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Introduction: Photosynthesis and photooxidation, two

sides of the same coin

Photosynthesis of green organisms inevitably produces harmful
reactive oxygen species (ROS) (Apel & Hirt, 2004; Li ez al., 2009)
due to an increased O, concentration in the chloroplasts (Steiger
eral., 1977) and its interaction with the photosynthetic electron
transport chain. In addition, chlorophyll molecules can act as
photosensitizers when in the triplet excited state, generating singlet
oxygen ('O5). 'O, is highly reactive and readily oxidizes its local
environment leading to decreased photosynthetic efficiency (Tri-
antaphylides & Havaux, 2009; Fischer ez /., 2013). The lifetime of

Summary

Stressful environmental conditions lead to the production of reactive oxygen species in the
chloroplasts, due to limited photosynthesis and enhanced excitation pressure on the photosys-
tems. Among these reactive species, singlet oxygen ('O,), which is generated at the level of the
PSII reaction center, is very reactive, readily oxidizing macromolecules in its immediate
surroundings, and it has been identified as the principal cause of photooxidative damage in plant
leaves. The two B-carotene molecules presentin the PSII reaction center are prime targets of 'O,
oxidation, leading to the formation of various oxidized derivatives. Plants have evolved sensing
mechanisms for those PSII-generated metabolites, which regulate gene expression, putting in
place defense mechanisms and alleviating the effects of PSIl-damaging conditions. A new
picture is thus emerging which places PSIl as a sensor and transducer in plant stress resilience
through its capacity to generate signaling metabolites under excess light energy. This review
summarizes new advances in the characterization of the apocarotenoids involved in the PSII-
mediated stress response and of the pathways elicited by these molecules, among which is the
xenobiotic detoxification.

exposed to high light (Gonzalez-Perez etal, 2011) and, since
photooxidation is associated with a lipid peroxidation signature
typical of 'O, attack on lipids, it has been concluded that 'O, is the
major ROS involved in photooxidative damage to plant leaves
(Triantaphylides ez al., 2008). However, besides its direct toxicity,
'O, also acts as a signaling molecule that triggers a transcriptional
response, leading to programmed cell death or to acclimation to
photooxidative stress, depending on its level (Laloi & Havaux,
2015; Dogra et al., 2018). Through ROS production, chloroplasts
can thus indicate absorbed light energy to the nucleus, which
regulates gene expression and hence adjusts plant metabolism to the
incident light energy and its use in photosynthesis.

'0, in plant tissues is therefore short, <1ps (Redmond &

Kochevar, 2007).

Photoproduction of '0, and other ROS is enhanced under
many environmental stress conditions, when photosynthesis is
restricted and light energy is absorbed in excess of its utilization by
the photosynthetic process, promoting transfer of electrons and
excitation energy to O, (Apel & Hirt, 2004; Li ez al., 2009). '0,is
the predominant ROS produced in Arabidopsis cell suspensions  the
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Photosystem Il as a 'O, photo-generator

The main source of 'O, in plant leaves is photosystem II (PSII).
Triplet—triplet energy transfer from chlorophyll to O, can occur in
both the PSII antenna complexes (LHCII) and the PSII reaction
center (RC) (Krieger-Liszkay, 2004; Vass, 2012; Pospisil, 2016). In
LHCII, triplet chlorophylls can be formed by a
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photosensitization mechanism, whereas in the PSII RC, triplet
chlorophyll *P680 is formed by charge recombination of the triplet
radical pair 3[P680" Pheophytin™], where P680 is the RC
chlorophyll molecule. 'O, is believed to be generated predomi-
nantly from the PSIIRC by the latter mechanism, particularly when
reduction of the PSII electron acceptors is enhanced (Vass, 2012).
An additional channel for >[P680" Pheophytin ] state formation is
viaa backflow of electrons from the first stabilized charge separation
state, P680" Qa~ (Vass, 2011, 2012). The presence of O, during
illumination of isolated PSII RC drastically shortens the *P680
lifetime from 1 ms to ¢ 30 ps (Durrant eral, 1990), indirectly
providing 'O, formation. More direct evidence of 'O, in PSII RC
preparations was obtained from measurements of its luminescence
at 1270 nm (Telfer et al., 1994). In contrast, the LHCII contain
many xanthophyll carotenoids located in close proximity to the
chlorophyll molecules, especially lutein and zeaxanthin, which can
directly quench triplet chlorophylls (Dall’Osto ez al., 20006, 2012),
thus limiting the release of '0,. Moreover, the PSII antennae are
equipped with non-photochemical quenching mechanisms that
can dissipate excess light energy, thus limiting overexcitation and
avoiding triplet chlorophyll and 'O, formation (Demmig-Adams
etral., 2014). Accordingly, 10, release by the PSII centers is
drastically enhanced in the Arabidopsis ¢/! mutant that is
completely devoid of LHCII (Dall'Osto e al., 2010). In contrast,
the PSII core complex contains only B-carotene molecules, with
two molecules in the RC itself (Ferreira et al., 2004). These two -
carotene molecules are bound to two homologous PSII-center
polypeptides, D1 and D2, and are thus distanced form the
chlorophyll molecules (Trebst, 2003). As a consequence, they are
not able to quench the >P680 triplet state, and the function of B-
carotene in the PSIT centers is principally to scavenge the 'O,
molecules produced therein. The probability of 'O, generation in
the PSII center is therefore much higher than in the LHCII.

