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HIGHLIGHTS
. Seed treatment improves watermelon seedling tolerance to biosaline water.
. Thiamethoxam enhances seedling vigor under saline stress conditions.
. Growth regulators and protectants mitigate salt stress effects on seedlings.

. Water salinity affects seedling development, but treatments improve quality.

Abstract: The application of plant growth regulators and protectants in seed treatment has the potential to
significantly increase tolerance to saline stress. Therefore, this study aimed to assess the effects of seed
treatment with plant growth regulators and protectants on the emergence, establishment, growth, and quality
of Crimson Sweet watermelon seedlings cultivated under biosaline water (BW) conditions. The experiment
was conducted in a completely randomized design with a 2 x 7 factorial arrangement. The first factor included
two water types (drinking water and biosaline water), whereas the second factor included three plant growth
regulators (salicylic acid, putrescine, and gibberellic acid), three protectants (naphthalic anhydride,
thiamethoxam, and acibenzolar-S-methyl), and a control treatment. The seedlings were assessed 14 days
after sowing. Fresh plant material was collected to analyze the levels of sugars and proteins in the tissues.
Water salinity influences the development of watermelon seedlings, but certain treatments help mitigate
stress-induced damage. Compared with those in the control group, seedlings in the thiamethoxam treatment
group presented greater vigor, even under biosaline water conditions, when grown in normal water.
Therefore, seed treatment with thiamethoxam enhances the quality of Crimson Sweet watermelon seedlings
grown in biosaline water.
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GRAPHICAL ABSTRACT

Flowchart of the experimental design with Crimson Sweet watermelon seeds treated with bioactivators
(salicylic acid, gibberellic acid, and putrescine) and protectants (naphthalic anhydride, thiamethoxam, and
acibenzolar-S-methyl), followed by irrigation with either drinking water (DW) or biosaline water (BW).
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INTRODUCTION

The cultivation of watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) is widespread in the semiarid
regions of Brazil, but its productivity remains low due to the harsh climatic conditions in these areas. In Brazil,
the average productivity is 23.302 kg ha™, with national production reaching approximately 1.78 million tons
in 2023, making Brazil the third-largest producer globally, surpassed only by China and India [1] However,
this scenario is changing, with newly planted areas emerging and recorded harvests reported in the states of
Rio Grande do Norte and Ceara [2].

The climate of Brazil’'s semiarid region is characterized by high temperatures and low, irregular rainfall,
which reduces surface water availability and increases soil salinity, significantly limiting the development of
many cultivated species [3]. Salinization of agricultural lands lowers the soil water potential and increases
ion toxicity, leading to stress in crops [4]. Notably, plant germination and early seedling development are
particularly sensitive to high salinity. These critical stages, when combined with other abiotic stresses, can
cause irreparable damage to growth and development [5].

To mitigate such losses, the use of bioactive regulators and protectants during seed treatment has been
proposed [6]. These substances induce physiological changes that increase photosynthesis and proline
metabolism [7], helping plants tolerate various stressors. Additionally, systemic substances, such as certain
insecticides, have been studied for their potential to improve the physiological quality of seeds and prevent
the formation of reactive oxygen species (ROS) [8].

In addition to these strategies, many farmers have turned to wastewater to reduce production costs and
manage water resources sustainably. Effluents from fish farming, which are rich in organic matter and salts
beneficial for plant nutrition, are often used, although they may contain high levels of salinity depending on
the quality of the water used [9].

Studies have shown that watermelon seedlings [10] and other cucurbits [11] irrigated with fish farming
effluents (biosaline water) perform satisfactorily under such conditions. However, high salinity is expected to
negatively affect agricultural crops, particularly during the early stages of growth, underscoring the
importance of technologies that improve germination and seed vigor under stressful conditions [12].

