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Abstract

Changes in glutathione and ascorbate content, hydrogen peroxide and abscisic acid
were studied in developing leaves in wild-type (Col-0) and glutathione-deficient mu-
tant pad2-1 lines of Arabidopsis thaliana over a time period of 9 days of drought fol-
lowed by re-watering. Glutathione deficient mutant (pad2-1) presents mechanisms
of acclimation to water stress through the reduction of plant biomass and increase in
endogenous concentrations of ascorbate and glutathione. These acclimation res-
ponses to stress appeared along with the first symptoms of stress and we suggest here
that they are regulated by ABA and H,0,. Normally, wild type plants under condi-
tions of stress require an initial response phase in which a decrease in antioxidants is
observed before reaching acclimation through the increase in levels of antioxidants.
pad2-1 is more sensitive to stress and reacts to it; however, it did not suffer more
oxidative stress than Col-0 plants, even though pad2-1 had higher levels of endo-
genous H,O, relative to wild-type. In both water stressed Col-0 and pad2-1 plants
increases in ABA were observed, however, more sharply in wild-type stressed plants.
Low levels of glutathione together with high levels of H,O, may regulate endogenous
ABA concentrations and could be related to the slow growth rates which were ob-
served during the experiment. The results highlighted the double function of gluta-
thione as an antioxidant and signal molecule and also, the different response patterns
of wild-type and pad2-1 when faced with drought stress. The results bring new in-
sights to the responses of pad2-1 under conditions of water stress.
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1. Introduction

Of the many environmental conditions which impact negatively on plants, drought is
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one of most detrimental to plant survival, and as such, plants have evolved several cop-
ing mechanisms. Water deficit in plants causes an increase in oxidative molecule con-
centration [1] and depending on both external parameters and endogenous plant fac-
tors such as the concentration of phytohormones, and the interplay between these, as
well as the oxidative status of antioxidants [2], cellular structures may be affected, thus
causing oxidative stress. Oxidative metabolism is the product of the balance between
pro-oxidant and antioxidant molecules in which glutathione, ascorbate and hydrogen
peroxide are important players and to date have been extensively studied in plants.

While tripeptide thiol glutathione (y-glutamyl cysteinyl glycine; GSH) fulfils many
important functions such as the storage and transport of cysteine, the maintenance of
protein structure and function, and the regulation of enzyme activity through the oxi-
dation/reduction of disulfide bonds and glutathionilation, antioxidant defense and re-
dox signaling remain the primary function of this tripeptide [3]-[7]. Many studies have
reported that total glutathione concentration as well as the ratio of it reduced to oxi-
dized forms (GSH: GSSG) affects the cellular redox homeostasis during plant develop-
ment and environmental stress [3] [8] [9]. In addition to the accepted antioxidant func-
tion of the glutathione form as an efficient scavenger of ROS by way of its cystenil thiol
group, adjustments in glutathione status can be triggered by a variety of stresses [10]-
[12]. A number of mutants with defects in the GSH1 genes have been identified in A.
thaliana, including rax1-1, cad2-1 and pad2-1 [13]-[15] and the low level of glutathione
present in these mutants is a useful tool in understanding the function of glutathione in
plants. The pad2-1 mutation S298N of GLUTAMINE-CYSTEINE LIGASE (GCL), the
first enzyme involved in the biosynthesis of glutathione results in lower glutathione
content when compared with the wild type, approximately 20% of the wild type [16].
Furthermore, pad2-1 plants experience permanent oxidative stress [17]. Moreover, low
GSH regulates the expression of a wide range of genes, particularly those that encode
transcription factors and proteins involved in hormone dependent regulation of plant
growth and development.

