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to Novel Roles for Glutathione in Coupling H2O2
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Abstract

Aims: Through its interaction with H2O2, glutathione is a candidate for transmission of signals in plant responses
to pathogens, but identification of signaling roles is complicated by its antioxidant function. Using a genetic
approach based on a conditional catalase-deficient Arabidopsis mutant, cat2, this study aimed at establishing
whether GSH plays an important functional role in the transmission of signals downstream of H2O2. Results:
Introducing the cad2 or allelic mutations in the glutathione synthesis pathway into cat2 blocked H2O2-triggered
GSH oxidation and accumulation. While no effects on NADP(H) or ascorbate were observed, and H2O2-induced
decreases in growth were maintained, blocking GSH modulation antagonized salicylic acid (SA) accumulation
and SA-dependent responses. Other novel double and triple mutants were produced and compared with cat2
cad2 at the levels of phenotype, expression of marker genes, nontargeted metabolite profiling, accumulation of
SA, and bacterial resistance. Most of the effects of the cad2 mutation on H2O2-triggered responses were distinct
from those produced by mutations for GLUTATHIONE REDUCTASE1 (GR1) or NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES 1 (NPR1), and were linked to compromised induction of ISOCHORISMATE
SYNTHASE1 (ICS1) and ICS1-dependent SA accumulation. Innovation: A novel genetic approach was used in
which GSH content or antioxidative capacity was independently modified in an H2O2 signaling background.
Analysis of new double and triple mutants allowed us to infer previously undescribed regulatory roles for GSH.
Conclusion: In parallel to its antioxidant role, GSH acts independently of NPR1 to allow increased intracellular
H2O2 to activate SA signaling, a key defense response in plants. Antioxid. Redox Signal. 18, 2106–2121.

Introduction

As potent signal molecules, reactive oxygen species
(ROS) play important roles in transmitting information

during responses of both plant and animal cells to the envi-
ronment. Since the seminal studies that established key roles
for ROS in plant-pathogen interactions (1, 14, 28), primary
redox-linked events have been considered to be extracellular
or plasmalemma located, mediated primarily by NADPH
oxidases, peroxidases, or other enzymes (6, 13, 41, 60, 61).
However, these initial signals at the cell surface/apoplast lead
to later downstream adjustments in intracellular redox state
(17, 62, 64) that are notably associated with thiol-dependent
activation of the cytosolic protein, NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES1 (NPR1). Reduction of

Innovation

Over the last two decades, several studies have impli-
cated glutathione in plant interactions with pathogenic
organisms. We used a novel genetic approach in which
GSH content or antioxidative capacity was independently
modified in anH2O2 signaling background. The data show
that GSH has a key influence in controlling accumulation
of the signal molecule salicylic acid (SA) and its dependent
responses downstream of H2O2, and that this role is not
merely due to its antioxidant properties. Exploitation of
mutations in the SA synthesis or signaling pathway al-
lowed us to infer previously undescribed regulatory roles
for GSH.
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NPR1 is required to link a part of the salicylic acid (SA) sig-
naling pathway to induction of genes such as PATHOGEN-
ESIS-RELATED1 (PR1; 38).

One of the key players governing intracellular redox state is
the thiol/disulfide compound, glutathione (GSH). Several re-
ports have used single mutants or transformants that are de-
ficient in GSH in studies of pathogenesis responses (2, 3, 16, 24,
34, 42). While some of these have described effects of altered
GSH status, it remains unknown where GSH acts in the sig-
naling chain and how it interacts with ROS-dependent events.
Interpretation of the role of GSH is complicated by its antiox-
idant function, which depends on regeneration of the thiol
form, GSH, from the disulfide form, glutathione disulfide
(GSSG), by glutathione reductase (GR). The predominant
concept of GSH function is as a negative regulator that acts to
oppose or limit H2O2 signals. In terms of thiol-dependent
signaling functions in pathogenesis responses, the NPR1
pathway remains, by far, the best studied (19, 26, 33). How-
ever, although exogenous GSH can induce PR1 expression,
NPR1 reduction has been reported to be mediated through
thioredoxin-dependent systems (59). Adding to these un-
certainties are recent studies that have revealed the complexity
both of NPR1 redox regulation (29) and of potential functional
overlap between cytosolic thiol/-disulfide systems (4, 31, 49).

Enhanced oxidation of GSH, accompanied by increases in
the total pool, is a well-documented response in plants sub-
jected to treatments such as ozone, cold, pathogens, or SA
(5, 17, 21, 26, 34, 53, 62). Photorespiratory catalase (CAT)-
deficient plants are model systems in which such changes are
particularly evident (44, 50, 56, 67). The interest of these sys-
tems is that they allow the role of H2O2 signaling to be studied
specifically and controllably, because the endogenous signal
can be manipulated easily by external conditions (12, 37).
When conditions allow active photorespiration, increased
H2O2 availability in the Arabidopsis knockout cat2 mutant
triggers accumulation of GSH followed by induction of
pathogenesis responses in the absence of pathogen challenge
(9, 44). The well-defined changes in GSH in CAT-deficient
plants are useful as a readout of altered redox state, but their
functional impact is unclear. It remains to be established
whether they play any role in coupling H2O2 to downstream
defense responses or are rather an accompanying, passive
response of the cell to enhanced H2O2.

Increases in H2O2 in CAT-deficient plants are much less
apparent and reproducible than those observed in GSH (37),
raising the possibility that some of the signals downstream of
intracellular H2O2 may be mediated by changes in GSH status.
Altered GSH status in CAT-deficient plants or in response
to stress presumably reflects an increased load on reductant-
requiring antioxidant pathways. This is underscored by anal-
ysis of Arabidopsis gr1 knockout mutants for one of the two
GR-encoding genes. While glutathione reductase 1 (GR1) de-
ficiency does not in itself lead to an oxidative stress phenotype,
the gr1mutation greatly enhances stress in the cat2background,
showing that GSH-dependent antioxidative pathways are in-
creasingly solicited when CAT activity is compromised (36).

By exploiting cat2 as a model H2O2 signaling background,
we recently reported evidence that intracellular oxidative
stress interacts with specific NADPH oxidases to determine
activation of SA accumulation and SA-dependent pathways.
The atrbohF mutant lacking expression of a specific NADPH
oxidase shows compromised SA accumulation and resistance

to virulent bacteria, and also attenuates cat2-triggered SA
accumulation and induced resistance (10). Intriguingly, the
clearest indicator of redox interactions between the cat2 and
atrbohF mutations was not H2O2 itself but the status of GSH:
Attenuation of SA contents and SA-dependent responses was
correlated with decreased accumulation of GSH in cat2 atr-
bohF compared with cat2 (10).