With the increasing threat of soil and water salinization in semiarid regions, the development of
agricultural technologies that support seedling establishment in saline environments has become a research
priority. Seed priming with bioactive compounds is an alternative strategy aimed at this goal. By promoting
salt stress tolerance and greater initial vigor, these approaches can enable practical innovations such as
irrigation protocols using biosaline water, combined biostimulant products, and low-cost seed treatment
packages for horticultural crops in saline environments [13].

Despite some promising results from plant growth regulators and protectants in previous studies, their
application to watermelon irrigated with high-salinity wastewater from fish farming remains understudied. The
evaluation of physiological and biochemical markers allows for a better understanding of tolerance
mechanisms and stress mitigation, especially in biosaline agriculture. These factors contribute to the
development of production strategies for saline environments and offer original insights into basic plant
physiology [14].

Therefore, the aim of this study was to evaluate the effects of seed treatment with plant growth regulators
and protectants on the emergence and early development of Citrullus lanatus (Thunb.) Matsum. & Nakai
watermelon seedlings under biosaline water conditions.

MATERIAL AND METHODS
Conditions of the seeds and experimental locations

The watermelon seeds of the Crimson Sweet cultivar were treated with 1.5% thiram and had a water
content of 7.8% [15]. Sowing was carried out in plastic trays with 36 cells, each filled with the HS-Hortalicas®
commercial substrate, and the trays were subsequently transferred to a greenhouse.

The experiment was conducted in a greenhouse covered with a 75% light-diffusing screen at the Seed
Analysis Laboratory, Embrapa Semiarid, located in Petrolina-PE, Brazil (09° 23’ S, 40° 30" W, altitude: 350
m). During the study, the average temperature inside the greenhouse was 27.3°C, with a relative air humidity
of 58%.

Experimental design

The experiment was designed as a completely randomized 2 x 7 factorial scheme, with two water types
(drinking water (DW) and biosaline water (BW)) and seven seed treatments (C: control; SA: salicylic acid;
PUT: putrescine; GA: gibberellic acid; NA: naphthalic anhydride; TMT: thiamethoxam; ASM: acibenzolar-S-
methyl), and four replications, each with 72 Citrullus lanatus seeds.
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The biosaline water was collected from production tanks of pink tilapia (Oreochromis niloticus), while the
drinking water was sourced from the Caatinga Experimental Field at Embrapa Semiarid. (Table 1).

Table 1. Composition of the drinking water and biosaline water used in the experiment.

Determinations Drinking Water (DW) Biosaline Water (BW)
Description Unit 0% 100%
Calcium 0.70 12.7
Magnesium 0.3 29.45
mmolc..L"
Sodium 0.15 28.4
Potassium 0.09 0.62
Sum mmolc..L" 1.24 71.2
Carbonates 0.0 0.0
Bicarbonatos 0.6 4.5
mmolc..L-"
Sulphates 0.013 3.64
Chlorides 0.7 73.5
Sum mmolc..L" 1.313 81.6
EC-25°C mS cm-1 0.08 5.95
Sodium Adsorption Ratio 0.21 6.18

Source: Agroenvironmental Laboratory - Embrapa Semiarid. Petrolina- PE.

The seeds were treated with phytoregulators and phytoprotectants. The phytoregulators used included
salicylic acid (SA, 25 ymol L™ in water), putrescine (PUT, 50 umol L™ in water), and gibberellic acid (GAs,
50 mg L™ in water). The seeds were soaked in 500 mL of each respective solution for 24 hours. The
phytoprotectants applied were naphthalic anhydride (NA, 1% by weight of seed), thiamethoxam (TMT, 1%
by weight of seed), and acibenzolar-S-methyl (ASM, 1% by weight of seed). The seeds were kept in contact
with these protectants for 30 minutes without washing. Seeds that were not treated with phytoregulators or
phytoprotectants served as the control group.

Physiological evaluations

The emerged seedlings were counted daily for 14 days to calculate the emergence percentage (%) and
the emergence speed index, following [15]. Additionally, the mean emergence time (in days) was determined
according to [16], and the emergence velocity average (seedlings per day) was calculated via the method of
[17].

