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Glutathione (GSH) has been implicated in maintaining the cell cycle within plant meristems and protecting proteins during
seed dehydration. To assess the role of GSH during development of Arabidopsis (Arabidopsis thaliana [L.] Heynh.) embryos, we
characterized T-DNA insertion mutants of GSHI, encoding the first enzyme of GSH biosynthesis, y-glutamyl-cysteine
synthetase. These gsh1 mutants confer a recessive embryo-lethal phenotype, in contrast to the previously described GSH1
mutant, root meristemless 1(rml1), which is able to germinate, but is deficient in postembryonic root development. Homozygous
mutant embryos show normal morphogenesis until the seed maturation stage. The only visible phenotype in comparison to
wild type was progressive bleaching of the mutant embryos from the torpedo stage onward. Confocal imaging of GSH in
isolated mutant and wild-type embryos after fluorescent labeling with monochlorobimane detected residual amounts of GSH
in rml1 embryos. In contrast, gshl T-DNA insertion mutant embryos could not be labeled with monochlorobimane from the
torpedo stage onward, indicating the absence of GSH. By using high-performance liquid chromatography, however, GSH was
detected in extracts of mutant ovules and imaging of intact ovules revealed a high concentration of GSH in the funiculus,
within the phloem unloading zone, and in the outer integument. The observation of high GSH in the funiculus is consistent
with a high GSHI-promoter::B-glucuronidase reporter activity in this tissue. Development of mutant embryos could be
partially rescued by exogenous GSH in vitro. These data show that at least a small amount of GSH synthesized autonomously

within the developing embryo is essential for embryo development and proper seed maturation.

Embryo development is a crucial part of the life
cycle of plants during which the body plan of the
daughter plant is established, storage products re-
quired for germination are accumulated, and desicca-
tion tolerance develops. Development of desiccation
tolerance enables both seed and embryo to overcome
prolonged times with unfavorable conditions. Each
of these phases of seed development requires specific
and overlapping genetic programs involving cell di-
vision, cell differentiation, and general housekeeping
functions (Goldberg et al., 1989).

Oxidation-reduction status is an important regula-
tor of various metabolic functions in all eukaryotic
cells. Perturbation of the finely balanced cellular redox
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system by biotic and abiotic stresses results in molec-
ular responses ultimately leading to alterations in cell
function and adaptation. The glutathione system (re-
duced, GSH; oxidized, GSSG) acts as a homoeostatic
redox buffer that contributes to maintenance of the
cellular redox balance (Schafer and Buettner, 2001;
Meyer and Hell, 2005) and it may also act as a redox
sensor of environmental cues (May et al., 1998). Thus,
glutathione may form part of a complex regulatory
network underlying adaptation processes and coordi-
nating gene expression and cell division. Beyond stress
perception and signaling processes, glutathione is
involved in a wide range of different metabolic func-
tions, ranging from detoxification of heavy metals
(Cobbett and Goldsbrough, 2002) and conjugation of
electrophilic xenobiotics (Marrs, 1996) to reductive
processes, such as scavenging of reactive oxygen spe-
cies (ROS; Noctor and Foyer, 1998). Furthermore, GSH
is required as a cofactor for several other metabolic
processes, including the detoxification of methylgly-
oxal, a cytotoxic compound that is formed as a by-
product of glycolysis under stress conditions (Zang
et al., 2001; Singla-Pareek et al., 2003) and the reduc-
tion of adenosine 5’-phosphosulfate as the first reduc-
tive step of sulfate assimilation (Bick et al., 1998; Prior
et al., 1999; Weber et al., 2000).

Glutathione biosynthesis takes place in two consec-
utive steps catalyzed by y-glutamyl-cysteine synthe-
tase (y-ECS or GSH1) and glutathione synthetase
(GSH2), respectively. In Arabidopsis (Arabidopsis thaliana
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[L.] Heynh.), both enzymes are encoded by single-copy
genes (May et al., 1998). GSH1 is located in plastids,
whereas GSH2 is targeted to both cytosol and plastids
(Wachter et al., 2005). Several mutants of GSHI have been
described, including the Cd?*-sensitive cad2-1 (Howden
etal., 1995) and regulator of ascorbate peroxidasel-1 (rax1-1;
Ball et al., 2004), which both have only about 30%
wild-type levels of GSH and display distinct defense
gene expression profiles. More severe is the root mer-
istemless1 (rml1) mutant of GSH1, which lacks postem-
bryonic cell division due to a severe deficiency of GSH
(Cheng et al., 1995; Vernoux et al., 2000). Antisense
suppression of GSH1 resulted, in the most extreme case,
in smaller plants with significantly increased sensitiv-
ity to environmental stresses (Xiang et al., 2001).

