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Summary

The Arabidopsis pad2-1 mutant belongs to a series of non-allelic camalexin-deficient mutants. It was originally
described as showing enhanced susceptibility to virulent strains of Pseudomonas syringae and was later
shown to be hyper-susceptible to the oomycete pathogen Phytophthora brassicae (formerly P. porri).
Surprisingly, in both pathosystems, the disease susceptibility of pad2-1 was not caused by the camalexin
deficiency, suggesting additional roles of PAD2 in disease resistance. The susceptibility of pad2-1 to
P. brassicae was used to map the mutation to the gene At4923100, which encodes y-glutamylcysteine
synthetase (y-ECS, GSH1). GSH1 catalyzes the first committed step of glutathione (GSH) biosynthesis. The
pad2-1 mutation caused an S to N transition at amino acid position 298 close to the active center. The
conclusion that PAD2 encodes GSH1 is supported by several lines of evidence: (i) pad2-1 mutants contained
only about 22% of wild-type amounts of GSH, (ii) genetic complementation of pad2-1 with wild-type GSH1
c¢DNA restored GSH production, accumulation of camalexin in response to P. syringae and resistance to
P. brassicae and P. syringae, liii) another GSH1 mutant, cad2-1, showed pad2-like phenotypes, and (iv) feeding
of GSH to excised leaves of pad2-1restored camalexin production and resistance to P. brassicae. Inoculation of
Col-0 with P. brassicae caused a coordinated increase in the transcript abundance of GSH7 and GSH2, the gene
encoding the second enzyme in GSH biosynthesis, and resulted in enhanced foliar GSH accumulation. The
pad2-1mutant showed enhanced susceptibility to additional pathogens, suggesting an important general role
of GSH in disease resistance of Arabidopsis.
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Introduction

The plant stress hormones salicylic acid (SA), jasmonic acid
(JA) and ethylene (ET) play important roles in the estab-
lishment of disease resistance in many plant-pathogen
interactions (Dong, 1998; Glazebrook, 2005). In contrast, the
disease resistance of Arabidopsis to Phytophthora brassicae
and of tomato (Lycopersicon esculentum) to Phytophthora
infestans was found to be largely independent of known
stress hormone signaling pathways (Roetschi et al., 2001;
Si-Ammour et al.,, 2003; Smart et al., 2003). The disease
resistance of the resistant Arabidopsis accession Col-0 to
P. brassicae was maintained in mutants deficient in SA-, JA-

or ET-dependent signaling. However, the phytoalexin-defi-
cient mutant pad2-1 (Glazebrook and Ausubel, 1994) was
found to be hyper-susceptible to P. brassicae. The pad2-1
mutant was originally described as being partially cama-
lexin-deficient and showing increased susceptibility to the
bacterial pathogen P. syringae (Glazebrook and Ausubel,
1994; Glazebrook et al., 1997). Interestingly, the camalexin
deficiency of pad2-1 was not the cause of its enhanced dis-
ease susceptibility to either P. syringae or P. brassicae. A
null allele of the cytochrome P450 monoxygenase gene
CYP71B15, pad3-1 (Zhou et al., 1999), nearly abolished
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camalexin synthesis yet had little effect on resistance to
these pathogens (Glazebrook and Ausubel, 1994; Roetschi
et al., 2001). The pad2-1 mutant was later shown to be more
susceptible to other pathogens as well (Ferrari et al., 2003;
Van Wees et al., 2003). Apparently, PAD2 encodes a gene
product with important but unknown functions in the gen-
eral disease resistance of Arabidopsis.

