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Abstract

:

This study presents the effects of exogenous melatonin application at different concentrations (50, 100, and 200 μM) on the morphological, physiological, and antioxidant defense systems of the buttercup plant under salinity stress (4.5 and 5.5 dS·m−1 EC). Expectedly, the salinity stress negatively affected the plant growth parameters, cell membrane stability, and POX enzyme activity of R. asiaticus compared to non-stressed plants. However, in a dose-dependent manner, exogenous melatonin foliar application decreased the salt stress-induced symptoms of retarded vegetative growth, physiological characteristics, and oxidative stress level. The results obtained, revealed the significant effectiveness of exogenous melatonin treatment at 200 μM concentration under salt stress conditions by enhancing the plant growth traits such as chlorophyll and carotenoids content, relative water content, proline content, peroxidase enzyme activity (POD), and by the decreased electrolyte leakage rate, and Na+ content, as well as delaying the emergence of flower buds under salinity stress. The salt tolerance index percentages (STI%) for all estimated characters are also calculated for all studied parameters. This study uncovered the beneficial effect of melatonin in reducing salt stress symptoms that can be used to reduce the salinity effect in ranunculus plant production.
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1. Introduction


Salinity, particularly in arid and semi-arid regions, is the main environmental concern with detrimental effects on soil and consequent agricultural output [1]. The salt-affected land area has increased and will continue to expand due to persistently unsustainable agricultural practices and climate change [2], posing a serious threat to agricultural areas that appears to be worsening [3]. As a result, 30% of farmland will be affected in the next quarter-century, and as much as 50% will be impracticable by 2050 [4]. Therefore, it is now more crucial than ever to learn how plants adapt and cope with salt stress by understanding the potential inhibition and tolerance mechanisms. In many ways, osmotic and ionic stress caused by salt exposure alters the major biological activities of many plants, including sodium ion (Na+) toxicity, nutritional imbalance, physiological water shortage, metabolic disturbances, oxidative damage, and photo-inhibition [5,6]. Commonly, the cut flowers are not suggested as crops for saline soils or water recycling systems because they are considered intolerant to high salt concentration of irrigation water and soil [7]. Salinity, in particular, can affect the quality of the blooms, shorten plants stems, and lower the production in flora crops [7,8,9,10]. In light of this, it is crucial to test more floricultural varieties for salinity tolerance from environmental and economic points of view for sustainable development.



Ranunculus asiaticus, also known as the buttercup, a member of the Ranunculaceae family, is an indigenous species from Asia and the Mediterranean [11]. The buttercup has delightful and odorless flowers that have a diameter of around 5 cm and come in various colors, including yellow, orange, red, pink, and white. Ranunculus’s leaves are light green and grow to a maximum height of about 40 cm [12]. Due to its gorgeous inflorescences on strong and long stems, it is considered as an annual field-grown cut flower and is highly prized as a bedding or potted plant [13]. Depending on the variety, ranunculus can be propagated by tuberous roots or seeds [14,15]. Tuberous roots are more preferred since they often result in plants with earlier flowering time and more blooms per stem than seed-propagated plants [15]. A rosette of leaves with long petioles is produced from the tuberous roots of R. asiaticus in the fall after the first rain rehydrates the dried tissue in its natural Mediterranean habitat [16]. Six to eight fully developed leaves signal the onset of flowering, which continues through February and May. After shoot senescence, the tuberous roots are removed, stored over the summer, and sold for the following year’s plantings in gardens and flowerbeds [15]. Buttercups like partial exposure to the sun and prefer moderate low temperatures (night/day regime 5–10/12–25 °C; optimum day 16 °C) and medium to high light intensities [16]. According to Rauter et al. [17], ranunculus physiological characteristics and visual growth quality declined when the EC of irrigation water raised from 0.5 to 5.5 dS·m−1, resulting in a rise in root-zone salinity. Similar observations were reported by Valdez-Aguilar et al. [18] on the sensitivity of ranunculus to saline conditions when irrigation solution EC value was raised from 2.0 to 6.0 dS·m−1.