In nonstressed cells, GSH is present in millimolar
concentrations with the highest concentrations of 2 to
4 mMin meristematic cells of the Arabidopsis root tip and
cells from the logarithmic phase of a suspension culture
(Fricker et al., 2000; Meyer et al., 2001). The increased
concentrations of glutathione in dividing cells support
the hypothesis of specific functions of GSH during
meristematic growth (Sdnchez-Fernandez et al., 1997;
Vernoux et al., 2000). A significant function for GSH is
in scavenging ROS and as a redox buffer (Noctor and
Foyer, 1998; Meyer and Hell, 2005). Several different
ROS are generally produced as by-products during
normal aerobic metabolism (Apel and Hirt, 2004).
Detoxification of ROS is mainly achieved through the
ascorbate-glutathione cycle (Noctor and Foyer, 1998;
Foyer and Noctor, 2000) and also through the glutathi-
one peroxide cycle by which hydrogen peroxide is
reduced to water by glutathione peroxidase (Roxas
et al., 1997; Mullineaux et al., 1998).

Developing seeds are an important sink for sulfur in
either oxidized or reduced form. Thus, sulfur nutrition
of maternal plants may directly affect the delivery and
metabolism of sulfur in, for example, the developing
endosperms of wheat (Triticum aestivum; Fitzgerald
etal., 2001). The demand of developing seeds for sulfur
can potentially be satisfied either through supply of
sulfate or, alternatively, in the form of reduced phloem-
mobile sulfur compounds. Potential transport metabo-
lites for reduced sulfur are GSH (Rennenberg, 1982;
Herschbach et al, 2000) and S-methylmethionine
(Bourgis et al., 1999). It has been proposed that gluta-
thione translocated from shoot to root via the phloem
acts as a signal responsible for repression of sulfate
uptake in the roots (Lappartient and Touraine, 1997;
Lappartient et al., 1999). Artificial inhibition of GSH
biosynthesis in maize (Zea mays) by L-buthionine-(S,R)-
sulfoximine, an inhibitor of GSH1, however, provided
evidence for Cys rather than GSH as repressor signal
for expression of sulfur status-responsive genes (Bolchi
etal., 1999). Whereas sulfate is the major form of soluble
sulfur in the endosperm of high-sulfur wheat plants,
low-sulfur plants contained predominantly GSH
(Fitzgerald et al., 2001). The interpretation that seeds
can be supplied with reduced sulfur in the form of GSH
is supported by the observation of high GSH concen-
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trations in rice (Oryza sativa) phloem (Kuzuhara et al.,
2000). Awazuhara et al. (2002) showed that feeding of
GSH, but not the precursor Cys, to immature cotyle-
dons affected storage protein accumulation. Thus, these
results suggest a key role of GSH as a transport metab-
olite for reduced sulfur to the seed. In wheat endo-
sperm, GSH is metabolized to the single amino acids
required for synthesis of storage proteins (Anderson
and Fitzgerald, 2001; Fitzgerald et al., 2001). Whereas
seeds of legumes and cereals contain vascular tissue,
the only vascular bundle in Arabidopsis seed is the bun-
dle that terminates at the end of the funiculus. Using a
noninvasive approach based on phloem-mobile green
fluorescent protein and other fluorescent tracers, it was
recently shown that within Arabidopsis seed several
isolated symplastic domains with three apoplastic
borders between the phloem and the embryo can be
distinguished (Stadler et al., 2005). Transport of GSH
into the developing embryo would thus require effi-
cient transport systems, and it has been suggested that
members of the oligopeptide transporter family might
be involved in GSH transport (Cagnac et al., 2004).
The observation that homozygous rmil seedlings
develop normally through seed maturation leaves open
the question of whether the rmll embryo produces
sufficient residual amounts of GSH or whether GSH
required during embryogenesis might be supplied by
maternal tissues. Approaches to analyze the glutathi-
one status in seeds so far have used conventional
tissue extraction and subsequent HPLC analysis
(Fitzgerald et al., 2001; Hagan et al., 2003). This approach,
however, has the disadvantage that uneven distribu-
tion of GSH between different seed tissues is difficult
to analyze, especially in small seeds such as in Arabi-
dopsis. GSH levels in different adjacent cells can be
visualized and quantified by GSH-specific fluorescent
labeling with monochlorobimane (MCB) and confocal
laser-scanning microscopy (CLSM; Fricker et al., 2000;
Gutiérrez-Alcala et al., 2000; Meyer and Fricker, 2000;
Meyer et al., 2001; Hartmann et al., 2003). To investi-
gate whether developing Arabidopsis embryos are
fully autonomous in their GSH metabolism or whether
the embryos can be supplied with GSH from maternal
tissues during their development, we have isolated
Arabidopsis loss-of-function alleles of GSHI from
T-DNA mutant collections and studied the development
of homozygous embryos in these mutants in compar-
ison to homozygous rml1 embryos and wild-type em-
bryos. The presence of GSH in the different embryos
and the distribution of GSH within developing ovules
were observed in situ by CLSM after MCB labeling.