In this study, we report a targeted analysis of the role of
GSH status in transmitting H2O2 responses. We chose the cat2
mutant as a well-defined conditional redox signaling system
in which H2O2 provokes oxidative modulation of the GSH
pool accompanied by activation of SA signaling and associ-
ated pathogenesis-related responses. We sought to elucidate
the relationship between enhanced H2O2 production, the re-
sponse of GSH, and the activation of the SA pathway by an-
swering the following specific questions. (1) Does GSH play a
specific role in H2O2 signaling, independent of other poten-
tially redundant thiol systems? (2) To what extent is any such
role dependent on GSH status, rather than GSH redox turn-
over in an antioxidant function? (3) What is the relationship
between GSH status and NPR1 function in transmitting sig-
nals downstream of H2O2? To examine these questions, we
exploited mutant lines available in Arabidopsis that have
decreased GSH or SA, or loss of GR1 or NPR1 function
(Supplementary Table S1; Supplementary Data are available
online at www.liebertpub.com/ars). By functional analysis of
the effects of these specific mutations in the cat2 H2O2 sig-
naling background, we infer previously unidentified roles for
GSH in controlling oxidative stress-triggered SA signaling.

Results

Plants deficient in the major leaf CAT show accumulation
of GSH that is conditional on H2O2 production through
photorespiration (44). When cat2 is grown in air in moderate
light, GSH accumulation accompanies the appearance of le-
sions, which initially develop after about two weeks of
growth and then spread to cover about 15% total rosette area
within the next week. This is associated with induction of SA-
dependent PR genes and enhanced resistance to bacteria. All
these H2O2-triggered effects in cat2, except GSH accumula-
tion, can be reverted by the sid2 mutation (9), which blocks
SA synthesis through the isochorismate synthase (ICS1)-
dependent pathway (66). During growth at high CO2, where
photorespiratory glycolate oxidase activity is negligible, cat2
shows no signs of oxidative stress and is phenotypically in-
distinguishable from the wild-type Col-0. However, when
plants grown first at high CO2 are transferred to air, GSH in
cat2 accumulates to similar levels to those observed in cat2
grown in air from seed. This effect is followed by initiation of
pathogenesis-related responses about five days after transfer
to air and their continued development during subsequent
days (10). These features allow cat2 to be used as a conditional
model in which the roles of GSH in defense signaling trig-
gered by intracellular oxidative stress can be examined either
during growth in air from seed or by the induced stress that
follows the transfer of plants from high CO2 to air. As we
report in this study, both conditions allow activation of the SA
pathway in the cat2 mutant. However, studying responses
after transfer from high CO2 to air is particularly useful for
double mutants in which the interpretation is complicated by
their extreme phenotypes when they are grown from seed in
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air. Thus, for some experiments, transfer from the high CO2

condition was preferred as a protocol for inducing oxidative
stress. However, the principal effects of GSH on the SA
pathway that we report here were observed using both ex-
perimental protocols.

Genetic blocks over H2O2-triggered GSH accumulation

inhibit cell death and associated pathogenesis

responses induced by intracellular oxidative stress

When cat2 plants were grown in nonstress conditions (at
high CO2), leaf GSH remained at wild-type levels and re-
duction state (about 95% reduced). Within 4 h after transfer to
air from high CO2, the reduction state in cat2 fell from 95% to
61% reduced (Fig. 1A). GSH oxidation continued in cat2 on
subsequent days, and the pool was more than 50% oxidized 4
days after transfer. This oxidation was accompanied by
a more than two-fold increase in the total pool. The cat2-
triggered oxidation and accumulation of GSH were blocked
by the cad2 mutation: in cat2 cad2; GSH remained about 90%
reduced, and was only slightly increased above cad2 levels
after 4 days of exposure to air (Fig. 1A). In contrast to the
effects of the cat2 and cad2 mutations on GSH, two major
intracellular redox pools that GSH donates electrons to
(ascorbate) or receives electrons from (NADPH) were much
less affected. Ascorbate reduction status was above 80% in all
lines, while NADP(H) pools were constant between 50% and
60% reduced. Thus, when plants are grown in conditions
permissive for photorespiratory H2O2 production, the cat2
mutation triggers a response of the GSH pool that is quite
specific, and introduction of the cad2 mutation produces a
specific block on this response.

Studies of plants deficient in CAT grown in different con-
ditions suggest that the GSHpool is in close correspondence to
the predicted H2O2 availability (37, 44). We have previously
reported that H2O2 itself (measured as in situ staining or ex-
tractable H2O2) is minor or undetectable in cat2, even when
plants are clearly undergoing oxidative stress (9, 10, 36). In the
present study, we re-examined extractable peroxides in cat2
and compared levels with those found in cat2 cad2 at two time
points after transfer to oxidative stress conditions. For com-
parison, we included the cat2 gr1 double mutant, in which loss
of GR1 function exacerbates oxidative stress compared with
cat2 (36). At 4 days after transfer from high CO2 to air, no
difference was apparent between any of the lines, suggesting
that any excess H2O2 had been efficiently metabolized at this
point (Fig. 1B). At 4 h after transfer, however, a 60% increase in
peroxides relative to Col-0 was detected in cat2, and this in-
crease was slightly more pronounced in the cat2 gr1 double
mutant (Fig. 1B). In cat2 cad2 at this early time point, peroxides
were intermediate between Col-0 and cat2. Together, these
findings show that when placed in air, the cat2 background
causes an accumulation of H2O2 that is transient and relatively
minor, suggesting that other, reductive systems are able to
replace the major leaf CAT in efficiently metabolizing photo-
respiratory H2O2 when CAT2 function is lost. Its marked,
progressive perturbation in cat2 implicates GSH as a signifi-
cant component in these reductive systems. Thus, the cat2 cad2
mutant offers an interesting system to establish the functional
significance of H2O2-triggered adjustments in GSH.

To examine how the cad2 mutation affects the subcellular
distribution of GSH in cat2 in oxidative stress conditions, we

exploited a specific antibody to quantify GSH pools in dif-
ferent compartments (69, 70). In agreement with the increase
in total tissue GSH (Fig. 1), immunogold labeling was sig-
nificantly increased in cat2 compared with Col-0 (Fig. 2A).
This increase was mainly due to enhanced signal in chloro-
plasts, vacuoles, and the cytosol (Fig. 2B). All these effects

FIG. 1. Oxidant and antioxidant capacity in plant lines
with modulated glutathione contents. (A) Leaf contents of
NADP(H), ascorbate, and GSH in Col-0, cad2, cat2, and cat2
cad2. White bars, reduced forms. Black bars, oxidized forms.
(B) Leaf peroxide contents in Col-0, cat2, cat2 cad2, and cat2
gr1. Plants were grown at high CO2, where the cat2 mutation
is silent, then transferred to air to initiate oxidative stress in
the cat2 backgrounds. Samples were taken 4 h and 4 days
after transfer. Data are means – SE of at least three biological
repeats. Different letters indicate significant difference at
p < 0.05 for leaf contents. Note that x-axis legends to parts A
and B are different.