The hyper-susceptibility of pad2-1 to P. brassicae was
exploited for the positional cloning of PAD2. We present
evidence that PAD2 encodes y-glutamylcysteine synthetase
(y-ECS, y-glutamylcysteine ligase, GSH1), the enzyme that
catalyzes the first step of de novo GSH biosynthesis. GSH1 is
encoded by a single-copy gene (At4g23100) in the Arabid-
opsis genome. The first GSHT cDNA of plants cloned from
Arabidopsis encoded a predicted 60 kDa protein that was
structurally unrelated to GSH1 of mammals and yeast (May
and Leaver, 1994). The tripeptide GSH (y-L-glutamyl-L-
cysteinylglycine) is synthesized in two ATP-dependent
reactions. GSH1 (EC 6.3.2.2.) catalyzes the formation of a
peptide bond between the y-carboxyl of L-Glu and the a-
amino group of L-Cys. GSH synthetase (GSH2; EC 6.3.2.3.),
which is also encoded by a single gene in Arabidopsis
(Atbg27380; Rawlins et al., 1995), catalyzes the addition of
glycine to y-glutamylcysteine (y-EC). GSH1 and GSH2 both
contain plastidic transit peptides. In Arabidopsis, multiple
transcription initiation leads to an exclusive plastidial local-
ization of GSH1, while GSH2 predominantly accumulates in
the cytosol (Wachter et al., 2005). GSH synthesis is subject to
complex regulation. The expression and enzymatic activity
of GSH1 is under multiple controls at the transcriptional,
post-transcriptional and post-translational levels (Jez et al.,
2004; May et al., 1998b; Xiang and Oliver, 1998).

The identification of PAD2 as GSH71 suggested that
adequate levels of GSH are important in Arabidopsis for
limiting the spread of virulent P. syringae and for establish-
ing disease resistance to P. brassicae. The ubiquitous thiol
tripeptide GSH has been implicated in many different
aspects of cellular biochemistry (reviewed in May et al.,
1998a; Mullineaux and Rausch, 2005; Noctor, 2006; Noctor
and Foyer, 1998; Noctor et al., 1998a,b, 2002). GSH is present
in up to millimolar concentrations in plant cells, and
functions as a major determinant of cellular redox home-
ostasis. GSH plays important roles in stress physiology by
reducing reactive oxygen species (ROS) via the ascorbate-
GSH cycle which consists of three interdependent redox
couples: ascorbate/dehydroascorbate, GSH/GSSG and
NADPH/NADP (Noctor and Foyer, 1998). As a result of a
redox reaction, GSH is oxidized to GSSG, which is recycled
back to GSH by a reaction catalyzed by GSH reductase using
NAD(P)H as a reducing agent. GSH can function as a
modulator of redox-controlled enzymatic reactions and
thiol-based regulatory switches (Foyer and Noctor, 2005;
Paget and Buttner, 2003), in protein modification via glu-
tathionylation (Dixon et al., 2005; Klatt and Lamas, 2000),

