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ABSTRACT 

Ascorbic acid (AsA) is a well-known antioxidant that improves plant tolerance to salt stress; 
however, its effectiveness has not yet been sufficiently demonstrated depending on the method 
of application. In this context, this study aimed to investigate the effects of 1 mM AsA applied as 
a priming agent (AsA/P), through the rooting medium (AsA/R), or via foliar spraying (AsA/F) 
on the growth, key biochemical parameters, and the antioxidant defense system of tomato 
seedlings (cv. Rio Grande) grown for two weeks in the presence of 100 mM NaCl. Results showed 
a noticeable reduction in growth traits, with significant decreases in relative water content (RWC), 
chlorophyll, total carbohydrates, proline, polyphenols, and AsA content, as well as in the activities 
of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX). However, the 
contents of hydrogen peroxide (H2O2) and malondialdehyde (MDA) were significantly increased in 
salt-treated compared to control seedlings. Regardless of the application method, AsA improved 
seedling growth and increased RWC, chlorophyll, total carbohydrates, and proline contents. 
Furthermore, the contents of AsA and polyphenols, as well as the activities of SOD, CAT, and APX, 
were significantly enhanced, leading to a substantial decrease in the contents of H2O2 and MDA. 
The results also indicated that the AsA-induced mitigating effects were more prominent with the 
AsA/R method, followed by the AsA/F, whereas the AsA/P method was less effective. In conclusion, 
compared to the AsA/F and AsA/P methods, the AsA/R treatment can be considered an efficient 
and promising method to ameliorate the growth of tomato seedlings in salt-affected soils. 

Keywords: Antioxidant; ascorbic acid; exogenous application; oxidative stress; salinity; 
Solanum lycopersicum L.

RESUMEN 

El ácido ascórbico (AsA) es un reconocido antioxidante que mejora la tolerancia de las plantas 
al estrés salino; sin embargo, la influencia del método de aplicación sobre su eficacia aún no ha sido 
evaluada de manera exhaustiva. En este contexto, el presente estudio se llevó a cabo con el objetivo 
de analizar los efectos de 1 mM de AsA aplicado como agente de cebado (AsA/P), a través del medio 
de enraizamiento (AsA/R) o mediante pulverización foliar (AsA/F), sobre el crecimiento, algunos 
parámetros bioquímicos clave y el sistema de defensa antioxidante en plántulas de tomate (cv. 
Río Grande) se cultivó durante dos semanas bajo condiciones de 100 mM de NaCl. Los resultados 
obtenidos evidenciaron una reducción significativa en las características de crecimiento, asociada 
con disminuciones notables en el contenido relativo de agua (RWC), clorofila, carbohidratos 
totales, prolina, polifenoles y AsA, así como en las actividades de superóxido dismutasa (SOD), 
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INTRODUCTION 

Under both natural and agricultural conditions, plants are frequently exposed 
to abiotic stresses (Zhao et al., 2021). Among these, salt stress is gaining attention 
due to its adverse effect on agricultural production, resulting in a significant 
reduction in crop yield and, consequently, global food insecurity (El-Sabagh et 
al., 2021). As one of the main limiting factors for plant growth and development, 
salt stress can hinder plant respiration, root water absorption, mineral uptake 
and assimilation, stomatal movement, photosynthesis, enzyme activities, and 
hormone balance (Arif et al., 2020; Aazami et al., 2021). In addition to these 
primary effects, a secondary oxidative stress can occur due to the excessive 
accumulation of reactive oxygen species (ROS) and the disruption of the balance 
between the generation of ROS and antioxidant defense systems, leading to 
severe damage in the structure and the functioning of major plant cells (Arifet 
al., 2020; Xu et al., 2022).

Tomato is one of the most important crops, offering significant economic 
and nutritional values. In addition to being a major source of dietary fiber, 
tomato provides considerable amounts of vitamins (A and C) and carotenoids 
(mainly lycopene), as well as micro and macronutrients, which are beneficial for 
human health (Liu et al., 2018). However, like many other crop plants, tomato 
production does not meet requirements, as it is frequently exposed to multiple 
abiotic constraints, mainly soil salinity. Regarding the severe negative effects of 
salt stress on its growth and productivity, tomato is considered sensitive to this 
constraint (Guo et al., 2022). Furthermore, due to the insufficient rainfall, the 
use of saline water for crop irrigation has become necessary, particularly in semi-
arid and arid regions (Jha et al., 2019; Zhao et al., 2021). The use of exogenous 
plant growth regulators (PGRs) to enhance growth and increase productivity in 
many plant species under saline conditions has received considerable attention 
from scientists. Among these PGRs, ascorbic acid (AsA) stands out, an essential 
antioxidant widely used in agriculture due to its effectiveness in the mitigation 
of the devastating effects of salt stress (Chen et al., 2023). It has been shown 
that AsA plays a crucial role in cell division and elongation, osmoregulation, 
and hormone biosynthesis, all of which are necessary processes for plant 
growth and development (Hassan et al., 2021). AsA is involved in regulating 
the transpiration and the movements of stomata, protecting photosynthesis 

