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Reactive oxygen species (ROS) play a key role in the regulation of many developmental processes, including senescence, and in
plant responses to biotic and abiotic stresses. Several mechanisms of ROS generation and scavenging are similar, but others
differ between senescing leaves and petals, despite these organs sharing a common evolutionary origin. Photosynthesis-derived
ROS, nutrient remobilization, and reversibility of senescence are necessarily distinct features of the progression of senescence in
the two organs. Furthermore, recent studies have revealed specific redox signaling processes that act in concert with
phytohormones and transcription factors to regulate senescence-associated genes in leaves and petals. Here, we review some
of the recent advances in our understanding of the mechanisms underpinning the production and elimination of ROS in these
two organs. We focus on unveiling common and differential aspects of redox signaling in leaf and petal senescence, with the aim
of linking physiological, biochemical, and molecular processes. We conclude that the spatiotemporal impact of ROS in senescing
tissues differs between leaves and flowers, mainly due to the specific functionalities of these organs.

The role of reactive oxygen species (ROS) in plants
has emerged in the last two decades as a key research
topic mainly due to the recent achievements in this field
demonstrating that ROS can play a role in signaling (for
review, see Foyer andNoctor, 2013;Munné-Bosch et al.,
2013; Mignolet-Spruyt et al., 2016). ROS play a dual role
in plants, both as key regulators of growth, develop-
ment, and defense pathways and as toxic by-products
of aerobic metabolism (Mittler et al., 2004). ROS par-
ticipate in a number of redox processes in plants, being
part of a complex, sometimes redundant, but at the
same time highly coordinated and flexible redox sig-
naling network (Mittler et al., 2004; Foyer and Noctor,
2011, 2013; Zechmann, 2014). Importantly, ROS create a
localized oxidative environment that facilitates signal-
ing by other pathways, such as calcium mobilization,
thiol-disulfide exchange, protein-protein interactions,
and transcription factor binding (Foyer and Noctor,
2013). However, how the balance between ROS pro-
duction and elimination is regulated, and how signals
are transmitted to the cell machinery to trigger senes-
cence processes in plant organs, are still being unveiled.
In discussing the role of ROS during senescence, it is
important to remember that different ROS types have
distinct properties: singlet oxygen (1O2) and the super-
oxide (O2

.2) and hydroxyl (OH$) radicals are very re-
active and relatively unstable. In contrast, hydrogen

peroxide (H2O2) is more stable and diffusible (Dat et al.,
2000). Where these ROS types are generated, which
ones predominate, and where they diffuse to within the
cell may have different consequences. Of particular
interest in this context is how ROS and redox signaling
contribute to senescence in different organs.

Senescence is the final stage in the development of a
plant organ, usually leading to programmed death of
all the cells. Previously, there has been discussion on the
use of these terms (Thomas et al., 2003). Thomas (2013)
makes a clear distinction between the active process of
senescence, which requires live cells, and the irreversi-
ble and terminal phase of programmed cell death, al-
though the two processes may be concurrent in
different cells of the same organ. Although senescence
is often considered as a distinct process, it is in fact part
of the continuum of normal development in both leaves
and petals. As seen in Figure 1A, in leaves, the first sign
of senescence is yellowing due to chlorophyll degra-
dation, which often begins at the tip of the leaf. In petals
(Fig. 1B), the first visible signs are oftenwilting, changes
in coloration, and rolling, which are closely coordinated
with the sexual maturation of the flower and the pro-
duction of scent to attract pollinators (Aros et al., 2012).
Although senescence is often considered as a degener-
ative process, it is in fact an active stage of development
in which the expression of many genes is drastically
altered and new biochemical processes are activated
(Breeze et al., 2011). Some of the activated mechanisms
imply a conflict between initiating cell death and
keeping cellular functions active long enough to en-
able efficient remobilization (Guiboileau et al., 2010). As
a result, some patterns of gene expression during se-
nescence resemble those activated during stress and
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defense responses (Guo and Gan, 2012). An interesting
question, however, is whether ROS and redox signaling
are involved in regulating the balance between life and
senescence-associated cell death andwhether the role of
ROS and redox signaling in senescence is common to
different plant organs.