One of the most recent strategies that tried to reduce the impact of biotic and abiotic stressors on plants is the application of plant bio-stimulators or growth hormones to promote adaptation [19]. Melatonin (MT) is the common name for N-acetyl-5-methoxytryptamine, a derivative of the essential amino acid, tryptophan, which is also a multi-regulatory biological hormone that is vital for plant and animal lives [20]. MT is reported to be involved in the circadian rhythm [21], immunological stimulation [22], antioxidant systems [23], and the seasonal cycle of reproduction [24]. MT was first detected in plants in 1995 [25]. The involvement of MT in plant growth regulation and development, including chlorophyll production and photosynthesis, callus induction, flowering, rhizogenesis, and the ageing of the leaves, has been documented [26,27,28,29]. Additionally, melatonin is also famous for its frequent application to combat biotic and abiotic stresses in plants since its ROS scavenging ability was confirmed [30,31]. Recent studies showed that MT-treated plants were more tolerant to salinity stress, had lower levels of reactive oxygen species, electrolyte leakage, and cell damage, and had higher growth parameters than untreated plants [32,33]. The positive effect of MT application for plants exposed to stress was confirmed in different species such as in watermelon [34], cucumber [28,35], melon [36], basil [37], and maize [29]. However, no such trial (melatonin application) has been conducted on Ranunculus asiaticus grown under salinity stress. Therefore, the present work intends to exhibit the efficacy of MT in enhancing the salinity tress tolerance of buttercup plants in terms of morphological and physiological reactions associated with oxidative stress. In this regard, the salt tolerance index (STI%) for all the studied parameters is determined to be utilized as an indicant of salt tolerance.




2. Materials and Methods


2.1. Material, Cultivation Conditions, and Trial Layout


The pot trial was undertaken in a research greenhouse of the Floriculture and Dendrology Department at The Hungarian University of Agriculture and life science (MATE) (Budapest, Hungary). The planting process started on 1 October 2021, and the harvest occurred 150 days later. The average day and night temperature of the glasshouse was 20–15 °C, with 60% relative humidity. Healthy seedlings (30-days old) of R. asiaticus with four to five true leaves (size, 5–6 cm) were transplanted into ø (9 × 9 × 10) cm plastic pots; one plant per each pot and 135 plants per trial. The design of the experimental groups was a randomized complete block design (RCBD) in a split-plot arrangement; the main plots consisted of three different salinity levels: (1) the control plants typically watered with 80% of the field’s capacity; no MT; no salt treatment; (2) salinity treatment at EC 4.5 dS·m−1; (3) salinity treatment EC 5.5 dS·m−1, and the sub-plots included the different levels of MT treatments associated with salinity levels at EC 4.5 and 5.5 dS·m−1 (15 plants/subgroup). In each pot, the growing medium consisted of a uniform mixture of Klassmann TS3 Baltic peat (constituents are shown in Table S1), supplemented with 3 kg/m3 Osmocote Exact Potassium Dominant (Scotts, NSW, Australia) and 1 kg/m3 (soluble carbonate).




2.2. Salinity Treatment and MT Application


Prior to salinity treatments, the ranunculus seedlings were grown in separate pots for four weeks. The salt solution preparation involved adding NaCl and CaCl2 dihydrate at a molar ratio of 2:1 to attain electrical conductivity (EC) values of 4.5 and 5.5 dS·m−1 [17]; the electrical conductivity of the solution was determined using a handheld EC meter (Milwaukee EC 60 Inc, Szeged, Hungary). After six weeks of culture and salt treatments, different concentrations (0, 50, 100, and 200 μM in tap water (ethanol/water (v/v) = 1/10,000)) [38,39] of exogenous melatonin (Thermo Fischer, Geel, Belgium) were sprayed four times in two-week intervals using a handgun sprayer. The leaves were sprayed until complete wetness and dripping. Tap water was used for regular irrigation.




2.3. Morphological Characteristics


Plants (10 individual plants per treatment) were sampled two weeks after the fourth foliar application to estimate the growth parameters, such as the plant height (cm), (measured from the medium surface to the shoot apex using a meter rod), the number of leaves, (counted manually), fresh and dry weights (shoots and leaves in g). The total leaf area (Area Meter 350, ADC Bioscietific Ltd., Hoddesdon, UK) and the number of flower buds that appeared were also recorded for analysis.




