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Abstract Leaf senescence represents a key develop-
mental process through which resources trapped in the
photosynthetic organ are degraded in an organized manner
and transported away to sustain the growth of other organs
including newly forming leaves, roots, seeds, and fruits.
The optimal timing of the initiation and progression of
senescence are thus prerequisites for controlled plant
growth, biomass accumulation, and evolutionary success
through seed dispersal. Recent research has uncovered a
multitude of regulatory factors including transcription
factors, micro-RNAs, protein kinases, and others that
constitute the molecular networks that regulate senescence
in plants. The timing of senescence is affected by envi-
ronmental conditions and abiotic or biotic stresses typically
trigger a faster senescence. Various phytohormones,
including for example ethylene, abscisic acid, and salicylic
acid, promote senescence, whereas cytokinins delay it.
Recently, several reports have indicated an involvement of
auxin in the control of senescence, however, its mode of
action and point of interference with senescence control
mechanisms remain vaguely defined at present and
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contrasting observations regarding the effect of auxin on
senescence have so far hindered the establishment of a
coherent model. Here, we summarize recent studies on
auxin-related genes that affect senescence in plants and
highlight how these findings might be integrated into cur-
rent molecular-regulatory models of senescence.

Keywords ARF - Auxin - Chloroplast -
Development - Leaf - SAUR - Senescence -
Signaling - Transcription factor - YUCCA

Introduction

Leaf development is a complex process that starts with
primordium initiation at the shoot apical meristem (SAM)
and includes cell proliferation, cell elongation, leaf matu-
ration, and induction and execution of senescence once
leaves have reached a certain age. As leaves are succes-
sively formed during stem growth, they are by nature of
different ages at each time point of the stem’s develop-
ment. Thus, typically young leaves coexist with mature and
senescent leaves on the same stem. Leaf senescence is a
highly regulated process that must be appropriately inte-
grated into whole-stem and whole-plant developmental
processes.

Senescence involves the degradation of major cellular
components and their transport out of the deteriorating
tissue to feed other developing organs including newly
forming leaves during vegetative growth or seeds when the
plant has entered the reproductive phase. Although senes-
cence is clearly a developmentally controlled process,
environmental factors can have a large impact on the
timing and speed of progression of senescence. A number
of abiotic stresses can interfere with the typical
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developmental program of a given leaf (or plant) and thus
affect its life span. Abiotic stresses that hasten senescence
are water limitation (drought), high temperature, soil
salinity, nutrient (for example, nitrogen) limitation, besides
others. As an ordered onset and progression of senescence
is vital to the ecological success of a plant, major variations
with respect to the timing and progression of senescence
exist between accessions, cultivars, and species.

Research over the last years has uncovered many
molecular elements of the cellular regulatory networks that
control senescence, among them being transcription factors
(TFs) that bind to cis-regulatory elements in target gene
promoters to affect their expression level (thus, leading to
their up- or down-regulation). Numerous TFs have been
reported to undergo senescence-dependent expression
changes in leaves and other organs, including many
members of the NAC and WRKY families, besides others
(Buchanan-Wollaston and others 2005; van der Graaff and
others 2006; Balazadeh and others 2008; Breeze and others
2011). Both, positive and negative regulators of senescence
have been identified among senescence-associated TFs
(Miao and others 2004; Balazadeh and others 2010a;
Besseau and others 2012; Wu and others 2012; Zhang and
Gan 2012; Hickman and others 2013; Kim and others
2013). Among the family of NAC TFs, OREI1 (also called
ANAC092) has been shown to be a central positive regu-
lator of senescence in Arabidopsis thaliana (Kim and
others 2009; Balazadeh and others 2010a; Rauf and others
2013). Downstream genes directly or indirectly controlled
by OREl have been discovered (Balazadeh and others
2010a; Breeze and others 2011; Matallana-Ramirez and
others 2013). Other positive NAC regulators of senescence
include, for example, AtNAP/ANACO029 (Guo and Gan
2006) and ORS1 (Balazadeh and others 2011). Recent
evidence shows that AtNAP regulates leaf senescence in
part by controlling the expression of SAG/13, to which
promoter it binds (Zhang and Gan 2012). SAG113 encodes
an ABA- and senescence up-regulated protein phosphatase
(PP) 2C localized in the cis-Golgi apparatus. It functions as
a negative regulator of ABA signaling: during senescence,
when SAG113 expression increases, it suppresses stomatal
closing thereby leading to rapid water loss from leaves and
desiccation (Zhang and Gan 2012; Zhang and others 2012).
An example for a negative NAC senescence regulator is
JUB1 (ANACO042), which delays senescence by lowering
cellular H,O, levels to balance the effect of positive
senescence regulators (Wu and others 2012).

Many phytohormones are known for their capacity to
modulate the onset or progression of leaf senescence when
applied externally or altered in vivo through genetic means.
Typically, ethylene, abscisic acid, salicylic acid, and jas-
monic acid promote senescence, whereas auxin, gibberellic
acids (GAs), and cytokinins retard it (Gan 2005; Lim and
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others 2007; Schippers and others 2007; Jibran and others
2013). Hormones can affect senescence through various
signaling pathways (Guo and Gan 2005; Jibran and others
2013; Zhang and Zhou 2013) and by modulating aging and
senescence at different levels of leaf development. For
example, in Arabidopsis senescence can normally not be
induced in young leaves, likely due to the absence of age-
related factors that only accumulate during leaf aging. Such
age-related changes (ARCs) appear to be a critically
important prerequisite for senescence to occur. Dijkwel and
colleagues define an ARC as “any irreversible change that
is strictly dependent on age and thus development”, which
in leaves is represented by the end of cell division or the
cessation of cell expansion, but in principle could be any
molecular or cellular change that results from develop-
mental progression (see Jibran and others 2013, for a
detailed discussion). The effect of hormones on senescence
is then expected to not only depend on environmental
impact, but also on the developmental age of the leaf.

