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Abstract
Background

Nitric oxide (NO) has been widely recognized as a multifunctional signaling molecule in plants,
participating in the regulation of growth, developmental transitions, and stress adaptation processes. Its
involvement in modulating cellular redox homeostasis is considered one of the key mechanisms
underlying these effects. In experimental studies, sodium nitroprusside (SNP) is frequently employed as
an exogenous NO donor, and numerous reports indicate that SNP treatments can activate antioxidant
systems in different plant species. However, information regarding the temporal effects of repeated SNP
applications under vineyard conditions and their integrated effect on leaf and grape berries antioxidant
responses in grapevines remains limited.

Results

Foliar SNP applications significantly modulated antioxidant enzyme activities and oxidative stress
indicators in the Horoz Karası grape variety. Among the tested concentrations, 300 ppm SNP
consistently resulted in the highest activities of superoxide dismutase (SOD), ascorbate peroxidase
(APX), catalase (CAT), and glutathione reductase (GR), while effectively suppressing malondialdehyde
(MDA) and hydrogen peroxide (H2O2) accumulation in leaf tissues. The effects of SNP were more
pronounced during the veraison and harvest periods than in the pre-veraison stage, indicating a stronger
regulatory role under elevated metabolic activity. In grape berries tissue, SNP applications, particularly at
300 ppm, reduced MDA levels and promoted higher antioxidant enzyme activities, demonstrating a
systemic leaf– grape berries interaction mediated by NO signaling.

Conclusions

Repeated foliar application of SNP effectively enhances antioxidant defense capacity and limits
oxidative damage in Horoz Karası grapevines in a dose- and time-dependent manner. The 300 ppm
concentration emerged as the optimal dose for maintaining redox homeostasis in both leaf and grape
berries tissues. These findings highlight the potential of NO-based applications as an environmentally
friendly strategy to improve oxidative stress management and quality preservation in sustainable
viticulture practices.

Background
Grapes (Vitis vinifera L.), an important member of the Vitaceae family, possess considerable economic
and nutritional value worldwide, both as fresh fruit and in processed products. Grape berries are
characterized by their attractive aroma and flavor, as well as their rich nutritional composition. Grapes at
harvest maturity represent an important source of dietary fiber, organic acids, vitamins, and minerals,
and are particularly rich in phenolic compounds and antioxidant capacity. Owing to these bioactive
components, grapes provide significant health benefits and are widely accepted as a functional food.
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Horoz Karası, one of the important grape varieties endemic to Türkiye, stands out especially for its high
adaptability and favorable fruit quality. Due to increasing consumer demand and the need to protect
local genetic resources, the cultivation of this variety has become increasingly important. In viticulture,
increasing both yield and quality is a fundamental goal for producers, and the development of
environmentally friendly and sustainable practices plays a crucial role in achieving this goal. [1–3].

Today, various chemical treatments are used in agricultural production to increase yield and improve
quality. However, the intensive use of pesticides and chemical fertilizers poses risks not only to the
environment but also to product quality and human health. Therefore, there is increasing interest in
lower-risk alternative applications that support the physiological and biochemical mechanisms of plants.
[4]. In this context, the use of signaling molecules that regulate growth, development, and stress
responses in plants is gaining prominence. Nitric oxide (NO), one of these signaling molecules, is an
important compound that plays a role in regulating many physiological processes in plants, such as
photosynthesis, respiration, cell division, and aging [5–7]. NO also plays a critical role in the development
of tolerance to environmental stress conditions in plants. In particular, it contributes to the maintenance
of cellular redox balance through its interaction with reactive oxygen species (ROS) [8, 9].