Leaves and petals have common evolutionary origins
(Friedman et al., 2004) but perform very different
functions in the plant, acting both as sources and sinks
for photoassimilates and available nutrients depending
on their developmental stage (Gan and Fischer, 2007;
Juvany et al., 2013). Very young, growing leaves act as
sinks, shifting to a source role early in development
when photosynthesis-derived sugars surpass those
needed for maintenance. Later in development, leaves
can enter senescence, in which photosynthesis is re-
duced and the export of photoassimilates and available
nutrients is possible due to catabolic processes. Devel-
opmental senescence can be associated with reproduc-
tion, as is seen inmonocarpic plants such as cereal crops
(Distelfeld et al., 2014), where the leaves enter senes-
cence coincident with flowering and fruit ripening, or in
perennial plants, where it may be linked to resource
allocation or organ turnover (Thomas, 2013). The se-
nescence of individual leaves also can be seen as a
stress-mitigating strategy at the whole-plant level,
providing sugars and nutrients to other plant parts
(Munné-Bosch and Alegre, 2004). In contrast, both
young and mature petals are sinks, and only after pol-
lination, when fertilization and fruit set occur, can ca-
tabolism in senescing petals convert these organs to
sources of nutrients (Jones, 2013; Rogers, 2013). Fur-
thermore, the abundance of chloroplasts in leaves and
their absence in most petals lead to different sites and
mechanisms of ROS generation in their cells. Despite
the shared role of some of the phytohormones involved
in triggering their senescence, the induction factors, the
underlying mechanisms of their regulation, the extent
and speed of nutrient remobilization, and the ultimate
goal of the senescence syndrome may differ markedly
between leaves and petals. Therefore, a comparison of
the role of ROS and redox signaling in this context is
useful to assess common and divergent signaling path-
ways that may help us to better understand and ma-
nipulate these physiological processes, with important
implications for agriculture and the agrobiotechnological
industry.

ROS GENERATION AND SCAVENGING:
SPATIOTEMPORAL EFFECTS

In plant cells, ROS are mainly generated in four cel-
lular locations: chloroplasts, peroxisomes, mitochon-
dria, and the apoplast, although microbodies, the
cytosol, and the endoplasmic reticulum also can con-
tribute to ROS production (Apel and Hirt, 2004; Mittler
et al., 2004). In leaves, the main source of ROS is the
chloroplasts, from which large amounts of nitrogen are
mobilized during leaf senescence (Ishida et al., 2014).
During senescence, chlorophyll degradation is tightly

Figure 1. Senescence is a continuum in both leaves and flowers, here
shown in Alstroemeria spp. ‘Sweet Laura’. A, Leaf development from
expansion through yellowing and full senescence, divided into six
stages: S1 and S2, expanding leaves; S3, mature leaves that have
reached full expansion; S4, early senescence, showing the first signs of
yellowing at the tip; S5, later senescence, with yellowing across more
than 50% of the leaf area; and S6, fully senesced leaf. B, Floral devel-
opment showing the coordination between petal opening and wilting
with sexual maturation. Floral stages are according to Wagstaff et al.
(2010). Bars = 1 cm.
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regulated (Hörtensteiner, 2006), as is the disassembly of
the whole chloroplast (Ishida et al., 2014; Xie et al.,
2015). During disassembly of the photosynthetic ap-
paratus, CO2 fixation decreases and excess energy in
chloroplasts can result in the formation of O2