Although auxin has been identified as a phytohormone
that functions as a regulator of senescence, its mode of
action with respect to senescence is only vaguely defined at
present, and contrasting observations regarding the effect
of auxin on senescence have so far hindered the estab-
lishment of a coherent model. Here, we summarize recent
studies on auxin-related genes that were reported to affect
senescence in plants and discuss how these findings might
be integrated into our current molecular-regulatory models
of senescence.

Overexpression of YUCCA Genes Delays Senescence

YUCCA genes encode flavin-containing monooxygenases
(FMOs) that catalyze the rate-limiting step of auxin bio-
synthesis via the tryptamine pathway (representing one of
several pathways through which auxin is produced); 11
YUCCA (YUC) genes are known in Arabidopsis (Zhao and
others 2001; www.arabidopsis.org). Mutational studies
have led to the discovery of several biological functions of
YUC genes in processes like embryogenesis, leaf forma-
tion, floral patterning, vascular tissue formation, high
temperature-induced hypocotyl elongation, and others
(Cheng and others 2006; Cheng and others 2007; Sun and
others 2012). Recently, Kim and others (2011) reported
about the effect of elevated YUC6 expression in transgenic
Arabidopsis plants (Fig. 1). The dominant yuc6-1D mutant
has elevated levels of free indole-3-acetic acid (IAA) in
several organs tested, including inflorescences, cauline
leaves, and shoots. The increases in auxin levels were most
prominent in the tissues that showed the most severe
phenotypic changes, namely inflorescences and cauline
leaves (Kim and others 2007).
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Fig. 1 Model of the integration of auxin-related genes with senes-
cence. The transcription factor ARF2 represses the expression of the
GATA genes GNC and GNL by directly binding to their promoters,
concomitant with a reduction of chlorophyll accumulation, thus
contributing to shifting the regulatory balance toward senescence. In
addition to ARF2, ARF7 also has the capacity to bind to the two
GATA gene promoters. As suggested by Richter and others (2013),
ARF2 might act in an auxin-independent manner, whereas ARF7
might function in an auxin-dependent manner to regulate GNC/GNL
expression. Enhanced expression of YUC6 causes an increased free
auxin level (Kim and others 2011) leading to auxin overproducer
phenotypes and extended plant longevity, apparent through a

Another prominent phenotype realized in the yuc6-1D
mutant, as well as in 35S:YUC6 overexpressors, was a
delay of senescence (Kim and others 2011). Of note,
5-month-old yuc6-1D mutants even produced new shoots
and flowers, reminiscent of a prolonged plant life span. The
authors also tested dark-induced senescence in detached
leaves and observed a less rapid decline of chlorophyll
levels and photosystem II efficiency in yuc6-1D and
358:YUC6 plants. In accordance with the delayed senes-
cence in darkness, the expression of SAGI2 increased less
rapidly in plants with high YUC6 expression.

The effect of elevated YUC6 expression on delaying
senescence was further tested using transgenic plants
overexpressing a mutated YUCCA6 (mYUC6) protein
(G206V, located within the enzyme’s NADPH-binding
site). Although yuc6-1D plants overexpressed many auxin-
responsive genes including JAA2 (Kim and others 2007,
2011), IAA2 expression was not enhanced in the mYUC6
transgenic plants (Kim and others 2011), indicating that
free auxin levels were not increased in the latter, consistent
with the expectation that mYUCS6 is catalytically inactive.
This conclusion is supported by the absence of curly leaves
which are typically observed in auxin overproducers. Dark-
induced senescence parameters were similar in 35S:mYUC
and wild-type plants.

continued formation of new shoots. Dark-induced expression of
ORE] is reduced in the yuc6-1D mutant (a YUC6 overexpressor)
compared to wild type, in accordance with the delayed senescence
observed in the mutant. As ORE] is a key positive regulator of leaf
senescence, its reduced expression in the yuc6-1D mutant is expected
to limit the expression of its senescence-associated target genes, thus
contributing to the observed delayed senescence. SAGs senescence-
associated genes (that is, genes up-regulated during developmental
senescence). Transcription factors are shown in bold. Positive
regulations are indicated by arrows, negative regulations by T-ending
lines

Is Elevated Free Auxin Level Causative of Delayed
Senescence?

Although the above experiment indicated that elevated
auxin levels caused the delay of senescence, direct proof
for this hypothesis was missing. Therefore, in a follow-up
experiment, the authors crossed a plant overexpressing
IAA-lysine synthetase (iaal) from Pseudomonas savasta-
noi with the yuc6-1D mutant, to eliminate the potential
effect of elevated IAA. In accordance with a lowered free
auxin level in F; plants (35S:iaal x yuc6-1D) compared
to yuc6-1D, hypocotyl elongation and [AA2 expression
were reduced. With respect to dark-induced senescence,
chlorophyll loss in leaves was not delayed as in yuc6-1D,
whereas it was more rapid in the 35S:iaal plant compared
to wild type, consistent with the model that elevated auxin
level causes the delay in senescence (Kim and others
2011). In accordance with this model, free IAA levels as
well as YUC6 expression decreased in detached wild-type
leaves subjected to dark-induced senescence. In contrast,
expression of several GH3 family genes, including GH3.1,
GH3.3, GH3.5, and GH3.6, increased in darkness. TAA-
amido synthetases encoded by GH3 genes conjugate excess
TIAA to amino acids thereby contributing to auxin homeo-
stasis (Staswick and others 2005). Additional GH3 genes
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were found to be up-regulated during developmental and
dark-induced senescence in global transcriptome studies
(Buchanan-Wollaston and others 2005; van der Graaff and
others 2006), suggesting a wider role of auxin conjugation
during senescence.

The conclusion that elevated auxin delays senescence is
supported by the observation that similar to YUC6 the
overexpression of YUCI as well as the application of o-
naphthalene acetic acid (NAA, a synthetic auxin) to wild-
type leaves delays dark-induced senescence (Kim and
others 2011).