and as a co-substrate in conjugation and detoxification
processes catalyzed by GSH transferases, GSH peroxidases
and glyoxalases (Edwards et al., 2000). As a precursor of
phytochelatins, the production of GSH is involved in heavy
metal tolerance (Cobbett and Goldsbrough, 2002). In addi-
tion to its various roles in cellular protection, GSH serves as
a storage and transport form of reduced sulfur (Kopriva and
Rennenberg, 2004), participates in the regulation of cell
division in root apical meristems (Sanchez-Fernandez et al.,
1997), promotes flowering (Ogawa et al., 2004), and plays a
role in the nodulation process (Frendo et al., 2005). GSH can
engage in thiol-disulfide exchange reactions that may link
the regulation of gene expression to the redox state of cells
(Baier and Dietz, 2005; Pfannschmidt, 2003). In animals, GSH
was demonstrated to be involved in redox-dependent activ-
ity changes of transcription (Mihm et al.,, 1995). Thiol-
disulfide status also appears to be important in disease
resistance signaling. The reduction of key cysteines on the
regulatory protein NPR1 and on the transcription factors
TGA1 and TGA4 was shown to be crucial in the SA-
dependent activation of the PR7-gene encoding pathogen-
esis-related (PR) protein 1, and changes in the GSH level
were suggested to play a role in this process (Després et al.,
2003; Mou et al., 2003). Interestingly, GSH treatment has
been reported to activate the expression of a number of
stress and defense genes (Dron et al., 1988; Loyall et al.,
2000; Wingate et al., 1988), including PR genes (Creissen
et al., 1999; Gomez et al., 2004; Senda and Ogawa, 2004).
The effect of GSH deficiency on disease resistance has
been analyzed previously. The cad2-1 mutant, which accu-
mulated only about 30% of wild-type amounts of GSH,
showed an unaltered disease resistance phenotype to viru-
lent and avirulent strains of Hyaloperonospora parasitica
and virulent and avirulent strains of P. syringae pv. tomato,
respectively (May et al., 1996a). Thus, GSH was concluded to
be of minor importance for plant disease resistance. In
contrast, cad2-1 and rax1-1, an Arabidopsis GSH1 mutant
with similar GSH content as cad2-1, were shown to be more
susceptible to avirulent strains of P. syringae (Ball et al.,
2004). The identification of pad2-1as a GSH-deficient mutant
demonstrates that adequate levels of GSH are important for
the accumulation of resistance-related compounds (Glaze-
brook and Ausubel, 1994; Roetschi et al., 2001) and for the
establishment of disease resistance to many pathogens.

Results

Positional cloning identifies PAD2 as a y-glutamylcysteine
synthetase

The hyper-susceptibility of pad2-7to P. brassicae was used
for positional cloning of the PAD2 gene. The segregation of
disease susceptibility was analyzed in reciprocal crosses
of pad2-1 with the resistant Arabidopsis accession
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Wassilewskija (Ws). All plants of the F; progeny were
resistant, while 24% of the F, progeny derived from self-
pollination of the F; progeny were susceptible. This is
consistent with the 3:1 ratio expected for segregation of a
recessive allele of a single nuclear gene (;%= 0.60,
P < 0.05). Bulk segregant analysis confirmed the location of
PAD2 on chromosome 4 (Glazebrook and Ausubel, 1994).
P. brassicae susceptibility co-segregated with the SSLP
marker ciw7 on the lower arm of chromosome 4 (data not
shown). To refine the position of PAD2, a mapping popu-
lation from the pad2-1 x Ws cross was established, and 412
F, chromosomes were analyzed with SSLP and CAPS
markers. The results are summarized in Figure 1(a). The
markers 1g950/60 and CER428546, showing very low
recombination frequencies, were found to flank the pad2-1
mutation. These markers defined a region of about 110 kb
containing 23 annotated ORFs. The 23 candidate genes
were PCR-amplified from pad2-17 DNA and sequenced.
Comparison with the Col-0 wild-type sequence identified a
single G to A nucleotide transition at position 1697 from the
start codon of the gene At4g23100. This mutation resulted
in replacement of a serine by an asparagine residue at
position 298 in the 522 amino-acid protein (Figure 1b).
At4g23100 encodes y-glutamylcysteine synthetase (GSH1),
which catalyzes the first dedicated step of GSH biosynthe-
sis (May and Leaver, 1994). Mutant alleles of GSH7 have
been characterized previously. They include cadmium-
sensitive 2-1 (cad2-1, Cobbett etal., 1998), root meri-
stemless 1 (rml1; Vernoux et al, 2000) and regulator of
APX2 1-1 (rax1-1; Ball et al., 2004). Figure 1(b) shows the
position and nature of the four mutations in a region con-
sidered to be the catalytic domain of GSH1. An additional
PAD2 allele (eds47 = pad2-2) was identified based on
complementation tests (Glazebrook et al., 1996). Sequen-
cing of the GSH1 gene of the pad2-2 mutant revealed that
the pad2-2 mutation was identical to that in pad2-1.

