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Abstract The interplay between jasmonic acid (JA) and
abscisic acid (ABA) in plant responses to water stress and
in water-stress-enhanced oxidative stress was investigated
in Arabidopsis thaliana plants subjected to water stress by
water deprivation. For this purpose a drought assay was
conducted using Arabidopsis mutants impaired in ABA
(aba2), JA (aos), and ascorbate (vtcl) biosynthesis. Our
results show an interaction between ABA and JA during
their biosynthesis. Moreover, the coordinated action of
ABA and JA protected wild-type, aba2, and aos plants
from the effects of stress. However, this effect was not
observed in the vicl mutant, which showed a distinct
decrease in the F,/F,, ratio, concomitant with a marked
fall in relative water content (RWC), despite high
endogenous concentrations of JA and ABA. This finding
indicates the relevance of ascorbate metabolism in plant
acclimation to stress. Despite the interaction between the
two phytohormones, drought-associated stomatal closure
is regulated mainly by ABA and weakly by JA, whereas
JA plays a role in the formation of antioxidants regulating
ascorbate and glutathione metabolism. A time course
analysis revealed the relevance of plant age and stress
duration in the responses of the mutants compared to
wild-type plants. Here we discuss the relationship
between ABA, JA, ascorbate, and glutathione in plants
under water stress.
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Introduction

Drought is one of the most detrimental environmental
conditions for plant survival and thus plants have evolved
several mechanisms to cope with this condition. Water
stress in plants can enhance oxidative stress (Apel and Hirt
2004), depending on both external parameters and endog-
enous plant factors such as the concentration of phyto-
hormones and their interactions and the oxidative status of
antioxidants.

The role of the phytohormone abscisic acid (ABA) in
drought and its signal transduction to induce tolerance to
stress has been well studied (Huang and others 2008). In
addition, there is increasing evidence that jasmonic acid
(JA) and its metabolically active derivatives (jasmonates)
are also crucial signaling molecules involved in many plant
responses to biotic and abiotic stresses (Creelman and
Mullet 1997; Devoto and Turner 2003; Wasternack 2007;
Balbi and Devoto 2008). However, the exact role of
jasmonates in the response of plants to water stress is not
known, but external applications of methyl JA (MeJA)
have shown that jasmonates increase plant resistance to
water stress induced by PEG (Li and others 1998) or by
withholding water (Wang 1999). Furthermore, JA has been
shown to increase in spear tips of Asparagus officinalis
exposed to drought (Gapper and others 2002), and in
Carica papaya seedlings and Pinus pinaster plants sub-
jected to water stress (Mahouachi and others 2007
Pedranzani and others 2007). In addition, MeJA increases



J Plant Growth Regul (2011) 30:322-333

323

in Cistus albidus subjected to drought (Jubany-Mari and
others 2010). Moreover, jasmonates are involved in sto-
matal closure (Suhita and others 2004). Although JA and
MeJA were previously thought to be key regulators of
jasmonate responses, it has been demonstrated that it is the
isoleucine conjugate of jasmonic acid (JA-Ile), the active
form of JA, that acts in the signal transduction pathway
(Staswick 2008; Pauwels and others 2010). However, no
studies have been reported to date on the variations in
endogenous concentrations of JA-Ile in plants subjected to
water stress. Furthermore, a rapid increase in endogenous
JA levels resulting from environmental stimuli leads to a
concomitant increase in JA-Ile (Wasternack and Kombrink
2010), and it has not been ruled out that this could occur in
conditions of water stress.

To date, the role of ABA and JA in plant responses to
drought has been addressed independently for each hor-
mone, thus overlooking the complex interactions between
these two signaling pathways.

Physiological responses to drought include stomatal
closure, decreased photosynthetic activity, and even gen-
eration of reactive oxygen species (ROS) causing plant
death. Concomitant molecular reprogramming includes
extensive changes in gene expression. ABA and JA are key
signaling substances that control the expression of many
genes (Bray 1997; Shinozaki and Yamaguchi-Shinozaki
1997, 2000; Riera and others 2005; Ahuja and others
2010). A recent study (Huang and others 2008) reported
that many drought-regulated genes are annotated in
response to other plant hormones (auxin, cytokinin, gib-
berellins, jasmonates, brassinosteroids), and among these,
jasmonates appeared to be the most relevant of the non-
ABA hormones affecting responsive genes to water stress.