At the conclusion of the emergence test, the length of the aerial part (cm) and the root length (cm) were
measured with a graduated ruler, in accordance with [18]. To determine the dry matter content (mg), the
seedlings were placed in paper bags and dried in a forced-air oven at 65°C for 72 hours. The dried plant
material was subsequently weighed using a precision analytical balance with an accuracy of 0.001 g. The
measurements were performed under controlled laboratory conditions to ensure stability and accuracy. Final
values were normalized to the number of seedlings, and the results were expressed as milligrams of dry
matter per seedling.

Biochemical evaluations

Biochemical analyses were performed by homogenizing 1 g of plant tissue (shoot or root) in 10 mL of
distilled water (H,0), followed by centrifugation at 10,000 x g for 20 minutes at 4°C. The resulting extracts
were stored at -10°C until further analysis.

The total soluble sugars (TSS) in the fresh tissue samples were determined via the anthrone method
(Yemm & Willis, 1954). Reducing sugars (RSs) were quantified via the colorimetric method of dinitrosalicylic
acid (DNS) as described by Miller (1959).

The total amino acid content was estimated via ninhydrin reagent [19], with glycine serving as the
standard amino acid.
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Total soluble proteins were measured via the Bradford method (1976), with Coomassie Brilliant Blue G-
250 as the dye. This method provides a reliable estimate of protein content in plant tissue.

Statistical analysis

The data were analyzed via analysis of variance (ANOVA) with the F test (p < 0.05). When significant
differences were detected, the means were further compared via the Scott—Knott test (p < 0.05). All the
statistical analyses were conducted via Assistat software, version 7.7 beta [20].

RESULTS

Physiological traits

All the analyzed variables, except for the mean emergence time and root length, exhibited significant
interactions. Salicylic acid and thiamethoxam treatments resulted in higher emergence percentages than did
the control group in the drinking water treatment. Thiamethoxam also yielded the highest emergence
percentage in the biosaline water group, outperforming the other treatments and the control. Notably,
thiamethoxam treatment led to greater percentages of emergence than did the drinking water control, even
under biosaline water conditions (Figure 1A). The results for the mean emergence time (Figure 1C) revealed
that the biosaline water group outperformed the drinking water group in all the treatments.

Compared with the control, all the seed treatments improved the emergence speed index and average
emergence velocity in the seedlings irrigated with drinking water. The thiamethoxam, salicylic acid, gibberellic
acid, and putrescine treatments resulted in higher emergence speed indices and average emergence velocity
values in the seedlings irrigated with drinking water. Thiamethoxam also induced the highest emergence
speed index and average emergence velocity values in seedlings irrigated with biosaline water, surpassing
the results of untreated seedlings irrigated with drinking water (Figure 1B and D).
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Figure 1. Emergency (A), emergence speed index (ESI) (B), mean emergence time (MET) (C) and average emergence
velocity (EVA) (D) of watermelon seedlings (Citrullus lanatus) Cv. Crimson Sweet in drinking water (DW) and biossaline
water (BW), with plant protectors used for seed treatment. - SA: salicylic acid; PUT: putrescine; GA: gibberellic acid;
NA: naphthalic anhydride; TMT: thiamethoxam; ASM: acibenzolar-S-methyl. '"Means followed by the same lowercase
letter belong to the same group for the types of water within the phytoregulators and phytoprotectants according to the
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Scott—Knott criteria (p < 0.05); 2Means followed by the same uppercase letter belong to the same group for
phytoregulators and phytoprotectants according to the Scott—Knott criteria (p < 0.05).

Seed treatment with salicylic acid and gibberellic acid resulted in greater shoot length in seedlings
irrigated with drinking water, whereas thiamethoxam promoted the greatest shoot length in seedlings irrigated
with biosaline water at 14 days after sowing (DAS) (Figure 2A). Compared with the other treatments within
the same group, the treatments with salicylic acid, putrescine, and gibberellic acid increased the dry mass of
the aerial parts of the seedlings irrigated with potable water. Conversely, thiamethoxam increased the dry
mass of the aerial parts of the seedlings irrigated with biosaline water (Figure 2C).

