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Abstract: Salinity stress affects plant growth, development, nutrient uptake, and yield. Applications of micronutrients, 
specifically zinc (Zn), can mitigate the harmful consequences of salt stress. During the winter season of 2022, an experi-
ment was conducted in the net house of BINA substation Satkhira, Bangladesh, to examine the impact of different Zn 
concentrations (5 and 10 kg ha-1) on tomato (Lycopersicon esculentum L.) growth, yield, fruit quality, and nutrient acquisi-
tion abilities under different salt stress (SS) conditions (SS0.5%, SS1.0%, and SS1.5% NaCl). The result of the study showed 
that different stress conditions lowered the plant height, the number of branches per plant, flower clusters, and fruits per 
plant, plant yield, vitamin C, protein and lycopene contents, and the acquisition of different nutrients, i.e., nitrogen (N), 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn) and iron (Fe). The application of 10 kg Zn ha-1 

(Zn10) increased all previously mentioned parameters in both saline and usual conditions. On the other hand, a decrease 
in the amount of Na in fruit was observed when Zn application was increased from 5 to 10 kg ha-1. Plant Na/K ratios were 
consequently lowest at the highest Zn concentration. Therefore, the findings indicate that Zn application improves tomato 
growth, yield, fruit quality, and nutrient acquisition traits by mitigating the negative impacts of saline environments.
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INTRODUCTION

Understanding how crops react to environmental 
stressors is essential to pursue sustainable agriculture. 
An ongoing issue in agriculture, salinity stress, has 
significant effects on crop productivity and stands 
in the way of establishing an irrigated area’s ability to 
produce food in a sustainable manner [1-2]. Salinity is 
a major crop productivity barrier in many parts of the 
world and is frequently observed [3-5]. Salinity affects 
around 1,125 million ha worldwide and is expected to 
increase in the future [6]. Soil salinity is a global issue, 
with estimates predicting that salinity will affect 50% 
of all arable land by 2050. As a result, understand-
ing crop sensitivity to salinity is crucial for reducing 

economic loss and enhancing food security [7]. Salinity 
is a significant problem in Bangladesh, as about 53% 
of the country’s coastal areas are affected by various 
levels of salinity [8]. Plants respond to salinity stress 
in multiple ways at different levels of plant structural 
organization. Depending on plant salinity tolerance and 
salt content in the environment, this can harm plants 
or hinder plant growth [9-10]. Salt causes three main 
limitations for plants: oxidative damage, ionic imbal-
ance, and osmotic stress. An excessive intake of harmful 
salt ions, primarily Na+ and Cl-, which interfere with 
the plant’s regular metabolic processes, causes ionic 
stress. Significantly lower cytosolic K+ levels coincide 
with toxic Na+ and Cl- buildup, which impacts a cell’s 
ability to metabolize and survive [11-13]. Salinity, 
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therefore, inhibits plant growth, resulting in losses in 
qualitative and quantitative yields [14-17].

Plants require Zn, an important micronutrient, for 
several physiological functions, including nucleic acid 
metabolism and enzyme activation. Zinc is involved in 
processes such as root formation, antioxidant defense 
mechanisms, and the synthesis of chlorophyll [18-19]. 
Zinc also lessens the uptake of too much Na in saline 
conditions by altering the permeability and structural 
integrity of the stem cell membrane [20]. When plants 
are exposed to salinity, zinc supplementation effectively 
reduces Na accumulation and improves the K/Na ratio 
[2]. In addition, to mitigate the adverse effects of salt 
stress, Zn supplementation stimulates the expression 
of stress-sensitive genes and the creation of second-
ary metabolites [21]. Tomato (Solanum lycopersicum 
L.) is widely cultivated worldwide and in practically 
every region of Bangladesh, and it contains many an-
tioxidants and nutritious nutrients [22-23]. Tomatoes 
are high in lycopene, vitamin C, protein, phenolic, 
and flavonoids, which act as chemoprotective agents 
against several chronic diseases [24]. According to the 
Bangladesh Bureau of Statistics [25], tomato production 
in Bangladesh reached about 4.5 million metric tons, 
covering 73 thousand acres of land in 2022, making it the 
third most produced vegetable in the country after potato 
and brinjal, with the production of tomatoes increasing 
over the years. Salt stress inhibits tomato development 
and yield, much like it does for other crops. The most 
frequent adverse effects of salinity on tomatoes include 
a reduction in plant height, a decline in yield-related 
characteristics, and an impairment in product quality 
[26]. Research on the impact of ZN concentrations on 
tomato growth, yield, and fruit quality under salinity 
stress has yielded mixed results. Salama et al. [27] found 
that a low concentration of zinc-EDTA (0.35 g/pot) led 
to the highest growth and yield, while Alharby et al. 
[28] reported that zinc oxide nanoparticles mitigated 
the effects of salinity, with a lower concentration being 
more effective. Similarly, Alpaslan et al. [29] observed 
that increasing zinc levels alleviated the harmful effects 
of salinity on plant weight and sodium and chloride 
concentrations. However, Zhang et al. [30] noted that 
salinity stress negatively affected tomato growth and 
yield, although it did improve fruit quality. These stud-
ies collectively suggest that zinc can positively impact 
tomato growth and yield under salinity stress, but the 
specific concentration and form of zinc may vary.