The principal mechanism for quenching 'O, by carotenoids is
physical quenching, involving energy transfer and producing the
carotenoid triplet state that deactivates through thermal decay
(Triantaphylides & Havaux, 2009; Edge & Truscott, 2018).
However, B-carotene in PSII can occasionally be oxidized by 'O,
generating a variety of derivatives including the 'O,-specific B-
carotene endoperoxide (Ramel eral, 2012a). This latter com-
pound accumulates in leaves upon exposure to high light. In
contrast, lutein/zeaxanthin endoperoxides remain at a low level in
high light-exposed leaves. Accordingly, **C pulse-chase labeling
experiments revealed a continuous flux of newly fixed carbon into
B-carotene in photosynthesizing leaves transferred to high light
(Beisel ez al., 2010), suggesting rapid turnover of this pigment. No
evidence was found for '*C incorporation into xanthophylls, and
this could be related to the maintenance of a low level of lutein/
zeaxanthin endoperoxide observed in high light-exposed leaves.
Taken together, these findings suggest a low turnover of the
xanthophylls compared to B-carotene, probably reflecting selective
chemical quenching of 'O, by the latter carotenoid in PSIL.
Interestingly, B-carotene endoperoxide as well as ' O,-specific lipid
peroxidation products were found in leaves even in low light
(Triantaphylides ez al., 2008; Ramel et al., 2012a), indicating that
'O, is chronically produced in PSII.
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Because the two B-carotene molecules of the PSII center are
distant from the source of 'O,, their ability to scavenge 10, is
partial, and 'O, can oxidize other targets such as the PSII protein
D1, leading to a rapid turnover of this protein even at low light
intensities (Mattoo ez al., 1984; Keren ez al., 1995). Damaged D1
protein is degraded, and PSII is repaired by the assembly of newly
synthesized D1 in the so-called PSII repair cycle (Theis & Schroda,
2016). The controlled degradation of the D1 protein acts as a safety
valve, as selective destruction of a specific protein, rather than the
whole PSIT complex, is likely to be advantageous both in terms of
energy cost and release of potentially harmful pigments. In fact,
further degradation of chlorophyll-binding subunits may lead to
the production of free chlorophylls, which are dangerous photo-
sensitizers and can provoke disastrous production of 'O,. To
minimize this effect, free chlorophyll in the thylakoids can be
transiently managed by stress-inducible specialized proteins of the
LHC family, such as ELIP, SEP and OHP (Hutin etal, 2003;
Engelken ez al., 2012). These stress proteins have been proposed to
transiently bind chlorophylls during biogenesis/turnover of
chlorophyll-binding proteins and/or to regulate chlorophyll
biosynthesis. Accordingly, small LHC-like proteins were found
to prevent '0, formation during PSIT damage (Sinha ez al., 2012).

Chlorophyll precursors are also 'O, photosensitizers, but they
normally do notaccumulate in plant leaves. Photodynamic damage
by chlorophyll precursors was observed under specific conditions,
such as in the Arabidopsis flx mutantafter dark adaptation (Laloi &
Havaux, 2015; Dogra eral, 2018) or in leaves treated with
aminolevulinic acid (Chakraborty & Tripathy, 1992).

The production of 'O, by PSI is not considered significant (Suh
et al., 2000). Using EPR spectroscopy and a 'O, spin probe, it was
showed that neither PSI nor LHCII produce 'O, in high light
(Hideg & Vass, 1995). In line with these observations, the B-
carotene endoperoxide, a specific marker of '0, oxidation, was not
induced when PSI was selectively illuminated with high intensity
far-red light (Ramel ¢z al., 2012a). Under special conditions, triplet
state P700 can be formed by charge recombination, as is the case for
P680 in PSII. However, the lifetime of the state *P700 is not
shortened by O, (Sétif eral, 1981), indicating that P700 is
screened from O,, hence precluding 'O, formation. Consistently,
the lifetime of PSI is considerably longer than that of PSII (Yao
etal., 2012). Taken together, these results lead to the conclusion
that PSI is not a major source of 102, although Cazzaniga eral.
(2016) reported 'O, production from isolated PSI-LHCI complex
exposed to very high light intensity, as measured by an increase in
fluorescence intensity of the SOSG probe (Singlet Oxygen Sensor
Green). However, the interpretation of SOSG fluorescence
changes in terms of '0, concentrations must be considered with
caution because this technique has some drawbacks, including the
fact that SOSG has photosensitizing properties that could lead to
artefactual 'O, detection, particularly in very high light (Ragas
et al., 2009). Moreover, destruction of photosystems at very high
light can uncouple or release chlorophyll molecules which can
secondarily generate 'O,.

Interestingly, another source of 'O, may exist: the cytochrome
b6/f complex, which contains a chlorophyll 2 molecule at an
approximate 1:1 stoichiometry (Stroebel ezal, 2003). This
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complex isable to generate ' O, in the light (Jung & Kim, 1990; Suh
et al., 2000) and requires the presence of a neighboring B-carotene
to avoid its autoxidation (Zhang ez al., 1999). Cytochrome b6/f is
therefore a potential source of 'O, and oxidized B-carotene
derivatives, but its contribution to the 7z vivo 'O, production is
assumed to be minor compared to PSII-generated '0,.

Carotenoid oxidation and stress signaling surveillance
of PSII

The 'O, is a strong electrophile agent that has high reactivity
towards double bonds in biological molecules, producing a variety
of oxidized derivatives, such as aldehydes, ketones, endoperoxides,
epoxides or lactones (Triantaphylides & Havaux, 2009). Actually,
each double bond in the B-carotene molecule can be oxidized by
'O, (Stratton etal, 1993; Ramel ezal,, 2012a, 2012b) (Fig. 1a).
Oxidative cleavage of the double bond of the B-carotene polyene
chain at position 7,8 generates a volatile, short-chain compound
called B-cyclocitral (B-CC) (Fig. 1b) and the long-chain -apo-8'-
carotenal, which can be further oxidized to generate another
molecule of B-CCand crocetindialdehyde (Frusciante ez al., 2014).
Cleavage at position 9,10 leads to B-ionone (Fig. 1e), which can be
further oxidized by 'O, resulting in lactone dihydroactinidiolide
(dhA) (Havaux, 2014) (Fig. 19).

Under high light stress, a multitude of PB-carotene-derived
metabolites, such as B-CC, B-ionone and dhA, are generated in
leaves at the PSII level (Ramel ez al, 2012b). Emission of those
compounds was also reported in lichens and in cyanobacteria
exposed to stress (Garcia-Plazaola ez al., 2017). Although a large
fraction of P-carotene is located in PSI (Thayer & Bjorkman,
1992), the low capacity of this photosystem to generate 'O, makes
it unlikely that it contributes to B-CC production in planta under
physiologically relevant conditions.