Sodium nitroprusside (SNP) is one of the compounds widely used for the external application of NO in
plants, considered an effective donor for controlled NO release. Owing to its light and temperature-
sensitive structure, small molecular size, and high diffusion capacity, it can easily cross cell membranes
and effectively regulate intracellular signaling mechanisms in plant tissues [5, 10]. In plants, NO is
synthesized via NO synthase-like enzymes during the conversion of L-arginine to L-citrulline and is widely
distributed in different plant tissues. NO is known to exert significant effects on seed germination,
stomatal movement, root development, defense responses against pathogens, and leaf physiology [11–
13]. It also plays an important role in the regulation of cell division, chlorophyll metabolism,
photosynthesis, and respiration processes [14, 15]. One of the most important functions of NO in plants
is the control of oxidative stress. NO activates the antioxidant defense system, regulating the activities
of enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), and
glutathione reductase (GR); conversely, it limits the accumulation of hydrogen peroxide (H2O2) and
malondialdehyde (MDA) which are indicators of lipid peroxidation. The application of NO donors such as
SNP has been reported to protect membrane integrity and reduce cellular damage in different plant and
fruit species [16–18].

Recent studies have shown that SNP applications are effective not only in vegetative tissues but also in
fruit development and veraison, with significant effects on quality characteristics. Pre- or post-harvest
SNP applications have been reported to enhance antioxidant capacity in fruits, regulate phenylpropanoid
metabolism, and reduce quality losses [17–21]. These findings demonstrate that SNP has the potential
to improve fruit quality by maintaining oxidative balance in fruit tissues.

Although studies on NO and SNP applications in grapevines are limited, existing data indicate a
regulatory role of SNP on the antioxidant defense system [19, 22]. However, studies evaluating the
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combined effects of repeated foliar SNP applications on antioxidant enzyme responses in leaves and the
reflection of these responses in fruit tissue, particularly under vineyard conditions, are quite insufficient.

This study aims to determine the effects of repeated applications of different SNP concentrations at
specific intervals on antioxidant enzyme activities (GR, SOD, APX and CAT) and oxidative stress
indicators (MDA and H2O2) in the leaves of the Horoz Karası grape variety, and to evaluate the
relationship between these effects and biochemical responses in the fruit tissue following the final
application. The originality of this study lies in the consideration of SNP applications in a temporal
framework under vineyard conditions and their evaluation within the context of leaf–fruit integrity. It is
expected that the findings will contribute to a better understanding of the physiological and biochemical
effects of NO-based applications in viticulture.

Materials and methods

Plant material and experimental design
This study was conducted in a commercial vineyard in Kilis province, located in the Southeastern
Anatolia Region of Turkey, during the 2025 growing season. The experimental material consisted of
vines of the Horoz Karası grape variety (Vitis vinifera L.), commonly cultivated in the region. All vines in
the vineyard were of the same age (15 years), at a similar phenological development stage, and grown
under uniform conditions in terms of cultural practices such as irrigation, fertilization, pruning, and
disease and pest control.

The experiment was designed with three treatment groups, each consisting of ten vines. At the
beginning of the experiment, leaf samples were taken for control purposes before the SNP application.
Subsequently, SNP solutions were applied to the treatment groups at concentrations of 100, 300, and
500 ppm respectively, using a foliar spray method; the control group was sprayed only with pure water.

Leaf samples were taken 15 days after the first SNP application (pre-veraison period), and a second SNP
application was performed at the same doses. On the thirtieth day (veraison period), leaf samples were
collected again and a third SNP application was performed. On the forty-fifth day (harvest period), both
leaf and fruit samples were harvested for analysis. During this period, fruits from vines not treated with
SNP were also collected as a control group.

All collected leaf and fruit samples were transported to the laboratory under cold chain conditions and
stored under appropriate conditions until analysis. Biochemical analyses were performed to determine
oxidative stress indicators and enzyme activities of the antioxidant defense system.

Biochemical Measurements and Analyses

Preparation of Enzyme Extracts
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Leaf and grape berries tissues collected after SNP treatments were immediately immersed in liquid
nitrogen, pulverized to a fine powder, and preserved at − 80°C prior to biochemical analyses. For the
preparation of crude enzyme extracts, 1 g of frozen material was thoroughly homogenized in a pre-
chilled mortar using 100 mM phosphate buffer (pH 7.0) supplemented with 10 mM Na₂EDTA, 1 mM
MgCl₂, 1% (w/v) polyvinylpyrrolidone (PVP), 10 mM KCl, and 2 mM dithiothreitol (DTT). The homogenate
was subsequently filtered and centrifuged at 14,000 rpm for 20 min at 4°C. The clear supernatant
obtained after centrifugation served as the enzyme source.