2.4. Physiological and Biochemical Assesments


The five uppermost young fully expanded leaf samples were instantly frozen in liquid nitrogen and kept at −80 °C pending inspection. The photosynthetic pigments were measured for the acetone (80%) extract samples of each treatment and the absorbances (644, 663, and 480 nm) were recorded in a UV-VIS Spectrophotometer (Genesys 10S, Waltham, MA, USA). The carotenoid content was computed following the method of Lichtenthaler et al. [40], and the relative water content (RWC) was determined using the methods described by Turk and Erdal [41] and the formula RWC = (FW-DW)/(TW-DW) × 100.



The leaf’s proline content (PC) was determined by the methods of Bates et al. [42] at 520 nm. A standard curve was constructed to calculate the proline content in μmol g−1 leaf FW. The extent of electrolyte leakage (EL) was assessed via the methods of Reddy et al. [43]. The peroxidase enzyme activity (POD) was also determined spectrophotometrically (470 nm) using the standard guaiacol method [44].



Sodium content of the leaves was determined with a flame photometer according to Campbell’s method [45] and is expressed as grams per 100 g dry weight (g 100 g−1 DW). The Salt Tolerance Index (STI) was determined as a percentage (%) for each of the analyzed traits, as proposed by Sbei et al. [46]. STI = (T salt/T cont.) × 100, where T salt represents the characteristic’s average value recorded under the saline conditions induced by 5.5 EC, and T cont. represents the same traits’ average value under control conditions.




2.5. Statical Analysis


The experiment was set up in a completely randomized design. The Two-Way MANOVA followed by UNIANOVA for the variables with Bonferroni’s correction was run for all dependent variables, between factors at two levels: (1) treatments (Cont (no salinity and no MT), Salinity EC 4.5 and Salinity EC 5.5), (2) melatonin concentrations (0, 50, 100, 200 µM). Assumptions were as if the normality of the residuals for all dependent variables are accepted by Kolmogorov–Smirnov’s (p > 0.05) [47]. The homogeneity of variances by Leven’s F test was satisfied with all dependent variables p > 0.05 [48]. Tukey’s post hoc test was used for factor level comparisons [49,50], while Dunnett’s test was used to compare the control treatment with two salinity groups. Pairwise within-subject effects were compared via Bonferroni’s method. All statistics were gathered using the software IBM SPSS27 [51].





3. Results


Statistical analysis of the obtained data revealed highly significant differences amongst multivariate factors and for the interaction effect of treatment levels (Wilk’s lambda < 0.001) [52]. Thus we compared the two salinity levels with the control for the MT concentration effect, and compared the MT concentration levels with the applied salinity levels, then followed up with Univariate ANOVA for different variables using the Bonferroni’s correction to see significant differences in all individual variables p > 0.05 [53].



3.1. The Effect of Melatonin on Plant Morphology under Salinity Stress


The applied salinity stress at both levels had an obvious negative impact on the recorded growth parameters of buttercup plants (Table 1 and Figure 1). Comparing the control (non-stressed plants), salt-stressed plants at the EC 4.5 (0 MT) and EC 5.5 (0 MT) exhibited a substantial decrease in shoot length by (31.78 and 35.64%), leaf number by (32.23 and 34.03%), total leaf area by (58.34 and 60.98%), shoot FW by (29.32 and 36.61%) and shoot DW by (42.15 and 46.08%), respectively. However, foliar melatonin treatments (50, 100, and 200 µM) considerably enhanced the plant development and improved all vegetative parameters under salinity stress. Plants treated with 200 µM MT showed the best performance under both level of salinity treatments, manifested in the remarkable increase in shoot length (23.37 and 30.04%), leaf numbers (28.32 and 21.14%), total leaf area (58.01 and 58.79%), shoot FW (29.92 and 42.33%) and shoot DW (45.20 and 41.82%), compared with stressed plants of EC 4.5 MT0 and EC 5.5 MT0, respectively, when compared with the NO-MT treated plants (Table 2).