Environmental stresses, both biotic and abiotic promote the increased production of
hydrogen peroxide (H,O,) and lead to its accumulation in plants [1] [18] [19]. H,O; is
at the same time both a harmful and useful cellular metabolite because it can react with
many cellular components, but it is also a key component in the detoxification of other
more reactive oxygen species. Furthermore, it is also an important signaling molecule
that mediates responses to various stimuli in plant cells, including ABA [18]. Also, glu-
tathione can react with H,O,, although this reaction is very slow. GSH is usually in-
volved in H,O, metabolism, reducing the dehydroascorbate that is generated following
the (per) oxidation of ascorbate, and is mediated by ascorbate peroxidase (APX) [20].
The importance of glutathione in H,O, metabolism and/or H,O, signal transduction
has been previously investigated [21] and several studies have been conducted with
lines deficient in H,O, metabolizing enzymes [22]-[25]. Findings from these suggest a
close relationship between glutathione and H,O, whose accumulations are regulated

during pathogen attack and abiotic stress. However, the exact role of glutathione status
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in the regulation of H,O, in glutathione deficient mutants subjected to water stress has
not been clearly established and much remains to be elucidated on how glutathione af-
fects H,O,. Moreover, low GSH has a negative impact on the hormonal pathways that
regulate plant growth and development, and the depletion of GSH controls plant archi-
tecture under conditions of stress [26]. Low GSH concentrations leads to the decrease
in the abundance of transcripts which encode core cell-cycle components and GSH de-
ficiency negatively influences cell cycle progression.

The aim of the this work is to study and compare the responses of Arabidopsis
plants, wild-type and pad2-1 lines (deficient in glutathione) to water stress followed by
re-watering in order to better understand how a decrease in glutathione can effect plant
responses to stress. For this purpose, the time course of leaf and soil water relations,
plant biomass and variations in the concentration of antioxidants (ascorbate and gluta-
thione), hydrogen peroxide and abscisic acid were monitored throughout the experi-
ment in young developing plants. This work offers insights into the complexity of plant

responses to water stress.

2. Material and Methods

2.1. Plant Material and Water Stress Treatment

Seeds of Arabidopsis thaliana Columbia (Col) ecotype wild-type (Col-0) and the gluta-
thione deficient mutant (pad2-1) were grown. Seeds were surfaced sterilized in 70%
ethanol and plated on MS agar medium under sterile conditions. These were then in-
cubated for 4 days at 4°C to ensure synchronized germination (cold stratification)
whereupon they were transferred to a long-day growth chamber (16 h light/8 h dark-
ness) at 21°C and with a light intensity of 90 - 110 umol photons m=s™.

At the stage of four true leaves the seedlings were transplanted to a substrate mixture
of peat/perlite/vermiculite (1:1:1; v/v/v) and maintained in the same long-day growth
chamber. After 2 weeks, the experiment began (day 0) by subjecting plants to two dif-
ferent watering regimes: 1) plants were watered to saturation with a diluted (1/10)
Hoagland solution twice/three times a week throughout the experiment [well-watered
(WW) plants] and 2) water was withheld from plants for 9 d [water stressed (WS)
plants] and on day 9, re-watering of these plants was performed. These were then al-
lowed to recover under the same conditions as WW plants. Sampling took place on
days 0, 4, 7, 9, 10.

2.2. Water Status Measurement and Growth

The aerial part of the plants was used to carry out both biochemical measurements and
to assess plant water status, measuring both relative water content (RWC) and Hydra-
tion (H). RWC was determined according to the following equation: RWC (%) = 100 x
(FW - DW)/(TW — DW) and H (g H,O g™* DW) where FW is the fresh weight, TW is
the turgid weight after rehydrating the samples for 24 h at 4°C in darkness and DW is
the dry weight after oven-drying samples at 60°C until constant weight. Biomass (g
DW) was also determined. A minimum of 6 plants per sampling point and treatment
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were taken for measurements

2.3. Soil Water Content

Gravimetric soil water content (SWC) was directly determined using the difference in
soil weight immediately after sampling (FW) and after oven drying (DW). The soil wa-
ter content was adjusted daily using gravimetric measurements.

Relative water content was also determined for the soil (SWC): SWC (%) = 100 x
(FW — DW)/(TW — DW), where FW is the fresh weight, TW is the turgid weight after
rehydrating samples for 24 h at 4°C in darkness and DW is the dry weight after oven-
drying samples at 60°C until constant weight.

