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10, (singlet oxygen) is a reactive O, species produced from triplet
excited chlorophylls in the chloroplasts, especially when plants are
exposed to excess light energy. Similarly to other active O, species,
10, has a dual effect: It is toxic, causing oxidation of biomolecules,
and it can act as a signal molecule that leads to cell death or to
acclimation. Carotenoids are considered to be the main '0, quench-
ers in chloroplasts, and we show here that light stress induces the
oxidation of the carotenoid -carotene in Arabidopsis plants, lead-
ing to the accumulation of different volatile derivatives. One such
compound, p-cyclocitral, was found to induce changes in the ex-
pression of a large set of genes that have been identified as 0,
responsive genes. In contrast, g-cyclocitral had little effect on the
expression of H,0, gene markers. -Cyclocitral-induced reprogram-
ming of gene expression was associated with an increased toler-
ance to photooxidative stress. The results indicate that p-cyclocitral
is a stress signal produced in high light that is able to induce defense
mechanisms and represents a likely messenger involved in the '0,
signaling pathway in plants.

oxidative stress | reactive electrophile species

Reactive O, species (ROS) are inevitably produced in chlor-
oplasts during photosynthesis, especially under environmen-
tal stress conditions that inhibit the photosynthetic processes and,
hence, lead to excessive absorption of light energy (1, 2). Reduced
forms of O, are generated by transfer of electrons from the
photosynthetic electron transport chain to molecular O,, whereas
triplet excited chlorophylls can transfer excitation energy to O,
resulting in the formation of singlet oxygen (10,) (3, 4). The latter
ROS is a strong electrophile agent that can react with many
classes of biological molecules, including lipids, proteins, and
DNA (4). Using hydroxy fatty acids as specific reporters of en-
zymatic and nonenzymatic lipid peroxidation mechanisms, 'O,
was demonstrated to play a major destructive role during the
execution of ROS-induced cell death in leaves (5). However,
besides its toxic effects, 'O, can also trigger a signaling cascade,
leading to programmed cell death (6) or to acclimation (7). Ge-
netic studies of the conditional Arabidopsis mutant flu that pro-
duces massive amounts of 'O, during a dark-to-light transition
showed that 'O, signaling has specific features in terms of gene
induction compared with signaling by other ROS (6, 8, 9). Despite
the identification of several components of the 'O, signaling
pathway, it remains unclear how the 'O, signal is transduced from
the chloroplast to the nucleus, leading to changes in gene ex-
pression. Because of its high reactivity and short lifetime, the di-
rect involvement of 'O, as a signaling compound seems unlikely.
More probably, signaling finds its origin in the reaction of 'O, with
preferential target molecules that can serve as mediators. Among
the antioxidants present in the chloroplasts, carotenoids are
considered to be the first line of defense of plants against 'O,
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toxicity (4, 10, 11) and, therefore, products resulting from their
direct oxidation by 'O, are potential candidates for this function.
This possibility is explored in the present work.

Results

Products Generated by in Vitro and in Vivo '0, Oxidation of Ca-
rotenoids. The oxidative breakdown of p-carotene is known to
produce a number of volatile short-chain compounds (12, 13), and
we looked for those products in a f-carotene solution illuminated
for up to 60 min in the presence of the 'O, generator Rose Bengal.
GC-MS analysis indicated that several products rapidly accumu-
lated during 'O, oxidation of p-carotene: p-cyclocitral (p-CC),
B-ionone (p-I), and dihydroactinidiolide (Fig. 14). This effect
was accompanied by a less pronounced, transient production of
a-ionene.