.2 and 1O2
(Krieger-Liszkay, 2005; Pintó-Marijuan and Munné-
Bosch, 2014). Activation of the antioxidant machinery is
then required to avoid the risk of toxic levels of ROS
production, which, if not properly regulated, would
prevent slow chloroplast dismantling and, therefore,
nutrient remobilization from being fully accomplished
(Juvany et al., 2013). The paramount importance of
chloroplasts in the induction and speed of leaf senes-
cence also is illustrated by regreening experiments.
Redifferentiation of gerontoplasts (i.e. senescing chlo-
roplasts) and regreening of senescing tobacco (Nicotiana
tabacum) leaves were observed after the application of
cytokinins (Zavaleta-Mancera et al., 1999a, 1999b). Al-
though regreening capacity can deteriorate at advanced
stages (Zavaleta-Mancera et al., 1999b), thus leading
to the so-called point of no return (van Doorn and
Woltering, 2004), these experiments demonstrate the
paramount importance of cytokinins in leaf senescence
and that this process occurs slowly and is potentially
reversible. Nutrient remobilization is less obvious in
petals and begins well before the appearance of phe-
notypic signs of petal wilting and deterioration (Jones,
2013). Petals are fairly nutrient poor compared with
leaves, and previous experiments indicate that leaves
remobilize a much greater amount of nutrients than
petals during senescence (Himelblau and Amasino,
2001; Verlinden, 2003; Chapin and Jones, 2007, 2009;
Jones, 2013). Pollination-triggered senescence of petals
allows the degradation of energy-costly, nonfunctional
petals in pollinated flowers, with a modest contribution
of nutrient salvage to other plant parts (Jones, 2013).
Petal senescence is not reversible, and in many species,
pollination-triggered senescence occurs rapidly, in a
process mediated by an increase in endogenous ethyl-
ene production, which coordinates rapid cellular events
within the different floral organs (Stead and van Doorn,
1994; Jones andWoodson, 1997). In ethylene-insensitive
species, however, senescence can occur more slowly in
a process associated with a rise in abscisic acid (e.g.
Narcissus spp.; Hunter et al., 2004) and reductions in cy-
tokinins (e.g. Iris and Lilium spp.; Arrom and Munné-
Bosch 2012; van Doorn et al., 2013). This process appears
to resemble that occurring during leaf senescence; indeed,
petal senescence in Lilium spp. starts with chlorophyll
degradation and chloroplast dismantling, exactly as it
occurs in leaves (Arrom and Munné-Bosch 2010, 2012).

ROS concentrations rise at flower opening and then
again once senescence symptoms become evident
(Rogers, 2012). This has been shown in several unre-
lated species, both ethylene sensitive (e.g. carnation
[Dianthus caryophyllus]; Zhang et al., 2007) and ethylene
insensitive (e.g. daylily [Hemerocallis spp.]; Panavas and
Rubinstein, 1998). It is possible that different ROS types
are involved: in Chrysanthemum spp., H2O2 concentra-
tion rose earlier and the increase was associated with

flower opening, whereas O2
.2 only rose later coincident

with early senescence (Chakrabarty, et al., 2007). In
petals of most species, few active chloroplasts remain
by the stage of full bloom; most are converted to chro-
moplasts (Ljubesi�c et al., 1991; Marano et al., 1993). The
main sources of ROS production in petals are thus likely
to be peroxisomes, mitochondria, and the apoplast.
Mitochondria also contribute to ROS production in
both organs, mainly through electron transfer from
respiration chain components; however, they are much
greater contributors to cellular ROS in nongreen tissues
such as petals (Rhoads et al., 2006). The intracellular
origins and distribution of the different ROS types
remain controversial due to questions regarding the
absolute specificity of fluorescent markers that are
commonly used as reporters (Jajic et al., 2015).

Important factors in regulating ROS homeostasis
during senescence are changes in the activity of ROS-
scavenging enzymes, the production of antioxidant
compounds, and increases in metal-chelating proteins
and peptides. The interconversion between oxidized
and reduced forms of glutathione and ascorbic acid
is central to maintaining the redox homeostasis of the
cell (Foyer and Noctor, 2005, 2011). Ascorbic acid is
then required for the removal of H2O2 through its
conversion to water and oxygen by the action of as-
corbate peroxidase. In several species, nutrient resorp-
tion in senescing leaves occurs in parallel with ascorbic
acid degradation, partly due to ascorbate oxidation in
chloroplasts during leaf senescence (García-Plazaola
et al., 2003; Palma et al., 2006). Interestingly, altera-
tions in ascorbate biosynthesis lead to elevated levels of
some senescence-associated gene transcripts as well as
increased salicylic acid levels, thus leading to acceler-
ated senescence in Arabidopsis (Arabidopsis thaliana;
Barth et al., 2004). Notably, the fall in ascorbate is one of
the earliest events in the senescence of petals from
several species and may even be part of a mechanism
triggering the onset of programmed cell death (Rogers,
2012). In contrast, glutathione levels in chloroplasts
remained unaltered or increased slightly, depending on
nitrogen availability, in senescing leaves, thus sug-
gesting a differential antioxidant behavior between
ascorbate and glutathione in senescing leaves (Palma
et al., 2006). This is further supported by enhanced
glutathione levels in chloroplasts and vacuoles as a re-
sult of increased intracellular H2O2 production in cata-
lase2 mutants (Queval et al., 2011).

