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Abstract: The study examines the effect of acclimation on the antioxidant system and proline
metabolism in cucumber leaves subjected to 100 and 150 NaCl stress. The levels of protein carbonyl
group, thiobarbituric acid reactive substances, α-tocopherol, and activity of ascorbate and glutathione
peroxidases, catalase, glutathione S-transferase, pyrroline-5-carboxylate: synthetase and reductase
as well as proline dehydrogenase were determined after 24 and 72 h periods of salt stress in the
acclimated and non-acclimated plants. Although both groups of plants showed high α-tocopherol
levels, in acclimated plants was observed higher constitutive concentration of these compounds as
well as after salt treatment. Furthermore, the activity of enzymatic antioxidants grew in response
to salt stress, mainly in the acclimated plants. In the acclimated plants, protein carbonyl group
levels collapsed on a constitutive level and in response to salt stress. Although both groups of
plants showed a decrease in proline dehydrogenase activity, they differed with regard to the range
and time. Differences in response to salt stress between the acclimated and non-acclimated plants
may suggest a relationship between increased tolerance in acclimated plants and raised activity of
antioxidant enzymes, high-level of α-tocopherol as well, as decrease enzyme activity incorporates in
proline catabolism.
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1. Introduction

Soil salinity, caused by inter alia salt pollution, is a serious global problem due to the
ionic and osmotic stresses it places on in plants [1]. Soils are classified as saline when the
electrical conductivity (EC) exceeds 4 dS m−1 for a saturated soil solution (approximately
40 mM NaCl) and 15 dS m−1 for soil [2]. The UN Food and Agriculture Organization
estimates that the saline soils constitute 397 million ha worldwide and sodic soils 434
million ha [3].

Plants can acquire tolerance to salt stress by adapting their metabolism to protect
major cellular processes such as photosynthesis and respiration [4]. These mechanisms act
synergistically through altering the metabolisms and activating new biochemical pathways;
they can also influence the synthesis of chemical compounds which may have been absent
or present at low concentrations before the occurrence of stress [5–7].

Due to the greater prevalence of salt pollution and corresponding increases in NaCl
concentration in soils, there is a need to obtain a glycophyte that could function properly
and reproduce under salt stress. The acclimation to salinity is one of the methods by which
plants can become NaCl stress-resistant. Such acclimation can take place in few ways, but
two popular approaches involve treating seedlings with a low concentration of sodium
chloride or the selection of stress-adapted tissue and/or cell cultures [8,9]. The first studies
showing an increase in plant resistance under the influence of acclimation were carried
out by Strogonov [10]. Subsequent studies included the acclimation of cell and tissue
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cultures, followed by their selection, organogenesis and full regeneration of plants resistant
to salt stress [11,12]. A suitable acclimation method may well reduce the agricultural losses
caused by soil salinity. However, the whole acclimation process must first be clarified, from
the molecular and biochemical through cellular and physiological to whole plants [8,11].

Oxidative stress is common in plants. Reactive oxygen species (ROS), such as singlet
oxygen (1O2), superoxide anions (O2

.−), hydrogen peroxide (H2O2) and hydroxyl radicals
(HO.), are generated in the cells of all aerobic organisms under physiological conditions and
their levels are controlled by the antioxidant system [13]. Under stressful conditions, their
generation increases significantly, which induces changes in antioxidant potential. In recent
years, it has become clear that ROS plays a dual role in plants, both as toxic compounds
and key regulators of various biological processes such as growth, cell cycle, programmed
cell death, hormone signaling, biotic and abiotic cell responses and development [13,14].

Due to their strong oxidizing properties, elevated ROS concentrations can cause
irreversible or hardly reversible changes in cellular biomolecules such as proteins, lipids
and nucleic acids, resulting in damage to cell and organelle membranes [15]. Due to them
constituting over 50% of the dry weight of cells, proteins are the main target of the action
of ROS. Protein oxidation is generally defined as the covalent modification of proteins
induced by ROS and byproducts of pro-oxidative reactions. Among various types of
oxidative protein modification, most are irreversible, and their products are considered as
markers of oxidative stress [15,16]. Being common components of plant plasma membranes,
polyunsaturated fatty acids are particularly exposed to the action of ROS, especially singlet
oxygen and hydroxyl radicals. These react with polyunsaturated fatty acids, leading to the
formation of lipid peroxides. The changes generated by ROS the physicochemical structure
of the plasma membrane: it becomes less fluid, and its permeability increases, resulting in
electrolyte leakage [15,17].

The adverse effects of ROS in cells are countered by a biologically complex and inte-
grated system of antioxidant protection. Its components are divided into nonenzymatic
ones, such as low molecular-weight phenolic compounds, glutathione, ascorbate, toco-
pherols and carotenoids, and enzymatic ones such as superoxide dismutases and catalase
(CAT), as well as the peroxidases: ascorbate peroxidase (APX) and glutathione peroxidase
(GPX) [13]. Peroxidases and catalase are mainly responsible for scavenging H2O2. Plant
peroxidases activities are believed to occur through a range of diverse processes. Generally,
peroxidases catalyze the redox reactions between H2O2 and various reductants, such as
phenols, amines and alcohols, but they also are involved in lignin synthesis and the forma-
tion of the cross-links between cell wall components, which occurs during both normal
plant growth and defense responses [18]. In the case of H2O2 metabolism, peroxidases play
a dual role: while they can remove H2O2, they also catalyze various oxidative reactions
leading to its generation [19,20]. The GPX family are antioxidant enzymes involved in
scavenging H2O2, organic hydroperoxides and, like APX, in the regulation of the cellular
redox homeostasis [20,21].