The compounds detected in vitro were then studied in vivo in
Arabidopsis leaves subjected to high light stress (1,400 pmol
photons m™2s~!, 7 °C). All four products shown in Fig. 14 were
present in dichloromethane extracts of control, unstressed leaves,
indicating chronic oxidation of p-carotene (Fig. 1 B-E). p-CC,
dihydroactinidiolide and, to a lesser extent, p-I accumulated in
plants exposed to high light stress (Fig. 1 B-D). In contrast, the
a-ionene levels did not change with the light treatment (Fig. 1E).
We searched for the corresponding molecules derived from
the oxidation of xanthophylls, such as 3-hydroxy-p-CC or 3-hy-
droxy-p-I, but none of those compounds could be detected in
Arabidopsis leaves.

In Arabidopsis cell suspension cultures, 10, was found to be the
main ROS produced in high light (14). We checked the formation of
the latter ROS in Arabidopsis leaves during high light stress by using
the transcript levels of several 'O, marker genes: Atl1g57630,
At1g05100, At3g50970, and At2g29450 (8). Quantitative RT-PCR
(qRT-PCR) measurements revealed a strong induction of all 'O,
gene markers after 7 and/or 51 h of illumination (Fig. S14), in-
dicating that Arabidopsis leaves produced 'O, during the light
treatment. In contrast, because the expression of HO, gene markers
responded to the light stress in a very complex manner, without
a clear trend display, it cannot be concluded that the light stress
treatment led to a rapid and massive production of H,O,. Only the
At1g49150 gene showed an induction after 7 h of illumination
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Fig. 1. Volatile oxidation products of p-carotene measured by GC-MS. (A)
Relative changes of four major products generated by the in vitro oxidation of
p-carotene by 'O, produced by Rose Bengal in the light: p-l, p-CC, dehy-
droactinidiolide, and a-ionene. (B-E) Relative changes of f-carotene oxidation
products in Arabidopsis leaves during high light stress and low temperature
(1,400 pmol photons m~2s~", 7 °C). Data are normalized values to the value
measured at time 0. For p-l and $-CCiin leaves, 1=40and 58 ng-g~" fresh weight,
respectively. Data are mean values of three independent measurements + SD. *,
significantly different from the control (time 0) at P < 0.05 (t test).

treatment, whereas the two genes At4g23290 and At4g03060 were
repressed, instead of induced, and At4g10500 exhibited a late in-
duction that took place only after 51 h of stress (Fig. S1B).

Effects of Oxidized Products of §-Carotene on the Expression of '0,
and H,0, Gene Markers. The volatile oxidized derivatives of
B-carotene that accumulated in Arabidopsis leaves during high
light stress contain an a,p-unsaturated carbonyl, classifying them
as reactive electrophile species (RES) (15, 16). To explore the
potential role of those molecules in the signaling of photooxida-
tive stress, Arabidopsis plants placed in an airtight Plexiglas box
were exposed to different volumes (0 pL, 5 pL, 15 pL, 50 pL, and
1 mL) of pure p-CC or B-I applied to cotton wicks. As shown in
Fig. S2 A and B, these treatments had no impact on leaf stomatal
conductance. Similarly, the photochemical activity of chloro-
plasts, measured in the dark (Fv/Fm) or in the light (AF/Fm’),
was not affected by the treatments (Fig. S2 C and D). Thus, at
the levels used here, volatile carotenoid oxidation products did
not appear to be toxic to Arabidopsis plants.

We examlned the effects of f-CC and p-I on the expression
of the 'O, and H,0, gene markers (Fig. 2 and Fig. S3). The