Enzymatic scavenging of ROS, which acts in concert
with ascorbate and glutathione, and calcium signaling
(Davletova et al., 2005; Costa et al., 2010) also are im-
portant in regulating the progression rate of leaf and
petal senescence. The location of the scavenging en-
zymes is also of interest in understanding the contri-
bution of different subcellular compartments to ROS
during senescence. For example, superoxide dismutase
activity remained high in carnation peroxisomes during
senescence compared with mitochondria, where the
activity fell dramatically (Droillard and Paulin, 1990).
This suggests that peroxisomes may be more important
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in buffering ROS levels during petal senescence or that
they are the major ROS producers at this stage of de-
velopment. Furthermore, it has been shown that the
manipulation of ROS levels in the cytosol appears to
have a greater impact on leaf senescence than peroxi-
somal H2O2 and that the cytosolic ascorbate peroxidase
plays a central role in redox control (Ye et al., 2000;
Davletova et al., 2005; Bieker et al., 2012).
In both petals and leaves, ROS levels also are buff-

ered by lipophilic antioxidant compounds: tocopherols
and carotenoids. In leaves, carotenoids, located in both
the light-harvesting antennae (mainly xanthophylls)
and the thylakoid matrix of chloroplasts (b-carotene
and also zeaxanthin in light-exposed leaves), are impor-
tant for photosynthesis and photoprotection (Havaux
et al., 2005; Caliandro et al., 2013). Tocopherols, as-
sociated with thylakoid membranes, protect the cell
against oxidative stress both by eliminating ROS,
mainly 1O2, and inhibiting the propagation of lipid
peroxidation (Munné-Bosch and Alegre, 2002; Falk
and Munné-Bosch, 2010). In petals, carotenoids and
tocopherols tend to increase in early senescence and
then decline (Cavaiuolo et al., 2013). The same trend
has been reported in leaves for carotenoids, particu-
larly zeaxanthin (Prochazkova et al., 2001) and to-
copherols (Juvany et al., 2012). Thus, it would seem
that, in early senescence of both organs, these anti-
oxidant compounds likely perform a very similar role
to delay the accumulation of ROS, which at the latest
stages of both leaf and petal senescence will inevitably
lead to oxidative damage and cell death (Fig. 2). Fur-
thermore, the disassembly of the chloroplast electron
transport chain in leaves and the breakdown of enzymes
during senescence-associated proteolysis release metal
ions, including Fe2+ and Cu2+ (Buchanan-Wollaston, 1997).
These can then result in the production of OH$ through
the Fenton/Haber Weiss reactions between H2O2 and
O2

.2. One way to reduce this effect is the production of
metal-chelating proteins. In many transcriptomes from
petals (e.g. Alstroemeria spp. [Wagstaff et al., 2010] and
Narcissus spp. [Hunter et al., 2004]) and leaves (e.g.
Arabidopsis; Guo and Gan, 2004), metallothioneins are
highly up-regulated during senescence. This family of
proteins can bind to a wide range of monovalent and
divalentmetal ions and plays an important role inmetal
homeostasis (Leszczyszyn et al., 2013). During senes-
cence in both tissues, therefore, they are likely to be
relevant in delaying or reducing ROS production.