All the evaluated treatments, with the exception of acibenzolar-S-methyl, resulted in greater root dry
matter in the seedlings that were irrigated with drinking water. Among the seedlings irrigated with biosaline
water, the greatest amount of root dry matter was observed with the naphthalic anhydride and thiamethoxam
treatments, with values exceeding those of the control group irrigated with drinking water (Figure 2D).

(A) mDW OBW (B) mDW OBW
15 - 15 -
- aA aA € aA an A A
r_E) 12 aB E 12 oA aA  aA AaA aA - aA
Z K bB bB a aB
prwr) 9 ‘.a) 9 N
o c
c [}]
2 6 : 6 |
- o
o o
23 € 3
n
0 0 -
c AS  PUT GA3 AN  TMT ASM C AS PUT GA3 AN TMT ASM
16 -
120 7(c) 14 | (D) s
_— —_ aA aA aA
o 212 - aA
E 90 E
= =10 bA [B] PA aB
] ] aB
= =4 8 i
S 60 o bB
£ £ 6 bB bB
[y o bC
bC
S 30 24
[e] 8 2
2 A
"2 0 0 -
o} SA PUT GA NA TMT ASM C SA PUT GA NA TMT ASM

Figure 2. Shoot length (A), root length (B), shoot dry matter (C) and root dry matter (D) of watermelon seedlings ( Citrullus
lanatus) cv. Crimson Sweet in drinking water (DW) and biossaline water (BW), with plant protectors used in the seed
treatment. - SA: salicylic acid; PUT: putrescine; GA: gibberellic acid; NA: naphthalic anhydride; TMT: thiamethoxam;
ASM: acibenzolar-S-methyl. "Means followed by the same lowercase letter belong to the same group for the types of
water within the phytoregulators and phytoprotectants according to the Scott—Knott criteria (p < 0.05); 2Means followed
by the same uppercase letter belong to the same group for phytoregulators and phytoprotectants according to the Scott—
Knott criteria (p < 0.05).

Biochemical traits

The highest concentration of total soluble sugars in the aerial parts was observed in the control
treatments of the drinking water group, with values surpassing those found in the biosaline water treatments.
In contrast, the salicylic acid, putrescine, and gibberellic acid treatments led to higher levels of total soluble
sugars in the biosaline water group than in the drinking water group (Figure 3A). Root analysis revealed
significant differences between the drinking water and biosaline groups for the putrescine and thiamethoxam
treatments, as well as for the control group, with the highest sugar concentrations found in the drinking water
group. In the biosaline water group, the levels of total soluble sugars were lower than those in the control
group, especially after the putrescine, naphthalic anhydride, and thiamethoxam treatments (Figure 3B).

For the salicylic acid, putrescine, and gibberellic acid treatments, no significant differences were
observed in the concentration of reducing sugars, regardless of whether potable or biosaline water was used.
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However, the lowest concentration of reducing sugars was noted after thiamethoxam treatment in the
biosaline water group (Figure 3C). In the roots, the reducing sugar concentrations significantly differed
between the drinking water and biosaline water groups for all the treatments, except for the salicylic acid,
gibberellic acid, and naphthalene anhydride treatments (Figure 3D). These findings suggest that certain
treatments may have a more pronounced effect on sugar metabolism in roots under saline stress.
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Figure 3. Total soluble sugars (TSS) in shoots (A) and roots (B), reducing sugar concentration (RSC) in shoots (C) and
roots (D), and watermelon seedlings (Citrullus lanatus) Cv. Crimson Sweet in drinking water (DW) and biossaline water
(BW). - SA: salicylic acid; PUT: putrescine; GA: gibberellic acid; NA: naphthalic anhydride; TMT: thiamethoxam; ASM:
acibenzolar-S-methyl. '"Means followed by the same lowercase letter belong to the same group for the types of water
within the phytoregulators and phytoprotectants according to the Scott—Knott criteria (p < 0.05); 2Means followed by the
same uppercase letter belong to the same group for phytoregulators and phytoprotectants according to the Scott—Knott
criteria (p < 0.05).