Regarding the function of JA in plant defense against
stress, it has been suggested that JA may interact with ABA
synthesis under water stress conditions (Bandurska and
others 2003; Adie and others 2007) and that ABA and JA
could regulate stomatal closure (Acharya and Assmann
2009). Moreover, there is a marked relationship between JA
and antioxidants. Ascorbate and glutathione are involved in
plant metabolism and stress tolerance, and the balance
between ascorbate and glutathione pools is crucial for the
maintenance of redox homeostasis in plant cells (Noctor
and Foyer 1998b). Furthermore, the levels of ascorbate and
glutathione influence each other, as shown in the ascorbate-
deficient Arabidopsis mutant vtcl, which has higher gluta-
thione content compared to Col-O (Fernandez-Garcia and
others 2009). JA interacts strongly with redox processes
(Foyer and Noctor 2009), and it has been shown that JA
enhances synthesis of ascorbate and glutathione (Table 1).
Moreover, it has been suggested that water-stress-induced
JA is a signal that leads to the regulation of ascorbate and
glutathione metabolism and that this is crucial for the
acquisition of water stress tolerance (Shan and Liang 2010).
In addition, it has been suggested that ABA accumulation in
response to drought stress induces an increase in ascorbate,
maintaining and even decreasing the ascorbate oxidative
status in C. albidus plants (Jubany-Mari and others 2009).

Arabidopsis mutants impaired in JA, ABA, and ascor-
bate biosynthesis are useful tools for studying the interac-
tion between ABA and JA in plant responses to stress, and
their use contributes to knowledge of the relationship
between ABA and JA interaction and the redox status of
ascorbate and glutathione. Thus, in the present study we
used two hormone-deficient mutants, namely, aba2 and
aos, and one ascorbate-deficient mutant vicl.

Table 1 Summary of the effect of jasmonates on ascorbate and glutathione metabolism

Species Ex./End. Jasmonate Conditions Response Reference
JA
Arabidopsis Ex. appli  JA and Ozone Increased AA Sasaki-Sekimoto and others
thaliana MeJA Increased GSH (2005)
A. thaliana Ex. appli  MeJA Suspension cells  Increased AA Wolucka and others (2005)
A. tahliana End. conc MeJA Wounding Increased AA Suza and others (2010)
Increased GSH
A. thaliana End. conc JA Water stress Regulation of AA and GSH In this study
metabolism
Agropyron End. conc JA Water stress Regulation of AA and GSH Shan and Liang (2010)
cristatum (PEG) metabolism
Cistus albidus End. conc MeJA Water stress Increased AA Jubany-Mari and others (2009)
Fragaria vesca Ex. appli  MeJA Water stress Increased AA Wang (1999)
Zea mays Ex. appli  MeJA Water stress Increased AA Li and others (1998)
Wolffia arrhiza Ex. appli JA # [JA] Regulation of AA and GSH. Piotrowska and others (2010)

metabolism

Ex. appli exogenous application of JA, End. conc endogenous concentration of JA, AA ascorbate, GSH glutathione
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The aos mutant (Park and others 2002) is an Arabidopsis
knockout mutant from a Col-6 (gl1) background, defective
in the JA biosynthetic gene CYP74A (allene oxide syn-
thase, AOS). Endogenous JA levels do not increase after
wounding in this mutant and its phenotype shows severe
male sterility.

The aba2 mutant (Léon-Kloosterziel and others 1996) is
from a Col-0 background and shows reduced seed dor-
mancy and excessive water loss that leads to reduced
rosette growth (Koorneef and others 1984). The aba2 locus
has been characterized biochemically and shows a lower
capacity than the wild type to convert xanthoxin to ABA
(Schwartz and others 1997). Thus, this mutant presents
significantly lower ABA endogenous content and is
therefore useful for the study of the physiological role of
this hormone, including its interactions with antioxidants
under drought and oxidative stress conditions.

The vtcl mutant, isolated from a Col-0 background for
its sensitivity to ozone, is also sensitive to abiotic stresses
such as UV-B light, sulfur dioxide, and freezing (Conklin
and others 1996), and to water stress (Munné-Bosch and
Alegre 2002). Despite the lack of ascorbate, this mutant
does not suffer oxidative stress in nonstressful conditions
(Veljobic-Jovanovic and others 2001). The vtc/ mutant
shows higher concentrations of ABA than wild-type Ara-
bidopsis plants (Pastori and others 2003), and a relationship
between ascorbate redox status and ABA has been pro-
posed (Lopez-Carbonell and others 2006).

The aim of the present study was to evaluate the role of
the interplay between ABA and JA in plant resistance to
drought and in the regulation of oxidative status of anti-
oxidants. With this purpose, we performed simultaneous
measurements of plant water status, ABA, JA, ascorbate,
and glutathione redox status, and other oxidative stress
markers such as the extent of lipid peroxidation and the
F,/F, ratio. In addition, gas exchange was measured in the
rosettes of aos, aba2, and vtcl mutants and then compared
with wild-type Arabidopsis plants.