2.4. H,0,; Determination

Extraction and quantitative analyses of H,O, were done as described by [18]. Quantifi-
cation of H,0, in cleared and neutralized extracts was carried out using an Amplex red
Hydrogen peroxide Assay kit (Molecular probes, Invitrogen Detection Technologies,
Leiden, The Neterlands). Fluorescence was measured with a fluorescence microplate
reader (Fluostar Optima, BMG Labtechnologies, Germany) equipped excitation at 520
nm and emission at 590 nm. The concentration of H,O, in each sample was calculated
using a standard curve obtained with known concentrations of pure H,O, (molecular
probes) diluted in 0.2 M HCIO,.

2.5. Analyses of Ascorbate and Glutathione

For both ascorbate and glutathione determinations, 70 mg of leaves were ground in lig-
uid nitrogen which was followed by the addition of 350 ul of cold extraction buffer (6%
meta-Phosphoric acid; 2.5 mM EDTA) and placement in an ultrasonic bath (30 min) to
increase penetration. The extract was then centrifuged for 10 min at 9500 g at 4°C. The
supernatant was re-centrifuged under the same conditions in order to remove any re-
maining pellet residue. The reduced forms of ascorbate and glutathione were deter-
mined using a 96-well quartz microplate (Hellma) and plate reader (BIO-RAD, X
Mark) as described in [27] with some modifications. Levels of ascorbate (AA) (reduced)
were determined using ascorbate oxidase (AO) as described in [28]. Glutathione was
determined using the glutathione reductase (GR) recycling method [29]. The assay
consisted of 5 mM EDTA, 0.6 mM DTNB [5,5’-dithiobis-(2-nitro-benzoic acid)], 0.2
mM NADPH and glutathione reductase (GR) dissolved in a buffer (pH 6.5). A standard
curve was prepared from 0 to 7.5 uM GSH and the GSH concentration for the sample
was extrapolated from this curve.

A minimum of three methodological replicas per sampling point and treatment were
performed and for each methodological replica, a further three experimental replicas

were carried out.

2.6. ABA Analysis

Concentrations of ABA were analyzed by HPLC MS/MS [30]. Briefly, 100 mg of leaves
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were ground in liquid nitrogen with a mortar and pestle and extracted with 750 pl of
methanol-water-acetic acid (90:9:1 v/v/v). Deuterium-labeled internal standard (40 ng
of ABA-ds) was added to each of the samples and replicas at the beginning of the ex-
traction procedure. Extracts were vortexed for 5 min and incubated for 10 min at 4 °C
under ultrasonication (Vibra-Cell Ultrasonic Proccessor, Sonics & Materials Inc.,
Newton, CT, USA) and subsequently centrifuged for 10 min at 10,000 rpm. The super-
natants were collected and the pellets were re-extracted with 750 pl of the extraction
solvent. They were then pooled and filtered through a 0.22-um polytetrafluoroethylene
(PFTE) filter (Waters, Milford, MA, USA) and injected into the LC-MS/MS system.

Finally, 5 pl of each sample was injected into the LC system (Acquity UPLC, Waters)
using a Waters X-Bridge C18 column (3.5 pm; 100 x 2.1 i.d). Quantification was carried
out using MS/MS on an API 3000™ triple quadrupole mass spectrometer (AB Sciex,
DanaberCrp, Washington DC). Multiple reaction monitoring (RMN) acquisition was
performed by monitoring the 263/153.

2.7. Statistical Analysis

Statistical differences between treatments were analyzed by the Statistical Package for
Social Sciences (SPSS for Windows version 16.0; SPSS Inc., Chicago, USA) using the
Duncan multiple range test. Significance levels of 95% (p < 0.05) are indicated in figure
legends. At sampling time, significantly different means are indicated with different

letters.

3. Results
3.1. Water Relations and Plant Growth

Here, we compare the behavior of Col-0 (wild type) and mutant (deficient in gluta-
thione) pad2-1 Arabidopsis thaliana plants under conditions of water deficit. While no
significant differences between Col-0 and pad2-1 plants were observed in terms of wa-
ter relations when subjected to water stress, they did show differences in terms of
growth and the time course of the production of the antioxidants: ascorbate, gluta-
thione, H,O, and ABA.

