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Abstract

Exogenous salicylic acid (SA) can be used for chemical hardening to alleviate oxidative stress in plants exposed to salinity.
The treatment of 5-week-old Arabidopsis thaliana plants with increasing doses of SA alters the ascorbate (ASC) and glu-
tathione (GSH) pools, and modulates their redox status and the activity of several antioxidant enzymes, such as ascorbate
peroxidase (APX) and glutathione reductase (GR). To investigate the role of GR in the maintenance of cytoplasmic redox
homeostasis after hardening by SA, wild type (WT) and gr/ mutant plants, expressing the cytoplasmic redox-sensitive
green fluorescent protein (c-roGFP1), were pre-treated with 10™7 and 10~> M SA for 2 weeks and subsequently exposed to
100 mM NaCl. The redox status of the salt-stressed WT plants became more oxidized, which was prevented by pretreat-
ment with 107> M SA. The gr/ mutants showed more positive redox potential than WT plants, which could be reversed
by treatment with 10~> M SA. In mutants, the increased GSH levels may have compensated for the deleterious effect of
GR deficiency and stabilized the redox potential in plants exposed to salinity. The ASC regeneration in WT plants shifted
from the GSH-dependent dehydroascorbate reductase (DHAR) reaction to the NAD(P)H-dependent monodehydroascorbate
reductase (MDHAR) activity during chemical hardening, which contributed to the preservation of the GSH pool in plants
under salt stress. Our results suggest that the maintenance of GSH levels and redox homeostasis by SA-mediated hardening
play a major role in priming and defending against salt stress.
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ASC Ascorbate grl Glutathione reductasel mutant

c-roGFP1 Cytoplasmic redox-sensitive green fluorescent GSH Reduced glutathione

protein GSSG Glutathione disulphide, oxidized glutathione

DHAR Dehydroascorbate reductase MDHAR Monodehydroascorbate reductase

Eqey Glutathione reduction potential NPRI Non-expressor of pathogenesis-related genes1
ROS Reactive oxygen species
SA Salicylic acid

Jolan Csiszar and Szilvia Brunner contributed equally to this work. TRX Thioredoxin

Electronic supplementary material The online version of this WT Wild type

article (https://doi.org/10.1007/s10725-018-0420-6) contains

supplementary material, which is available to authorized users.
Introduction

4 Jolan Csiszér
csiszar@bio.u-szeged.hu . o .
Reduction—oxidation (redox) reactions are fundamental meta-

Department of Plant Biology, Faculty of Sciences, bolic processes through which cells convert and distribute the
University of Szeged, Kdzép fasor 52., Szeged 6726, energy that is necessary for growth and development, even in
Hungary .

the presence of unfavourable environmental factors (Noctor

Institute of Plant Biology, Biological Research Centre 2006). Cellular redox homeostasis is an essential buffering

of HAS, Temesvari krt. 62., Szeged 6726, Hungary

Published online: 22 June 2018 @ Springer


http://orcid.org/0000-0001-7250-3000
http://crossmark.crossref.org/dialog/?doi=10.1007/s10725-018-0420-6&domain=pdf
https://doi.org/10.1007/s10725-018-0420-6

Plant Growth Regulation

mechanism that prevents excessive reduction or oxidation
(Foyer and Noctor 2011). There is a close interplay between
individual redox-active molecules, while their status can influ-
ence plant metabolism and environmental responses. Key
redox compounds in the soluble phase in living tissues are
NADH, NADPH, glutathione and ascorbate, all of which are
linked with the production or enhanced availability of reactive
oxygen species (ROS). During the catalytic reduction of O, to
H,0, reactive oxygen intermediates, e.g., superoxide radical
(0,7), hydrogen peroxide (H,0,) and hydroxyl radical (OH)
can be formed. ROS generation accompanies normal aerobic
metabolism, but its level typically increases in plants exposed
to abiotic and biotic stresses (Foyer and Noctor 2005). Unbal-
anced generation of ROS induces the detrimental oxidation
of macromolecules, including DNA, proteins and lipids. In
order to keep ROS levels tightly regulated and minimize ROS-
derived damage, different non-enzymatic antioxidants (such
as ASC, glutathione, carotenoids and tocopherols) and anti-
oxidative enzymes have evolved in aerobic organisms (Foyer
and Noctor 2005). In general, antioxidative systems are con-
stitutively present, but show increased activity in response to
stresses. On the other hand, endogenous change in oxidant
levels can fulfil signalling functions, playing a positive role
in adaptation to changed environmental conditions, including
high salinity (Dat et al. 2000; Boguszewska and Zagdanska
2012; Baxter et al. 2014).

Induction of defence mechanisms, which empowers the
stress tolerance, may be triggered, not only endogenously but
also exogenously. Certain natural or synthetic compounds
applied in the range of uM concentrations prior to stress
events can lead to enhanced stress tolerance and be effec-
tively used as priming agents (Tari et al. 2002; Beckers and
Conrath 2007; Horvéth et al. 2007; Popova et al. 2009; Gémes
et al. 2011; Antoniou et al. 2016; Savvides et al. 2016). Plant
priming (also known as hardening) improves the tolerance of
plants towards adverse conditions and thus is of great impor-
tance in plant stress physiology and crop stress management.