To our knowledge, few studies show how supple-
mentation with different nutrients affects tomato 
growth and development when exposed to salinity 
stress. However, it has been reported that N fertiliza-
tion reduces the adverse effects of saline environment 
and enhances the growth and yield of tomato [31]. 
Khursheda et al. [32] demonstrated that foliar ap-
plication of Ca2+ substantially mitigated the negative 
effects of salinity on plant biomass production or 
morphology and the physiology and fruit production 
in tomatoes. Similarly, Shabani et al. [33] reported 
that the addition of Ca2+ and K+ can also alleviate the 
harmful effects of high salinity on tomatoes. Forghani 
et al. [34] stated that Ca(NO3)2 also improved the 
chlorophyll content and the dry weight, modulated 
ion hemostasis, and decreased the negative salt stress 
in tomato plants. However, Khan et al. [35] indicated 
that under salt stress conditions, foliar application of 
K2SO4 maximized the growth and yield of tomatoes. 
Elsadek et al. [36] observed that increased tomato 
fruit production was obtained from plants primed 
with potassium humate and exogenous application 
of potassium humate and potassium silicate mixture 
under salt stress conditions. As a result, this work 
draws upon an extensive repository of information 
to add to the extending discourse about sustainable 
agriculture by offering a comprehensive viewpoint 
on optimizing Zn management for resilient tomato 
growing in salinity-affected environments.

MATERIALS AND METHODS

Study location and pot preparation

A pot experiment was conducted in the net house of 
BINA substation Satkhira, Bangladesh, in the winter 
of 2022. The experimental site was 5 m above sea level 
at geographic coordinates 22.7167°N 89.0750°E. The 
location is part of the Non-Calcareous Dark Grey 
Floodplain soil under the Ganges Tidal Floodplain’s 
Agro-ecological Zone (AEZ-13) [37]. The experimental 
location featured a tropical monsoon environment 
characterized by high average temperatures ranging 
from around 25-35°C and high humidity of 70-80% 
throughout the year. Significant rainfall was reported, 
notably during the monsoon season, but limited rainfall, 
low humidity, low temperature, and a short day were 
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also observed during the winter season (October to 
March). The soil used in the experiments was collected 
from the farm area of BINA substation Satkhira. Surface 
soils were collected at depths that ranged from 0 to 
15 cm. Initially, the physical and chemical properties 
of the soil were investigated [38-41]. Supplementary 
Table S1 provides the physical and chemical parameters 
of the initial soil samples. Ten kg of prepared soil was 
placed in each plastic pot, allowing roughly 5 cm of 
space at the top, and each pot was properly tagged.

