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Leaf senescence is a sequence of biochemical and physiological events comprising the final stage in leaf development. It 
encompasses the period from a fully expanded mature state up to the death, thereby limiting longevity. The changes occur- 
ring during leaf senescence are very complex but highly regulated, and are genetically programmed with actions coordinated 
at the cellular, tissue, organ, and organism levels. A major breakthrough in our molecular understanding of this phenomenon 
has been achieved through the characterization of various mutants and senescence-associated genes, including regulatory 
genes. In particular, a genetic screening and assay system for leaf senescence has been well established in Arabidopsis, which 
led leaf senescence into the realm of genetic subject along with the rich genetic and genomic resources in this model plant. 
These advances have not only revealed the existence of a complex regulatory network of senescence-associated signaling 
pathways, but have also allowed us to postulate the molecular mechanisms for signal perception, execution, and regulation. 
The key regulatory genes identified to date encode a variety of proteins, including transcription regulators and signal-trans- 
duction proteins, regulators of protein degradation, proteins associated with phytohormone pathways, and regulators of 
metabolism. Elucidation of their roles in leaf senescence and analyses of senescence regulatory pathways, including systems- 
level approaches, will increase our knowledge of the networks involved in senescence activity. 
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SENESCENCE, P R O G R A M M E D  CELL DEATH, 
A N D  DEVELOPMENTAL A G I N G  IN PLANTS 

Senescence is a developmental process that leads to the 
death of a cell, an organ, or an organism and occurs at the 
final stage of their development. This phenomenon is ubiq- 
uitous characteristics of the biological world. For centuries, 
senescence and death have been assumed to be an inevita- 
ble bad destiny. However, from an ontogenetic perspective, 
biologists now consider these processes to be evolutionarily 
acquired and genetically programmed developmental strate- 
gies rather than one of simple and passive degeneration. 

As with many other organisms, senescence in plants is a 
type of programmed cell death (PCD) that is dictated by a 
genetic program (Nam, 1997; van Doorn and Woltering, 
2004). PCD in higher plants occurs throughout the develop- 
ment of most organs, and can be triggered by environmental 
factors such as pathogen infection and physical injury (Jones 
and Dangl, 1996). Cell death during senescence is observed 
in the leaves, petals, fruits, and whole plants. In contrast, 
other types of PCD such as a hypersensitive response (HR), 
involve rather localized cell death. Senescence also is mani- 
fested by a more prolonged period of PCD compared with 
other types, which are generally associated with acute and 
rapid cell death. This slower rate is connected, at least in 
part, with the efficient recycling of nutrients that are 
released during senescence (Lim et al., 2003). 

Although these terms are often used interchangeably 
when referring to animals, senescence and developmental 
aging are different concepts. The first term applies to the 
final stage of development that leads to death. In contrast, 
developmental aging is addition of timing to a cell, organ, or 
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a whole plant and occurs throughout development (Lim et 
al., 2003). In this sense, the latter concept would be a major 
determinant of senescence but is not senescence in itself. 

M I T O T I C  A N D  P O S T - M I T O T I C  
SENESCENCE IN PLANTS 

Plants exhibit two types of senescence: mitotic and post- 
mitotic (Gan, 2003). The shoot apical meristem cell can 
undergo a certain number of mitotic divisions to produce 
organs such as leaves and flowers. Loss of capacity for fur- 
ther divisions in the meristem upon aging is called mitotic, 
or proliferative, senescence (Hensel et al., 1993). In con- 
trast, post-mitotic senescence is a degenerative process that 
occurs after cellular maturation, and leads to the death of 
cells. It occurs in organs such as leaves and petals. In our 
review, only leaf senescence-related research will be dis- 
cussed. 

LEAF SENESCENCE 

Like other senescence events in plants, leaf senescence is 
the final stage of development, from maturation to degener- 
ation in leaf life history. In nature, this phenomenon is most 
typically observed in the autumn leaves of trees and other 
perennial plants. Green leaves turn yellow or red before 
death, and are eventually discarded. Annual plants such as 
grain crops follow a similar process when they turn from 
green to yellow as the grain ripens before harvest. 