Unlike B-carotene endoperoxide, B-ionone and other oxidized
carotenoid products are not specific markers of 'O, oxidation since
they can be also produced enzymatically by carotenoid cleavage
dioxygenases (CCD), which cleave carotenoids at specific positions
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Fig. 1 Chemical structure of B-carotene (a)
and of some of its oxidized derivatives: -
cyclocitral (b), its glycosylated form GAPO7
(c), B-cyclocitric acid (d), B-ionone (e), its
glycosylated form GAPO9 (f) and
dihydroactinidiolide (g). Some cleavage sites
of 0O, and/or of carotenoid cleavage
dioxygenase enzymes (CCD) in B-carotene are
shownin (a). Oxidative cleavage of the double
bond at the position 7,8 generates compound
(b) while cleavage at the position 9,10 leads to
compound (e). Glc, glucose.
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(Auldridge ez al., 2006; Harrison & Bugg, 2014). In Arabidopsis
there are nine CCD, categorized according to their enzymatic
specificities, among which five members are in the nine-cis-epoxy
carotenoid dioxygenase subfamily (NCED?2,3,5,6,9) that mediates
cleavage at the 11-12 position and participates in ABA biosynthe-
sis. CCD1, CCD4 and CCD7 preferentially mediate cleavage at
the 9,10 position and have broad substrate specificity, while CCD8
may be specific for strigolactone biosynthesis. In addition, CCD2
has been identified in Crocus sativus, where it mediates the cleavage
at the 7,8 position of zeaxanthin (but not B-carotene) to generate 3-
OH-B-cyclocitral, a precursor of safranal (Auldridge ez al., 2006;
Harrison & Bugg, 2014).

In Arabidopsis, B-ionone can be enzymatically produced by
CCD1 and CCD7, while it is not clear whether a CCD could
generate B-CC from B-carotene iz vivo. In C. sativus, B-CC seems
to be a minor cleavage product of CCD4 (Rubio-Moraga et al,
2014). Therefore, B-CC and B-ionone may correspond to two
different pathways in apocarotenoid signaling, with B-ionone
being generated also via an enzymatic reaction and B-CC having
mainly an autooxidative origin. However, CDD genes were not
found to be induced under high light stress, with CCD4 even being
strongly repressed (Ramel ezal, 2013). Moreover, high light-
induced accumulation of B-CC and B-ionone was not inhibited in
Arabidopsis mutants deficient in each individual CCD (Ramel
etal, 2013), and the concentrations of the two molecules are
comparable both under physiological conditions and in high light
(Ramel eral, 2012b). Those findings undermine the role of
enzymatic oxidation in the production of oxidized carotenoid
metabolites during photooxidative stress and support a role for
these molecules in PSII oxidation surveillance.

Both B-CC and dhA were shown to act as signaling molecules,
inducing changes in the expression of a wide set of nuclear-encoded
'O,-responsive genes (Ramel ez 2., 2012b; Shumbe ez al,, 2014). A
general feature of this transcriptomic response was the induction of
genes related to cellular defense against stress and the down-
regulation of genes related to cell growth and development. This
phenomenon was not observed with [-ionone, indicating
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specificity of the transcriptomic responses to some carotenoid
metabolites. It also indicates that the effects of B-CC or dhA cannot
be assumed to be a mere response to reactive electrophiles since the
electrophilicity of B-ionone is higher than that of f-CC and dhA.
Moreover, the transcriptome of B-CC-treated Arabidopsis plants
overlaps only moderately with the transcriptome of plants treated
with typical reactive electrophilic species, such as malondialdehyde
or methyl vinyl ketone (Weber ez al., 2004; Ramel ez al., 2012b).
As discussed by Vass (2011, 2012), primary charge separation in
PSII and formation of >[P680" Pheophytin ], the source of *P680,
can occur after light saturation of photosynthetic electron trans-
port. Since the rate of primary charge separation in closed PSII
centers linearly depends on light intensity, the yield of >P680, and
therefore the production of 'O,, are expected to increase linearly
with light intensity. It would be interesting to test whether B-CC
production exhibits a similar relationship with light intensity.

The relation of B-CC to other retrograde signaling
pathways

Tremendous progress has been made in identifying signaling
components mediating chloroplastic control of nuclear gene
expression. In particular, a prominent role of metabolites has been
described in retrograde signaling, including tetrapyrroles (e.g.
Mochizuki ez al., 2001; Page ez al., 2017), 3-phosphoadenosine 5-
phosphate (PAP) (Estavillo ezal., 2011), dihydroxyacetone phos-
phate (DHAP) (Lorenc-Kukula eral, 2012) and carotenoid
derivatives, among which are B-CC and dhA. In order to transmit
a signal to the nucleus, these molecules need to move out of the
chloroplasts or impose a signaling mechanism from the chloroplast
to the nucleus. H,O, produced at the level of PSI, for example, can
directly move to the nucleus (Exposito-Rodriguez ez al., 2017).
Other polar molecules, such as PAP and DHAP, requires specific
transporters. Conversely, B-CC and dhA are small, lipid soluble
and volatile. Therefore, they may diffuse through membranes,
escape the chloroplast and assist in the communication between
different organelles. Hence, they are potential carriers of the 77 vivo
'O, signal from the chloroplast to the nucleus. However, migration
of B-CC to the nucleus remains to be demonstrated experimentally.
Also, no receptors for B-CC or dhA have been discovered so far, and
identification of the primary target of these metabolic signals will be
a major challenge in the future.

In the cyanobacterium Microcystis, the only organism in which
true B-carotene CCD-dependent 7,8 cleavage activity has been
described (Juittner et al., 2010), the rapid burst of B-CC production
is concomitant with its oxidation to a carboxylic acid, B-cyclocitric
acid (B-CCA) (Fig. 1d). This oxidation occurs spontaneously in
water (Tomita ezal., 2016). We recently demonstrated that this
molecule exists in Arabidopsis at higher concentrations than f-CC
(D’Alessandro ez al., 2018a). Therefore, we can hypothesize several
fates for B-CC, depending on which side of the thylakoid
membrane it is released from PSII. In the case of a release on the
luminal side of the thylakoid membranes, we can imagine a fast
oxidation due the oxidizing environment (Steiger etal., 1977),
especially under illumination. In this compartment, the majority of

B-CC could be transformed in the carboxylic acid f-CCA, which
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has a predicted pKa between 4.5 and 4.85. At the acidic pH of the
thylakoid lumen under illumination (Takizawa ez al., 2007), i.e.
when B-CC is mainly generated, only a fraction of the molecule
would be present in the neutral form, and B-CCA would be trapped
in the lumen unless hypothesizing the presence of transporters. In
any case, once in the stroma, B-CCA would be almost completely
present in the ionic form, and again only the presence of
transporters could allow the molecule to exit the chloroplast. In
contrast, if B-CC were generated in the chloroplast stroma, the
reducing environment (—360 mV) (Takizawa et al., 2007) could
impede the immediate oxidation to B-CCA, therefore B-CC could
pass through chloroplast membranes and directly actas a retrograde
signal, being transformed into B-CCA only in a second phase, for
example in the cytosol, which is slightly less reducing (=320 mV).