2108 HAN ET AL.



were annulled by the cad2 mutation. In cat2 cad2, GSH was
decreased in all measured compartments, especially the
chloroplast, cytosol, nucleus, and peroxisomes (Fig. 2). From
multiple images of photosynthetic mesophyll cells, subcellu-
lar GSH concentrations were estimated in the three lines (see
Materials and methods for details). They ranged from 1–

10mM in Col-0 and cat2, whereas concentrations in all com-
partments except the mitochondria did not greatly exceed
1mM in cat2 cad2 (Table 1).

The effect of genetically blocking GSH accumulation on
H2O2-triggered pathogenesis responseswas first examined by
growing plants in air from seed. This analysis revealed that
the cad2mutation markedly affected the lesion formation that
is spontaneously triggered in cat2 in the absence of pathogen
challenge and the associated induced resistance to subsequent
bacterial challenge (Fig. 3). PR gene expression, which is
spontaneously activated alongside lesion formation and bac-
terial resistance in cat2, was also decreased in cat2 cad2 (Fig. 3).
An effective block over H2O2-induced GSH accumulation and
decreased lesion extent were also observed in double mutants
carrying allelic mutations in the same GSH synthesis gene as
cad2 (Supplementary Fig. S1). The decrease in lesion extent
was in good agreement with the severity in GSH deficiency,
with rax1, the weakest mutation, producing a slightly weaker
effect than cad2 or pad2 (Supplementary Fig. S1). In contrast to
their effects on H2O2-triggered lesion extent, none of the sec-
ondary mutations reverted the decreased rosette size in cat2
(Supplementary Fig. S1). Thus, blocking H2O2-triggered up-
regulation of GSH deficiency led to down-regulation of lesion
spreadwithout producing general effects on the cat2 oxidative
stress phenotype. Of the three alleles, cad2 is the best charac-
terized and is intermediate in its effects on GSH contents (42;
Supplementary Fig. S1). Due to this, the cat2 cad2 line was
chosen for a detailed examination of the processes underlying
the role of GSH in linking intracellular H2O2 to induction of
pathogenesis responses. The specific questions we sought to
answer were: How is the effect of blocking GSH accumulation
related to an antioxidant function? How is it related to the SA
pathway and/or NPR1 function?

Table 1. Subcellular Glutathione Concentrations

in Col-0, cat2, and cat2 cad2

Col-0 cat2 cat2 cad2

Cytosol 4.8 7.4 0.8
Nuclei 7.5 9.0 1.2
Chloroplasts 1.1 2.7 0.1
Mitochondria 10.3 10.1 7.5
Peroxisomes 5.4 6.0 0.8
Vacuole 0.04 0.5 0.03

Plants were grown as described for Figure 1. Values are in mM
and were calculated from relative gold labeling densities as
described in Materials and Methods based on mean values of
multiple counts of different cells (n> 20 for peroxisomes and
vacuoles, and n> 60 for all other cell compartments).

FIG. 2. Effects of the cad2 mutation on subcellular
distribution of GSH in response to oxidative stress. (A)
Transmission electron micrographs showing subcellular
distribution of gold-labeled GSH in photosynthetic meso-
phyll cells of Col-0, cat2, and cat2 cad2. The bars indicate
1lm. (B) Relative quantitation of GSH labeling in different
subcellular compartments. Plants were grown as described
for Figure 1. Values show log fold change compared with
Col-0. C, chloroplast; CW, cell wall; Cy, cytosol; M, mito-
chondria; N, nucleus; Px, peroxisome; St, starch; V, vacuole.
*Significant difference from Col-0 at p < 0.05.
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Contrasting responses in cat2 cad2 and cat2 gr1

reveal a nonantioxidant role for GSH in coupling

H2O2 to SA-dependent pathogenesis responses

Spreading lesions and associated responses in cat2 can be
abolished by introducing the sid2 mutation (9). To check whe-
ther the decreased lesion extent in cat2 cad2 occurs through the
same ICS1-dependent pathway, we produced a cat2 cad2 sid2
triple mutant. Growth of cat2 backgrounds under conditions
promoting lesion formation in cat2 (continuous oxidative stress
in air) revealed that, similar to cat2 sid2, cat2 cad2 sid2 showed
no detectable lesion formation (Supplementary Fig. S2).

Since partial GSH deficiency does not affect growth or
biomass production in the cat2 mutant, effects of the cad2
mutation on cat2 responses do not seem to be related to
changes in oxidative stress intensity. To test this possibility
further, we compared cat2 cad2 phenotypes and SA depen-
dency with those observed in cat2 gr1, in which loss of GR1
function exacerbates oxidative stress in cat2, as reflected by an
extreme dwarf phenotype and dramatic accumulation of ox-
idized GSH (36). To analyze the dependence of responses on
SA and GSH accumulation, the sid2 and cad2mutations were
introduced into cat2 gr1.

To enable a meaningful comparison of the interactions
between the different mutations, plants were initially grown
at high CO2, where the cat2 mutation is silent. In this condi-
tion, cat2-dependent phenotypes and, in particular, the ex-
treme phenotype of cat2 gr1, are annulled. Accordingly, in
high CO2 growth conditions, no phenotypic difference was
observed between any of the lines (data not shown). After

transferring plants to air, the phenotypes of sid2, gr1, and cad2
were indistinguishable from Col-0, and none of these four
genotypes presented lesions on the leaves (Supplementary
Fig. S3). In contrast, the cat2 mutation induced lesions that
first became visible after 5 to 6 days, spreading to become very
apparent after 10 days in air (Fig. 4A). Similar to its effects on
cat2 grown in air from seed, the cad2mutation restricted lesion
spread, while the sid2 mutation abolished it completely so
that no lesions were visible in either cat2 sid2 or cad2 cad2 sid2
(Fig. 4A). All lines in which both cat2 and gr1 were present
showed rapid onset of leaf bleaching, which was severe after 4
days exposure to air, irrespective of whether or not the sid2 or
cad2 mutations were additionally present (Fig. 4A). Unlike the
more slowly forming, persistent lesions observed in cat2 and,
residually, in cat2 cad2, the phenotypes of cat2 gr1 backgrounds
were transient, and the bleaching had largely disappeared
within 10 days after transfer to air (Fig. 4A). Although cat2 gr1
and cat2 gr1 sid2 dramatically accumulated oxidized GSH, the
phenotype induced by the combination of cat2 and gr1 muta-
tions did not require this accumulation: Introduction of the cad2
mutation into cat2 gr1 restricted GSH contents well below cat2
levels, yet reversible leaf bleaching was still observed (Figs 4A,
B). Thus, the rapid-onset bleaching associatedwith loss of GSH
recycling capacity appears to be associated with an antioxidant
function rather than GSH status per se and does not require
ICS1-dependent SA accumulation. This phenotypic response
is, therefore, quite distinct from that produced by modulating
GSH status through the cad2 mutation.