Test crop and treatment conditions

The BARI Tomato-15, a winter variety with high pro-
duction and disease-resistant properties, was selected 
as a test crop for the experiment and collected from the 
On-Farm Research Division, Gopalgonj, Bangladesh 
Agriculture Research Institution (BARI). Three salin-
ity levels (i.e., 0.5% (SS0.5%), 1.0%, and 1.5% NaCl) 
were used in the experiment. The salinity levels were 
chosen following a previous study by Singh et al. [42]. 
Similarly, two Zn concentrations, i.e., Zn5=5 mg kg-1 
and Zn10=10 mg kg-1 Zn (in the form of ZnSO4.7H2O), 
were chosen based on previous literature [43]. The 
interaction of both salinity stress and different lev-
els of Zn (Zn5+SS0.5%, Zn5+SS1.0%, Zn5+SS1.5%, 
Zn10+SS0.5%, Zn10+SS1.0%, and Zn10+SS1.5%) were 
also examined. A pot without salt stress and Zn was 
maintained as the control (C) treatment. The treatment 
conditions are given in Supplementary Table S2. All 
treatments had three replications. Every pot received 
an equal amount of other nutrients at the rate of 125 
mg kg-1 urea, 80 mg kg-1 triple superphosphate (TSP), 
60 mg kg-1 muriate of potash (MoP), and 15 mg kg-1 
gypsum, respectively [23,43]. Vermicompost was ap-
plied at a rate of 500 kg ha-1 and incorporated into the 
soil seven days before seedling transplanting to break 
down the supplied nutrients into their simpler forms, 
thereby boosting their absorption by the plant [44]. 
Throughout the crop’s growing stage, intercultural 
operations were performed as needed. Bamboo stakes 
were used to support the plants to prevent lodging. 
Weeding and irrigation were performed as required. 
After 45 days, salinity was introduced (SS0.5%, SS1.0%, 
SS1.5%, Zn5+SS0.5%, Zn5+SS1.0%, Zn5+SS1.5%, 
Zn10+SS0.5%, Zn10+SS1.0%, and Zn10+SS1.5%) at 
four different times using irrigation water at three-day 
intervals [45]. Distilled water was used for irrigation 

to keep the salinity-free treatment (control, Zn5 and 
Zn10) pots at field capacity. Growth, yield, biochemi-
cal, and chemical contents were measured in each pot.

Determination of biochemical and mineral 
nutrients of BARI tomato-15 fruit

According to the described procedure [46-47], garden-
fresh fruit samples from each pot were subjected to 
chemical analysis to determine the biological com-
ponents, such as the protein, lycopene, and vitamin 
C. The wet oxidation method was used to generate 
plant and fruit extracts, following the instructions of 
[48]. The extract was utilized to analyze the amounts 
of Na, P, K, Ca, Mg, S, Zn, and Fe using conventional 
procedures [41,49-53].

Statistical analysis

IBM SPSS Statistics V.25 was used for statistical analysis. 
Significant differences were ascertained using one-way 
ANOVA, followed by Tukey’s HSD test (P<0.05). To 
construct a heatmap and conduct hierarchical cluster-
ing analysis using Euclidean distances in R 4.3.2, the 
“pheatmap” package was used. Principal component 
analysis (PCA) was done using the “GGally” and “fac-
toextra” packages.

RESULTS

Impact of different Zn concentrations on the 
growth and yield of tomato under salinity stress

All investigated metrics showed the lowest results when 
salinity stress was introduced in tomato plants, whereas 
the application of varying Zn concentrations provided 
the maximum value of all growth parameters and yield 
(Figs. 1 and 2). The highest plant height, numbers of 
branches per plant, flower cluster per plant, fruit per 
plant, fruit yield per plant, and yield ha-1 were obtained 
after the application of Zn10. The lowest levels of all 
the parameters mentioned above were obtained from 
the SS1.5% stress condition. Interestingly, the results 
also indicated that Zn application in different salt-stress 
conditions contributed to better growth and yield when 
compared to the SS0.5%, SS1.0%, and SS1.5% salinity 
stress conditions (Fig. 1, 2). Plant height increased 
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slowly up to 45 days after transplanting (DAT) and 
then increased rapidly till the final harvest, when all 
the treatments followed a similar trend of growth 
(Fig. 1A). The number of branches per plant increased 
gradually up to 60 DAT and showed no change at 75 
DAT and slightly increased at 90 DAT (Fig. 1B). It was 
also noticed that flowering started from 30 DAT and 
continued to increase up to 75 DAT (Fig. 1C).