Material and Methods
Plant Material and Water-stress Treatment

Seeds of Arabidopsis thaliana Columbia (Col) ecotype
wild-type (Col-0), jasmonic acid-deficient mutant (aos),
abscisic acid-deficient mutant (aba2), and ascorbate-defi-
cient mutant (vicl) were surface sterilized and sown on MS
agar medium under sterile conditions, then incubated for
4 days at 4°C.

At the stage of four leaves (2-week-old plants) the seed-
lings were transplanted to pots containing a mixture of peat/
perlite/vermiculite (1:1:1 v/v/v) in a constant-environment

@ Springer

chamber (8-h photoperiod, 90-110 pmol m~2s™', air

temperature between 22 and 24°C). After 5 weeks, two
watering regimes were imposed for 12 days on wild-type
and mutant plants: (1) Plants were watered to saturation with
Hoagland’s solution (Hoagland and Arnon 1950) twice a
week (substrate at approximately 90% of relative water
content [RWC]) throughout the experiment (well-watered
[WW] plants), and (2) water was withheld from plants
(water-stressed [WS] plants). The experimental period from
germination was 7 weeks.

Plant water status, plant hormones, jasmonic (JA) and
abscisic (ABA) acid, estimation of lipid peroxidation,
malondialdehyde (MDA), maximum efficiency of photo-
system II (F\/F,,), ascorbate, ascorbate oxidative status,
glutathione and glutathione oxidative status, and photo-
synthesis were analyzed in whole rosettes. At each sampling
point we harvested ten rosettes per treatment and mutant.
For biochemical analyses samples were immediately frozen
in liquid nitrogen and stored at —80°C until use.

Plant Water-status Measurement

Plant water status was determined by measuring the rela-
tive water content (RWC %) (Turner 1981) as follows:
RWC % = (FW — DW)/(TW — DW)*100, where FW is
the fresh matter, TW is the turgid matter after rehydrating
the leaves for 24 h at 4°C in darkness, and DW is the dry
matter after oven-drying the leaves for 24 h at 80°C.

JA and ABA Analysis

Concentrations of JA and ABA were analyzed simulta-
neously by HPLC MS/MS using the methods of Segarra
and others (2006) and Lopez-Carbonell and others (2009)
with slight modifications. Briefly, 100 mg of leaves were
ground in liquid nitrogen with a mortar and pestle and
extracted with 750 ul of methanol-water—acetic acid
(90:9:1 v/v/v). Deuterium-labeled internal standards (40 ng
of JA-ds and 40 ng of ABA-dg) were added to each of the
samples and replicates at the beginning of the extraction
procedure. Extracts were vortexed for 5 min and incubated
for 10 min at 4°C under ultrasonication (Vibra-Cell
Ultrasonic Processor, Sonics & Materials Inc., Newtown,
CT, USA) and subsequently centrifuged for 10 min at
10,000 rpm. The supernatants were collected and the pel-
lets were re-extracted with 750 pl of the extraction solvent.
Then they were pooled and filtered through a 0.22-pm
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 1i.d.). Quantification
used MS/MS on an API 3000™ triple quadrupole mass
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spectrometer (AB Sciex, Danaher Corp, Washington, DC).
Multiple reaction monitoring (MRM) acquisition was per-
formed by monitoring the 209/59 transition for JA and
263/153 for ABA.

Leaf Gas Exchange and Fluorescence Measurements

Gas exchange was measured using an open IRGA
LI-COR 6400 system (LI-COR Inc., Lincoln, NE, USA)
equipped with an Arabidopsis chamber head. Photosyn-
thetic measurements were performed under chamber
light (100 pmol m2s7h, air temperature (25°C), and
400 pmol mol™' of CO,. The measured gas exchange
parameters net photosynthesis (A), transpiration rate (E), and
stomatal conductance (Gs) were calculated according to
equations developed by von Caemmerer and Farquhar
(1981). Measures were taken once a week between 11 a.m.
and 1 p.m.

Chlorophyll fluorescence measurements were made on
attached leaves by means of the pulse-modulated fluo-
rometer IMAGING-PAM (Walz, Effeltric, Germany). The
fluorescence parameter measured was the maximum
quantum efficiency of PSII photochemistry (F,/F,,) (Genty
and others 1989)

Estimation of Lipid Peroxidation

The extent of lipid peroxidation was estimated by measuring
the amount of MDA in leaves following the method descri-
bed by Hodges and others (1999). This method takes into
account the possible influence of interfering compounds in
the thiobarbituric acid-reactive substances (TBARS) assay.