A possible chloroplastic action of B-CC/B-CCA cannot be
excluded, and the connection between B-CC and other known
elements of chloroplastic retrograde signaling has been tested. -
CC signaling appears to take place independently of the
tetrapyrrole pathway as the mutantlines gun 1, 4, 5, representatives
of the Mg-Protoporphyrin IX pathway, and gun3 and f¢1, for the
heme pathway, were not affected in the genetic response to B-CC
(unpublished). The EXECUTER 1 and 2 (EX1, EX2) proteins,
responsible for mediating '0,-induced cell death, also resulted a
distinct pathway (Ramel ez al., 2012b; Dogra ¢t al., 2018). From
recent analyses of the transcriptome of B-CC-treated plants, a
possible interconnection between B-CC and PAP signaling arose
from the observation that the 3/(2'),5'-bisphosphate nucleotidase
SALI, responsible for PAP degradation, is down-regulated by -
CC (Ramel eral.,, 2012b). Furthermore, B-CC induces the ST2A
sulfotransferase that uses PAPS as sulfate donor, hence generating
PAP. Therefore, B-CC may induce PAP accumulation and mediate
PAP regulation in response to altered photosynthesis under
drought and excessive light stress.

In line with the interconnection with PAP signaling, gene
reprogramming by B-CC and dhA was associated with a substantial
increase in plant tolerance to photooxidative stress. Arabidopsis
plants pre-treated with volatile f-CC or dhA exhibited lower lipid
peroxidation and lower PSII photoinhibition after high light stress
compared to untreated plants (Ramel ez 4/, 2012b; Shumbe ez al.,
2014, 2017). B-CC and B-CCA were also found to enhance
drought tolerance of Arabidopsis plants (D’Alessandro ezal.,
2018a). Both stresses are known to modulate PAP accumulation
(Estavillo ez al., 2011).

The METHYLENE BLUE SENSITIVITY (MBS) proteins 1
and 2 are small zinc-finger proteins that mediate the transcriptomic
response to 'O, in Chlamydomonas and Arabidopsis (Shao ez al,
2013), suggesting an upstream position in the 'O, signaling
pathway. The mbsI mutant was found to be insensitive to B-CC
and dhA (Shumbe ezal, 2017). Treatments with B-CC that
enhanced photooxidative stress tolerance in WT plants did not
decrease the photosensitivity of 7651 mutant plants, indicating that
the MBS protein is required for B-CC-dependent 'O, signaling.
Moreover, B-CC brought about an accumulation of MBS1 in WT
plants, as does high light stress, with partial re-localization to the
nuclei (Shumbe ezal, 2017). Despite its involvement in B-CC
signaling, the relation of MBS1 with other components of the '0,
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response, such as the EXECUTER proteins, and its exact function
remain, however, to be established.

B-CC as an endogenous safener

Finally, a mechanism for f-CC-induced acclimation/tolerance to
excess light was recently proposed (D’Alessandro et al., 2018b).
Plants, like other eukaryotes, have developed a xenobiotic
detoxification system that involves thousands of proteins,
including transcription factors, redox enzymes and transporters
(Sandermann, 1992). This mechanism processes ectopic
molecules entering the cell through redox modification, conju-
gation and compartmentalization to avoid toxic effects due to
their chemical reactivity (Sandermann, 1992). Part of the system
is transcriptionally controlled by TGAII transcription factors and
their interaction with the GRAS protein SCL14 (Fode eral,
2008). We demonstrated that SCLI14-controlled xenobiotic
detoxification is strongly induced by B-CC and by photooxida-
tive conditions (D’Alessandro ezal, 2018b). Furthermore, the
so-called ‘xenobiotic response’ is also activated by endogenous
toxicants, such as reactive carbonyl species (RCS) deriving from
the spontaneous decomposition of lipid peroxides (Mano, 2012).
Therefore, lipid peroxides not only are the signature of
photooxidation but also directly contribute to its toxicity by
decaying into reactive aldehydes, such as acrolein or 4-hydrox-
ynonenal, which can further hinder the physiological functioning
of macromolecules (Mano, 2012) and can induce cell death
(Biswas & Mano, 2016). By inducing SCL14-dependent
xenobiotic response, B-CC prepares the cell for the accumulation
of lipid peroxides occurring under excess light or drought stress
by increasing detoxification of toxic RCS (D’Alessandro ezal.,
2018b). Similar to B-CC treatment, the overexpressor lines of
SCL14 were more tolerant both to excess light and to drought

Research review Review 5

stress (D’Alessandro ezal., 2018a, 2018b). Drought and oxida-
tive tolerance was also confirmed in rice by the overexpressor
lines of the SCL14 homologue OsGRAS23 (Xu ez al., 2015).
Thanks to previous works on xenobiotic detoxification (Fode
et al., 2008; Koster ez al., 2012), it was possible to place an entire
signaling cascade downstream of B-CC. In particular, the interac-
tion between SCL14 and TGAII transcription factors modulates
the transcriptional level of the ANAC102 chloroplastic transcrip-
tion factor (Inzé etal, 2012), which controls the downstream
ANAC002, ANAC031 and ANACO081 transcription regulators
(D’Alessandro ez al., 2018b), and finally the redox enzymes of the
first phase of the detoxification response. In other words, B-CC acts
as an endogenous safener. The latter type of compounds, usually
artificial, are used in agronomy to induce the detoxification
pathway without harming the plants, hence leading to tolerance to
toxicants such as herbicides (Riechers ez /., 2010; Brazier-Hicks
etal., 2018). The SCL14-dependent detoxification response is
independent of MBS1 regulation (D’Alessandro ez al., 2018b),
indicating the existence of at least two pathways downstream of

B-CC.