APX uses ascorbate to reduce H2O2 to water, with the concomitant generation of
monodehydroascorbate. This enzyme family consists of at least five different isoforms:
viz. thylakoid and glyoxysome membrane, stromal, cytosolic and apoplast. The H2O2
disproportionation reaction catalyzed by catalase is an example of a hydroperoxidation
reaction, in which hydrogen peroxide is both a hydrogen donor and acceptor. This enzyme
is mainly located in peroxisomes; being is less well established in other cell compart-
ments [22]. Together with glutathione peroxidase, phospholipid hydroperoxide glutathione
peroxidase and glutathione S-transferase (GST), the glutathione-dependent enzymes par-
ticipate in the detoxification processes of lipid peroxides. GST is not a typical antioxidant
enzyme, and unlike peroxidases, it is not able to reduce the hydrogen peroxide gener-
ated during oxidative stress. GST uses glutathione to create conjugates with extrinsic
(herbicides, xenobiotics) and intrinsic electro- or nucleophilic compounds. The reaction
catalyzed by GST binds these compounds to the sulfur group of glutathione. Glutathione
S-transferase can also participate in the removal of products resulting from the reaction of
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ROS with cellular biomolecules, e.g., lipid peroxides. The glutathione S-conjugates formed
in the GST-catalyzed reaction are metabolized to stable, nonreactive products stored in
the vacuole [23].

Proline is a water-soluble imino acid classified as a compatible compound, i.e., it
does not damage cell structures at high concentrations, but it does lower the cell osmotic
potential. It was shown that the disintegration of plasmalemma observed during osmotic
and drought stresses, caused, e.g., by denaturation of membrane proteins, is significantly
limited in the cells of the plants with elevated proline content. Proline has a protective effect
on phospholipids, plasmalemma, mitochondria and plastid membranes [8,24]. Proline has
been found to contribute to the scavenging of hydroxyl radicals via a proline-proline cycle
without consumption of proline, but it does not appear to quench singlet oxygen [25,26].
Our studies based on an identical experimental model found salt stress to cause an increase
in proline concentration [27]. Salt exposure increased the proline level in the leaves of both
acclimated and non-acclimated cucumber plants; in addition, the acclimated plants had
lower levels of proline compared to the non-acclimated plants, both constitutively and after
stress treatment. Since proline accumulation is a common metabolic response of higher
plants to water deficit and salt stress [24], we hypothesize that the lower concentration of
proline observed in the acclimated plants may result from its possible metabolism to proline
betaine and hydroxyprolinebetaine, which are more potent osmoprotectants than proline.

In plant cells, glutamic acid acts as a substrate in the major pathway of proline biosyn-
thesis, which is reduced by pyrroline-5-carboxylic acid synthetase (P5CS) to pyrroline-5-
carboxylic acid (P5C) and then by pyrroline-5-carboxylic acid reductase (P5CR) to pro-
line [28]. Proline dehydrogenase (PDH) is an enzyme that initiates the proline degradation
pathway. PDH oxidizes proline to P5C, where FAD+ is used as an electron acceptor.
In a further step, pyrroline-5-carboxylic acid dehydrogenase converts P5C to glutamate.
This pathway is the only known pathway of proline catabolism to glutamate in higher
plants so far. PDH is found in the mitochondria, where it is bound to their inner mem-
brane [28,29]. The aim of the present study was to assess the ability of cucumber plants to
acclimate to NaCl stress by evaluating changes in the proline and antioxidant metabolism
associated with this process. To this end, the study examines a range of parameters in
cucumber leaves taken from stressed plants which had been either acclimated or non-
acclimated to salinity stress: APX, GPX, CAT, GST, P5CS, P5CR, PDH activity, and lipid
peroxidation, carbonyl group content and α-tocopherol levels were measured 24 h and
72 h after being subjected to moderate and severe NaCl stress in the two groups of plants.

2. Material and Methods
2.1. Plant Material and Experimental Design

Cucumber seeds (Cucumis sativus L.) cv “Cezar” were germinated in Petri dishes
for seven days in a controlled environment, i.e., a growth chamber, at a temperature of
23 ± 0.5 ◦C with 16 h light/8 h dark photoperiod at a light intensity of 150 µMol m−2 s−1

photon flux density and 60–70% relative humidity. The seedlings were planted into a
peat-based substrate (commercial) containing plastic pots (400 cm3), one seedling per pot.
According to the producer’s information: mineral nutrient content in 1 L of peat-based
substrate: 80–120 mg N, 60–80 mg P, 160–220 mg K, 70–120 mg Mg, and 1500–2000 Ca;
pH 5.5–6.0. The plants were cultured under the above-described condition.