The GSH1 mutation in the pad2-1 mutant causes reduced
GSH and increased cysteine accumulation

The identification of PAD2 as GSH1 led to the question of
whether pad2-1is deficient in GSH. GSH and cysteine levels
were determined in Col-0 and pad2-1 by HPLC using ho-
moglutathione (which is not present in Arabidopsis) as an
internal standard. Figure 2(b) shows that foliar GSH levels in
pad2-1 were reduced to about 21% of the level in wild-type
plants. However, pad2-1 contained about five times more of
the GSH1 substrate cysteine. These results demonstrate that
the mutation in GSH1 interfered with GSH accumulation in
pad2-1. Real-time RT-PCR revealed that Col-0 and pad2-1
contained very similar transcript levels of GSH7 and GSH2
(Figure 2a), indicating that the GSH deficiency of the pad2-1
mutant was not based on differential accumulation of GSH1
or GSH2 transcripts.
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Figure 1. Positional cloning of PAD2.

(a) Genetic map of the PAD2 region at the bottom of chromosome 4 of
Arabidopsis (left). CAPS and SSLP markers were used to map PAD2 to a
region flanked by 1g950/60 and CER428546. The recombination frequency for
each marker is indicated in brackets. The defined region included 23 predicted
genes. Sequencing identified a point mutation in gene At4g23100 that
encodes GSH1. Right side: gene structure of GSHT and position and nature of
the pad2-1 mutation in relation to other known GSH17 mutants. Mutations are
underlined in the second line of each comparison. Deletions in cad2-1 are
indicated by dashes. The rax7-1and cad2-1 mutations are located in exon 6,
rml1in exon 7 and pad2-1in exon 8.

(b) Partial amino acid sequence of GSH1 of Arabidopsis (At4g23100; positions
221-300) compared with other mutant alleles of GSH1. The line labeled
‘'mutant’ shows the mutations of the known GSH1 mutants: rax7-1 (R228K;
Ball et al., 2004), cad2-1 (deletion of P237, K238 and V239L; Cobbett et al.,
1998), rml1(D258N; Vernoux et al., 2000) and pad2-1(S298N; this paper). The
region includes the putative catalytic domain defined by Lueder and Phillips
(1996). The cysteine residue highlighted in black at position 251 is thought to
be part of the active site of GSH1.

To confirm that the multiple phenotypes of pad2-1 were
caused by the point mutation in GSHT, the GSH1 wild-type
cDNA was expressed under the control of the CaMV 35S
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Figure 2. Complementation of the glutathione deficiency of pad2-1 by over-
expression of the wild-type GSHT cDNA.

(a) GSH1and GSH2transcript levels in Col-0, pad2-1and three complemented
lines of pad2-1(35S::GSH1). Transcript levels were determined by real-time
RT-PCR and are given relative to Col-0. The mean and SE from two
experiments are reported. The relative transcript levels of GSHT in the three
complemented lines were significantly higher than in Col-0 (P < 0.001, t-test).
(b) GSH and cysteine content of Col-0, pad2-1 and three complemented lines
of pad2-1(35S::GSH1). The values are given relative to Col-0 for GSH or pad2-
1for cysteine: 100% equals 304 nmol g~' FW for GSH and 93 nmol g~' FW for
cysteine. Leaves of 7-week-old plants (four leaves of 6-8 plants) were
analyzed. The results show means and SE of three independent experiments.
The GSH content in the three complemented lines was not significantly higher
than in Col-0.

promoter in transgenic pad2-1 plants. Figure 2(a) shows for
three independent transgenic lines, that expression of the
wild-type GSHT cDNA in pad2-1 caused a greater than
threefold increase in GSH1 transcripts. Genetic complemen-
tation restored GSH accumulation of pad2-1, but did not lead
to overaccumulation of GSH. The three complemented lines
contained GSH and cysteine levels similar to wild-type
plants (Figure 2b). None of the 36 transgenic lines analyzed
contained >1.5 times the wild-type amount of GSH. The
expression of GSH2, encoding the second enzyme of GSH
biosynthesis, was very similar in Col-0, pad2-7 and the
complemented lines. The results from real-time RT-PCR
experiments and RNA blot analysis were consistent (data
not shown).