Recently, Lee and others (2012) reported that enhanced
expression of YUC7 in an activation-tagged Arabidopsis
mutant (yuc7-1D) and a constitutive overexpression line
(358:YUC7?) coincides with phenotypic changes typically
observed in auxin-overproducing plants, including slender
stems and curled and narrow leaves. Although total auxin
level was elevated in yuc7-1D, an increase in free auxin
level was not found. However, expression of the auxin-
responsive genes [AAS, IAA19, GH3.3, and GH3.5 was
increased in the yuc7-1D mutant, indicating an elevation of
free IAA levels. A senescence-related phenotype was not
reported, but drought tolerance was found to be enhanced
in the yuc7-1D mutant (Lee and others 2012). Furthermore,
no overt phenotype was seen in a YUC7 knockout mutant
(yuc7-1).

The Potential Role of NAC Transcription Factor ORE1
in Auxin-Mediated Senescence Retardation

Transcription factors of the NAC family play important
regulatory roles in senescence (for example, Guo and Gan
2006; Yoon and others 2008; Kim and others 2009; Bala-
zadeh and others 2010a, 2011; Yang and others 2011; Wu
and others 2012). One of the best characterized positive
regulatory NAC factors of senescence is ORELI (also called
ANACO092; Kim and others 2009; Balazadeh and others
2010a; Trivellini and others 2012; Rauf and others 2013).
Expression of OREI increases in leaves during develop-
mental senescence (Balazadeh and others 2008). Similarly,
ORE] expression increased in detached wild-type leaves
during dark-induced senescence, but its transcript accu-
mulated much less prominently in the yuc6-ID mutant
under the same condition (Kim and others 2011). ORE1
has been shown to regulate the expression of an appre-
ciable number of the known senescence-associated genes
(SAGs) (Balazadeh and others 2010a; Breeze and others
2011; Matallana-Ramirez and others 2013); thus, the
delayed senescence observed in the high-free-auxin yuc6-
1D mutant may in part be controlled through the lowered
induction of ORE! during dark incubation (Fig. 1; Kim and
others 2011). Currently, however, it is unknown how
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exactly high auxin levels affect the expression of ORE]I, in
particular as auxin treatment only slightly alters its tran-
script abundance (www.genevestigator.com).

The Role of ARF2 as a Senescence Regulator

Lim and others (2010) performed a screen on ethyl meth-
ane sulphonate (EMS)-mutagenized populations of Arabi-
dopsis to discover mutants showing delayed leaf
senescence. The initial screen was performed by incubating
detached leaves in the dark, a simple method often used to
promote senescence. The screen discovered two allelic
oresaral4 mutants, orel4-1 and orel4-2 (“oresara” stands
for “long-living” in Korean), and MAP-based cloning
revealed OREI4 to encode AUXIN RESPONSE FAC-
TOR2 (ARF2), a transcription factor known for its
repressor role in auxin-related signaling. ARFs regulate the
expression of target genes by binding to TGTCTC auxin
response elements (AuxRE) in their promoters. ARFs
typically interact with Aux/[AA repressors in an auxin-
dependent manner; however, no Aux/IAA protein inter-
acting with ARF2 has so far been reported. The Arabi-
dopsis genome encodes 22 full-length ARF TFs, and a
similar number (25 ARFs) is known in rice (Guilfoyle and
Hagen 2007).

Sequencing revealed the presence of premature stop
codons in both orel4 mutants, indicating these mutations
caused a complete loss of ARF2 function (Lim and others
2010). The orel4 mutation triggered a pleiotropic pheno-
type and besides a delay in leaf and stem senescence it
caused late flowering, failure of floral bud opening, and an
increase of aerial organ size. Similarly, previous reports
discovered multiple phenotypic changes in arf2 T-DNA
insertion mutants including large, dark green rosette leaves,
delayed senescence, abnormal flower morphology, reduced
fertility due to impaired self-pollination (caused by
expanded gynoecia failing to properly receive pollen from
the shorter stamens), elongated hypocotyls with enlarged
cotyledons, and enlarged seed size (Okushima and others
2005; Schruff and others 2006).

Senescence-related phenotypes of orel4/arf2 mutants
were carefully analyzed by Lim and others (2010). First,
the authors tested leaf longevity during age-dependent
senescence by focusing on rosette leaves 3 and 4 of the
orel4-1/arf2-10 mutant. In the wild type, leaf 4 started to
turn yellow (due to chlorophyll loss) at day 20 after its
visible emergence (DAE, days after emergence), whereas
in the case of orel4-1/arf2-10, leaf yellowing was observed
only 8 days later, that is, at a leaf age of 28 days. Wild-
type leaves were completely senescent at 36 DAE; in
contrast, orel4-1/arf2-10 showed complete yellowing at 44
DAE (although at this age, the leaves still appeared more
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intact than the fully senesced wild-type leaves). Thus, lack
of ARF2 function appears to mainly cause a delay of the
onset of senescence whereas progression of senescence,
once initiated, seems to be less affected; the execution of
full senescence in both, the wild type and the orel4-1/arf2-
10 mutant required approximately 16 days in the Lim and
others (2010) study.

Another way of measuring age-dependent senescence is
determining the time point at which 50 % of the entire leaf
population of a plant is still alive. In the report of Lim and
others (2010), this point was reached at 26 DAE in the wild
type, but at 35 DAE in the orel4-1/arf2-10 mutant. Thus,
the later beginning of senescence in the orel4-1/arf2-10
mutant determined at the individual leaf level was in
accordance with the fact that it kept its entire rosette alive
longer than the wild type. However, as in the individual
leaf measurements, the rate of progression of entire rosette
senescence appeared to be similar in the wild-type and
mutant plants.