RESULTS

The rml1 Mutant Has Residual GSH Detectable in Situ
Using MCB

The rmll mutation results in a single amino acid
substitution in GSH1, which renders the homozygous
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seedling almost entirely GSH deficient. The lack of
GSH prevents normal meristematic growth of mutant
seedlings and normal root hair formation (Fig. 1, A, B,
and E). Vernoux et al. (2000) reported that, using an
HPLC assay, a residual level of GSH (2.7% of wild
type) could be detected in rml1. We have used MCB in
combination with CLSM to detect GSH in rmll mu-
tants in situ and imaging confirmed a small amount of
MCB-dependent fluorescence. In different experiments,
rml1 seedlings were shown to contain about 2% to 10%
of GSH compared with wild-type seedlings (Fig. 1,
C-G). Simultaneous labeling of cell walls with 50 um
propidium iodide (PI) indicated that cells of both wild-
type and mutant seedlings were intact and viable.
When rml1 seedlings were germinated in the presence
of 1 mM L-buthionine-(S,R)-sulfoximine, an inhibitor of
GSH biosynthesis, no MCB-dependent fluorescence
was detected (data not shown), suggesting that the
observed GSH in the mutant seedlings is due to auton-
omous GSH biosynthesis from residual GSH1 activity.
Because embryonic development and seed maturation
appear to occur normally in the rmll mutant, we
wished to determine whether this was dependent on a
level of endogenous GSH biosynthesis. To test this, we
have characterized T-DNA insertion alleles of GSHI.

Genetic Characterization of GSH1 T-DNA
Insertion Mutants

Three different lines with T-DNA insertions in GSH1
were obtained from the SIGnAL collection available
through the Arabidopsis stock center. These mutants
are referred to here as gsh1-T1, -T2, and -T3 (Table [;
Fig. 2A). The sequence of DNA spanning the T-DNA
left border in each mutant was determined to confirm

the position of insertion (Fig. 2A). Among the seed of
self-fertilized heterozygous individuals for each mu-
tant, approximately 25% failed to germinate and, of those
that did, no homozygous gshl mutant individuals
were detected. Ratios of 2:1 heterozygous-homozygous
wild-type individuals were observed (Table I). This
suggested that gsh1 insertion mutations conferred an
embryo-lethal phenotype. Siliques of heterozygous
individuals contained approximately 25% developing
embryos that were white in color rather than green
(Fig. 2B). For gsh1-T1, the green-to-white ratio ob-
served was 1,858:591 (y*> = 0.98; P > 0.3).

To confirm that the lethal phenotypes resulted from
the insertions in the GSHI gene in each mutant, a
gsh1-T1 heterozygote was crossed with either a gsh1-T2
or gsh1-T3 heterozygote. All F, progeny carried a wild-
type GSH1 allele, demonstrating that the lethal phe-
notypes were not complemented (Table I). In addition,
a gsh1l mutant should not complement either cad2-1 or
rmll. A gsh1-T1 heterozygote was crossed with a rml1
heterozygote and the progeny were examined. Four
possible genotypic classes were expected in equal
ratios. The phenotype of the gsh1-T1/rmi1 individuals
was expected to exhibit the embryo-lethal or rootless
phenotypes of either homozygous parent (or possibly
some intermediate phenotype). Twenty-five of 105 F,
progeny exhibited the rmi1 rootless phenotype. The
remaining 80 phenotypically wild-type individuals
were grown to maturity and their progeny were ex-
amined to determine their genotype. Of these, 25 seg-
regated white embryos consistent with a gsh1-T1/+
genotype, 25 segregated rml1-like seedlings consistent
with a rml1/+ genotype, and 30 gave only wild-type
progeny. Overall, the numbers were consistent with
the expected 1:1:1:1 ratio of the four classes (* = 0.71;

Figure 1. In situ imaging of GSH using the MCB reagent in the rm/7 GSH-deficient mutant. A, Wild-type seedling (scale bar =
5 mm). B, Homozygous rm/1 seedling (scale bar = 1 mm) 10 d after germination. C to G, In situ labeling of root tips of wild-type
and mutant seedlings with 100 um MCB (green) and 50 um Pl (red) for 30 min. C, Maximal projection of an intact wild-type root
tip (scale bar = 50 um). D, Median optical section of a labeled wild-type root (scale bar = 20 um). E, Maximal projection of an
intact rm/1 root tip (scale bar = 20 um). F, Median optical section of a labeled rm/T root imaged under the same conditions used
for the wild-type root tip shown in D (scale bar = 20 um). G, The same median optical section of a labeled rm/7 root as in F,
imaged with increased detection sensitivity to visualize residual amounts of GSH (scale bar = 20 um). Intensity bars for
estimation of GSB concentrations in D, F, and G give GSB concentrations in millimolars.
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Table I. Genetic characterization of gsh1 T-DNA insertion mutants

Cross Seedling Genotype® T/T:T/+:+/+
gsh1-TT self (SALK 011665) 0:90:56 )(2 =17, P>0.1)

( (
gsh1-T2 self (SALK 081530) 0:41:18 (x* = 0.21; P> 0.6)
gsh1-T3 self (SALK 102540) 0:38:11 (,\(2 =2.6; P>0.1)
(
(

gsh1-T1 X gsh1-T2 F1 0:63:33 (x* = 0.05; P> 0.8)
gsh1-T1 X gsh1-T3 F1 0:56:27 XZ =0.02; P> 0.8)
gsh1-T2 X gsh1-T3 F1 0:57:20 (x* = 1.88; P> 0.1)

“Heterozygous plants were allowed to self fertilize (self) or were
cross pollinated by hand (F1). Progeny were germinated on agar
nutrient medium and genotyped by PCR. T/T and T/+ individuals are
homozygous and heterozygous, respectively, for T-DNA insertion
alleles; x* values are calculated on an expected ratio of 2 T/+:1 +/+.