Homeostasis of §-CC

The presence of B-CC can induce the xenobiotic detoxification
pathway (D’Alessandro ez al., 2018b), but the question arises as to
whether it is also a substrate for these detoxifying chemical
modifications. A possible answer to this question can be inferred
from the recent demonstration that apocarotenoid hydroxylation
and glycosylation are enhanced under high light conditions (Mi
et al.,2018). In this context, it is interesting to note that 102 as well
as B-CC have a strong up-regulating effect on the expression of
several glycosyl transferases in Arabidopsis leaves (Ramel ezal.,
2012b, 2013). When plants are subjected to strong illumination,

CHLOROPLAST

THYLAKOIDS [3-I dhA
STROMA

B-CCA ANAC102
p-cc o
B-CCA
CYTOPLASM l

RCS GAPO7

bl o
SAL1 ]*
PAP :

dhA

MBS1

SCL14 /TGA Il

ANAC102
4\> 10, genes
ANAC002, 031, 081

NUCLEUS

Fig. 2 Apocarotenoid production from PSII and its signaling effect in plant leaves. 'O, oxidation of B-carotene in PSII generates apocarotenoids such as
B-cyclocitral (B-CC), B-ionone (B-1) and dihydroactinidiolide (dhA). Further oxidation (yellow arrows) leads to B-cyclocitric acid (B-CCA) and RCS oxidation.
Active transfer of the hydrophilic molecules or passive diffusion of the volatile apocarotenoids to the cytoplasm brings about the activation of at least two
signaling pathways (blue arrows) mediated by MBS1 or by TGAIl transcription factors interacting with SCL14. These signaling pathways induce changes in the
expression of 'O,-responsive genes and of genes involved in cellular detoxification. The latter mechanism (orange arrows) targets toxic RCS (reactive carbonyl
species). Dotted lines indicate hypothetical processes. PAP, 3-phosphoadenosine 5-phosphate.
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the concentrations of many hydroxylated and glycosylated apoc-
arotenoids (GAPO) increased. Although dhA and B-CCA were not
present in the study, the concentrations of B-CC and B-ionone
under control conditions were comparable to previous measure-
ments (Ramel ez al., 2012b). Conversely, the levels of the derived
glycosylated forms, GAPO7 and GAPO9Y, respectively (Fig. 1c),
were very different, with GAPO9 concentrations being 200 times
higher than GAPO7 in Arabidopsis leaves in control conditions.
Massive glycosylation of B-ionone to GAPO9Y could explain why a
molecule with a known biosynthetic pathway via CCD shows
unconjugated levels in the same range as -CC that does not possess
such a pathway. Although the measured levels of GAPO7 are justa
fraction of the B-CC concentration (1.67%), while most of the -
ionone is present as GAPO9 (575%), this process suggests that -
carotene derivatives are targeted by detoxifying mechanisms.
Furthermore, unlike hydroxylated B-ionone, hydroxy-B-cycloci-
tral was not detectable, suggesting a fast conversion to the
glycosylated form and therefore the importance of this process in
B-CC homeostasis and in the regulation of B-CC signaling (Mi
et al., 2018). The B-CC metabolization described above limits its
signaling role and may constitute a negative feedback mechanism to
return 'O, signaling back to unstressed levels.

Is B-CC involved in more than stress tolerance?

In addition to its role in stress response, B-CC has recently been
shown to be involved in root development (Dickinson ez al., 2019;
Wurtzel, 2019). In these new results, B-CC is able to induce
primary root growth and lateral root capacity without passing
through the major pathways affecting meristem growth, such as
auxin or brassinosteroids (Dickinson et 4/, 2019). However, cell
growth and development pathways are down-regulated in the shoot
by B-CC treatment (Ramel ez al, 2012b). Furthermore, involve-
ment of B-CC in growth, as recently reviewed (Wurtzel, 2019),
would strongly argue towards the existence of a biosynthetic
pathway leading to B-CC production, which has yet to be described
in plants.

ROS, such as H,O, and superoxide, directly impact root
growth (Tsukagoshi, 2016), and recently a role for '0, in root
response to osmotic stress was elucidated (Chen & Fluhr, 2018).
ROS homeostasis is altered when roots are exposed to light, like in
the majority of 77 vitro studies on root development (Yokawa
etal., 2011). Furthermore, the use of Parafilm to seal the Petri
dishes reduces gas exchange and enhances photorespiration
(Kerchev ezal., 2013), increasing H,O, concentration, which is
known to repress cell cycle genes and consequently meristem
growth (Tsukagoshi, 2016). Interestingly, natural auxin and
auxin-like molecules are able to alleviate the negative effects of
photorespiration (Kerchev ez al., 2013) and to induce the SCL14-
dependent xenobiotic response (Fode ezal., 2008). We suggest,
therefore, that in parallel to a yet undiscovered root development
mechanism, B-CC may mediate enhanced root growth by
increasing root tolerance to peroxidative damage, both in vitro
and in soil, in a similar way as it acts in the shoot (D’Alessandro
etal., 2018b).
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Conclusions

Despite the presence of many protective mechanisms (energy
dissipation by the NPQ mechanism, state transition, cyclic electron
flow), PSII is likely the most vulnerable component of the
photosynthetic chain to several environmental constraints, such as
excess light energy (Tyystjarvi, 2013), UV-B radiation (Szilard
etal., 2007) and heat stress (Allakhverdiev ez 4/, 2008). Not only
'O, butalso B-carotene oxidation products are released at the level
of PSII due to stress-induced photooxidation, and plants have
evolved mechanisms to decode these retrograde signals and
consequently to regulate gene expression so as to adjust metabolism
and alleviate the effects of PSII-damaging conditions, as summa-
rized in Fig. 2.

-Carotene has been present in PSII since early cyanobacteria,
and this long-lasting relationship likely allowed the evolution of
very rich and redundant response mechanisms to B-carotene
derivatives. In this review, we focused on the apocarotenoids
derived from B-carotene and, in particular, on B-ionone, dhA and
B-CC. Most of the presented studies fit with the recently proposed
role of these apocarotenoids in stress response via the xenobiotic
detoxification mechanism, but an impact of B-CC on PAP
retrograde signaling and the existence of more than one pathway
downstream of these molecules is also possible. A new and exciting
avenue towards new discoveries in the multiple effects of ROS-
induced carotenoid metabolites is now opening. It is clear that a
larger effort towards a better understanding of the signaling and of
the mechanisms elicited by these apocarotenoids is required,
especially regarding the possible existence of a receptor protein.

Acknowledgements

We would like to acknowledge funding from the French National
Research Agency (ANR project SLOSAM, 14-CE02-0010-02).

ORCID

Stefano D’Alessandro (2} https://orcid.org/0000-0002-0464-
5549

Michel Havaux (2 https://orcid.org/0000-0002-6434-393X
References

Allakhverdiev SI, Kreslavski VD, Klimov VV, Los DA, Carpentier R, Mohanty P.
2008. Heat stress: an overview of molecular responses in photosynthesis.
Photosynthesis Research 98: 541-550.