During its life span, a leaf undergoes several developmen- 

Abbreviations: HR, hypersensitive reaction; PCD, programmed cell 
death; SAG, senescence-associated gene 
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tal phases. Initially it is expanding rapidly, importing carbon 
and nitrogen and undergoing rapid protein synthesis until it 
reaches its full capacity for photosynthesis. Then the mature 
leaf becomes an asset to the plant, contributing to the sup- 
ply of carbon. During that time, protein turnover is at a con- 
sistently low level, which continues until internal or external 
conditions initiate the onset of senescence. In that final 
stage, leaf cells undergo sequential disorganization and dra- 
matic alterations in their cellular metabolism (Nood6n, 
1988; Nam, 1997). These changes include the loss of pho- 
tosynthetic activity and hydrolysis of macromolecules that 
have accumulated during the growth phase. Degenerative 
activities are concomitant with a massive remobilization of 
hydrolyzed molecules to the growing parts of plants such as 
young leaves, developing seed, and fruits. Thus, leaf senes- 
cence can be considered as a nutrient recycling program at 
the organismal level, and is an important developmental 
process for plant fitness (Nam, 1997; Lim et al., 2003). From 
an agricultural perspective, however, leaf senescence may 
limit yields and also cause post-harvest yellowing and loss of 
nutrients in vegetable crops. Thus, the study of this process 
not only contributes to our knowledge about this fundamen- 
tal process, but may lead us to devise ways in which to 
manipulate senescence in order to improve agronomic pro- 
ductivity (Nood6n, 1988; Nam, 1997; Buchanan-Wollaston 
et al., 2003; Lim and Nam, 2005). 

SYMPTOMS OF LEAF SENESCENCE 

Leaf senescence is a degenerative process that involves 
orderly and sequential changes in cellular physiology and 
biochemistry. These steps are most easily understood from 
the standpoint of nutrient salvage, e.g., the hydrolysis of 
macromolecules and subsequent remobilization that requires 
the operation of a complex array of metabolic pathways 
(Fig. 1 ). 

The initial stage of senescence symptoms is a breakdown 
in membrane structure within the chloroplasts, where 
>50% of the leaf protein and :>70% of its lipids are present 
(Bleecker and Patterson, 1997; HOrtensteiner and Feller, 
2002). Chloroplast degeneration is accompanied by chloro- 
phyll degradation and a progressive loss of chloroplast pro- 
teins, e.g., ribulose bisphosphate carboxylase (Rubisco) and 
chlorophyll a/b binding protein (CAB) (Bate et al., 1990; 
Bleeker and Patterson, 1997). The complete hydrolysis of 
proteins to free amino acids depends on the actions of sev- 
eral endo- and exopeptidases. Senescence-associated cys- 
tein proteases, which are accumulated in the vacuole, also 
play a role in protein degradation (H~rtensteiner and Feller, 
2002; Otegui et al., 2005). Lipid-degrading enzymes, such 
as phospholipase D, phosphatidic acid phosphatase, lyric 
acyl hydrolase, and lipooxygenase, appear to be involved in 
the hydrolysis and metabolism of membrane lipids (Thomp- 
son et al., 1998, 2000). The majority of fatty acids is either 
oxidized to provide energy for the senescence process or 
processed to a-ketoghtarate via the glyoxylate cycle. This cc- 
ketoglutarate can be converted into phloem-mobile sugars 
through gluconeogenesis or else used to mobilize the amino 
acids released during leaf protein degradation (Buchanan- 

Figure 1. Senescence is the integrated response by a cell, tissue, 
organ, or organism to age, developmental status, and environment. To 
maximize fitness, planl~ incorporate all these factors in executing 
proper progression of senescence. For the sene~ence program to 
proceed, there are likely to be genes that function in various aspects 
of degeneration, including chlorophyll breakdown, and nitrogen and 
lipid remobilization. 

Wollaston, 1997). 
A massive decrease in nucleic acids occurs during leaf 

senescence. Total RNA levels are rapidly reduced along with 
the progression of senescence (Taylor et al., 1993). Their ini- 
tial decline is very apparent in the chloroplast rRNAs and 
cytoplasmic rRNAs. The amount of various rRNA species is 
likely to be regulated coordinately, although this aspect has 
not yet been analyzed. This decrease in rRNAs contents is 
followed by that of the cytoplasmic mRNA and tRNA, and is 
accompanied by enhanced activity of several RNases. None- 
theless, how exactly each RNase functions during senes- 
cence is still unknown. 

The earliest structural evidence for senescence appears in 
the chloroplast, manifested as changes in the grana and the 
formation of lipid droplets. Polysomes and ribosomes gener- 
ally decrease fairly early, reflecting diminished protein syn- 
thesis. In comparison, the mitochondria and nucleus, both 
essential to energy production and gene expression, remain 
intact until the last stages (Quirino et al., 2000). This is 
because the senescing cells must be functional for progres- 
sion of senescence until a late stage of senescence, possibly 
for the efficient re-utilization of cellular materials. 

In the final stage of senescence, when the leaves have 
turned almost completely yellow, typical symptoms of PCD, 
such as controlled vacuolar collapse, chromatin condensa- 
tion, and DNA laddering have been reliably detected in nat- 
urally senescing leaves from a variety of plants including rice, 
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tobacco, and five trees (Yen and Yang, 1998; Simeonova et 
al., 2000; Cao et al., 2003). Eventually, disintegration of the 
plasma and vacuolar membranes become apparent, and the 
loss of integrity in the plasma membrane then leads to a dis- 
ruption in cellular homeostasis, ending the life of a cell. 

