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Chloroplasts are essential for plant growth and de-
velopment through their roles in photosynthesis and
signaling. Reactive oxygen species (ROS) and antioxi-
dants play crucial roles in regulating developmental
processes, from organ initiation to senescence, not only
in leaves but also in some types of flowers and fruits.
Flowers and fruits bearing chloroplasts during their
early stages of development share some similarities
with leaves but also important differences in terms of
photosynthesis-derived ROS, the duration and extent
of photooxidative stress, and redox signaling. Here, we
discuss recent advances in our understanding of the
common mechanisms underlying redox signaling in
leaves, flowers, and fruits, focusing on key spatiotem-
poral processes that determine specific responses in
each organ. Chloroplasts play a central role in cellular
processes during organ development, with photooxi-
dative stress a key effector of redox signaling during
organ development in leaves as well as in some types of
flowers and fruits.

The growth and development of organs are charac-
terized by several well-defined and interconnected key
stages. Organ initiation, marked by pluripotent meri-
stematic cells that divide and differentiate to become a
new organ, is followed by organ growth, which in-
volves further cell proliferation through reiterative
mitotic cycles and subsequent cell expansion. Maturity
defines the stage when cells no longer expand and the
organ reaches a fully competent state. Lastly, senes-
cence is the final developmental stage of a plant organ,
usually leading to programmed cell death (Beemster
et al., 2005; Anastasiou and Lenhard, 2007; Thomas,
2013). Since different organs share this characteristic set
of developmental events, it is possible that similar un-
derlying regulatory mechanisms might be involved.
However, although leaves and petals have common

evolutionary origins (Friedman et al., 2004), leaves,
flowers, and fruits have completely different functions
in plant development. Leaves transform light energy
into chemical energy to provide photoassimilates, while
petals enable pollination and, therefore, sexual repro-
duction and fruits, in turn, facilitate seed dispersal.

Several types of petals and fruits contain functional
chloroplasts at early stages of development. However,
the spatiotemporal dynamics of plastid differentiation
differs between leaves, flowers, and fruits. In general,
chloroplasts of mesophyll cells remain active during
most of leaf ontogeny (until they become gerontoplasts
in the last senescing stage), although loss of the cyto-
chrome b6f complex, electron flow, and proton conduc-
tivity may start earlier than chlorophyll degradation
(Schöttler et al., 2017). By contrast, chloroplasts rapidly
differentiate into chromoplasts in flower corollas, even
before anthesis (Š�cepánková and Hudák, 2004; Gan and
Fischer, 2007; Arrom andMunné-Bosch, 2012) or during
the ripening of the fruit exocarp (Lytovchenko et al.,
2011; Lado et al., 2015). Chloroplast differentiation into
gerontoplast typically occurs in senescing leaves (either
yellow/orange or anthocyanin-rich red leaves), while
chloroplast differentiation into chromoplast occurs in the
flowers of some species (e.g. tepals from lilies [Lilium
spp.] that turn from green to yellow or whitish) and
several types of fruits (e.g. citrus fruits such as lemons
[Citrus limon] and oranges [Citrus sinensis]). Indeed,
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flower and fruit development is incredibly diverse,
with some of the color changes involved not always
detected by our retinas. For instance, experiments
with petunia (Petunia hybrida) flowers have shown
that expanded pink corollas contain photosyntheti-
cally active chloroplasts with high chlorophyll content
(compared with the very early green stages), thus
suggesting that chloroplasts also can play specific roles
in flower development in anthocyanin-rich reddish
petals, at least in some species (Katz and Weiss, 1998).
As aerobic organisms, plants cannot avoid ROS for-

mation. In leaves, ROS production occurs mainly in
chloroplasts, peroxisomes, mitochondria, and the apo-
plast due to the redox-related processes occurring in
these organelles (Takahashi and Badger, 2011). Exces-
sive levels of light in chloroplasts, caused by drought,
salinity, extreme temperatures, high levels of light, or a
combination of these factors, lead to photoinhibition
and photooxidative stress, thus potentially causing
photoinhibitory damage to the photosynthetic appa-
ratus (Box 1). Although it is generally assumed that
mitochondria, peroxisomes, and the apoplast are the
main sources of ROS in flowers and fruits (Qin et al.,
2009b; Rogers and Munné-Bosch, 2016), flower corollas
and fruit exocarps in several species also accumulate
excessive levels of light during the early developmen-
tal stages, generally until organ maturation is reached.
Thus, photoinhibition and photooxidative stress also
can occur in these organs (Arrom and Munné-Bosch,
2010; Hengari et al., 2014; Naschitz et al., 2015; Gang

et al., 2016). ROS are known to be toxic, but recent
studies have indicated that ROS are involved in sig-
naling during growth, development, and responses to
biotic/abiotic stress (Bell et al., 2009; Xia et al., 2015).
ROS signaling is tightly regulated, their production and
elimination being controlled by antioxidants that de-
termine the lifetime and specificity of the ROS signal
(Foyer and Noctor, 2005a; Mittler et al., 2011). ROS with
different natures generate distinct signals. For example,
singlet oxygen (1O2) is a very reactive species that lasts only
a few microseconds, while hydrogen peroxide (H2O2) is
more stable, with a longer lifespan and a greater diffusion
distance,whichmakes it amore likelymolecule to trigger a
transduction signal to the nucleus. Moreover, site forma-
tion and detoxification systems ultimately determine the
specificity of the oxidative signaling processes (Foyer and
Noctor, 2005b; Munné-Bosch et al., 2013; Mignolet-Spruyt
et al., 2016). There are several questions regarding the role
of ROS in plant organ development. For example, what
types of ROS are produced in the chloroplasts of flowers
and fruits compared with those in leaves? Can chloro-
plasts play a role in redox signaling during the growth and
development of flowers and fruits? To what extent do
chromoplasts contribute to cellular redox signaling during
flower and fruit development?

Although the biology of ROS production and elimi-
nation in chloroplasts and its implications for redox signal-
ing have been reviewed in the last 5 years (Munné-Bosch
et al., 2013; Dietz et al., 2016), a comparative analysis of the
role of photooxidative stress and chloroplast-derived redox
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signals in leaves, flowers, and fruits is still lacking. Here, we
aim togobeyondourprevious comparative analysis ofROS
production and elimination in leaves and flowers (Rogers
and Munné-Bosch, 2016) by providing a new conceptual
framework for chloroplasts as central players in redox sig-
naling in leaf, flower, and fruit development. This review
will discuss recent advances in our understanding of pho-
tooxidative stress and redox signaling in leaves, flowers,
and fruits, focusing on key spatiotemporal processes that
determine specific responses in each organ. Thismight have
important applications in agri-food biotechnology for the
commercialization of leafy vegetables, flowers, and fruits.