catalasa (CAT) y ascorbato peroxidasa (APX). En contraste, los niveles de peróxido de hidrógeno 
(H₂O₂) y malondialdehído (MDA) aumentaron drásticamente en las plántulas sometidas a 
salinidad en comparación con el control. Independientemente del método de aplicación, el AsA 
promovió el crecimiento de las plántulas y elevó los contenidos de RWC, clorofila, carbohidratos 
totales y prolina. Asimismo, los niveles de AsA y polifenoles, junto con las actividades enzimáticas 
de SOD, CAT y APX, se incrementaron de forma significativa, lo que se tradujo en una reducción 
considerable de H₂O₂ y MDA. Los hallazgos también mostraron que los efectos mitigadores del 
AsA fueron más evidentes cuando se aplicó mediante el medio de enraizamiento (AsA/R), seguidos 
por la pulverización foliar (AsA/F), mientras que el cebado de semillas (AsA/P) resultó menos 
eficaz. En conclusión, en comparación con los métodos AsA/F y AsA/P, la aplicación de AsA a 
través del enraizamiento (AsA/R) puede considerarse una estrategia eficiente y prometedora para 
favorecer el crecimiento de plántulas de tomate en suelos afectados por salinidad.

Palabras clave: Antioxidante; ácido ascórbico; aplicación exógena; estrés oxidativo; salinidad; 
Solanum lycopersicum L.
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structures and photosynthetic pigments, as well as regulating both ionic and 
osmotic balance within plant organs (Billah et al., 2017; Chen et al., 2023). 
Furthermore, AsA constitutes an essential line of plant defense against the salt-
induced oxidative stress by removing many types of free radicals, primarily as a 
substrate of ascorbate peroxidase, a vital enzyme in the ascorbate/glutathione 
pathway (Hassan et al., 2021). Several studies pointed to a crucial role of AsA 
in activating several ROS-scavenging enzymes, such as superoxide dismutase, 
catalase, and peroxidases, all of which are involved in protecting macromolecules 
against salt-induced oxidative damage (Chen et al., 2023; Kanwal et al., 2024).

As described above, several previous studies showed the ability of the 
exogenously-applied AsA to ameliorate plant tolerance to salt stress (Mittal et 
al., 2018; Chen et al., 2023; Ajila-Celi et al., 2025). However, the AsA-mediated 
tolerance depends upon various aspects, such as the severity of salt stress, 
species type, plant growth stage, as well as the applied dose and the manner of 
application of this growth regulator (Njus et al., 2020). Although AsA may be 
applied to plants through seed priming, root application, or foliar spraying, these 
methods in tomato under salinity remains poorly documented in the literature. 
Therefore, the present study was conducted to compare the effectiveness of seed 
priming, root application, and foliar spraying of AsA on some growth attributes 
of tomato seedlings under saline conditions, and to determine which method 
of AsA application is more efficient and suitable for tomato cultivation in salt-
affected fields.

MATERIAL AND METHODS 

Plant material, growth conditions, and experimental treatments
Tomato seeds (Solanum lycopersicum L., cv. Rio Grande) were sterilized 

in a 10% sodium hypochlorite solution for 15 min and then washed three times 
with sterile distilled water. Thereafter, seeds were soaked for 12h for priming 
in 1 mM ascorbic acid (AsA) and then rinsed thoroughly with distilled water. 
Primed seeds, along with unprimed seeds, were germinated in Petri dishes in 
the dark at 23 °C for one week. Seedlings obtained from AsA-primed (denoted as 
AsA/P) and unprimed seeds were grown in a loamy mixture with clean sand soil 
(1/1, w/w) in a glasshouse under controlled conditions (28 °C/20 °C day/night 
temperature, 70-75% relative humidity, and a 16 h photoperiod). Salt treatment 
(100 mM NaCl) was applied three days after transplantation. At this moment, 
AsA treatments were also applied for seedlings derived from unprimed seeds. 
Three sets of treatments were implemented depending on the concentration and 
the manner of AsA application. In the first set, seedlings were not treated with 
AsA (denoted as S). In the second set, 1 mM AsA was applied to tomato seedlings 
through the rooting medium (denoted as AsA/R). In the third set, seedlings 
were foliar sprayed with 1 mM AsA (denoted as AsA/F). Seedlings obtained from 
unprimed seeds and not treated with NaCl were set as controls (denoted as C). 
Treatment conditions followed in the present study are shown in Table 1. The 
concentrations of 100 mM NaCl-salinity and 1 mM AsA used in this work were 
selected based on previous published experiments (Manaa et al., 2014; Zarai et 
al., 2022; Horchani et al., 2024).
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Table 1. Different treatments used in the present study and their denotation.