GLOBAL-SCALE MOLECULAR PICTURES 
OF LEAF SENESCENCE 

Large-scale identification and analysis of senescence- 
associated genes 

Leaf senescence is accompanied by changes in gene 
expression that should be controlled in a highly coordinated 
manner. Several approaches, including differential display, dif- 
ferential cDNA library screening, suppression subtractive 
hybridization, and enhancer trapping, have been taken to 
identify the so-called %enescence-associated genes" (SAGs) 
that show enhanced expression during leaf senescence 
(Buchanan-Wollaston, 1997; John et al., 1997; Park et al., 
1998; Quirino et al., 1999; He et al., 2001; Gepstein et al., 
2003; Guterman et al., 2003). Recently, use of the DNA 
microarrays has allowed the identification of SAGs with a 
genome-wide molecular view of leaf senescence. For exam- 
ple, a DNA microarray with 13490 aspen ESTs has been 
employed to analyze the transcriptome of aspen leaves dur- 
ing autumn senescence (Andersson et al., 2004). In Arabidop- 
sis, Affymetrix GeneChip arrays representing 24000 genes 
have been utilized to assess the changes in global expression 
patterns during that process (Guo et al., 2004; Buchanan- 
Wollaston et al., 2005; van der Graaff et al., 2006). From that 
analysis, more than 800 SAGs have now been identified, illus- 
trating the dramatic alteration in cellular physiology that 
underlies the developmental transition to the senescence 
stage. Although these assays were done on naturally senescing 
leaves, other researchers have examined the global patterns 
associated with dark-induced senescence of Arabidopsis 
leaves, as well as sucrose starvation-induced senescence in 
cell suspension cultures (Swidzinski et al., 2002; Lin and Wu, 
2004). Comparisons of these microarray data provide a pic- 
ture of the similarities and differences among processes, as 
influenced by various factors. The senescence process in 
wheat flag leaves has been investigated using cDNA microar- 
rays based on a 9K wheat unigene set. Analysis of genes that 
are differentially expressed has revealed considerable overlap 
between those up-regulated in wheat flag yellowing leaves 
and genes previously observed to be associated with senes- 
cence in dicot plant species. These data support the idea that 
a generic senescence program exists across monocot and 
dicot plant species (Gregersen and Holm, 2007). 

The SAGs identified from these studies include genes for 
potential regulatory factors as well as those that execute the 
senescence program. Their spectrum is mostly consistent 
with known biochemical and physiological symptoms, but 
also provides many new insights into molecular events and 
regulation during leaf senescence. However, functioning of 
the vast majority of SAGs has not been determined bio- 
chemically and/or genetically. Their characterization should 
provide knowledge for understanding leaf senescence and 
applying it to agricultural purposes. 

The mRNA expression is only one aspect of the functional 
regulation of a gene. Thus, care must be taken to base our 
descriptions of the regulatory pathways for leaf senescence 
solely on mRNA expression analyses. Of course, other regu- 
latory mechanisms, such as protein-level expression, pro- 
tein stability, or localization of regulatory proteins, will 
certainly be involved. 

Comparative transcriptome analysis between develop- 
mental and dark~starvation.induced senescence in Ara- 
bidopsis 

Plant senescence can be influenced by several internal 
and external factors (Fig. 1), including developmental age, 
changes in hormone levels, shading, and other environmen- 
tal stresses. One obvious question regarding leaf senes- 
cence is how the cellular states of senescence caused by 
several senescence-inducing factors differ. To address this, 
one must compare expression patterns of the SAGs in 
response to various senescence-inducing treatments. Early 
studies have shown that, although senescence symptoms in 
Arabidopsis leaves may appear to be similar, the leaf cells, 
depending on the factors that have induced their senes- 
cence, utilize different as well as common sets of genes 
(Nam, 1997; Park et al., 1998). 

Later, microarray experiments have been conducted to 
compare gene expression patterns related to natural or 
developmental age-dependent leaf senescence with those 
found during dark- or sucrose starvation-induced senes- 
cence (Buchanan-Wollaston et al., 2005). This analysis 
revealed not only similarities but also considerable differ- 
ences in the gene expression patterns among them. For 
example, pathways for essential metabolic processes such as 
nitrogen mobilization were utilized variably among the 
senescence conditions caused by the different factors. Inter- 
estingly, the expression pattern seen in the sucrose starva- 
tion-induced senescence of suspension cells is more similar 
to that in dark-induced senescence, indicating that the lat- 
ter is mostly due to reduced sugar levels in a non-photosyn- 
thetic environment. 