Chemical priming agents can be reactive oxygen, nitrogen
and sulphur species, as well as their donors, melatonin, poly-
amines, proline or plant hormone salicylic acid (SA) (Sav-
vides et al. 2016). Plants in a primed state have the ability
to alleviate primary or secondary oxidative stress-induced
damage better than unprimed controls. Several reports have
revealed protein modifications and transcriptional changes
during chemical hardening, which affect antioxidant machin-
ery and cell redox homeostasis (Tanou et al. 2012; Horvéth
et al. 2015; Tari et al. 2015; Savvides et al. 2016). Neverthe-
less, the mode of action of the priming agents and the mech-
anisms leading to the primed state are not fully understood.

Salicylic acid is known to reduce oxidative damage
caused by environmental stresses, such as chilling and salin-
ity, through modulating activities of key ROS detoxifying
enzymes (Janda et al. 1999; Szepesi et al. 2009; Hayat et al.
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2010; Horvéath et al. 2015; Tari et al. 2015). Some of the
SA-promoted changes in antioxidant enzyme activities derive
from the altered transcriptional activity of these genes. Addi-
tionally, SA can influence an array of developmental and
physiological processes. The effect of SA depends on the
mode of application and the overall physiological condition
of the plant (reviewed in Horvath et al. 2007; Hayat et al.
2010). Salicylic acid activates defence signalling pathway(s)
through the NPR1 (non-expressor of pathogenesis-related
genesl) signalling protein, which is normally inactive, due
to forming oxidized cytosolic oligomer complexes through
intermolecular disulfide bonds, but can be activated by
releasing the monomer forms by reduction (Mou et al. 2003;
Tada et al. 2008). The genetic inhibition of glutathione
(GSH) accumulation in Arabidopsis thaliana controlled
SA biosynthesis and it led to lower SA levels and a reduced
expression of SA-dependent PR genes in GSH-deficient cad2
mutants (Han et al. 2013). The same authors demonstrated
that using conditional catalase-deficient cat2 Arabidopsis
mutants for H,O,-triggered modulation of GSH content
could be perceived by the cells as a signal. They revealed
that GSH had a key influence on isochorismate synthase-
dependent SA synthesis and accumulation in this system, and
acted independently of its antioxidant function in transmit-
ting H,O, signals. It was also shown that most of the effects
of cad2 mutation on H,O,-triggered responses were distinct
from those produced by mutations for glutathione reductasel
(grl) or NPRI. Thus, GSH accumulation and redox status are
closely linked to SA synthesis and signalling.

Besides the amount of total glutathione, the ratio of the
reduced form (GSH) and the oxidized glutathione disulphide
(GSSG) can be an effective marker of cellular redox homeo-
stasis, which also occurs in ROS perception in plants (Foyer
and Noctor 2005; Noctor et al. 2012).

GR is known to play an essential role in upholding the
reduced glutathione (GSH) pool in cell compartments
(Noctor et al. 2011). GSSG is normally reduced to GSH by
two GR isoforms encoded by two genes in the A. thaliana
genome (AT3G54660, AT3G24170). GR1 is predominantly
cytosolic, while GR2 is targeted to chloroplasts and mito-
chondria, although the GR1 protein can also be detected
in peroxisome and nuclei (Jimenez et al. 1997; Delorme-
Hinoux et al. 2016). The gr/ mutant is able to undergo
normal development despite a reduction in GR activity by
65% and the lower GSH/GSSG ratio, while the gr2 deletion
mutant had a lethal phenotype displaying growth arrest at
the stage of early embryo development (Tzafrir et al. 2004;
Diaz-Vivancos et al. 2015).

Increased GR activity can alter the redox state of impor-
tant components in the electron transport chain and often
confers stress tolerance (Tsai et al. 2005; Gill et al. 2013).
Using tobacco chloroplastic GR RNA! plants, it was shown
that the regeneration of glutathione by GR is an important
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reaction in protecting against oxidative stress, even by main-
taining the ascorbate pool and ascorbate redox state (Ding
et al. 2009). Beside affecting glutathione regeneration, a
decrease in GR activity was found to influence ASC regen-
eration and total ascorbate content in antisense transgenic
tomato lines, which resulted in the greater accumulation of
H,0, and enhanced sensitivity towards chilling stress (Shu
et al. 2011). Using grl and catalase 2 grl (cat2grl) double
mutants, Mhamdi et al. (2010) found that GR1 plays a spe-
cific role in H,0, responses when intracellular H,O, pro-
duction is increased, particularly under biotic stresses. The
characterization of gr/ deletion mutants revealed that the
whole-cell GSSG level increased in leaves of gr/ mutants,
compared to those of the WT, but the mutation did not affect
the amount of GSH (Marty et al. 2009).