Treatment Denotation

Control (without NaCl and AsA treatments) C
100 mM NaCl-salinity (without AsA treatment) S
Priming with 1 mM AsA (with100 mM NaCl treatment) S +AsA/P
Root application of 1 mM AsA (with100 mM NaCl treatment) S +AsA/R
Foliar spraying of 1 mMAsA (with100 mM NaCl treatment) S +AsA/F  

Growth parameters and water status analysis
Shoot and root fresh weights (FWs) were measured immediately after two weeks 

of treatments. For the determination of turgor weights (TWs), roots and shoots were 
immersed in distilled water for 4h and then weighed. Dry weights (DWs) were obtained 
by weighing the dried plant material. DW production was calculated as: DWf – DW0, 
where DWf and DW0 represent the DW obtained at the end of the experiment and 
just before the application of treatments, respectively. Leaf area (LA) was determined 
as described by Horchani et al. (2008). Briefly, the leaf was first placed on a sheet 
of paper, its area drawn, and the corresponding paper surface cut and weighed. LA 
value was then deduced from the weight of a 1 cm2 piece of the paper. Leaf mass per 
area (LMA) was calculated as DW/LA ratio (Horchani et al., 2008). Relative water 
content (RWC) was calculated as (FW-DW)/ (TW-DW) *100 (Silveira et al., 2003). 

Total chlorophyll, soluble carbohydrates, and proline content 
determination

Total chlorophyll contents were determined in freshly harvested leaves 
according to the method of Arnon et al. (1949). Total soluble carbohydrate and 
proline contents were estimated using the anthrone-sulphuric acid (McCready et 
al., 1950) and ninhydrin (Bates et al., 1973) methods, respectively. 

Hydrogen peroxide and malondialdehyde content determination
Hydrogen peroxide (H2O2) content was determined using the potassium 

iodide method as described by Junglee et al. (2014). Lipid peroxidation, estimated 
as malondialdehyde (MDA) content, was measured following the reaction of 
thiobarbituric acid, as reported by Fu and Huang (2001).

Total polyphenols and ascorbate determination
Total polyphenol contents were determined using the Folin-Ciocalteu reagent 

method (Sarker & Oba, 2020) using gallic acid as a standard. Ascorbate was assayed 
based on the reduction of Fe3+ to Fe2+ by ascorbate as described by Nazaret al. (2015).

Antioxidant enzyme activities determination
Superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) 

were extracted as described by Horchani et al. (2024). Briefly, freshly-harvested root 
and leaf samples were homogenized under ice-cold conditions in 50 mM potassium 
phosphate buffer (pH 7.8) added with 10% PVP, 1 mM PMSF, 2 mM EDTA, 10 mM 
DTT, and 0.1% Triton X- 100. Thereafter, the homogenate was centrifuged at 10.000 



Horchani et al. - Ascorbic acid mitigates the adverse effects of salt stress on tomato

UNIVERSIDAD DE NARIÑO e-ISSN 2256-2273    Rev. Cienc. Agr.  September - December 2025     Volume 42(3): e3276

5

g for 20 min at 4°C, and the obtained supernatants were used for enzymes assay.
SOD activity was assayed by measuring the inhibition of the photochemical 

reduction of nitroblue tetrazolium by the enzyme according to the method of 
Giannopolitis and Ries (1977). CAT activity was estimated by following the 
decomposition of H2O2 as described by Hasanuzzaman et al. (2023). APX activity was 
measured according to Nazar et al. (2015) by recording the decrease in absorbance 
of ascorbate at 290 nm and was calculated by using the extinction coefficient 2.8 
mM-1 cm-1. One unit of enzyme corresponds to the amount necessary to decompose 1 
µmol of substrate per minute at 25 °C.

Data analysis and statistics
Analysis of variance (ANOVA) was performed to assess the differences 

among treatments. The analysis consisted of a one-way model with treatment 
(seven levels, random factor, six replicates). The XLSTAT 2023 software was 
used. Experiments were replicated two to three times. Differences at a level of p 
≤ 0.05 were considered significant.