P > 0.7). The phenotype of the gsh1-T1/rmi1 individ-
uals was indistinguishable from rml1 homozygotes,
indicating that only one copy of the partially func-
tional rmll allele is sufficient for embryo survival.
Heterozygous gsh1-T1/+ plants were also crossed to
homozygous cad2-1 individuals and the F, were tested
for the cad2-1 Cd-sensitive phenotype. Approximately
50% of the F, 1nd1v1duals were Cd sensitive (59 wild
type/49 Cd sen51t1ve x> = 0.93; P > 0.3), indicating
that the gsh1-T1 mutant is unable to complement the
Cd sensitivity of the cad2-1 mutant. These experiments
confirm at a genetic level that all these mutations are
allelic and demonstrate the embryo-lethal phenotype
of a gshl T-DNA insertion mutant.

GSH Partially Rescues the Phenotype of Mutant Embryos

Root growth of rml1 mutants can be rescued by ger-
minating seeds on agar medium containing GSH
(Vernoux et al., 2000). To test whether gsh1-T1 mutants
could be similarly rescued, white and green embryos
were removed from siliques 8 to 10 d postfertilization
and placed on agar medium with or without 1 mm GSH.
In different experiments, 20% to 50% of green embryos
developed into seedlings on both media. Similarly, 20%
to 50% of white embryos developed on media contain-
ing GSH, but none developed in the absence of GSH
(Fig. 3). Those that developed in the presence of GSH
were confirmed by PCR to be homozygous mutants
and, although they grew roots and leaves in the pres-
ence of exogenous GSH, they became progressively
chlorotic and died (Fig. 3D).

To confirm that gsh1-T1 is a null allele, RNA was
extracted from green and white embryos and expres-
sion of GSHI mRNA was measured by using reverse
transcription-PCR and primers that flanked the inser-
tion point of the T-DNA in gsh1-T1. No GSH1-specific
PCR product was detected using RNA from white
embryos (data not shown), consistent with this being a
null mutation.

GSH1 T-DNA Insertion Alleles Are Lethal at a Late Stage
in Embryo Development

Knockout embryos started their normal develop-
mental program and became green at the same time as
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wild-type embryos during the heart stage approxi-
mately 4 d after pollination. Because the initiation of
the greening process is restricted to the outermost cells
of the heart-stage embryos, greening was best observed
by the chlorophyll autofluorescence of isolated em-
bryos. From the torpedo stage onward, all embryos
could be identified as green without isolation from the
ovules. Shortly after the torpedo stage, the mutant em-
bryos started bleaching (Fig. 2; Table II). Growth of the
mutant embryos continued at the same rate compared
to wild-type embryos from the same siliques (Table II).

GSH Is Transported into the Seed But Is Absent from
Homozygous gsh1-T Embryos

Low-M, thiols were assayed in extracts of green wild-
type and white homozygous gsh1-T1 ovules identified
after the mutant phenotype was clearly visible. The
mutant ovules contained about 60nmol g~ ' fresh weight
(FW) GSH compared with 380 nmol g ' FW in wild-type
ovules collected at the same stage (Fig. 4). The level of
Cys was higher in mutant ovules: 105 nmol g~ ' FW
compared to 80 nmol g~ ! FW in the wild type (Fig. 4).
Two other possible intermediates of GSH degradation,
Cys-Gly and y-EC, which is also the immediate product
of the enzyme GSH1 deleted in the mutant embryos,
were slightly decreased in the mutant.

To study in more detail the GSH content of ovules
and isolated embryos and the distribution of GSH
within the ovules, we used in situ labeling with MCB
and CLSM. In wild-type plants, embryos at the glob-
ular stage could be labeled within intact ovules (Fig.
5A), whereas in approximately one-fourth of the
ovules collected from a heterozygous rmll mutant,
no labeling of the embryos was observed (Fig. 5B).
Similarly, for about 25% of the early stage embryos

A e gsh1-T3 re

|_—| _.__...-I_i__H_;_:-._—_H_.-..-._.u..!-._h_._

RB gshi-T1 L8| 500 bp

Figure 2. Characterization of T-DNA insertion alleles of Arabidopsis
GSH1. A, GSHT1 gene structure and location of three indepen-
dent T-DNA insertions in GSH1. B, Opened silique from self-fertilized
gsh1-T1/+ heterozygote showing 25% embryos with lethal phenotype.
C, Wild-type control. Scale bars in B and C = 1 mm.

449



Cairns et al.

Figure 3. Partial rescue of gsh1-T1 homozygous plants by GSH. Green
(A and B) and white (C and D) embryos collected from siliques of a
heterozygous gsh1-T1/+ plant were plated onto either nutrient medium
(A and C) or nutrient medium containing T mm GSH (B and D) and
allowed to grow for a further 24 d.

from a heterozygous gsh1-T1 mutant, no labeling with
MCB was found (Table II). These observations suggest
that the nonlabeled embryos were homozygous for
rmll or gsh1-T1, respectively.