Fruit appeared after 45 DAT, and showed a slower 
increasing trend up to 60 DAT, followed by a rapid 
increase in the number of fruits per plant till the final 
harvest (Fig. 2A). In Fig. 2B and C, salinity stress and 
different Zn applications and their interaction had a 
significant influence on fruit yield per plant and yield 
per hectare. Salt-treated plants significantly lowered the 
fruit yield per plant and yield per hectare compared to 
control plants (Fig. 2B, 2C). Results demonstrated that 

Fig. 1. The influence of different Zn concentrations on A – plant height, 
B – number of branches per plant, and C – number of flower clusters per 
plant of tomato grown under different salinity stress conditions. The data are 
presented as means of 3 replicates±SE, with a sample size n=3. C – control, 
SS0.5% – 0.5% NaCl, SS01.0% – 1.0% NaCl, SS1.5% – 1.5% NaCl, Zn5 – 5 
mg kg-1 Zn, Zn10 – 10 mg kg-1 Zn, Zn5+SS0.5% – 5 mg kg-1 Zn+0.5% 
NaCl, Zn10+SS0.5% – 10 mg kg-1 Zn+0.5% NaCl, Zn5+SS1.0% – 5 mg kg-1 
Zn+1.0% NaCl, Zn10+SS1.0% – 10 mg kg-1 Zn+1.0% NaCl, Zn5+SS1.5% 
– 5 mg kg-1 Zn+1.5% NaCl, Zn10+SS1.5% – 10 mg kg-1 Zn+1.5% NaCl.

Fig. 2. The influence of different Zn concentrations on A – number 
of fruits plant-1, B – yield plant-1, and C – yield ha-1 of tomato grown 
under different salinity stress. The data are presented as means 
of 3 replicates ± SE, with a sample size n=3. Statistical analysis 
was performed using one-way ANOVA with Tukey post hoc test; 
different lowercase letters indicate statistically significant differences 
(P<0.05).. C – control, SS0.5% – 0.5% NaCl, SS01.0% – 1.0% NaCl, 
SS1.5% – 1.5% NaCl, Zn5 – 5 mg kg-1 Zn, Zn10 – 10 mg kg-1 Zn, 
Zn5+SS0.5% – 5 mg kg-1 Zn+0.5% NaCl, Zn10+SS0.5% – 10 mg 
kg-1 Zn+0.5% NaCl, Zn5+SS1.0% – 5 mg kg-1 Zn+1.0% NaCl, 
Zn10+SS1.0% – 10 mg kg-1 Zn+1.0% NaCl, Zn5+SS1.5% – 5 mg 
kg-1 Zn+1.5% NaCl, Zn10+SS1.5% – 10 mg kg-1 Zn+1.5% NaCl.
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Zn5 and Zn10 application significantly increased fruit 
yield per plant and yield per hectare under SS0.5%, 
SS1.0%, and SS1.5% saline conditions compared to 
SS0.5%, SS1.0%, and SS1.5% respectively (Fig. 2B, 2C). 
Together, these results indicated that Zn10 produced 
better results for the growth and yield of tomatoes 
than Zn5 under salt stress conditions.

Impact of different Zn concentrations on fruit 
quality of tomato under salinity stress 

The salt-stressed plants showed significantly lower 
levels of lycopene (Fig. 3A), vitamin C (Fig. 3B), and 
protein (Fig. 3C) compared to control plants. Plants 
treated with Zn10+SS0.5% followed by Zn5+SS0.5% 
exhibited significantly increased lycopene (Fig. 3A), 
vitamin-C (Fig. 3B), and protein (Fig. 3C) contents 
in comparison to SS0.5%-treated plants. When com-
pared with SS1.0%-treated plants, the lycopene (Fig. 
3A) and vitamin C (Fig. 3B) contents were signifi-
cantly increased with Zn10+SS1.0%-treated plants, 
followed by Zn5+SS1.0%-treated plants, while plants 
treated with Zn5+SS1.0%, followed by Zn10+SS1.0% 
displayed significantly increased protein content (Fig. 
3C). Similarly, Zn10+SS1.5%-treated plants, followed 
by Zn5+SS1.5%, had significantly increased lycopene 
(Fig. 3A), vitamin C (Fig. 3B) and protein (Fig. 3C) 
contents than SS1.5% plants. These findings suggested 
that Zn10 rather than Zn5 provided superior fruit 
quality in tomato fruit stressed by salt.