GSH content has been linked to several developmental
roles in plants, so pad2-1 was analyzed for some growth
parameters. Analysis of the leaf number and leaf size of 20

plants per genotype at 13, 25 and 44 days after germination
did not reveal a significant difference between the pad2-1
mutant and Col-0. Seed production was identical in
pad2-1 and Col-0. Apparently, the reduced GSH content of
pad2-1 was sufficient for normal fitness under optimal
growth conditions.

Complementation of camalexin deficiency and disease
susceptibility of pad2-1

In order to establish a link between the mutation in GSH1,
the GSH deficiency and the other pad2-7-related pheno-
types, the complemented 35S::GSH7 pad2-1 lines were
tested for resistance to P. brassicae and P. syringae pv.
maculicola ES4326 (Psm ES4326) and for restoration of
camalexin production in response to Psm ES4326 infection.
Figure 3(a) shows the result of an infection experiment
with P. brassicae. Three-week-old seedlings of Col-0, pad2-
1 and two complemented 35S::GSH7 pad2-1 lines were
inoculated with zoospores of P. brassicae isolate D and
analyzed 8 days later. Col-0 proved to be fully resistant,
while the pad2-1 mutant was highly susceptible to infec-
tion by P. brassicae. The first signs of susceptibility were
observed 3 days post-inoculation (dpi) in the form of
water-soaked lesions, and most pad2-1 plants were dead
or dying 1-week post-inoculation. In contrast, the comple-
mented 35S:GSHT1 pad2-1 lines were as resistant to
P. brassicae as Col-0. Similarly, inoculation experiments
with Psm ES4326 confirmed that pad2-1 showed enhanced
susceptibility in comparison with wild-type, while the
complemented lines accumulated a bacterial titer very
similar to that in wild-type plants (Figure 3b). Finally, as
shown in Figure 3(c), the complemented lines accumulated
wild-type amounts of camalexin in response to infection
with Psm ES4326, while camalexin accumulation in the
pad2-1 mutant was reduced by about 90%. In summary,
the constitutive expression of wild-type GSH7 transcripts
complemented the GSH deficiency of pad2-1, restored
resistance to P. brassicae, reduced the enhanced suscepti-
bility to Psm ES4326 and restored wild-type levels of
camalexin. It was concluded that PAD2 encodes GSH1, and
that all observed phenotypes of pad2-7 plants are caused
by the point mutation identified in GSH1.

Physiological complementation of camalexin deficiency and
disease susceptibility of pad2-1

The pad2-1 mutant has several biochemical phenotypes: it
contains more cysteine, less y-glutamylcysteine and GSH,
and it has a reduced potential to accumulate phytochelatins.
Experiments with excised leaves were performed to test
whether feeding of GSH could reverse some of the pad2-1
phenotypes. Figure 4(a) shows that feeding reduced GSH
(5 mm) to excised leaves of pad2-1plants prior to inoculation
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Figure 3. Complementation of camalexin deficiency and disease resistance
phenotypes of pad2-1.

(a) Disease resistance phenotype of Col-0, pad2-1and complemented lines of
pad2-1(35S::GSH1) after zoospore inoculation with P. brassicase isolate D.
Four-week-old plants were spray-inoculated with a zoospore suspension
(150 000 zoospores ml™") until run-off, and incubated in humid conditions at
18°C for 8 days. The experiment was repeated four times with similar results.
(b) Bacterial titer of Col-0, pad2-1 and complemented lines of pad2-1
(35S5::GSH1). Leaves of 4.5-week-old plants were infiltrated with Psm
ES4326 and the bacterial titer was determined 0 and 72 h post-inoculation
(hpi). Bars represent means and SD of log-transformed data (four replicates at
0 h and 16-20 replicates are 72 h). At 72 hpi, the bacterial titer in pad2-1is
significantly higher than in the other three genotypes (P < 0.0001, Mann-
Whitney U-test).