As senescence is affected by various environmental
parameters such as darkness, drought or nutrient limitation,
the role of a given gene for senescence can also be studied
by subjecting plants to senescence-inducing stress treat-
ments. Lim and others (2010) tested the effect of darkness
on fully grown leaves (no. 3 and 4) detached at 12 DAE
(when leaves were fully green). Chlorophyll loss was fol-
lowed and after 6 days of dark incubation wild-type leaves
had lost 90 % of their initial chlorophyll, while both,
orel4-1 and orel4-2 mutants required more than twice as
long (approximately 14 days) for 90 % chlorophyll loss.
Similarly, photochemical efficiency (Fv/Fm) declined
much more rapidly in wild-type than ore/4 mutants: no
photosystem II (PS II) activity was detectable in the wild
type after 8 days of dark incubation, in both ore /4 mutants
it was around 70 % of the initial value at day 8 and still
above 20 % after 14 days of darkness. Thus, the slope of
the decrease of PS II activity was largely different in the
two sets of plants. Similarly, the increase in ion leakage as
an indicator of membrane damage during senescence was
much less pronounced in the orel4-1 mutant than the wild
type, and expression of SEN4, a marker gene for dark-
induced senescence, increased less rapidly. Note, that in
these experiments leaves of the same chronological age
were analyzed. However, it may well be that the biological
(physiological) age of leaves 3 and 4 of the two types of
plants, that is, wild type and orel4 mutants, may have been
different and that the orel4 mutants may have been
physiologically younger at the same chronological age than
the wild-type plants. In this scenario, dark-induced senes-
cence could be primed to progress faster in the wild type
than the orel4 mutants.

The authors also tested the effect of three senescence-
promoting phytohormones, namely abscisic acid (ABA),

methyl jasmonate (MeJA), and ethylene, on detached
leaves and for all three hormones a more rapid decline in
chlorophyll content and PS II activity was observed in the
wild type than the orel4-1 mutant (Lim and others 2010).

A role of ARF2 for age-dependent and induced senes-
cence has independently been reported by Ellis and others
(2005). These authors also showed that ARF1 on its own
had little effect on senescence, but had the capacity to
enhance the effect of ARF2 on senescence. ARF2 transcript
abundance increased during dark-induced senescence,
similar to SAGI2 (Ellis and others 2005). Furthermore,
analyzing Pjgrp2:GUS-ARF2 transgenic plants which
express a GUS-ARF2 fusion protein from the ARF2 pro-
moter (Li and others 2004), the authors observed an
upregulation of GUS activity in detached dark-induced
leaves, suggesting an increase in GUS-ARF2 fusion protein
level under these conditions (Fig. 1; Ellis and others 2005).
In contrast, the expression level of ARF slightly decreased
upon dark incubation, indicating that ARF1 and ARF2 play
different roles in senescence.

Besides ARF2, ARF7 (identical to NPH4), and ARF19
are also induced in senescing Arabidopsis leaves (Lin and
Wu 2004; Ellis and others 2005). Although mutating these
genes individually did not affect senescence of rosette
leaves or floral organs, an arf2-8 nph4-1 arfl9-4 triple
mutant was more retarded in detached leaf senescence than
the arf2-8 single-gene mutant, indicating that ARF7/NPH4
and ARF19 enhanced the effect of ARF2.

An important and currently unresolved question is
through which molecular or physiological mechanism
ARF2 affects the aging of the plant tissue. An earlier
observation of Ohto and others (2006) might offer a
potential link between auxin signaling and senescence-
related physiology. These authors discovered that a loss-of-
function mutant of the HOOKLESS1 (HLSI) gene shows a
defect in sugar-responsive gene expression. In particular,
the expression response to exogenous SUCrose was more
sensitive in the hls] mutant than the wild type. Application
of auxin (IAA) partially repressed the response to exoge-
nous sugar and at the same time led to the activation of
some auxin-responsive genes. Furthermore, compared to
the wild type the level of free IAA was reduced in hsl/
leaves. Interestingly, ARF2 is known to act downstream of
HLS1 (Li and others 2004). Thus, HLS1 and ARF2 may
together establish a regulatory frame that links auxin with
sugar signaling to control tissue aging and senescence,
although the regulatory interaction of these proteins during
leaf senescence has not been studied yet. Notably, an
increase of sugar levels during developmental leaf senes-
cence has frequently been observed (for example, Diaz and
others 2005; Pourtau and others 2006; Wingler and others
2006; Watanabe and others 2013). However, because both
sugar starvation and treatment can trigger the expression of
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SAGs (Gan and Amasino 1997; Fujiki and others 2000,
2001; van Doorn 2004) their precise roles in senescence
remain controversial (Yoshida 2003; van Doorn 2004,
2008; Wingler and others 2006, 2009).

Another link between ARF2 and leaf senescence was
recently revealed by Richter and others (2013). These
authors discovered that ARF2 represses the expression
of the two GATA transcription factors GNC (for
GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM
INVOLVED) and GNL (for GNC-LIKE; also called CGAlI
for CYTOKININ-RESPONSIVE GATA FACTORI) by
directly binding to their promoters. Expression of GNC and
GNL is enhanced in the arf2 mutant; notably, both genes
are also higher expressed in an arf7 arfl9 double mutant
and this is further enhanced in an arf2 arf7 arfl9 triple
mutant. Similar to ARF2, direct binding to GNC and GNL
promoters could also be demonstrated for ARF7. Notably,
like the arf2 mutant, GNC and GNL overexpressors accu-
mulate more chlorophyll than the wild type and they se-
nesce later, a phenotype that is consistent with the model
that ARFs repress GNC and GNL transcription (Richter and
others 2013). As there is currently no evidence for an
interaction of ARF2 with Aux/IAA repressors, it might
function in an auxin-independent manner, whereas ARF7,
which interacts with Aux/IAA14 (Fukaki and others 2005),
might act in dependence of auxin. Thus, ARF7 might
modulate the effect of ARF2 on GNC/GNL in an auxin-
dependent manner (Richter and others 2013). Furthermore,
it was previously shown, that the two GATA factors are
repressors of GA signaling (Richter and others 2010).
However, experimental evidence indicates that GA and
auxin signaling act through independent pathways to con-
trol GNC and GNL expression (Richter and others 2013).