Determination of Catalase (CAT; EC 1.11.1.6) Enzyme Activity
Catalase (CAT) activity was assayed by following the decomposition of hydrogen peroxide
spectrophotometrically. The reaction mixture consisted of 30 mM KH₂PO₄/K₂HPO₄ buffer (pH 7.0)
containing 10 mM H₂O₂, and the assay was started by the addition of 300 µL enzyme extract, bringing
the final reaction volume to 1.4 mL. The decline in absorbance at 240 nm, corresponding to H₂O₂

degradation, was recorded for 3 min at 30 s intervals. Enzyme activity was calculated using an extinction
coefficient of 36 mM⁻¹ cm⁻¹ for H₂O₂ and expressed as units per milligram of protein (U mg⁻¹ protein).
The procedure followed the method of Aebi (1984) [23].

Determination of Ascorbate Peroxidase (APX; EC 1.11.1.11) Enzyme
Activity
APX activity was assayed spectrophotometrically by monitoring the oxidation of ascorbate in the
presence of hydrogen peroxide. The reaction mixture contained 0.8 mL of 50 mM potassium phosphate
buffer (pH 7.0), 0.1 mL of 0.5 mM ascorbate, and 0.1 mL of enzyme extract. The reaction was started by
the addition of 0.1 mL of 100 mM H₂O₂. The decrease in absorbance at 290 nm, reflecting ascorbate
oxidation, was recorded over a 3-min period. Enzyme activity was calculated using an extinction
coefficient of 2.8 mM⁻¹ cm⁻¹ and expressed on a protein basis (U mg⁻¹ protein). The assay procedure
followed the method described by Nakano and Asada (1981) [24].

Determination of Glutathione Reductase (GR; EC 1.6.4.2)
Enzyme Activity
GR activity was assayed by following the oxidation of NADPH during the reduction of oxidized
glutathione. The reaction mixture (final volume 2.8 mL) consisted of 120 mM phosphate buffer (pH 7.2;
2.5 mL), 0.065 mM GSSG (0.1 mL), 0.015 mM Na₂EDTA (0.1 mL), 9.6 mM NADPH (0.05 mL), and 0.1 mL
enzyme extract. The decline in absorbance at 340 nm, corresponding to NADPH consumption, was
monitored for 3 min. Enzyme activity was calculated and expressed as U mg⁻¹ protein. The assay was
carried out according to the procedure described by Goldberg and Spooner (1983) [25].
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Determination of Superoxide Dismutase (SOD; EC 1.15.1.1) Enzyme
Activity
SOD activity was determined by a method based on the inhibition of nitroblue tetrazolium (NBT)
reduction by superoxide radicals under light. The reaction medium was prepared to contain 50 mM
phosphate buffer (pH 7.8), 12 mM methionine, 75 µM NBT, 3 mM Na₂EDTA, and 50 mM Na₂CO₃, with
different volumes of enzyme extract added. The assay was initiated by adding 10 µM riboflavin, after
which the reaction mixtures were exposed to fluorescent light at 25°C to allow photochemical reduction.
The formation of the blue formazan product resulting from NBT reduction was quantified
spectrophotometrically at 560 nm. One unit of superoxide dismutase (SOD) activity was defined as the
amount of enzyme required to cause 50% inhibition of NBT reduction under the assay conditions.
Enzyme activity was expressed as U mg⁻¹ protein. The determination of SOD activity was carried out
following the method of Giannopolitis and Ries (1977) [26].

Determination of Malondialdehyde (MDA) Content
MDA content, used as an indicator of lipid peroxidation, was quantified according to the thiobarbituric
acid (TBA) assay [27]. For this purpose, 0.5 g of leaf tissue previously frozen in liquid nitrogen and stored
at − 80°C was homogenized in 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged
at 10,000 rpm for 15 min at 4°C, and the supernatant obtained was used for subsequent measurements.
For color development, 1 mL of the supernatant was mixed with 4 mL of 0.5% (w/v) TBA prepared in 20%
(w/v) TCA. The reaction mixture was heated at 95°C for 30 min, followed by rapid cooling in an ice bath
to terminate the reaction. After cooling, samples were centrifuged again at 10,000 rpm for 10 min. The
absorbance of the clear supernatant was recorded at 532 nm, and non-specific turbidity was corrected
by subtracting the absorbance measured at 600 nm.