3.2. Changes in Sodium Ion Level and Relative Water Content (RWC) of the Leaves


Our results indicate the sensitivity of ranunculus to salinity with increased Na+. The Na+ concentration in dry leaves increased by 280 and 311% upon 4.5 (S1) and 5.5 (S2) dS·m−1 EC of irrigation water, respectively, when compared to control plants (Figure 1A). The application of exogenous MT at different concentrations (50, 100, and 150 μM) resulted in a marked reduction in Na+ content in leaf samples of R. asiaticus plants under both salinity levels (Figure 1A). The foliar application of 200 MT at both S1 and S2 levels revealed a significant effect and reduced the Na+ content by 50.4 and 20.5% in comparison to salinity-stressed plants without MT application (S10MT and S20MT, respectively).



The relative water content (RWC) of a plant tissue is one of the most reliable indicators of its water status and capacity for survival under stressful conditions. Our data revealed that saline conditions negatively affected the leaves’ RWC, particularly at EC 5.5 dS·m−1 which had the most severe effect (Figure 1B). Compared with plants under normal conditions (non-stressed plants), stressed plants, S1 0MT and S2 0MT exhibited a significant decrease (21.1 and 28.3%, respectively) in RWC.



On the other hand, the foliar melatonin treatment showed a slight improvement in RWC under the saline conditions. The increase in RWC was noted in the presence of 100 and 200 µM melatonin compared with non-MT-treated stressed plants which was still lower than that of control plants (Figure 1B). These outcomes imply that the foliar melatonin treatment has more favorable impacts on plant biomass and development upon salt stress, and that the 200 µM melatonin could better protect the plants under saline conditions than 100 and 50 µM melatonin.




3.3. Changes in Photosynthetic Pigments of Leaves


Saline conditions negatively affected the leaves’ total chlorophyll (Chl) and carotenoid (Car) content of buttercup plants, with the influence being most prominent at the higher NaCl concentration of EC 5.5 treatment (Figure 1C,D). The leaves’ Chl and Car content of non-MT-treated plants under both salinity levels (S1 0MT and S2 0MT) were estimated for a decrease of 45.12 and 55.49% in cases of chlorophyll and 17.24, and 44.82% in cases of carotenoids, respectively. However, the exogenous MT application at different doses (50, 100, and 150 μM) on R. asiaticus plants resulted in a significant increase in leaves’ photosynthetic pigments (total Chl and Car) in comparison to stressed plants without MT under both salinity levels (Figure 1C,D). The foliar application of 200 MT at both S1 and S2 levels revealed a significant effect, with the rise of leaves’ Chl and Car estimated at 68.89 and 83.56%, respectively, compared with stressed plants without MT application (S10MT and S20MT, respectively). These data indicate that 200 μM MT was able to inhibit the entrance of detrimental ions into the cells, safeguarding the cellular structure.




3.4. Changes in Electrolyte Leakage and Proline Content


The impacts of salinity stress and exogenous melatonin application on membrane integrity and electrolyte leakage (EL) are illustrated in Figure 2A. Saline conditions induced by NaCl 4.5 and 5.5 dS·m−1 significantly increased the electrolyte leakage by 64.01 and 67.74%, respectively, when compared to control plants. In contrast, in stressed plants subjected to foliar application of melatonin (50 µM, 100 µM, and 200 µM), there was a significant and concentration-dependent decrease in electrolyte leakage. The application of 200 µM MT resulted in the highest reduction of EL by 28.93 and 20.57% under both S1 and S2 salinity levels, when compared with salt-stressed plants without MT treatment (Figure 2A).



Proline, a compatible membrane protective solute with its role in maintaining water balance and enhancing cytoplasmic osmotic pressure is known to protect the cells during early dehydration. According to our findings, saline conditions showed a considerable rise in proline content in leaves, with its highest values being recorded at the S2 (EC 5.5) treatment. Stressed plants (S1 0MT and S2 0MT) exhibited a significant increase of about 50% in proline content in comparison with control plants. The foliar melatonin application at 50, 100, and 200 µM resulted in a gradual increase in proline content under the saline conditions when compared to non-MT-stressed plants (Figure 2B).