Several recent publications have implicated myo-inositol
in SA-dependent responses (8, 15, 35). In cat2, decreases in

FIG. 3. Effect of the sec-
ondary cad2 mutation on
cat2-induced phenotype, PR
gene expression, and bacte-
rial resistance. (A) Phenotype
of plants grown in air from
seed. Photographs and sam-
ples were taken 21 days after
sowing. Bars indicate 1 cm.
(B) Lesion quantification in
the different genotypes as a
percentage of the total rosette
area. ND, not detected. Va-
lues are means – SE of at least
12 plants as in (A). (C) and
(D) PR transcripts quantified
by quantitative polymerase
chain reaction in the four ge-
notypes, plants as in (A). (E)
Growth of virulent Pseudo-
monas syringae DC3000 in the
four genotypes. PR tran-
scripts show means – SE of
three biological replicates.
Bacterial growth, means – SE
of four to six biological rep-
licates. Different letters indi-
cate significant difference at
p< 0.05. ND, not detected. (To
see this illustration in color,
the reader is referred to the
web version of this article at
www.liebertpub.com/ars.)
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myo-inositol occur before SA accumulation and are necessary
for induction of SA-dependent responses, as these can be
prevented simply by treatment with exogenous myo-inositol
(8). In both cat2 and cat2 cad2, 4 days after transfer from high
CO2 to air, myo-inositol was decreased, and this was associ-
ated with decreases in galactinol, which is a product of myo-
inositol (Supplementary Fig. S4). In contrast, the bleaching
phenotype of cat2 gr1 and cat2 gr1 cad2 was associated with
much less marked effects on these compounds. These

FIG. 4. Blocking GSH accumulation produces distinct ef-
fects on H2O2-triggered phenotypes to those produced by
decreasing GSH-dependent antioxidative capacity. (A) Phe-
notypes in cat2 cad2 and cat2 gr1 induced by onset of oxidative
stress in cat2 and comparison with lines additionally carrying
the sid2 mutation in the SA synthesis pathway. Plants were
grown for 3 weeks at high CO2 and then transferred to air to
induce oxidative stress in the cat2 backgrounds. Photographs
were taken 4 and 10 days after transfer of plants to air. Scale
bars indicate 1 cm. Bleaching in gr1 genotypes is indicated by
arrowheads. (B) Leaf GSH contents in the different lines. White
bars, GSH. Black bars, glutathione disulfide (GSSG). Values
are means– SE of 3 plants, sampled 4 days after transfer to air.
(To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars.)

FIG. 5. Comparison of lesions, GSH contents, and bacterial
resistance in cat2 cad2 and cat2 npr1. (A) Leaf GSH contents.
White bars, GSH. Black bars, GSSG. Values are means– SE of 3
plants. (B) Lesion quantification as a percentage of the total
rosette area. ND, not detected. Values are means– SE of at least
12 plants. (C) Growth of virulent P. syringae DC3000 in all
seven genotypes. Plants were grown at high CO2 for 3 weeks
to prevent any cat2 phenotype, and inoculations were per-
formed on plants 7 days after transfer to air to induce oxidative
stress in cat2 backgrounds. No difference in bacterial growth
was observed between the genotypes at 0 hpi.

GLUTATHIONE IN H2O2 SIGNALING 2111



observations provide further evidence (1) that myo-inositol
metabolism is important in linking intracellular H2O2 to
downstream SA responses, and (2) that loss of GSH antioxi-
dant recycling function entrains an SA-independent stress
response which is distinct from the SA-dependent pathway
operating in cat2 and cat2 cad2.

Side-by-side comparison of cat2 cad2 with cat2 npr1

To establish whether the effect of GSH deficiency on path-
ogenesis responses in cat2 is related to impairedNPR1 function,
double cat2 npr1 mutants were produced and analyzed in
parallel with cat2 cad2. The npr1 mutation did not affect GSH
status in either Col-0 or cat2 backgrounds (Fig. 5A). It did,
however, decrease lesion formation in cat2, though less mark-
edly than did cad2 (Fig. 5B and Supplementary Fig. S5). The
triple cat2 cad2 npr1 line showed similar GSH contents and
lesion formation to those observed in cat2 cad2 (Fig. 5). Thus,
H2O2-induced alterations in GSH status were independent of
the presence or absence of functional NPR1 in both cat2 and
cat2 cad2 backgrounds. None of themutations affected bacterial
growth sampled immediately after inoculation (data not
shown), but clear differences were observed in growth in
samples taken at two days postinoculation (Fig. 5C). Similar to
cad2, npr1 annulled cat2-induced resistance: both cat2 cad2 and
cat2 npr1 showed Col-0 resistance levels (Fig. 5C). However,
cat2 npr1 still showed higher resistance than npr1.

In a first approach that analyzed whether the effects of
blocking GSH up-regulation were linked to impaired NPR1
function, comparative gas chromatography-time of flight-
mass spectrometry (GC-TOF-MS) analysis of the two double
mutants was performed (Supplementary Table S1). By gen-
erating information on about 100 different compounds, this
technique produces a metabolic signature for intracellular
oxidative stress in cat2, which shows substantial overlap with
that induced by bacterial pathogens (10). A key feature of the
cat2 metabolic signature is accumulation of a wide range of
metabolites in an SA-dependent fashion, that is, most of the
signature is annulled in cat2 sid2 double mutants (9).

Both cad2 and npr1 mutations affected cat2-triggered me-
tabolite profiles, but in very different ways (Fig. 6A). Com-
parison of the profiles shown in Figure 6A with those
previously described for cat2 sid2 sampled in the same con-
ditions revealed that cat2 npr1 and cat2 cad2 recapitulated
different parts of the cat2 sid2 profile (Fig. 6B). For this com-
parative analysis, we included only metabolites that were
detected in both the earlier study of cat2 sid2 (9) and the
present one. For example, 17 metabolites were significantly
different from cat2 in cat2 npr1 (Supplementary Table S2), but
only 11 of these were also detected in our previous study. Of

these 11, the sid2 and npr1 mutations significantly affected
eight in the same direction (Fig. 6B, middle). Using the same
approach, only two metabolites that were detected in this
study and our earlier one (gluconic acid and threonine) were
affected similarly by the cad2 and npr1 mutations in the cat2
background. These two compounds are among those strongly
induced in cat2 and in response to bacterial infection (10), and
the induction of bothwas significantly decreased by sid2, cad2,
or npr1 mutations (Fig. 6B). Six other metabolites were af-
fected similarly in cat2 sid2 and cat2 npr1 (Fig. 6B, middle),
whereas the response of seven metabolites in cat2 was unaf-
fected by npr1 but decreased by both cad2 and sid2mutations
(Fig. 6B, top). These seven compounds included several me-
tabolites associated with pathogenesis responses, including
tryptophan, putrescine, and the glucosylated form of SA.