The MDA amount was calculated using a standard curve created with MDA standard solutions prepared
in the range of 0–120 µM (Fig. 1). The standard equation is y = 0.0023x + 0.0241, and determination
coefficient R² = 0.991. Results are expressed in µmol MDA g⁻¹ fresh weight.

Determination of Hydrogen Peroxide (H₂O₂) Content
H₂O₂ content in leaf and grape berries samples was determined using a colorimetric method described
in the literature, adapted to the conditions of our study [28]. For analysis, 0.5 g of samples were taken
from those powdered with liquid nitrogen and stored at -80°C. The samples were homogenized with a
suitable extraction buffer under cold conditions. The resulting homogenates were centrifuged at 14,000
rpm at 4°C for 20 minutes, and the supernatant was used in the analyses. The determination of H₂O₂

content is based on the spectrophotometric measurement of the colored complex formed as a result of
the reaction of the sample extract with the relevant reagents. At the completion of the reaction,
absorbance was measured at 390 nm against a reagent blank. The concentration of H₂O₂ was quantified
based on the calibration curve generated using known H₂O₂ standards (Fig. 2). The linear regression
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equation (y = 0.01x + 0.0359; R² = 0.992) was used to calculate H₂O₂ content, and the results were
expressed as mmol g⁻¹ fresh weight.

Statistical Analysis
All measurement data obtained from the experiments were expressed as mean ± standard deviation for
each application. All data were subjected to statistical analysis using SPSS version 24.0. Differences
among treatments were evaluated by one-way analysis of variance (ANOVA). When significant effects
were detected, mean comparisons were performed using Duncan’s multiple range test to determine the
source of variation among groups. In statistical analyses, p-value ≤ 0.05 was accepted as the threshold
value at which the differences between applications were significant.

Results
Effects of Sodium Nitroprusside (SNP) Applications on Antioxidant Defense System and Oxidative Stress
İndicators in Grape Leaves

The effects of SNP applications on antioxidant defense system and oxidative stress indicators in the
leaves of Horoz Karası grape variety showed significant dose-dependent changes throughout the
phenological development process (pre-veraison, veraison, and harvest period). Compared to the control
group, 100, 300, and 500 ppm SNP applications affected biochemical parameters to varying degrees in
all periods.

Findings regarding the pre-veraison period are presented in Table 1. In this period, generally limited
differences were observed between the SNP-treated and control groups in terms of GR, SOD, CAT, and
APX activities. The one-way analysis of variance indicated that none of the evaluated parameters
differed significantly among the treatments. Nevertheless, an examination of the mean values revealed a
tendency toward higher GR and SOD activities in the 300 ppm SNP treatment compared with the control.
In contrast, MDA and H₂O₂ levels were generally lower in the SNP-treated groups than in the untreated
control. These trends point to the potential of SNP to regulate oxidative balance in the early phenological
stage.
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Table 1
Effects of SNP application at pre-veraison on antioxidant enzyme activities and oxidative stress markers

in leaves
SNP
doses

GR SOD CAT APX MDA H₂O₂

Control 3,75 ± 
0,48ᵇ

75,87 ± 
2,48ᵇ

6,77 ± 
0,61ᵃᵇ

12,91 ± 
1,07ᵇ

5,35 ± 
0,01ᵇ

93,61 ± 
0,99ᵇ

100 ppm 4,74 ± 
1,34ᵃᵇ

81,93 ± 
4,59ᵇ

8,24 ± 
0,52ᵃ

15,47 ± 
0,00ᵃᵇ

5,30 ± 
0,05ᵇ

80,61 ± 
0,42ᶜ

300 ppm 6,74 ± 
1,14ᵃ

95,36 ± 
6,78ᵃ

8,40 ± 
0,84ᵃ

16,80 ± 
1,70ᵃ

5,55 ± 
0,05ᵃ

97,71 ± 
0,28ᵃ

500 ppm 4,82 ± 
0,45ᵃᵇ

86,32 ± 
0,31ᵃᵇ

6,02 ± 
0,60ᵇ

14,29 ± 
0,00ᵃᵇ

5,55 ± 
0,09ᵃ

80,51 ± 
0,85ᶜ

a, b, c ↓: Different lower cases represent statistically significant differences among means