(c) Camalexin content of Col-0, pad2-1 and complemented lines of pad2-1
(35S::GSH1) at 48 hpi with Psm ES4326. Bars represent means and SD of eight
replicates. Camalexin levels in the 35S::GSHT lines were not significantly
different from Col-0.
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Figure 4. Physiological complementation of pad2-phenotypes.

(a) Physiological complementation of disease susceptibility of pad2-1 to
P. brassicae. Wild-type Col-0 or pad2-1 leaves of 5-week-old plants were
excised and incubated in either water, 1 mm cysteine or 5 mm GSH for 6 h.
The leaves were then spray-inoculated with zoospores of P. brassicae
isolate D (150 000 zoospores ml~"). The picture was taken at 7 dpi. The
experiment was repeated twice with similar results.

(b) Physiological complementation of Psm-induced camalexin accumulation
by feeding reduced GSH. Leaves of Col-0 and pad2-1 plants were excised and
inoculated with Psm ES4326. The petioles were placed into 1.5 ml centrifuge
tubes containing water or a solution of 1 mm GSH. Camalexin levels were
determined at 40 h post-inoculation (hpi). Bars represent means and SD of
eight replicates. The effects of GSH feeding on camalexin accumulation in
Psm-inoculated Col-0 and Psm-inoculated pad2-1, respectively, were statis-
tically significant (P < 0.001, t-test). Similar results were obtained in another
replicate experiment.

resulted in increased protection against P. brassicae. In
three independent experiments, a total of 28 out of 33 water-
incubated pad2-1 leaves were susceptible (85%), while only
six of 33 GSH-treated pad2-1 leaves showed signs of sus-
ceptibility (18%). No difference between water- and GSH-
treated leaves was seen in uninoculated controls (data not
shown). Feeding 1 mm cysteine to excised leaves of Col-0
did not interfere with their resistance to P. brassicae. Ana-
lysis of thiols demonstrated that feeding 5 mm GSH to cut
leaves of pad2-1led to a 40-fold increase of GSH at the time
of inoculation, to a level 10-fold higher than in untreated Col-
0. Feeding 1 mm cysteine to cut leaves of Col-0 led to a 50-
fold increase in cysteine and a threefold increase in GSH at
the time of inoculation. Figure 4(b) summarizes the effect of
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feeding GSH to excised leaves on camalexin accumulation.
Feeding GSH to pad2-1 had no effect on camalexin accu-
mulation. Feeding GSH to excised leaves of pad2-1 inocu-
lated with Psm ES4326 enhanced camalexin production
fourfold to levels similar to inoculated wild-type plants.
Comparable results were obtained by feeding GSSG, while
feeding NADPH or NADH was ineffective (data not shown).
GSH treatment also led to a doubling of camalexin accu-
mulation in Col-0 in response to Psm ES4326. Feeding of
cysteine prior to inoculation with Psm ES4326 had no sig-
nificant effect on the disease resistance of the leaves (data
not shown). Finally, deficiency in phytochelatin was not the
cause of the susceptibility of pad2-1. The phytochelatin-
deficient mutant cad7-3 (Howden et al., 1995) was resistant
to P. brassicae in experiments with zoospore inoculation of
4-week-old seedlings (data not shown). Together, these re-
sults support the idea that the pad2-1 phenotypes were

caused by GSH deficiency rather than by elevated cysteine
or deficiency in phytochelatin.