SAUR36 in Arabidopsis

SMALL AUXIN UP-REGULATED RNA (SAUR) genes
represent a large family of auxin-responsive genes in
Arabidopsis and other plants (Hagen and Guilfoyle 2002;
Jain and others 2006). Although the biological function of
most SAUR genes remains unknown, experimental evi-
dence indicates an involvement of some of them in cell
expansion (Esmon and others 2006; Spartz and others
2012). Recently, it was reported that SMALL AUXIN UP
RNA (SAUR) 36, which is identical to SENESCENCE-
ASSOCIATED GENE201 (SAG201), functions as a positive
regulator of leaf senescence in Arabidopsis (Fig. 2).
SAUR36 is a nuclear-targeted protein (shown by GFP
fusion studies; Narsai and others 2011). Expression of
SAUR36 is low in young and fully expanded leaves, but
enhanced in senescent leaves as shown by microarray-
based expression profiling, qRT-PCR and promoter-GUS
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Fig. 2 In Arabidopsis, SAUR36 links auxin signaling with senes-
cence. Note, that SAUR36 inhibits cell elongation and leaf size,
whereas it promotes the onset, but less evidently the progression of
senescence. GAj; gibberellic acid, JAA indole-3-acetic acid, NAA o-
naphthalene acetic acid

studies (Guo and others 2004; Hou and others 2013).
SAUR36 expression is also induced in intact plants during
dark-induced senescence (observed in a transcriptome
dataset by Lin and Wu 2004).

Furthermore, SAUR36 is rapidly (within 30 min)
induced in leaves of 3-week-old plants by auxin (NAA)
treatment, and expression rises to high levels within 6 h
(Hou and others 2013). Auxin (IAA)-induced SAUR36
expression was also reported by Stamm and Kumar (2013)
in 3-day-old seedlings, whereas expression is repressed by
treatment with the auxin transport inhibitor 1-N-naph-
thylphthalamic acid (NPA). SAUR36 expression is sup-
pressed by treatment with gibberellic acid (GAj), but
stimulated when seedlings are treated with the gibberellin
biosynthesis inhibitor paclobutrazol (PAC). Considering its
response to auxin and GA treatment, Stamm and Kumar
(2013) renamed SAUR36 as RESPONSE TO AUXINS AND
GIBBERELLINSI (RAGI). In contrast to the induced
expression in leaves and seedlings, previous reports and
microarray studies (www.genevestigator.com) revealed
either no or a minimal effect of auxin treatment on
SAUR36 expression or a strong repression in roots 6 h after
auxin treatment (Paponov and others 2008).

Using two different T-DNA insertion lines for SAUR36,
Hou and others (2013) observed no major phenotypic
change compared to wild type during the early stages of
growth and development; however, analysis of physiolog-
ical data (including leaf mortality, leaf chlorophyll content,
ion leakage, and maximal photochemical efficiency of PS
II in dark-adapted state) revealed a later onset (by
3-4 days) of senescence in one of the saur36 mutants
analyzed, although progression of senescence, once
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initiated, did not appear to be affected to a large extent.
Using transgenic Arabidopsis plants expressing SAUR36
(from which a 3’-UTR-located mRNA destabilizing ele-
ment had been removed) from a dexamethasone (DEX)-
inducible promoter, the authors demonstrated induction of
leaf senescence within 3 days of DEX treatment. Enhanced
SAUR36 expression after DEX treatment was accompanied
by elevated expression of the senescence marker gene
SAGI2. Stamm and Kumar (2013) observed retarded and
twisted growth of the inflorescence axis in 35S:RAGI
(hence, 355:SAUR36) overexpressors, indicating potential
defects in auxin transport as reported by Chae and others
(2012) for SAURG63 overexpressors. SAUR36/RAGI over-
expressors also showed reduced fertility, but the cause for
this was not analyzed. In addition, seed germination was
affected in SAUR36-modified transgenic plants (Stamm
and Kumar 2013).

Of note, besides a delayed onset of senescence in the
saur36 knockout mutant approximately 83 % increase of
organ size of fully expanded leaves was observed (com-
pared to the Col-0 wild type). This rather dramatic increase
in leaf size was accompanied by an increase in epidermal
cell size by 67 % in the saur36 mutant analyzed, sug-
gesting that SAUR36 functions as an inhibitor of cell
expansion (Fig. 2; Hou and others 2013).

SAUR39 in Rice

In rice (Oryza sativa), SAUR39 has been shown to act as a
negative regulator of auxin synthesis and transport.
Expression of SAUR39 rapidly increases in rice shoots
within 30 min after auxin treatment, increases further
within a timeframe of 8 h and decreases again thereafter. In
leaves, SAUR39 expression was higher in mature than
young leaves, and relatively high expression was also
observed in senescent leaves (Kant and others 2009). Rice
plants overexpressing SAUR39 were smaller than wild-type
plants, and primary root length and the number of lateral
roots was reduced. Notably, senescence started much ear-
lier in SAUR39 overexpressors than wild-type plants,
whereas flowering occurred at approximately the same age
in both types of plants (Kant and others 2009). Metabolite
studies revealed reduced leaf chlorophyll content in
SAUR39 overexpressors compared to wild type, whereas
the anthocyanin level was elevated; also ABA level was
increased. Transcriptome profiling identified 1,094 genes to
be significantly up-, and 411 genes to be down-regulated
(by at least 2-fold) in shoots of 4-week-old SAUR39
overexpressors. Although an early onset of senescence was
observed in the overexpressor lines, the expression of only
five genes with a putative role for senescence was up-
regulated compared to wild type, whereas 12 anthocyanin

biosynthesis genes were up-regulated (consistent with the
elevated anthocyanin level in the transgenic plants).
Moreover, in accordance with the reduced chlorophyll
level in SAUR39 overexpressors, the expression of 23
genes with putative roles in chlorophyll production and
photosynthesis was reduced (Kant and others 2009). Using
real-time PCR the authors detected a slight reduction in the
expression of some auxin biosynthesis genes (TRPI, TRP2,
TRP6, and YUC6) which may cause the reduced free auxin
level in these plants.