Comparisons of pre-veraison period parameters depending on SNP doses are presented in Fig. 3.
Graphical evaluation shows that, in particular, the application of 300 ppm SNP resulted in a numerical
increase in antioxidant enzyme activities and had a suppressive effect on oxidative stress indicators.

Leaf traits measured at the veraison stage are presented in Table 2. The effects of SNP applications
became more pronounced during this period, with statistically significant differences observed between
applications, particularly in terms of GR and SOD activities (p ≤ 0.05). The highest levels of GR and SOD
activity were observed in the 300 ppm SNP application, while the 100 and 500 ppm doses exhibited
intermediate values. With regard to the CAT and APX activities, the results of the ANOVA indicated no
overall significance. However, it was observed that all groups treated with SNP exhibited higher averages
in comparison to the control group. When the oxidative stress indicators were evaluated, it was
determined that the contents of MDA and H2O2 decreased significantly, especially in the 100 and 300
ppm SNP applications, compared to the control group (p ≤ 0.05).
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Table 2
Effects of SNP application at veraison on antioxidant enzyme activities and oxidative stress markers in

leaves
SNP
doses

GR SOD CAT APX MDA H₂O₂

Control 3,75 ± 
0,48ᵃ

75,87 ± 2,48ᵇ 6,77 ± 
0,61ᵃ

12,91 ± 
1,07ᵃ

5,35 ± 
0,01ᵈ

93,61 ± 
0,99ᶜ

100 ppm 5,93 ± 
0,44ᵇ

56,37 ± 3,29ᵃ 9,85 ± 
0,94ᵇ

17,37 ± 
0,98ᵇ

4,56 ± 
0,06ᵃ

61,26 ± 
0,49ᵃ

300 ppm 9,67 ± 
0,72ᶜ

110,54 ± 
9,39ᶜ

9,62 ± 
0,85ᵇ

20,95 ± 
0,80ᶜ

4,79 ± 
0,04ᵇ

91,96 ± 
0,49ᶜ

500 ppm 6,67 ± 
0,00ᵇ

91,74 ± 6,29ᵇ 9,17 ± 
0,45ᵇ

17,31 ± 
1,17ᵇ

5,18 ± 
0,02ᶜ

72,06 ± 
2,19ᵇ

a, b, c ↓: Different lower cases represent statistically significant differences among means

The comparative effects of SNP doses during the veraison period are presented in Fig. 4. The graph
shows that antioxidant enzyme activities reach maximum levels during the veraison period and that SNP
applications enhance this response.

Leaf-related parameters measured at harvest are presented in Table 3. It was observed that the effects
of SNP applications differed depending on the parameter. Statistically significant differences were
identified between the applications in terms of GR and CAT activities (p ≤ 0.05), with the highest values
determined in the 300 ppm SNP application. Despite the absence of statistically significant findings for
SOD and APX activities, it was observed that all SNP-treated groups exhibited higher mean values in
comparison to the control group. With regard to the MDA and H2O2 content, the 100 ppm SNP
application exhibited the lowest values, thus suggesting that a lower SNP dose may be more effective in
limiting oxidative stress during the harvest period.
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Table 3
Effects of SNP application at harvest on antioxidant enzyme activities and oxidative stress markers in