Ethylene, JA, and SA signals induce well-characterized 
stress-response pathways, and they also affect leaf senes- 
cence. The role and importance of these signals has been 
investigated by examining the expression of SAGs in mutant 
plants with lesions in the signaling pathways of those hor- 
mones. The analysis revealed that all three pathways partici- 
pate in regulating many SAGs during developmental age- 
dependent senescence, thus providing a detailed molecular 
picture of the role for each. Surprisingly, the SA pathway is 
not involved in dark- or starvation-induced senescence, 
whereas the JA and ethylene pathways are active in both of 
those as well as age-dependent senescence. The impor- 
tance of the SA pathway in age-dependent leaf senescence 
is further supported by the finding that age-dependent but 
not dark-induced leaf senescence is delayed in plants defec- 
tive in that SA pathway (Buchanan-Wollaston et al., 2005). 

Metabolic profiling during leaf senescence 

Diaz et al. (2005) have conducted experiments to directly 
monitor metabolic changes during leaf senescence. Their 
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initial targets were sugars and nitrogen compounds because 
these are associated with nutrient allocation and recycling. 
In Arabidopsis leaves, sugar accumulates at an early phase of 
senescence (Masclaux et al., 2000; Diaz et al., 2005), reach- 
ing a peak level before dropping rapidly. Ordinarily, during 
their growth phase, leaves utilize the sugar they synthesize, 
but when full expansion or maturation is attained, those 
sugars begin to accumulate. ]hat elevated sugar level can 
then repress photosynthesis, which in turn induces senes- 
cence. This view is consistent: with a previous hypothesis 
that an age-related decline in photosynthesis may trigger 
leaf senescence (Masclaux et al., 2000). 

Metabolic analysis of amino acid contents has revealed that, 
whereas the proportions of various amino acids remain rela- 
tively stable during the growth phase, major changes are 
detected as soon as senescence starts. For example, at that 
stage, the relative levels of leucine (Leu), isoleucine (lie), 
tyrosine (Tyr), and arginine (Arg) rise, while those of glutamic 
acid (Glu), aspartic acid (Asp), and glutamine (Gin) decrease. 
Glu is the primary donor for the synthesis of all other amino 
acids, and Asp, a direct product of Glu transamination, is 
involved in the biosynthesis of bys, Thr, Met, lie, and Leu. This 
observation implies that there is an active interconversion of 
amino acids in senescing leaves. Further interesting insights 
have been obtained by comparing the amino acid profiles of 
five different recombinant inbred lines (RILs) that exhibit a dif- 
ferential senescence phenotype. Late-senescing lines appear 
to mobilize Gin and Asn, i.e., the major amino acids translo- 
cared in the phloem sap, more efficiently than do early- 
senescing lines, raising the possibility that leaf senescence 
might be affected by nitrogen-mobilization efficiency. This 
senescence phenotype is also correlated with a balance 
between glycine and serine. These two amino acids form dur- 
ing photorespiration, and the Gly/Ser ratio is commonly used 
as an indicator of photorespiratory activity (Wingler et al., 
2000). Early-senescing lines show a higher ratio (even in non- 
senescing leaves) than do the late-senescing lines, implying 
that photorespiration influences senescence. If true, the gly- 
cine/serine ratio could serve as a new metabolic marker for 
leaf behavior, although more rigorous tests must be evaluated 
on various senescence mutants and treatment conditions. 
Tyrosine is a precursor for vitamin E (c~-tocopherol), which is 
an effective antioxidant. Elevated levels of Tyr during senes- 
cence might be associated with the protection of leaf cells 
from oxidative stress via the increased synthesis of that vitamin. 

Although the use of metabolic profiling for leaf senes- 
cence is just beginning, transcriptome analyses have clearly 
demonstrated the possibility of a drastic change in metabolic 
pathways during senescence. A more thorough picture will 
certainly provide unique insight that is not easily obtained 
from other assays. Other approaches are needed for deter- 
mining changes within a broad spectrum of metabolites, for 
analysis of various mutants under multiple test conditions, 
and for better utilizing our current bioinformatics tools. 

GENES/PATHWAYS REGULATING THE ONSET AND 
PROGRESSION OF LEAF SENESCENCE 

To understand the molecular mechanisms/pathways involved 

in the leaf senescence network, genetics strategies have 
been established to select mutants exhibiting all early- or 
delayed-senescence phenotype in Arabidopsis (Fig. 2). Sev- 
eral corresponding genes have now been isolated. Charac- 
terization of transgenic plants that carry potential senescence- 
controlling genes has also added to the compilation of new 
regulatory components, although most of those genes have 
not been characterized in terms of their mechanism of 
action. Nevertheless, these findings also point toward inter- 
play among those factors. Based on the characteristics of the 
identified genes, we have grouped them into the following 
categories: 

Developmental-aging factors 

Senescence is certainly associated with the process of 
developmental aging in Arabidopsis and thus occurs after a 
certain time point is reached. Thus, there should be a cellu- 
lar mechanism(s) that measures the age of a cell, tissue, 
organ, or entire body for the initiation and/or progression of 
senescence. However, no reports have been made about 
genes that alter senescence by controlling developmental 
aging, nor is it well known how a particular developmental 
age initiates leaf senescence. 