The regulatory link between SAUR39 and delayed
senescence in rice is not particular clear at the current
stage. As reported by Kant and others (2009) the early
progression of senescence in SAUR39 overexpression
plants was accompanied by an increase in sugar and starch
content; furthermore, the expression of sugar-responsive
genes was elevated, which might be due to the reduced
auxin content in these plants. Thus, as in Arabidopsis (see
above) a regulatory link might exist between auxin and
sugar signaling that might be important for the precise
control of leaf senescence also in this species; however,
further research is clearly needed to unravel the underlying
principles through which auxin affects senescence.

Neutron Irradiation and its Effects on Auxin-Related
Genes and Senescence

Previously, the effect of neutron irradiation on senescence
was analyzed in Arabidopsis (Fortunati and others 2010).
The authors tested the expression of genes connected to
auxin signaling, senescence, and oxidative stress in seed-
lings and mature wild-type plants (ecotypes Col-0 and Ws)
after a 3-h exposure to different doses of radiation. Most of
the auxin-connected genes tested, including ARFI, ARF2,
and ARF19, as well as of the auxin-activated genes Aux/
IAA3 and Aux/IAA7, were down-regulated. An opposite
expressional response, that is, an upregulation of these
genes, was observed in the aux/ mutant, which lacks an
auxin influx transporter encoded by the AUXI gene, and
generally also in the pin2 mutant that lacks the PIN2 auxin
efflux transporter. In contrast to the auxin-related genes,
the SAGs SAGI2 and SAGI3 were up-regulated upon
neutron irradiation in Arabidopsis wild-type plants,
whereas expression of both genes was down-regulated in
the aux! mutant (Fortunati and others 2010). Similarly,
genes connected to oxidative stress responses, namely
CATI, CAT3, and FeSODI, were up-regulated in the wild
type, but repressed in the aux/ mutant.

The authors also tested the effect of neutron irradiation
on the accumulation of thiobarbituric acid reactive sub-
stances (TBARS) as an indicator of the lipid state of the
membranes and found an increase of TBARS compared to
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Fig. 3 Model for the role of leucine-rich repeat receptor-like kinase
SARK in regulating senescence. In soybean, GmSARK represses
expression of Gmgtrl, but enhances expression of GmllsI, thereby
inhibiting chloroplast maintenance leading to leaf yellowing. Besides
a promotion of senescence, elevated GmSARK expression leads to
multiple morphological changes (for example, dwarfism, formation of
curved roots, altered flower morphology). CYP79B2 and TSA ! encode
enzymes involved in auxin biosynthesis, whereas GH3.5 encodes an
enzyme of the GH3 family involved in conjugating excess free auxin
to amino acids thereby contributing to auxin homeostasis. SAGI2,
WRKY6, and AtNAP are senescence-associated genes

control plants. Additionally, photosystem II activity (Fv/
Fm) decreased upon irradiation, as did the expression of the
photosynthesis-related genes CABI and RUBS-1B (Fortu-
nati and others 2010).

The results reported by Fortunati and others (2010)
suggest a role of auxin transport and perhaps auxin sig-
naling for setting the frame of senescence induction and
progression.

Senescence-Associated Receptor-Like Kinase (SARK)

GmSARK from soybean (Glycine max) encodes a leucine-
rich repeat receptor-like kinase (LRR-RLK). Relatively
prominent expression was observed in young leaves, but
transcript abundance decreased thereafter in maturing leaves
whereas it increased again during senescence. GmSARK
expression also increased in dark-incubated detached leaves
when senescence was induced and treatment with the cyto-
kinin 6-benzyl aminopurine (6-BA), known to delay senes-
cence in soybean, slowed down the increase of GmSARK
expression (Li and others 2006). Knocking down GmSARK
expression by RNA interference (RNAi) led to chlorophyll
overaccumulation and a retardation of senescence. On the
contrary, overexpression of GmSARK reduced chlorophyll
levels and strongly enhanced expression of GmllsI (a gene
proposed to encode an enzyme involved in chlorophyll
breakdown), whereas expression of Gmgtrl (encoding an
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enzyme of chlorophyll biosynthesis) was reduced (Fig. 3).
Overexpression of GmSARK in transgenic Arabidopsis
plants triggered a similar (pale-yellow) phenotype in leaves,
and strongly impaired shoot development. The authors
concluded that GmSARK-mediated signaling may be
involved in controlling chloroplast development and chlo-
rophyll accumulation (Li and others 2006). The observed
effect on senescence may then result from shifting the bal-
ance between chloroplast maintenance toward chloroplast
breakdown upon GmSARK-controlled signaling which may
be an important control element for the initiation of leaf
senescence. Of note, control of senescence by balancing
chloroplast maintenance against deterioration has recently
been reported to be mediated by the interaction of two types
of transcription factors, namely the G2-like transcription
factors GLK1 and GLK2 which are important for chloroplast
formation (Waters and others 2008. 2009), and ORE], a key
positive regulator of senescence (Kim and others 2009;
Balazadeh and others 2010a; Rauf and others 2013).

