). Under stress conditions, source activity instead of
sink strength might become the limiting factor for crop
performance. Therefore, it’s not surprising to see that
the benefit of delaying leaf senescence is more significant
when plants are facing unfavorable environmental condi-
tions. Leaf senescence was significantly delayed in wheat
plants expressing the IPT gene driven by a modified
AtMYB32xs promoter. Transgenic wheat plants were
grown in the field with irrigation (well-watered) or
water-stressed with rainout shelters. While the delayed
senescence transgenic plants showed 40–67% increase in
grain yield compared with wild-type plants under water-
stressed conditions, yield increase of the stay-green
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plants was not significant under the well-watered treat-
ments (Joshi et al. 2019). Similarly, rice (Peleg et al.
2011) and peanut (Qin et al. 2011) plants harboring
pSARK::IPT showed significant yield increase under
water-limiting conditions but no yield increase was ob-
served when these plants were well-watered. In another
study, overexpression of the zinc finger TF gene
OsGATA12 led to a 30% increase in grain yield in rice
plants grown in high density. When the OsGATA12 ex-
pressing plants were grown in low density, grain yield
was decreased instead (Lu et al. 2017). With global cli-
mate changes and the requirement of reducing nitrate
fertilizers, crop plants are imposed with increasingly
harsher growth conditions while higher production is re-
quired to feed the world’s increasing population. It is
critical to develop stress-tolerant plants that keep their
photosynthetic capacity and maintain productivity under

high temperature, water-limited conditions, and reduced
fertilization.

Genetic manipulation of leaf senescence for better
horticultural performance
In addition to yield/biomass increase as in cereals, de-
layed leaf senescence could also improve the quality and
performance of horticultural crops. The pSAG12::IPT
system has been used in manipulating senescence in
vegetable crops including lettuce, broccoli, cauliflower,
and bok choy with a significant extension of the shelf life
after harvest (reviewed in Guo and Gan 2014). Green
leaf color is a key trait for green-leaf vegetables such as
Chinese cabbage (Brassica rapa ssp. pekinensis) and pak-
choi (Brassica campestris L. ssp. chinensis). Stay-green
mutants of these crops have been generated via muta-
genesis targeting the key Chl-degradation genes NYE1/

Table 1 Effects of delayed leaf senescence on yield of genetically engineered crop plants

Plant
species

Strategies for delaying
senescence

Organs
harvested

Yield
increase (%)

Growth
conditions

Note References

Cassava pSAG12::IPT Storage root −23.33 Field Increased drought tolerance Zhang et al. 2010

Canola pAtMYB32xs::IPT Grain 16–23 or 7–
16

Field, rainfed or
irrigated

Elevated oleic acid content Kant et al. 2015

Maize pSARK::IPT Grain 47–66 Green house water
deficit

No effect when well-watered Décima Oneto
et al. 2016

Maize HaHB11 overexpression Grain 28 Field Raineri et al. 2019

Maize nac7 RNAi Grain 2.2–3.5 Field Zhang et al. 2019

Peanut pSARK::IPT Seed 51 Field, water-limiting No yield increase when well-
watered

Qin et al. 2011

Rice pSARK::IPT Grain 144 Green house,
water-stressed

No yield increase when well-
watered

Peleg et al. 2011

Rice OsNAP RNAi Grain 6.3–10.3 Field Reduced grain protein and
mineral micronutrient

Liang et al. 2014

Rice OsGATA12 overexpression Grain 30 Green house, high
density

Reduced yield at low density Lu et al. 2017

Rice ONAC096 T-DNA insertion Grain 16 Field Kang et al. 2019

Rice OsCKX11 Crispr/Cas9 Grain 7.5 Field Increased grain number Zhang et al. 2021

Rice Introgression of japonica
OsSGR allele

Grain 10.6–12.7 Field Shin et al. 2020

Tomato SlORE1S02 RNAi Fruit 43–95a Green house Increased soluble solid content Lira et al. 2017

Tomato SlNAP2 RNAi Fruit 19a Growth chamber Increased soluble solid content Ma et al. 2018

Wheat TaNAM RNAi Grain Not affected Field Reduced grain protein, zinc
content

Uauy et al. 2006

Wheat EMS mutagenesis of GPC-A1
and GPC-D1

Grain Not affected Field Reduced grain protein content Avni et al. 2014

Wheat TaNAC-S overexpression Grain Not affected Green house Increased straw N content Zhao et al. 2015

Wheat NAM RNAi Grain Not affected Growth room Increased stem fructans Borrill et al. 2015