Gibberellic acid promoted the greatest accumulation of total soluble proteins in the aerial parts of the
seedlings irrigated with drinking water. When the drinking water and biosaline water groups were compared,
no significant differences were detected in the total soluble protein content among the treatments with
gibberellic acid, naphthalic anhydride, and the control. However, thiamethoxam treatment resulted in greater
total soluble protein content in the drinking water group than in the biosaline water group (Figure 4A).

In the roots, the highest total soluble protein content was observed following treatment with
thiamethoxam, putrescine, gibberellic acid, and acibenzolar-S-methyl in the drinking water group. In contrast,
the highest protein concentrations in the biosaline water group were observed after salicylic acid and
gibberellic acid treatments (Figure 4B). These findings suggest that some treatments can increase protein
accumulation under saline stress, particularly in the roots.

The total amino acid concentrations in the shoots of the drinking water-treated seedlings were lower after
treatment with salicylic acid, acibenzolar-S-methyl, naphthalic anhydride, or thiamethoxam than after
treatment with gibberellic acid, putrescine, or the control. However, the highest total amino acid
concentrations in the biosaline water group were recorded after putrescine, salicylic acid, and gibberellic acid
treatments. Notably, the accumulation of total amino acids was greater in the aerial parts of the drinking water
seedlings than in the biosaline water seedlings after treatment with naphthalic anhydride (Figure 4C).

In the roots, the greatest accumulation of total amino acids was observed following salicylic acid and
gibberellic acid treatments in the biosaline water group (Figure 4D). These findings suggest that certain
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treatments may increase amino acid metabolism, especially under saline stress conditions, providing
valuable insights for improving seedling resilience to abiotic stressors such as salinity.
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Figure 4. Total soluble protein (TSP) in shoots (A) and roots (B), total amino acids (TAAs) in shoots (C) and roots (D),
and watermelon seedlings (Citrullus lanatus) cv. Crimson Sweet in drinking water (DW) and bossaline water (BW). - SA:
salicylic acid; PUT: putrescine; GA: gibberellic acid; NA: naphthalic anhydride; TMT: thiamethoxam; ASM: acibenzolar-
S-methyl. "Means followed by the same lowercase letter belong to the same group for the types of water within the
phytoregulators and phytoprotectants according to the Scott—Knott criteria (p < 0.05); ?Means followed by the same
uppercase letter belong to the same group for phytoregulators and phytoprotectants according to the Scott—Knott criteria
(p = 0.05).

DISCUSSION

The inhibition of plant growth due to salt stress is associated primarily with both the toxic effects of
absorbed salts and the limited capacity of plants for osmotic adjustment. These factors reduce water and
nutrient uptake, ultimately hindering plant growth and development [4]. Additionally, salinity-induced stress
causes various biochemical changes during seed germination, affecting protein and hormone synthesis as
well as water relationships within the process [21]. Understanding these physiological and biochemical
responses is crucial for improving plant resilience under saline stress.

Under normal growth conditions, where irrigation uses high-quality water, seed treatment with
phytoregulators (salicylic acid, putrescine, and gibberellic acid) and a phytoprotector (thiamethoxam)
significantly enhanced the performance of watermelon seedlings, especially in terms of the emergence speed
index (Figure 1B). Phytohormones, such as gibberellic and salicylic acids, are well documented for their roles
in alleviating abiotic stresses, particularly salinity, in various crops when applied during seed treatment [22,
23, 24]. Similarly, phytoprotectors such as thiamethoxam have been shown to mitigate stress effects on
seeds and plants, promoting better growth and vigor [25, 26]. Seed treatment with these bioactivators induces
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a mild stress response, activating defense mechanisms that increase plant tolerance to more severe
environmental stressors [26, 27].