Targeted quantification of free and total SA by HPLC
showed that both accumulated in cat2 and that their accumu-
lation was markedly enhanced by the npr1mutation (Fig. 7A).
In cat2 npr1, total SA accumulated to thrice the values in cat2.
This hyper-accumulation of SA is consistent with effects of the
npr1mutation in othermutants showing constitutive induction
of SA-dependent pathogenesis responses (55, 71). In marked
contrast to the effect of npr1, the cad2 mutation substantially
decreased SAaccumulation (Fig. 7A). SA levels in the triple cat2
cad2 npr1mutantwere similar to those in the cat2 singlemutant
(Fig. 7A). Thus, the cad2 mutation decreased SA accumulation
in both the cat2 and cat2 npr1 backgrounds, providing further
evidence that the principal effect of GSH deficiency on H2O2-
triggered pathogenesis responses is mediated via a different
route than impairment of NPR1 function.

Due to the decreased SA accumulation in cat2 cad2, we
analyzed expression of ICS1, the key enzyme in the produc-
tion of SA in response to pathogens (66), during continuous
growth of plants in air from seed. ICS1 expression showed a
marked transient increase in cat2 (Fig. 7B), with the initial
increase correlating with the onset of lesions, which begin to
be visible after about 16 days of growth. The induction of ICS1
was strongly damped in cat2 cad2 (Fig. 7B), in agreement with
the decreased lesions (Fig. 3) and SA contents (Fig. 7A).

Complementation experiments reveal nonredundant

roles for GSH and NPR1 in the activation

of SA-dependent responses

Experiments in which SA content and ICS1 and PR1 tran-
scripts were quantified after transfer to high CO2 following
previous growth in air confirmed that both were significantly
less accumulated in cat2 cad2 compared with cat2 (Fig. 8A, B).
To examine whether SA accumulation in cat2 cad2 could be
restored by glutathione, plants were treated with GSH or

FIG. 6. GC-TOF-MS analysis of the impact of cad2 and npr1mutations on H2O2-dependent metabolite profiles. (A) Heat
map showing hierarchical clustering of all detected metabolites. Values were centered reduced before clustering analysis. (B)
Comparison of metabolite profiles in cat2 cad2 and cat2 npr1with those previously reported for cat2 sid2 (9). The values in the Venn
diagrams indicate the number of metabolites that were significantly different in each double mutant relative to cat2. Overlapping
sections indicate the number of metabolites that showed same-direction significant effects in cat2 sid2 and cat2 cad2 (top), cat2 sid2
and cat2 npr1 (middle), and cat2 cad2 and cat2 npr1 (bottom). For each comparison, the graphs show values (normalized to cat2)
plotted for common metabolites, with left and right bars of each pair showing the genotypes indicated to the left and right,
respectively, of the Venn diagram above each graph. Gluconic acid and threonine were the only two compounds affected similarly
by all three secondary mutations. Plants were grown from seed in air in long days and sampled 23 days after sowing. Three
biological repeatswere analyzed for each genotype. For a full list ofmetabolites and statistical analysis, see Supplementary Table S2.
(To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars.)

‰
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GSSG. Both forms induced SA above basal levels in Col-0,
with GSSG being the more effective of the two (Fig. 8A). In
cat2 cad2, in which the cat2 mutation should activate H2O2

signaling, GSHwas most effective, restoring total SA to about
60% of cat2 levels (Fig. 8A). This effect was not observed in
cat2 cad2 sid2, showing that it was dependent on functional
ICS1. We, therefore, investigated the effects of GSH supple-
mentation on ICS1 expression. Restoration of SA accumula-
tion in cat2 cad2 by added GSHwas associated with enhanced
induction of both ICS1 and PR1 genes (Fig. 8B). Further, GSSG

FIG. 7. Analysis of salicylic acid (SA) and ICS1 transcripts
in double and triple mutants. (A) Free and total SA in cat2,
cad2, npr1, and double and triple mutants. Different letters
indicate significant difference at p< 0.05. Plants were grown
in air, and samples were taken 21 days after sowing. (B)
Time course of ICS1 transcript levels in Col-0 (black circles),
cat2 (white circles), and cat2 cad2 (triangles). Plants were
grown as in (A). Time indicates days after sowing. All values
are means – SE of three biological replicates.

FIG. 8. Glutathione complementation of SA accumula-
tion and related gene expression in cat2 cad2. Plants were
grown at high CO2 for 3 weeks to prevent any cat2 pheno-
type, then transferred to air to induce oxidative stress in cat2
backgrounds. From the first day after transfer to air, rosettes
were treated once daily by spraying with water, 1mM GSH,
or 1mM GSSG. Samples were taken after 9 days. (A) Free
and total SA contents in Col-0, cat2, cat2 cad2, and cat2 cad2
sid2. (B) ICS1 and PR1 expression in Col-0, cat2, and cat2
cad2. Values are means – SE of 3 biological replicates. Dif-
ferent letters indicate significant difference at p < 0.05.
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effectively induced ICS1, even in the absence of an H2O2

signal (Col-0), although GSSG was much less effective than
GSH in inducing PR1. The GSH treatments also promoted
lesion formation in cat2 cad2 (data not shown).

To establish whether down-regulation of SA-dependent re-
sponses in cat2 cad2was linked to attenuated SA accumulation
or impaired NPR1 function, the effects of SA supplementation
on PR1 expression were examined in the different lines. In Col-
0,npr1, and cad2,PR1 expressionwas very low in the absence of
added SA (Fig. 9). SA treatment strongly induced PR1 in Col-0
but not significantly in npr1. In cad2, SAwas able to induce PR1
but to lower levels than in Col-0 (Fig. 9). SA treatment of cat2
showed that PR1, already strongly induced in the absence of
added SA, was induced a further 2-fold (Fig. 9). In cat2 npr1,
PR1was induced in the absence of SA, though to a lower level
than in cat2 (Fig. 9). This suggests that an NPR1-independent
pathway of PR gene induction can operate in the cat2 npr1
background, as previously reported during SA-dependent in-
teractions with certain pathogens (30, 48, 54). While SA was
unable to further induce PR1 in cat2 npr1, PR1was induced by
SA about 8-fold in cat2 cad2, so that transcripts were interme-
diate between cat2–SA and cat2 + SA (Fig. 9).