RESULTS

Effects of AsA treatments on the growth of salt-stressed tomato seedlings
In order to review if AsA can be involved in the amelioration of the growth of 

tomato seedlings under non-stressful conditions, preliminary experiments were 
performed. Tomato seedlings derived from AsA-primed seeds or treated with 1 mM 
AsA (through the rooting medium or foliar spraying) were cultivated in the absence 
of NaCl and analyzed after two weeks for their DW production, RWC, LA, and LMA. 
The results indicated no obvious effects of AsA treatments on all analyzed growth 
parameters (data not shown). These results indicate that the level of endogenously-
synthesized AsA is sufficient to regulate, under control conditions, the different 
physio-biochemical pathways in which this antioxidant is involved. For simplicity, 
only the data obtained under saline conditions will be presented in the present study.

As shown in Table 2, salt-stressed tomato seedlings exhibited a decrease in all 
measured growth parameters. Shoot dry weight production (SDW), root dry weight 
production (RDW), shoot relative water content (SRWC), and root relative water 
content (RRWC) were reduced by 44, 50, 23, and 26%, respectively, as compared to 
controls. LA and LMA were significantly decreased and increased, respectively, by 
40% and 54% relative to controls. 

Although all AsA-treatments noticeably increased DW production, LA, and 
RWC of salt-stressed tomato seedlings, the highest levels of increase were observed 
following the application of AsA through the rooting medium (AsA/R treatment), 
followed by the foliar spray method (AsA/F). The lowest levels of increase were 
recorded for plants obtained from AsA-primed seeds (AsA/P). Compared to salt-
stressed seedlings untreated with AsA, SDW, RDW, SRWC, RRWC, and LA were 
increased by 55, 75, 28, 26, and 67%, as well as by 35, 50, 21, 17, and 38%, following 
the AsA/R and AsA/F treatments, respectively. Increases of 20, 25, 10, 11, and 19% 
were observed in SDW, RDW, SRWC, RRWC, and LA, respectively, following the 
AsA/P treatment. LMA was decreased by 25 and 16%, following the AsA/R and 
AsA/F treatments, respectively, whereas no obvious effect was observed for the 
AsA/P treatment (Table 2).
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Table 2. DW and RWC of shoots and roots, LA and LMA of Solanum lycopersicum cv. 
Rio Grande seedlings grown for 2 weeks under 100 mM NaCl-salinity and 1 mM AsA.

Shoot DW
(g plant-1)

Root DW
(g plant-1)

Shoot RWC 
(%)

Root RWC 
(%)

LA
(cm2 plant-1)

LMA
(g m-2)

C 0.36 ± 0.03a 0.24 ± 0.02a 82.5 ± 1.5a 75.2 ± 1.0a 25.50 ± 1.50a 1.85 ± 0.13e

S 0.20 ± 0.02e 0.12 ± 0.01e 60.4 ± 2.2e 55.8 ± 2.0e 13.61 ± 1.32e 2.85 ± 0.08a

S+AsA/P 0.24 ± 0.01d 0.15 ± 0.00d 66.7 ± 2.0d 61.8 ± 1.7d 16.23 ± 1.04d 2.75 ± 0.05a

S+AsA/R 0.31 ± 0.01b 0.21 ± 0.01b 77.5 ± 1.2b 70.1 ± 1.6b 22.71 ± 0.85b 2.15 ± 0.10d

S+AsA/F 0.27 ± 0.01c 0.18 ± 0.01c 73.2 ± 1.4c 65.5 ± 1.2c 18.85 ± 1.00c 2.40 ± 0.04c

**Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment 
with 100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + 
AsA applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Values are the means of six replicates ± S.D. Within rows, significantly different 
values are followed by different letters according to the one-way ANOVA test at p< 0.05.

*Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment with 
100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + AsA 
applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Values are the means of six replicates ± S.D. Significantly different values are 
followed by different letters according to the one-way ANOVA test at p< 0.05.

Effects of AsA treatments on the leaf chlorophyll contents of 
salt-stressed tomato seedlings

The results of the present study indicated that salt stress significantly 
decreased total leaf chlorophyll content by 32%, as compared to the control 
seedlings (Fig. 1), indicating the sensitivity of the Rio Grande tomato cultivar to 
salt stress. Regardless of its method of application, AsA significantly increased 
the total chlorophyll content of salt-stressed tomato seedlings (Fig. 1). Indeed, 
total chlorophyll content was increased by 14% for seedlings derived from AsA-
primed seeds, whereas a greater increase of almost 30% was obtained following 
the AsA/R and AsA/F treatments (Fig. 1).