To investigate the redox status of plants, the redox-sensi-
tive green fluorescent protein (roGFP) reporter system was
developed, which can be targeted selectively to the cytosol or
to other cell compartments (Hanson et al. 2004; Jiang et al.
2006; Schwarzldnder et al. 2008). The structure-dependent
shift in the protonation status of the chromophore in the
modified GFP protein is suitable for ratiometric analysis.
The change in GFP-derived fluorescence in transgenic plants
expressing roGFP depends on the reduction potential of the
glutathione buffer (E ), based on specific interaction with
glutaredoxins (Meyer et al. 2007). The determination of the
fluorescent intensity of the fully reduced and fully oxidized
form of the fluorescent probe enables quantitative monitor-
ing of reduction potential (E,;zp) Without disturbing the cell
(Meyer et al. 2007; Schwarzlédnder et al. 2008).

According to our earlier results, the 3-week-long pretreat-
ment of tomato with 107 M SA increased the efficiency
of enzymatic and non-enzymatic antioxidants and provided
protection against 100 mM NaCl applied to a hydroponic
culture (Szepesi et al. 2008, 2009; Gémes et al. 2011;
Csiszar et al. 2014). The increased ASC and glutathione
pool was suggested to have a central role in the determina-
tion of such stress responses in tomato (Tari et al. 2015). We
have also successfully applied SA for chemical hardening
in A. thaliana. The pretreatment of 5-week-old Arabidopsis
plants with 107 and 10~> M SA resulted in enhanced toler-
ance towards subsequent salt stress (Horvath et al. 2015).
While lower concentrations were inefficient, higher concen-
trations induced the death of plants. These results indicated
that increased glutathione transferase (GST) and glutathione
peroxidase (GPOX) activities may play an important role in
acclimation; moreover, the modified GST expressions sug-
gested an altered signalling in SA-treated plants during salt
stress (Horvath et al. 2015).

Maintaining a high GSH/GSSG ratio was shown to play
an important role in the salt tolerance of plants (Shalata and
Neumann 2001). GR was important for upholding the GSH
pool and strengthening the antioxidative capacity of plants

in adapting to high salinity (Noctor et al. 2011; Gill et al.
2013).

Here, we report that exogenous SA can alter GSH and
ASC pools and modulate the redox status, thus causing an
induced state in a concentration-dependent manner. The
redox-sensitive green fluorescent protein with cytoplasmic
localization (c-roGFP1) was introduced into the gr/ inser-
tional mutants to reveal the role of cytoplasmic GR in the
maintenance of redox homeostasis in gr/ insertional mutants.
In the first set of experiments, the concentration dependency
of SA-induced changes in reduced and oxidized pools of
ASC and GSH, as well as in the activity of the enzymes
participating in their conversions (ascorbate peroxidase:
APX; monodehydroascorbate reductase: MDHAR; dehy-
droascorbate reductase: DHAR; and glutathione reductase:
GR) were monitored in WT plants for 3 weeks. In order to
compare the pools and redox status of GSH and ASC in WT
and mutant plants, the redox status of these non-enzymatic
antioxidants was analysed in the second set of experiments.
The grl mutants expressing c-roGFP1 and their respective
controls were pretreated with 10~ and 10~ M concentrations
of SA (the earlier was ineffective, the latter caused successful
hardening against salt stress) for 2 weeks. Then, the plants
were exposed to high salinity caused by 100 mM of NaCl and
the redox status of their leaves was determined after 1 week.

In this study, we revealed the concentration dependency
of SA-induced changes in the redox status of leaf cells and
their relationship with a successful acclimation of the pre-
treated plants exposed to high salinity.

It was found that the redox potential of the gr/ mutant
cells was more oxidized than that of plants with WT GR1.
Contrary to low SA concentration, the redox potential of plant
cells pretreated with 107> M SA was maintained at the level
of untreated control under salt stress. This can be achieved
by an increased GSH pool, suggesting that the mutation in
the cytoplasmic isoenzyme of GR can be compensated by the
induction of GSH synthesis and accumulation.

Materials and methods
Plant material and growth conditions

Our experiments were performed on A. thaliana L. (ecotype
Columbia) plants (Col-0 WT). The glutathione reductase 1
(grl) mutant plants (Marty et al. 2009) were obtained from
the Salk Collection, the seeds of plants expressing cytosolic
redox-sensitive green fluorescent protein (c-roGFP1) were
kindly provided by Dr. M. Schwarzlénder, and the c-roGFP1
was introduced into the gr/ mutants by crossing. The plants
were grown in Hoagland solution in a growth chamber
(Fitoclima S 600 PLH, Aralab, Portugal) at 21 °C, under
100 umol m~2 s~! of light intensity with a 10/14 h day/night
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photoperiod. The relative humidity was 70%. Five-week-old
plants were treated by adding SA solutions to the hydroponic
medium.