Soil moisture, expressed as RWCs (%), was maintained in WW plants between 87.7%
and 93.6% in both experiments (Figure 1), where this was considered as well-watered.
WW plant populations in both wild type and GSH-deficient plants maintained a RWC
(%) and H (g H,O-g™' DW) above 76.1% and 11.5 g H,O-g™' DW respectively, demon-
strating that they were well hydrated (Figure 2(a), WW). It was also observed that the
growth rates of Col-0 and pad2-1, measured as DW (g DW), were significantly differ-
ent. pad2-1 maximum weight (8.6 x 10~ g DW) was reached on day 7 of the experi-
ment and remained at similar levels until the end. In the case of WW Col-0 plants, this
same DW value had already been overtaken by day 4 of experiment (9.6 x 107> g DW)
and by day 7 of the experiment, it was almost 1.6- fold that of pad2-1. Furthermore, it
continued to increase eventually reaching 20.4 g DW, 2.4-fold the DW of pad2-1 plants
of the same age and treatment. This was reflected in the growth slope (Figure 2(c)),
where the WW Col-0 growth slope was 2.76-fold that of pad2-1 WW plants.
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Figure 1. Soil and leaf water relations and growth in Col-0 and pad2-1 Arabidopsis thaliana
plants. WW (@) and WS (O). Soil relative water content (soil RWC, %), leaf relative water con-
tent (leaf RWC, %), hydration (H, g H2O g! DW) and growth (g DW). For the experiments
whole rosettes were collected. Values followed by the same letter in the same column are not sig-
nificantly different at P < 0.05 according to Duncan multiple range test, Data are the means + SE,
n==6.

However, no significant decrease in RWC in WS plants was observed until the last
day of water with-hold when plants began showing clear symptoms of wilting (Figure
2(a)), H, and especially growth were reflected in the decrease in soil RWC (Figure 1).
However, in terms of the responses of Col-0 and pad2-1 WS plants, the same patterns
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Figure 2. Growth and H:O: in Col-0 and pad2-1 Arabidopsis thaliana plants. WW and WS
plants at the end of the water deficit period, and after re-watering (a); Mean of all data obtained
for H,O; determination (n = 30) in Col-0 (=) and pad2-1 () plants (b); Growth slope in, WW
and WS, Col-0 and Pad-2 plants (c).

did not hold. By day 4 of the experiment, soil RWC was 38.6% in Col-0 WS plants and
31.5% in pad2-1 WS plants. At this point, both H and DW of WS Col-0 plants were
slightly lower than that of WW plants (13.3 vs. 11.7 g H,O-g™! DW and 9.6-107 vs. 7.2 x
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107 g DW respectively), but at the same time, in the case of pad2-1 no differences be-
tween WW and WS plants were observed. These differences in the growth patterns be-
tween Col-0 and pad2-1 were more obvious by day 7 of the experiment, by which time
soil RWC had decreased to 17.1% and 13.9% in Col-0 and pad2-1 WS plants respec-
tively. Moreover, there were significant differences in H between watering regimes in
both wild type and GSH deficient populations. While leaf RWC was still greater than
70% in both pad2-1 and Col-0 WS plants, and statistically the same as the values for the
same point in WW plants, H had reached values of 10.4 and 8.6 g H,O-g™' DW in Col-0
and pad2-1 WS plants respectively. These were both significantly lower than their
equivalent in WW treatment. In turn, in pad2-1 WS plants, H was significantly lower
than in Col-0 WS plants. At this point DW of WW Col-0 plants was 1.9-fold DW of
WS Col-0 plants, 1.69-fold DW of WW pad2-1 plants and 1.98- fold DW of WS pad2-1
plants.

By day 9 at the end of the water deficit period, the same pattern for both growth and
H was even more evident, however, in addition, RWC of WS plants in both Col-0 and
pad2-1 were finally significantly lower than RWC of the wild type WW plants, 53.3%
and 54.4% respectively. At this stage plants showed clear symptoms of wilting (Figure
2(a), WS) and H values of WW plants were approximately 2-fold higher than those of
WS plants in both Col-0 and pad2-1 populations. Similarly, growth parameter values of
WW Col-0 plants were around 2-fold those of WS Col-0 plants and WW pad2-1 plants,
and 5.2-fold the DW of pad2-1 WS plants.