5536 | www.pnas.org/cgi/doi/10.1073/pnas.1115982109

A 10, gene markers B H,0, gene markers

25 At1g27130 i'j At4923290
2 12
15 !
038
! 0.6
05 04
02
0 0

oul 5yl 150 504 Iml

At1g05100 Atdg10500

150 504 1ml

At3g50970 At1g03060

7r 2

6 +
L 15 F
L L
[ 05
0

oul 5ul 150 50 4l 1'ml

10 ¢ A2g29450 1.8
16 At1g49150
8 b 14
12
6 + 1
4l 08
06
2+ 04
02
0 0

0u Sul 154 504 Iml ou 5yl 150 soW Iml

[] p-ionone M B-cyclocitral

oy Syl 150 s0u ol ou syl

Relative mRNA level

Fig. 2. Effects of p-l or p-CC on the expression of 'O, and H,0O, gene
markers in Arabidopsis leaves, as measured by qRT-PCR. Transcript levels of
10, gene markers [GST tau3 (GSTU13, At1g27130), Mitogen activated pro-
tein kinase kinase kinase 18 (MAPKKK18, At1g05100), Toll-Interleukin-Re-
sistance domain-containing protein (At3g50970) and GST 103-1A (GSTUS5,
At2929450)] (A) and H,0, gene markers [Cysteine-rich receptor-like protein
kinase 21 (CRK21, At4g23290), Oxidoreductase (At4g10500), 2-oxoglutarate-
dependent dioxygenase (OAP2, At4g03060) and Hypothetical protein
(At1g49150)] (B) in Arabidopsis leaves exposed for 4 h to different amounts
(0, 5, 15, 50 pL, and 1 mL) of B-I (open bars) or p-CC (filled bars) in an airtight
box under a photon flux density of 60 pmol photons m=2s~'. The gene
markers were selected from ref. 9 and Genevestigator. Data are expressed in
relative values normalized to the value at time 0. Data are mean values of
four to five independent measurements + SD.

transcript analysis revealed contrasted effects of the two mole-
cules: p-CC induced a marked expression of all 'O, gene markers
(Fig. 24 and Fig. S3), and this effect displayed a clear dose de-
pendence. Conversely, none of the H,O, gene markers were in-
duced by p-CC, with the exception of At4g10500, which exhibited
an increased expression at one concentration only (Fig. 2B). In
striking contrast with p-CC, only one gene (At2g33380) among
five 1O, gene markers tested by qRT-PCR was slightly induced by
B-I. This low bioactivity of p-ionone cannot be explained by its
lower volatility relative to f-CC, which did not lead to significant
differences in the concentrations of p-I and p-CC reached in the
gas phase in the airtight boxes (Fig. S4). Surprisingly and in con-
trast with p-CC, p-I was able to induce some H,O, gene markers.
However, the dependence of this effect on the p-I level was very
complex, so that no clear picture could emerge from the data.
Taken together, the results show that §-CC is able to induce no-
ticeable changes in gene expression, and this effect seems to be
specific to 'O, responsive genes. GC-MS analysis of the f-CC
concentration in plants treated with volatile p-CC (50 and 500 pL)
gave values close to the endogenous concentration measured after
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high light stress (~140 ng-g~" fresh weight): 127 + 24 and 375 + 59
ng-g~! for the 50-uL and 500-pL treatments, respectively. These
data indicate that the internal p-CC levels reached in leaves after
the B-CC treatments were in the physiological range.

Gene Expression Reprogramming by p-CC Treatment. To obtain
further insight into the effects of p-CC on the whole genome,
a transcriptional analysis was realized with a CATMAVS array (17)
on plants treated for 4 h with 50 pL of p-CC in an airtight box (60
umol photons m~2s™", 20 °C) and compared with control plants
treated with water. Among the 31,987 gene-specific tags contained
on the array corresponding to 31,599 genes, 439 genes were down-
regulated, whereas 706 were up-regulated by p-CC compared with
control condition (Dataset S1). The distribution of up- and down-
regulated genes (Fig. 34) indicated that most of the gene responses
had a log, value comprised between 2 and -2 (corresponding
to fourfold changes). A functional classification of differentially
expressed genes by B-CC relative to water was performed by the
FunCat annotation scheme (18). The results reported in Fig. 3D
contained only the main functional categories with a P value
<0.005 (see Tables S1 and S2 for the complete list). Among the up-
regulated genes, the “(Systemic) interaction with the environ-
ment” and “Cell rescue, defense and virulence” categories were
overrepresented; they correspond to genes responding to oxidative
stress or participating in cellular sensing, hormone signaling, and
detoxification mechanisms, such as receptor-like kinase proteins
(CRK3; HAESA, and RLK7), MAP kinases (MKK9, MPK17, and