Experimental systems and treatments used

Five-week-old hydroponically grown Arabidopsis plants
were treated with 1078-107> M SA concentrations for
2 weeks, then exposed to 100 mM NacCl for 1 week (Hor-
véth et al. 2015). SA was present in the culture solution
during salt treatment. In the present study, we applied two
different experimental systems. Firstly, the effect of 3-week-
long 107-107> M SA treatments was investigated on ASC
and GSH levels, their redox status and the activity of some
ASC- and GSH-related antioxidant enzymes. Samples were
taken from fully expanded leaves and roots every week
after the SA exposure. In the second set of experiments,
the redox state of these main non-enzymatic antioxidants
was investigated in gr/ mutants expressing c-roGFP1,
which were pretreated with SA for 2 weeks and then with
100 mM NaCl. Two concentrations of SA were selected, one
of which caused successful hardening (10~ M) against salt
stress and the other, a lower SA concentration, which was
inefficient (107 M SA) for comparing the redox changes
in plant cells. Samples were taken for the determination of
roGFP redox potential (£’ ggp;) from fully expanded leaves
every week during this 3-week-long experiment. Detection
of the ascorbate (ASC) and glutathione redox pairs in shoots
and roots was performed 1 week after the treatment with
100 mM NacCl in plants with or without pretreatments. The
experiments were repeated at least twice and the measure-
ments were performed in three replicates, unless indicated
otherwise.

Ascorbate and glutathione extraction
and determination

ASC and glutathione contents were determined according
to Tari et al. (2015). 500 mg of leaf or root tissues were
homogenized with 1 ml of 5% trichloroacetic acid (TCA).
The homogenate was centrifuged at 10,000xg for 20 min
at 4 °C and the supernatant was used for further determi-
nations. To assay total ASC, 100 ul of 10 mM dithiothrei-
tol (DTT) was added to the extract, with the excess DTT
removed by adding 100 pl of 0.5% (w/v) N-ethylmaleimide
(NEM). ASC concentrations were determined spectropho-
tometrically at 525 nm. Dehydroascorbate (DHA) content
was calculated as the difference between the concentration
of total and reduced ASC.

Total and oxidized glutathione concentrations were
measured spectrophotometrically using an enzymatic
assay. To mask reduced glutathione, 4-vinylpyridine was
added to the extract and incubated for 60 min. The reaction
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mixture contained 100 mM phosphate buffer (pH 7.5), | mM
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 1 mM NADPH,
1 U of GR (baker’s yeast, Sigma-Aldrich) and 20 pl of the
tissue extract in a 1 ml volume. GSH content was calculated
from the difference between the concentration of total and
oxidized glutathione. Standard curves were obtained for total
glutathione and GSSG within the 0-5 uM range.

Determination of antioxidant enzyme activities

The enzyme activities were determined as published in Tari
et al. (2015) with some modifications. 100 mg of plant tissue
were homogenized on ice in 1 ml of 100 mM phosphate buffer
(pH 7.0) containing 1 mM phenylmethylsulphonyl fluoride and
1% polyvinylpolypyrrolidone. For the ascorbate peroxidase
(APX) assay, | mM ASC was added to the extraction buffer.
The homogenate was centrifuged for 20 min at 10,000xg at
4 °C and the supernatant was used for enzyme activity assays.

APX (EC 1.11.1.11) activity was assayed accord-
ing to the method reported by Nakano and Asada (1987).
The hydrogen peroxide-dependent oxidation of ASC
was followed by a decrease in the absorbance at 290 nm
(€290=14.0 mM ™! cm™"). APX activity was expressed as
nmol ASC oxidized min~! g~! fresh weight (FW).

MDHAR (EC 1.6.5.4) activity was assayed spectrophoto-
metrically by following the decrease in absorbance at 340 nm
due to NADH oxidation as reported by Hossain et al. (1984).
MDHA free radicals were generated by ascorbic acid oxidase
(EC 1.10.3.3; Sigma-Aldrich) in the assay system. MDHAR
activity (nmol min~' g=! FW) was calculated from the
decrease in the NADH content by measuring the absorbance
at 340 nm and using the 6.2 mM~! cm™! extinction coefficient.

DHAR (EC 1.8.5.4) activity was assayed as published in
Csiszar et al. (2014). The enzyme activity (nmol min~' g~
FW) was calculated from the increase in the ASC con-
tent by measuring the absorbance at 265 nm and using the
14.0 mM~! cm™! extinction coefficient.

GR (EC 1.8.1.7) activity was determined by measur-
ing the absorbance increment at 412 nm when DTNB was
reduced by GSH, generated from GSSG (Tari et al. 2015).
The activity was calculated as the amount of reduced DTNB
in nmol min~! g”' FW, g,,,=13.6 mM~! cm™..

Detection of the redox potential by ratiometric
measurements of the fluorescent probe