Salicylic acid is involved in various plant processes, including photosynthesis, leaf senescence,
degradation of reactive oxygen species, and amino acid synthesis, which are crucial for osmotic adjustment
[7, 28]. This cellular osmotic adjustment is achieved through the accumulation of biomolecules such as
sugars, amino acids, and proline in the cytosol, which helps maintain cell turgor and prevents cell damage
during saline and water stress [7, 29]. Salicylic acid plays a significant role in enhancing plant resilience under
stress conditions by modulating these pathways.

Gibberellic acid influences multiple developmental processes in plants, such as seed germination, cell
elongation, and leaf expansion [30]. Notably, gibberellic acid interacts with salicylic acid, enhancing the
synthesis and performance of salicylic acid in plants. Increased gibberellic acid levels in Arabidopsis thaliana
resulted in increased expression of genes related to salicylic acid synthesis, which in turn supported the
ability of the plant to manage stress [28]. This synergistic interaction between gibberellic acid and salicylic
acid highlights the importance of their combined use in promoting plant growth under challenging conditions.

Salicylic acid has beneficial effects on plant growth in various species. For example, when pepper seeds
were treated with 0.5 mM salicylic acid under water stress conditions, dry mass accumulation and seedling
shoot growth increased by approximately 80% compared with those of untreated controls [31]. Similarly,
salicylic acid (107°> mM) helps maintain germination rates and seedling quality in sesame seeds exposed to
water stress (-0.4 MPa), demonstrating its potential to support seed viability under adverse conditions [32].

In another study, the treatment of beet seeds with gibberellic acid (200 mg L™") resulted in a 90%
germination rate under saline conditions (9 g L™ NaCl), with seedling development comparable to that of the
control group [33]. Similarly, soybean seeds treated with 50 mg/L gibberellic acid presented improved
performance under saline stress [34], further supporting the role of gibberellic acid in enhancing seedling
resilience to salinity.

Thiamethoxam, a systemic insecticide with bioactivator properties, effectively mitigated the damage
caused by biosaline water during seedling irrigation (Figure 1A). This phytoprotectant not only promotes
seedling germination and vigor but also enhances plant growth under stressful conditions [25, 26]. Previous
studies reported similar findings, where thiamethoxam treatment resulted in increased seedling length and
dry mass in watermelon under biosaline conditions [11]. The positive effects of thiamethoxam were also
observed in tomato and onion seeds, where its application (0.5-0.6 mL per 1000 seeds) improved seedling
vigor and physiological performance under normal conditions [35]. Furthermore, under water stress, [36],
noted that thiamethoxam improved the physiological performance of carrot seeds and seedlings.

Plants possess various adaptive mechanisms to cope with salinity, one of which is osmotic adjustment.
This process helps prevent excessive salt accumulation in the protoplasm through the accumulation of
organic and inorganic ions and protective solutes [37, 7]. The phytoregulators evaluated in this study
promoted increased accumulation of osmolytes, such as soluble sugars and total amino acids, in the cytosol
of seedlings irrigated with biosaline water (Figure 3A, B). Osmotic regulation, achieved through the
accumulation of these biomolecules, allows cells to maintain turgor pressure and tissue hydration, even under
salinity stress. Sugars, in particular, may play a signaling role in this osmotic adjustment process [38]. Similar
results have been reported in watermelon and pumpkin cotyledons [39] and watermelon and cucumber
seedlings [40], where increased sugar content was linked to osmotic adjustment.