To further evaluate the signaling integration of SARK,
the Wang group extended their research toward Arabi-
dopsis (Xu and others 2011). Transgenic Arabidopsis
plants expressing GmSARK under the control of a DEX-
inducible transcription system (GVG:GmSARK lines)
showed a rapid (within 2 h) increase of SAGI2 expression
after DEX treatment in seedlings. DEX treatment strongly
delayed seedling growth and triggered the formation of
short and curved roots; the severe growth depression was
accompanied by leaf yellowing similar to Arabidopsis
seedlings expressing GmSARK from the CaMV 35S pro-
moter (Li and others 2006). Leaf yellowing upon DEX
treatment was also observed in adult plants. Expression
analysis revealed increased transcript accumulation of
the senescence-related transcription factors WRKY6 and
AtNAP. Similar to GmSARK, the Arabidopsis homolog
AtSARK caused an altered root structure and precocious
leaf yellowing (and potentially senescence) upon overex-
pression, which was accompanied by enhanced expression
of senescence-related transcription factors. In contrast, an
AtSARK knockout mutant (sark-I) showed a delay in
chlorophyll loss and senescence compared to wild type (Xu
and others 2011). The sark-I mutant also produced fever
leaves than the wild type, the rosette diameter remained
smaller, and bolting and flowering were delayed.

Enhanced Response to Auxin in GmSARK
Overexpressors

An interesting aspect is that GmSARK affects auxin
responses and distribution when overexpressed in Arabi-
dopsis. Notably, treatment of seedlings transformed with a
GmSARK promoter:GUS construct showed significant
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induction of GUS activity upon treatment with TAA. In
addition, extended IAA treatment (96 h) more strongly
stimulated the formation of lateral roots in DEX-treated
GVG:GmSARK seedlings than in controls, suggesting that
GmSARK enhances the sensitivity toward auxin (Xu and
others 2011). By employing the DR5:GUS reporter gene the
authors further observed that GmSARK altered the cellular
distribution of auxin, indicating that signaling through this
receptor kinase affects auxin distribution, at least in roots.
Furthermore, the expression of two genes related to auxin
biosynthesis, namely CYP79B2 and TSAI, as well as the
expression of the auxin-responsive gene GH3.5 was signif-
icantly elevated upon DEX-induced GmSARK expression,
whereas transcript abundance of ARF2 decreased.

DEX-induced GmSARK expression increased the tran-
script abundance of four ACC synthase genes involved in
ethylene biosynthesis, namely ACS4, ACS6, ACS7, and
ACS9, but lowered the expression of ACS2, ACS5, and
ACS11. The expression changes observed for the different
ACS genes are in accordance with the interpretation that
GmSARK triggers the formation of more active ACS7
homo- and ACS7-containing heterodimers whereas
expression of ACS genes contributing to the formation of
inactive heterodimers (that is, ACS2, ACSS, and ACSII,
Tsuchisaka and others 2009) was down-regulated. Also the
expression of typical ethylene-responsive genes (ERFI,
ERF2, ERF4, and AtEBP) was elevated in GmSARK-
induced plants, indicating that not only ethylene formation
was promoted, but also ethylene signaling (Xu and others
2011). Thus, auxin and ethylene may both involve SARKSs
to regulate senescence.

Transcriptome Profiling Reveals Limited Overlap
Between Senescence- and Auxin-regulated Genes

The reports summarized above indicate a potential role of
auxin in the control of senescence-related processes and
highlight the fact that several auxin-related genes are
indeed induced during developmental or dark-induced
senescence. To further investigate the possible involvement
of auxin-related processes in senescence, we took advan-
tage of public transcriptome data to analyze the expres-
sional changes of auxin homeostasis and auxin-responsive
genes during developmental and dark-induced senescence
in Arabidopsis thaliana. First, we compiled a list of 3,716
SAGs (that is, up-regulated) from the reports of Buchanan-
Wollaston and others (2005), Balazadeh and others (2008),
and Breeze and others (2011). We used the data from
Buchanan-Wollaston and others (2005) and Breeze and
others (2011) to compile a list of 2,633 senescence-down-
regulated genes (SDGs). Genes affected during dark-
induced senescence were taken from Lin and Wu (2004);

the list comprises 3,230 up- and 2,063 down-regulated
genes. As the expression of many senescence-regulated
genes is induced by reactive oxygen species (ROS) like
hydrogen peroxide (H,O,) (Navabpour and others 2003;
Balazadeh and others 2010b, 2011), we also compiled a list
of 1,299 genes whose expression is promoted by H,0,
treatment, using transcriptome data generated in-house
(unpublished). Finally, we assembled a cohort of auxin-
responsive genes from the reports of Zhao and others
(2003), Goda and others (2004, 2008), and Nemhauser and
others (2004, 2006), yielding 683 auxin up- and 476 down-
regulated genes. All genes assembled in this way are listed
in Supplemental Table S1.

Next, we searched for genes commonly affected in the
various experiments. First, we focused on genes up-regu-
lated during developmental senescence (SAGs) and dark-
induced senescence. As shown in Supplemental Table S2,
734 of the 3,716 SAGs (that is, 20 %) are also induced by
H,O,-treatment, whereas more than half (57 %) of the
H,O,-up-regulated genes are SAGs, which is in accordance
with previous reports that presented strong evidence for a
role of ROS in senescence (Navabpour and others 2003;
Balazadeh et al. 2010a, b; Cui and others 2013; Zhou and
others 2013). One-third of all SAGs (that is, 1,232 genes)
were also induced during dark-induced senescence, 418 of
the dark-induced genes were also up-regulated by H,0O,-
treatment, and 331 genes overlapped in all three datasets
(Supplemental Table S2). Thus, as reported earlier
(Buchanan-Wollaston and others 2005; van der Graaff and
others 2006), a considerable overlap of gene expression
changes is observed during age-dependent and dark-
induced senescence, and many genes are also affected
when plants are challenged by H,O, treatment.