CHLOROPLASTS IN LEAF, FLOWER, AND
FRUIT DEVELOPMENT

Chloroplasts play a central role in cellular energy and
redox processes. One of the most important events in
the history of life was the origin of oxygenic photo-
synthesis. Life would not have been possible without
the changes in atmospheric composition produced
2 billion years ago by ancient photosynthetic prokary-
otes similar to cyanobacteria. The subsequent symbiosis
of these photosynthetic organisms with eukaryotic cells
gave rise to chloroplasts, powerhouse organelles that
are now present in leaves and other photosynthetic
tissues (Allen, 2015). In leaves, chloroplasts perform
photosynthesis and are essential for C, N, and S re-
duction and assimilation (Kopriva and Rennenberg,
2004) as well as for the biosynthesis of amino acids,
fatty acids, chlorophylls, and carotenoids, the latter
essential for both the photosynthetic and antioxidant
machinery (Joyard et al., 2009). Moreover, chloroplasts
contribute to the production of phytohormones, such as
abscisic acid, GA, auxins, salicylates, jasmonates, and
melatonin, and essential antioxidants, such as vitamin
E (Joyard et al., 2009). Chloroplasts also play a crucial
role in redox processes and retrograde signaling, which
are translated into metabolic changes through genetic
regulation and control of the cellular redox state
(Pfannschmidt, 2003; Asada, 2006; Dietz et al., 2016).
However, during leaf senescence induced by aging
and/or environmental stress, leaf chloroplasts change
from a source to a sink due to a lower photosynthetic
rate elicited by the disassembly of the photosynthetic
apparatus and chlorophyll breakdown, which is indi-
cated by low maximum photochemical efficiency of
PSII in the dark-adapted state (Juvany et al., 2013). The
complete dismantling of chloroplasts during leaf se-
nescence generates nonphotosynthetic gerontoplasts
(Fig. 1A). This process involves increased ROS pro-
duction and a massive degradation of macromolecules
by proteolysis and autophagy, remobilizing nutrients
from leaves to other plant organs, mainly flowers and
fruits (Gregersen et al., 2008; Guiboileau et al., 2013).

The corollas of many flowering plants and the exo-
carp of most fruits exhibit green colors at very early
developmental stages. This green color is related to the
presence of chlorophyll in the chloroplasts, which have

been shown to be photosynthetically active in several
types of flowers and fruits such as petunias, lilies, or-
chids, apples (Malus domestica), strawberries (Fragaria
spp.), and tomatoes (Solanum lycopersicum; Weiss et al.,
1990; Blanke, 2002; Juneau et al., 2002; He and Woon,
2008; Cocaliadis et al., 2014; Naschitz et al., 2015). The
yellow and orange colors acquired by flowers and fruits
are due to carotenoids, a well-known group of lipo-
philic pigments that accumulate in chromoplasts (Fig.
1, B and C). In chromoplasts, carotenoids accumulate in
large quantities in a wide range of lipid-associated
proteins (PAPs) that determine chromoplast morphol-
ogy (Ytterberg et al., 2006). Chloroplast differentiation
into chromoplast starts with chlorophyll degradation
and the disassembly of grana and thylakoids, which is
similar to the process that occurs during chloroplast
differentiation into gerontoplasts in senescing leaves.
However, for the chloroplast-to-chromoplast transi-
tion, there is not a massive loss in the plastome, and
sugars are imported from the cytosol to the chromo-
plast to sustain biosynthetic activities. Anthocyanins
contribute to the red, purple, and blue colors of flowers
and fruits. In contrast to carotenoids, large amounts of
anthocyanins accumulate in vacuoles, giving rise to a
number of colors depending on their chemical nature
and vacuolar pH (Jaakola, 2013). Whitish flowers and
fruits occur when chlorophylls have already degraded
and carotenoids and/or anthocyanins are not (or are no
longer) present, such as in senescing lilies (Fig. 1C).

A lot of attention has been paid to the biosynthetic
mechanisms underlying carotenoid accumulation in
the chromoplasts of flowers (Kishimoto and Ohmiya,
2006; Chiou et al., 2010) and fruits (Fraser et al., 1994;
Kato et al., 2004; Fu et al., 2016), mainly because of
consumer tastes. Moreover, there have been several
projects to enhance carotenoid accumulation in food
products by genetic engineering to overcome typical
dietary diseases associated with carotenoid deficiency
in developing countries (Ye et al., 2000; Diretto et al.,
2007). However, little is known about the chloroplast-
to-chromoplast transition, and only some genes have
been identified as regulating this process in studies
using the Orange cauliflower (Brassica oleracea botrytis)
mutant, which has altered chromoplast biogenesis
(Paolillo et al., 2004; Lu et al., 2006), and the high pigment
mutant lines of tomatoes, which show altered chro-
moplast number and size (Mustilli et al., 1999; Cookson
et al., 2003). Chromoplast generation not only strongly
depends on carotenoid accumulation, which is influ-
enced by ROS production (Pan et al., 2009), but also is
influenced by N availability, sugar accumulation, and
phytohormones such as GAs, cytokinins, abscisic acid,
and ethylene (Iglesias et al., 2001). Regreening of tissues
occurs in some leaves, flowers, and fruits when ger-
ontoplasts or chromoplasts become active chloroplasts
in the increased presence of GAs and/or cytokinins and a
nitrate source (Goldschmidt, 1988; Zavaleta-Mancera et al.,
1999; Prebeg et al., 2008). In chloroplast regeneration, the
thylakoid system is restored from the invagination of the
inner membrane of chromoplasts or membrane-bound
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bodies, as described for cucumbers (Cucumis sativus;
Prebeg et al., 2008). Although postharvest regreening of
some types of flowers and fruits is regarded as negative
because of the loss in quality (Hsu et al., 1989; Chen et al.,
2013), there is a huge potential for chloroplast regeneration
in planta at the intermediate stages of flower and fruit
development in agri-food biotechnology. Delaying flower
senescence and fruit ripening before harvest could en-
hance postharvest life and increase size and organoleptic
properties by inducing higher photoassimilate production
during the green stages and activating redox mechanisms
to improve the antioxidant content, as has been shown for
some fruits (Cocaliadis et al., 2014; Rademacher, 2015) and
flowers (Arrom andMunné-Bosch, 2012; Imsabai and van
Doorn, 2013). Degreening and regreening are indeed ap-
plied in some cases to increase market sales, such as for
citrus fruits (Box 2).