MPK]15) and various regulatory proteins (Zinc finger family pro-
tein, Atl1g63840, Heat shock protein binding, At1g65280, MYB4,
AP2, Atlg71520). We also observed the activation of genes in-
volved in hormone biosynthesis (jasmonate, LOX2, OPRI, AOCI,
AOS; ethylene, ATERF-2, CEJI) and of various defense genes
(DHAR2, ATMDAR?2, AtGPX6, glutaredoxin, Atl1g28480, and
SAG21). The categories “Metabolism” “Protein with binding
function,” and “Cellular transport” were also overrepresented and
include genes implicated in detoxification processes, such as cy-
tochrome P450 (At3g28740; At2g121910) and monooxygenases
(At4g15760), GST (ATGSTU7; ATGSTUI; and ATGSTFS8) and
glycosyl transferases (UGT73B4; UGT73B2; and UGT73B1), and
a number of membrane transporters (Atlg33110; At3g23550;
and At1g79410).

Among the down-regulated genes, the “Biogenesis of cellular
components” “Development,” and “Cell fate” categories were
overrepresented, with repression of genes involved in growth and
development such as EXPAS, EXPAI1I, and XTH4 (Fig. 3D).

A comparative analysis of our microarray data with previously
published transcriptomes allows us to confront the biological
activity of p-CC with other volatile RES (Fig. 3B), such as
malondialdehyde (MDA), a secondary end-product of lipid per-
oxidation. Although ~70% of the 81 genes induced by MDA
were also induced by B-CC, the comparison of the two volatile
RES gave a very poor correlation for the repressed genes be-
cause >50% of the genes repressed by MDA were induced, in-
stead of repressed, by p-CC. A similar conclusion was reached
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Fig. 3. DNA microarray analysis of changes in gene expression induced by $-CC in Arabidopsis leaves. Plants were exposed for 4 h to 50 pL of p-cyclocitral in
an airtight box under a photon flux density of 60 umol photons m=2s™". (A) Distribution of the 1,145 genes induced or repressed by -CC. The plot shows the
number of genes in each class of log, values of the gene expression ratio -CC/H,0. (B) Comparison of the effects of malondialdehyde (MDA) and -CC on
gene expression. The plot represents the % of the 148 stress- and defense-related genes induced or repressed by MDA that are induced (1), repressed (R), or
not differential expressed (nde) by p-CC (compared with the H,O-treated control samples). This comparison is based on the microarray study of MDA-exposed
Arabidopsis plants performed in ref. 19. (C) Microarray-based comparison of the effects of p-CC and 'O, on gene expression. The plot represents the % of
genes induced or repressed by p-CC by a factor of 2 or more that were induced (1), repressed (R), or not differentially expressed (nde) by '0, in the flu mutant
after 2 h of illumination (compared with the illuminated WT). This comparison is based on the microarray study of the flu Arabidopsis mutant performed in
ref. 8. The comparison flu (2 h)/WT (2 h) allows the identification of genes induced or repressed by 'O, while eliminating genes that respond to the dark/light
transition. We eliminated also the limited number of false positives (six for the induced genes and two for the repressed one), which occur when the genes are
already induced or repressed in flu at time 0 and (flu (2 h)/WT (2 h))/(flu (0 h)/WT (0 h)) is <1 or >1, respectively. The number of genes in the experimental
datasets is given in italics in brackets. (D) Overview of the functional categories significantly enriched in genes induced (Left) or repressed (Right) by p-CC in
comparison with their relative abundance in the genome.
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for the comparison with methyl vinyl ketone (19), a model RES
compound. We also compared the transcriptomic data generated
by the analysis of f-CC-treated plants with the expression profile
induced by 'O, in the Arabidopsis flu mutant (8). Strikingly, Fig.
3C showed very similar gene expression profiles, with >80% and
>90% of similitude for the up-regulated and down-regulated
genes, respectively. Among the 219 genes that were induced both
in flu and p-CC-treated plants, 22 can be considered as specifi-
cally induced by 'O, (and not by other ROS such as H,0,)
according to ref. 9 (Table S3).