Discussion

A substantial body of work shows that GSH is a multi-
functional metabolite with diverse functions in plant defense
and antioxidative metabolism. Since signaling roles of GSH
might be mediated by several types of reactions, many of
which could be dependent on functionally redundant pro-
teins encoded by quite large gene families, establishing the
role of specific GSH-dependent components is a formidable
task. In this study, we investigated the role of GSH-dependent
processes inH2O2 signaling by seeking to genetically abrogate
oxidation-triggered accumulation of GSH.

Partial impairment of c-glutamylcysteine synthetase

function confers a genetic block on H2O2-triggered

up-regulation of GSH

The cad2, rax1, and pad2 mutations in the single gene en-
coding the first committed enzyme of glutathione synthesis (c-
glutamylcysteine synthetase [c-ECS]) produce constitutive
partial decreases in GSH (3, 11, 42). Here, we show that these
mutations also blockH2O2-triggered up-regulation of GSH. In
Arabidopsis, the c-ECS protein is located in the chloroplast
(65). There is little evidence that accumulation of GSH in cat2
is linked to enhanced synthesis of c-ECS protein (46). Based on

current knowledge, the major player is post-translational acti-
vation of c-ECS by disulfide bond formation (22, 23). However,
the factors that mediate oxidation of c-ECS thiols in vivo remain
to be identified. Unlike the wild-type enzyme present in cat2,
themutant c-ECS does not appear to be oxidatively activated in
cat2 cad2. However, in cat2 cad2, GSH remained close to cad2
values; whereas in cat2 gr1, GSH accumulated to much higher
levels than in cat2 (Fig. 4). Thus, GSH stayed highly reduced
and below Col-0 levels in cat2 cad2, while a highly oxidized
GSH pool in cat2 gr1 was associated with dramatic accumu-
lation. These observations are consistent with a satisfyingly
simple model for c-ECS regulation in which GSSG produced
from GSH oxidation allows activation of the enzyme to up-
regulate GSH synthesis. This receives support from GSH con-
tents in cat2 cad2 gr1, which were intermediate between cat2
cad2 and cat2 (Fig. 4). Indeed, the chloroplast was among the
cellular compartments that showed the highest H2O2-triggered
GSH accumulation in cat2 (Table 1). Since the accumulated
GSH in cat2 is almost all in the disulfide form (Figs 1 and 5), it is
highly likely that in cat2 the chloroplast is enriched inGSSG but
that this enrichment does not occur in cat2 cad2.

In all three double mutants blocked in GSH accumulation,
including cat2 rax1 carrying the weakest allele, the overall leaf
GSH pool remains highly reduced in conditions that permit
increased H2O2 availability (Supplementary Fig. S1). In cat2
cad2 gr1, a limited accumulation of GSHwas accompanied by
significant oxidation relative to cat2 cad2 (Fig. 4). From a cel-
lular point of view, these striking observations suggest that
the plant cell GSH redox system is configured so that not only
oxidation drives enhanced accumulation of total GSH but also
decreased contents inhibit GSH oxidation. This two-way in-
teraction may be important in setting appropriate conditions
for cellular signaling. The underlying factors remain unclear
but could include, for example, affinities of the enzymes that
oxidize GSH to GSSG or the differences in GSH compart-
mentation in cat2 and cat2 cad2. Whatever the underlying
causes, GSH contents are known to change during develop-
ment (43) and in response to factors such as sulfur nutrition
(39). A strong interplay between concentration and redox
state could influence the outcome of redox-dependent re-
sponses to external stresses in different circumstances.

An essential role for GSH in activation

of H2O2-dependent SA signaling and related

pathogenesis responses

Alongside up-regulation of GSH, the cat2mutation induces
SA and a wide range of SA-dependent responses in an ICS1-

FIG. 9. Comparison of PR1
inducibility by SA in npr1,
cad2, cat2, and double and
triple mutants. Plants were
grown in air from seed for 20
days after sowing and then
sprayed either (- ) with water
(mock) or (+ ) with 0.5mM SA,
and samples were taken 24h
later. Values are means– SE of
three biological replicates.
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dependent manner (9). Using nontargeted metabolite profil-
ing and targeted analysis of recognized defense compounds,
we recently reported that SA-dependent responses triggered
by intracellular H2O2 in cat2 show considerable similarity
with responses to pathogenic bacteria (10). Thus, intracellular
H2O2 generated by the peroxisome-located photorespiratory
glycolate oxidase closely mimics redox processes involved in
biotic stress. Several studies suggest that down-regulation
of CAT plays some role in pathogenesis responses (37, 64),
while the analysis of glycolate oxidase mutants provides
further indications of roles for peroxisomally produced H2O2

in pathogenesis responses (51). The potential relevance of
redox-triggered events in cat2 is underscored by effects
observed in double mutants in which cat2 responses are
modulated by loss of function of recognized players in path-
ogenesis (9, 10). The present study provides direct evidence
that GSH is a key player linking increased H2O2 to down-
stream phytohormone signaling. Blocking up-regulation of
GSH in cat2 antagonizes H2O2-triggered SA accumulation,
expression of SA-dependent marker genes, and induced re-
sistance to bacteria.

The residual SA-linked responses in cat2 cad2 are com-
pletely annulled in cat2 cad2 sid2, suggesting that GSH status
modulates the efficiency of H2O2-triggered signaling through
the ICS1-dependent pathway. This conclusion is supported
by the attenuated induction of the ICS1 gene in cat2 cad2
compared with cat2 (Fig. 7). Similar to c-ECS, ICS1 is a chlo-
roplast enzyme that could potentially be redox regulated.
However, post-translational control of ICS1 by thiol-disulfide
status has been discounted on the basis of the protein’s
structural features (58). Our data reveal that the expression of
ICS1may be under redox regulation through GSH-dependent
processes downstream of H2O2. The intermediates in this
signaling pathway remain to be identified.

GSH acts independently of its antioxidant function

in transmitting H2O2 signals

A central premise of this study was that H2O2-triggered
modulation of GSH (as a result of the antioxidant function of
GSH) might be perceived by the cell as a signal. To test this
hypothesis, we sought to manipulate GSH status in an H2O2

signaling system, without affecting overall cellular antioxi-
dant capacity. That the block over GSH up-regulation in cat2
cad2 and allelic lines achieves this objective is evidenced by
the following observations. First, introduction of pad2, cad2, or
rax1mutations does not affect the oxidative stress-dependent
decreased growth phenotype of cat2. Second, the block over
H2O2-triggered GSH accumulation in cat2 cad2 is quite spe-
cific, and not accompanied by increased oxidation of ascor-
bate or NADPH, or by enhanced accumulation of peroxides.
Third, blocking the GSH synthesis pathway decreases rather
than increases cat2-dependent lesion spread. Fourth, and
most crucially, the ICS1-linked effects observed in cat2 cad2
are quite distinct from the responses to exacerbated oxidative
stress produced by knocking out both CAT2 and GR1.