One-week-old plants were divided into two groups. A non-acclimated plant group
(NAP) which was irrigated with tap water, and an acclimated plant group (AP) irrigated
four times with 20 mM NaCl at intervals of seven days. Five-week-old plants were used
for salt treatment.

The experiments were performed on fully expanded third and fourth leaves (from the
bottom). The leaves were harvested in the middle of the 16 h light period. Immediately
after harvesting, the leaves were homogenized in a cold mortar. The activities of enzymes
as well as lipid peroxides, α-tocopherol, carbonyl protein group and protein levels were
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examined after 24 (24 h) and 72 h (72 h) after moderate (100 mM) and severe (150 mM)
stress application.

The analyses were carried out in leaves from two groups of cucumber plants:

The first group-non-acclimated plants:

Non-acclimated–unstressed (NAP, control for non-acclimated plants subjected to salt
stress);
Non-acclimated stressed with 100 mM NaCl (NAP-100);
Non-acclimated stressed with 150 mM NaCl (NAP-150).

The second group–acclimated plants:

Acclimated–unstressed (AP, control for the acclimated plants subjected to salt stress);
Acclimated stressed with 100 mM NaCl (AP-100);
Acclimated stressed with 150 mM NaCl (AP-150).

2.2. Methods
2.2.1. Enzymes Extract Preparation

To determine P5CS, P5CR, PDH activities and protein content, 500 mg of fresh leaves
were homogenized at 4 ◦C in 2.5 cm3 of 50 mM Tris-HCl buffer (pH 7.6) containing
1 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 10 mM β-mercaptoethanol and 0.5%
polyvinylpyrrolidone. The homogenate was centrifuged at 20,000× g for 20 min at 4 ◦C.
The supernatant was used to determine enzyme activity and protein content.

To determine the activities of antioxidant enzymes, lipid peroxides, α-tocopherol and
protein level, fresh leaves (500 mg) were homogenized at 4 ◦C in 5 cm3 of 100 mM sodium
phosphate buffer (pH 7.5) containing 1 mM ascorbic acid, 1 mM EDTA, 0.5 M NaCl, 1%.
The homogenate was centrifuged at 20,000× g for 20 min at 4 ◦C. The supernatant was used
to determine enzyme activity as well as lipid peroxides and protein content. Crude extracts
were used for α-tocopherol level determination.

2.2.2. Proline Metabolism Enzymes

P5CS activity was measured spectrophotometrically at 25 ◦C by monitoring the ox-
idation of NADPH (ε = 6.22 mM−1 cm−1) at 340 nm according to Garcia-Rios et al. [30].
The reaction mixture contained 100 mM Tris-HCl buffer (pH 7.2), 25 mM MgCl2, 75 mM
Na-glutamate, 5 mM ATP, 0.4 mM NADPH and the enzyme extract. P5CS activity was
expressed in units, each representing the amount of enzyme catalyzing the oxidation of
1 nmol NADPH (ε = 6.22 mM−1 cm−1) per minute and expressed in U mg−1 protein.

P5CR and PDH activities were detected according to Szoke et al. [31] and by Rena
and Splittstoesser [32]. P5CR activity was assayed at 340 nm following the oxidation
of NADH. The reaction mixture comprised 50 mM potassium phosphate buffer pH 7.2,
128 µM NADH, 400 µM D,L-P5C and the enzyme extract. A unit of enzyme activity was
defined as the amount of enzyme needed to cause a decrease in absorbance by 1 nmol
NADH (ε = 6.22 mM−1 cm−1) per minute and expressed in U mg−1 protein. PDH activity
was assayed following the reduction of NAD+ at 340 nm at 32 ◦C. The assay mixture
contained 100 mM Na2CO3-NaHCO3 buffer, pH 10.3, 10 mM NAD+, 20 mM L-proline and
the enzyme extract, where proline was used as a starter. The activity was calculated using
the extinction coefficient of ε = 6.22 mM−1 cm−1. PDH activity was expressed in units,
each representing the amount of enzyme catalyzing the reduction of 1 nmol NAD+ per
minute and expressed in U mg−1 protein.

2.2.3. Antioxidant Enzymes

APX activity was measured as described by Nakano and Asada [33]. Enzyme activity
was assayed following the oxidation of ascorbate to dehydroascorbate at 265 nm. The assay
mixture contained 50 mM sodium phosphate buffer (pH 7.0), 0.25 mM ascorbic acid,
25 µM H2O2 and enzyme extract, where hydrogen peroxide was used as a starter. A blank
consisting of an ascorbate reaction mixture without the enzyme extract was used to correct
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for nonenzymatic oxidation. The activity was calculated using the extinction coefficient of
ε = 13.7 mM−1 cm−1. The enzyme activity was expressed in (µmol ascorbate min−1 mg−1

protein) U mg−1 protein.
CAT activity was measured spectrophotometrically according to Dhindsa et al. [34].