Metabolic rate has been associated with life span in many 
organisms. Specifically, caloric restriction can extend that 
span (Ewbank et al., 1997; Guarente, 1997; Kimura et al., 
1997). This rate might also regulate developmental aging in 
plants. The Arabidopsis mutant ore4-1, which contains a 
lesion in a plastid ribosomal small subunit 17 protein (PRPS17), 
displays reduced photosynthetic activity and delayed age- 
dependent leaf senescence (Woo et al., 2002). This pheno- 
type is likely due to lower metabolism because the chloro- 
plasts, the major energy source for plant growth via 
photosynthesis, are only partially functional in that mutant. 
This observation strongly suggests that metabolic rate might 
be one of the key mechanisms involved in developmental 
leaf senescence. 

Factors regulating developmental processes in addition 
to leaf senescence 

Although leaf senescence occurs in age-dependent man- 
ner, it is also finely tuned by other endogenous develop- 
mental factors (Fig. 1). Several lines of evidence from 
mutants or transgenic lines have revealed that factors regu- 
lating developmental processes, e.g., phytohormones or 
sugars, are involved in modulating this senescence. Studies 
have also unraveled the complex and extensive interactions 
among these factors, similar to those shown for other devel- 
opmental processes. 

Phytohormones Cytokinins have long been known as anti- 
senescence agents because they have a dramatic effect on 
the longevity of various organs in many plants. Exogenous 
cytokinin treatment results in delayed leaf senescence. 
Moreover, endogenous levels of cytokinins decline in paral- 
lel with the progression of this senescence, thereby illustrat- 
ing the control exercised by that hormone. A striking 
example of this suppressive effect has been observed in 
transgenic tobacco and lettuce plants that express the IPT 
gene, an Agrobacterium-originated cytokinin biosynthesis 



Leaf Senescence 295 

Figure 2. (A) Whole-plant phenotypes of wild type (Col) and senescence-delayed mutant (ore9) at 43 d after germination. (B) Age-dependent 
senescence phenotypes of fourth rosette leaf from wild type (Col) and ore9 mutant. (C) Whole-plant phenotypes of wild type (Col) and senes- 
cence-delayed mutant (ore12) at 38 d after germination. (D) Age-dependent senescence phenotypes of fourth rosette leaf from wild type (Col) 
and ore12 mutant. Photographs show representative leaves at each time point. 

gene, under the control of the senescence-specific 5AG12 
promoter. Transgenic plants show markedly delayed leaf 
senescence (Gan and Amasino, 1995; McKenzie et al., 
1998; McCabe et al., 2001 ). 

A recent discovery showed that AHK3, one of three cyto- 
kinin receptors in Arabidopsis, plays a major role in control- 
ling cytokinin-mediated leaf longevity (Kim et al., 2006). 
This conclusion has been based on characterizations of the 
gain-of-function Arabidopsis mutant, ore12-1, which shows 
delayed leaf senescence due to a missense mutation in the 
AHK3 gene (Fig. 2). A loss-of-function mutation of AHK3, 
but not of the other receptors, confers reduced sensitivity to 
cytokinin in cytokinin-mediated delay of leaf senescence. 
Kim et al. (2006) have also demonstrated that phosphoryla- 
tion of the ARR2 response regulator, mediated by AHK3, is 
essential for the control of leaf longevity. Nonetheless, fur- 
ther investigation is needed into the exact mechanism by 
which the phosphorylated ARR2 leads to the induction or 
repression of genes that regulate and/or execute this senes- 
cence. 

Ethylene, essential for fruit ripening, also has a role in leaf 
senescence (Grbic and Bleecker, 1995; Gonzalez and 
Botella, 2003). The importance of endogenous ethylene has 
been clearly demonstrated in certain Arabidopsis mutants, 
e.g., etrl-1 and ein3/ore3, which are defective in their eth- 
ylene perception and signal transduction. These mutations 

cause measurable delays in the initiation of leaf senes- 
cence, but have little effect on its progression (Grbic and 
Bleecker, 1995; Oh et al., 1997). This suggests that ethylene 
may assist in coordinating a timely transition of the leaf to 
the final state, but is not essential to the process itself. Inter- 
estingly, leaves of transgenic Arabidopsis and tomato plants 
that constitutively over-produce ethylene do not exhibit 
early senescence, suggesting that this hormone alone is not 
sufficient for initiation. It has been indicated that ethylene- 
mediated pathways leading to leaf senescence in Arabidop- 
sis depend on age-dependent factors; thus, ethylene can 
induce senescence only after the leaves reach a certain 
developmental stage (Grbic and Bleecker, 1995; Jing et al., 
2002). 