When comparing senescence-relevant genes with those
affected by auxin, we observed that 207 (30 %) and 127
(19 %) of the 683 auxin-up-regulated genes are SAGs or
stimulated by dark-induced senescence, respectively
(Fig. 4). On the contrary, auxin-up-regulated genes con-
stitute only approximately 5 % of either SAGs or genes
induced by darkness. Although 1,232 genes are both up-
regulated during developmental and dark-induced senes-
cence, only 87 genes are induced in all three scenarios,
indicating that auxin does not play a major role in trig-
gering the expression of the vast majority of the senescence
up-regulated genes, in accordance with the general senes-
cence retarding effect of auxin (Lim and others 2007; Ji-
bran and others 2013). We also looked at the 476 genes
down-regulated by auxin treatment and observed that 61
(that is, 13 %) and 40 (8 %) of those are induced during
developmental or dark-induced senescence, respectively.
However, the auxin-down-regulated genes constitute only
less than 2 % of all SAGs or dark-induced genes (that is.,
61 or 40 out of 3,716 or 3,230 genes, respectively). Of the
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Fig. 4 Venn diagrams of Arabidopsis genes affected at the transcript
level during developmental senescence, dark-induced senescence, and
by auxin treatment. Numbers of genes commonly changing their
expression status are given in the overlapping circle areas. The
complete gene lists and experimental conditions are given in
Supplemental Tables S1 and S2. SAGs senescence-associated genes

2,633 SDGs, only 99 and 90 genes (that is, 4 %) were
down- or up-regulated, respectively, by auxin treatment;
similarly, only 88 and 98 of the 2,063 genes down-regu-
lated in darkness (that is, below 5 %) were, respectively,
down- or up-regulated by auxin (Fig. 4; Supplemental
Table S2). Thus, overall only a relatively small percentage
of the SAGs, SDGs or genes affected during dark-induced
senescence are auxin-responsive, indicating that a large
fraction of the SAG regulatory network is only indirectly
affected by auxin.

Several Auxin-Related Genes are Modulated During
Senescence

We next focused our analysis on auxin-related genes, that
are responsive to the phytohormone and/or play central
roles in auxin metabolism or signaling: SAURs (78 genes;
www.arabidopsis.org), Aux/IAAs (29 genes; Liscum and
Reed 2002), GH3s (20 genes; Hagen and Guilfoyle
2002), YUCCAs (11 genes; Zhao and others 2001; www.
arabidopsis.org), and ARFs (22 genes; Hagen and Guilfoyle
2002), and checked their expression during developmental
and dark-induced senescence. Of the 160 genes analyzed in
this way, 17 are induced during developmental senescence
(8 SAURs, 2 Aux/IAAs, 5 GH3s, 2 ARFs), whereas 22 genes
are down-regulated (14 SAURs, 6 Aux/IAAs, 2 ARFs).
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(that is, genes induced during developmental senescence), SDGs
senescence-down-regulated genes (that is, genes down-regulated
during developmental senescence). Genes up- or down-regulated
during dark-induced senescence are labeled ‘Dark-UP’ and ‘Dark-
DOWN’, respectively, and genes up- or down-regulated by auxin
treatment are labeled ‘Aux-UP’ and ‘Aux-DOWN’

Similarly, 14 of the 160 genes show enhanced expression
during dark-induced senescence (5 SAURs, 3 Aux/IAAs, 3
GH3s, 3 ARFys), and 19 genes show reduced expression (9
SAURS, 8 Aux/IAAs, 1 GH3, 1 ARF) (Supplemental Table
S3). Thus, expression of similar numbers of auxin-related
genes are induced or repressed during developmental and
dark-induced senescence.

Conclusions

The initiation and subsequent progression of senescence
towards cell death and final tissue decomposition repre-
sents a key developmental process in plants. Given its great
importance for whole-plant physiology, growth, and seed
yield it is not surprising that senescence is controlled at
different levels by multiply interlocked regulatory loops.
Senescence, that is, the process that typically involves the
decline of chlorophyll level, an increase of ion leakage due
to membrane damage, and an elevation of the expression of
SAGs, is under considerable developmental control: young
leaves typically do not enter senescence as exemplified by
the inability of ethylene to induce senescence in immature
leaves, which otherwise—in mature leaves—readily stim-
ulates senescence, pointing to the existence of currently
vaguely defined age-related factors (see Jibran and others
2013, for a detailed discussion). Several recent reports, as
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presented above, suggest an involvement of auxin in the
control of senescence. However, global expression profil-
ing revealed that auxin-regulated genes are underrepre-
sented in the large set of SAGs, compared to H,O,-
regulated genes which show an appreciable overlap with
SAGs. Furthermore, similar numbers of auxin-related
genes (SAUR, GH3, Aux/IAA, ARF, and YUCCA) are
induced and repressed, respectively, during developmental
and dark-induced senescence. A possible explanation for
these somewhat contrasting observations might be that
auxin level and signaling, by affecting leaf (and plant)
development, contribute to controlling the establishment of
age-related changes (ARCs). In leaves, ARCs are repre-
sented by a cessation of cell proliferation (during early
development) or the end of cell expansion (when leaves
mature), however, in principle any molecular, biochemical,
or cellular change that manifests as a result of develop-
mental progression could represent an ARC (Jibran and
others 2013). Considering auxin’s prominent role in the
regulation of cell division and cell expansion (Mockaitis
and Estelle 2004; Perrot-Rechenmann 2010), auxin may
exert its control over senescence by affecting the build-up
of age-related cellular factors and thus timing of ARCs. It
will be interesting in the future to determine what exactly
sets the stage to allow bona fide senescence executing
mechanisms (for example, involving the OREI regulon;
Balazadeh and others 2010a, b; Breeze and others 2011) to
start their program. The reports discussed here indicate that
auxin could be one of the relevant players in this process.

AGI Codes of Genes Discussed in This Article

SAGI2 (At5g45890); YUCI (At1g21430); YUC6 (At5g25
620); YUC7 (A12g33230); GH3.1 (A12g14960); GH3.3 (At2g
23170); GH3.5 (At4g27260); GH3.6 (At5g54510); SAG201/
SAUR36/RAGI (At2g45210); OREI/ANAC092 (At5g396
10); AINAPIANAC029 (At1g69490); WRKY6 (At1g62300).
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