A detailed comparison of wild-type, homozygous
rml1, and white homozygous gsh1-T1 embryos shortly
before maturation showed strong MCB labeling in
wild-type embryos, indicating the presence of high
amounts of GSH (Fig. 5, C and D). About one-fourth of
the embryos isolated from a heterozygous rmll plant
showed little labeling with MCB consistent with the
low level of staining observed for rml1 seedlings (Fig.
5, E and F). Due to the weak MCB labeling, the merged
image (Fig. 5E) is dominated by the red autofluores-
cence from chloroplasts, which is stronger than the red
signal from PI bound to the cell walls. White embryos
selected from a heterozygous gsh1-T1 plant lacked
chloroplast autofluorescence, allowing for more sensi-

tive imaging of the PI signal, which was restricted to
the cell walls, confirming the structural integrity of the
tissues (Fig. 5G). The white gsh1-T1 embryos were not
labeled with MCB to a detectable level, supporting the
expectation that these mutants were unable to synthe-
size GSH endogenously (Fig. 5H; Table II).

The apparent contradiction between the HPLC data
showing the presence of GSH in white gsh1-T ovules
and the lack of MCB labeling in the mutant embryos is
consistent with the import of GSH into the growing
seed from maternal tissues. Labeling of intact ovules
still attached to the false septum of the opened siliques
resulted in intense labeling of the funiculi (Fig. 6, A
and B). Within the intact ovules, the chalazal point at
which the funiculus is attached gave a particularly
strong MCB-dependent fluorescent signal with con-
centrations of glutathione-bimane (GSB) conjugate up
to 5 muM (Fig. 6, C and D). Strong fluorescence was also
observed in all cells of the outer integument, but this
was always less than that observed at the chalazal
point. Only weak labeling with MCB was observed in
cells of the inner integument, and very little or no
labeling in the endosperm, whereas the developing
embryo was again clearly labeled (Fig. 6D). Histo-
chemical localization of GSH1 promoter activity in
wild-type plants transformed with a GSHI promoter::
B-glucuronidase (GUS) construct indicated strong ac-
tivity in the embryo (Fig. 6F) and a particularly high
activity in the funiculus (Fig. 6E), consistent with the
levels of GSH observed.

DISCUSSION

In plants, biochemical functions of GSH may be
essential for certain developmental steps such as game-
togenesis, seed development, or postembryonic growth
and development. It has been proposed that a complete
loss of a critical chloroplast function in Arabidopsis is
likely to resultin embryo lethality, whereas partial loss of
the function would result in defects after germination
(Tzafrir et al., 2004). This proposal is supported by the
different mutant alleles of GSH1. GSH1 is a nuclear gene

Table II. Development of segregating embryos from a heterozygous gsh1-T1 plant

The embryonic stages are abbreviated as follows: Q, quadrant; G, globular; H, heart; T, torpedo; U, U-turn; M, mature; and D, desiccation. n.d., Not
detected.

Days After Pollination (Embryonic Stage)

1@Q 2@  3(G/H) 4 (H) 5 (H/T) 6 (T) 7 (U) 8 (U) 10 (M) 12 (D)
Green embryos® 0 0 0 32 215 173 168 176 159 167
White embryos® 229 225 241 208 28 75 62 63 58 59
Segregation ratio” 1 1 1 0.87 0.12 0.30 0.27 0.26 0.27 0.26

GSH staining of embryos in % (7 n.d. n.d. 782 (23) 72.7(33) 78.6(28) 76.9(78) 76.1(84) 74.3(140) 74.0 (46) n.d.

“Four to six siliques from different plants were opened per day. PThe ratio gives the proportion of white embryos in siliques harvested from a
heterozygous plant. In wild-type controls grown under the same conditions, only green embryos were observed from the torpedo stage
onward. “Observations of labeling of globular and heart-stage embryos were made on ovules incubated with MCB. More advanced stages of
embryo development were dissected from the ovule prior to labeling.
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Cys y-EC Cys-Gly GSH

Figure 4. Low-M, thiols in developing wild-type and gsh7-TT mutant
seeds. Ovules were harvested 9 to 13 d after self pollination when
homozygous gsh1-T1 mutants could easily be identified by their white
color. Black bars = ecotype Columbia; white bars = homozygous
gsh1-T1. Values are mean = sp; n = 3.

that codes for plastid-localized y-glutamyl-cysteine syn-
thetase (Wachter et al., 2005). The isolation of rml1, a
mutant allele of GSHI conferring a single amino acid
substitution (Vernoux et al., 2000), initially suggested
that GSH deficiency results in loss of postembryonic
growth but not embryo development. Here we show
through the characterization of T-DNA insertion alleles
that activity of GSH1 is indispensable for seed mat-
uration. Three independent T-DNA insertion mutants
exhibited the same embryo-lethal phenotype. Gameto-
genesis, however, is not affected because the frequency
of homozygous mutant embryos was always close to the
expected 25%, and crosses using heterozygotes as either
the male or female parent indicated no effect on trans-
mission of the mutant gametes. Nonrandom distribution
of mutant embryos within the silique that could indi-
cate a reduced viability of pollen tubes of the male
gametophyte (Meinke, 1994) was not observed.