Salicylic acid (SA) is also involved in the regulation of this 
senescence. Its levels increase in senescing leaves, possibly 
accounting for the senescence-enhanced expression of 
some genes (Morris et al., 2000). Consistent with this obser- 
vation, Arabidopsis plants that manifest a dramatically 
reduced level of SA, as a result of overexpression of a SA- 
degrading enzyme encoded by NahG, show decreased 
expression of some SAG genes. These transgenics exhibit a 
time-delayed phenotype during both age-dependent senes- 
cence, but not in dark-induced senescence, thus supporting 
the microarray data. All of these observations indicated that 
the SA pathway has a very specific role in natural senes- 
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cence, possibly in the final death phase (Morris et al., 2000; 
Buchanan-Wollaston et al., 2005). 

Exogenous treatment with methyl jasmonate induces leaf- 
yellowing by activating a subset of SAGs, suggesting that MJ 
is a senescence-promoting hormone (He et al., 2002). This 
idea is consistent with the observation that SAC expression 
is reduced in a jasmonic acid-insensitive mutant, coil, even 
though no phenotype may be visible (Xiao et al., 2004). It is 
possible that other factors might induce leaf senescence in 
the absence of JA. 

Auxin, which regulates many aspects of plant growth and 
development, may also influence leaf senescence, based on 
the finding that a mutation in auxin response factor2 (arf2) 
causes a delay in leaf senescence as well as petal abscission 
(Ellis et al., 2005; Okushima et al., 2005). However, it is yet 
to be seen whether the auxin pathways are directly or indi- 
redly involved because auxin and the arf2 mutants likewise 
cause a pleiotropic effect on plant development. 

Abscisic acid (ABA) is a key hormone that mediates plant 
responses to environmental stresses. Except for some cir- 
cumstantial evidence, its role in leaf senescence has not 
been clearly defined. ABA levels rise in senescing leaves, 
and exogenously applied ABA induces the expression of 
several SAGs (Weaver et al., 1998), consistent with an effect 
on leaf senescence. Environmental stresses, including 
drought, high salinity, and low temperatures, have positive 
influences on leaf senescence and, under those conditions, 
leaf ABA contents rise. Concurrent with this increase (Gep- 
stein and Thimann, 1980), genes encoding the key enzyme 
in ABA biosynthesis show greater expression (van der Graaff 
et al., 2006). Nevertheless, no crucial link between ABA and 
leaf senescence has yet been discovered in genetic analyses. 

It should be noted that plant hormones interact or 
crosstalk with one another, constituting a complex network 
of regulation. This is likely the case in controlling plant 
senescence. However, cautions must be taken when inter- 
preting various results because many phytohormone mutants 
have been characterized at the seedling stage and hormone 
signaling during that period might not be the same as at the 
senescing stage. It should be also noted that these plant hor- 
mones could be involved in correlative control of senes- 
cence, although this does not occur in Arabidopsis (Hensel 
et al., 1993). 

Sugar signaling~Photosynthetic activity Sugar signaling has 
emerged as an important regulator of leaf senescence 
(Rolland et al., 2002). Several lines of evidence suggest that 
a high concentration of sugars lowers photosynthetic activ- 
ity and induces leaf senescence (Jang et al., 1997; Dai et al., 
1999; Quirino et al., 2000; Moore et al., 2003). Senescence 
is then triggered when those concentrations go above an 
acceptable level. Hexokinases are involved in sugar sensing 
in higher plants. Studies using their overexpressors have 
demonstrated that increased hexokinase levels stimulate a 
rise in sugar content that is associated with reduced photo- 
synthetic activity (Jang et al., 1997; Dai et al., 1999). One 
notable phenotype found in transgenic plants is accelerated 
leaf senescence, supporting the idea that lower photosyn- 
thetic activity may be related to premature leaf senescence 
via hexokinase. Moreover, a glucose-insensitive Arabidopsis 
mutant (gin2), with a lesion in one of the hexokinases, 

shows delayed senescence (Moore et al., 2003). However, 
the senescence phenotypes observed in transgenic and 
mutant lines have not been thoroughly examined and must 
be analyzed in greater detail to support this proposal. The 
hysl (hypersenescencel) mutant has increased sensitivity to 
exogenously applied sugars as well as an accelerated leaf 
senescence phenotype (Yoshida et al., 2002b). Therefore, 
one might suggest that an enhanced sugar signal in that 
mutant causes diminished photosynthesis and induces pre- 
mature senescence, likely via hexokinase. 