To determine the glutathione redox potential, we used
Arabidopsis plants containing the c-roGFP1 redox sensor
protein and the fluorometer-based method (Rosenwasser
et al. 2010). The ratio of I,,5/I,¢ can provide information
about the relative redox status of cells. Determination of
the fluorescent intensity of the fully reduced and fully oxi-
dized forms of the probe enables quantitative monitoring
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of Eqgy, which displays the differences in redox potential
throughout the cell (Meyer et al. 2007; Schwarzldnder et al.
2008). The c-roGFP1-harbouring plants were crossed with
grl insertional mutants, and the T; generation homozygous
for the T-DNA insertion and containing the roGFP1-coding
sequence was also used for in vivo redox potential detec-
tions. In the case of each treatment, 12 pieces of leaf discs,
each with a diameter of 0.6 cm, were cut out from rosettes
and floated on 200 pl of sterile distilled water, one by one,
in a 96-well, flat-bottomed black plate (Greiner Bio-One)
with their abaxial side facing upwards. Fluorescence meas-
urements were performed on a FLUOstar OPTIMA fluo-
rescence plate reader (BMG Labtech, Durham, NC, USA)
in the Department of Microbiology at the University of
Szeged, Hungary. 405 and 485 nm filters were used for
excitation, and fluorescence values were detected with a
530 nm emission filter. Using endpoint measurements, the
fluorescence of the basic state was firstly measured, then
the leaf discs were treated with 200 pl of 200 mM H,0, for
15 min to determine the fully oxidized status of the leaves.
After washing five times with sterile distilled water, the
leaf discs were treated with 200 ul of 100 mM DTT for
90 min to measure the fluorescence when the roGFP1 was
fully reduced. For background correction, three leaf discs
of each treated Col-0 plant were used.

The redox potential was calculated using the formula
provided by Schwarzldnder et al. (2008). The degree of
oxidation (OxD) of the roGFP1 was:

1
O'XDroGFPl = (R - Rred)/<1::550xd > (Rox - R) + (R - Rred)

where R is the ratio of excitation at 405/485 nm; R, is the
ratio of the fully reduced form using 100 mM DTT; R, is
the ratio of the fully oxidized form using 200 mM H,0,;
L350« 1s the intensity at 485 nm for the fully oxidized form;
L3504 18 the intensity at 485 nm for the fully reduced form.

The redox potential was determined using the follow-
ing equation:

2.303RT

1 - 0OxD
E/ — E ) _ 10 roGFP1
0roGFP1 F g10

OxD,,Grp

where E,,;rp;» the midpoint potential of roGFPI,
is —288 mV at 30 °C pH 7; R is the gas constant
(8.315J K~! mol_l); T is the absolute temperature
(298.15 K); z is the number of transferred electrons (2); F'is
the Faraday constant (9.648 104 C mol ™).

Statistical analysis
Statistical analysis was performed with SigmaPlot 11.0

software by using one-way ANOVA, followed by Duncan’s
test, with differences considered significant at P <0.05. Data

presented here are the means + SD of at least three measure-
ments, unless indicated otherwise.

Results

SA may enhance the ascorbate and glutathione
levels in Arabidopsis

The treatment of 5-week-old Arabidopsis plants with
1078-107> M SA for 3 weeks altered the GSH and ASC
pools and modulated their redox status in a concentration-
dependent manner. In untreated control plants, ASC con-
tent was significantly increased in the shoots and reduced in
the roots, while DHA amounts did not change as a function
of time (Fig. la—c). Addition of SA reduced the ASC lev-
els in shoots, while the amount of oxidized DHA slightly
increased (Fig. 1a, c). In the roots, ASC and DHA levels did
not change in the presence of SA with the exception of the
higher SA doses (107 and 10~ M SA), which increased the
amounts of the reduced and oxidized ASC forms transiently
in the 2nd week of the treatments (Fig. 1b, d). The GSH
pool was considerably elevated in the shoots and slightly in
the roots by SA treatments, while the amount of GSSG was
reduced in shoots and transiently enhanced in roots in the
2nd week of 107°-107> M SA treatments (Fig. le—h). The
highest increment in the GSSG level was at the end of the
second week, reaching values that were ten times higher than
in the untreated control (Fig. 1h).

SA increased GR and inhibited DHAR activity,
while other ASC-related enzymes showed
only moderate changes

To analyse the role of the antioxidant enzymes in this
process, the activities of several ASC- and glutathione-
related enzymes were measured during the 3-week-long
SA treatment. APX activity was only moderately enhanced
by SA in shoots, with the exception of 1078-1077 M SA
treatments, which increased this activity almost two- to
threefold after 3 weeks (Fig. 2a). In the roots, APX activity
was, in general, slightly reduced by SA, with the excep-
tion of 10~> M SA, which transiently enhanced it after
2 weeks (Fig. 2b). MDHAR activity exhibited only small
changes during the SA treatments, both in the shoots and
the roots of untreated and SA-treated Col-0 plants (Fig. 2c,
d). DHAR activity, which decreased with time in untreated
control shoots and roots, was more pronounced in the pres-
ence of 10781075 M SA (Fig. 2e, ). The activity of GR
in shoots showed certain fluctuations as a function of time
in response to lower SA concentrations, but was induced
by higher doses of SA (10_6—10_5 M); however, in roots it
was gradually induced (Fig. 2g, h).
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«Fig.1 Changes in reduced and oxidized ascorbate and glutathione
(ASC, DHA, GSH and GSSG, respectively) contents in the leaves
and roots of 8-week-old A. thaliana plants treated with 107°-107 M
SA. Data are means+SD. Columns with different letters are sig-
nificantly different at p<0.05, determined by Duncan’s test. Con-
trol values before treatments were: a 275.44+27.5, b 694.40+54.1,
c 248.20+14.9, d 53.15+6.7, e 1672.8+188.9, f 580.7+11.7, g
147.57+16.3, h 100.11 +26.1 nmol g~' FW, respectively