PHOTOOXIDATIVE STRESS IN LEAVES, FLOWERS,
AND FRUITS

Oxygen was a key factor in promoting aerobic me-
tabolism on Earth, supplying enough power to develop

complex structures such as the eukaryotic organisms
we know today. However, the establishment of aerobic
metabolism inevitably led to the production of ROS.
In plant cells, ROS are generated mainly in four cellu-
lar locations: chloroplasts, peroxisomes, mitochondria,
and the apoplast (Apel and Hirt, 2004). In leaves, the
excessive energy in chloroplasts can be dissipated as
thermal energy in nonphotochemical quenching or
used to produce triple-state chlorophylls in the antenna
and at the reaction center of PSII. Subsequently, triple-
state chlorophyll activates oxygen, leading to the pro-
duction of 1O2, a highly unstable ROS. Superoxide
anions (O2

∙2) also can be produced by the direct re-
duction of oxygen in PSI (Mehler reaction) due to the
absence of electron acceptors like ferrodoxin or NADP+.
O

2

∙2 is then converted rapidly by superoxide dismutase
(SOD) into H2O2, which is a more stable ROS, although
hydroxyl radicals (OH∙2), themost short-lived ROS, can
be produced fromH2O2 through the Fenton and Haber-
Weiss reactions (Fig. 2A; Anthony et al., 2005; Asada,
2006; Pintó-Marijuan and Munné-Bosch, 2014). ROS
have harmful effects on lipid peroxidation as well as on
carbohydrate, protein, and DNA oxidation, leading to

Figure 1. Comparative visualization of leaf, fruit, and flower development. A, Arabidopsis leaves experience leaf senescence
during the mature stage, thus leading to the conversion of chloroplasts to gerontoplasts. B, Citrus fruits show a gradual shift from
chloroplasts to chromoplasts in the exocarp, which mark the change in color from green to orange. C, Flowers also show
characteristic color changes due to the conversion of chloroplasts to chromoplasts, such as tepals of lilies (cv LA Courier). In this
model, however, carotenoid-accumulating chromoplasts, which can be observed at anthesis, are lost during senescence.
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programmed cell death during ROS overproduction
(Gill and Tuteja, 2010). However, under redox homeo-
stasis, there is a balance between ROS production and
its detoxification by both enzymatic and nonenzymatic
antioxidants (Foyer and Noctor, 2005a; Juvany et al.,
2013). Antioxidants determine the duration and location
of specific ROS, thus eliciting different signaling re-
sponses. 1O2 has been described as a short-lasting ROS
because it has a lifetime of approximately 4 ms and
can diffuse relatively short distances (it can only travel
around 200 nm, but chloroplasts are around 5–10 mm
wide; Gill and Tuteja, 2010; Ogilby, 2010). Carotenoids,
specifically b-carotene, tocopherols, and plastoquinone,
are the main antioxidants triggering 1O2 detoxification
by (physical) quenching or (chemical) scavenging (Miret
and Munné-Bosch, 2015). Arabidopsis (Arabidopsis thali-
ana) fluorescent (flu) mutants accumulate large amounts
of chlorophyll precursors, including protochlorophyllide,
in the dark and produce large amounts of 1O2 when

illuminated (Meskauskiene et al., 2001). Illumination
of these mutants for 15 min after a period of darkness
has been shown to activate a distinct set of genes as a
result of 1O2 production in chloroplasts, showing the
relevance of lifetime and site production on ROS sig-
naling (op den Camp et al., 2003). In contrast to 1O2,
H2O2 can be produced in different compartments in
plant cells and is a more stable ROS with higher diffu-
sion distances of around 1mm (Vestergaard et al., 2012),
thus with the potential of being able to diffuse from
chloroplasts to nuclei to modulate gene expression
(Exposito-Rodriguez et al., 2017). The AsA-glutathione
cycle plays a major role in H2O2 detoxification in the
water-water cycle. When H2O2 is produced, it is con-
verted rapidly by ascorbate peroxidase into water and
monodehydroascorbate (MDA). MDA is reduced subse-
quently toAsA by reduced ferredoxin orMDA reductase.
Provided that MDA is not reduced directly to AsA, it
spontaneously converts into AsA and dehydroascorbate,
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which is further reduced by dehydroascorbate reductase
into reduced glutathione (GSH), which is finally recov-
ered by glutathione reductase (Asada, 2006).
In leaves, ROS are produced not only under envi-

ronmental conditions that trigger photoinhibition and
photooxidative stress in chloroplasts but also during
the very early and late stages of leaf development
(Juvany et al., 2013). Photooxidative stress occurs in
senescing leaves as well as in very young leaves when
the photosynthetic machinery is still under construc-
tion, the xanthophyll cycle-dependent energy dissipa-
tionmechanisms are still not fully operational, and ROS
production is increased due to the excessive energy in
chloroplasts (Fig. 2C; Szyma�nska and Kruk, 2008;
Lepeduš et al., 2011; Juvany et al., 2012). The occurrence
and intensity of the double peak in ROS production
during leaf development strongly depend on the specific

patterns of leaf development in each plant species. For
instance, species with folded leaves during the early
stages of leaf development are not exposed to high levels
of light and, therefore, do not suffer photooxidative
stress. Leaf longevity and environmental conditions also
affect the timing and intensity of the second ROS peak,
which is typically associated with the start of leaf se-
nescence (Zimmermann and Zentgraf, 2005; Juvany
et al., 2013).

Petal senescence and fruit ripening share some sim-
ilar morphological and biochemical processes with leaf
senescence, like chloroplast disassembly and protein
degradation. ROS are indeed involved in flower devel-
opment and fruit ripening, with oxidative stress occur-
ring not only in the mitochondria (Fig. 2B), due to
protein carbonylation and the increased respiratory rate
during ripening affecting the redox state once sugars

Figure 2. ROS production and temporal dynamics during organ development. A, Schematic representation of the chloroplast
under excess light conditions. 1O2 is produced in PSII when triple-state chlorophyll forms (3P680). Antioxidants like tocopherols,
b-carotene, and plastoquinone can effectively eliminate 1O2. O2

∙2 is produced through the direct reduction of oxygen in PSI
(Mehler reaction) in the absence of electron acceptors like ferrodoxin (Fd) or NADP+, and it can convert into H2O2 by SOD. If
H2O2 is not efficiently eliminated by the ascorbate/glutathione (AsA/GSH) cycle, it leads to the production of OH∙ in the Fenton
and Haber-Weiss reactions. B, Schematic representation of a mitochondrion under oxidative stress. Complexes I and III are the
main producers of O