Sugar-signaling pathways interact intimately with those 
signaling pathways regulated by hormones, e.g., auxin, cyto- 
kinin, or abscisic acid, during plant development. This is 
likely the case in the regulation of Arabidopsis leaf senes- 
cence. Such control through sugar signaling probably is also 
affected by other factors, such as nitrogen status and devel- 
opmental stage. Integration of these factors into a senes- 
cence program might be important to the proper regulation 
of timing for its onset and progression. 

External factors that affect leaf senescence 

As with many other plant growth and developmental pro- 
cesses, senescence is highly influenced by environmental 
conditions, including pathogen infection, nutrient or water 
stress, or oxidative stresses induced by ozone or UV-B. Thus, 
senescence should be an integrated response within plants 
to external environmental factors, as is true for endogenous 
developmental signals. However, no formal report has yet 
addressed how these factors interact to coordinate senes- 
cence. 

Light, perceived by a variety of photoreceptors, affects 
developmental processes over the entire life span, and may 
also play a role in leaf senescence (Cherry et al., 1991; 
Thiele et al., 1999). For example, transgenic plants over- 
expressing phytochrome A (PhyA) or phytochrome B (PhyB) 
exhibit greater longevity. In the case of the PhyB overexpres- 
sot, the initiation point for leaf senescence is the same as 
that of the wild type, but the time during which chlorophyll 
degradation is completed is extended by about three to four 
weeks in transgenic plants. This suggests that PhyB might be 
involved in controlling the progression rate. Such results 
may need to be further confirmed using other senescence 
markers. Although a mechanism for delayed senescence has 
not yet been proposed, one cause might be higher contents 
of chlorophyll. 

Exposure to extremely high or low temperatures, patho- 
gen attack, or water/nutrient deficiency can also trigger leaf- 
yellowing. Thus, parts of the signaling pathways that are 
associated with environmental stresses would be predicted 
to regulate leaf senescence. Expression profiles of 402 
potential stress-related genes that encode known or putative 
transcription factors from Arabidopsis have been monitored 
in various organs, at different developmental stages, and 
under several biotic and abiotic stresses (Chen et al., 2002). 
Among the 43 transcription factor genes that are reportedly 
induced during senescence, 28 are also induced by stress 
treatment, suggesting extensive overlapping responses. 
Downstream genes for senescence-enhanced transcription 
factors might play a role either in executing leaf senescence 
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or in protecting the cellular functions required for proper 
progression or completion of that senescence. 

Other regulatory genes 

Other regulatory genes for leaf senescence have been 
identified via genetic screening of senescence mutants and 
through the functional identification of some SAGs. 

Protein degradation has a potentially important role in 
dictating the life span of many organisms. Recent genetic 
studies in Arabidopsis demonstrated that protein degrada- 
tion is also involved in controlling leaf senescence (Woo et 
al., 2001; Yoshida et al., 2002a; Oh et al., 2005) (Fig. 2). 
The ORE9 encodes an F-box protein, which is a component 
of the ubiquitin E3 ligase/SCF complex (Woo et al., 2001). 
SCF complexes are known to ubiquitinate specific target 
substrates (Patton et al., 1998). ORE9 possibly promotes leaf 
senescence by targeting a senescence suppressor for degra- 
dation. Proteolysis by the N-end rule pathway, one of the 
ubiquitin pathways, also appears to be a mechanism that 
regulates Arabidopsis leaf senescence. In a delayed-leaf- 
senescence ~I (dis1) mutant that is defective in arginyl 
tRNA:protein transferase (R-transferase, a component of N- 
end rule proteolysis pathway), both age-dependent and 
dark-induced senescence progress more slowly than in wild- 
type plants. Thus, DLS1 might function in the degradation of 
proteins that negatively regulate this senescence. Nonethe- 
less, the ore9 and dis1 mutations might have different roles. 
For example, the dis1 mutation delays not only the initiation 
of leaf senescence but also its progression, whereas the ore9 
mutation mainly affects initiation. 