In addition to the ICS1-independent phenotypes of cat2
gr1, the contrasting effects of cad2 and gr1 mutations on the
cat2 response are underscored by analysis of metabolite
markers for the SA-dependent pathway. Entrainment of SA-
dependent responses in cat2 requires decreased myo-inositol
(8). In cat2 cad2, as in cat2, this compound and the related

metabolite galactinol were decreased (Supplementary Fig.
S4), even though the cat2-triggered SA response was attenu-
ated in the double mutant. This indicates that GSH status
exerts its effects on the SA pathway downstream of myo-
inositol. Together with our earlier analysis, it suggests a
model in which H2O2 decreases myo-inositol concentra-
tions, an effect that then allows SA accumulation through
GSH -dependent processes. Despite the enhanced oxidative
stress in cat2 gr1 and cat2 cad2 gr1, both these compounds
remained at levels close to wild type, suggesting that de-
creases in myo-inositol are not simply related to oxidative
stress intensity.

Together, these data further illustrate that SA-dependent
lesions in cat2 are not a simple consequence of oxidative stress
intensity. Rather, they are the result of an H2O2-initiated
programmed response whose intensity is modulated by GSH.
Elucidation of events underlying the intriguing reversibility
of the SA-independent phenotypes in cat2 gr1 backgrounds
will require further study, although it is perhaps worth noting
that Arabidopsis lines deficient in both CAT2 and APX1 show
induction of novel protective mechanisms that are not ob-
served in lines deficient in only CAT2 or APX1 (63). Failure of
cat2 gr1 to induce the SA-dependent phenotype observed in
cat2 perhaps suggests that an optimal level of oxidation is
required to entrain effective induction of pathogenesis re-
sponses. Beyond a certain threshold intensity, SA-dependent
pathogenesis program is no longer activated. Thus, even
when triggered by a single type of ROS (H2O2 in this study),
intracellular oxidative stress can drive several distinct phe-
notypic outcomes.

GSH can regulate SA signaling through processes

additional to NPR1

NPR1 is, by far, the best-characterized thiol-dependent
protein involved in pathogenesis responses, and can be acti-
vated by GSH addition to cells or leaves (20, 38). Both path-
ogens and SA can cause adjustments in leaf GSH pools (17, 26,
32, 34, 62). However, the precise nature of the redox factors
controlling NPR1 in vivo is still open to debate. While h-type
thioredoxins, which are known to be induced during patho-
genesis responses (27), were shown to perform the reductive
activating step (59), a recent study has revealed the com-
plexity of NPR1 regulation (29).

Apart from abolishing H2O2-triggered increases in chloro-
plast GSH, the cad2mutation prevented increases in cytosolic
and nuclear concentrations (Fig. 2 and Table 1). Based on
current knowledge, this effect might be predicted to com-
promise NPR1 function. Indeed, the NPR1 pathway is clearly
functional in cat2, as the npr1 mutation produced the follow-
ing effects in cat2 npr1: impaired lesion spread relative to cat2,
partial loss of PR gene expression, a complete loss of PR1
inducibility by exogenous SA, and a characteristic metabolite
signature, including hyper-accumulation of SA. Consistent
with previous studies of plants with altered cytosolic GSH
status (33), exogenous SA induced PR1 less effectively in cad2
than in Col-0. However, if the effect of the cad2 mutation on
cat2 responses occurred exclusively through partial or com-
plete loss of NPR1 function, we would predict that cat2 cad2
should show same-direction responses to cat2 npr1. In fact, of
the cat2 npr1 features listed earlier, the only one shared by cat2
cad2 was decreased lesion spread relative to cat2. PR1
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expression was even lower in cat2 cad2 than in cat2 npr1 and
was inducible by exogenous SA. Crucially, blocking GSH
accumulation in cat2 cad2 produced a metabolite signature
that was distinct from that observed in cat2 npr1. These dis-
tinct effects weremost striking for SA contents: If effects of the
cad2 mutation were purely explainable in terms of loss of
NPR1 function, cat2 cad2 should be expected to have higher
SA contents than cat2 (as in cat2 npr1). In fact, we observed the
opposite. Thus, it seems that GSH plays a regulatory role in
SA signaling additional to NPR1. Indeed, the similar GSH
status in cat2 and cat2 npr1 provides little evidence for feed-
back between NPR1 and GSH.

Hyper-accumulation of SA in cat2 npr1was associated with
H2O2-triggered NPR1-independent PR1 expression and bac-
terial resistance. The operation of this NPR1-independent
pathway seems itself to be dependent on GSH, because cat2
cad2 npr1 similarly showed low resistance (Fig. 5C) and PR1
expression to npr1 (Fig. 9), showing that the cad2 and npr1
mutations act additively to annul part of the cat2-induced
resistance responses. Again, this suggests that blocking up-
regulation of GSH impairs H2O2-triggered pathogenesis re-
sponses via effects that are distinct from those of the npr1
mutation. A key difference between cat2 npr1 and cat2 npr1
cad2 is that the hyper-accumulation of SA in the former is not
observed in the latter. Together with differences in SA accu-
mulation in cat2 and cat2 cad2, this suggests that GSH plays an
important role in H2O2 signaling at the level of induction of
SA itself.

Multifunctional roles of GSH status in defense

signaling pathways: A model

The observations reported in this study reveal that H2O2-
triggered changes in GSH status are not merely a passive
response to oxidative stress. Rather, they suggest that mod-
ulation of GSH status is required to link increases in intra-
cellular H2O2 production to activation of the ICS1-dependent
SA pathway. This function would operate within the context
of dynamic modulation of GSH that involves initial oxidation
leading to downstream reduction during some pathogenesis
responses (26, 38, 62). While a potential role for GSH in the

reductive phase has been described at the level of NPR1, our
report provides the first direct evidence that initial oxidative
events necessary for SA accumulation require changes in GSH
status. The down-regulation of the SA pathway in cat2 cad2, in
which GSH stays highly reduced, suggests that these oxida-
tive events involve a decrease in the GSH:GSSG ratio (Fig. 10).
Failure to produce an appropriately oxidized GSH status
would then inhibit initiation of the pathway, explaining our
observation that introducing the cad2 mutation antagonizes
SA accumulation, PR1 induction, and induced resistance in
both cat2 and cat2 npr1 (Fig. 10). When GSH oxidation is ac-
companied by severe oxidative stress, as in cat2 gr1 back-
grounds, an alternative response to the SA pathway is
entrained.