Analyses of Reduced and Oxidized Forms of Ascorbate
and Glutathione

For ascorbate and glutathione determination, 100 mg of
leaves were ground in liquid nitrogen with a mortar and
pestle, followed by the addition of 750 pl of extraction
buffer (300 mM TCA; 2.5 mM EDTA). This mixture
was then clarified with centrifugation at 10,000 rpm.
Re-extraction with the same conditions was performed and
the two supernatants were mixed. Finally, extracts were
measured following Noctor and Foyer (1998a), where total
glutathione was obtained by the glutathione reductase (GR)
recycling assay, initially described by Tietze (1969);
whereas for oxidized glutathione, determination samples
were previously incubated with 2-vinylpyridine as descri-
bed by Griffith (1980).

Reduced ascorbate (AA) and dehydroascorbate (DHA)
were oxidized using ascorbate oxidase (AO) and dithio-
threitol (DTT), respectively, as described in Foyer and
others (1983). Ascorbate oxidase specifically oxidizes all

reduced ascorbate in the sample; thus, the decrease in O.D.
at 265 nm is related to AA concentration. In contrast, when
the sample is incubated with DTT, DHA is reduced to AA
and the increase in O.D. is proportional to the initial DHA
concentration. The ascorbate oxidative status was esti-
mated as DHA/(DHA + AA) and glutathione oxidative
status as GSSG/(GSSG + GSH).

Statistical Analyses

Data were analyzed using PASW for Windows ver. 17.2
(SPSS Inc., Chicago, IL, USA). Analysis of variance
(ANOVA) was used to compare mean values at a range of
sampling times for RWC, plant hormones, ascorbate and
glutathione content and oxidative status, gas exchange
measurements, and fluorescence parameters. The post hoc
Duncan’s test was applied. A significance level of 95%
(»p < 0.05) is indicated in the figure captions. At each
sampling time, significantly different means are marked
with different letters.

Results

Time Course of Endogenous Concentrations
of Jasmonic Acid and Abscisic Acid

Well-watered (WW) Col-0 and aos and vtcI mutants
maintained a relative water content (RWC) of between 92
and 86%, whereas the aba2 mutant showed a significantly
lower RWC (ca. 70%) throughout the experiment. Six days
after the onset of water stress, RWC started to decrease in
water-stressed (WS) plants, and by the end of the experi-
ment we observed significantly lower values of RWC in
WS compared to WW plants, 15% lower in Col-0, 27% in
aba, 39% in aos, and 51% in vtcl mutants. Particularly
noteworthy was the sharp decrease in RWC (45%)
observed in the vic/ mutant from days 9 to 12 of water
stress (Fig. 1).

The endogenous concentration of JA was almost constant
(ca. 0.2 nmol g_1 FW) in Col-0 and aba?2 plants; however,
at the beginning of the experiment this hormone was 50%
lower in the aos mutant than in Col0, aba2, and vtc! plants.
Water stress induced an increase in endogenous concentra-
tion of JA, which reached values of 1.25 nmol g_1 FW in
Col-0, aba2, and vtcl plants after 12 days of withholding
water. However, although the increase in JA was progres-
sive from the beginning of the experiment in Col-0 and vzcl,
in the aba? mutant JA concentrations started to increase
later, at 6 days of water stress (Fig. 1).

The ABA concentration in WW plants followed a sim-
ilar trend to that of JA, increasing with age in the WW vzcl
mutant. ABA content in the aba2 mutant was 65% lower
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Fig. 1 Time course of relative water content (RWC %) and
endogenous concentration of jasmonic acid (JA, nmol g_1 FW) and
abscisic acid (ABA, pmol g~' FW) in the rosettes of well-watered
(filled circle, WW) and water-stressed (open circle, WS) Arabidopsis
wild-type (Col-0) plants and JA-deficient (aos), ABA-deficient

than in the wild-type plants and in aos and vfc! mutants. In
WS Col-0 plants, ABA reached a peak of 238 pmol g’
FW after 9 days of water stress and tended to decrease
thereafter. A progressive increase in ABA concomitant
with water stress was observed in aos and vtc/ mutants.
The WS aba2 mutant showed only a slight increase in this
parameter.

Jasmonic Acid and Abscisic Acid Effects
on the Regulation of Gas Exchange

Given the involvement of both ABA and JA in the regu-
lation of stomatal movements, we compared gas exchange
between mutants and wild-type Arabidopsis plants.