Many transcription factors identified in Arabidopsis are 
upregulated at least three-fold in senescing leaves. These 
belong to 20 different families. The largest groups include 
NAC, WRKY, C2H2 type zinc finger, AP2/EREBP, and MYB 
family proteins. A few have been further characterized in 
relation to leaf senescence. WRKY53 is upregulated at a very 
early stage but transcripts decrease again over time, imply- 
ing that the gene plays a regulatory role in early senescence 
events (Hinderhofer and Zentgraf, 2001). A knockout line of 
WRKY53 shows delayed senescence, while inducible overex- 
pression causes precocious senescence, evidence that it 
functions as a positive element (Miao et al., 2004). Identifi- 
cation of the direct target genes for WRKY53 should further 
reveal the regulatory pathways for WRKY53-mediated 
senescence. The WRKY6 gene controls a set of genes, 
including one that encodes a receptor-like protein kinase, 
5IRK, that is strongly upregulated during leaf senescence 
(Robatzek and Somssich, 2002). The T-DNA knockout 
mutant of AtNAP, a gene encoding an NAC family transcrip- 
tion factor, exhibits significantly delayed leaf senescence 
(Guo and Gan, 2006). Thus, AtNAP might function as a pos- 
itive element. AtNAP orthologs in kidney bean and rice are 
also upregulated in that final process. Intriguingly, an NAC 
gene regulating senescence increases the contents of pro- 
tein, zinc, and iron in wheat grain (Uauy et al., 2006). 
Therefore, this result direct links the regulation of senes- 
cence with nutrient remobilization. The potential functions 
for the majority of leaf senescence-associated transcription 
factors remain to be elucidated. 

Receptor kinases can potentially act as key components in 
the perception of senescence signals and in the subsequent 
phosphorylation cascades involved in a senescence pro- 
gram. In fact, soybean contains a leucine-rich repeat recep- 
tor-like kinase gene (GmSARK) associated with leaf 
senescence (Li et al., 2006). The RNA interference (RNAi)- 
mediated knocking down of GmSARK dramatically retards 
soybean leaf senescence while its overexpression greatly 
accelerates that progression. This implies a positive role for 
that protein. 

Another example of SAGs for which in vivo functioning 
has been assayed is the autophagy genes. Autophagy, an 
intracellular process for vacuolar bulk degradation of cyto- 
plasmic components, is required for nutrient cycling. 
Mutants carrying a T-DNA insertion within three Arabidopsis 
autophagy genes - AtAPG7, AtAPGg, and AtAPG'I8a - exhibit 
premature leaf senescence (Doelling et al., 2002; Hanaoka 
et al., 2002; Xiong et al., 2005). In these mutants, nutrients 
may be less efficiently utilized during the execution of 
senescence or else some of the components necessary for its 
progression may not be efficiently provided. 

CONCLUDING REMARKS 

Senescence is the integrated response of a cell, tissue, 
organ, or organism to age, developmental status, and envi- 
ronment. Thus, to maximize its fitness, a plant must incor- 
porate all of these factors to ensure proper progression. This 
can be achieved by fine-tuning the mechanisms that involve 
a delicate regulation of gene expression. In the last decade, 
genomics and genetics approaches have focused on identi- 
fying senescence regulators and describing those regulatory 
mechanisms. Although those processes are still poorly 
understood, many new insights have already been gained. 

One future challenge will be to elucidate the roles of 
potential regulatory genes in senescence. Such efforts will 
enable us to reveal a complex regulatory network that 
includes signal pathways for various senescence-influencing 
factors. Utilization of large collection of T-DNA insertion 
lines or TILLING approach in Arabidopsis will allow the 
functional analysis of the genes which were identified from 
microarray data. However, a senescence phenotype from 
these mutants may not be obvious due to either gene or 
functional redundancy caused by the various pathways that 
lead to senescence. In this case, it may be necessary to gen- 
erate double, triple, and even higher-order mutants in those 
redundant genes or functional pathways. Transgenic 
approaches that incorporate inducible overexpression, mini- 
genes, or RNA interference could also overcome the limita- 
tions of loss-of-function mutants (Gan and Amasino, 1999; 
He and Gan, 2002)). Recently introduced genomics tech- 
nologies, such as microarrays, proteomics, or metabolom- 
ics, will also help us to see distinct molecular phenotypes, 
even when no aberrant phenotype is observed. 

Genetics approaches also have led to discoveries of many 
regulatory components. Considering the nature of senes- 
cence, there should be many more mutants that can be 
identified through well-designed screening schemes. Alter- 
natively, one could exploit the diverse genetics resources 
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now available in Arabidopsis. The chemical mutagenized 
pool, as well as T-DNA insertional knockout or activation- 
tagging lines, also will provide novel alleles and prove useful 
when characterizing the functions of novel senescence regu- 
latory factors. Furthermore, the generation of a T-DNA pool 
in which inducible promoters are inserted into the genome 
would be a valuable tool for screening negative elements by 
inducing a gene at a maturation or senescence stage and 
then observing the phenotypic effect. Using global gene- 
expression analyses, e.g., via DNA chips, in combination 
with proteomics approaches or through altered sub-cellular 
localization, signaling, metabolic functions, or in vivo pro- 
tein-protein interactions, will likely reveal the molecular 
mechanism(s) for leaf senescence that is mediated by these 
regulatory factors. It will also be important to extend these 
studies to agronomic and other crop plants. Understanding 
how senescence is controlled in different species will allow 
for future manipulation of that natural process. 
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