2

∙2, which can be converted to H2O2 by MnSOD or Zn/CuSOD. C, D, and E, Simplified models for ROS
production during leaf, fruit, and flower development, respectively. AOX, Alternative oxidase; Cyt b6f, cytochrome b6f complex;
Cyt C, cytochrome c; NDex(NADH), external rotenone-insensitive NADH dehydrogenase; NDex(NADPH), external rotenone-
insensitiveNADPHdehydrogenase; NDin(NADH), internal rotenone-insensitiveNADHdehydrogenase; NDin(NADPH) internal
rotenone-insensitive NADPH dehydrogenase; PC, plastocyanin; PQ pool, plastoquinone pool; I, complex I (NADH:ubiquinone
oxidoreductase); II, complex II (succinate dehydrogenase); III, complex III (cytochrome bc1 complex); IV, complex IV (cyto-
chrome c oxidase).
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become a limiting factor (Qin et al., 2009a; Kan et al.,
2010; Tian et al., 2013), but also in plastids during the
chloroplast-to-chromoplast transition. H2O2 levels in-
crease in the berry skin of grape (Vitis vinifera ‘Pinot
Noir’) at the onset of ripening (veraison), when the most
crucial events during berry ripening occur, including the
change in color of the skin (Pilati et al., 2014). Studies on
tomatoes also have revealed an elevation in H2O2
levels during changes in color of the skin (Jimenez
et al., 2002; Kumar et al., 2016). It appears, therefore,
that color break during ripening is associated with
increased oxidative stress in ripening fruits that is
linked to a respiratory burst in the mitochondria and
enhanced ROS production during chromoplast gen-
eration, which is essential for carotenoid production
(Bouvier et al., 1998). In postharvest fruits, ROS are
one of the main factors causing fruit decay (Vicente
et al., 2006; Pavez et al., 2013). As in leaves, fruits also
show a double peak in ROS production during their
development, the first peak occurring at the start of
ripening and the second during overripening either
at preharvest or postharvest (Fig. 2D). Flowers also
show a double peak in ROS production during devel-
opment, but the timing differs. H2O2 accumulation in
daylily (Hemerocallis spp. hybrid) petals show a dou-
ble oxidative burst (Fig. 2E), one at the time of flower
bud opening, once chlorophylls have mostly been de-
graded, and the other at the start of flower senescence
(Panavas and Rubinstein, 1998). Unfortunately, how-
ever, the effects of chloroplast-to-chromoplast differ-
entiation and the spatiotemporal location of ROS
production on flower development have not been in-
vestigated yet in detail, although it appears that light
and photosynthetic electron transport promote antho-
cyanin synthesis, as seen in petunia, and, therefore,
might be essential in triggering flower development
(Weiss and Halevy, 1991).

Fruit sunburn, which is linked to photooxidative
stress in several types of fruits, such as watermelons
(Citrullis vulgaris), tomatoes, peppers (Capsicum ann-
uum), cucumbers, apples, and strawberries, is still an
important agronomic concern in the agri-food biotech-
nology industry. Three degrees of sunburn may occur:
(1) photooxidative sunburn, in which fruits become
photobleached by excessive levels of light (due to sud-
den changes in light conditions within the canopy); (2)
sunburn browning, which is caused by changes in the
light environment and enhanced temperatures and is
associated with the severe degradation of chlorophylls
and carotenoids; and (3) sunburn necrosis, which is
associated with even higher temperatures that destroy
tissues on the sun-exposed side of the fruit by causing
a loss in cell integrity and cell leakage (Torres et al.,
2006; Racsko and Schrader, 2012). Protection against
sunburn includes developing sufficient leaf cover in
the canopy to shade the fruit, activating the xantho-
phyll cycle-dependent excess energy dissipation sys-
tem, and providing effective antioxidant protection
through low-molecular-weight antioxidants, such as
carotenoids, tocopherols, ascorbate, glutathione, and

flavonoids, and by effectively using the ascorbate-
glutathione cycle and other enzymatic antioxidants
(Torres et al., 2006; Chen et al., 2008; Zhang et al., 2015).

REDOX SIGNALING DURING LEAF, FLOWER, AND
FRUIT DEVELOPMENT

Although ROS have been traditionally viewed as
harmful molecules, they are currently considered es-
sential signaling molecules that are involved in plant
responses to abiotic and biotic stress, plant growth, and
development. In this context, photooxidative stress in
leaves, flowers, and fruits affects redox signaling through
the specific oxidation of target and signaling molecules.
Lipids and proteins are excellent targets mediating cel-
lular responses to imbalances in the redox state in chlo-
roplasts, as fatty acids and amino acids (specifically
sulfur-containing amino acids like Cys, Tyr, Trp, and
His) are very susceptible to oxidative modification
(Foyer and Noctor, 2005b; Han, 2017). There is limited
information on the molecular mechanisms underlying
ROS retrograde signaling in the chloroplasts of leaves,
flowers, and fruits, although transcriptomic and pro-
teomic approaches performed in recent years have pro-
vided important data.

Some ROS, like 1O2 and OH∙, have limited diffusion
distances. Thus, mechanisms other than direct diffu-
sion must exist for redox signaling from chloroplasts
to the nucleus. By contrast, H2O2 is more stable and
can diffuse directly from chloroplasts to the nuclei
(Exposito-Rodriguez et al., 2017), thus influencing
gene expression in the nuclei both directly and indi-
rectly (Fig. 3). Glutathione is an important signaling
molecule, acting as a buffer between ROS and Cys
groups and inducing calcium (Ca2+) release into the
cytosol to mediate ROS retrograde signaling via
MAPK pathways (Gómez et al., 2004; Ray et al., 2012).
Moreover, ROS affects the production of phytohor-
mones like ethylene, GAs, and jasmonates (Shumbe
et al., 2016). Studies using mutants have been essential
in determining the genetic modifications produced by
ROS. The Arabidopsis flu mutant was described to
produce 1O2 in leaves when illuminated after a period
of darkness because of an overproduction of proto-
chlorophyllide in the dark (op de Camp et al., 2003).
Wagner et al. (2004) found that EX1was responsible for
programmed cell death in bleached seedlings and
growth inhibition in Arabidopsis flu mutants, with the
EX1 protein located at the grana margins of chloroplasts
mediating responses to 1O2 production (Wang et al., 2016).
Moreover, a recent study performed in the Arabidopsis
mutant chlorina1 showed that programmed cell death in-
duced by 1O2 under high levels of light was mediated by
OXI1 via an EX1-independent pathway (Shumbe et al.,
2016). In that study, oxi1 mutants showed increased sali-
cylic acid production and decreased expression of the
genes associated with GA, ethylene, and jasmonic acid
biosynthesis. Jasmonic acid regulates programmed cell
death, while its precursor, 12-oxo-phytodienoic acid, plays
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a major role in the acclimation process during photooxi-
dative stress.AlthoughH2O2 signaling transduces through
the MAPK3 and MAPK6 signaling cascades activated
by the complex ofOXI1with PTI1 and PTI4 (Rentel et al.,
2004), 1O2 does not appear to activate these signaling
cascades, as oxi1mutants do not show any changes in the
expression of genes encoding these proteins, indicating a
different transduction pathway for OXI1 under 1O2 reg-
ulation (Shumbe et al., 2016). Although 1O2 signaling has
been studied only in leaves thus far, the advent of mo-
lecular genetics in new models, such as tomatoes, paves
the way for studying these signaling processes in both
flowers and fruits. Indeed, carotenoid oxidation products

generated during 1O2 scavenging, such as b-cyclocitral,
also have been shown to be essential in transducing sig-
nals triggered by photooxidative stress and specific 1O2
signatures (Ramel et al., 2012). Furthermore, a small zinc
finger protein, MBS, is required to induce 1O2-dependent
gene expression (Shao et al., 2013). Interestingly, however,
mbs1mutants supplementedwithb-cyclocitral are unable
to positively regulate antioxidant-related genes that are
usually activated in thewild type, inwhich the zinc finger
transcription factor MBS1 is fully active and enhances
plant tolerance to high levels of light (Shumbe et al., 2017).