Impact of different Zn concentrations on nutrient 
acquisition traits and Na/K ratio of tomatoes 
under salinity stress 

As shown in Table 1, the salt-stressed plants displayed 
significantly decreased N, P, K, Ca, Mg, Zn, and Fe 
content and increased Na content and Na/K ratio 
compared to control plants. When compared with 
SS0.5%-treated plants, Zn10+SS0.5%-treated plants 
followed by Zn5+SS0.5%-treated plants significantly 
increased N, P, K, Ca, Mg, Zn, and Fe content, while 
the Na content and Na/K ratio were significantly de-
creased in case of Zn10+SS0.5%-treated plants followed 
by Zn5+SS0.5%-treated plants (Table 1). Again, the P, 
K, Ca, Mg, Zn, and Fe contents of the plants treated 
with Zn10+SS1.0% followed by Zn5+SS1.0% showed 
a significant increase, whereas the Na content and 

Fig. 3. The influence of different Zn concentrations on fruit quality 
of tomato grown under different salinity stress levels. A – lycopene 
content; B – vitamin C content; C – protein content. The data are 
presented as means of 3 replicates±SE, with a sample size n=3. 
Statistical analysis was performed using one-way ANOVA with 
Tukey post hoc test; different lowercase letters indicate statistically 
significant differences (P<0.05).  C – control, SS0.5% – 0.5% NaCl, 
SS01.0% – 1.0% NaCl, SS1.5% – 1.5% NaCl, Zn5 – 5 mg kg-1 Zn, 
Zn10 – 10 mg kg-1 Zn, Zn5+SS0.5% – 5 mg kg-1 Zn+0.5% NaCl, 
Zn10+SS0.5% – 10 mg kg-1 Zn+0.5% NaCl, Zn5+SS1.0% – 5 mg 
kg-1 Zn+1.0% NaCl, Zn10+SS1.0% – 10 mg kg-1 Zn+1.0% NaCl, 
Zn5+SS1.5% – 5 mg kg-1 Zn+1.5% NaCl, Zn10+SS1.5% – 10 mg 
kg-1 Zn+1.5% NaCl.
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Na/K ratio of the Zn10+SS1.0%-treated plants fol-
lowed by Zn5+SS1.0%-plants exhibited significant 
decreases compared to those of the SS1.0%-treated 
plants (Table 1). The N content was significantly in-
creased in Zn5+SS1.0%-treated plants, followed by 
Zn10+SS1.0%-treated plants compared to SS1.0%-
treated plants (Table 1). Likewise, in comparison to 
SS1.5%-treated plants, Zn10+SS1.5%-treated plants 
followed by Zn5+SS1.5%-treated plants showed a 
significant rise in N, P, K, Ca, Mg, Zn, and Fe content, 
as well as a decrease in Na content and Na/K ratio 
(Table 1). These findings suggested that the tomatoes’ 
nutritional content was better preserved by Zn10 than 
by Zn5 under salt stress.

Assessment of treatment-variable interaction in a 
heatmap and PCA

All of the morphological, biochemical, and yield mean 
values were used to create a heatmap with hierarchy-
based clustering and PCA (Fig. 4). Based on hierar-
chical clustering, three clusters (I, II, and III) were 
identified in the variable axis (Fig. 4A). Na and Na/K 
are present in cluster-I. Cluster I values indicated a 
tendency towards a decrease in Zn5, Zn5+SS0.5%, 
Zn5+SS1.0%, Zn5+SS1.5%, Zn10, Zn10+SS0.5%, 
Zn10+SS1.0%, and Zn10+SS1.5% plants, and a ris-
ing trend in SS0.5%, SS1.0%, and SS1.5% plants. The 
variables P, Fe, Ca, protein (Pro), N, branches per plant 
at 15 DAT (BR15D), plant height at 45 DAT (PH45D), 
yield per plant (YP), yield ha-1 (YH), plant height at 
30 DAT (PH30D), Mg, vitamin-C (VitC), plant height 
at 15 DAT (PH15D), 60 DAT (PH60D), and 75 DAT 
(PH75D), flower clusters per plant at 60 DAT (FC60D), 
and 75 DAT (FC75D), plant height at 90 DAT (PH90D), 
fruit per plant at 75 DAT (FP75D), and fruit per plant 
at 90 DAT (FP90D) were included in cluster II. Cluster 
II parameters indicated a tendency towards decrease 
for the SS0.5%-, SS1.0%-, and SS1.5%-treated plants, 
and towards an increase in C in Zn5, Zn5+SS0.5%, 
Zn5+SS1.0%, Zn5+SS1.5%, Zn10, Zn10+SS0.5%, 
Zn10+SS1.0%, and Zn10+SS1.5% plants. Cluster III 
included branches per plant at 30 DAT (BR30D), 45 
DAT (BR45D), 90 DAT (BR90D), 60 DAT (BR60D), 
75 DAT (BR75D), lycopene (Lyc), Zn, flower clusters 
per plant at 30 DAT (FC30D), K, flower clusters per 
plant at 45 DAT (FC45D), fruit per plant at 45 DAT 
(FP45D), and 60 DAT (FP60D). Cluster III parameters Ta
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likewise revealed a tendency towards a decrease in 
plants treated with SS0.5%, SS1.0%, and SS1.5%, and 
towards an increase in the C in Zn5, Zn5+SS0.5%, 
Zn5+SS1.0%, Zn5+SS1.5%, Zn10, Zn10+SS0.5%, 
Zn10+SS1.0%, and Zn10+SS1.5% lines.