REDOX SIGNALING

ROS, such as 1O2, H2O2, O2
.2, and OH$, are molecules

that are considered to be both signaling and potentially
damagingmolecules (Mittler et al., 2004). Antioxidants,
such as ascorbate, glutathione, carotenoids, and to-
copherols, as well as enzymes, such as superoxide dis-
mutase, ascorbate peroxidase, catalase, peroxiredoxins,
and glutathione peroxidase, play essential roles in ROS-
scavenging mechanisms (Apel and Hirt, 2004; Dietz,
2011; Foyer and Noctor, 2011; Munné-Bosch et al., 2013;

Zechmann, 2014), as has been discussed previously. Ex-
tracellular ROS, such as the diffusible H2O2, also can
transmit intracellular signals rapidly to the nucleus and/
or amplify signals passing from the chloroplast and/or
mitochondria to the cell nucleus (Munné-Bosch et al.,
2013;Mignolet-Spruyt et al., 2016). A loss of redox control
ultimately leads to cell death, but we know that the cell
death associated with senescence is tightly regulated. So
a useful question to ask is whether the changes in ROS
seen during senescence act as a signal that is required for
senescence itself (i.e. the delay in cell death, which allows
remobilization) and/or whether a programmed or con-
sequential loss of redox control is only associated with
cell death.

The transcription factors regulated by ROS result in
the transcription of a large number of genes (Maxwell
et al., 2002; Miller et al., 2010; Smykowski et al., 2010;
Shaikhali et al., 2012; Munné-Bosch et al., 2013). Re-
cently, there has been a growing interest in under-
standing the regulation of senescence at the level of
systems biology, using bioinformatics tools to build
models for transcription factor networks (Penfold and
Buchanan-Wollaston, 2014). NAC and WRKY tran-
scription factors have emerged as key regulators, and as
these networkmodels are tested, the role of ROS in their
regulation is defined. The induction of leaf senescence
by dark treatment resulted in changes in the expression
of 39 ROS-induced transcription factors (Rosenwasser
et al., 2011), including seven from theNAC and 11 from
theWRKY gene families. This suggests that ROS indeed
act as signals in early senescence. This is supported by
the early induction of ROS-responsive genes during
developmental leaf senescence (Breeze et al., 2011).

In petals, the role of ROS in senescence is as yet less
defined. The key problem lies in the lack of detailed
data for gene expression during senescence across the
whole transcriptome. The development of Arabidopsis
flowers has been divided into 17 stages, from pri-
mordial development to full abscission of the floral
organs (Smyth et al., 1990). However, available data for
Arabidopsis on The Arabidopsis Information Resource
(TAIR) compare only two petal stages (stages 12 and
15), which correspond to unopened flower and fully
open flower, respectively. Nevertheless, this is likely to
represent the transition into early senescence, since al-
ready from flower opening, changes in cellular struc-
ture indicative of senescence and cell death are evident
in many species (e.g. Alstroemeria spp.; Wagstaff et al.,
2003). The correlation of ROS-elicited gene expres-
sion with expression in Arabidopsis petals and the
very well-defined stages of Arabidopsis leaf senescence
(Breeze et al., 2011) was made using ROSMETER
(Rosenwasser et al., 2013; Fig. 3). It shows a clustering of
age-related expressed petal sequences with leaf time
points after day 25, which was 2 d after bolting and
coincides with the first drop in photosynthetic activity.
However, the expressed petal sequences group dis-
tinctly from the leaf-expressed genes, indicating dif-
ferences in ROS responses between the two tissues.
There is a positive correlation with a number of ROS-

Plant Physiol. Vol. 171, 2016 1563

ROS and Redox Signaling in Senescing Tissues

 www.plantphysiol.org on November 23, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.



related genes in both leaf and petal senescence. In
particular, there is a significant positive correlationwith
the production of O2

.2 in mitochondria following rote-
none treatment in both tissues, although the effect in
petals seems less marked (Garmier et al., 2008). There
are also negative correlations to both antisense and in-
sertional mutants of AOX1 linked to the production of
O2