Both pathogenesis responses and GSH status are influ-
enced by sulfur nutrition (24, 25). More generally, photo-
autotrophism means that redox modulation is a central
player in linking energy and nutritional status to appropri-
ate stress outcomes within the complex metabolic net-
work and plastic developmental program of plants (18, 40).
The key role of GSH status we report here may be relevant
to understanding and optimizing pathogenesis responses
in plants growing in natural environments with variable
nutrition.

Materials and Methods

Plant material and mutant characterization

All the Arabidopsis mutants used in this study were in the
Columbia genetic background, and their key features are
summarized in Supplementary Table S1. The homozygous
mutants were cat2-1 (SALK_076998; 46), cad2 (11), gr1
(SALK_060425; 36), npr1 (7), rax1 (3), pad2 (42), and sid2 (66).
The seeds of T-DNA insertion lines were obtained from the
Nottingham Arabidopsis Stock Centre (http://nasc.nott.
ac.uk), and homozygotes were identified using sequence in-
formation obtained from the SIGnAL Web site at http://
signal.salk.edu. The cat2 gr1 and cat2 sid2 plants have been
previously described in references (36) and (9), respectively.
Four previously undescribed double and four previously

FIG. 10. Glutathione status is a key player linking intracellular H2O2 to activation of the SA pathway in cat2. Oxidation
by H2O2 modulates GSH status. This oxidative modulation is a part of the signal network required for optimal ICS1-
dependent SA accumulation that then leads to activation of NPR1 function through reductive processes (38), to which GSH
may also contribute.
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undescribed triple mutants were produced for this study: cat2
cad2, cat2 npr1, cad2 pad2, cat2 rax1, cat2 cad2 sid2, cat2 cad2
npr1, cat2 cad2 gr1, and cat2 gr1 sid2 (Supplementary Fig. S6).
For T-DNA insertions, leaf DNA was amplified by polymer-
ase chain reaction (PCR) using primers specific for left bor-
ders and CAT2 andGR1 genes (Supplementary Table S3). The
genotypes of F1, F2, and F3 progeny at the SID2 locus were
determined by Tru9I digestion of a 243-bp PCR fragment
using specific primers (Supplementary Fig. S6). Zygosity of
the cad2 and npr1mutations was established using restriction
length polymorphism based on BslI and NlaIII, respectively
(Supplementary Fig. S6).

Plant growth and sampling

Seeds were incubated for 2 days at 4�C and then sown on
soil. Plants were grown in a controlled-environment growth
chamber in a 16 h photoperiod and an irradiance of 200 lmol
m- 2 s - 1 at leaf level, 20�C/18�C, 65% humidity, and given
nutrient solution twice per week. The CO2 concentration was
maintained at 400 lL L - 1 (air) or 3000 lL L- 1 (high CO2).
Samples were rapidly frozen in liquid nitrogen and stored
at - 80�C until analysis. Unless otherwise stated, data are
means – SE of at least three independent samples from
different plants.

Cytohistochemical analysis

Sample preparation for cytohistochemical investigations
was performed as previously described in detail (47, 70).
Immunolocalization of GSH was performed as previously
described (69). Subcellular concentrations of GSH from im-
munogold labeling densities were estimated according to (47).
Concentrations for each genotype were based on global leaf
GSH + GSSG contents measured in Col-0, cat2, and cat2 cad2.
The amount of GSH in each compartment (nmol g - 1 FW) was
obtained by multiplying the leaf GSH contents by the mea-
sured fractional contribution of each compartment to the
overall gold label. From these values, concentrations were
calculated using sub-cellular volumes estimated in leaf sec-
tions of each genotype. Measurements of the percentage
volume for each compartment were estimated as in (47).
Subcellular volumes for each cell compartment were finally
calculated per g fresh weight from the percentage volumes
based on a mesophyll volume per leaf mass of 773ll.g - 1

FW (68).

Lesion quantification and pathogen tests

Percentages of lesion areas were quantified using IQma-
terials software. Growth of Pseudomonas syringae pv tomato
strain DC3000 was assessed 48 h postinoculation as earlier (9).
Three of the middle leaves on five to seven different plants of
each genotypewere inoculated using a 1-ml syringe without a
needle with Pst DC3000 in a medium titer of 5· 105 colony-
forming units ml - 1. Leaf discs were taken for analysis either
immediately (0 h) or 48 h later.

Metabolite and enzyme measurements

An enzymatic assay of NADP(H), ascorbate, and GSH was
performed as previously described (43). Peroxides were
measured by luminol luminescence (45). Free and total SA

were measured by HPLC-fluorescence (9). Nontargeted me-
tabolite profiling and relative quantification of myo-inositol
and galactinol were performed by GC-TOF-MS on triplicate
biological repeats (10). Compounds identified by retention
index were confirmed by reference to mass spectra libraries.
Peak areawas quantified based on specific fragments andwas
corrected on the basis of an internal standard (ribitol) and
sample fresh weight. For data display (Figure 6), values were
centered reduced, that is, for each metabolite, mean and
standard deviation values were produced across all samples.
For each genotype, the mean value for metabolite ‘‘x’’ was
subtracted from the mean across all samples (centered), and
the resulting value was divided by the SD for that metabolite
(reduced). Significant metabolites were identified by pair-
wise t tests of original data values.

Reverse transcription-quantitative PCR analysis

RNA was extracted with Trizol and reverse transcribed
with the SuperScript III First-Strand Synthesis System (In-
vitrogen). Quantitative PCR was performed as previously
described (44). Primer sequences are listed in Supplementary
Table S3.

Statistical analysis

The statistical analysis of data was based on Student’s t-
tests. Calculations were performed on a minimum of three
independent data sets, assuming two-sample equal variance
and a two-tailed distribution. Unless stated otherwise, sig-
nificant difference is expressed using t-test at p < 0.05.
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Université de Paris sud 11
Orsay Cedex 91405

France

E-mail: graham.noctor@u-psud.fr

Date of first submission toARSCentral, October 30, 2012; date
of acceptance, November 11, 2012.

Abbreviations Used

CAT¼ catalase
c-ECS¼ c-glutamylcysteine synthetase

GC-TOF-MS¼ gas chromatography-time of flight-mass
spectrometry

GR1¼ glutathione reductase 1
GSH¼ reduced glutathione
GSSG¼ glutathione disulfide

hpi¼hours post inoculation
ICS1¼ isochorismate synthase

NPR1¼nonexpressor of pathogenesis-related 1
PR1¼pathogenesis-related 1
ROS¼ reactive oxygen species
SA¼ salicylic acid
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