leaves
SNP
doses

GR SOD CAT APX MDA H₂O₂

Control 3,75 ± 0,48ᵃ 75,87 ± 
2,48ᵃ

6,77 ± 0,61ᵃ 12,91 ± 
1,07ᵃ

5,35 ± 
0,01ᶜ

93,61 ± 
0,99ᵇ

100 ppm 4,14 ± 
0,98ᵃᵇ

89,12 ± 
9,60ᵃ

8,47 ± 0,28ᵃ 14,57 ± 
1,08ᵃ

4,34 ± 
0,04ᵃ

73,66 ± 
0,78ᵃ

300 ppm 8,30 ± 1,41ᶜ 82,67 ± 
3,22ᵃ

12,40 ± 
1,11ᵇ

19,95 ± 
5,23ᵃ

5,02 ± 
0,04ᵇ

89,16 ± 
0,49ᵇ

500 ppm 6,53 ± 0,49ᵇ 81,98 ± 
3,77ᵃ

7,38 ± 0,39ᵃ 17,60 ± 
1,08ᵃ

5,35 ± 
0,05ᶜ

89,86 ± 
3,18ᵇ

a, b, c ↓: Different lower cases represent statistically significant differences among means

Harvest-related parameters were compared across SNP doses (Fig. 5). SNP applications suppress
oxidative stress indicators and support the antioxidant defense system throughout phenological
progression.

The results related to grape berries parameters are summarized in Table 4. Analysis of variance revealed
no significant effect of SNP treatments on grape berries GR activity compared with the control (p = 
0.408). Although the control group exhibited the lowest GR activity and the 300 ppm SNP treatment
showed the highest value, these differences were not statistically meaningful. Similarly, SOD activity
displayed some variation among treatments; however, the observed differences did not reach statistical
significance (p = 0.053).The highest SOD activity was detected at 300 ppm SNP, while lower activities
were observed in the control and 500 ppm treatments. The CAT activity varied among the treatments;
however, the difference was not statistically significant (p = 0.052). The highest activity was recorded at
300 ppm SNP, while the control and 500 ppm treatments exhibited lower values. The effect of SNP
applications on APX activity was not statistically significant. Although the highest APX value was
observed in the 300 ppm application, no significant difference was observed between the applications.
MDA content varied significantly depending on the treatments (p < 0.05). The lowest MDA values ​​were
determined in the 500 and 300 ppm SNP treatments, while the control group had the highest MDA
content. Hydrogen peroxide (H₂O₂) content did not differ significantly between the SNP-treated groups
and the control. Nevertheless, the lowest H₂O₂ level was observed in the 300 ppm SNP treatment,
whereas the control group exhibited the highest value.
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Table 4
Effects of SNP application on antioxidant enzyme activities and oxidative stress markers in in grape

berries tissue
SNP
doses

GR SOD CAT APX MDA H₂O₂

Control 1,564 ± 
0,170ᵃ

17,264 ± 
0,480ᵃ

1,874 ± 
0,491ᵃ

4,819 ± 
0,757ᵃ

2,129 ± 
0,037ᶜ

9,860 ± 
0,212ᵈ

100 ppm 1,645 ± 
0,332ᵃ

18,415 ± 
0,815ᵃᵇ

2,237 ± 
0,096ᵃᵇ

5,229 ± 
0,739ᵃ

1,981 ± 
0,025ᵇ

7,510 ± 
0,141ᵇ

300 ppm 1,833 ± 
0,324ᵃ

19,808 ± 
0,929ᵇ

3,237 ± 
0,467ᵇ

6,116 ± 
0,000ᵃ

1,755 ± 
0,049ᵃ

6,710 ± 
0,283ᵃ

500 ppm 1,682 ± 
0,297ᵃ

17,906 ± 
0,338ᵃ

1,759 ± 
0,257ᵃ

5,380 ± 
0,331ᵃ

1,720 ± 
0,049ᵃ

8,610 ± 
0,424ᶜ

a, b, c ↓: Different lower cases represent statistically significant differences among means

A comparison of antioxidant enzyme activities and oxidative stress markers in grape berries among
different SNP applications is presented in Fig. 6. No statistically significant differences were observed
among treatments for GR, SOD, CAT, and APX activities; however, 300 ppm SNP consistently exhibited
higher enzyme activities compared to the control and 500 ppm treatments. In contrast, MDA content
differed significantly among treatments, with markedly lower values in the 300 and 500 ppm SNP
applications relative to the control. Although H₂O₂ content did not differ significantly, the lowest levels
were observed at 300 ppm SNP, whereas the control showed the highest values. Overall, the comparative
graphical analysis indicates that SNP treatment, particularly at 300 ppm, is associated with enhanced
antioxidant responses and reduced oxidative stress in grape berries.”