Differences in growth between Col-0 and pad2-1 for both WW and WS treatments,
are also explained by the GSH deficiency in pad2-1 plants (Figure 1 and Figure 2(c)).
However, that said, water deficiency had also clearly influenced the growth slope as is
demonstrated in the difference between the growth slopes of WS and WW Col-0 plants
(Figure 2(c)) as well as the differences in the growth slopes of WS and WW pad2-1
plants (Figure 2(c)). The growth slope in WW Col-0 plants was 0.0015, 2.7-fold that of
pad2-1 WW plants (0.00043), and 11.6-fold that of WS pad2-1 plants (0.00013). On the
other hand, the growth slope of WW Col-0 plants was 3.4-fold that of WS Col-0 plants,
and, similarly, the growth slope of WW pad2-1 plants was 4.2-fold that of WS pad2-1
plants. Thus, growth was clearly influenced by both GSH and water deficiency.

After sampling on day 9 of the experiment, plants were re-watered, and 24 h later on
day 10 they had almost returned to pre-stress values with the exception of growth, a

parameter which needs more time to recover.

3.2. Oxidative Parameters and ABA

Glutathione results confirmed that pad2-1 mutants had indeed a deficiency of GSH,
where the maximum values for GSH in pad2-1 mutants were 56.0% those of the Col-0
GSH maximum. Moreover, the time course of GSH values followed very different pat-
terns in both Col-0 and pad2-1. In WW Col-0 plants, GSH gradually decreased from
1.3 pumol-g! DW to 0.8 umol-g™' DW, with a slight but not significant increase on day 4
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of the experiment. WS Col-0 GSH showed a slight increase on day 9 of water with-hold
and also upon re-watering. On the other hand, pad2-1 followed the complete opposite
pattern: where from the very beginning an increase in GSH was observed, with a gra-
dual rise from 0.4 to 0.7 pmol-g™* DW in WW plants. In WS plants the pattern was very
similar, but at the end of the water deficit period and upon recovery GSH decreased
significantly.

Glutathione deficiency in pad2-1 plants would clearly influence leaf H,O, concentra-
tions, which overall were 66.4% higher in pad2-1 plants than in Col-0 plants (Figure
2(b)).

The parameter that was most noticeably influenced by water deficit in both Col-0
and pad2-1 plants was leaf AA concentration. At the end of the water deficit period
when plants began showing symptoms of stress, both WS treatments experienced a
peak of 31.4 and 40.5 pmol-g™' DW respectively (Figure 2(a)) having being subject to 9
days of water deficit (53% leaf RWC and 7.3 g H,O g”' DW). When re-watered (above
85% soil RWC), values returned to pre-water-deficit levels. Overall, peak AA was statis-
tically higher in pad2-1 plants (40.5 vs. 31.4 pmol-g! DW). With respect to differences
between WW and WS treatments in both WS Col-0 and pad2-1 plants, there was a sig-
nificant peak in AA at the end of water deficit period (31.4 and 40.47 pmol-g™' DW re-
spectively). At this point, RWC had decreased in both Col-0 and pad2-1 to 13.4% and
11.7% respectively. These returned to pre-stress values when plants were re-watered.
Although in terms of changes to AA both populations followed the same pattern, in WS
pad2-1 plants AA peaked on day 9 of water deficit.