Photooxidative Stress Tolerance of Arabidopsis Plants After Exposure
to B-CC. Arabidopsis plants exposed for 4 h to p-CC in an airtight
box were subsequently transferred to high light stress conditions.
Leaf discs were illuminated for 20 h with white light (1,500 pmol
photons m™2s™!) at 10 °C. This treatment induced chlorophyll
bleaching and lipid peroxidation (as measured by the amplitude of
the 135 °C thermoluminescence band; ref. 20) (Fig. 44). Inter-
estingly, p-CC protected leaf discs against both phenomena in
a dose-dependent manner. We also exposed whole plants to high
light stress at low temperature (Fig. 4 C and E). Again, p-CC had
a protective effect: PSII photochemical efficiency measured after
the light stress was higher in f-CC-treated plants compared with
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Fig. 4. Effects of B-CC or B-I on the tolerance of Arabidopsis plants to
photooxidative stress. Plants were exposed for 4 h to g-CC or #-1 (50 or 500
pL) or H,0 (0 pL) in an airtight box, and then exposed to a photooxidative
stress treatment. (A and B) Lipid peroxidation as measured by the 135 °C
thermoluminescence (TL) band (Upper) and chlorophyll bleaching (Lower) in
leaf discs exposed for 20 h to 1,500 pmol photons m=2.s~" at 10 °C. (C-E)
Whole plants exposed for 48 h to high light stress at low temperature (1,400
umol photons m=2.s~", 7 °C). Lipid peroxidation imaged by measuring plant
autoluminescence [color scale indicates signal intensity from 0 (blue) to
saturation (white)] (C and D) and PSIl photochemical efficiency, as measured
by the Fv/Fm ratio, after the light stress treatment (E). *, significantly dif-
ferent from control (0 pL) with P < 0.05 (t test).
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control plants (Fig. 4F), and much less B-CC-treated leaves
exhibited an increased autoluminescence, indicative of lipid per-
oxide accumulation (21) (Fig. 4C). Thus, the changes in gene ex-
pression triggered by p-CC were associated with an increased
tolerance of Arabidopsis leaves toward photooxidative damage. In
contrast, when plants were treated with $-I, no such protection
was observed (Fig. 4 B, D, and E), indicating that an inactive ca-
rotenoid oxidation product is unable to enhance the tolerance to
photooxidative stress.