The reaction mixture contained 50 mM sodium phosphate buffer (pH 7.0), 15 mM H2O2
and the enzyme extract. H2O2 decomposition was measured at 240 nm. The activity was
calculated using an extinction coefficient of ε = 45.2 M−1 cm−1. The enzyme activity was
expressed in (mmol H2O2 min−1 mg−1 protein) U mg-1 protein.

GST activity was determined with 1-chloro-2,4-dinitrobenzene, due to 1-chloro-2,4-
dinitrobenzene-glutathione conjugation, according to Habig et al. [35]. The reaction so-
lution contained 100 mM potassium phosphate buffer (pH 6.25), 0.75 mM CDNB, 30
mM glutathione and the enzyme extract. The activity was calculated from the increase
in absorbance at 340 nm for 1 min when the extinction coefficient was 9.6 mM−1 cm−1.

The enzyme activity was expressed in (µmol 2,4-dinitrophenyl-S-glutathione min−1 mg−1

protein) U mg−1 protein.
GPX activity was determined according to Hopkins and Tudhope [36] with t-butyl

hydroperoxide as a substrate. The reaction mixture comprised 50 mM potassium phosphate
buffer (pH 7.0), 2 mM EDTA, 0.28 µM NADPH, 0.13 µM glutathione, 0.16 U glutathione re-
ductase, 0.073 µM t-butyl hydroperoxide and the enzyme extract. Oxidation of NADPH+H+

was recorded at 340 nm for 6 min, and the activity was calculated using the extinction
coefficient of ε = 6.22 mM−1 cm−1. The enzyme activity was expressed in (µmol NADPH
min−1 mg−1 protein) U mg−1 protein.

2.2.4. Determination of Lipid Peroxides

The concentration of lipid peroxides was estimated spectrofluorometrically according
to Yagi [37] by measuring the content of 2-thiobarbituric acid reactive substances (TBARS).
The concentration of lipid peroxides was calculated in terms of 1,1,3,3-tetrethoxypropane,
which was used as a standard and expressed in nmol mg−1 protein.

2.2.5. Protein Carbonyl Groups Determination

Carbonyl group (CO) content was estimated according to Levine et al. [38]. The
leaves were homogenized in 0.05 M potassium–phosphate buffer (pH 7.5), containing
1 mM EDTA, 2 mM dithiothreitol, 0.2% (v/v) Triton X-100 and phenylmethane sulfonyl
fluoride. The homogenates were centrifuged at 20,000× g for 20 min, and supernatants
were used for the determinations. Samples containing at least 0.5 mg proteins were
incubated with 1% (w/v) streptomycin sulfate for 20 min to remove the nucleic acids. After
centrifuging at 2000× g, the supernatants (200 µL) were mixed with 300 µL of 10 mM 2,4-
dinitrophenylhydrazine in 2 M HCl. The blank was incubated in 2 M HCl. After one-hour
incubation at room temperature, proteins were precipitated with 10% (w/v) trichloroacetic
acid. The pellets were washed three times with ethanol:ethyl acetate (1:1). Finally, the
pellets were dissolved in 6 M guanidine hydrochloride in 20 mM potassium phosphate
buffer (pH 2.3) at 37 ◦C. Absorbance was measured at 370 nm. Protein recovery was
estimated for each sample by measuring the absorption at 280 nm. Carbonyl group content
was calculated using the molar absorption coefficient for aliphatic hydrazone of ε = 22,000
M−1 cm−1. The concentration of CO was expressed in nmol mg−1 protein.

2.2.6. Determination of α-Tocopherol

Tocopherol content was assayed according to Taylor et al. [39]. After saponification
of the sample with 10 N KOH in the presence of 1.42 M ascorbic acid, α-tocopherol
was extracted to n-hexane. Fluorescence of the organic layer was measured at 280 nm
(excitation) and 310 nm (emission). The concentration of α-tocopherol was calculated in
terms of α-tocopherol, which was used as a standard and expressed in µMol mg−1 protein.
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2.2.7. Protein Determination

Protein contents were measured as described by Bradford [40] using BSA as a standard.

2.2.8. Statistical Analysis

The significance of differences between mean values was determined by the nonpara-
metric Mann–Whitney Rank-Sum Test using Statistica 13 software. Differences at p < 0.05
were considered significant. Data are given as mean values ± standard deviation. Each
data point is the mean of four independent replicates (n = 4). Each replicate consisted of
three plants.

3. Results
3.1. The Effect of Salt Stress on the Antioxidant System

In the non-acclimated plants, moderate and severe salt stress after 72 h caused a
decrease in APX activity by 45% (NAP-100) and 33% (NAP-150), as compared to the
respective controls (NAP) (Figure 1A). Severe stress application induced significant changes
in APX activity in the acclimated plant (AP-150) after 24 and 72 h, being significantly higher,
i.e., by about 30–45%, in the stressed group than its respective non-stressed group (AP).

Regarding moderate stress, GPX activity in NAP-100 decreased significantly by 25%
compared to NAP after 72 h (Figure 1B). For more severe stress, a 21% increase of GPX
activity was observed in NAP-150 compared to NAP after only 24 h. Further exposure to
this level of stress did not change GPX activity compared to the respective control (NAP).
In the acclimated plants, GPX activity increased significantly by 59% higher after 72 h
following severe salt stress application, while no increase was observed following moderate
stress (Figure 1B).