The time course of net photosynthesis (A), stomatal
conductance (Gg), and transpiration rate (E) was deter-
mined from the beginning of the experiment until day
10, when significant differences in RWC and in the
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(aba2), and AA-deficient (vtcl) mutants. Water stress was induced
by withholding water for 12 days. For each sampling time, signif-
icantly different means (p < 0.05) are marked with different letters.
Data are means + SE. At least three replicates of ten rosettes were
used in each sampling point

endogenous concentrations of JA and ABA were observed
between WW and WS plants (Fig. 2).

WW Col-0 plants showed values of A of approximately
2.5 umol m~?2 s~! whereas A increased with rosette age
in aos plants, reaching values approximately 2.5-fold
higher than in the wild type. The vtc/ mutant showed the
lowest values of A throughout the experiment, about
1.4 pmol mZs! (Fig. 2). In the aba2 mutant, water
stress reduced the net photosynthesis rate to near or below
the compensation point for CO,.

The stomatal conductance rate (Fig.2) in WW aos,
aba2, and Col-0 plants increased with plant age during the
water stress treatment. The vtc/ mutant had higher G
values than did Col-0 and aos plants, but the highest G
values were observed in aba2, which were around fourfold
higher than in wild type, aos, and vtcl plants. Water stress
decreased G in Col-0, vtcl, and aba2 (51, 88, and 25%,
respectively) from the beginning of the experiment. The
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Fig. 2 Time course of net assimilation rate (A, pmol m2s7h,
stomatal conductance (G, mmol m~2 sfl), and transpiration rate (E,

and mildly water-stressed (open circle, WS) Arabidopsis wild-type
(Col-0) plants and JA-deficient (aos), ABA-deficient (aba2), and

WS aba2 mutant had a G, about threefold higher than that
of WS wild-type, aos, and vtcl plants.

The transpiration rate E (Fig. 2) followed a similar trend
as that of G5 in WW and WS plants, and again the WW and
WS aba2 mutant showed the highest transpiration rate (ca.
3.3 and 2.5 pmol m~2 s~ !, respectively). The largest dif-
ferences between WW and WS plants (90%) were observed
in the vtc/ mutant.

Jasmonic Acid and Abscisic Acid Effects
on the Regulation of Oxidative Markers

The maximum efficiency of PSII photochemistry (F\,/F,
ratio; Fig. 3) was almost constant in WW plants and tended
to decrease after 9 days of stress in Col-0, aos, and aba2.
However, the vicl mutant showed a clear decrease in this
parameter from 0.81 to 0.13 at day 12 of stress. The
damage to photosynthetic electron transport appeared to be
irreversible in vzcl plants.

AA-deficient (vtcl) mutants. Water stress was induced by withhold-
ing water for 12 days. For each sampling time, significantly different
means (p < 0.05) are marked with different letters. Data are
means £+ SE. At least three replicates of ten rosettes were used in
each sampling point

MDA was used as an estimation of lipid peroxidation.
MDA levels tended to increase by the end of the experi-
ment in WW Col-0, aba2, and vtcl plants (Fig. 3). This
trend was not observed in the aos mutant. The lowest
concentration of MDA was observed in WS aos plants.

The aos Mutant Showed the Lowest Variations in Total
Ascorbate and Glutathione

Total ascorbate increased in Col-O and in aba2, whereas
concentrations were almost constant in aos and vtcl. In
Col-0 plants, the total amount of ascorbate was influenced
by both AA and DHA, which reached their maximum
levels on day 9 of the experiment, although AA decreased
on day 12. In the aba2 mutant, the maximum level of AA
was also observed at day 9, but total ascorbate remained
constant until day 12 due to an increase in DHA and a
decrease in AA. aos plants always maintained much lower
AA and DHA levels did than Col-0 and aba2 plants,
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Fig. 3 Variations in the F\,/F,, ratio and MDA (nmol gf1 FW) in
leaves of well-watered (filled circle, WW) and mildly water-stressed
(open circle, WS) Arabidopsis wild-type (Col-0) plants and JA-
deficient (aos), ABA-deficient (aba2), and AA-deficient (vtcl)

although there was a tendency toward an increase in the
levels of total AA, mainly due to DHA, which increased
from day 9. As expected, AA and DHA levels in the vtcl
mutant were the lowest, despite a slight increase in total
ascorbate; this was especially the case for DHA levels at
the end of the experiment. AA increased in WS Col-0 and
aba2 plants but was almost constant in aos and vicl
mutants under the same conditions, although lower in these
latter mutants (68 and 42%, respectively) than in Col-0 and
aba?2 mutants. Meanwhile, DHA levels in WW plants were
consistently about 70-80% lower than those of AA, except
in the case of vtcl mutants where DHA levels were only
50% lower. Water stress induced a progressive increase in
DHA levels in aba2, vtcl, and aos plants after 12 days of
stress but not in Col-0, which showed the highest con-
centrations of DHA after 9 days of stress (Fig. 4).