Discussion

Plants have been reported to produce volatile organic compounds,
such as oxylipins, isoprene, or monoterpenes, when exposed to
high light intensities (22, 23). This study shows that exposure of
Arabidopsis plants to high light stress also induces the production
of short-chain compounds derived from the oxidation of p-caro-
tene, such as p-CC, p-1, and dihydroactinidiolide—a phenomenon
previously reported in cyanobacteria and microalgae (24) but not
yet in vascular plants. Being electrophilic, the a,f-unsaturated
carbonyl group of B-CC and -1 can react with electron donors
such as, for example, sulphydryl groups in proteins (15, 16). Be-
cause of their reactivity, RES can be cytotoxic and, accordingly,
a number of previous studies have reported the deleterious effect
of high concentrations of f-carotene oxidation products, including
B-I, on mitochondrial and chloroplastic functions, DNA in-
tactness, and cell viability (25-27). In addition, low levels of RES,
and particularly those produced during lipid peroxidation, have
also effects on plant genome (19, 28, 29). In animals, ROS-in-
duced oxidized carotenoid derivatives have been shown to be bi-
ologically active, playing a role in changes in gene expression,
transcription activation, and apoptosis (e.g., refs. 30-33). This
study demonstrates that carotenoid oxidation products accumu-
lating in light-stressed Arabidopsis plants are bioactive molecules:
The expression of a large range of genes (>1,000) was changed in
Arabidopsis plants exposed to f-CC. The majority of the induced
genes encode proteins involved in the interactions with the envi-
ronment, in stress responses, and in cellular transport, whereas
many repressed genes are related to development, growth, and
biogenesis of cellular components. Thus, f-CC appears to function
as a stress signal that can reprogram gene expression, shifting plant
cells from active growth to cellular defense toward stress.
Interestingly, all 'O, gene markers examined by qRT-PCR were
induced by p-CC, in a dose-dependent manner. p-I was found to be
much less efficient in inducing expression of "O, gene markers.
Many structural factors, such as the presence of a methyl group and
its relative position to the terminal aldehyde or the length of the
backbone of the carotenoid molecule, determine RES reactivity
(34), possibly explaining the differential effects of f-CC and p-1. A
more complete analysis of gene expression in f-CC-exposed Ara-
bidopsis plants using DNA microarray technology showed that
~80% of the induced or repressed genes correspond to genes that
are also induced or repressed in the 'O»- overproducmg flu Arabi-
dopsis mutant (8). The overlap between gene expression changes
induced by p-CC and by other volatile RES, such as MDA and
methyl vinyl ketone (19), was smaller. This finding indicates that
the B-CC effects on gene expression cannot be merely considered
as a general response to RES act1v1ty, pointing at a more specific
function. Considering that p-CC is generated by 'O, attack on
p-carotene and the gene 1nduct10n profile of -CC overlaps strongly
with the activation profile of 'O,, an 0bV1ous possibility is that f-CC
functions as an intermediate in the 'O, signaling pathway.
Carotene oxidation products can also be formed enzymatically
by carotenoid cleavage dioxygenases (CCD) (35). However, the
involvement of those enzymes in the production of CC in light-
stressed Arabidopsis leaves seems unlikely. An in silico analysis
with Genevestigator (www.genevestigator.com) indicated that the
4 CCD genes of Arabidopsis are not induced by light, with CCD4
being strongly repressed under high light and cold. This was

Ramel et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115982109/-/DCSupplemental/pnas.201115982SI.pdf?targetid=nameddest=ST3
http://www.genevestigator.com
www.pnas.org/cgi/doi/10.1073/pnas.1115982109

L T

/

1\

=y

confirmed by a separate cDNA microarray-based gene expression
analysis of wild-type Arabidopsis exposed to high light (1,500 pmol
m~2s7!, 10 °C, 2 d): CCDI, CDD7, and CDD8 were not induced
by hrgh light (Log, = 0.098, —0.11, and —0.042, respectively),
whereas CCD4 was strongly repressed (log, = —3.14) (http://urgv.
evry.inra.fr/CATdb; Project: CEA10-02_Light).