3.5. Changes in Peroxidase Enzyme Activity (POD)


A significant increase (p < 0.05) in POD activity was detected in buttercup plants under both salinity stress conditions (Figure 2C). The POD levels increased by 61.9 and 82.2% when plants were irrigated with saline water with EC of 4.5 and 5.5 dS·m−1, respectively, when compared to non-stressed plants. Under both S1 and S1 salinity conditions, all of the melatonin treatments (50 µM, 100 µM, and 200 µM) significantly increased (p < 0.05) the POD activity, with its highest level being detected after 200 µM MT treatment. A 48.8 and 46.7% increase in antioxidant enzyme activity was recorded in plants under S1 and S2 conditions, respectively, when treated with 200 µM MT compared with non-MT-stressed plants under both salinity levels. These findings suggest that the NaCl stress brought the POD activities to a certain level as expected and that the foliar MT application enhanced (in a linear concentration-dependent manner) the POD activity even more to protect the cells from ROS accumulation.




3.6. Changes in Flower Bud Emergence


Our results reveal that both salt stress conditions (S1 and S2) induced the flower buds’ appearance (Figure 3). Flowering time of salt stressed plants irrigated with saline water with EC of 4.5 and 5.5 dS·m−1 without melatonin treatment occurred 29 and 36 days sooner than in the control plant, respectively. This early flowering time was delayed after the application of melatonin for 22, 24, and 15 days in the case of S1 treatment and 17, 8, and 10 days in the case of S2 salinity treatment when 50, 100, and 200 µM of MT was applied, respectively, in comparison to control plants (unstressed plants without MT).




3.7. Salt Tolerance Index (STI)


Table 2 depicts the STI as a percentage of all examined variables between the non-melatonin-treated plants grown under unstressed conditions and stressed plants under S2 salinity level (EC 5.5 dS·m−1). The STI% demonstrated that Na+ content in leaves was the trait most sensitive to saline conditions, compared to STI% of other variables, which gave 437.9%, followed by POD activity and El value in the second place, which gave 321.3 and 309.9%, respectively. Proline content was in the third place for the salt response, which gave 202.5%. In addition, without significant differences, the remaining traits exhibited STI% values less than 100% and higher than 50%, except total Chl showed the lowest salinity-responsiveness, which gave 44.4%.





4. Discussion


Salinity stress is known to cause plant performance to deteriorate due to osmotic, ionic, or nutritional disorders, represented in the morphological characteristics of subjected plants. As an activator of antioxidant enzymes, melatonin is known to protect plants from oxidative stress [54]. The cut flower species and in particular the ranunculus is reported to be sensitive to salinity stress [17,18]. In the present work, exposing ranunculus plants to salinity stress induced by EC 4.5 and EC 5.5 caused a significant reduction in all the assessed vegetative growth characteristics when compared with unstressed plants (control) where the EC 5.5 was more harmful (Table 1 and Figure 1). Similarly, it has been reported that increasing EC from 2 to 3 dS·m−1 significantly stunted plant growth, dry weight, number of leaves, and diameter of flowering stems of white and pink R. asiaticus cultivars [18]. Poorter et al. [55] reported that the plant leaf-related parameters were significantly affected by salinity.



Melatonin (MT) is known as an endogenous regulator with an enhancement effect on both plant growth promotion [36,56,57] and also in protecting against abiotic stress [31,58,59,60,61] even when applied in small concentrations [62]. Many investigations have demonstrated MT’s efficacy as a dose-dependent stimulator of plant growth and development [35,63,64]. We evaluated the effects of melatonin on ranunculus plants under saline conditions and found that foliar spray with 200 μM MT was the most effective concentration to mitigate the adverse effects of stress in most of the traits studied. Our findings were in line with the recent investigation on cotton seedlings treated with 200 μM of melatonin [65]. Exogenous melatonin must be applied to plants at the appropriate concentration, which may be different for distinct plant species [66]. Melatonin. an indoleamine, shares IAA’s metabolic precursor, which may explain its influence on plant growth and development [67]. In addition, earlier research reported that environmental stress factors may induce flowering to be able to perpetuate the species’ survival [68,69]. Exogenous melatonin was involved in flowering bud growth, as reported by Kolář et al. [70]. Similar to our results (Figure 2D), in Arabidopsis, exogenous MT caused a delay in flowering time [71]. This may occur due to the involvement of exogenous MT in upregulation of flowering locus C (FLC), which suppresses the transcription of flowering locus T (FT) [56,72].