Salinity often leads to the solubilization and degradation of tissue proteins [41]. Proteins are frequently
degraded and then resynthesized to maintain amino acid levels and adjust protein content during stress
conditions [42]. A reduction in soluble protein concentration due to high salinity is commonly observed, which
hampers plant development [43,44]. However, some plants exhibit increased protein synthesis under saline
stress [45], as was observed in this study, where protein accumulation varied between shoot and root tissues.
The greatest protein accumulation was observed in the aerial parts of the seedlings irrigated with biosaline
water after treatment with salicylic acid and putrescine (Figure 4A).

This increase in protein synthesis in response to salinity stress may serve to stabilize cell membranes
and facilitate signal transduction pathways related to salinity tolerance (Tester and Davenport, 2003). While
[40] did not observe significant changes in total protein content in cucumber seedlings under biosaline
irrigation, they did not observe an increase in amino acid levels in either shoots or roots. The accumulation
of these metabolites indicates osmotic adjustment in watermelon seedlings, with amino acids accumulating
more in the aerial parts of seedlings (Figure 4C). These findings further underscore the role of metabolic
adjustments in enhancing plant resilience to saline stress.

Overall, the results of this study confirm the efficacy of certain treatments in mitigating the effects of
salinity. Thiamethoxam, in particular, emerged as a key factor in promoting more vigorous watermelon
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seedlings under biosaline conditions. As a bioactivator, thiamethoxam triggers several physiological
responses related to plant defense mechanisms, leading to increased tolerance to saline stress [26]. The
bioactivation effects of phytoregulators and thiamethoxam offer promising strategies for improving seedling
performance in saline environments, making them valuable tools for enhancing crop production in regions
affected by salinity.

The results provide a foundation for the development of innovative technologies for use under saline
conditions. The improved seedling quality and biochemical indicators—especially with the use of
thiamethoxam, salicylic acid, and gibberellic acid—indicate the potential for the creation of integrated seed
treatment packages aimed at better seedling establishment, even under salinity stress. Furthermore,
understanding the biochemical mechanisms of metabolic regulation in treated seedlings can guide water
management strategies that integrate biosaline irrigation, seed technology, and resource use efficiency [44].

The development of a package containing these regulators and its adoption by farmers could contribute
to more sustainable production systems. Moreover, the physiological and agronomic effects observed
reinforce the relevance of these findings for production systems, as this represents a low-cost, low-complexity
tool that can be integrated into existing seedling production processes without requiring significant structural
changes. Thus, seed treatment with these regulators has become a viable option for small- and medium-
sized producers, especially in regions where salinity is frequent, since this treatment reduces seedling
mortality and enables water reuse, lowering the demand for higher-quality irrigation water [45,46].

Perspectives, limitations, and future directions

The main limitation of this study was that it was conducted solely under greenhouse conditions. Although
the results obtained are promising, they may vary under field conditions due to environmental variability, such
as soil type and biotic interactions. Additionally, while seed treatment improved early growth variables and
metabolite accumulation, the effects of the regulators on fruit yield and quality were not evaluated, presenting
opportunities for future research. Therefore, conducting trials in different soil types is recommended to assess
the behavior of salts and regulators throughout the production cycle. These future trials may lead to the
validation of the effectiveness of seed treatment in mitigating salt stress.

However, owing to the ease of use of the technique presented, the development of patents or
commercially viable bioactivator packages holds strong potential—especially through partnerships with
bioinput companies, startups, or public—private collaborations. In addition to these factors, future research
should explore synergistic effects with other elements, particularly nanoparticles, and interactions with
beneficial microorganisms in plants.

CONCLUSIONS

The results of this study clearly demonstrate the beneficial effects of these doses in mitigating salt stress,
with thiamethoxam playing a key role in increasing the vigor of watermelon seedlings irrigated with biosaline
water.

Thiamethoxam triggers several physiological responses that strengthen the plant's defense
mechanisms, thus increasing its tolerance to saline conditions. Given its bioactivation properties, particularly
in relation to salt stress, thiamethoxam shows significant potential as an effective treatment for watermelon
seeds.

These findings suggest that the use of these bioactivators may be an important strategy for improving
seedling resilience and growth in saline environments.
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