No change in CAT activity was observed in NAP-100 or NAP-150 throughout the
experiment (Figure 1C). Significant increases in CAT activity were observed only after 72 h
in the acclimated plants, i.e., by 38% (AP-100) and 49% (AP-150) compared with AP.

Moderate salt stress did not significantly influence GST activity in either group of
cucumber plants (Figure 1D). Severe stress application induced significant changes in
GST activity after 72 h: it was about 80% higher in both NAP-150 and AP-150 than in the
respective non-stressed groups.

The process of acclimation significantly influenced the constitutive α-tocopherol
concentration in the studied variants. The level was 40–80% higher in AP than NAP
(Figure 1E). Following moderate and severe salt stress, the α-tocopherol levels increased
significantly by 200% in NAP-100 and 300% in NAP-150 after 72 h, in comparison to NAP.
These values were about 60% higher in AP-100 and 87% higher in AP-150 compared to AP
after 24 h, and 300% and 400% higher after 72 h compared to AP.
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150 mM NaCl: non-acclimated (NAP) and acclimated (AP) to salinization. Bars represent SD of means, n = 4. a—indicates 
a significant difference between NAP and AP; b—indicates a significant difference between NAP, NAP-100 and NAP-150; 
c—indicates a significant difference between AP, AP-100 and AP-150. 

3.2. The Effect of Salt Stress on the Oxidative Stress Markers Level 
No change in TBARS level was observed in any examined group (Figure 2A). 
The acclimation process significantly influenced carbonyl protein group content (Fig-

ure 2B). The constitutive CO level was 30–47% lower in AP than in NAP. In the acclimated 
plants, compared to AP, CO content significantly decreased by 23% in AP-100 and 38% in 
AP-150 after 24 h; it also decreased by 43% (AP-100) and 66% (AP-150) after 72 h. 

 

Figure 1. Changes in ascorbate peroxidase (APX) (A), glutathione peroxidase (GPX) (B), catalase (CAT) (C), glutathione
S-transferase (GST) (D) activities and α-tocopherol (E) concentration in cucumber leaves in plants treated with 100 and 150
mM NaCl: non-acclimated (NAP) and acclimated (AP) to salinization. Bars represent SD of means, n = 4. a—indicates a
significant difference between NAP and AP; b—indicates a significant difference between NAP, NAP-100 and NAP-150;
c—indicates a significant difference between AP, AP-100 and AP-150.

3.2. The Effect of Salt Stress on the Oxidative Stress Markers Level

No change in TBARS level was observed in any examined group (Figure 2A).
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trations in cucumber leaves in plants treated with 100 and 150 mM NaCl: non-acclimated (NAP) and acclimated (AP) to 
salinization. Bars represent SD of means, n = 4. a—indicates a significant difference between NAP and AP; b—indicates a 
significant difference between NAP, NAP-100 and NAP-150; c—indicates a significant difference between AP, AP-100 and 
AP-150. 
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was 65% higher in AP than in NAP (Figure 3A). No change in P5CS activity was observed 
in the non-acclimated plants after moderate (NAP-100) or severe (NAP-150) stress treat-
ment. However, in the acclimated plants, P5CS activity significantly increased by 32% in 
AP-150 after 72 h compared to AP. 

In response to moderate stress, after 72 h, P5CR activity was 67% higher in AP-100 
compared to AP. In the acclimated plants, severe stress significantly increased P5CR ac-
tivity by 38% after 24 h and 98% after 72 h compared to AP (Figure 3B). 

In response to moderate stress, PDH activity in the non-acclimated plants (NAP-100) 
decreased by 50% and 62% compared to NAP after 24 and 72 h, respectively. In the NAP-
150 plants, PDH activity was about 37% and 55% lower after 24 and 72 h, respectively, 
than in NAP. Similarly, in the plants acclimated to stress, PDH activity decreased by 61% 
in AP-100 and 75% in AP-150, compared to AP after 72 h (Figure 3C). 

Figure 2. Changes in 2-thiobarbituric acid reactive substances (TBARS) (A) and protein carbonyl group (CO) (B) concen-
trations in cucumber leaves in plants treated with 100 and 150 mM NaCl: non-acclimated (NAP) and acclimated (AP) to
salinization. Bars represent SD of means, n = 4. a—indicates a significant difference between NAP and AP; b—indicates
a significant difference between NAP, NAP-100 and NAP-150; c—indicates a significant difference between AP, AP-100
and AP-150.

The acclimation process significantly influenced carbonyl protein group content
(Figure 2B). The constitutive CO level was 30–47% lower in AP than in NAP. In the
acclimated plants, compared to AP, CO content significantly decreased by 23% in AP-100
and 38% in AP-150 after 24 h; it also decreased by 43% (AP-100) and 66% (AP-150) after
72 h.