Wheat pSAG12::IPT Grain Not affected Green house Sýkorová et al.
2008

Wheat pAtMYB32xs::IPT Grain 40–67 Field, water
stressed

Slight increase when well-watered Joshi et al. 2019

aEstimated based on bar graphs when numbers are not provided in the article
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SGR1 (Wang et al. 2018, 2020a). Creeping bentgrass
(Agrostis stolonifera), a cool-season specialty turfgrass
primarily used for golf courses, is sensitive to environ-
mental stresses. Using the pSAG12::IPT strategy, a series
of studies by the Huang group obtained creeping bent-
grass with enhanced tolerance to drought and heat
stresses (Merewitz et al. 2016; Xu et al. 2016b), and in-
creased root viability (Xu et al. 2010; Merewitz et al.
2011). Interestingly, delay of leaf senescence in fruit har-
vesting crops was shown to improve the quality of fleshy
fruits. In two independent studies, tomato leaf senes-
cence was manipulated by suppressing the expression of
NAC family TFs SlORE1S02 (Lira et al. 2017) and SiNAP
(Ma et al. 2018) via RNAi. As a result of significantly de-
layed leaf senescence, a significant increase in fruit yield
was achieved in both studies. In addition, increased sol-
uble solid contents were observed in tomato fruits from
the transgenic plants (Lira et al. 2017; Ma et al. 2018). It
appears that for fruit crop like tomatoes, prolonged
photosynthesis capacity does not prevent nutrient trans-
location from source to sink tissues. Higher contents in
sugars such as fructose, sucrose, glucose were observed
in fruits of delayed-senescence tomato, which increased
sweetness of the fruits (Lira et al. 2017; Ma et al. 2018).
Recent progress in apple leaf senescence could poten-
tially provide more information on leaf senescence and
fruit quality in fleshy fruit production (Hu et al. 2019a;
Han et al. 2020).

Conclusions
Impressive progress has been achieved in understanding
leaf senescence through forward/reverse genetic strat-
egies and omics-based technologies, etc. However, we
still know too little about how leaf senescence is
regulated.
Although each phytohormone’s function and signaling,

especially that of ethylene, ABA, JA, and SA, are well-
acknowledged in leaf senescence, the crosstalks between
these phytohormones and how they cooperate with each
other to manipulate the senescence process remain to be
elucidated. Meanwhile, how the developmental signals
and environmental cues are integrated into the hormo-
nal signaling pathways and how these signals are finely
controlled through TFs, chromatin modifiers, RNA
modifiers, and protein modifiers to regulate gene expres-
sion and protein turnover during leaf senescence, remain
to be big challenges in this field.
For translational research, the source-sink relationship

and nutrient remobilization during the grain-filling
period of cereals need to be addressed at the molecular
level. Studies on model plants may not be able to pro-
vide a precise prediction for specific crop species. With
the publication of the genomes of many plant species,
functional analysis of SAGs in different species will

deepen our understanding of the relationship between
senescence and yield. With the application of gene-
editing technologies such as CRISPR/Cas9, we anticipate
that more and more genome modified stay-green crops
will be developed and commercialized in the near future.
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MATE: Multidrug and toxic compound extrusion; MAX2: MORE AXILALY
GROWTH 2; mFCC: Modified FCC; NAP: NAC-LIKE, ACTIVATED BY AP3/PI;
NCC: Non-fluorescent chlorophyll catabolite; NOL: NYC1-like; NORE1: NOT
ORESARA 1; NPX1: NUCLEAR PROTEIN X 1; NYC1: NON-YELLOW COLORING 1;
NYEs: NON-YELLOWINGs; OEM: Outer-envelope-membrane; ORE1: ORESARA
1; pFCCs: Primary fluorescent chlorophyll catabolites; PhyB: Phytochrome B;
PIF: PHYTOCHROME-INTERACTING FACTOR; POD: Peroxidase; PTMs: Post-
translational modifications; RCB: Rubisco-containing bodies; RCC: Red
chlorophyll catabolite; ROS: Reactive oxygen species; S3H: SA 3-
HYDROXYLASE; SA: Salicylic acid; SAGs: Senescence-associated genes;
SAM: Shoot apical meristem; SARK: SENESCENCE- ASSOCIATED RECEPTOR-
LIKE KINASE; SATMF: SUPPRESSOR OF ATM MUTANT IN FERTILITY;
SAUL1: SENESCENCE-ASSOCIATED E3 UBIQUITIN LIGASE 1; SAUR36: SMALL
AUXIN UP RNA 36; SGRL: SGR-LIKE; SGRs: STAY-GREENs; SLs: Strigolactones;
smRNAs: Small RNAs; SOD: Superoxide dismutase; SSTG: Small starch granule-
like structures; SUVH2: Suppressor of variegation 3–9-homologous 2;
tasiRNAs: Trans-acting small interference RNAs; TCP: TEOSINTE BRANCHED/
CYCLOIDEA; TFs: Transcription factors; TOC: Translocon outer membrane
complex; TOC1: TIMING OF CAB EXPRESSION 1; UBPs: Ubiquitin-specific
proteases; UPS: Ubiquitin-26S proteasome system
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