In contrast, ABA values in both Col-0 and pad2-1 plants followed a different pattern
(Figure 3). Overall, ABA values in Col-0 plants were 46.10% higher than in pad2-1
plants. A more accurate analysis showed that ABA in WW Col-0 and pad2-1 plants re-
mained stable, although they were significantly lower in pad2-1 when compared to
Col-0 plants, ranging from 0.7 to 1.2 nmol-g~* DW and 0.2 to 0.5 nmol-g' DW respec-
tively. Furthermore, over the time course of the experiment, ABA increased in WS
plants as was expected. However, in Col-0 plants it increased sharply and stayed at ele-
vated levels on days 7 and 9 of the experiment whereas in pad2-1 plants the increase
was more gradual. The peak on day 7 in WS Col-0 plants was 5.6-fold initial values of
ABA and was concomitant with the initial decrease in H and the significant arrest in
growth of WS plants. On day 9, ABA decreased slightly but was still 3.3 fold higher than
initial values. Once WS Col-0 plants were re-watered, ABA returned to pre-stressed le-
vels.

ABA in pad?-1 had increased 2.5-fold by day 4 of water deficit (soil RWC had also
decreased to 31.5%, and GSH had increased from 0.4 to 0.7 pmol-g DW™). This re-
mained the same through to day 7 of experiment and on day 9, concomitant with a sig-
nificant decrease in soil RWC (11.7%), leaf RWC (54.4%) and H (6.1 gH,O-g DW™),
ABA peaked at 1.9 nmol-g DW™, 3.6-fold the initial ABA value. On day 10 after plants
had been re-watered; ABA values also decreased but not to initial values and still held at

2-fold initial leaf ABA concentrations.
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Figure 3. GSH, AA and ABA in Col-0 and pad2-1 Arabidopsis thaliana plants. WW (@) and WS
(O). Endogenous GSH content (umol-g~! DW). Endogenous AA content (umol-g~! DW). Endo-
genous ABA content (nmol-g~' DW). For the experiments whole rosettes were collected. Values
followed by the same letter in the same column are not significantly different at 2 < 0.05 accord-
ing to Duncan multiple range test, Data are the means + SE, n = 6.

4. Discussion

Here, we report a comparative study of the effects of progressive water stress and re-
covery, coupled with simultaneous measurements of plant biomass, ascorbate and glu-
tathione, hydrogen peroxide and abscisic acid content in glutathione deficient (pad2-1)
and wild-type Arabidopsis plants in order to examine the relevance of glutathione in
plant responses to stress. In a previous study [31] we had investigated the effects of wa-
ter stress and recovery in ascorbate deficient (vtc-2) and wild-type Arabidopsis plants.
Since that earlier work showed significant changes in ascorbate with the onset of water
stress, and also because ascorbate and glutathione are so intimately coupled with the
control of plant redox status, we wanted to further explore a presumed association of
glutathione with water stress. This prompted us to examine glutathione behavior in a
glutathione deficient mutant (pad2-1) subjected to water stress. This report is therefore

the first to investigate the interaction between antioxidants, abscisic acid and hydrogen
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peroxide in mutants deficient in glutathione subjected to progressive water stress, fol-
lowed by recovery. Finally, we considered how these findings may shed light on the
processes by which plants respond to stress and show that the arrest of growth together
with an increase in antioxidants in a glutathione deficient mutant (pad2-1) is a me-

chanism of acclimation to water stress in these plants.

4.1. Glutathione Deficiency and Water Stress Affects Plant
Biomass Regulating Plant Responses to Drought

There were no significant differences in the time course of water relations in either the
soil nor in wild-type and pad2-1 plants. However, the fact that the biomass of WW
pad2-1 was significantly lower, from day 4 and until the end of the experiment, com-
pared with the biomass of WW Col-0 plants highlights the role of glutathione in plant
growth under non-stressed conditions.

With respect to glutathione and the regulation of plant development, it has been
shown that GSH is required for the development of the shoot apical meristem [3] [32]
[33] and furthermore, GSH is required for cell proliferation and is recruited into the
cell nucleus early on in the cell cycle [34] [35]. However, to date, no detailed characte-
rization of the role played by GSH in shoot development has been reported. The effects
of glutathione depletion in root architecture has been studied primarily in rzm/-1 lines, a
mutant deficient in glutathione as well as in pad2-1 and cad2-1 (also glutathione defi-
cient) [34] [36] [37] and, it has been shown that GSH depletion provokes a decrease in
the expression of PINs which in turn limits auxin transport and therefore, causes the
arrest of the cell cycle in roots. Thus, it cannot be discarded that the depletion of GSH
could influence the rosette development of pad2-1 by also regulating auxin transport.