No significant differences in the endogenous concen-
tration of glutathione in WW Col-0 plants were observed.
However, this parameter decreased significantly in aos,
aba2, and vtcl mutants at the end of the experiment. The
endogenous concentration of GSSG in WW plants was
consistently lower than that of GSH, except in the case of
the vtcl mutant. Water stress induced oscillations in GSSG
levels mainly in Col-0 and aba?2 plants, but no significant
differences were detected in the GSSG content of aos or
vtcl mutants (Fig. 4).

Ascorbate oxidative status increased from day 9 to the
end of the experiment in Col-0 and vtc/ plants. A slight but
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mutants. Water stress was induced by withholding water for 12 days.
For each sampling time, significantly different means (p < 0.05) are
marked with different letters. Data are means + SE. At least three
replicates of ten rosettes were used in each sampling point

significant increase was observed in aos and no differences
were detected in the WW aba2 mutant during the experi-
ment. Water stress induced an increase in ascorbate oxi-
dative status and this increase was visible after 9 days of
withholding water. A slight but significant increase in
glutathione oxidative status was observed after 9 days of
stress in Col-0, aba2, and vtcl plants, whereas glutathione
oxidative status at the end of the experiment was 41, 50,
and 64% higher in WS Col-0, aba2, and aos plants,
respectively, than in WW plants. No differences in gluta-
thione oxidative status were observed between WW and
WS vtcl mutants (Fig. 5).

Discussion

Here we provide new evidence for the physiological sig-
nificance of the interaction between JA and ABA and their
antioxidants’ oxidative status in plant responses to drought.
Our observations on Arabidopsis mutants with impaired JA
(aos) and ABA (aba2) biosynthesis as well as in a mutant
with impaired ascorbate biosynthesis (vfcl) suggest that
there is an interaction between phytohormones and their
antioxidants’ oxidative status in plant responses to drought.

The role of phytohormone interactions in the regulation
of plant responses to biotic and abiotic stress has been
studied (Fujita and others 2006), and it has been demon-
strated that the interplay between ABA and JA influences
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Fig. 4 Variations in total ascorbate (AA + DHA, umol g~' FW) and
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Fig. 5 Variations in oxidative state of ascorbate (DHA/AA + DHA)
and glutathione (GSH/GSH + GSSG) in the rosettes of well-watered
(filled circle, WW) and water-stressed (open circle, WS) Arabidopsis
wild-type (Col-0) plants and JA-deficient (aos), ABA-deficient
(aba2), and AA-deficient (vtc-1) mutants. Water stress was induced

plant responses to biotic stress (Adie and others 2007) and
has a plausible role in abiotic stress (Fujita and others
2006). Furthermore, it has been suggested that this

by withholding water for 12 days. For each sampling time, signif-
icantly different means (p < 0.05) are marked with different letters.
Data are means = SE. At least three replicates of ten rosettes were
used in each sampling point

interplay regulates plant responses to drought stress (Harb
and others 2010). However, our understanding of the
interplay between ABA and JA in the regulation of plant
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responses to water stress is still incomplete. Thus, our
results shed new light on this process and improve our
knowledge of the role of hormones in the regulation of
plant responses to stress.

ABA and JA Biosynthesis are Interlinked

Water stress induces a progressive increase in ABA (Zhu
2002; Nambara and Marion-Poll 2005) in conjunction with
a significant decrease in RWC (Jubany-Mari and others
2009). Although we observed that the endogenous con-
centration of ABA increased and after 12 days reached the
same values in WS Col-0 plants and aos mutants, the
accumulation pattern of this hormone differed between
these plants. At day 6 of water stress, the concentration of
ABA in aos mutants was 75% lower than in wild-type
plants. Moreover, the concentrations of JA in aba2 after
9 days of stress were slightly lower than in Col-0 plants.
Thus, on the basis of our simultaneous observations of
ABA and JA in Col-0, aos, and aba2 plants, we propose
that JA influences ABA biosynthesis and, to a lower extent,
ABA influences JA biosynthesis. Similarly, WS barley
seedlings pretreated with JA showed a more than fourfold
greater accumulation of ABA compared to WS barley
seedlings not pretreated with JA (Bandurska and others
2003). Moreover, the role of JA in the regulation of ABA
biosynthesis has been addressed (Kazan and Manners
2008). Furthermore, it has been suggested that ABA reg-
ulates JA biosynthesis in ABA-treated Arabidopsis plants
(Adie and others 2007; Kazan and Manners 2008). How-
ever, to the best of our knowledge no studies to date have
considered simultaneously endogenous variations in ABA
and JA in aos and aba2 mutants, and none have shown the
influence of increasing levels of JA on ABA biosynthesis.
Our data from the vzcl mutants also support the notion of a
relationship between ascorbate metabolism and levels of
endogenous jasmonates, as has been suggested previously
(Suza and others 2010).