Figure 1. Total chlorophyll 
content in leaves of Solanum 
lycopersicum cv. Rio Grande 
seedlings grown for two weeks 
under 100 mM NaCl-salinity 
and 1 mM ascorbic acid (AsA).
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*Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment with 
100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + AsA 
applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Values are the means of six replicates ± S.D. Significantly different values are 
followed by different letters according to the one-way ANOVA test at p< 0.05.

Figure 2. Total carbohydrate contents in leaves (A) and roots (B) of Solanum 
lycopersicum cv. Rio Grande seedlings grown for two weeks under 100 mM 
NaCl-salinity and 1 mM ascorbic acid (AsA).

Effects of AsA treatments on the total carbohydrate contents of salt-
stressed tomato seedlings

As shown in Figure 2, exposure to salt stress significantly decreased total 
carbohydrate contents by approximately 42% in roots and leaves of tomato 
seedlings. Results regarding the effects of AsA showed an increase in the 
carbohydrate contents following the exogenous application of this signal 
molecule. Nevertheless, the levels of increase depended on the mode of AsA 
supplementation. Indeed, with the AsA/R method, total carbohydrate contents 
were significantly increased by 46% and 41% in leaves and roots, respectively, as 
compared to seedlings treated only with NaCl; whereas, an increase of only 18 
and 23% was observed in leaves and roots, respectively, when AsA was applied 
through the seed priming method. Although AsA-foliar spraying significantly 
increased total carbohydrate contents in leaves by approximately 35%, it did not 
affect those of roots (Figure 2).

Effects of AsA treatments on the proline contents of salt-stressed 
tomato seedlings

The results of the current study showed that salt stress significantly reduced 
proline contents by 28% in leaves and roots, as compared to the control seedlings 
(Figure 3). Conversely, regardless of its method of application, AsA noticeably 
increased the proline contents of salt-stressed tomato seedlings (Figure 3). The 
highest levels of increase were achieved as a result of AsA/R treatment (increases 
of 100% and 106% in leaves and roots, respectively), followed by AsA/F treatment 
(increases of 82% and 89% in leaves and roots, respectively); whereas, the 
lowest levels of increase of proline contents were obtained following the AsA/P 
treatment (increases of 63% and 67% in leaves and roots, respectively) (Figure3).
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*Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment with 
100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + AsA 
applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Values are the means of six replicates ± S.D. Significantly different values are 
followed by different letters according to the one-way ANOVA test at p< 0.05.

Figure 3. Proline contents in leaves (A) and roots (B)of Solanum lycopersicum 
cv. Rio Grande seedlings grown for two weeks under 100 mM NaCl-salinity 
and 1 mM ascorbic acid (AsA). 

Effects of AsA treatments on the oxidative damage marker contents 
of salt-stressed tomato seedlings

Salt stress induced oxidative damage in tomato seedlings, as indicated by the 
significant increases in H2O2 and MDA contents (Figure4). The H2O2 contents 
were markedly increased by 160% and 207% upon exposure to 100 mM NaCl-
salinity stress in leaves and roots, respectively, compared to the control seedlings 
(Figure 4A and 4B). Likewise, the MDA contents of the leaves and the roots 
were increased by 94% and 130% (Figure 4C and 4D). Conversely, the use of 
AsA partially alleviated the salt-induced oxidative damage and reduced the H2O2 

and MDA contents, independently of its method of application. H2O2 and MDA 
contents were decreased by 21% and 19%, as well as by 20% and 22% in leaves and 
roots, respectively, following both the AsA/P and AsA/F treatments. However, 
significantly higher levels of decrease were obtained upon the AsA/R treatment, 
especially in roots, for which the H2O2 and MDA contents were almost restored 
to the levels of those of control seedlings (Figure4).

Treatments Treatments
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*Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment with 
100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + AsA 
applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Values are the means of six replicates ± S.D. Significantly different values are 
followed by different letters according to the one-way ANOVA test at p< 0.05.

Figure 4. Hydrogen peroxide (H₂O₂) and malondialdehyde (MDA) contents in 
leaves (A, C) and roots (B, D) of Solanum lycopersicum cv. Rio Grande seedlings 
grown for two weeks under 100 mM NaCl-salinity and 1 mM ascorbic acid 
(AsA).