The rmll mutant exhibits its characteristic pheno-
type only after germination (Vernoux et al., 2000), and
comparison with the embryo-lethal phenotypes of the
gsh1 T-DNA insertion lines is consistent with the rml1
mutant having some residual GSH1 activity. High-
resolution imaging showed the presence of residual
amounts of GSH in rml1 embryos and in the primary
root of rmll seedlings. MCB has been reported to
nonspecifically label thiols in situ in the absence of a
specific glutathione S-transferase capable of catalyzing
the conjugation reaction with GSH (van der Ven et al.,
1994). In this study, however, the absence of a detect-
able MCB-dependent fluorescence signal in homozy-
gous gshl-T embryos demonstrates that almost all the
MCB-dependent fluorescence signal arises from con-
jugation with GSH, with no other low-M, thiols or
protein thiols labeled to a detectable level under the
conditions used. This is consistent with earlier obser-
vations that MCB can be used for long-term incubation
of suspension culture cells without apparent toxic
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effects on normal metabolism that would be caused
by nonspecific labeling of protein thiols or low-M,
thiols other than GSH (Meyer and Fricker, 2002).

The embryo-lethal phenotype indicates that the em-
bryo is not supplied with GSH from maternal tissues
sufficiently to support full seed maturation. Develop-
ing seeds require a large amount of reduced sulfur for
synthesis of structural and metabolic proteins. Sulfur
assimilation from inorganic sulfate predominantly
takes place within chloroplasts utilizing the reducing
power generated through photosynthesis (Leustek

-
C ¢ .
.

Figure 5. GSH imaging in intact ovules and isolated embryos. Ovules
and isolated embryos were incubated in 100 um MCB for 30 min prior
to imaging. A, Superimposed transmission image (gray) and fluores-
cence image (green) of an ovule of a wild-type plant. The globular-stage
embryo is fluorescently labeled (arrowhead). B, Ovule from a hetero-
zygous rml1 plant after self pollination. The superimposed transmission
image (gray) and fluorescence image (green) indicate the absence of
GSH labeling in the globular-stage embryo (arrowhead). The presented
image is representative for about 25% of the ovules in siliques of a
rml1/+ heterozygote plant. C to H, Isolated embryos of wild type (C and
D), rml1 (E and F), and gsh7-T1 (G and H) labeled with 100 um MCB for
GSH (green) and 50 um PI for cell walls and viability of the cells (red).
Images C, E, and G show merged green and red signals, including red
autofluorescence from chloroplasts. Images D, F, and H show only the
green signal for GSH labeled with MCB. The labeling pattern depicted
for the rml7 and gsh1-T1 embryos is representative for 25% of the
embryos of the respective self-pollinated heterozygous lines. All other
embryos of these lines label like wild-type embryos. Scale bars in A and
B = 50 um; scale bars in Cto H = 100 um.
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Figure 6. Insitu labeling of GSH in intact ovules. Siliques were opened
without detaching the ovules from the false septum of the ovary and
then placed in 100 um MCB for 30 min. A, Superimposed transmission
image (gray) and fluorescence image (green) of an opened silique with
several attached ovules, all of which show strong fluorescence (scale
bar = 500 um). B, Detail of a single ovule (scale bar = 20 um). C,
Transmission image of an ovule with a globular-stage embryo (arrow-
head; scale bar = 100 um). D, Optical section through the ovule shown
in C after labeling with 100 um MCB and 50 um PI (scale bar =
100 um). E and F, Histochemical assay for detection of GUS activity in
siliques (E) and embryos (F) of Arabidopsis plants expressing an
AtGSH1-promoter::GUS fusion (scale bars = 250 um).

et al., 2000). Grain tissues have the capacity to assim-
ilate sulfate (Fitzgerald et al., 2001) and, from activities
of enzymes involved in sulfate assimilation, Tabe and
Droux (2001) calculated that sulfur assimilation within
developing lupin cotyledons could contribute signifi-
cantly to the accumulation of organic sulfur reserves in
the seed. High activity of ATP sulfurylase in develop-
ing soybean (Glycine max) seeds indicates that the
seeds, rather than the pods, are the dominant site of
sulfate reduction (Sexton and Shibles, 1999). Similarly,
high expression of adenosine 5'-phosphosulfate reduc-
tase was found in developing siliques (A.]. Meyer and
S. Kopriva, unpublished data).

Transport of GSH has been reported for grains of
wheat grown under conditions of low sulfur nutrition.
Within the seeds, the delivered GSH is rapidly catab-
olized to provide free Cys required for synthesis of
storage proteins (Fitzgerald et al., 2001). Rapid catab-
olism of supplied GSH could thus explain the lack of
MCB labeling of the endosperm even in wild-type
seeds. Degradation of GSH involves y-glutamyl trans-
peptidases, which cleave the amino-terminal bond
between Glu and Cys (Martin, 2003). Similar to extra-
cellular degradation of GSH in animal tissues, an
Arabidopsis y-glutamyl transpeptidase, which is cat-
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alytically active on the apoplastic side of the plasma
membrane, has been identified (Storozhenko et al.,
2002). Degradation of GSH within the endosperm
cavity has been reported for wheat (Fitzgerald et al.,
2001). Alternatively, the absence of bimane labeling in
the endosperm might be due to lack of a suitable
glutathione S-transferase capable of catalyzing the con-
jugation with GSH. In Arabidopsis, the endosperm
develops first as a syncytium and then cellularizes after
the growing embryo reaches the heart stage (Berger,
2003). During the syncytical phase, the endosperm is
lacking vacuoles and thus it may be that the GSH-
dependent detoxification pathway, which ultimately
leads to vacuolar sequestration of the GSH conjugates,
is not highly expressed in the early endosperm. How-
ever, absence of intense bimane labeling during later
cellular phases of the endosperm would favor the
hypothesis that GSH is catabolized.