Apel K, Hirt H. 2004. REACTIVE OXYGEN SPECIES: metabolism, oxidative
stress, and signal transduction. Annual Review of Plant Biology 55: 373-399.

Auldridge ME, McCarty DR, Klee HJ. 2006. Plant carotenoid cleavage oxygenases
and their apocarotenoid products. Current Opinion in Plant Biology9: 315-321.

Beisel KG, Jahnke S, Hofmann D, Koppchen S, Schurr U, Matsubara S. 2010.
Continuous turnover of carotenes and chlorophyll #in mature leaves of Arabidopsis
revealed by "*CO, pulse-chase labeling. Plant Physiology 152: 2188-2199.

Biswas MS, Mano J. 2016. Reactive carbonyl species activate caspase 3-like protease
to initiate programmed cell death in plants. Plant and Cell Physiology 57: 1432~
1442.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust


https://orcid.org/0000-0002-0464-5549
https://orcid.org/0000-0002-0464-5549
https://orcid.org/0000-0002-0464-5549
https://orcid.org/0000-0002-6434-393X
https://orcid.org/0000-0002-6434-393X
https://orcid.org/0000-0002-6434-393X

New
Phytologist

Brazier-Hicks M, Knight KM, Sellars JD, Steel PG, Edwards R. 2018. Testing a
chemical series inspired by plant stress oxylipin signalling agents for herbicide
safening activity. Pest Management Science 74: 828-836.

Cazzaniga S, Bressan M, Carbonera D, Agostini A, Dall’Osto L. 2016. Differential
roles of carotenes and xanthophylls in photosystem I photoprotection.
Biochemistry 55: 3636-3649.

Chakraborty N, Tripathy BC. 1992. Involvement of singlet oxygen in 5-
aminolevulinic acid-induced photodynamic damage of cucumber (Cucumis
sativus L.) chloroplasts. Plant Physiology 98: 7-11.

Chen T, Fluhr R. 2018. Singlet oxygen plays an essential role in the root’s response
to osmotic stress. Plant Physiology 177: 1717-1727.

D’Alessandro S, Ksas B, Havaux M. 2018b. Decoding B-cyclocitral-mediated
retrograde signaling reveals the role of a detoxification response in plant tolerance
to photooxidative stress. 7he Plant Cell 30: 2495-2511.

D’Alessandro S, Mizokami Y, Legeret B, Havaux M. 2018a. -cyclocitric acid: a
new apocarotenoid eliciting drought tolerance in plants. bioRxiv. doi: 10.1101/
478560

Dall’Osto L, Cazzaniga S, Havaux M, Bassi R. 2010. Enhanced photoprotection by
protein-bound vs free xanthophyll pools: a comparative analysis of chlorophyll &
and xanthophyll biosynthesis mutants. Molecular Plant 3: 576-593.

Dall’Osto L, Holt NE, Kaligotla S, Fuciman M, Cazzaniga S, Carbonera D, Frank
HA, Alric ], Bassi R. 2012. Zeaxanthin protects plant photosynthesis by
modulating chlorophyll triplet yield in specific light-harvesting antenna subunits.
Journal of Biological Chemistry 287: 41820—41834.

Dall’Osto L, Lico C, Alric J, Giuliano G, Havaux M, Bassi R. 2006. Lutein is
needed for efficient chlorophyll triplet quenching in the major LHCII antenna
complex of higher plants and effective photoprotection in vivo under strong light.
BMC Plant Biology 6: 32.

Demmig-Adams B, Garab G, Adams W III, Govindjee (Eds). 2014. Non-
Photochemical quenching and energy dissipation in plants, algae and cyanobacteria.
Advances in photosynthesis and respiration 40. Dordrecht, the Netherlands:
Springer.

Dickinson AJ, Lehner K, Mi ], Jia K-P, Mijar M, Dinnemy ], Al-Babili S, Benfey
PN. 2019. B-Cyclocitral is a conserved root growth regulator. Proceedings of the
National Academy of Sciences, USA 116: 10563-10567.

Dogra V, Rochaix J-D, Kim C. 2018. Singlet oxygen-triggered chloroplast-to-
nucleus retrograde signalling pathways: an emerging perspective. Plant, Cell &
Environment 41: 1727-1738.

Durrant JR, Giorgi LB, Barber J, Klug DR, Porter G. 1990. Characterization of
triplet states in isolated photosystem-II reaction centers — oxygen quenching as a
mechanism for photodamage. Biochimica et Biophysica Acta 1017: 167-175.

Edge R, Truscott TG. 2018. Singlet oxygen and free radical reactions of retinoids
and carotenoids — A review. Antioxidants7: 5.

Engelken J, Funk C, Adamska I. 2012. The extended light-harvesting complex
(LHC) protein superfamily: classification and evolutionary dynamics. In: Burnap
RI, Vermaas WE], eds. Functional genomics and evolution of photosynthetic Systems.
Advances in photosynthesis and respiration 33. Dordrecht, the Netherlands:
Springer, 265-284.

Estavillo GM, Crisp PA, Pornsiriwong W, Wirtz M, Collinge D, Carrie C, Giraud
E, Whelan J, David P, Javot H, et al. 2011. Evidence for a SAL1-PAP chloroplast
retrograde pathway that functions in drought and high light signaling in
Arabidopsis. The Plant Cell23: 3992-4012.

Exposito-Rodriguez M, Laissue PP, Yvon-Durocher G, Smirnoff N,
Mullineaux PM. 2017. Photosynthesis-dependent H,O, transfer from
chloroplasts to nuclei provides a high-light signalling mechanism. Nature
Communications 8: 4.

Ferreira KN, Iverson TM, Maghlaoui K, Barber J, Iwata S. 2004. Architecture of
the photosynthetic oxygen-evolving center. Science303: 1831-1838.

Fischer BB, Hideg E, Krieger-Liszkay A. 2013. Production, detection and signaling
of singlet oxygen in photosynthetic organisms. Antioxidant and Redox Signaling
18: 2145-2162.

Fode B, Siemsen T, Thurow C, Weigel R, Gatz C. 2008. The Arabidopsis GRAS
protein SCL14 interacts with class Il TGA transcription factors and is essential for
the activation of stress-inducible promoters. The Plant Cell20: 3122-3135.