Lipids, rather than proteins, seem to be a target for
oxidation in chromoplasts during the ripening of

Figure 3. Retrograde signaling during photooxidative stress in chloroplasts. 1O2 along with H2O2 have been described as sig-
nalingmolecules able tomodulate gene expression. EXECUTER1 (EX1) located at the granamargins has been reported tomediate
responses to 1O2 production, as well as OXIDATIVE SIGNAL INDUCIBLE1 (OXI1), which mediates 1O2 response in an EX1-
independent pathway, possibly through oxylipins. Moreover, oxidation products such as b-cyclocitral also are essential to me-
diate 1O2 signaling. In contrast, H2O2 is a more stable form of ROS and direct modulation of gene expression could be possible,
although this molecule also activates retrograde downstream signaling through mitogen-activated protein kinases (MAPK3/6)
interacting with OXI1, protein kinase Pto-interacting1 (PTI1), and PTI4. Continuous lines show pathways and interactions already
described in the literature, while discontinuous lines are unknown pathways. Cyt b6f, Cytochrome b6f complex; Fd, ferrodoxin;
MBS, METHYLENE BLUE SENSITIVITY; PC, plastocyanin; PQ pool, plastoquinone pool.
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peppers (Martí et al., 2009), indicating that jasmonates
are likely to play a major role in retrograde signaling as
modulators of redox signaling during fruit ripening.
This is consistent with the effects of jasmonates, par-
ticularly the free jasmonic acid form, on ethylene bio-
synthesis and color development in other fruits, such as
apples and tomatoes (Fan et al., 1998). Furthermore, the
activities of SOD and components of the AsA-GSH cycle
are specifically up-regulated in chromoplasts during
fruit ripening, thus suggesting that these enzymes may
play a role in protecting plastids and could modulate
signaling molecules such as O2

∙2 and H2O2 (Martí et al.,
2009). In addition to fruits, flower corollas also are an
excellent model in which to study redox signaling
triggered by photooxidative stress. In this regard, it is
essential to consider the spatiotemporal accumulation of
plant pigments during flower development. Carotenoid
accumulation during the chloroplast-to-chromoplast tran-
sition implies a distinct photoprotective capacity of the
organ compared with flowers accumulating anthocya-
nins in the vacuoles. Red, blue, purple, and yellow
flowers all have completely different absorbance spectra
that determine the extent of photooxidative stress in
chloroplasts and redox retrograde signaling during
flower development. Although still in its infancy, re-
search in flower corollas already has shed some light on
the regulation of developmental stages by chloroplasts.
For instance, in petunia corollas, which accumulate large
amounts of chlorophyll until flower opening, PSI ap-
pears to be more active than PSII in electron transport,
and photosynthesis saturation occurs at low light in-
tensities (Weiss et al., 1988). This might imply that
chloroplasts in petunia corollas produce large amounts
of ROS, eliciting retrograde signaling with specific H2O2
signatures. Interestingly, components of the PSI core
complex have been shown to continue accumulating in

both petunia and carnation (Dianthus caryophyllus) co-
rollas even after anthesis (Vainstein and Sharon, 1993),
suggesting that specific redox signatures may regulate
flower development that are not necessarily the same as
those occurring in leaves. However, each plant species
displays distinct pigmentation in flower corollas, which
determines the extent of photoprotection and, therefore,
the potential ROS signatures produced during flower
development, an area that undoubtedlywarrants further
investigation.

CONCLUSION AND PROSPECTS

Molecular genetic studies have been pivotal in dis-
secting the key regulatory hubs in redox signaling.
Flowers and fruits bearing chloroplasts during their
early stages of development share some similarities
with leaves but also important differences in terms of
photosynthesis-derived ROS, the duration and extent
of photooxidative stress, and redox signaling. Photo-
oxidative stress may be considered a key effector of
redox signaling during organ development, not only in
leaves but also in some types of flowers and fruits.
However, the unique patterns of pigmentation in flow-
ers and fruits and the photosynthetic activity of fruit
exocarps and flower corollas ultimately determine
the specific redox signatures arising from chloroplasts.
However, there are still many gaps in our knowledge
on the redox mechanisms underlying flower and fruit
development (see Outstanding Questions), and further
research is needed to increase our understanding of
flower and fruit development. This is not only essential
for a better understanding of basic biology but also has
important economic implications in the agri-food bio-
technology sector.
Received August 10, 2017; accepted October 18, 2017; published October 19,
2017.

LITERATURE CITED

Allen JF (2015) Why chloroplasts and mitochondria retain their own ge-
nomes and genetic systems: colocation for redox regulation of gene
expression. Proc Natl Acad Sci USA 112: 10231–10238

Anastasiou E, Lenhard M (2007) Growing up to one’s standard. Curr Opin
Plant Biol 10: 63–69

Anthony JR, Warczak KL, Donohue TJ (2005) A transcriptional response
to singlet oxygen, a toxic byproduct of photosynthesis. Proc Natl Acad
Sci USA 102: 6502–6507

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative
stress, and signal transduction. Annu Rev Plant Biol 55: 373–399

Arrom L, Munné Bosch S (2010) Tocopherol composition in flower organs
of Lilium and its variations during natural and artificial senescence.
Plant Sci 179: 289–295

Arrom L, Munné-Bosch S (2012) Sucrose accelerates flower opening and
delays senescence through a hormonal effect in cut lily flowers. Plant Sci
188-189: 41–47

Asada K (2006) Production and scavenging of reactive oxygen species in
chloroplasts and their functions. Plant Physiol 141: 391–396

Beemster GTS, De Veylder L, Vercruysse S, West G, Rombaut D, Van
Hummelen P, Galichet A, Gruissem W, Inzé D, Vuylsteke M (2005)
Genome-wide analysis of gene expression profiles associated with cell
cycle transitions in growing organs of Arabidopsis. Plant Physiol 138:
734–743

1012 Plant Physiol. Vol. 176, 2018

Muñoz and Munné-Bosch

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/176/2/1004/6116898 by guest on 06 July 2023



Bell E, Takeda S, Dolan L (2009) Reactive oxygen species in growth and
development. In LA Del Río, A Puppo, eds, Reactive Oxygen Species in
Plant Signaling. Springer, Berlin, pp. 43–53

Blanke M (2002) Photosynthesis of strawberry fruit. Acta Hortic 567: 373–
376

Bouvier F, Backhaus RA, Camara B (1998) Induction and control of
chromoplast-specific carotenoid genes by oxidative stress. J Biol Chem
273: 30651–30659

Chen J, Funnell KA, Lewis DH, Eason JR, Woolley DJ (2013) Cytokinin
and gibberellin delay regreening of spathe tissue of Zantedeschia ‘Best
Gold’. Postharvest Biol Technol 84: 61–65