.2 and H2O2, again in mitochondria (Umbach et al.,
2005; Giraud et al., 2008), suggesting that mitochondria
may play a role in ROS signaling during senescence in
both tissues. Peroxisomal ROS also may act as a signal
in petal senescence, as a good correlation was obtained
to amidotriazole treatment (Gechev et al., 2005), thought
to induce the production of H2O2 in peroxisomes. Out of
the 44 ROS-induced transcription factors analyzed by
Rosenwasser et al. (2011), approximately half (23) were
up-regulated in one or more stages of dark-induced se-
nescence in leaves. Of these, 21 showed the same trend or
no change in expression pattern in senescing petals,
while only two showed the opposite trend (AtHSFA2
[At2g26150] and HSF7/HSFB2B [At4g11660]; data from
eFP browser [Winter et al., 2007]). More detailed ex-
pression data on these genes and functional data from
mutants would be of interest, since in at least some cases
(e.g. ANAC042/JUB1; Wu et al., 2012), expression does
increase in older flowers, which are not represented in
TAIR array data.

ROS also could act as a more direct, terminal signal
for cell death during senescence. In both leaves and
petals, ion leakage often is used as a measure of se-
nescence progression. Unlike wilting or loss of chloro-
phyll, ion leakage tends to occur rapidly once initiated
and is presumably linked to a rapid increase in the

number of dead or dying cells (Rogers, 2012). Prior to
cell death, in both organs, there are changes in mem-
brane structure. Lipid biosynthesis is down-regulated
and lipolytic activity increases, leading to a loss of
membrane stability (Thompson et al., 1998). Membrane
instability results in the release of free fatty acids, which
are rapidly oxidized either enzymatically through the
action of lipoxygenases or nonenzymatically. This lipid
peroxidation generates ROS types, including 1O2 and
lipid derivatives such as the alkoxy and peroxy radi-
cals. These then amplify the lipid peroxidation auto-
catalytically, resulting in further membrane damage.
It was suggested that lipoxygenase might act as a
senescence induction signal in petals (Rubinstein,
2000). Lipid peroxidation (measured by the release of
malondialdehyde) increases during petal senescence in
both ethylene-sensitive and -insensitive species (e.g.
Rosa spp. [Fukuchi-Mizutani et al., 2000] and Lilium
spp. [Arrom and Munné-Bosch, 2010]), sometimes also
associated with increases in lipoxygenase activity.
However, it seems unlikely that an increase in lipoxy-
genase is a primary signal, given that in some species
(e.g. Alstroemeria spp.) lipoxygenase activity levels ac-
tually fall during petal senescence (Leverentz et al.,
2002). It seems more likely, therefore, that the effects of
ROS via lipid peroxidation are downstream effects,
perhaps due to the deregulation of redox homeostasis
once senescence has been initiated.

Despite differences in senescence induction factors
and the extent and speed of nutrient remobilization in
leaves and petals, downstream senescence events
largely converge. For example, inwallflower (Erysimum
linifolium) and Arabidopsis, over 50% of genes differentially

Figure 2. Mechanisms involved in
the regulation of leaf (left) and petal
(right) senescence, including the
role of nutrient remobilization in
both cases. The amount of nutrients
remobilized during leaf senescence,
however, is higher than during petal
senescence, in part due to the func-
tional role of the process in each or-
gan and the speed with which this
occurs. ABA, Abscisic acid; AOXs,
antioxidants; CKs, cytokinins.
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expressed during senescence were in common be-
tween the two organs (Price et al., 2008; Wagstaff et al.,
2009). Furthermore, cell death in both organs proceeds
by a similar mechanism, which bears some similarities
but also dissimilarities with classical autophagy, and
has been termed vacuolar cell death (van Doorn et al.,
2011). Indeed, Arabidopsis mutants deficient in com-
ponents of the autophagic machinery senesce earlier
than wild-type plants (Liu and Bassham, 2012), sup-
porting the concept of a prosurvival role for autoph-
agy to enable efficient nutrient remobilization during
senescence.