Frusciante S, Diretto G, Bruno M, Ferrante P, Pietrella M, Prado-Cabrero A,
Rubio-Moraga A, Beyer P, Gomez-Gomez L, Al-Babili S ez al. 2014. Novel
carotenoid cleavage dioxygenase catalyzes the first dedicated step in saffron crocin

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

Research review Review 7

biosynthesis. Proceedings of the National Academy of Sciences, USA 111: 12246~
12251.

Garcia-Plazaola JI, Portillo-Estrada M, Fernandez-Marin B, Kannaste A,
Niinemets U. 2017. Emissions of carotenoid cleavage products upon heat shock
and mechanical wounding from a foliose lichen. Environmental and Experimental
Botany 133: 87-97.

Gonzalez-Perez S, Gutierrez J, Garcia-Garcia F, Osuna D, Dopazo ], Lorenzo O,
Revuelta JL, Arellano JB. 2011. Early transcriptional defence responses in
Arabidopsis cell suspension culture under high-light conditions. Plant Physiology
156: 1439-1456.

Harrison PJ, Bugg TD. 2014. Enzymology of the carotenoid cleavage dioxygenases:
reaction mechanisms, inhibition and biochemical roles. Archives of Biochemistry
and Biophysics 544: 105-111.

Havaux M. 2014. Carotenoid oxidation products as stress signals in plants. 7he
Plant Journal79: 597-606.

Hideg E, Vass 1. 1995. Singlet oxygen is not produced in Photosystem I under
photoinhibitory conditions. Photochemistry and Photobiology 62: 949-952.

Hutin C, Nussaume L, Moise N, Moya I, Kloppstech K, Havaux M. 2003. Early
light-induced proteins protect Arabidopsis from photooxidative stress.
Proceedings of the National Academy of Sciences, USA 100: 4921-4926.

Inzé A, Vanderauwera S, Hoeberichts FA, Vandorpe M, Van Gaever T, Van
Breusegem F. 2012. A subcellular localization compendium of hydrogen
peroxide-induced proteins. Plant, Cell & Environment 35: 308-320.

Jung]J, Kim H-S. 1990. The chromophores as endogenous sensitizers involved in the
photogeneration of singlet oxygen in spinach thylakoids. Photochemistry and
Photobiology 52: 1003—1009.

Jiittner F, Watson SB, von Elert E, Koster O. 2010. B-Cyclocitral, a grazer defense
signal unique to the cyanobacterium Microcystis. Journal of Chemical Ecology 12:
1387-1397.

Kerchev P, Miihlenbock P, Denecker J, Morreel K, Hoeberichts FA, Van Der
Kelen K, Vandorpe M, Nguyen L, Audenaert D, Van Breusegem F. 2013.
Activation of auxin signalling counteracts photorespiratory H,O,-dependent cell
death. Plant, Cell & Environment 38: 253-265.

Keren N, Gong H, Ohad I. 1995. Oscillations of reaction center II-D1 protein
degradation in vivo induced by repetitive light flashes. Correlation between the
level of RCII-QB— and protein degradation in low light. Journal of Biological
Chemistry 270: 806-814.

Koster J, Thurow C, Kruse K, Meier A, Iven T, Feussner I, Gatz C. 2012.
Xenobiotic- and jasmonic acid-inducible signal transduction pathways have
become interdependentat the Arabidopsis CYP81D11 promoter. Plant Physiology
159: 391-402.

Krieger-Liszkay A. 2004. Singlet oxygen production in photosynthesis. Journal of
Experimental Botany 56: 337-346.

Laloi C, Havaux M. 2015. Key players of singlet oxygen-induced cell death in plants.
Frontiers in Plant Science 6: 39.

Li Z, Wakao S, Fischer BB, Niyogi KK. 2009. Sensing and responding to excess
light. Annual Review of Plant Biology 60: 239-260.

Lorenc-Kukula K, Chatuverdi R, Roth M, Welti R, Shah J. 2012. Biochemical and
molecular-genetic characterization of SFD1’s involvement in lipid metabolism
and defense signaling. Frontiers in Plant Science 3: 26.

Mano J. 2012. Reactive carbonyl species: their production from lipid peroxides,
action in environmental stress, and the detoxification mechanism. Plant Physiology
and Biochemistry 59: 90-97.

Mattoo AK, Hoffman-Falk H, Marder JB, Edelman M. 1984. Regulation of
protein metabolism: coupling of photosynthetic electron transport to i vive
degradation of the rapidly metabolized 32-kilodalton protein of the chloroplast
membranes. Proceedings of National Academy of Sciences, USA 81: 1380-1384.

Mi ], Jia K-P, Balakrishna A, Wang JY, Al-Babili S. 2018. An LC-MS profiling
method reveals a route for apocarotene glycosylation and shows its induction by
high light stress in Arabidopsis. Analyst. doi: 10.1039/c8an02143k

Mochizuki N, Brusslan JA, Larkin R, Nagatani A, Chory J. 2001.

Arabidopsis genomes uncoupled 5 (GUN5) mutant reveals the involvement of
Mg-chelatase H subunit in plastid-to-nucleus signal transduction. Proceedings of
the National Academy of Sciences, USA 98: 2053-2058.

Page MT, McCormac AC, Smith AG, Terry M]. 2017. Singlet oxygen initiates a
plastid signal controlling photosynthetic gene expression. New Phytologist 213:
1168-1180.

New Phytologist (2019)
www.newphytologist.com


https://doi.org/10.1101/478560
https://doi.org/10.1101/478560
https://doi.org/10.1039/c8an02143k

8 Review Research review

Pospisil P. 2016. Production of reactive oxygen species by Photosystem II as a
response to light and temperature stress. Frontiers in Plant Science7: 1950.

Ragas X, Jiménez-Banzo A, Sanchez-Garcia D, Batllori X, Nonell S. 2009. Singlet
oxygen photosensitisation by the fluorescent probe Singlet Oxygen Sensor Green.
Chemistry and Biology 20: 2920-2922.

Ramel F, Birtic S, Cuine S, Triantaphylides C, Ravanat J-L, Havaux M. 2012a.
Chemical quenching of singlet oxygen by carotenoids in plants. Plant Physiology
158: 1267-1278.

Ramel F, Birtic S, Ginies C, Soubigou-Taconnat L, Triantaphylides C, Havaux M.
2012b. Carotenoid oxidation products are stress signals that mediate gene
responses to singlet oxygen in plants. Proceedings of the National Academy of
Sciences, USA 109: 5535-5540.