Effects of AsA treatments on the non-enzymatic antioxidants of salt-
stressed tomato seedlings

The results of this study showed that total polyphenol contents were not 
affected by salt stress (Figure 5A and 5B); however, ascorbate contents were 
decreased in salt-stressed tomato seedlings both in leaves and roots (Figure 
5C and 5D), contrasted with the control seedlings. As expected, exogenous 
application of AsA increased the endogenous levels of AsA in leaves and roots 
of salt-stressed tomato seedlings. Nevertheless, such an accumulation was more 
pronounced with the AsA/R, compared to the AsA/F and AsA/P methods. Indeed, 
with the AsA/R method, leaves’ and roots’ AsA contents were enhanced by 133% 
and 197%, respectively, as compared to salt-treated seedlings. However, lower 
increases of 82% and 126%, as well as 44% and 67% were obtained in leaves and 
roots, respectively, following the AsA/F and AsA/P methods (Figure 5C and 5D). 
Likewise, total polyphenol contents were noticeably increased in salt-treated 
tomato seedlings, regardless of the method of AsA application. The highest levels 
of increase were observed following the AsA/R (by 85% and 80% in leaves and 
roots, respectively) followed by the AsA/F (by 64% and 52% in leaves and roots, 
respectively), whereas the lowest levels of increase were obtained with the AsA/P 
method (by 29% and 23% in leaves and roots, respectively) (Figure 5A and 5B).
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*Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment 
with100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + 
AsA applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Significantly different values are followed by different letters according to 
the one-way ANOVA test at p< 0.05.

Figure 5. Total polyphenols (A, B) and ascorbate (C, D) contents in leaves (A, C) and 
roots (B, D) of Solanum lycopersicum cv. Rio Grande seedlings grown for two weeks 
under 100 mM NaCl-salinity and 1 mM ascorbic acid (AsA).

Effects of AsA treatments on the enzymatic antioxidants of salt-
stressed tomato seedlings

As shown in Figure. 6, salt stress decreased the activities of SOD, CAT and 
APX by 36% and 43%, 33% and 42%, as well as 36% and 50% in leaves and roots, 
respectively. Except for the roots’ APX activities following the AsA/F treatment, 
for which no effect was observed, all other AsA-application methods noticeably 
increased all analyzed antioxidant enzyme activities. As compared to those of 
AsA-untreated seedlings, SOD activities were enhanced by 37% and 41%, 24% 
and 32%, as well as 11% and 19% in leaves and roots, respectively, upon AsA/R, 
AsA/F and AsA/P treatments (Figure 6A and 6B). Similarly, CAT activities 
were enhanced by 136% and 222%, 100% and 146%, as well as 36% and 64% in 
leaves and roots, respectively (Figure 6C and 6D). In the same way, leaves and 
roots’ APX activities were increased by 88% and 158%, as well as 50% and 104% 
following the AsA/R and AsA/P methods; whereas only a slight increase of 25% 
was observed in leaves’ APX activity upon AsA/F treatment (Figure 6E and 6F).
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*Treatments were: (1) control (C, without NaCl and AsA treatments), (2) salinity (S, treatment with 
100 mM NaCl), (3) salinity + AsA applied through seed priming (S + AsA/P), (4) salinity + AsA 
applied through the rooting medium (S + AsA/R), and (5) salinity + AsA applied through foliar 
spraying (S + AsA/F). Values are the means of six replicates ± S.D. Significantly different values are 
followed by different letters according to the one-way ANOVA test at p< 0.05.

Figure 6. Superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase 
(APX) activities in leaves (A, C, E) and roots (B, D, F) of Solanum lycopersicum cv. Rio 
Grande seedlings grown for two weeks under 100 mM NaCl-salinity and 1 mM ascorbic 
acid (AsA).
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DISCUSSION 

Plant growth is directly influenced by the surrounding environmental conditions. 
Under salt stress, plants experience growth and development inhibition as the most 
critical response to the adverse stress conditions (Zhao et al., 2021). In this regard, 
findings of the current study demonstrated that all measured growth traits, including 
DW production, RWC, and LA, were noticeably reduced by salt stress (Table 2). The 
decrease in growth-related parameters in response to salt stress was previously 
reported in Super Marmande (Manaa et al., 2014) and Agata (Horchani et al.,2025) 
tomato cultivars and could be explained by the disturbance of the reactions of carbon 
assimilation and the breakdown of essential ions uptake and assimilation, as well as 
the salt-induced physiological drought (Zhou et al., 2024). 