In addition, we ran a PCA to explain how treat-
ments SS0.5%, SS1.0%, SS1.5%, Zn5, Zn5+SS0.5%, 

Zn5+SS1.0%, Zn5+SS1.5%, Zn10, Zn10+SS0.5%, 
Zn10+SS1.0%, and Zn10+SS1.5% related to clusters 
I, II, and III (Fig. 4B). In all, PC1 and PC2 showed 
96.22% of data variability across the treatments and 
the examined components of tomatoes (Fig. 4B). PC1 
demonstrated 93.25% data variability, and in this case 
separated the control (C), Zn5, Zn5+SS0.5%, Zn10, 
Zn10+SS0.5%, and Zn10+SS1.0% from SS0.5%, SS1.0%, 

Fig. 4. Principal component analysis (PCA) and a hierarchically clustered heatmap were used to visualize the interactions between the 
treatments and the studied factors. The scaled average values of every parameter that was examined for the tomato is shown in the A 
– heatmap with a clustering approach. B – PCA performed on all data. The studied parameters were plant height at 15 DAT (PH15D), 
plant height at 30 DAT (PH30D), plant height at 45 DAT (PH45D), plant height at 60 DAT (PH60D), plant height at 75 DAT (PH75D), 
plant height at 90 DAT (PH90D), branches per plant at 15 DAT (BR15D), 30 DAT (BR30D), 45 DAT (BR45D), 60 DAT (BR60D), 75 
DAT (BR75D), 90 DAT (BR90D), flower clusters per plant at 30 DAT (FC30D), 45 DAT (FC45D), 60 DAT (FC60D), 75 DAT (FC75D), 
fruit per plant at 45 DAT (FP45D), 60 DAT (FP60D), 75 DAT (FP75D), 90 DAT (FP90D), yield per plant1 (YP), yield ha-1 (YH), protein 
(Pro), vitamin-C (VitC), lycopene (Lyc), N, P, K, Na, Na/K, Ca, Mg, Zn, Fe.
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SS1.5%, Zn5+SS1.0%, Zn5+SS1.5%, and Zn10+SS1.5% 
plant treatments for their positive and negative PC 
scores, respectively (Fig. 4B). PC2 displayed just 2.97% 
data variability (Fig. 4B).

DISCUSSION

Excess salt in soil or water significantly impacts tomato 
growth, adversely affecting yield and fruit quality by 
disturbing nutrient absorption and water balance in 
plants. Our research revealed that when tomato plants 
were exposed to salinity stress, all measured factors, 
including plant growth factors, yield, biochemical 
constituents, and nutrient acquisition, exhibited their 
lowest values (Fig. 5). Similarly, Habibi et al. [54] 
observed that salinity caused a significant reduction 
in plant height, root length, flower count, photosyn-
thesis, transpiration, and stomatal conductance, and 
increased leaf temperature; it also caused decreased 
sugar levels alongside heightened organic acids, MDA, 
and proline, typical responses to salt stress, ultimately 
leading to a lower fruit yield compared to the control. 
Moreover, Salama et al. [27] observed similar outcomes 
in tomatoes, Tolay [45] reported comparable effects 