Excessive cytoplasmic NaCl levels interrupt ion balance and inhibit plant growth and development [73]. Accordingly, plants must be able to ingest and compartmentalize ions to increase their salt tolerance efficiently. Thus, plants redistribute cytoplasmic salt ions into vacuoles or store them in various tissues to cope with salinity stress [74,75]. Consequently, a more significant Na+ build-up will be observed in leaves. Likewise, in this experiment, Na+ content of the leaves dramatically increased at both saline conditions EC 4.5 and 5.5 dS·m−1 (Figure 1A). Similar outcomes were also noticed in the cotton leaves [65] and pepper cultivars ‘Granada’ and ‘Nobili’ [76]. However, exogenous MT treatment allowed ranunculus plants to retain lower Na+ in leaves than in non-MT-treated stressed plants (Figure 1A), and higher reduction was observed under S1 conditions by increasing MT levels. These findings agree with Castañares and Bouzo [36] and Wei et al. [77], reporting that MT treatment reduced ion toxicity in melons and rice, respectively when subjected to salt stress. This research also confirmed that 200 µM MT aids in preserving ion equilibrium while exposed to salt stress. Specifically, melatonin’s action in the presence of saline stress is to upregulate the transporter genes NHX1 and AKT1 [78], which are involved in preserving the ion homeostasis. Due to the extreme sensitivity of plants to salinity, water status is the primary factor in response to stress [79]. Using water relation properties in ranunculus leaves, we found a common reactivity to salinity, consistent with the findings of Stępień and Kłobus [80] on cucumber and on pepper cultivars [76]. Toxic ion accumulation, especially Na+ and Cl−, may be to blame for the reduction in RWC by causing leaves to shrink and their stomata to close, thereby lowering the intracellular CO2 partial pressure [81]. According to Munns’ [82] study, higher sodium chloride concentrations led to a greater loss of water from the cells, which manifested as dehydration; thus, the cell growth rate was rapidly reduced in addition to a series of metabolic alterations like those imposed by water stress. MT application in our study, however, increased RWC gradually by increasing MT concentrations and the higher concentration was the most effective under both salinity levels S1 and S2 (Figure 1B) similar to those reported in borage plants [79], likely attributable to enhanced water absorption due to safeguarding the cell membrane [36,80]. It has been proven that melatonin can improve the thickness of a plant’s cuticle, which in turn helps to limit water loss. Melatonin treatment has been shown to improve stress tolerance in plants by keeping their turgor and water ratio stable [81].



Photosynthesis relies on chloroplast chlorophyll, which can capture and transmit light energy for plants and is a key indicator of plant physiological properties and performance [82]. In plants subjected to saline conditions, a decrease in total chlorophyll and carotenoids was observed, and a more severe effect was found under S2 conditions (Figure 1C,D). This is correlated with excessive quantities of Na+ that result in sluggish synthesis or rapid breakdown of photosynthetic pigments, which has an immediate impact on plant growth [83]. An application of melatonin in earlier studies enabled salt-stressed plants to keep their chlorophyll levels closer to normal such as in melon (Cucumis melo L.) [36], pistachio [60], maize seedlings [29], and in spearmint plants [84]. Similarly, in the current study, exogenous melatonin enhanced chlorophyll and carotenoid levels in ranunculus plants compared to non-MT-stressed plants. In general, S1 (4.5 EC) showed the higher pigment accumulation with MT application, and 200 μM MT was the most effective concentration applied under both salinity stress levels, supporting the hypothesis that MT pretreatment promotes biosynthesis and reduces chlorophyll breakdown [85]. This effect has been attributed to melatonin’s antioxidant properties and its influence on the genes for the chlorophyll-degrading enzymes CLH (chlorophyllase), PAO (pheophorbide an oxygenase), and the red chlorophyll catabolite reductase [56]. Additionally, high melatonin dosages improved chloroplast carotenoid content and lipid-soluble antioxidants [74]. Consequently, melatonin can stimulate carotenoid production and result in lowering the levels of photooxidative degradation [31].