Water stress usually induces a reduction in biomass which can be beneficial for plant
acclimation to water stress by limiting plant surface evaporation [38] and water absorp-
tion. It is a very fast and actively regulated response that affects leaf growth throughout
the entire course of development doing so through the interplay of both reduced cell
division and expansion. Furthermore, different mutants respond differently to mild
drought stress [39] [40]. Our results showed that water stress produces a reduction in
biomass which is significantly different from what happened in WW plants: wild type
biomass on day 4 was the same as on day 9 for the pad2-1 line. At the beginning of wa-
ter with-hold, biomass for pad2-1 was identical in WW and WS plants. This suggests
that a reduction in glutathione in the pad2-1 mutant did not impair the ability of this
line to respond to mild water stress, at least up until 7 day, following the same growth
rate as WW plants. However, by day 9 with more severe water stress conditions, bio-
mass for the WS pad2-1 line was 23.8% lower than in pad2-1 WW plants and remained
low even after 1 day of re-watering.

4.2. Depletion in Glutathione Does Not Impair Plant Responses to
Mild Water Stress in pad2-1 Mutant: Reponses
Mediated by Antioxidants and Abscisic Acid

In general, acclimation responses to stress are related to an increase in endogenous
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glutathione concentrations [41] [42]. Our results showed that the time course of GSH
values followed very different patterns in Col-0 and pad2-1. Glutathione increased pro-
gressively until day 8 in pad2-1 mutants subjected to water stress, whereas in WS
wild-type plants, GSH decreased gradually with a slight but not significant increase on
day 8 of water with-hold and also at re-watering. To some degree the same pattern was
observed for ascorbate which showed a slight but not significant decrease in AA in
wild-type stressed plants and a peak in AA was only observed after 9 days of stress. On
the other hand, AA began to increase in the WS pad2-1 line after 4 days of water with-
hold and continued increasing progressively with a peak on day 9 of stress, eventually
reaching values 1.28-fold higher than those in Col-0 plants. This suggests that wild type
plants need a period of stress before acclimation, whereas pad2-1 plants showed accli-
mation responses early on at the beginning of the application of a stress. This would in-
dicate that they are more sensitive to drought stress than Col-0. The increase in gluta-
thione content, already observed after 4 days of water with-hold in the pad2-1 mutant
could be related to a decrease in soil RWC when this stress had still not been detected
in leaves. These results suggest that roots sense the decrease in soil water content and
send a signal, possibly ABA [43] to leaves at a stage before drought stress is detected
there [44]. However, in this study the increase in AA was observed at the same time as
the decrease in RWC in leaves.

Considering that glutathione synthesis is inhibited in this mutant [16], it remains
unclear how the pad2-1 mutant was able to accumulate a higher glutathione content
under water stress [45]. In summary, the results of measurements of glutathione and
ascorbate indicate that pad2-1 plants respond to water stress by increasing the synthesis
of glutathione and ascorbate which improve plant resistance to stress. The results high-
light the importance of these antioxidants in plant responses to stress.

It is well documented that ABA is involved in plant responses to water stress [39]
[46] [47]. It has a plethora of functions and in terms of sulfate assimilation and gluta-
thione biosynthesis it has been shown that maize plants treated with ABA accumulate
GSH [48] [49], however, it is unclear how ABA regulates glutathione accumulation.
Furthermore, many of the transcription factor mRNAs that were modified as a result of
GSH depletion are known to be responsive to phytohormone signaling. Of the hor-
mone encoding transcripts associated with proteins and the transcription factors that
were changed in abundance in rml-1 relative to wild type, more than 50% are classified
either as responsive to abscisic acid or auxin/auxin related pathways [37]. Again, the
pattern of ABA accumulation differs between pad2-1 and Col-0 where ABA concentra-
tion is higher in Col-0 than in pad2-1 in WW as well in WS plants. This would suggest
an interaction between glutathione and endogenous ABA concentration. However, our
results also showed that the pad2-1 line responds to water stress by increasing the levels
of ABA, although the increase in ABA is lower than in Col-0 plants.