The ameliorating effect of exogenously applied-AsA was previously reported 
in many plant species, such as Vicia faba (Younis et al., 2010), Trifolium 
alexandrinum (Aly et al., 2012), Hordeum vulgare (Hassan et al., 2021), and 
Triticum durum (Horchani et al., 2024). The AsA-mediated protection could be 
explained by its role as a signal molecule in the activation of the osmoregulation 
and the ROS-scavenging processes, as well as the regulation of the ion 
homeostasis within plant organs (Hassan et al., 2021). The results of the present 
study indicated that the application of AsA through the rooting medium is more 
efficient in the alleviation of the adverse effects of 100 mM NaCl-salinity on the 
growth of tomato seedlings, compared to the foliar spraying and seed priming 
methods (Table 2). In literature, the salinity tolerance of a plant has been 
positively correlated to the endogenous concentrations of AsA within its organs 
(Ajila-Celi et al., 2025). Based on this observation and considering the higher 
AsA contents in roots and leaves of salt-stressed tomato seedlings following the 
AsA/R, in comparison to the AsA/F and AsA/P methods (Figure. 5C, 5D), it can 
be hypothesized that the effectiveness of the AsA/R method could be related not 
only to a higher entry of AsA in plant roots but also to a greater transport to the 
aerial part, compared to the AsA/F and AsA/P methods.

It is well known that the chlorophyll content of a plant is generally positively 
correlated to its photosynthetic activity and can be hence used as a reliable 
criterion to distinguish between salt-tolerant and sensitive plant species (Sairam 
et al., 2002). Herein, the results indicated that salt stress significantly decreased 
total leaf chlorophyll content, indicating the sensitivity of the Rio Grande tomato 
cultivar to salt stress (Figure 1). Such a reduction is likely due to the disturbance 
of chlorophyll synthesis and/or acceleration of its degradation (Sairam et al., 
2002). Regardless of its method of application, AsA significantly increased the 
total chlorophyll content of salt-stressed tomato seedlings (Figure1). The results 
in this work are consistent with those obtained by Chen et al. (2024), who showed 
that AsA application increased the chlorophyll content of salt-treated tomato 
plants cv. Ligeer 87-5. Such an effect could be achieved through the enhancement 
of the chlorophyll biosynthesis pathway (Chen et al., 2024), inhibition of the 
chlorophyllase enzyme (El-Hawary et al., 2023), and/or the protective role of 
AsA against oxidative stress (Sairam et al., 2002). Interestingly, the results of the 
current study showed that the level of increase in chlorophyll content depended 
on the manner of application of AsA, with the AsA/R and AsA/F treatments being 
more efficient in the mitigation of the effects of salt stress on photosynthesis 
pigments, in comparison to the AsA/P method. 
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As already reported in many other plant species (Cheesman, 1993; Fu & 
Huang, 2001; Horchani et al., 2023; 2024), the results showed that salt stress 
significantly reduced total carbohydrate content (Figure2). Such a decrease 
could be attributed to the reduction of the photosynthetic activities which in turn 
could be due to the decrease of the chlorophyll content, and the inhibition of the 
Rubsico enzyme, as well as to the decrease in the stomatal conductance (Zhao et 
al., 2021). Several studies showed that soluble sugars play a crucial role in the 
stabilization of the cell membrane and protoplast (Guo et al., 2022) and also 
constitute an important source of carbon and energy that are essential for other 
organic synthesis processes and hence in plant growth (Hofius & Bornke, 2007; 
Miao et al., 2020). Herein, the results indicated that AsA significantly increased 
total carbohydrate contents in leaves and roots, independently of its method of 
application (Figure 2). The higher increase in the total carbohydrate contents 
obtained with the AsA/R method (Figure2) could be a possible explanation of the 
significant amelioration of the growth of salt-stressed tomato seedlings following 
this manner of AsA application (Table 1).

Proline is an osmoprotectant molecule routinely used as an indicator of the 
plant tolerance to salt stress (Agami, 2014). In this study, the significant decrease 
in the content of such an osmoticum (Figure 3) confirms the sensitivity of this 
tomato cultivar to salt stress (Misra & Saxena, 2009) and might be due to decreased 
activities of enzymes involved in proline biosynthesis pathway (mainly delta-1-
pyrroline-5-carboxylate synthaseand pyrroline-5-carboxylate reductase), and/or 
to increased activities of enzymes involved in proline catabolism (such as proline 
dehydrogenase and pyrroline 5-carboxylase dehydrogenase) (Hosseinifard et al., 
2022). Independent of its method of application, AsA noticeably increased the 
proline content of salt-stressed tomato seedlings (Figure 3), with a concomitant 
increase in the RWC (Table 1). Taken together, these results confirm the role of 
AsA in the mitigation of the salt-induced osmotic stress. The AsA-induced increase 
in proline content has been previously reported in many salt-stressed plants 
such as cucumber (Seleiman et al., 2020), tomato (Chen et al., 2021), and barley 
(Horchani et al., 2024). Interestingly, the results of the current study indicated 
that the AsA/R method was more efficient in the enhancement of osmoprotectant 
synthesis, as compared to the AsA/F and AsA/P methods (Figure 3).