CONCLUSION AND PROSPECTS

Molecular genetic, biochemical, and physiological
studies have been pivotal in dissecting specific redox sig-
naling processes that act in concert with phytohormones
and transcription factors to regulate senescence-associated
genes in leaves and petals. Photosynthesis-derived ROS,
nutrient remobilization, and the reversibility of senescence

are distinct key features of the progression of senescence
in these organs and mark important differences in the
spatiotemporal impact of ROS in senescing leaves and
flowers. Chlorophyll degradation and photooxidative
stress are essential hallmarks of senescence in leaves due
to their declining photosynthetic capacity during senes-
cence, providing an important avenue for ROS produc-
tion and the induction of leaf senescence. Furthermore,
the large amount of nitrogen stored in chloroplasts,
which is remobilized to other plant parts during the
progression of leaf senescence, determines the speed of
the process. This process takes place slowly in leaves, so
that this function can be accomplished before severe ox-
idative damage occurs concomitant with cell death. If the
point of no return has not been surpassed, cytokinin
application allows leaf regreening, another hallmark of
leaf senescence. In contrast, pollination is an important
trigger for petal senescence, in which some nutrient
remobilization often occurs to provide nutrients to the
ovary for fertilization and fruit set, but the amounts of
nutrients moved are smaller. This process is irreversible

Figure 3. ROSMETER analysis of leaf developmental senescence. This program allows for changes in gene expression related to
ROS treatments from microarray experiments as described by Rosenwasser et al. (2013). Major ROS types and proposed sub-
cellular locations for the different experiments are indicated: apo, apoplast; chl, chloroplast; cyt, cytoplasm; mit, mitochondria;
per, peroxisome; pl, plastid. L rows are data from Breeze et al. (2011), averaged from each day; P indicates petal senescence data
from TAIR, analyzed by Wagstaff et al. (2009), comparing changes in gene expression between stage 12 (oldest bud with pro-
truding white petal tips) and stage 15 (fully open flower). Arabidopsis lines/treatments are as follows: KO-APX1 are transfer DNA
(T-DNA) insertion mutants of cytosolic APX1 exposed to high-light treatment (250 mmol m–2 s–1); Ozone are wild-type plants
treatedwith 200 nL L21 ozone for 1 h; Flu are conditional fluorescentmutants subjected to a dark-to-light shift (80–100mmolm–2 s–1);
H2O2 are wild-type plants treated with H2O2 (20 mM for 1 h); TDNA-AOX1 are T-DNA insertion mutants of ALTERNATIVE

OXIDASE1A (AOX1A); -MLD indicates treatment with moderate light (250 mE m–2 s–1) and drought; AS-AOX1 are antisense lines
of the same gene grown under standard conditions; Rotenone are wild-type cell suspension cultures treated with 40 mM (v/v)
rotenone; CAT2 are antisense lines in which the peroxisomal CATALASE2 gene is down-regulated: plants were subjected to a
high-light shift (140–1,800 mmol m–2 s–1);MV are wild-type plants treated with methyl viologen (10 mmol); KD-SOD are T-DNA
knockdown insertion mutants of thylakoid-attached copper/zinc superoxide dismutase (KD-SOD). Time points refer to time after
treatments. For details, see Rosenwasser et al. (2013).

Plant Physiol. Vol. 171, 2016 1565

ROS and Redox Signaling in Senescing Tissues

 www.plantphysiol.org on November 23, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.



and is triggered by ethylene or other phytohormones
such as abscisic acid in ethylene-sensitive or -insensitive
flowers, respectively. Pollination-triggered petal senes-
cence occurs swiftly, so oxidative damage follows rapidly
in some flowers prior to cell death. In the absence of
pollination, petal senescence follows an often slower,
predetermined developmental pathway, still involving a
rise in ROS and ending with programmed cell death.

There are still, however, many gaps in our knowl-
edge of the production and scavenging of ROS and the
cross talk between redox and hormonal signaling in the
regulation of senescence in leaves and flowers. In
flowers, this is mainly due to a lack of adequate models
for studying the different developmental programs
with sufficient resources of gene sequences and mu-
tants. For leaf senescence, there is a lack of studies with
double and triple mutants affected in these processes,
even in model species such as Arabidopsis, and more
studies are needed to address the cross talk between
ROS from various organelles. It would also be very
helpful to find good models to represent both leaf and
petal senescence in the same species, enabling more
direct comparisons. Answers to these remaining ques-
tions are important to increase our understanding of
leaf and flower senescence, and the use of combined
omics approaches will undoubtedly help us better un-
derstand and manipulate these physiological processes
with important applications in agriculture and the
agrobiotechnological industry.
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