Chen LS, Li P, Cheng L (2008) Effects of high temperature coupled with
high light on the balance between photooxidation and photoprotection
in the sun-exposed peel of apple. Planta 228: 745–756

Chiou CY, Pan HA, Chuang YN, Yeh KW (2010) Differential expression of
carotenoid-related genes determines diversified carotenoid coloration in
floral tissues of Oncidium cultivars. Planta 232: 937–948

Cocaliadis MF, Fernández-Muñoz R, Pons C, Orzaez D, Granell A (2014)
Increasing tomato fruit quality by enhancing fruit chloroplast function: a
double-edged sword? J Exp Bot 65: 4589–4598

Cookson PJ, Kiano JW, Shipton CA, Fraser PD, Romer S, Schuch W,
Bramley PM, Pyke KA (2003) Increases in cell elongation, plastid
compartment size and phytoene synthase activity underlie the pheno-
type of the high pigment-1 mutant of tomato. Planta 217: 896–903

Dietz KJ, Turkan I, Krieger-Liszkay A (2016) Redox- and reactive oxygen
species-dependent signaling into and out of the photosynthesizing
chloroplast. Plant Physiol 171: 1541–1550

Diretto G, Al-Babili S, Tavazza R, Papacchioli V, Beyer P, Giuliano G (2007)
Metabolic engineering of potato carotenoid content through tuber-specific
overexpression of a bacterial mini-pathway. PLoS ONE 2: e350

Exposito-Rodriguez M, Laissue PP, Yvon-Durocher G, Smirnoff N, Mullineaux
PM (2017) Photosynthesis-dependent H2O2 transfer from chloroplasts to nuclei
provides a high-light signalling mechanism. Nat Commun 8: 49

Fan X, Mattheis JP, Fellman JK (1998) A role for jasmonates in climacteric
fruit ripening. Planta 204: 444–449

Foyer CH, Noctor G (2005a) Redox homeostasis and antioxidant signaling:
a metabolic interface between stress perception and physiological re-
sponses. Plant Cell 17: 1866–1875

Foyer CH, Noctor G (2005b) Oxidant and antioxidant signalling in plants: a
re-evaluation of the concept of oxidative stress in a physiological con-
text. Plant Cell Environ 28: 1056–1071

Fraser PD, Truesdale MR, Bird CR, Schuch W, Bramley PM (1994) Ca-
rotenoid biosynthesis during tomato fruit development (evidence for
tissue-specific gene expression). Plant Physiol 105: 405–413

Friedman WE, Moore RC, Purugganan MD (2004) The evolution of plant
development. Am J Bot 91: 1726–1741

Fu CC, Han YC, Fan ZQ, Chen JY, Chen WX, Lu WJ, Kuang JF (2016) The
papaya transcription factor CpNAC1 modulates carotenoid biosynthesis
through activating phytoene desaturase genes CpPDS2/4 during fruit
ripening. J Agric Food Chem 64: 5454–5463

Gan S, Fischer AM (2007) Nutrient remobilization during leaf senescence.
In S Gan, ed, Senescence Processes in Plants. Annual Plant Reviews,
Vol 26. Blackwell Publishing, Oxford, UK, pp. 87–107

Gang S, Liu Y, Lu T, Qi M, Guan X, Liu Y, Li T (2016) The effects of ab-
scisic acid on photosynthesis in tomato under sub-high temperature and
high light stress. J Comput Theor Nanosci 13: 7189–7198

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant ma-
chinery in abiotic stress tolerance in crop plants. Plant Physiol Biochem
48: 909–930

Goldschmidt EE (1988) Regulatory aspects of chlorochromoplast inter-
conversions in senescing citrus fruit peel. Isr J Bot 37: 123–130

Gómez LD, Noctor G, Knight MR, Foyer CH (2004) Regulation of calcium
signalling and gene expression by glutathione. J Exp Bot 55: 1851–1859

Gregersen PL, Holm PB, Krupinska K (2008) Leaf senescence and nutrient
remobilisation in barley and wheat. Plant Biol (Stuttg) (Suppl 1) 10: 37–
49

Guiboileau A, Avila-Ospina L, Yoshimoto K, Soulay F, Azzopardi M,
Marmagne A, Lothier J, Masclaux-Daubresse C (2013) Physiological
and metabolic consequences of autophagy deficiency for the manage-
ment of nitrogen and protein resources in Arabidopsis leaves depending
on nitrate availability. New Phytol 199: 683–694

Han GZ (2017) Evolution of jasmonate biosynthesis and signaling mecha-
nisms. J Exp Bot 68: 1323–1331

He J, Woon WL (2008) Source-to-sink relationship between green leaves
and green petals of different ages of the CAM orchid Dendrobium cv.
Burana Jade. Photosynthetica 46: 91–97

Hengari S, Theron KI, Midgley SJE, Steyn WJ (2014) The effect of high
UV-B dosage on apple fruit photosystems at different fruit maturity
stages. Sci Hortic (Amsterdam) 170: 103–114

Hsu WJ, DeBenedict C, Lee SD, Poling SM, Yokoyama H (1989) Prehar-
vest prevention of regreening in Valencia orange [Citrus sinensis (L.)
Osbeck]. J Agric Food Chem 37: 12–14

Iglesias DJ, Tadeo FR, Legaz F, Primo-Millo E, Talon M (2001) In vivo
sucrose stimulation of colour change in citrus fruit epicarps: interactions
between nutritional and hormonal signals. Physiol Plant 112: 244–250

Imsabai W, van Doorn W (2013) Effects of auxin, gibberellin, and cytokinin
on petal blackening and flower opening in cut lotus flowers (Nelumbo
nucifera). Postharvest Biol Technol 75: 54–57

Jaakola L (2013) New insights into the regulation of anthocyanin biosyn-
thesis in fruits. Trends Plant Sci 18: 477–483

Jimenez A, Creissen G, Kular B, Firmin J, Robinson S, Verhoeyen M,
Mullineaux P (2002) Changes in oxidative processes and components of
the antioxidant system during tomato fruit ripening. Planta 214: 751–758

Joyard J, Ferro M, Masselon C, Seigneurin-Berny D, Salvi D, Garin J,
Rolland N (2009) Chloroplast proteomics and the compartmentation of
plastidial isoprenoid biosynthetic pathways. Mol Plant 2: 1154–1180

Juneau P, Le Lay P, Böddi B, Samson G, Popovic R (2002) Relationship
between the structural and functional changes of the photosynthetic
apparatus during chloroplast-chromoplast transition in flower bud of
Lilium longiflorum. Photochem Photobiol 75: 377–381

Juvany M, Müller M, Munné-Bosch S (2012) Leaves of field-grown mastic
trees suffer oxidative stress at the two extremes of their lifespan. J Integr
Plant Biol 54: 584–594

Juvany M, Müller M, Munné-Bosch S (2013) Photo-oxidative stress in
emerging and senescing leaves: a mirror image? J Exp Bot 64: 3087–3098