3.3. The Effect of Salt Stress on the Proline Metabolism Enzymes Activity.

The process of acclimation significantly influenced the constitutive P5CS activity: it
was 65% higher in AP than in NAP (Figure 3A). No change in P5CS activity was observed in
the non-acclimated plants after moderate (NAP-100) or severe (NAP-150) stress treatment.
However, in the acclimated plants, P5CS activity significantly increased by 32% in AP-150
after 72 h compared to AP.

In response to moderate stress, after 72 h, P5CR activity was 67% higher in AP-100
compared to AP. In the acclimated plants, severe stress significantly increased P5CR activity
by 38% after 24 h and 98% after 72 h compared to AP (Figure 3B).

In response to moderate stress, PDH activity in the non-acclimated plants (NAP-100)
decreased by 50% and 62% compared to NAP after 24 and 72 h, respectively. In the NAP-
150 plants, PDH activity was about 37% and 55% lower after 24 and 72 h, respectively, than
in NAP. Similarly, in the plants acclimated to stress, PDH activity decreased by 61% in
AP-100 and 75% in AP-150, compared to AP after 72 h (Figure 3C).
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and AP; b—indicates a significant difference between NAP, NAP-100 and NAP-150; c—indicates a significant difference 
between AP, AP-100 and AP-150. 
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Our present findings extend our previous studies [27] aimed at understanding the 

relationship between tolerance to salt stress in plant acclimation and changes in primary 
nitrate and carbon metabolism. The salt-acclimated plants demonstrated i) higher activi-
ties of enzymes involved in glutamic acid production and ii) higher activities of enzymes 
in the oxidative pentose phosphate pathway, which could be attributed to high demand 
for glutamic acid and NADPH, respectively. The high demand for glutamic acid reflected 
a greater need for proline, an effective osmoprotectant. Similarly, the high demand for 
NADPH may be related to its participation in many metabolic processes where it is a co-
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Figure 3. Changes in pyrroline-5-carboxylate synthetase (P5CS) (A), pyrroline-5-carboxylate reductase (P5CR) (B) and
proline dehydrogenase (PDH) (C) activities in cucumber leaves in non-acclimated (NAP) and acclimated (AP) plants treated
with 100 and 150 mM NaCl. Bars represent SD of means, n = 4. a—indicates a significant difference between NAP and AP;
b—indicates a significant difference between NAP, NAP-100 and NAP-150; c—indicates a significant difference between AP,
AP-100 and AP-150.

4. Discussion

Our present findings extend our previous studies [27] aimed at understanding the
relationship between tolerance to salt stress in plant acclimation and changes in primary
nitrate and carbon metabolism. The salt-acclimated plants demonstrated i) higher activities
of enzymes involved in glutamic acid production and ii) higher activities of enzymes in
the oxidative pentose phosphate pathway, which could be attributed to high demand for
glutamic acid and NADPH, respectively. The high demand for glutamic acid reflected
a greater need for proline, an effective osmoprotectant. Similarly, the high demand for
NADPH may be related to its participation in many metabolic processes where it is a
cofactor central to metabolism, e.g., antioxidant system, proline synthesis.

To protect cells against the toxic effects of ROS, plants use a complex antioxidant sys-
tem composed of enzymes and nonprotein compounds. Previous studies have examined
the activity of ascorbate peroxidase in plants subjected to biotic and abiotic stresses, includ-
ing pathogen–plant interactions [41,42]. Their findings partially confirm our present ones
regarding the activity of APX under salt stress: its activity was found to increase only in
acclimated plants, i.e., those subjected to prior salt stress (Figure 1A). In the non-acclimated
ones, this activity either did not change or decrease in relation to the respective control, and
the nature of these changes depended on the duration of stress and its intensity. The varied
dynamics of APX activity observed in response to the applied stress may also be related,
e.g., to the availability of ascorbate, one of the substrates needed for its reaction [42,43].
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Mittov et al. [44,45] observed a decrease in the reduced form of ascorbate in organelles
within the leaves and roots of tomato (Lycopersicon esculentum Mill.) characterized as a
salt-sensitive species, and that this decrease was not accompanied by any changes in APX
activity. However, a shift in the balance between ascorbate/dehydroascorbate towards
dehydroascorbate was observed. This may be related to the antioxidant properties of
ascorbic acid, which is directly involved in the removal of ROS, as well as the regeneration
of tocopherol [43,46]. The increase in APX activity observed in the leaves of plants accli-
mated to stress in response to salt stress may be connected with increased stress tolerance
(Figure 1A). Hernandez et al. [47] and Mittova et al. [44,45] report an increase in APX in
the leaves of salt-tolerant pea (Pisum sativum L.) cultivar [47] and in tomato (Lycopersicon
pennellii Corr.) characterized as a wild salt-tolerant species [44,45].