The importance of GSH for embryo development is
further corroborated by the observation that T-DNA
insertion mutations of the plastidic (and mitochon-
drial) glutathione reductase (At3g54660) are also em-
bryo lethal (A.]. Meyer, unpublished data; Tzafrir et al.,
2004). That these mutations cause termination of de-
velopment at the earlier globular stage, emphasizes the
importance of glutathione metabolism and redox ho-
meostasis for embryo development. The early lethal
effect of a plastidic glutathione reductase mutation may
suggest that gsh1-T mutant embryos receive sufficient
GSH from maternal tissues in the earlier stages of
development to provide catalytic amounts of GSH
within the plastids or mitochondria. This would then
also imply an efficient uptake of GSH into the chloro-
plasts at extremely low cytosolic concentrations of
GSH. So far, high-affinity transport of GSH into plas-
tids has only been shown for isolated wheat plastids
with a K, of 30 to 50 uM (Noctor et al., 2002). The
general possibility of GSH transport into the embryo
and further transport into organelles is supported by
the fact that mutant GSH-deficient embryos could be
rescued with an external supply of 1 mm GSH. How-
ever, uptake of GSH from external medium is still by
no means sufficient to enable knockout mutants to
complete their life cycle.

The direct cause of embryo lethality arising from
GSH deficiency is not apparent. The GSH-deficient
embryos begin to bleach shortly after chlorophyll bio-
synthesis begins, suggesting either a block in further
chlorophyll synthesis or artificial destruction of chlo-
rophyll. Destruction of chlorophyll can occur under
high light intensity due to photooxidative stress. The
loss of chlorophyll during embryogenesis, however,
cannot account for the lethal effect. Cell divisions
proceed apparently without any significant aberra-
tions and the mutant embryos reach their full size. This
phenotype is different from mutants with aberrant
plastid development like schlepperless, which shows
retarded growth (Apuya etal., 2001). In contrast, albino
mutants, which lack the ability to produce pigments,
remain morphologically normal and are able to
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germinate (Budziszewski et al.,, 2001). Labeling of
mutant embryos with PI confirmed that shortly before
onset of desiccation the cells of the embryo were still
viable. Thus, the embryo-lethal effect of GSH defi-
ciency became manifested at a very late stage in
development, most likely the desiccation stage.

During seed development, increased levels of ROS
occur and are normally controlled by increased levels
of antioxidant compounds and activity of ROS scav-
enging enzymes (Bailly, 2004). Uncontrolled ROS pro-
duction due to tocopherol deficiency can lead to
oxidative stress and cellular damage, resulting in
decreased seed longevity (Sattler et al., 2004). A typical
result of increased ROS formation is protein carbon-
ylation, leading to alteration of activity and increased
likelihood of proteolytic attack (Johansson et al., 2004).
Protein carbonylation can occur during germination of
Arabidopsis seed and might be required for counter-
acting and utilizing the production of ROS resulting
from the recovery of metabolic activity in germinating
seeds (Job et al., 2005). GSH is directly involved in the
ability of resurrection plants to dehydrate and recover
after rewatering (Kranner et al., 2002). Glutathione has
also been suggested to be directly involved in seed
desiccation not only as a ROS scavenger, but also as a
protective agent for protein thiols through protein glu-
tathionylation (Kranner et al., 2002). The molecular basis
for the essential role of GSH during seed maturation is
not understood yet and is the subject of future work.

In conclusion, we have demonstrated the essential
need for autonomous biosynthesis of glutathione within
the embryo for normal development of the embryo and
especially maturation of the seed. Glutathione is appar-
ently transported to seeds, but does not reach the em-
bryo in sufficient quantities to enable normal embryo
maturation and formation of viable seeds capable of
germination. It is not yet clear whether the GSH is
metabolized within the endosperm or after delivery to
the seed and whether the resulting amino acids can be
taken up by the embryo.

MATERIALS AND METHODS
Plant Material

Arabidopsis (Arabidopsis thaliana [L.] Heynh.) ecotype Columbia was used as
wild type. Three different T-DNA insertion lines for AtGSH1 (SALK_011665 =
gsh1-T1; SALK_081530 = gsh1-T2; SALK_102540 = gsh1-T3) were provided by
the Salk Institute (Alonso et al., 2003) and obtained from the Arabidopsis
Biological Resource Center. Plants were grown in soil in a controlled growth
room with a 16-h light/8-h dark cycle, 150 umol m2s’! photons, 21°C, and
50% humidity. For growth of seedlings, seeds were surface sterilized with 70%
(v/v) ethanol for 5 min, washed twice with sterile water, and placed on full
nutrient medium solidified with 1% phytagel (Meyer and Fricker, 2000).
Seedlings were grown under short-day conditions (8.5-h light, 22°C/15.5-h
dark, 18°C) and 120 umol photons m *s ™. Developing embryos were isolated
from ovules by microdissection of the ovules under a stereomicroscope.