Analysis of additional GSH-deficient mutants

Three mutant alleles of GSH1 of Arabidopsis are already
known (Figure 1a). Among these, rm/1 contains only about
3% of the wild-type amounts of GSH and shows severe
developmental phenotypes that lead to lethality (Vernoux
et al., 2000). No growth phenotypes were reported for pad2-
1, cad2-1 or rax1-1. The GSH content of the three mutants
was compared in order to place pad2-1in this allelic series.
The direct comparison shown in Figure 5(a) indicated that
pad2-1contained on average 22% of foliar GSH compared to
Col-0, followed by cad2-1with 30% and rax1-1with 38%. The
absolute and relative GSH contents of Col-0 and the GSH1
mutants were variable among different experiments
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Figure 5. Comparison of Col-0 and the GSH-deficient mutants pad2-1, cad2-1and rax1-1in terms of GSH content, camalexin accumulation and disease resistance
to P. brassicae and P. syringae.

(a) Comparison of foliar GSH and cysteine content. The results represent means and SE of three independent experiments. Four leaves of 6-8 plants each were used
per experiment. The 100% value for GSH of Col-0 corresponded to 319 nmol g~ FW. The 100% value for cysteine for pad2-1corresponded to 182 nmol g~' FW. The
GSH content of the three mutants was significantly different from that of Col-0 (P < 0.05, t-test). The GSH content of pad2-1 was significantly different from that of
rax1-1and cad2-1(P < 0.005, t-test). The GSH content of cad2-1was different from that of rax7-7at a lower confidence level (P < 0.06, t-test). The cysteine contents of
the three mutants were significantly different from that of Col-0 (P < 0.04, t-test) and from each other (P < 0.02, t-test) except for the difference between pad2-1and
cad2-1(P < 0.08, t-test).

(b) Disease resistance to P. brassicae. Top: 3-week-old seedlings were spray-inoculated with zoospores of P. brassicae isolate D (150 000 zoospores ml~") and
incubated in a humid chamber for 8 days. The experiment was repeated three times with similar results. Bottom: 7-week-old plants were plug-inoculated with
P. brassicae isolate HH and incubated in a humid chamber for 6 days. The results represent means and SE of two repetitions. A minimum of five leaves from six
plants were used for each experiment. Resistance scores were determined as described in Experimental procedures. The resistance scores of pad2-1and cad2-1
(P < 0.0001, t-test) and of rax7-1 (P = 0.05, t-test) were significantly different from Col-0.

(c) Comparison of camalexin levels 24 and 48 h post-inoculation (hpi) with Psm ES4326. Bars represent means and SD of six replicates. Only pad2-1is significantly
different from Col-0 (P < 0.0001, t-test). The experiment was repeated with similar results.

(d) Disease resistance to P. syringae. Leaves were inoculated with Psm ES4326 and the bacterial titer was determined 0, 1, 2 and 3 days post-inoculation (dpi). Data
points represent means and SD of log-transformed data from four (0 dpi), eight (1 and 2 dpi) or 16 (3 dpi) replicates. The bacterial titer in Col-0 is significantly lower

than for the other three genotypes at 1, 2 and 3 dpi (P < 0.01, Mann-Whitney U-test). Similar differences at 3 dpi were observed in two more independent
experiments.
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Figure 6. Accumulation of GSHTand GSH2 transcripts and of GSH following
inoculation with P. brassicae.

Leaves of 7-week-old Col-0 and pad2-1 plants were plug-inoculated with
P. brassicae isolate HH. Plugs not containing P. brassicae were used as a
control treatment.

(a) Relative transcript levels of GSHT and GSH2 at 24 hpi determined by real-
time RT-PCR. The transcript level of uninoculated Col-0 was set to 1. Means
and SE from two experiments are shown. The increase in transcript levels of
GSH1 and GSH2 was significant in Col-0 and pad2-1 (P < 0.005, t-test).