Many studies indicate a positive correlation between the activity of catalase and
the degree of stress intensity [22]. An increase in CAT activity proportional to applied
NaCl concentration was observed, e.g., in white mulberry (Morus alba L.) in response to
salinity [48]. The fact that CAT activity increased in the acclimated plants, but not the
non-acclimated ones (Figure 1C) under salt stress indicates that acclimation may cause
changes in metabolic reactions taking place in peroxisomes and that this may be related to
the activation of processes preventing pro-oxidative changes under stressful conditions.
An increase in CAT in leaves peroxisomes in wild salt-tolerant species of tomato was
reported by Mittova et al. [44]. The increase in CAT activity observed during salt stress in
the present study is confirmed in studies carried out on Cucumis melo var. Inodorus [49]
found that seedlings whose seeds were conditioned in sodium chloride solution with
EC = 18 dS m−1 demonstrated the greatest increase in CAT activity in response to salt stress.

The presence of carbonyl groups in proteins caused by oxidation is the most commonly
determined marker of oxidative stress in aerobic organisms. Protein carbonyl groups are
particularly common in organelles subjected to increased ROS generation [15]. The oc-
currence of protein carbonylation taking place in response to environmental stress may
have a signaling function. It has been suggested that carbonylated proteins outside the
mitochondria may function as secondary messengers [15,16]. The acclimated plants in
the present study demonstrated a decrease in protein carbonyl level (Figure 2B); this may
be related to the presence of compounds with osmoprotective functions such as proline.
Similarly, Hoque et al. [50] report an exogenous application of proline or glycine betaine
resulted in a reduction of protein carbonylation in suspension-cultured cells of Nicotiana
tabacum L., cv. BY-2 (Bright Yellow-2). The fact that lower levels of protein carbonylation
were observed in acclimated plants after the application of salt stress may also be related
to the degradation of these compounds by proteases. Pena et al. [51] found the activity of
proteolytic enzymes to be elevated in response to oxidative stress initiated by the presence
of heavy metals. Our results show a low constitutive concentration of protein carbonyl
groups in the acclimated plants, which may indicate the activity of a well-functioning
proteolysis mechanism, together with a well-functioning ROS removal system.

Another marker of oxidative stress is the presence of lipid peroxidation products,
which react with 2-thiobarbituric acid [17]. In both studied groups of cucumber plants, no
significant changes in lipid peroxides content were observed throughout the experiment
in response to either dose (Figure 2B). The obtained results are similar to those published
by Cai-Hong et al. [52], who found a slight decrease in TBARS concentration in the leaves
of Sueda salsa L. subjected to salt stress. These findings may be indicative of a highly
effective system of hydrophobic antioxidant compounds used to remove lipid peroxidation
products. Tocopherols are strongly hydrophobic antioxidants [46]. However, the increases
in α-tocopherol concentration (Figure 1E) and glutathione-dependent enzyme activity
(Figure 1B,D) in response to stress appear to inhibit TBARS growth. Cellular tocopherol
levels vary between individual plant organs and change according to the plant develop-
ment stage and the presence of stress factors. As in the case of hydrophilic antioxidants,
the concentration of tocopherols (mainly α-tocopherol) increases in response to environ-
mental stresses [46]. Keleş and Öncel [53] report that salinity induces the synthesis and
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accumulation of α-tocopherol in wheat seedlings. Skłodowska et al. [54] also note that
salt stress induced an increase in the concentration of α-tocopherol in tomato chloroplasts,
with the extent of this induction correlating with the concentration of NaCl and the time of
exposure of plants to stress. These results were confirmed in our study (Figure 1E), where
higher intensities and duration of salt stress were accompanied by a progressive increase
in α-tocopherol concentration in both groups of cucumbers. This may explain the lack of
changes observed in TBARS concentration after stress.

Biotic and abiotic stress also has been found to result in an increase in GPX activity [55],
as observed in chloroplasts and whole leaves of tomatoes subjected to salt stress [54]. In the
present study, the increase in GPX activity in the acclimated plants was found to depend on
the level of applied NaCl stress (Figure 1B). These observations are consistent with studies
conducted on P. sativum by Hernandez et al. [47], who found that levels of phospholipid-
hydroperoxide GPX transcripts increased in the leaves of tolerant cultivar, but not insensi-
tive ones. The increase in GST and GPX activities observed during salt stress in the present
study, particularly in the acclimated plants, may suggest that these glutathione-dependent
enzymes participate in increasing tolerance. Roxas et al. [56,57] found that genetically
modified tobacco seedlings demonstrating GPX and GST overexpression tolerated salt
stress better than the wild variety, showed normal growth and development under high
soil salinity, suggesting that increased activity of glutathione-dependent enzymes may be
associated with increased tolerance to salt stress [56,57].