A striking feature of the gene expression reprogramming induced
by B-CC in Arabidopsis leaves is the induction of various defense
mechanisms. Among the most induced genes, we found 10 GST
genes and 12 UDP-glycosyltransferase genes. Similar phenomena
were observed in a photosensitive Arabidopsis mutant deficient in
two xanthophylls (36) and in the green alga Chlamydomonas ex-
posed to 'O, (7). By catalyzing the conjugation of glutathione or
sugar with a variety of substrates, GSTs and glycosyltransferases can
detoxify compounds (37, 38). In Chlamydomonas, it was shown that
constitutive expression of a GST gene confers tolerance to 'O, (7).
In line with this observation, we found that p-CC led to an increase
in the tolerance of Arabidopsis to a subsequent photooxidative stress
treatment. Moreover, the p-CC-induced changes in gene expres-
sion were not accompanied by visible symptoms of toxicity (e.g., leaf
necrosis) or by effects on photosynthetic electron transport or sto-
matal conductance, although the latter processes are known to
be sensitive to RES (27, 39). This observation confirms that the
amounts of volatile B-CC that penetrated inside the leaves were low,
as also inferred from the gene expression levels, which were less
pronounced than expression levels induced by high light stress
(compare Figs. S14 and QA) Taken together, our results strongly
support the idea that the 'O, s1gna11ng pathway can lead to stress
acclimation in plants, as reported in algae (7). Possibly, the in-
volvement of the signaling pathway in acclimation or in cell death is
determined by the stress intensity and the resulting levels of 'O,
production and signal molecules (40). Moreover, p-CC-induced
changes in gene expression and in phototolerance were not can-
celled in the executer! Arabidopsis mutant (Fig. SS5), in line with the
induction of an acclimatory response rather than the cell death
response reported in the flu mutant (6). In a recent study (36), it was
also shown that 'O, responsive genes can be induced under con-
ditions that do not lead to cell death.

To sum up, this study has shown that exposing whole Arabi-
dopszs plants to high light stress induced a rapid accumulation of
both 'O, and p-carotene oxidation products within hours. p-CC,
one of the B-carotene derivatives produced in high light, is able
to induce changes in the expression of a large set of genes, Wthh
strongly overlap with the network of genes induced by 'O,.
Taken together, this study identifies p-CC as a signal molecule
produced during photooxidative stress and 1ndlcates that this
signal is a likely candidate to be involved in the 'O, signaling
pathway in Arabidopsis. Thus, besides their well-established an-
tioxidant and light-harvesting functions, carotenoids, through
their oxidation by ROS, play also a role in the sensing and sig-
naling of oxidative stress conditions.

Materials and Methods

Plant Material, Growth Conditions, and Treatments. Arabidopsis plants (Ara-
bidopsis thaliana, ecotype Colombia) were grown for 4 wk under controlled
conditions, as described (41). Plants were placed for 4 h in a transparent air-
tight box (~22 L) installed in a growth chamber under controlled conditions of
light and temperature (60 pmol photons m™2s~", 22 °C). The effects of -l and
B-CC were tested at different concentrations: Known volumes of a pure
compound (5 pL, 15 pL, 50 uL, 500 pL, or 1 mL) were deposited on a wick of
cotton to increase the contact area with the air and consequently to enhance
their volatilization in the airtight box. For the control conditions, the carot-
enoid oxidation derivatives were replaced by distilled water.

In Vitro and in Vivo Oxidation of p-Carotene. p-Carotene supplemented with
Rose Bengal was dissolved in toluene/methanol (85:15; vol/vol) and kept while
bubbled with O, under illumination (21). Photooxidative stress was imposed
on Arabidopsis plants by transferring them to a chamber with the following
parameters: 1,400 pmol photons m=2s7", day/night 8 h/16 h, 7 °C/12 °C day/
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night. Carotenoid oxidation products were extracted from ~500 mg of leaves
in 4 mL of dichloromethane containing 4-nonanol as an internal reference (10
1g/500 pL final volume). After centrifugation, the supernatant was collected,
transferred into a vial, and evaporated to obtain a final volume of 500 pL.