in basil, Aktas et al. [20] in peppers, and Ahmad et 
al. [55] in mustard, indicating that salinity adversely 
affected growth, yield, and nutrient composition across 
these diverse plant species. On the other hand, plant 
nutrients play a crucial role in crop growth by serving as 
essential cofactors in enzymatic reactions, influencing 
processes such as photosynthesis, respiration, nutri-
ent uptake, and stress tolerance [56]. Forghani et al. 
[34] observed that macronutrients such as K and Ca 
reduced the ionic imbalance caused by salinity and 
increased the growth and yield of tomatoes. Potassium 
humate and silicate were also found to be effective in 
alleviating the salt stress in tomatoes [36]. Gul et al. 
[57] observed that the application of exogenous micro-
nutrients, e.g., boron, manganese, and iron, effectively 
promotes growth parameters, making them beneficial 
for enhancing cowpea growth in the presence of salt 
stress. The application of Zn influenced tomato growth, 
yield, quality, and nutrient composition and proved 
essential in our study, resulting in the highest values 
across all measured factors when applied to tomato 
plants. Zn is an essential plant nutrient, vital for enzyme 
activation, protein synthesis, photosynthesis, hormone 
regulation, and nutrient uptake, crucially impacting 
the growth and development of plants [58].

Fig. 5. Simplified chart illustrating the effect of Zn applications on the growth, yield, fruit quality, and nutrient acquisition of tomatoes 
grown under salinity stress.
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Research findings have consistently demonstrated 
that applying Zn enhances the growth and development 
of various crops [59-60]. According to Prasad et al. [61], 
the application of zinc resulted in elevated total soluble 
solids (TSS), titratable acidity, vitamin C, and lycopene 
content and extended the shelf life of tomatoes. In our 
study, we observed that the application of zinc had a 
beneficial effect in counteracting the negative impact 
of salinity. This included mitigating the reduction in 
growth, nutrient uptake, and biochemical parameters 
and potentially improving overall plant health and 
performance in saline conditions. Several studies also 
showed that zinc enhanced nutrient and water uptake 
and chlorophyll synthesis and maintained leaf water 
balance, mitigating the uptake of toxic ions (Na+ and 
Cl-) and ultimately boosting plant growth and yield in 
saline conditions [27,62-63]. Aktas et al. [20] found 
that adequate Zn nutrition potentially limits excessive 
sodium uptake by roots in saline conditions through its 
impact on root cell membrane integrity and permeabil-
ity. Moreover, Zn triggers several biological processes 
that reduce oxidative stress, such as cell signaling, the 
promotion of gene expression, and the production of 
stress-responsive proteins, antioxidants, hormones, 
and osmolytes [21,54]. Our findings indicate that 
applying Zn is a promising approach to alleviate salt-
induced stress in plants, fostering improved growth 
and development by optimizing nutrient uptake while 
minimizing sodium absorption.

CONCLUSIONS

Crops grown under various abiotic stress conditions ex-
hibit better growth, yield, and fruit quality after receiving 
soil-applied micronutrients like Zn. The treatment with 
Zn improved growth-related parameters, tomato yield, 
and nutritional qualities under salt stress. According to 
this study’s findings, 10 mg kg-1 Zn performed better 
for growth promotion, yield, and nutritional qualities 
of tomatoes under salt stress. In summary, the results 
indicated that zinc supplementation could lessen the 
adverse effects of salt stress and is very effective for 
tomato production, even in saline areas. 
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. Initial soil physical and chemical 
properties
Physical characteristics 0-15 cm depth
Textural class Silty Clay
Sand (%) 11.59
Silt (%) 59.11
Clay (%) 29.30
Chemical characteristics 0-15 cm depth
pH 5.38
Total N (%) 0.07
Organic matter (%) 2.16
Extractable P (mg kg-1 soil) 3.50
Extractable K (cmol kg-1 soil) 0.17
Extractable S (mg kg-1) 20.00
Available Zn (mg kg-1) 0.36
Available Fe (mg kg-¹) 25.9
Available Cu (mg kg-1) 4.58
Available Mn (mg kg-1) 6.35

Supplementary Table S2. Treatment conditions
Treatments Acronym
Control C
0.5% NaCl SS0.5%
1.0% NaCl SS1.0%
1.5% NaCl SS1.5%
5 mg kg-1 Zn Zn5
10 mg kg-1 Zn Zn10
5 mg kg-1 Zn+0.5% NaCl Zn5+SS0.5%
10 mg kg-1 Zn+0.5% NaCl Zn10+SS0.5%
5 mg kg-1 Zn+1.0% NaCl Zn5+SS1.0%
10 mg kg-1 Zn+1.0% NaCl Zn10+SS1.0%
5 mg kg-1 Zn+1.5% NaCl Zn5+SS1.5%
10 mg kg-1 Zn+1.5% NaCl Zn10+SS1.5%