ABA content in WW vtc/ mutants after 12 days of
growth was higher than in Col-0 plants. These results are
consistent with those reported by Pastori and others (2003),
who showed that leaf ABA increased 1.6-fold in this
mutant. This increase was higher as plants aged (Lopez-
Carbonell and others 2006). Simultaneously, JA levels
followed the same pattern as ABA, again suggesting
crosstalk between ABA and JA biosynthesis.

Stomatal Closure is Regulated Mainly by ABA
and to a Lesser Extent by JA

The WW aba2 mutant had the highest values of G and E,

as has been described by Léon-Kloosterziel and others
(1996), who reported that a lack of adequate amounts of
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ABA in the rosette of aba2 leads to a higher transpiration
rate and to excessive water loss. However, in contrast to
these findings, we observed a slight but significant decrease
in Gy and E in WS aba?2 plants in parallel with a slight
increase in ABA and JA. The coordinated action of ABA
and JA contributed to stomatal closure, although G, and
E were almost threefold higher in WS aba2 compared to
WW aos, vicl, and wild-type plants. The high stomatal
conductance and transpiration seen in WS aba2 plants
would explain the decrease observed in the rate of photo-
synthesis. It is particularly noteworthy that the greatest
decrease in the CO, assimilation rate was observed in WS
aos and aba2 mutants. This indicates that in the aos mutant
the decrease in CO, assimilation rate was more pronounced
than the decrease in G and E. Thus, JA is required for the
regulation of aspects of photosynthesis rather than stomatal
conductance in WS plants (Reinbothe and others 1994).
There were no significant differences in the CO, assimi-
lation rate between WW vrcl and wild-type plants, an
observation that is consistent with the study by Veljobic-
Jovanovic and others (2001). During the first 10 days of
stress, slight differences were observed in the RWC, which
is consistent with a slight decrease in CO, assimilation rate,
stomatal conductance, and transpiration.

Oxidative Markers

Remarkably, only the vtc/ mutant showed a sharp decrease
in F,/F,,, which is an indicator of damage to the photo-
synthetic apparatus, from days 9 to 12 of water stress. This
observation indicates that water stress triggers oxidative
damage but only in conditions of prolonged stress. The
decrease in F,/F,, was concomitant with a sharp fall in
RWC despite the high concentrations of JA and ABA
observed by the end of experiment. These findings show
that the levels of other compounds such as DHA are
required for stomatal closure, or that other mechanisms
such as xylem cavitation and consequent plant dehydration
regulate oxidative stress in the vfc/ mutant. Similar results
have been reported in this mutant by Huang and others
(2005), who observed that under salt stress conditions F,/
F, had a much greater decrease in the vfc/ mutant than in
the wild type and that this difference increased as stress
progressed. Thus, compared to aos and aba2, vtcl is the
mutant that is most sensitive to prolonged stress. In addi-
tion, MDA tended to decrease progressively throughout the
experiment in WW and WS aos plants. This observation
indicates a relationship between JA and lipid peroxidation
but not between ABA and lipid peroxidation, as MDA
increased with plant age and also with stress in the aba2
mutant. A possible relationship between MDA and jasm-
onate levels cannot be discounted (Jubany-Mari and others
2010). Furthermore, depending on the concentration, the
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external application of JA stimulates the formation of lipid
peroxides (Piotrowska and others 2010).

Ascorbate and Glutathione Formation Under Water
Stress is Influenced Mainly by JA and to a Lesser
Extent by ABA

The relationship between ABA and JA in regulating
ascorbate and glutathione metabolism in plants under stress
remains unknown (Shan and Liang 2010). In several plant
species, ascorbate increases in response to exogenous JA,
thereby suggesting that JA may regulate ascorbate metab-
olism in plants (Suza and others 2010; Sasaki-Sekimoto
and others 2005). However, these reports did not provide
information about ascorbate metabolism in mutants defi-
cient in JA biosynthesis. In addition to the potential effects
of JA signaling on ascorbate accumulation, conversely, the
concentrations and redox status of ascorbate may also
influence JA signaling. Our study using WW and WS aos,
aba2, and vtcl mutants contributes to advancing our
knowledge of the influence of endogenous JA on baseline
ascorbate concentrations and also of the participation of JA
in the regulation of ascorbate metabolism in response to
water stress. Our results showed almost the same trends in
the pattern of AA and total ascorbate in Col-0 and aba2
plants, which increased in WW plants in an age-dependent
manner. Similarly, AA and total ascorbate increased over
the time course of the experiment in WS plants, in parallel
with JA, reaching higher values than in WW plants.