Ion-specific salt degradation mainly occurs in the plasma membrane [86]. Electrolyte leakage can be attributed to a loss of membrane integrity, which reduces plants’ ability to hold K+ as a result of stress [87]. Consequently, plasma membrane electrolyte leakage is regarded as an essential indicator for selecting tolerant plants under salt stress [86]. From our data, both salinity levels increased EL rate, but S2 (EC 5.5) caused the highest EL rate. However, minimizing EL in plants treated with MT afforded a protective effect toward membrane damage under saline conditions (Figure 2A). Similar results were presented by Khan et al. [88] and Zhang et al. [89], who reported that MT treatment reduced EL in sugar beets and tomato under salinity stress, indicating that MT may alleviate the oxidative damage induced by salt conditions. Moreover, melatonin, is present on the hydrophilic side of lipid bilayers and can diffuse through lipid membranes and the cytoplasm [90,91,92]. Melatonin’s ability to organize itself in lipid membranes is concentration-dependent as at lower doses the molecules align themselves parallel to the lipid tail, while at higher doses they arrange themselves parallel to the bilayer [92].



Plants accumulate osmotic regulators as part of their adoptive stress-reduction strategy to preserve intracellular stability and shield their cells from the detrimental consequences of saline stress [64,93]. Ferchichi et al. [94] revealed that proline serves numerous functions, including stability of membranes and proteins, regulating gene expression in response to salinity conditions to maintain the redox balance. Previous investigations have shown that the melatonin-induced buildup of certain osmolytes diminishes cells’ osmotic potential, which enhances osmotic adjustment and hence increases plants’ water content under stressful environments possibly by upregulating the transcription of genes like BADH and P5CS [36,89]. Melatonin stimulates root development and aquaporin function, which in turn stimulate water uptake and distribution, and ultimately improves hydration status under salt conditions [95]. This mechanism is supported by the findings of the current study (Figure 2B), when MT enhanced proline accumulation under both salinity levels compared to non-stressed plants. Likewise, Sheikhalipour et al. [64] observed that MT-treated plants showed increased RWC and proline content under salinity conditions when compared with non-MT-treated plants under stress.



Additionally, ROS is a significant indicator of oxidative and salt stress [96]. The antioxidant machinery present in cells is responsible for maintaining ROS homeostasis, which is necessary for cells to avoid irreparable damage and maintain their integrity (antioxidant compounds and enzymes) [77,97]. The primary function of peroxidases as an ROS scavenger is to convert H2O2 into water molecules after SOD has converted O2•− to O2 and H2O2 [98]. Exogenous MT decreased the formation of ROS by scavenging ROS and promoting antioxidant activity [99]. In this investigation, MT treatments, especially those with a concentration of 200 µM MT (Figure 2D), enhanced the POD activity under stressful conditions and the highest activity was noticed under the S2 treatment (EC 5.5). Our results also corroborate the findings of Zhang [28] that MT can improve salt tolerance by upregulating antioxidant enzyme genes and lowering biological macromolecule breakdown to increase antioxidant enzyme activity under high salinity. Similar investigations into rice [77], naked oat [100], and rapeseed [101] showed the same trend.



Depending on the salinity tolerance index (STI%) values under severe stress of EC 5.5 (S1 treatment), the investigated characteristics in this study could be divided into three categories (Table 2). The first category consists of the variables having an STI% greater than 400%, as observed with Na content; the second category is the variables that exhibited STI% of more than 200%, as observed with POD activity, El, and proline. While the final category includes the variables with STI% values below 100%, as observed with flower bud emergence time, RWC, number of leaves, shoot length, shoot fresh weight, carotenoids, shoot dry weight, total chlorophyll, and leaf area, in descending order. Based on the high STI% values for Na content, followed by POD activity, El, and proline, it is conceivable to use these characteristics as obvious markers of ranunculus plants’ response to salt stress. Some scientific papers have debated the fractionated STI as a stress-response indicator and considered rather the biomass of the entire plant, for instance, as reported for chickpea [102] and Asian barley [46]. In this work, it can be stated that STI% was computed in a wide variety of ranunculus plant features, similar to an approach by Roshdy et al. in strawberry plants [103], that are more informative for future studies and plant breeding projects.