A common reaction to salt stress is an increase in the synthesis and accumulation of
proline. Many studies clearly indicate that proline plays a role in the protection of structural
components in cells and in the enzymes involved in the antioxidant defense [58]. Tobacco
BY-2 cell suspensions culture subjected to exogenous application of proline demonstrated
significantly lower ROS and TBARS concentrations, alleviated the reduction in peroxi-
dase and CAT activity, and less growth inhibition, in response to salt stress compared to
untreated cultures [50,59]. In another study based on an identical experimental model,
tobacco BY-2 cell cultures treated, e.g., with proline, demonstrated reduction of NaCl-
induced cell death via decreasing level of ROS accumulation and lipid peroxidation as well
as improvement of membrane integrity [60]. In addition, in a study based on acclimated
cucumber suspension cell cultures, free proline level was found to correlate with high vigor
during salinization [61]. In our previous work [27], we used cucumber plants acclimated
to salt stress; we reported that osmoprotectants such as proline, glucose and sucrose levels
in cucumber leave tissues increased in response to salt stress, especially in the late phase of
the experiment what made that the acclimated plants were in better condition following
salt stress than the non-acclimated ones

Generally, the increase in proline concentration is directly related to the activity of the
enzymes involved in its synthesis and degradation. In plant cells, the enzyme involved in
the conversion of glutamate to pyrroline-5-carboxylic acid, a stage in proline synthesis, is
pyrroline-5-carboxylic acid synthetase [24,29]. In the present study, generally, salt stress did
not cause significant changes in P5CS activity in either examined group (Figure 3A), but
the acclimation process increased the constitutive P5CS activity in AP by 50%. Similarly,
Wang et al. [62] report no change in P5CS activity in Triticum estivum seedlings subjected
to 150 and 300 mM NaCl, but an increase in P5CR activity in response to 300 mM NaCl.
The lack of changes in P5CS activity observed in non-acclimated plants following salt
stress may be related to the fact that P5CS activity is tightly regulated by proline level,
with increased concentrations of proline causing enzyme inactivation by binding to its
γ-GK domain [24,29]. Our results show that the acclimated plants demonstrated a greater
increase in P5CR activity in response to salt stress (Figure 3B). The lack of changes in P5CR
activity observed in the non-acclimated plants may have been due to a lack of change in
P5CS activity. On the other hand, the increase in P5CR activity seen in the acclimated
plants in response to salt stress may reflect the activity of a different P5C synthesis pathway
than that involving P5CS [29]. The accumulation of proline in plants following stress is
not always associated with increased activity by its synthesis enzymes [28,29]; in fact,
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numerous studies have found the activity of enzymes in the proline oxidation pathway
(i.e., proline degradation) to be significantly reduced during salt stress. This is particularly
true for proline dehydrogenase, the first enzyme in the proline degradation pathway, which
oxidizes this compound to P5C [28]. Salt stress was found to cause a decrease in PDH
activity in the non-acclimated and acclimated plants (Figure 3C). Interestingly, although
this decrease occurred in both examined time periods in the non-acclimated group, it was
observed mainly in the late period in the acclimated group. A similar phenomenon was
observed in Triticum durum Desf. leaves, where PDH activity progressively decreased
with the duration of exposure to salt stress [63]. Our previous results showed [27] that
the concentration of proline progressively increased with the time of exposure to NaCl
in both acclimated and non-acclimated groups; they also indicate this occurred together
with a lack of, or a slight increase in, the activity of proline anabolism enzymes (Figure
3A,B) it can be assumed that low activity of proline dehydrogenase plays a significant role
in proline accumulation. In the present study, both studied groups of cucumber plants
demonstrated a decrease in PDH activity in response to salinity. This may result from
the properties of this enzyme. PDH activity is controlled by the amount of substrate, so
increasing proline concentration should activate PDH [24,64]. However, PDH activity is
inhibited under unfavorable environmental conditions, despite high proline concentrations,
whereas the removal of stress factors results in immediate activation of the expression of
genes encoding PDH [24]. Peng et al. [64] showed that treatment with exogenous proline
led to an increase in PDH gene expression in Arabidopsis thaliana seedlings and that this
increase was inhibited by the application of salt stress. In the present study, following salt
stress treatment, PDH activity was found to fall earlier in the non-acclimated plants than in
the acclimated ones; this suggests that the potential osmotic decreases faster in the former
than in the latter. Importantly, despite the significant increase in proline concentration
caused by the inhibition of PDH activity, P5CS activity was not found to be suppressed for
all the examined groups of plants. The proline accumulated during stress can be used for
the synthesis of proline betaine, whose osmoprotective properties are more potent than
those of proline. An increase in proline betaine concentration causes a decrease in the level
of free proline, which leads to inhibition of proline oxidation by PDH [24].

5. Conclusions

Our results partially confirm the commonly accepted hypothesis that the degree of
tolerance to salt stress is closely related to the effectiveness of the antioxidant defense of
the cell and that this may, in turn, be reflected in an increase in the activity of antioxidant
enzymes or their high constitutive activity. Apart from α-tocopherol, none of the tested
antioxidants demonstrated increased constitutive activity in the acclimated plants; however,
the antioxidant enzyme activity grew in response to salt stress. The differences observed
in response to salt stress between the acclimated and non-acclimated plants may suggest
a relationship between increased tolerance to salinity stress and the increased activity
of APX, CAT, glutathione-dependent enzymes and high concentration of α-tocopherol
as well as decreased activity of proline catabolism enzyme. We can suggest that certain
metabolic changes occur during acclimation to stress, allowing more efficient activation of
defense reactions to stress. The efficient removal of protein and lipid oxidation products
demonstrated in the acclimated plants, as well as the ROS inducing these processes, may
be associated with greater resistance to oxidative stress.
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