The most conspicuous aspects of the aos mutant were
the ascorbate and glutathione values, which did not
increase in response to water stress, whereas a slight
increase in JA was registered. Although initial ascorbate
concentrations in the aos mutant were the same as those in
Col-0 plants, the mutant did not experience any significant
increase as water stress progressed. The small and non-
significant differences observed in AA, DHA, and total
ascorbate in the aos mutant showed that JA is required to
regulate the variations in ascorbate metabolism in WS
Arabidopsis plants. These findings confirm previous reports
that have related ascorbate formation to jasmonates (Li and
others 1998; Wang 1999; Sasaki-Sekimoto and others
2005; Wolucka and others 2005). Furthermore, the final
value of ascorbate in WW Col-0 plants showed a slight
increase, possibly induced by age. This increase was not
detected in jasmonate-deficient plants.

No significant differences were observed in ascorbate
metabolism in the vtc/ mutant during the first 9 days of
water stress, despite the high concentrations of JA. Only
after 12 days of stress did we observe a sharp increase in
DHA and a small decrease in AA. Thus, JA regulated
ascorbate metabolism in Col-0 and aba2 plants. JA
increased the transcript levels and activities of ascorbate

peroxidase (APX) and GR and the contents of AA and GSH
in leaves under stress (Shan and Liang 2010). However, it
did not do so in the vfcl mutant in which the induction of
antioxidant genes by JA was abolished in part because of
the impaired supply of GDP-Man substrate required by the
action of JA. Moreover, according to Veljobic-Jovanovic
and others (2001), there is little compensation for decreases
in leaf ascorbate by increases in glutathione in the vrcl
mutant.The results obtained with the aos, aba2, and vtcl
mutants showed that JA is the major contributor to the
regulation of ascorbate metabolism in Arabidopsis plants.
Glutathione in WW and WS plants was higher in Col-0,
aba2, and vtcl than in aos plants, thereby suggesting that JA
participates in the control of GSH and total glutathione
concentrations. These results are consistent with the role of
JA in the regulation of glutathione metabolism in plants
subjected to water stress (Shan and Liang 2010) but are not
indicative of the proposed involvement of ABA in the
regulation of glutathione metabolism.

In conclusion, our results suggest that water-stress-
induced JA accumulation participates in the regulation of
ascorbate and glutathione metabolism which in turn
enhances antioxidant activity and protects Arabidopsis
plants against oxidative damage induced by water stress.
However, although jasmonates are key signalling compo-
nents for the plant stress response, their effects are tightly
regulated by ascorbate concentrations and metabolism. JA
failed to regulate oxidative stress in the vfc/ mutant under
prolonged drought. These results contribute to our knowl-
edge about the antioxidant metabolism in plants under
water stress conditions.

We observed that water stress induced a sharp increase
in ascorbate oxidative status in Col-0 and to a lesser extent
in aba?2 and aos mutants. These findings provide evidence
of a relationship between ABA, JA, and ascorbate oxida-
tive status. Compared with aba2, aos, and Col-0 plants, the
WW vtel mutant showed the highest ascorbate oxidative
status and this increased with plant age. No significant
differences were observed between WW and WS plants.
These results are consistent with the findings reported by
Conklin and others (1996), who observed that ascorbate
oxidative status does not change in vtc/ plants under water
stress conditions. Our data strongly indicate that changes in
ascorbate content are the major factor regulating plant
responses to oxidative stress. The redox status of gluta-
thione followed the same pattern as shown by the ascorbate
oxidative status, thereby also indicating the relationship
with environmental cues and levels of ascorbate.

In conclusion, overall our results show that aos, aba2,
and vfcl mutants are more sensitive to drought than wild-
type Arabidopsis plants, and we provide evidence of the
concerted interaction between JA and ABA and antioxi-
dants in modulating of the responses of these plants to
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water stress. Despite the interaction between JA and ABA,
ABA is the key player in the regulation of stomatal
movements, whereas JA plays a major role in the control
mechanism regulating ascorbate and glutathione metabo-
lism. However, ascorbate concentrations and metabolism
are indispensable for JA/ABA crosstalk in the responses of
Arabidopsis to drought.
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