SA-treated gr7 mutants can maintain their redox
status under salt stress

The role of the glutathione pool and the GR enzyme activ-
ity in the control of redox potential and chemical hard-
ening was investigated using Arabidopsis grl insertional
mutants expressing the roGFP1 redox sensor protein. In
these experiments, roGFP1-containing Arabidopsis plants
were used as controls. Redox potentials of cells determined
by roGFP1-derived fluorescence became less negative as a
function of time, but the values were not significantly dif-
ferent in leaf discs excised from roGFP1-expressing WT
plants or grl mutants under control conditions or after
treatment with 107" M SA. Interestingly, treatment with
107> M SA resulted in more oxidized E’, ;pp (i.€., smaller
negative values) after 2 weeks in both genotypes (Table 1).

When redox potential was measured in roGFP-express-
ing plants with WT cytosolic GR1 after a 1-week-long
exposure to salt stress, E' became more positive. Pretreat-
ment with 1077 or 107> M SA for 2 weeks reduced this shift
(Fig. 3a). The redox status of the salt-stressed plants with-
out SA pretreatment became more oxidized, namely, the E’
became less negative by 20 mV. Pretreatment with 10~/ M
SA led to a smaller shift (10 mV), while the E’ in plants
pretreated with 107> M SA did not differ significantly from
that of the untreated controls, indicating that they were able
to restore their redox potential values (Fig. 3a).

In the gr/ mutant background, a more oxidized redox
status was detected, which became more negative upon
treatment with 10™> M SA. The gr/ mutants had a more
positive redox potential without any treatment (— 268 mV),
which was not changed significantly by salt stress alone, but
became more positive (—250 mV) after applying 100 mM
NaCl to plants pretreated with 10~/ M SA. When mutant
plants were hardened by pretreatment with 107> M SA, the
shift in redox potential was smaller and the E" values were
close to the levels of untreated plants (Fig. 3b).

Increase in GSH levels can contribute to redox
potential maintenance in SA-treated gr7 mutants
under salt stress

The investigation into the effects of 1-week-long salt stress
on the ASC pool of the roGFP1-expressing Col-0 plants
revealed that, while the amount of DHA did not change

significantly due to the applied NaCl or SA treatments, the
reduced form of ASC increased in the shoots (Fig. 4a). The
highest (about a threefold) increase can be observed after
treatment with 10~ M SA, but a twofold ASC accumulation
was detected, even after applying 100 mM NaCl for 1 week
to the plants expressing roGFP1, which were pretreated with
107> M of SA (Fig. 4a). The salt treatment increased the
level of GSSG in plants without SA pretreatment and in those
pretreated with 10~/ M SA, but not in the shoots pretreated
with 1075 M SA (Fig. 4c). The amount of GSH was elevated
by both NaCl and SA; the highest (threefold) increment was
measured in the shoots pretreated with 107> M SA after salt
treatment, which ensured that the GSH/GSSG ratio remained
close to the control (Fig. 4c). In the roots, DHA and GSSG
levels increased by salt or SA treatments to a higher extent
than in the shoots. While the amount of the reduced form
of ASC was enhanced only in the salt-stressed control and
in plants pretreated with 10~/ M SA, the amount of GSH
increased after pretreatment with 107> M SA, while its high
level was maintained, even after applying 100 mM NaCl for
1 week (Fig. 4e, g).

In general, the level of these antioxidants in the grl
mutants changed in a similar manner to that in WT plants
expressing roGFP1; however, a comparison of the ASC
and glutathione pools in the shoots of non-treated plants
revealed that the total amount of these non-enzymatic anti-
oxidants was higher in gr/ mutants than in WT plants (149
and 142%, respectively) (Fig. 4a, d). The ratio of ASC/
DHA in the grl plants was usually comparable to that
of the WT plants, or even higher. The GSH/GSSG ratio
was lower in gr/ mutants than in the WT (one-seventh in
shoots and one-third in roots under control conditions). The
amount of GSH was elevated in the gr/ plants, compared
to the WT, after SA and salt treatments, with the exception
of the salt-stressed plant roots pretreated with 10~/ M SA
(Fig. 4).

Discussion

SA was shown to be a signal for the development of sys-
temic acquired resistance (SAR), which prevents further
infection of the plant by pathogens, as well as potentially
providing tolerance against various environmental stresses
(Shirasu et al. 1997). The relevant role of ROS was proven
in the activation of defence and acclimation mechanisms
in systemic or non-challenged tissues (SAR or systemic
acquired acclimation, SAA), and similarly in the process of
priming or chemical hardening (Baxter et al. 2014; Horvath
et al. 2015; Antoniou et al. 2016). ROS, especially H,0, as
signalling molecules, may reversibly modify amino acids,
such as Cys, the tripeptide GSH and critical thiol groups in
arange of proteins. Among the primary targets of ROS are
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«Fig.2 Effects of 3-week-long treatments with 107°-107> M SA on
the activity of ascorbate peroxidase (APX), monodehydroascor-
bate reductase (MDHAR), dehydroascorbate reductase (DHAR) and
glutathione reductase (GR) in the leaves and roots of 8-week-old
Arabidopsis plants. Data are means+SD. Columns with different
letters are significantly different at p<0.05, determined by Dun-
can’s test. Control values before treatments were: a 80.67+20.8, b
764.91+25.1, ¢ 140.93+19.5, d 250.86+29.5, e 180.04+15.1, f
39.17+16.5, g 173.59+33.4, h 53.44 +12.6 U g~! FW, respectively

the highly susceptible redox active Cys residues of proteins,
which have much lower pKa values than other protein thiols
and usually exist as thiolate anions (—S™) under physiologi-
cal pH conditions (D’Autréaux and Toledano 2007; Spa-
daro et al. 2010; Couturier et al. 2013; Munné-Bosch et al.
2013; Diaz-Vivancos et al. 2015). It has been suggested that
enhanced ROS production can temporarily shift the redox
potential towards more oxidizing values, which will alter
the operational controls of redox-sensitive proteins (Foyer
and Noctor 2016). A relatively small global shift in the E g
is associated with a very large change in gene expression
and plant development (Aller et al. 2013; Schnaubelt et al.
2015).

According to our earlier results, supplementation of the
hydroponic culture of 5-week-old Arabidopsis thaliana
plants with 107°~1073 M SA for 2 weeks resulted in chemi-
cal hardening and alleviated the salinity-induced H,O, and
malondialdehyde accumulation, while the lower10~-10~" M
SA concentrations insufficiently activated the defence mech-
anisms, meaning that they did not mitigate the salt stress
injury under the subsequently applied NaCl stress (Hor-
véth et al. 2015). Moreover, in plants treated with 107 and
107 M SA, the K content was higher in shoots and roots,
while the Na level was lower than in the NaCl-treated plants
without SA pretreatments. In this way, plants should be able
to maintain a higher K/Na ratio and root growth during salt
stress. In contrast, 107" M SA, when applied as a pretreat-
ment, was unable to hinder Na accumulation and K loss dur-
ing salt stress, resulting in a decreased K/Na ratio compared

to the salt-treated controls. (The fresh weight, Na content and
Na/K ratio of plants pretreated with 107%-107> M SA, then
stressed with 100 mM NaCl for 1 week, are shown in Tables
S1, S2, Supplementary material.) Here, we report that SA
treatments enhanced the amount of several non-enzymatic
antioxidants, including ASC and glutathione, and increased
the activity of enzymes, such as GR (Figs. 1, 2). Our results
indicate that enhancement of ASC and GSH pools could be
the result of the primed state, which can help with the adapta-
tion to different types of stresses (Antoniou et al. 2016). The
activation of these antioxidants may contribute to the recov-
ery of the redox potential during a stress event. Pretreatment
with SA can help to retain the redox balance, as detected by
the E’. gpp; value, in the salt-stressed plants, even in the gr/
mutant plants, which otherwise have a more oxidized redox
state (Fig. 3).

The common feature of ASC and glutathione can be
summarized as follows: (i) they are abundant and present in
plants in millimolar (0.5-10 mM) concentrations; (ii) spe-
cific enzymes couple them to the peroxide metabolism; (iii)
their oxidized forms are relatively stable; and (iv) recycling
by high-capacity enzymes into the reduced forms depends
on the key electron carriers, namely, NAD(P)H (Noctor
and Foyer 1998). It has been suggested that NAD(P)H best
serves in the organization and control over energy produc-
tion pathways, while ASC is the redox molecule that primar-
ily regulates development and glutathione is mainly impor-
tant for stress defence and signalling (Potters et al. 2010).

By using another redox-sensitive green fluorescent protein
construct (GRX1-roGFP2), it has been shown that Eggy in
grl mutants significantly shift towards more oxidizing condi-
tions (Marty et al. 2009). We have found a similar shift in the
redox potential of control and salt-stressed gr/ plants; how-
ever, because of the different properties and sensitivity of the
roGFPs, there are some differences between the exact E val-
ues of Arabidopsis leaves reported using roGFP2 or roGFP1
(Meyer and Dick 2010). Analysing the redox potential profile
of the primary root tip of immersed Arabidopsis seedlings,

Table 1 E’ pp; during the

1 week 2 weeks 3 weeks
SA treatment of 5-week old
Arabidopsis plants expressing Control
cytosolic roGFP1 in Col-0 or roGFP1 —29450+12.12¢ —283.60+10.75¢ ~270.56+ 12,79
grl mutant background P b b
grl xroGFP1 —296.74 +9.70 —269.06+13.68" —261.56+9.74
1077 M SA
roGFP1 —294.89 +8.45¢ —275.48 +£8.20° —263.31+5.93%
grl xroGFP1 -295.24+7.70¢ —270.26£9.97" —263.33+8.09°
1075 M SA
roGFP1 —296.37 +6.03¢ —255.90 +8.20% —269.70 + 6.40"
grl xroGFP1 —289.74 +8.39¢ —246.79 +10.67* —269.01 £9.45°

Data are means +SD. Columns with different letters are significantly different at P <0.05, determined by

Duncan’s test
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Fig.3 Redox potential of Arabidopsis Col-0 and grl leaves express-
ing the c-roGFP1 redox sensor protein after 2-week-long pretreat-
ments with 1077 and 107> M SA, followed by a 1-week-long expo-
sure involving 100 mM NaCl. Data are means+SD. Columns with
different letters are significantly different at p<0.05, determined by
Duncan’s test

using roGFP1 as the redox sensor, Jiang et al. (2016) reported
E values in the range of —270 to —280 mV, which is compa-
rable to our measurement data on hydroponically grown 6- to
8-week-old Arabidopsis plants (Table 1; Fig. 3).

Our results also indicate that, while GR activity increases
during SA treatment, the product of GR1 is important, espe-
cially in salt stress responses, but it is not a single deter-
minant in the maintenance of redox potential. Marty et al.
(2009) suggested that a reduction of GSSG in gr/ plants
could still be possible on account of the NADPH-dependent
thioredoxin (TRX) system, which could work as a backup
system for GR1. The significant increase in the glutathione
pool, due to salt stress and SA treatments, in our experi-
ments indicated that the biosynthesis of GSH was induced
both in the roGFP1-expressing Arabidopsis Col-0 and in the
grixroGFP1 genotypes, but to a higher extent in the latter
(Fig. 4). This suggests that GR deficiency can be compen-
sated by the activation of supplemental mechanisms and via
an increased GSH pool.

@ Springer

Fig.4 Changes in reduced and oxidized ascorbate and glutathione»
(ASC, DHA, GSH and GSSG, respectively) contents and their ratio
in the leaves and roots of 8-week-old c-roGFP1-containing Arabi-
dopsis Col-0 and grl leaves after 2-week-long pretreatments with
1077 and 107> M SA, followed by a 1-week-long exposure involving
100 mM NaCl. Data are means+SD. Columns with different letters
are significantly different at p <0.05, determined by Duncan’s test

The redox-based reversible post-translational modifica-
tions of thiols, e.g., disulphides, S-glutathionylation and
oxidation of a Cys thiol group into a sulfenic acid (Cys-
SOH), is one of the main signalling functions of ROS,
which may act as a regulatory switch in several signal trans-
duction pathways or result in modified biochemical activi-
ties (Foyer and Noctor 2005; Ma et al. 2007). A general
example of redox-regulated proteins is the NPRI protein
in SA signalling, where the reduced form is active (Mou
et al. 2003). On the other hand, the y-glutamyl-cysteine
synthetase enzyme (y-ECS or GSH1, responsible for the
rate-limiting first step in GSH biosynthesis) has proven to
be active in its oxidized form (Hicks et al. 2007). This cor-
responds well with the transient shift towards more positive
redox potentials at an SA concentration of 1073 M, result-
ing in the highest GSH contents in pretreated gr/ mutants
(Table 1). In the case of GR, it has been clearly established
that the redox interconversion largely depended on substrate
availability. The oxidized form of the enzyme is more stable
than the reduced form, ensuring its activity under a more
oxidized cellular environment (Rao and Reddy 2008).
Similarly, the oxidized form of AtDHAR?2 was reported to
be more stable than the reduced form, which may ensure
the effective activity of the enzymes, even under adverse
conditions (Begara-Morales et al. 2015). DHARs reduce
dehydroascorbate (DHA) to ASC, while oxidizing GSH into
GSSG (Dixon et al. 2002). In this way, DHARs plays an
important role in the regulation of the cellular ASC redox
status (Chen and Gallie 2004). Waszczak et al. (2014) dem-
onstrated that DHAR activity was maintained in the pres-
ence of 1 mM GSH after adding 1 mM H,0,; therefore, in
this case, the post-translational protein modification pro-
tected the protein against oxidative damage. However, we
did not measure retained or enhanced DHAR activity in
parallel with an increasing GSH pool during SA pretreat-
ment (Fig. 2). In contrast to DHAR, the activity of MDHAR
was maintained in all investigated SA concentrations during
the 3-week-long treatment. As MDHAR uses NAD(P)H as
a reductant for the regeneration of ASC (Foyer and Noctor
2011), these results indicate that the NAD(P)H-dependent
ASC regeneration by MDHAR became more important
during chemical hardening than GSH-dependent DHAR
activity. These shifts in enzyme activities involved in ASC
regeneration may also contribute to the preservation of the
GSH pool.
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In conclusion, our results indicate that, during chemical
hardening with SA, pretreatment in a proper concentration
causes a transitional shift in a redox potential towards a
more oxidized status in order to realize the primed state.
The elevation of ASC, and especially the GSH levels, is
prolonged for 2-3 weeks in the case of 5-week-old Arabi-
dopsis plants. The maintained or even increased GSH/
GSSG ratio could facilitate the preservation of the redox
potential of plants cells during this period. Although GR
activity may have an important role in this process, other
mechanisms can substitute the deficiency of the GR1 iso-
enzyme during chemical hardening, as well as possibly
ensuring similar changes in the redox status to support the
maintenance of the redox potential, even after applying a
subsequent stress treatment. Thus, successful SA-induced
priming is associated with the maintenance of redox home-
ostasis during the exposure of plants to subsequent abiotic
stress.
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