Screening for T-DNA Knockout Lines and Identification
of Insertion Sites

To determine the position of each T-DNA insert, a DNA fragment was
amplified by PCR using primers specific for the T-DNA left border and a
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flanking GSH1 sequence and the nucleotide sequence of the resulting products
was determined. To determine the genotype of plants for a T-DNA insertion
mutation, PCR using GSH1-specific primers that flanked the insertion point
was used to identify the presence of a wild-type allele, whereas a GSH1-
specific primer in combination with a T-DNA left-border primer was used to
identify the mutant allele.

HPLC Analysis of Low-M, Thiols

Siliques from wild-type and heterozygous gsh1-T1 plants were harvested 9
to 13 d after self fertilization and opened under a dissecting microscope. From
gsh1-T1 plants, only white ovules were collected for further analysis. Three to
4 mg of fresh material were extracted in 0.1 N HCI, fully reduced with
dithiothreitol for 1 h, and derivatized with 30 mM monobromobimane
(THIOLYTE; Calbiochem) for 15 min in the dark. Derivatization was stopped
by acidification with 5% (v/v) acetic acid. Samples were analyzed by reverse-
phase HPLC (Waters 600E multisolvent delivery system, Autosampler
717plus; Waters) on a C-18 column (Nova-Pak 4.6 X 250 mm; pore size
4 um). Separated fluorescent thiol-bimane conjugates were detected with
380-nm excitation at an emission wavelength of 480 nm on an attached fluores-
cence detector (Fluorometer RF-551; Shimadzu). Samples were separated with
a mixture of 91% 100 mm potassium acetate, pH 5.5, and 9% methanol for
12.5 min and a flow rate of 1.3 mL min~". Data acquisition and processing
were performed by Millenium™ software (Waters).

Fluorescent Dyes

Stock solutions of 100 mM MCB were prepared with dimethyl sulfoxide
and PI was prepared as a 5 mm aqueous stock. All stock solutions were stored
as 100-uL aliquots at —20°C. Aliquots were thawed immediately prior to use
and diluted with basal nutrient medium to final concentrations of 100 um
MCB and 50 um PIL. All dyes were obtained from Molecular Probes.

GSH Imaging

Seedlings and isolated embryos were transferred to a drop of dye solution
on a slide separated from a coverslip by using 120-um-thick plastic tape as a
spacer. Serial optical sections were obtained by a Zeiss LSM 510 META
attached to an inverted microscope stand (Axiovert 200 M; Zeiss) using either a
Zeiss 10 X Plan-Neofluar, a Zeiss 25 X Plan-Neofluar 0.8 NA with water
immersion, or a Zeiss 63 X C-Apochromat 1.2 NA water immersion lens, as
appropriate. Fluorescence was excited by a 405-nm diode laser for GSB and by
a 543-nm HeNe laser for PI in a single track using a HFT 405/488/543 as the
main dichroic beamsplitter and a NFT 545 as the secondary dichroic beam
splitter. Bimane-dependent fluorescence was recorded on channel 2, with a
selected bandwidth of 475 to 525 nm. The PI signal was monitored together
with red autofluorescence from chloroplasts on channel 3 with a 560-nm long
pass emission filter. Scanning was conducted in line mode and images were
displayed as the mean of four subsequent scans. Besides the confocal images,
a transmission image was normally recorded simultaneously.

Image analysis and processing was done in LSM3.2 (Zeiss) and Image J
(version 1.33g; Wayne Rasband, National Institutes of Health). Final process-
ing and compiling of images was done in Adobe Photoshop 7.0.

Analysis of AtGSH1 Promoter Activity

For analysis of AtGSH1 promoter activity, a 1,606-bp fragment in front of
the start codon was amplified by PCR with primers 5'-GGGGACAAGTTTG-
TACAAAAAAGCAGGCTATCGATATGTAACACAATAAT-3' and 5'-GGG-
GACCACTTTGTACAAGAAAGCTGGGTGGTATATATAGCTCCTGCA-3'. By
use of a Gateway recombination system, the promoter sequence was cloned
into vector pPKGWFS? in front of the reporter genes EGFP and uidA. Arabidopsis
plants were transformed by the floral-dip method (Clough and Bent, 1998) and
10 independent transformant lines were used for further analysis. For detection
of GUS activity, tissue samples were treated with GUS staining buffer (100 mm
Na,HPO,/NaH,PO,, pH 7.0, 10 mm Na,EDTA, 0.5 mm K;[Fe(CN)], 0.5 mm
K,[Fe(CN)yl, and 0.08% [w/v] X-GlucA [Duchefa]) for 16 h at 37°C. Green
tissues were bleached with ethanol before examination.
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