To provide an integrated overview of the antioxidant system and oxidative stress responses, a heatmap
based on Z-score normalization was constructed (Figure X). The visualization revealed clear stage-
dependent differences in the response to SNP applications.

At veraison, particularly under 300 ppm SNP, antioxidant enzyme activities (GR, SOD, CAT, and APX)
showed pronounced increases compared to the control, as indicated by the intense red clusters.
Importantly, this enzymatic activation was accompanied by a marked reduction in oxidative stress
markers, with both MDA and H₂O₂ exhibiting lower relative values than the control treatment. This
pattern suggests that SNP application, especially at 300 ppm, effectively enhanced antioxidant defense
while simultaneously mitigating lipid peroxidation and hydrogen peroxide accumulation.

A similar but less pronounced trend was observed at pre-veraison and harvest stages, where elevated
enzymatic activities were generally associated with reduced MDA and H₂O₂ levels relative to the control.
In contrast, grape berries displayed comparatively lower antioxidant enzyme activities and a distinct
oxidative profile, indicating tissue-specific regulation of redox metabolism during fruit development.
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Overall, the coordinated increase in antioxidant enzymes together with the decrease in MDA and H₂O₂

under 300 ppm SNP highlights this dose as the most effective treatment for improving redox
homeostasis across developmental stages.

Discussion
In this study, foliar SNP applications were found to dynamically modulate the antioxidant defense
system throughout the phenological stages and to limit oxidative damage in the Horoz Karası grape
variety. In particular, the observation that the 300 ppm SNP dose was the most effective concentration in
both leaf and grape berries tissues supports current findings indicating that NO exhibits a hormetic
effect in plants. While low doses act as signaling molecules that trigger defense responses, the reduced
effectiveness observed at higher doses (such as 500 ppm) can be explained by the tightly regulated and
delicate balance of NO metabolism [29]. The integrative heatmap analysis provides further evidence that
SNP-mediated nitric oxide signaling enhances redox regulation in a stage-dependent manner. The
coordinated increase in antioxidant enzyme activities (GR, SOD, CAT, and APX), together with the
reduction of MDA and H₂O₂ levels compared to the control, indicates that SNP application effectively
mitigates oxidative damage while strengthening the antioxidant defense system. Particularly, the 300
ppm dose appears to optimize redox homeostasis across developmental stages. These findings suggest
that exogenous SNP plays a regulatory role in maintaining cellular oxidative balance during grapevine
development.

The results indicated that SNP treatments led to a marked increase in the activities of major antioxidant
enzymes, namely SOD, CAT, and GR, with the most pronounced effects observed during the veraison
stage. Superoxide dismutase (SOD) acts as the primary enzymatic barrier against oxidative stress by
catalyzing the dismutation of superoxide radicals. Subsequently, enzymes such as CAT and APX
facilitate the conversion of the generated H₂O₂ into less harmful molecules, thereby contributing to the
regulation of cellular redox balance. Consistent with these results, previous studies have reported that
NO applications activate the Ascorbate–Glutathione (Asada–Halliwell) cycle in grape tissues, leading to
increased activities of SOD, CAT, APX, and GR, while simultaneously suppressing ROS accumulation and
lipid peroxidation [30]. In line with this, a molecular-level study conducted on grape berries in 2023
demonstrated that NO donors have been reported to stimulate phenylpropanoid pathway activity and to
enhance the transcription of antioxidant defense–associated genes, including VvSOD and VvCAT [31]. In
line with these findings, earlier studies have shown that the combined treatment of NO and H₂S
alleviated oxidative damage by promoting the activities of major antioxidant enzymes such as APX, CAT,
and GR. This coordinated upregulation was accompanied by reduced accumulation of MDA and H₂O₂,
indicating an improved cellular redox status [32]. These molecular insights provide a robust mechanistic
explanation for the observation that the 300 ppm SNP application was associated with higher
antioxidant enzyme activities compared to the other doses evaluated in the present study. When
evaluated in terms of oxidative stress indicators, the significant reduction in MDA levels in both leaf and
grape berries tissues following SNP applications reflects the protective effect of NO against membrane
lipid peroxidation [6]. NO can stabilize free radicals through direct interactions with reactive oxygen
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species and can also indirectly limit ROS accumulation by inducing the antioxidant defense system [13].
Current studies demonstrate that NO applications slow the oxidation of unsaturated fatty acids in cell
membranes, preserve fruit tissue integrity, and reduce post-harvest quality losses [19, 33–35]. For Horoz
Karası, which is among thin-skinned and oxidative stress–sensitive grape varieties, this protective effect
is particularly important for the sustainability of fruit quality.