(b) Relative GSH content determined by HPLC 48 and 72 hpi. The GSH content
of Col-0 (176 nmol g~' FW) was set to 100%. The results represent means and
SE of two experiments. Three to five leaves from at least six plants were used
for each time point. Increases in GSH content were statistically significant for
Col-0 only at 72 hpi (P < 0.05, t-test).

depending on environmental conditions (see Discussion).
Figure 5(a) also shows that pad2-17 accumulated about
5 times, cad2-1 about 3 times and rax7-1 1.7 times more
cysteine than Col-0. Inoculation of the three GSH-deficient
mutants with P. brassicae led to only minor increases in
foliar GSH (Figure 6b; data not shown). The three mutants
were used to test the effect of varying foliar GSH content on
GSH-related phenotypes. Disease resistance against
P. brassicae was tested using the zoospore inoculation
method (Figure 5b, top) and the plug inoculation method
(Figure 5b, bottom). In both tests, pad2-1 proved to be more
susceptible than cad2-1, while the resistance of rax7-7 was
hardly affected at all. Figure 5(c) shows the results of a
comparative analysis of the mutants for their capacity to

accumulate camalexin in response to Psm ES4326. Cama-
lexin levels in pad2-1 were 16% of wild-type 48 h post-
inoculation (hpi), while camalexin levels in cad2-1and rax1-1
were not significantly different from wild-type. All three
mutants showed significantly increased susceptibility to
Psm ES4326 (Figure 5d).

Accumulation of GSH1 and GSH2 transcripts and GSH in
response to P. brassicae

GSH seems to play an important role in the establishment of
disease resistance to P. brassicae and other pathogens.
Figure 6 analyses GSH7 and GSHZ transcript accumulation
and the level of foliar thiols in Col-0 and pad2-1in response
to P. brassicae. The abundance of both transcripts increased
in Col-0 about 2.5-fold and in pad2-1 more than sixfold at
24 hpi (Figure 6a). Despite this strong increase in transcript
abundance, the GSH levels remained low and the cysteine
levels high (data not shown) in inoculated pad2-71 over a
period of 72 hpi. In contrast, the foliar GSH content of Col-0
was increased 1.7-fold at 72 hpi (Figure 6b).

Reduced GSH levels cause susceptibility to other pathogens

The GSH deficiency suggested that the disease susceptibility
of pad2-1 was unlikely to be restricted to P. brassicae and
virulent strains of P. syringae. The disease resistance phe-
notype of pad2-1 has been reported in a number of pub-
lications (see Table S1 for overview). The pad2-1 mutant
was resistant to Leptosphaeria maculans, Erysiphe orontii
and avirulent isolates of P. syringae. Depending on the
accession-isolate combination, the pad2-1 mutation had no
or only a weak effect on resistance to H. parasitica. In con-
trast, pad2-1 was more susceptible to Botrytis cinerea
(Ferrari et al., 2003) and Alternaria brassicicola (Van Wees
et al., 2003). To confirm and extend these results, we tested
the disease resistance of pad2-1to two necrotrophic path-
ogens. Figure 7 shows that pad2-1 was significantly more
susceptible than Col-0 to B. cinerea or Plectospaerella cu-
cumerina. Three days post-inoculation, the lesion size was
about 2.7 times larger in B. cinerea-inoculated pad2-1 com-
pared to Col-0. The lesions caused by P. cucumerina were
about nine times larger in pad2-1 at 6 dpi. These results
confirmed that the GSH deficiency of pad2-1 interferes with
disease resistance against a variety of pathogens.

Discussion

We have used the susceptibility of pad2-1to P. brassicae to
clone the PAD2 gene based on its map position (Figure 1).
Our results indicate that PAD2 encodes the known metabolic
enzyme GSH1, which catalyzes the first dedicated step of
GSH biosynthesis (May and Leaver, 1994). Our conclusion is
supported by several lines of evidence. First, pad2-1
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Figure 7. GSH deficiency causes susceptibility to other pathogens.

Disease resistance of Col-0 and pad2-1 was tested agains