4.3. Depletion of Glutathione in pad2-1 Line Influences
Leaf Endogenous H;0: Concentration

Pad2-1 plants showed a significant increase (66% higher) in H,O, with respect to
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wild-type. The accumulation of H,O, observed in our study indicates that the ascor-
bate-glutathione cycle was not able to detoxify H,O, [41] in the pad2-1 line because of
the depletion of glutathione.

The relationship between glutathione and H,O, has been documented [17] [21] [50]
[51] and it is accepted in most of these studies working with cat2 and cad2 double mu-
tants that H,O, triggers glutathione accumulation. However, according to [52] in the
pad2-1 mutant, in the case of the mutation in the single gene which encodes for the first
committed enzyme of glutathione synthesis that produces a constitutive decrease in
glutathione, the function of H,O, in triggering up-regulation of glutathione is blocked.
Thus, the low levels of glutathione in pad2-1 could explain the accumulation of H,O,
without incurring an increase in glutathione levels. H,O, was initially recognized as a
toxic reactive oxygen species, capable of causing damage to a variety of cellular struc-
tures. However, it has been demonstrated that H,O, can also act as a signaling mole-
cule, involved in a plethora of physiological functions [50] and can induce abiotic oxid-
ative stress tolerance in plants. Our results showed that the H,O, increase in pad2-1
mutants with respect to Col-0 plants is as a result of a lack of glutathione thus, it could
be indicative of the depletion of this antioxidant and could be considered as a marker of
oxidative stress. Nevertheless, this does not discard the role of H,O, as signal molecule,
which is involved in many physiological processes in plants such as adaption responses

or the acclimation process in pad2-1 plants.

4.4. Glutathione as an Antioxidant and Signaling Molecule

Glutathione is a multifunctional molecule with diverse functions acting as an antioxi-
dant and signaling molecule. But while its role as an antioxidant is well known, its role
as a signaling molecule is not yet well understood [50]. Our study of GSH as an anti-
oxidant is in part demonstrated since a higher accumulation of H,O, in the WS gluta-
thione deficient mutant (pad2-1) when compared to WS wild-type was observed and
also because an increase in GSH in WS pad2-1 protects plants from conditions of stress.
However, glutathione can also play a role as a signaling molecule downstream modify-
ing the levels of H,O, and ABA during growth development and stress responses. H,O,
communicates with a variety of other signaling molecules and plant hormones and to-
gether they form an intricate network that regulates and protects plants against biotic
and abiotic stresses [26] [38] [52]. H,O, induces a decrease in growth, and ABA, the
stress hormone, can both directly inhibit growth and indirectly stimulate growth by
reducing ethylene biosynthesis. H,O, in signal transduction networks in plants is essen-
tial for both the communication with external biotic and abiotic stimuli and the control
of developmentally regulated processes. In addition, H,O, complements this process by
synergizing and antagonizing many cellular regulatory circuits through the active inte-
raction with other signals and plant hormones during growth and development band
stress responses. We suggest that the interaction between H,O, and ABA in parallel
with the depletion of glutathione can regulate the rosette growth in the pad2-1 line, al-

though more studies are needed on this subject.
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5. Conclusion

The results of time course measurements of glutathione and ascorbic in parallel with
biomass, soil and plant water relations, ABA as well as H,O, concentrations bring new
insights into the responses of pad2-1 to water stress. The glutathione deficient mutant
(pad2-1) presents mechanisms of acclimation to water stress by reducing plant biomass
and increasing the endogenous concentrations of ascorbate and glutathione. These ac-
climation responses to stress appeared at the first to be symptoms of stress and we sug-
gest that they are regulated by ABA and H,0,. Indeed, wild type plants need an initial
response phase before reaching acclimation in which time a decrease in antioxidants is
observed. Therefore, we can conclude that the accumulation of antioxidants in the
pad2-1 mutant under conditions of water stress seems to be an important mechanism
for the survival of plants with low glutathione content, thus indicating that the pad2-1

did not suffer more oxidative stress than wild-type plants.
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