Kan J, Wang H, Jin C, Xie H (2010) Changes of reactive oxygen species and
related enzymes in mitochondria respiratory metabolism during the
ripening of peach fruit. Agric Sci China 9: 138–146

Kato M, Ikoma Y, Matsumoto H, Sugiura M, Hyodo H, Yano M (2004)
Accumulation of carotenoids and expression of carotenoid biosynthetic
genes during maturation in citrus fruit. Plant Physiol 134: 824–837

Katz A, Weiss D (1998) Protocol of chs gene expression in petúnia flowers.
Physiol Plant 102: 210–216

Kishimoto S, Ohmiya A (2006) Regulation of carotenoid biosynthesis in
petals and leaves of chrysanthemum (Chrysanthemum morifolium).
Physiol Plant 128: 436–447

Kopriva S, Rennenberg H (2004) Control of sulphate assimilation and
glutathione synthesis: interaction with N and C metabolism. J Exp Bot
55: 1831–1842

Kumar V, Irfan M, Ghosh S, Chakraborty N, Chakraborty S, Datta A
(2016) Fruit ripening mutants reveal cell metabolism and redox state
during ripening. Protoplasma 253: 581–594

Lado J, Zacarías L, Gurrea A, Page A, Stead A, Rodrigo MJ (2015) Ex-
ploring the diversity in Citrus fruit colouration to decipher the rela-
tionship between plastid ultrastructure and carotenoid composition.
Planta 242: 645–661

Lepeduš H, Ga�ca V, Viljevac M, Kova�c S, Fulgosi H, Simi�c D, Jurkovi�c V,
Cesar V (2011) Changes in photosynthetic performance and antioxidative
strategies during maturation of Norway maple (Acer platanoides L.) leaves.
Plant Physiol Biochem 49: 368–376

Lu S, Van Eck J, Zhou X, Lopez AB, O’Halloran DM, Cosman KM, Conlin
BJ, Paolillo DJ, Garvin DF, Vrebalov J, et al (2006) The cauliflower Or
gene encodes a DnaJ cysteine-rich domain-containing protein that me-
diates high levels of b-carotene accumulation. Plant Cell 18: 3594–3605

Lytovchenko A, Eickmeier I, Pons C, Osorio S, Szecowka M, Lehmberg
K, Arrivault S, Tohge T, Pineda B, Anton MT, et al (2011) Tomato fruit
photosynthesis is seemingly unimportant in primary metabolism and
ripening but plays a considerable role in seed development. Plant
Physiol 157: 1650–1663

Martí MC, Camejo D, Olmos E, Sandalio LM, Fernández-García N, Jiménez
A, Sevilla F (2009) Characterisation and changes in the antioxidant system of
chloroplasts and chromoplasts isolated from green and mature pepper fruits.
Plant Biol (Stuttg) 11: 613–624

Meskauskiene R, Nater M, Goslings D, Kessler F, op den Camp R, Apel
K (2001) FLU: a negative regulator of chlorophyll biosynthesis in Ara-
bidopsis thaliana. Proc Natl Acad Sci USA 98: 12826–12831

Plant Physiol. Vol. 176, 2018 1013

Photooxidative Stress in Organ Development

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/176/2/1004/6116898 by guest on 06 July 2023



Mignolet-Spruyt L, Xu E, Idänheimo N, Hoeberichts FA, Mühlenbock P,
Brosché M, Van Breusegem F, Kangasjärvi J (2016) Spreading the
news: subcellular and organellar reactive oxygen species production
and signalling. J Exp Bot 67: 3831–3844

Miret JA, Munné-Bosch S (2015) Redox signaling and stress tolerance in
plants: a focus on vitamin E. Ann N Y Acad Sci 1340: 29–38

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K,
Gollery M, Shulaev V, Van Breusegem F (2011) ROS signaling: the new
wave? Trends Plant Sci 16: 300–309

Munné-Bosch S, Queval G, Foyer CH (2013) The impact of global change
factors on redox signaling underpinning stress tolerance. Plant Physiol
161: 5–19

Mustilli AC, Fenzi F, Ciliento R, Alfano F, Bowler C (1999) Phenotype of
the tomato high pigment-2 mutant is caused by a mutation in the tomato
homolog of DEETIOLATED1. Plant Cell 11: 145–157

Naschitz S, Naor A, Sax Y, Shahak Y, Rabinowitch HD (2015) Photo-
oxidative sunscald of apple: effects of temperature and light on fruit
peel photoinhibition, bleaching and short-term tolerance acquisition. Sci
Hortic (Amsterdam) 197: 5–16

Ogilby PR (2010) Singlet oxygen: there is indeed something new under the
sun. Chem Soc Rev 39: 3181–3209

op den Camp RGL, Przybyla D, Ochsenbein C, Laloi C, Kim C, Danon A,
Wagner D, Hideg É, Göbel C, Feussner I, et al (2003) Rapid induction
of distinct stress responses after the release of singlet oxygen in Arabi-
dopsis. Plant Cell 15: 2320–2332

Pan Z, Liu Q, Yun Z, Guan R, Zeng W, Xu Q, Deng X (2009) Comparative
proteomics of a lycopene-accumulating mutant reveals the important
role of oxidative stress on carotenogenesis in sweet orange (Citrus si-
nensis [L.] Osbeck). Proteomics 9: 5455–5470

Panavas T, Rubinstein B (1998) Oxidative events during programmed cell
death of daylily (Hemerocallis hybrid) petals. Plant Sci 133: 125–138

Paolillo DJ Jr, Garvin DF, Parthasarathy MV (2004) The chromoplasts of
Or mutants of cauliflower (Brassica oleracea L. var. botrytis). Proto-
plasma 224: 245–253

Pavez L, Hödar C, Olivares F, González M, Cambiazo V (2013) Effects of
postharvest treatments on gene expression in Prunus persica fruit: nor-
mal and altered ripening. Postharvest Biol Technol 75: 125–134

Pfannschmidt T (2003) Chloroplast redox signals: how photosynthesis
controls its own genes. Trends Plant Sci 8: 33–41

Pilati S, Brazzale D, Guella G, Milli A, Ruberti C, Biasioli F, Zottini M,
Moser C (2014) The onset of grapevine berry ripening is characterized
by ROS accumulation and lipoxygenase-mediated membrane perox-
idation in the skin. BMC Plant Biol 14: 87–101

Pintó-Marijuan M, Munné-Bosch S (2014) Photo-oxidative stress markers
as a measure of abiotic stress-induced leaf senescence: advantages and
limitations. J Exp Bot 65: 3845–3857

Prebeg T, Wrischer M, Fulgosi H, Ljubeši�c N (2008) Ultrastructural
characterization of the reversible differentiation of chloroplasts in cu-
cumber fruit. J Plant Biol 51: 122–131

Qin G, Meng X, Wang Q, Tian S (2009a) Oxidative damage of mitochon-
drial proteins contributes to fruit senescence: a redox proteomics anal-
ysis. J Proteome Res 8: 2449–2462