Ramel F, Mialoundama AS, Havaux M. 2013. Nonenzymic carotenoid oxidation
and photooxidative stress signalling in plants. Journal of Experimental Botany 64:
799-805.

Redmond RW, Kochevar IE. 2007. Spatially resolved cellular responses to singlet
oxygen. Photochemistry and Photobiology 82: 1178-1186.

Riechers DE, Kreuz K, Zhang Q. 2010. Detoxification without intoxication:
herbicide safeners activate plant defense gene expression. Plant Physiology 153:
3-13.

Rubio-Moraga A, Rambla JL, Fernindez-de-Carmen A, Trapero-Mozos A,
Ahrazem O, Orzdez D, Granell A, Gomez-Gémez L. 2014. New target
carotenoids for CCD4 enzymes are revealed with the characterization of a novel
stress-induced carotenoid cleavage dioxygenase gene from Crocus sativus. Plant
Molecular Biology 86: 555-569.

Sandermann H. 1992. Plant metabolism of xenobiotics. 77ends Biochemical Sciences
17: 82-84.

Sétif P, Hervo G, Mathis P. 1981. Flash-induced absorption changes in
photosystem I, radical pair or triplet state formation? Biochimica et Biophysica Acta
638: 257 — 267.

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, Bott R, Havaux M. 2014. Dihydroactinidiolide, a high light-induced p-
carotene derivative that can regulate gene expression and photoacclimation in
Arabidopsis. Molecular Plant7: 1248-1251.

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 & Environment 40: 216-226.

Sinha RK, Komenda], Knoppova], Sedlarova M, Pospisil P. 2012. Small CAB-like
proteins prevent formation of singlet oxygen in the damaged photosystem II
complex of the cyanobacterium Synechocystis sp. PCC 6803. Plant, Cell &
Environment 35: 806-818.

Steiger HM, Beck E, Beck R. 1977. Oxygen concentration in isolated chloroplasts
during photosynthesis. Plant Physiology 60: 903-906.

Stratton SP, Schaefer WH, Liebler DC. 1993. Isolation and identification of singlet
oxygen oxidation products of beta-carotene. Chemical Research in Toxicology 6:
542-547.

Stroebel D, Choquet Y, Popot JL, Picot D. 2003. An atypical haem in the
cytochrome b(6)f complex. Nature 426: 413-418.

Suh HJ, Kim CS, Jung J. 2000. Cytochrome b6/f complex as an indigenous
photodynamic generator of singlet oxygen in thylakoid membranes.

Photochemistry and Phorobiology 71: 103—-109.

New Phytologist (2019)
www.newphytologist.com

New
Phytologist

Szilard A, Sass L, Deak Z, Vass 1. 2007. The sensitivity of Photosystem II to damage
by UV-B radiation depends on the oxidation state of the water-splitting complex.
Biochimica et Biophysica Acta 1767: 876-882.

Takizawa K, Cruz JA, Kanazawa A, Kramer DM. 2007. The thylakoid proton
motive force iz vivo. Quantitative, non-invasive probes, energetics, and regulatory
consequences of light-induced pmf. Biochimica et Biophysica Acta— Bioenergetics
1767: 1233-1244.

Telfer A, Dhami S, Bishop SM, Phillips D, Barber J. 1994. beta-Carotene quenches
singlet oxygen formed by isolated photosystem II reaction centers. Biochemistry
33: 14469-14474.

Thayer SS, Bjorkman O. 1992. Carotenoid distribution and deepoxidation in
thylakoid pigment—protein complexes from cotton leaves and bundle-sheath cells
of maize. Photosynthesis Research 33: 213-225.

Theis J, Schroda M. 2016. Revisiting the photosystem Il repair cycle. Plant Signaling
and Behavior 11: ¢1218587.

Tomita K, Arii S, Tsuji K, Bober B, Harada K. 2016. Characteristic oxidation
behavior of B-cyclocitral from the cyanobacterium Microcystis. Environmental
Science and Pollution Research23: 11998—12006.

Trebst A. 2003. Function of B-carotene and tocopherol in Photosystem II.
Zeitschrift fiir Naturforschung 58c: 609—-620.

Triantaphylides C, Havaux M. 2009. Singlet oxygen in plants: production,
detoxification and signaling. Trends in Plant Science 14: 219-228.

Triantaphylides C, Krischke M, Hoeberichts FA, Ksas B, Gresser G, Havaux M,
Van Breusegem F, Mueller M]J. 2008. Singlet oxygen is the major reactive oxygen
species involved in photooxidative damage to plants. Plant Physiology 148:
960-968.

Tsukagoshi H. 2016. Control of root growth and development by reactive oxygen
species. Current Opinion in Plant Biology 29: 57—63.

Tyystjarvi E. 2013. Photoinhibition of Photosystem I1. International Review of Cell
and Molecular Biology 300: 243-303.

Vass I. 2011. Role of charge recombination process in photodamage and
photoprotection of the photosystem Il complex. Physiologia Plantarum 142: 6—
16.

Vass 1. 2012. Molecular mechanisms of photodamage in the Photosystem II
complex. Biochimica et Biophysica Acta 1817: 209-217.

Weber H, Chételat A, Reymond P, Farmerr EE. 2004. Selective and powerful stress
gene expression in Arabidopsis in response to malondialdehyde. The Plant Journal
37 877-888.

Waurtzel ET. 2019. Changing form and function through carotenoids and synthetic
biology. Plant Physiology 179: 830 — 843.

Xu K, Chen S, Li T, Ma X, Liang X, Ding X, Liu H, Luo L. 2015.
OsGRAS23, a rice GRAS transcription factor gene, is involved in drought
stress response through regulating expression of stress-responsive genes. BMC
Plant Biology 15: 141.

Yao DCI, Brune DC, Vermass WEFJ. 2012. Lifetimes of photosystem I and II
proteins in the cyanobacterium Synechocystis sp. PCC 6803. FEBS Letters 586:
169-173.

Yokawa K, Kagenishi T, Kawano T, Mancuso S, Baluska F. 2011. llumination of
Arabidopsis roots induces immediate burst of ROS production. Plant Signaling
and Behavior 6: 1460—1464.

Zhang H, Huang D, Cramer WA. 1999. Stoichiometrically bound B-carotene in
the cytochrome b6f complex of oxygenic photosynthesis protects against oxygen

damage. Journal of Biological Chemistry 274: 1581-1587.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust



