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Abstract The present work demonstrates that the transi-
tion of wheat (Triticum aestivum L.) seedlings from
dehydration tolerance to intolerance on the fifth day fol-
lowing imbibition is associated with a disturbance in cel-
lular redox homeostasis. During germination the ratio of
reduced (AsA) to oxidized ascorbate (DHA) was lower in
the tolerant 4-day-old seedlings compared to the sensitive
6-day-old seedlings because of the lower ascorbate content
in the former. The reduced glutathione (GSH) and total
glutathione (GSH + GSSG) pools were higher in tolerant
seedlings and remained higher upon dehydration. The
development of dehydration intolerance with a seedling
age coincided with a 50 % loss of the total glutathione pool
and a shift of GSH/GSSG to a more oxidized state.
Activities of ascorbate peroxidase and glutathione reduc-
tase increased with water deficiency in both tolerant and
sensitive seedlings but the three new activity bands
appeared only in sensitive seedlings. The stable ratio of
GSH/GSSG and a higher AsA/DHA ratio in sensitive
seedlings did not prevent the enhanced production of H202
and the peroxidation of lipids with dehydration. As a result,
an increase in the protein carbonyl group and a significant
decrease in the thiol groups were observed in dehydrated
sensitive seedlings. Water deficiency enhanced the total
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azocaseinolytic activity, mainly in sensitive seedlings. The
highest increase in protein carbonylation and lowest azo-
caseinolytic activity was observed at the beginning of
seedling dehydration (15-25 % WSD) being in a sensitive
phase of growth. The presented results indicate that the
development of dehydration intolerance during the transi-
tion of wheat seedlings from heterotrophic to autotrophic
growth 1is associated with an alterations in protein
oxidation.
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Introduction

In their natural environment, plants may encounter a
variety of unfavourable conditions such as drought,
extreme temperatures, salinity and others that lead to plant
dehydration. The limited availability of water results in a
shift in the balance between the production and the elim-
ination of reactive oxygen species (ROS). This changes
alters the cellular redox state (Noctor et al. 2014). Plant
survival depends on their ability to maintain redox home-
ostasis during unfavourable conditions. Homeostasis is
maintained by the cellular redox buffers ascorbate (AsA)
and reduced glutathione (GSH) as well as tocopherols,
flavonoids and carotenoids and enzymatic scavengers such
as superoxide dismutase, catalase, peroxidases, mono- and
dehydroascorbate reductases and glutathione reductase.
Both ascorbate (AsA) and glutathione (GSH) can scavenge
ROS directly or indirectly as electron donors, e.g. ascorbate
peroxidase (APX; EC 1.11.1.11). APX, in combination
with the ascorbate—glutathione cycle, oxidizes AsA to
dehydroascorbate (DHA). DHA is reduced by GSH-
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dependent dehydroascorbate reductase (DHAR). The
resulting glutathione disulfide (GSSG) is reduced by
NADPH-dependent glutathione reductase (EC 1.6.4.2).
The ascorbate—glutathione cycle is not restricted to
chloroplasts. It is also present in the cytoplasm, mito-
chondria and peroxisomes (Noctor and Foyer 1998).
Changes in the glutathione redox state, defined by the
reducing capacity of GSH (GSH concentration) and the
half-cell reduction potential of the GSH/GSSG couple
(Egssarzgsn) has been proposed as a marker of the cellular
redox state (Kranner et al. 2006).

ROS oxidize all types of cellular components (lipids,
proteins, and DNA). Proteins are the major targets for
ROS, representing approximately 70 % of the oxidized
molecules in the cell (Rinalducci et al. 2008). To avoid the
toxic effects of the accumulation of oxidized proteins, they
are selectively recognized and degraded (Lounifi et al.
2013). Plants developed several distinct proteolytic path-
ways in different cell compartments, but which proteases
are involved in the removal of oxidized proteins is not well
understood. Experimental evidence suggests that oxida-
tively damaged proteins may be removed by mitochondrial
ATP-dependent proteases (Voos 2013) and by autophagic
processes (Xiong et al. 2007).

A plant’s ability to withstand severe dehydration is
limited to mature seeds and pollen of higher plants and to
groups of vascular angiosperm plants (Colville and Kran-
ner 2010). Wheat (Triticum aestivum L.) seedlings tolerate
a high water deficit up to the 5th day of germination, but
the appearance of the first leaf from the coleoptile coin-
cided with a susceptibility to dehydration (Miazek et al.
2001). One of the main reason of seedlings transition from
tolerance to dehydration to sensitivity is supposed to be
change of the hexose/sucrose ratio i.e. “cellular energy
state” in the developing seedlings of monocots and
legumes (Koch 2004; Bogdan and Zagdanska 2009). Thus,
questions have been raised whether the switch from
dehydration tolerance to intolerance during the early
growth of wheat seedlings may be linked to changes in the
cellular redox state or to the more specific metabolic pro-
cesses. To address these questions, the redox state of
seedlings has been evaluated on the basis of the ratio of
reduced to oxidized ascorbate, reduced to oxidized glu-
tathione and the activities of glutathione reductase and
ascorbate peroxidase. The balance between ROS produc-
tion and scavenging was assessed with respect to H,O,
content and lipid peroxidation level. Their effect on the
regulation of protein oxidation was determined by analys-
ing the concentration of carbonyl and thiol groups in the
proteins. The removal of abnormal, mistranslated, damaged
and/or unnecessary proteins under water deficiency was
investigated for both dehydration tolerant and sensitive
wheat seedlings.
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Materials and methods
Plant material

All experiments were carried out on spring wheat (Triticum
aestivum L.) cultivar Zadra obtained from the Strzelce
Experimental Station of Plant Breeding and Acclimatiza-
tion Institute-NRI group. Seeds were surface sterilized with
1 % sodium hypochlorite (NaOCI) for 20 min and then
rinsed several times with distilled water. After soaking in
water overnight at 4 °C in the dark, twenty-five seeds were
placed side by side (embryos downwards) on a wet filter
paper strip (25 cm x 5 cm) and covered with the identical
strip. The strips were rolled and placed vertically into
plastic boxes containing Knop’s solution supplemented
with Hoagland’s micronutrients. The seedlings were grown
in a growth chamber at 23 °C (daytime) and 16 °C (night)
with a photosynthetic photon flux density (PPFD) of
260 pmol m~2 s~ for 8 h and 70-80 % humidity. The
nutrient solution was drained and the seedlings were
allowed to dehydrate for 4 days in a growth chamber
(under the identical conditions) to initiate a water deficit in
the 4- and 6-day-old seedlings. The rate of seedling
dehydration was determined as percentage of water satu-
ration deficit (WSD) after a dehydration period calculated
according to Turner (1981) as follows:

Water saturated mass — actual fresh mass
WSD =

Water saturated mass — dry mass
x 100 %

in which the water saturated mass of the sample represents
the mass of the sample after submersion in water overnight
(in the dark). The dry mass was determined after drying at
70 °C overnight. The seedlings were rehydrated for 24 h.
The percent of survived seedlings was calculated as the
number of seedlings resuming elongative growth. Dehy-
dration tolerance of 4- or 6-day-old seedlings was expres-
sed as the percentage of seedling survival following 4 days
of severe dehydration.

Ascorbate content and ascorbate peroxidase activity

The ascorbate content was assayed using the method
described by Omaye et al. (1979). Seedling shoots (1 g)
were homogenized in 0.1 M HCI. After filtration, the
homogenate was centrifuged at 16,000xg for 15 min at
4 °C. The supernatant was neutralized with NaOH and
phosphate buffer (150 mM, pH 7.4) was added. To deter-
mine total ascorbate content, half of the separated extract
was incubated for 15 min at room temperature with 10 mM
of DTT and 0.5 % (w/v) N-ethylmaleimide (NEM). Both
solutions were treated with 10 % (w/v) TCA (trichloroacetic
acid). Solutions were centrifuged at 16,000xg for 3 min.
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Supernatants were mixed with 4 % (w/v) 2,2’-bipyridine,
42.5 % (v/v) phosphoric acid and 3 % (w/v) ferric chloride
and incubated for 45 min at 37 °C. The absorbance was then
measured at 525 nm and compared to a standard curve.

The ascorbate peroxidase activity (APX, EC 1.11.1.11)
was determined according to the method described by
Nakano and Asada (1981). Samples (1 g) of fresh shoots
were ground to a powder in liquid nitrogen. A 5 ml aliquot
of cold potassium phosphate buffer (50 mM, pH 7.0)
containing 5 mM EDTA, 2 mM ascorbate and 0.5 % (w/v)
PVP was added. The homogenate was centrifuged at
16,000x g for 20 min at 4 °C. Enzyme activity was anal-
ysed in the reaction mixture containing 0.1 mM H,O, and
30 pl enzyme extract at a total volume of 1 ml. The change
in absorbance at 290 nm was recorded every 10 s for
3 min. The APX activity was calculated using an extinction
coefficient for ascorbate of 2.8 mM ™' cm™" and expressed
as umol of oxidized ascorbate per minute per mg protein.

Samples were subjected to discontinuous PAGE without
denaturing as described by Laemmli (1970). The carrier
buffer contained 2 mM ascorbate. Gels were pre-run for
30 min to allow the ascorbate, present in the carrier buffer,
to enter the gel prior to the application of the samples
(Mittler and Zilinskas 1993). Gels were incubated in
sodium phosphate buffer (50 mM, pH 7.0) containing
2 mM ascorbate and 2 mM H,0, for 20 min following
electrophoretic separation. The gels were washed with
buffer for 1 min, and submerged in potassium phosphate
buffer (50 mM, pH 7.8) containing 28 mM tetramethyl
ethylene diamine and 2.45 mM nitroblue tetrazolium with
gentle agitation. The reaction was continued for 10-15 min
and stopped by a brief wash in water. Protein content in the
supernatant was determined according to the method of
Bradford (1976). BSA was the standard.

Glutathione content and glutathione reductase
activity

Reduced glutathione was assayed following the method
described by Gronwald et al. (1987). Seedling shoots were
ground to a powder in liquid nitrogen using a chilled
mortar and pestle. The powder (200 mg) was homogenized
in 7.57 mM sodium ascorbate and incubated for 30 min at
0 °C. After filtration the homogenate was centrifuged at
16,000x g for 15 min at 4 °C. The supernatant was divided
into two portions: one for the total glutathione
(GSH + GSSG) assay and a second for the oxidized glu-
tathione (GSSG) assay. For the GSSG assay, 10 mM NEM
was dissolved in sodium-phosphate buffer (125 mM, pH
7.5) containing 5 mM EDTA, and then added to 0.4 ml of
supernatant to mask the thiol group of GSH by NEM. After
mixing and incubating for 70 min, the NEM was removed

by five ether extractions. Glutathione was determined by
the DTNB [5,5'-dithiobis(2-nitrobenzoic acid)]-recycling
method described by Ellman (1959). The reaction mixture
(pH 7.0) for the assay of GSSG or (GSH + GSSG) con-
sisted of 10 mM phosphate, 0.5 mM NADPH, 0.12 units
glutathione reductase and supernatant. An increase in the
absorbance at 412 nm was measured after the addition of
DTNB. The total glutathione (GSH + GSSG) and GSSG
contents were calculated using a standard curve. For the
glutathione reductase (GR, EC 1.6.4.2) activity assay, 0.1 g
of seedling shoots were homogenized with potassium
phosphate (50 mM, pH 7.5) containing 2 mM EDTA and
1 % PVP (w/v) at 4 °C. The homogenate was filtered
through four layers of cheesecloth and centrifuged at
16,000xg for 20 min. Glutathione reductase in crude
extract was assayed by the oxidation of NADPH at 340 nm
(extinction coefficient 6.2 mM~' cm™') as described by
Rao et al. (1996). The 1 ml assay mixture contained
potassium phosphate buffer (50 mM, pH 7.0), 2 mM
EDTA, 0.2 mM NADPH, 0.5 mM GSSG, and leaf extract.
The assays were initiated by the addition of NADPH at
25 °C. GR activity, expressed as NADPH oxidation per
minute per mg of protein, was measured by the absorbance
decrease per minute (5 min period).

Lipid peroxidation

Lipid peroxidation was measured according to the method
of Heath and Packer (1968), and expressed as thiobarbi-
turic acid reactive substances (TBARS). A 200 mg shoot
was homogenized in 10 % TCA (w/v) containing 0.25 %
(w/v) thiobarbituric acid and centrifuged at 10,000x g for
20 min. The supernatant was collected and heated for
25 min at 95 °C. It was cooled in an ice bath and cen-
trifuged at 3000xg for 15 min. The absorbance of the
supernatant was measured at 532 nm, with a reading at
600 nm subtracted (nonspecific turbidity). The TBARS
content was determined using an extinction coefficient of
155 mM 'em™" (to quantify lipid peroxides). It was
expressed as nmol TBARS g~ fresh weight.

Hydrogen peroxide determination

The hydrogen peroxide (H,O,) content in the shoots was
determined according to the method described by Jana
and Choudhuri (1981). The H,O, level was measured
using titanium chloride. Shoots (100 mg) were homoge-
nized in phosphate buffer (50 mM, pH 6.5) and cen-
trifuged at 6000xg for 25 min. The supernatant was
mixed with 0.1 % (w/v) titanium chloride in 20 % (v/v)
H,SO, and centrifuged at 6000xg for 15 min. The
absorbance of the titanium peroxide complex was
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measured at 410 nm and calculated using an extinction
coefficient of 0.28 pM~"' cm™".

Estimation of protein thiols

The protein thiol content was determined according to de
Kok and Kuiper (1986). Shoots (150 mg) were homoge-
nized in 5 ml of 0.15 % (w/v) sodium ascorbate, and the
homogenate was centrifuged at 22,000xg for 10 min at
4 °C. To measure the total thiol (—SH) content, 0.5 ml of
supernatant was mixed with 1 ml Tris—-HCI (0.2 M, pH
8.0), 0.5 ml 8 % (w/v) SDS and 0.1 ml 10 mM DTNB.
DTNB was freshly prepared in potassium phosphate buffer
(0.02 M, pH 7.0). After 15 min of incubation at 30 °C, a
yellow colour developed that was measured at 415 nm. A
correction was performed for the absorbance of the incu-
bation mixture in the absence of DTNB (replaced with
distilled water) and in the absence of supernatant (replaced
with 0.15 % sodium ascorbate). The homogenate was
deproteinized by incubating it in a water bath at 100 °C for
4 min, followed by centrifugation at 22,000x g for 10 min
to measure the non-protein thiols. A 0.5 ml aliquot of
deproteinized extract —SH content was determined. The
content of protein thiols was calculated by subtracting the
content of non-protein thiols from the total thiols, and
expressed in pmol mg ™' protein using an extinction coef-
ficient of 13,600 M~" cm™".

Protein-bound carbonyl content

The content of protein bound carbonyls was determined as
described by Levine et al. (1994). Shoot samples (200 mg
fresh weight) were homogenized at 4 °C in a 3.0 ml sodium
phosphate buffer (50 mM, pH 7.4) containing 1 mM EDTA.
The homogenate was centrifuged at 6000x g for 10 min at
4 °C. An 800 pl aliquot of 10 mM DNPH (2,4-dinitro-
phenyl hydrazine) in 2.5 M HCl was added to 200 pl of
sample. Individual blank samples were incubated in 2.5 M
HCI. Samples were incubated (in the dark) for 1 h at room
temperature and were vortexed every 15 min. After adding
of 1 ml of 20 % (w/v) TCA, samples were incubated on ice
for 5 min and centrifuged at 10,000x g for 10 min at 4 °C.
The pellet was resuspended in 1 ml of an ethanol/ethyl
acetate mixture (1:1), vortexed and centrifuged at
10,000 g for 10 min at 4 °C. An ethanol/ethyl acetate wash
was repeated three times. The cleaned pellet was resus-
pended in 1 ml of 6 M guanidine hydrochloride in potas-
sium phosphate buffer (20 mM, pH 2.3). Samples were
centrifuged at 10,000x g for 10 min at 4 °C to remove any
debris. The absorbance was measured at 375 nm. The car-
bonyl content was calculated using a molar absorption
coefficient for aliphatic hydrazones of 22,000 M~ cm™!
and expressed in pmol carbonyl mg™" protein.
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Measurement of azocaseinolytic activity

Shoot tissue (1 g) was ground to a powder in liquid
nitrogen and extracted with 5 ml of the pre-cooled
extraction buffer Tris—HCI (50 mM, pH 7.2) with 5 mM -
mercaptoethanol and 0.2 g of insoluble PVP. The homo-
genate was filtered and centrifuged at 15,000 x g for 10 min
at 4 °C. The supernatant was used for the enzyme assay.
The reaction mixture contained 50 pl of the enzyme
extract, 0.15 ml of 0.5 % (w/v) azocasein and 0.3 ml
citrate buffer (0.25 M, pH 5.0). After 2 h at 37 °C, the
reaction was stopped by adding 1 ml of 12 % (w/v) TCA.
The acid-soluble products were determined spectrophoto-
metrically at 340 nm. One unit of azocaseinolytic activity
was defined as the amount of the enzyme that resulted in a
0.01 increase in Aszyo. To determine the activity of the
specific proteinases, the following inhibitors were added:
1.0 mM iodoacetate (cysteine proteinases activity), S mM
of PMSF dissolved in methanol (serine proteinases activ-
ity), 10 mM EDTA (metalloproteinases activity) and 1 pg
of pepstatine A dissolved in DMSO (aspartate proteinases
activity). Samples were preincubated with inhibitor for 1 h
prior to the addition of azocasein.

Statistical analysis

For the experiment (three independent experiments in three
replicates, n = 9), statistical analysis using a two-way
analysis of the variance (ANOVA; P < 0.05) was per-
formed using Free Statistics Software, Office for Research
Development and Education; Wessa, 2014. A Tukey’s
HSD (honestly significant difference) post hoc test was
used to evaluate differences among the means (P < 0.05).

Results

The effect of wheat seedling age on survival
following severe dehydration

The rate of dehydration of the wheat seedlings, determined
as a percentage of the water saturation deficit (WSD),
increased gradually up to 96 h of dry treatment. It achieved
the similar final value in four- (62.7 & 2.3 % WSD) and
6-day-old (66.5 = 2.5 % WSD) seedlings. After a 24 h
rehydration period seedlings recovered to the identical
water deficit noted in both types of seedlings before
dehydration. The WSD of the hydrated, dehydrated and
rehydrated seedlings did not depend on seedling age.
Irrespective of the attained identical water deficit after
dehydration and rehydration periods, the percentage of
survived seedlings varied (based on their ability to resume
elongative growth after rehydration). Four-day-old wheat
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seedlings almost completely (87 %) survived severe
dehydration. Half (52 %) of the 6-day-old seedlings sur-
vived. There is no direct relationship between water deficit
and survival of wheat seedlings during post-germination
growth (Miazek et al. 2001). The 4-day-old seedlings were
dehydration tolerant, but 6-day-old seedlings were dehy-
dration sensitive (severe dehydration was a criterion for
dehydration tolerance). The observed development of
dehydration intolerance was associated with the stage of
seedling growth, as previously suggested (Sperdouli and
Moustakas 2014).

Changes in the ascorbate and glutathione pool

The effect of dehydration on changes in the ascorbate and
glutathione pools was investigated to determine the rela-
tionship between dehydration tolerance and the redox state
of seedlings. The ratio of reduced (AsA) to oxidized
ascorbate (DHA) was lower in the tolerant 4-day-old tol-
erant seedlings compared to the sensitive 6-day-old seed-
lings because of the lower ascorbate (AsA) content in the
former (Fig. 1A). The high AsA/DHA ratio in sensitive
seedlings was maintained up to 65 % WSD. This ratio
decreased slowly in tolerant seedlings to the level observed
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in fully turgid seedlings. The lower AsA/DHA ratio in the
tolerant seedlings corresponded to a lower activity of
ascorbate peroxidase (APX; Fig. 1C). The specific activity
of APX was higher in the control, well watered 6-day-old
seedlings and increased with water deficiency in both tol-
erant and sensitive plants. The higher activity of this
enzyme (6-day-old seedlings compared to 4-day-old seed-
lings) may be explained by the higher activity of the
electrophoretic bands revealed by native PAGE, with
ascorbate as a substrate, and to the three new activity bands
that appeared upon dehydration (see electronic supple-
mentary material).

In sensitive wheat seedlings, the total pool of reduced
(GSH) and oxidized (GSSG) glutathione (Fig. 1B) was
approximately 50 % lower compared to the tolerant seed-
lings. The difference in the total glutathione pool between
6- and 4-day-old seedlings explains the lower content of
GSH (6-day-old seedlings compared to 4-day-old seed-
lings). The ratio of GSH to GSSG, in sensitive seedlings,
was approximately half of that in tolerant seedlings. The
total glutathione pool increased several times in response to
dehydration, but the GSH/GSSG ratio did not change in
comparison to the fully turgid seedlings. Glutathione
reductase activity (Fig. ID) was higher for fully turgid
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sensitive seedlings, and increased significantly in response
to dehydration. The activity of glutathione reductase did
not differentiate dehydrated 4-day-old seedlings from the
older seedlings. The observed differences, in total pools of
ascorbate and glutathione, provide additional information.
The higher GSH/AsA ratio, in both fully turgid and
dehydrated seedlings in the tolerant phase of growth,
implies that the glutathione reductase-based maintenance
of the balance between the GSH and ascorbate pools
maintains the cellular redox state.

Effect of dehydration on lipid peroxidation, H,O,
content and protein oxidation

Lipid peroxidation during a water deficit was assessed
using TBARS content in the well- watered control and
dehydrated seedlings (Fig. 2A). The concentration of
TBARS did not differ for the fully turgid control seedlings.
The TBARS content increased at the highest water deficit
and was higher in the sensitive seedlings compared to the
tolerant seedlings. Similarly, the concentration of H,O, in
the control seedlings was identical and independent of their
tolerance (Fig. 2B). At 65 % WSD, the concentration of
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proteins as carbonylation (C) and the protein thiol content (D) of fully
turgid (control) and dehydrated wheat seedlings in tolerant (4 days
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H,0, was approximately threefold higher in the sensitive
seedlings compared to the tolerant seedlings. The concen-
tration of H,O, increased two- and six-fold for the tolerant
and sensitive seedlings, respectively (compared to the
hydrated seedlings).

The concentration of carbonyl and thiol groups in pro-
teins was determined to examine the effect of increased
H,O, concentration on protein oxidation in dehydrated
wheat seedlings. The carbonyl group content (0.02 pmol
C=0 mg ™' protein) was identical for the control, hydrated
sensitive and tolerant seedlings (Fig. 2C). The carbonyl
group content increased upon dehydration. The highest
increase in protein carbonylation was observed at the
beginning of seedling dehydration (15-25 % WSD). Car-
bonyl group content was higher in sensitive 6-day-old
seedlings (0.12 pmol C=0 mg~' protein) compared to
tolerant 4-day-old seedlings (0.08 pmol C=0 mg~' pro-
tein). The content of protein carbonyl groups decreased in
both types of seedlings but remained higher in comparison
to the control seedlings.

The content of the SH-groups in soluble proteins
increased with seedling age and was approximately 60 %
higher in 6-day-old seedlings compared to 4-day-old
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seedlings (Fig. 2D). Dehydration resulted in a significant
decrease in the content of SH-proteins (independent of
seedling age). The protein SH content was reduced to 19 %
of the control sensitive seedlings and to 37 % of the control
tolerant seedlings.

Response of proteolysis to dehydration

The content of soluble protein (per gram of dry weight)
was approximately 20 % higher in 6-day-old seedlings
compared to 4-day-old seedlings (Fig. 3A). The dehydra-
tion of seedlings to approximately 25 %WSD reduced the
protein content by approximately 70 % in the sensitive
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seedlings and approximately 30 % in the tolerant seedlings.
The final water deficit (65 % WSD) lowered the content of
soluble proteins in the tolerant seedlings to approximately
57 % of control, hydrated seedlings. The identical water
deficit lowered the soluble protein content in the sensitive
seedlings to 28 % of the control, hydrated seedlings.

To evaluate the effect of dehydration on protein degra-
dation, azocaseinolytic activity in crude extracts from wheat
seedlings was evaluated (Fig. 3B). In a sensitive phase of
seedling growth (6 days old) the total azocaseinolytic
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(12.57 units mg ™" protein h™") than seedlings in a tolerant
phase of seedling growth (7.24 units mg~" protein h™'). A
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more detailed analysis of azocaseinolytic activity, assayed
with the use of specific inhibitors, revealed significant
inhibition (approximately 30 %) of cysteine proteinases in
both types of seedlings (Fig. 3C). Serine (Fig. 3D) and
metalloproteinases (Fig. 3E), as identified by their respec-
tive inhibitors (PMSF and EDTA), represented approxi-
mately 12 % of the total proteolytic activity irrespective of
seedling age. Pepstatin A, an inhibitor of aspartic proteinases
(Fig. 3F), modified the proteolytic activity to a similar
extent (22 and 17 % for 4- and 6-day-old seedlings,
respectively).

Proteolysis was initially reduced in sensitive seedlings
in response to water deficiency. Azocaseinolytic activity
remained at the level noted for fully turgid tolerant 4-day-
old seedlings (Fig. 3B). At higher water deficiency (30 %
WSD), the intensity of azocasein hydrolysis increased in
both types of seedlings. At the most severe water deficit,
the intensities were approximately 80 and 36 % higher in
tolerant and sensitive seedlings, respectively, than in the
control. These differences were associated with changes in
the activities of particular proteinases (Fig. 3C-F). The
cysteine proteinases were preferentially enhanced under a
water deficiency (Fig. 3C). The activities of serine and
metalloproteinases fluctuated during dehydration, with a
tendency to decrease at 15 % WSD. At higher water defi-
cits, the activity of serine proteinases was higher in the
tolerant seedlings than in the sensitive seedlings. The
activity of aspartic proteinases remained stable, even at
higher water deficits. Its participation in total azoca-
seinolytic activity decreased by half in the tolerant
seedlings.

Discussion

We demonstrated that the observed inability of 6-day-old
seedlings to tolerate the identical water deficit compared to
4-day-old seedlings is associated with a disturbance in
cellular redox homeostasis and the reduced and oxidized
ascorbate and glutathione pools. A loss of dehydration
tolerance on the fifth day following imbibition is accom-
panied by a higher AsA content and AsA/DHA ratio in
6-day-old seedlings compared to 4-day-old seedlings. The
higher AsA content may be because of the de novo
biosynthesis of AsA required for both cell division and
expansion (Considine and Foyer 2014) and a higher AsA
recycling ability. In response to water deficiency, seedlings
resistant to dehydration demonstrated a steady reduced
status of ascorbate because of the paralleled increase in
DHA and AsA. A significant increase in AsA content and a
higher AsA/DHA ratio was been observed for seedlings
sensitive to dehydration. This significant increase in AsA
content may be triggered by accumulated H,O, as was
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previously observed for Mediterranean shrub (Jubany-Mari
et al. 2009). The accumulation of H,0O, in cells may be
prevented by ascorbate peroxidase, the major H,O,
reducing peroxidase in plants, via the ascorbate—glu-
tathione pathway (Noctor et al. 2014). In response to a
water deficiency, ascorbate peroxidase activity increased in
both types of seedlings. A greater increase was observed in
tolerant seedlings. The higher activity of this enzyme is a
common response of various plant species (maize, wheat,
beans, rice and alfalfa) to drought (Gill and Tuteja 2010).
The presence of three new activity bands of ascorbate
peroxidase (6-day-old seedlings) confirms enhanced
activity of this enzyme in wheat seedlings upon dehydra-
tion. Various abiotic stresses stimulated the activity of
some APX isozymes from the ascorbate peroxidase
isoenzymatic spectrum in spinach (Yoshimura et al. 2000).
APXS5 isoenzymatic bands were more intense in drought
tolerant compared to drought sensitive genotypes of pearl
millet (Kholova et al. 2011). Although the differential roles
of various isoenzymes are well documented (Yoshimura
et al. 2000; Chen et al. 2014), the importance of particular
APX isoenzymes in plant acclimation to drought remains
unclear.

The GSH pool and total glutathione (GSH + GSSG)
content is higher in tolerant seedlings than sensitive seed-
lings. The lowered level of GSH with germination confirms
the previous report for higher plants (Tommasi et al. 2001).
The rise in activities of ascorbate peroxidase and glu-
tathione reductase (GR) with seedling age suggest the
increased utilization of AsA and GSH with the progression
of germination. A drastically lowered GSH/AsA ratio and
the higher activities of enzymes responsible for their
reduced forms with the seedling age, indicate a their fine-
tuned regulation with phases of plant development.

The importance of the GSH 4 GSSG pool and the GSH/
GSSG ratio in dehydration tolerance was confirmed by our
experiments. The development of dehydration intolerance
with seedling age, referred to as 50 % seedling survival,
coincided with a 50 % loss of the total glutathione
(GSH + GSSG) pool and a shift of GSH/GSSG to a more
oxidized state (6.0-3.1). This finding is consistent with a
decline in total GSH content and the lower ratio of GSH to
GSSG reported for the germinating seeds and seedlings of
many species (Tomassi et al. 2001; Pyngrope et al. 2013).
The significant increase in GSSG levels during the early
stages of development was also reported during the dif-
ferentiation of tracheary elements in Zinnia sp. cells and
Arabidopsis thaliana roots (Henmi et al. 2005) and seed-
lings (Frottin et al. 2009). The reduction potential is also
dependent on the concentration of total glutathione
([GSH] + 2[GSSG]). The oxidation state of the glu-
tathione pool should be considered (Meyer and Hell 2005).
For wheat seedlings, the oxidation state of the glutathione
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pool, expressed as the degree of oxidation, increased from
229 to 393 % with the seedling age (Fig. 1B). An
observed shift of GSH/GSSG, to a more oxidized state with
a seedling age, resulted in more positive values for half-cell
reduction potential of the GSH/GSSG couple (EgssG2gsH)
by approximately 47 mV (calculated on the basis of GSH
and GSSG concentration, Nernst equation) (Meyer and
Hell 2005; Kranner et al. 2006).

Ascorbate and glutathione responded differently to
water deficiency. A high GSH/GSSG ratio was maintained
both in dehydration sensitive and tolerant seedlings
because of the increased concentration of GSH and the
activity of glutathione reductase. The maintenance of a
high GSH/GSSG ratio and activity of glutathione reductase
under drought conditions was previously observed in
wheat, tomato and rice (Colville and Kranner 2010). The
ratio of AsA/DHA increased in sensitive seedlings. In
tolerant seedlings, after a transient increase with a mild
water deficiency, the ratio dropped to the level noted for
fully turgid seedlings (Fig. 1A). The differential response
of ascorbate and glutathione to environmental factors
illustrates the specific and distinct roles played by AsA and
GSH within plants. AsA regulates primarily plant devel-
opment and GSH is involved in plant development and in
stress defence and signalling (Considine and Foyer 2014).

The low level of lipid peroxidation (measured as
TBARS), due to a lower content of H,O, in 4-day-old
seedlings, confirms the involvement of the peroxidation of
lipids in dehydration tolerance. This finding was previously
observed in wheat seedlings, pea and tomato plants (San-
chez-Rodriguez et al. 2010). Research indicates the
importance of lipid peroxidation in plant tolerance to biotic
and abiotic stresses and in the selection of tolerant plants to
water deficiency (Sanchez-Rodriguez et al. 2010). The
stable ratio of GSH/GSSG, and a higher AsA/DHA ratio in
sensitive 6-day-old seedlings compared to tolerant 4-day-
old seedlings did not prevent the enhanced production of
H,0, and the peroxidation of lipids with dehydration. As a
result, an increase in the protein carbonyl group (Fig. 2C)
and a significant decrease in the thiol (—SH) groups
(Fig. 2D) were observed in dehydrated sensitive seedlings.
Dehydration-induced alterations to the redox status of
proteins, determined by the contents of —SH and carbonyl
groups in proteins, are regarded as markers for oxidative
stress and as signals in oxidative conditions (Suzuki et al.
2012). The observed decline in the content of protein —SH
groups because of the formation of disulfides plays a role in
metabolic regulation (Mgller et al. 2011). Higher car-
bonylation, controlling protein quality and metabolism
(Nystrom 2005), results in the development of dehydration
intolerance during the transition of wheat seedlings from
heterotrophic to autotrophic growth (Bogdan and Zag-
danska 2009; Lounifi et al. 2013).

The removal of oxidatively modified proteins in plant
cells is important. If these proteins are not degraded, they
tend to form high molecular weight aggregates because of
covalent cross-linking and/or increased surface hydropho-
bicity (Karmous et al. 2014). The breakdown of oxidized
proteins generated under various stress conditions is per-
formed by ubiquitin-dependent and ubiquitin-independent
proteasomal pathways. Some proteinases may be involved
in the degradation of oxidized proteins (Grune et al. 2005;
Karmous et al. 2014). We confirmed that water deficiency
enhanced azocaseinolytic activity is increased in sensitive
seedlings compared to tolerant seedlings (Fig. 3B). The
higher activity of acidic proteolysis, induced by water
deprivation and associated with a distinct reduction of
protein content, is a common response of sensitive plants to
dehydration (Cruz de Carvalho et al. 2001; Hieng et al.
2004; Simova-Stoilova et al. 2010; Hameed et al. 2011). As
previously reported, (Wisniewski and Zagdanska 2001;
Grudkowska and Zagdanska 2010; Simova-Stoilova et al.
2010) cysteine proteinases were the most active proteinases
during a water deficiency. Their activity increased with
increased water deficit in both sensitive and tolerant
seedlings. The activities of serine and metalloproteinases
were fluctuating and demonstrated a tendency to increase
over 15 % WSD. The activity of aspartate proteinases
remained at a level identical to well-watered seedlings. The
involvement of serine proteinase in a plant’s response to
dehydration is equivocal. The activity of serine proteinase
in Phaseolus vulgaris was either decreased (Cruz de Car-
valho et al. 2001) or increased (Hieng et al. 2004). How-
ever, the activity increased in wheat (Wisniewski and
Zagdaniska 2001; Hieng et al. 2004; Simova-Stoilova et al.
2010). The observed differences in plant proteolytic
responses indicate that induction of proteolytic enzymes in
response to a particular stress is species-specific.

The repression of azocaseinolytic activity at 15 %
WSD, fully reversible at 25 % WSD, was an initial
response of sensitive seedlings to water deficiency. This
result was also true for frost- sensitive wheat seedlings
(Grudkowska and Zagdanska 2010) and drought-sensitive
wheat genotypes (Hameed et al. 2011). An increase in
protein carbonyl groups and oxidized protein thiol groups,
with a concomitant significant repression of proteolytic
activity, is commonly associated with cellular senescence
(Smakowska et al. 2014). An increased concentration of
carbonylated proteins, facilitated by the decreased intensity
of protein hydrolysis, indicates the ability of wheat seed-
lings to counteract the detrimental effects of water defi-
ciency. Similarly, carbonylated proteins could promote the
degradation of misfolded, damaged or unnecessary proteins
(Grudkowska and Zagdanska 2004; Nystrom 2005).
Otherwise, dehydration-induced alterations in protein oxi-
dation may result in the development of drought sensitivity.
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