GC-MS. Analyses were performed by using a GU/MS Shimadzu QP2010 system.
The instrument was equipped with a cpsil 8CB LB fused silica capillary column
15 m x 0.1 mm x 0.1 pm (Varian), and the velocity of the carrier gas (He) was
at 37 cm/s. Injections of 2 uL of the extracts were carried out with a splitless
mode, and the injector temperature was set at 250 °C. Oven temperature was
initially set at 60 °C for 1 min and then progressed at a rate of 20 °Cmin~" to
250 °C. Oven temperature program was the following: 50 °C (initial temper-
ature); 15 °C:min~" to 160 °C; 3 °C:min~" to 200 °C; and 20 °C:min~" to 250 °C
(final temperature). The mass spectra were recorded in electron impact
(70 eV). In the first time, acquisition was performed in scan mode to identify
the volatiles compounds. Identification was confirmed by injection of stand-
ards. Quantification was then done in single ion monitoring on selected ions
[177 atomic mass units (amu) for p-I, 152 amu for p-CC, 111 amu for dihy-
droactinidiolide, 159 amu for a-ionene, and 55 amu for 4-nonanol inter-
nal standard].

RNA Isolation. Total RNA was extracted by using the NucleoSpin RNA Plant kit
(Macherey-Nagel) and then treated with the Turbo DNA-free (Ambion)
according to the manufacturers’ instructions. Each extraction from leaves of
three different plants was performed at least five times.

gRT-PCR. qRT-PCR experiments were carried out with cDNA synthesized with
the SuperScript Il Reverse Transcriptase (Invitrogen) from 500 ng of total
RNA. Specific primers for each gene selected for analysis were designed by
using Primer3plus software (www.bioinformatics.nl/cgi-bin/primer3plus/pri-
mer3plus.cgi). qRT-PCR was performed by using LightCycler 480 SYBR Green
| Master (Roche) in the gPCR thermal cycler (LightCycler 480 Real-Time PCR
System; Roche). Each reaction was prepared by using 2 pL of ¢cDNA diluted
20-fold, 2 pL of SYBR Green | Master and 1 pM forward and reverse primers,
in a total volume of 5 pL. The amplification profile consisted of: 95 °C for
10 min and 45 (95 °C for 15 s, 62 °C for 15 s, and 72 °C for 15 s) cycles. All
reactions were performed in triplicates. Gene specific primers and oligonu-
cleotide sequences are listed in Table S4.

Transcriptome Studies and Statistical Analysis of Data. Microarray analysis was
performed on CATMAV5 (Complete Arabidopsis Transcriptome MicroArray)
arrays containing gene-specific tags from Arabidopsis (42). Three inde-
pendent biological replicates were produced. The cDNA synthesis, amplifi-
cation, labeling, and hybridizations and scanning of the slides were per-
formed as described (43). A global intensity-dependent normalization using
the loess procedure (44) was performed to correct the dye bias. Then, dif-
ferential analysis was based on the log ratios averaged on the dye-swap, and
these values were used to perform a paired t test. A trimmed variance is
calculated from spots that do not display extreme variance (45). The raw
P values were adjusted by the Bonferroni method, which controls the Family
Wise Error Rate to keep a strong control of the false positives in a multiple-
comparison context (46). We considered as being differentially expressed
the probes with a Bonferroni P value <0.05.

Photosynthetic Parameters. The maximal quantum yield of PSIl photochem-
istry (Fv/Fm chlorophyll fluorescence ratio) and the quantum yield of linear
electron transport (AF/Fm’ fluorescence ratio) were measured in the dark
and in the light (200 pmol photons m=2s7"), respectively, as described (41).

Lipid Peroxidation. Lipid peroxidation was imaged at room temperature by
measuring spontaneous photon emission using a high-sensitivity cooled CCD
camera, as described (21), using acquisition times of 20 min. Lipid peroxide-re-
lated luminescence signal was also measured by thermoluminescence as a band
peaking at ~130 °C, as described in ref. 20. Hydroxy fatty acids (hydroxy octa-
decatrienoic acids) were analyzed by HPLC using the method described in ref. 47.

Stomatal Conductance. Stomatal conductance was measured in relative values
with a porometer (Delta-T devices, model MKII). Reference values were provided
by the ost2 Arabidopsis mutant that keeps its stomata open (48) and wild-type
Arabidopsis plants adapted for 2 h in darkness (stomata closed).
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