Qin G, Wang Q, Liu J, Li B, Tian S (2009b) Proteomic analysis of changes
in mitochondrial protein expression during fruit senescence. Proteomics
9: 4241–4253

Racsko J, Schrader LE (2012) Sunburn of apple fruit: historical background,
recent advances and future perspectives. Crit Rev Plant Sci 31: 455–504

Rademacher W (2015) Plant growth regulators: backgrounds and uses in
plant production. J Plant Growth Regul 34: 845–872

Ramel F, Birtic S, Ginies C, Soubigou-Taconnat L, Triantaphylidès C,
Havaux M (2012) Carotenoid oxidation products are stress signals that
mediate gene responses to singlet oxygen in plants. Proc Natl Acad Sci
USA 109: 5535–5540

Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) ho-
meostasis and redox regulation in cellular signaling. Cell Signal 24: 981–
990

Rentel MC, Lecourieux D, Ouaked F, Usher SL, Petersen L, Okamoto H,
Knight H, Peck SC, Grierson CS, Hirt H, et al (2004) OXI1 kinase is
necessary for oxidative burst-mediated signalling in Arabidopsis. Na-
ture 427: 858–861

Rogers H, Munné-Bosch S (2016) Production and scavenging of reactive
oxygen species and redox signaling during leaf and flower senescence:
similar but different. Plant Physiol 171: 1560–1568

Š�cepánková I, Hudák J (2004) Leaf and tepal anatomy, plastid ultrastruc-
ture and chlorophyll content in Galantus nivalis L. and Leucojum aestivum
L. Plant Syst Evol 243: 211–219

Schöttler MA, Thiele W, Belkius K, Bergner SV, Flügel C, Wittenberg G,
Agrawal S, Stegemann S, Ruf S, Bock R (2017) The plastid-encoded
PsaI subunit stabilizes photosystem I during leaf senescence in tobacco. J
Exp Bot 68: 1137–1155

Shao N, Duan GY, Bock R (2013) A mediator of singlet oxygen responses in
Chlamydomonas reinhardtii and Arabidopsis identified by a luciferase-
based genetic screen in algal cells. Plant Cell 25: 4209–4226

Shumbe L, Chevalier A, Legeret B, Taconnat L, Monnet F, Havaux M
(2016) Singlet oxygen-induced cell death in Arabidopsis under high-
light stress is controlled by OXI1 kinase. Plant Physiol 170: 1757–1771

Shumbe L, D’Alessandro S, Shao N, Chevalier A, Ksas B, Bock R, Havaux
M (2017) METHYLENE BLUE SENSITIVITY 1 (MBS1) is required for
acclimation of Arabidopsis to singlet oxygen and acts downstream of
b-cyclocitral. Plant Cell Environ 40: 216–226

Szyma�nska R, Kruk J (2008) g-Tocopherol dominates in young leaves of
runner bean (Phaseolus coccineus) under a variety of growing conditions:
the possible functions of g-tocopherol. Phytochemistry 69: 2142–2148

Takahashi S, Badger MR (2011) Photoprotection in plants: a new light on
photosystem II damage. Trends Plant Sci 16: 53–60

Thomas H (2013) Senescence, ageing and death of the whole plant. New
Phytol 197: 696–711

Tian S, Qin G, Li B (2013) Reactive oxygen species involved in regulating
fruit senescence and fungal pathogenicity. Plant Mol Biol 82: 593–602

Torres CA, Andrews PK, Davies NM (2006) Physiological and biochemical
responses of fruit exocarp of tomato (Lycopersicon esculentum Mill.)
mutants to natural photo-oxidative conditions. J Exp Bot 57: 1933–1947

Vainstein A, Sharon R (1993) Biogenesis of petunia and carnation corolla
chloroplasts: changes in the abundance of nuclear and plastid-encoded
photosynthesis-specific gene products during flower development.
Physiol Plant 89: 192–198

Vestergaard CL, Flyvbjerg H, Møller IM (2012) Intracellular signaling by
diffusion: can waves of hydrogen peroxide transmit intracellular infor-
mation in plant cells? Front Plant Sci 3: 295

Vicente AR, Martínez GA, Chaves AR, Civello PM (2006) Effect of heat
treatment on strawberry fruit damage and oxidative metabolism during
storage. Postharvest Biol Technol 40: 116–122

Wagner D, Przybyla D, op den Camp R, Kim C, Landgraf F, Lee KP,
Würsch M, Laloi C, Nater M, Hideg E, et al (2004) The genetic basis of
singlet oxygen-induced stress responses of Arabidopsis thaliana. Science
306: 1183–1185

Wang J, Sun L, Xie L, He Y, Luo T, Sheng L, Luo Y, Zeng Y, Xu J, Deng X,
et al (2016) Regulation of cuticle formation during fruit development
and ripening in ‘Newhall’ navel orange (Citrus sinensis Osbeck) re-
vealed by transcriptomic and metabolomic profiling. Plant Sci 243: 131–
144

Weiss D, Halevy AH (1991) The role of light reactions in the regulation of
anthocyanin synthesis in Petunia corollas. Physiol Plant 81: 127–133

Weiss D, Schönfeld M, Halevy AH (1988) Photosynthetic activities in the
petunia corolla. Plant Physiol 87: 666–670

Weiss D, Shomer‐Ilan A, Vainstein A, Halevy AH (1990) Photosynthetic
carbon fixation in the corollas of Petunia hybrida. Physiol Plant 78: 345–
350

Xia XJ, Zhou YH, Shi K, Zhou J, Foyer CH, Yu JQ (2015) Interplay between
reactive oxygen species and hormones in the control of plant develop-
ment and stress tolerance. J Exp Bot 66: 2839–2856

Ye X, Al-Babili S, Klöti A, Zhang J, Lucca P, Beyer P, Potrykus I (2000)
Engineering the provitamin A (b-carotene) biosynthetic pathway into
(carotenoid-free) rice endosperm. Science 287: 303–305

Ytterberg AJ, Peltier JB, van Wijk KJ (2006) Protein profiling of plasto-
globules in chloroplasts and chromoplasts: a surprising site for differ-
ential accumulation of metabolic enzymes. Plant Physiol 140: 984–997

Zavaleta-Mancera HA, Thomas BJ, Thomas H, Scott IM (1999) Regreening
of senescent Nicotiana leaves. II. Redifferentiation of plastids. J Exp Bot
50: 1683–1689

Zhang J, Niu J, Duan Y, Zhang M, Liu J, Li P, Ma F (2015) Photoprotection
mechanism in the ‘Fuji’ apple peel at different levels of photooxidative
sunburn. Physiol Plant 154: 54–65

Zimmermann P, Zentgraf U (2005) The correlation between oxidative
stress and leaf senescence during plant development. Cell Mol Biol Lett
10: 515–534

1014 Plant Physiol. Vol. 176, 2018

Muñoz and Munné-Bosch

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/176/2/1004/6116898 by guest on 06 July 2023