It is known that salt stress generates a secondary oxidative stress through 
excessive ROS production (Xu et al., 2022). These oxidizing compounds provoke 
serious damage to lipids, proteins, and deoxyribonucleic acid, thereby increasing 
damage to membrane integrity and hence cellular dysfunction (Rahman et al., 
2022). Similarly, it has been shown for many other crop plants, such as Zea mays 
(Abd-Elgawad et al., 2016) and Triticum aestivum (Horchani et al., 2024). The 
findings of the present study showed that salt treatment increased the generation 
of free radical H2O2, causing more significant damage to membrane lipids as 
indicated by the significant increase in leaves’ and roots’ MDA contents (Figure 
4). Several studies showed that AsA applied to salt-stressed plants acts as ROS-
scavenger and contribute hence to the maintenance of cell membrane integrity 
and functions (Rahman et al., 2022). In line with this, the results of this study 
indicated that AsA mitigated the salt-induced oxidative stress as indicated by 
the significant decreases in leaves and roots’ H2O2 and MDA contents (Figure 
4). However, the AsA/R method was found to be more efficient compared to the 
AsA/F and AsA/P methods (Figure 4).
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 To alleviate the adverse effects of salt stress on the structure and functioning 
of the essential macromolecules and hence on growth, plants activate the 
antioxidant system for mediating the fast scavenging of toxic ROS (Alnusairi et 
al., 2021; Horchani et al., 2023; 2024). In this study, this scenario did not seem 
to have occurred, since total polyphenols were not affected (Figure 5); however, 
ascorbate contents as well as SOD, CAT, and APX activities (Figure 6) were 
decreased in salt-stressed tomato seedlings, contrasted with the controls. Such a 
result could be explained by the increase in the magnitude of the oxidative stress 
and cell injury in tomato seedlings due to the overproduction of ROS (Nasrallah 
et al., 2022). Polyphenols and AsA are known as efficient non-enzymatic 
antioxidants involved in ROS scavenging; therefore, their accumulation in a 
plant could be an indicator of its tolerance to salt stress (Nazar et al., 2015). 
In this study, exogenous application of AsA increased the endogenous levels of 
AsA and total polyphenols in leaves and roots of salt-stressed tomato seedlings 
(Figure 5), indicating the role of this PGR in the amelioration of the tolerance 
of tomato seedlings to salt stress, particularly when applied through the rooting 
medium. Furthermore, to scavenge ROS, namely H2O2, plants activate a range 
of antioxidant enzymes (Rahman et al., 2022). The results indicated that salt-
stressed tomato seedlings exhibited significant increases in CAT, SOD and APX 
activities upon different modes of treatment with AsA (Figure 6). These results 
are in accordance with those of Horchani et al. (2024) in barley and Kanwal et 
al. (2024) in pea who showed that AsA applied through the rooting medium and 
foliar spraying, respectively, boosted the SOD and CAT activities. Interestingly, 
data of the present study showed that such an effect was more pronounced with 
the AsA/R compared to the AsA/F and AsA/P methods (Figure 5). The significant 
increases in the SOD, CAT and APX activities, as well as total polyphenols and 
AsA contents upon the AsA/R compared to the AsA/F and AsA/P methods are 
explanations to the substantial decreases in the H2O2 and MDA contents, and 
hence to the effectiveness of this AsA-application method in the mitigation of the 
salt-induced devastating effects.

CONCLUSIONS 

Overall, the findings of the current study showed that salt stress reduced the 
growth of tomato seedlings cv. Rio Grande. This reduction is associated with 
reduced total chlorophyll and total carbohydrate contents, increased oxidative 
damage, as well as reduced proline accumulation and disrupted antioxidant 
system. Regardless of the method of application, AsA had positive effects on 
almost all the parameters that were reduced by salt stress. The AsA-ensured 
protection of tomato seedlings against salt stress was achieved through the 
accumulation of chlorophyll, carbohydrates, and proline, and the decrease of the 
oxidative damage, as well as the upregulation of the non-enzymatic and enzymatic 
antioxidant system. Additionally, the results of the current study showed that the 
AsA-application method is a key factor influencing its effectiveness under salt 
stress conditions. The root application method was found to be more efficient in 
alleviating the inhibitory effect of salt stress on the growth and on all the studied 
biochemical characteristics of tomato seedlings, compared to the foliar spraying 
and seed priming methods. This study highlights the promising application of AsA 
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