Another noteworthy finding of the study is that the effects of SNP applications became more
pronounced during the veraison and harvesting periods compared to the pre-veraison stage. This
suggests that exogenous NO applications act as a “buffer mechanism” against the increased production
of ROS associated with elevated metabolic activity during veraison [36, 37]. Indeed, recent studies have
demonstrated that NO can delay fruit ripening and softening processes. For example, a recent study
reported that NO significantly enhanced the activity of key enzymes involved in the phenylpropanoid
biosynthesis pathway, thereby increasing disease resistance and mitigating fruit softening in bitter
melon [38]. In another study, the combined application of gibberellic acid and NO was shown to delay
fruit ripening and color development in strawberry fruits by regulating chromatin-level processes [39].
Similarly, in tomato fruits, NO application delayed ripening and softening by inhibiting the expression of
cell wall-softening genes [40]. In addition, S-nitrosoglutathione application has been reported to delay
color change and slow the ripening process during post-harvest storage of tomato fruits [41].

The observation that foliar-applied SNP influenced antioxidant enzyme activities and MDA levels in fruit
tissue indicates that the NO signal is systemically transported through the vascular system of the
grapevine, thereby proactively regulating fruit quality within the framework of leaf–fruit integrity.

Conclusion
This study shown that foliar application of SNP effectively regulates the antioxidant defense system and
limits oxidative damage throughout the phenological process in the Horoz Karası grape variety.
Considering all evaluated physiological and biochemical parameters, the 300 ppm SNP dose emerged as
the optimum concentration, maximizing antioxidant enzyme activities while minimizing MDA and H₂O₂

accumulation.

The more pronounced effects of SNP applications during the verasion and harvest stages indicate that
exogenous NO supplementation acts as an efficient regulator, balancing the oxidative load associated
with increased metabolic activity. Moreover, the influence of foliar SNP application on oxidative stress
indicators and antioxidant responses in fruit tissue suggests that NO signaling operates systemically,
maintaining leaf–fruit functional integrity.

Overall, these findings highlight the strong potential of NO-based applications as a sustainable strategy
for oxidative stress management and grape quality preservation in viticulture.
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Figure 1

Standard curve of 1,1,3,3-Tetraethoxypropane (MDA).



Page 20/25

Figure 2

Standard curve of Hydrogen Peroxide (H2O2).



Page 21/25

Figure 3

Changes in antioxidant enzyme activities and oxidative stress indicators in grape leaves during pre-
veraison under different SNP doses
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Figure 4

Changes in antioxidant enzyme activities and oxidative stress indicators in grape leaves during veraison
under different SNP doses
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Figure 5

Changes in antioxidant enzyme activities and oxidative stress indicators in grape leaves at harvest under
different SNP doses
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Figure 6

Changes in antioxidant enzyme activities and oxidative stress indicators in grape berries at harvest
under different SNP doses
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Figure 7

Heatmap illustrating the relative changes in antioxidant enzyme activities (GR, SOD, CAT, APX) and
oxidative stress markers (MDA and H₂O₂) across developmental stages (pre-veraison, veraison, harvest)
and grape berries under different SNP doses. Data were standardized using Z-score normalization to
allow comparison among variables with different units and scales.
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