5. Conclusions


This study investigated the effect of exogenous melatonin treatment on R. asiaticus under two salinity levels (EC 4.5 and EC 5.5). The melatonin application enhanced RWC content and photosynthesis pigments, and reduced Na+ accumulation in leaves, resulting in strengthening the vegetative and growth parameters under saline conditions in a dose-dependent manner. Additionally, our data showed improvement in osmotic regulation capability by increasing osmolyte accumulation (Proline), as well as the protective evidence that exogenous melatonin application in buttercup seedlings enhanced the performance of the antioxidant defense system by diminishing the ROS generation as demonstrated by activation of POD and the decrease in EL. Considering STI% values under the most harmful salinity level (EC 5.5), sodium content in leaves, followed by enzyme activity, EL, and leaf proline content could indicate a Ranunculus plant’s salinity stress response. Overall, when applied at the optimal dose of 200 µM in this study, melatonin alleviates salinity stress on morpho-physiological characteristics, improving R. asiaticus’ tolerance, which can be considered as an effective practice for productions under stress conditions.
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Figure 1. The effects of exogenous melatonin application (0, 50, 100, and 200 µM) on Na+ level (A), RWC (B), chlorophyll (C), and carotenoids content (D) of R. asiaticus under saline conditions. Control: no-stress and no melatonin; S1: plants under salt stress EC 4.5 dS·m−1; S2: plants under salt stress EC 5.5 dS·m−1; different letters are for significantly different groups (Tukey/Dunnett p < 0.05). The lowercase letters are for significant differences amongst melatonin concentrations under fixed salinity treatments, and the uppercase letters for significant differences in the salinity treatments with the control group under fixed melatonin concentration levels (n ≥ 5). 
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Figure 2. The effects of exogenous melatonin application (0, 50, 100, and 200 µM) on electrolyte leakage (A), proline content (B), peroxidase enzymes activity (C), and flower bud emergence time (D) of R. asiaticus under saline conditions. Control: no stress and no melatonin; S1: plants under salt stress EC 4.5 dS·m−1; S2: plants under salt stress EC 5.5 dS·m−1 different letters are for significantly different groups (Tukey/Dunnett p < 0.05). The lowercase letters are for significant differences amongst melatonin concentrations under fixed salinity treatments, while the uppercase letters are for significant differences in the salinity treatments with the control group under fixed melatonin concentration levels (n ≥ 5). 
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Figure 3. Morphological changes in R. asiaticus plants being treated with different concentrations of exogenous melatonin under salinity stress. 
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Table 1. The effects of exogenous melatonin application on growth parameters of R. asiaticus under salinity stress.
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Treatments

	
Shoot Length (Cm)

	
No of Leaves

	
Leaf Area (Cm2)

	
FW (g)

	
DW (g)






	
Control (non-stressed)

	
18.88 ± 0.2 aA

	
6.67 ± 0.15 aA

	
47.96 ± 0.2 aA

	
18.11 ± 0.2 aA

	
3.06 ± 0.02 aA




	
S1 Treatments




	
MT (0)

	
12.88 ± 0.12 eB

	
4.52 ± 0.12 eB

	
19.98 ± 0.2 eB

	
12.80 ± 0.1 eB

	
1.77 ± 0.02 eB




	
MT (50)

	
14.29 ± 0.22 dB

	
5.07 ± 0.11 dB

	
22.47 ± 0.2 dB

	
13.90 ± 0.1 dB

	
2.07 ± 0.01 dB




	
MT (100)

	
15.62 ± 0.02 cB

	
5.40 ± 0.18 cB

	
27.99 ± 0.1 cB

	
15.72 ± 0.2 cB

	
2.25 ± 0.01 cB




	
MT (200)

	
15.89 ± 1.3 bB

	
5.80 ± 0.02 bB

	
31.57 ± 0.2 bB

	
16.63 ± 0.2 bB

	
2.57 ± 0.02 bB




	
S2 Treatments




	
MT (0)

	
12.15 ± 0.2 eC

	
4.40 ± 0.02 eC

	
18.71 ± 0.2 eC

	
11.48 ± 0.2 eC

	
1.65 ± 0.02 eC




	
MT (50)

	
14.20 ± 0.1 dC

	
4.87 ± 0.01 dC

	
20.60 ± 0.3 dC

	
13.64 ± 0.3 dC

	
1.80 ± 0.01 dC




	
MT (100)

	
15.55 ± 0.2 cC

	
5.27 ± 0.01 cC

	
26.25 ± 0.12 cC

	
14.67 ± 0.1 cC

	
2.24 ± 0.02 cC




	
MT (200)

	
15.80 ± 0.1 bC

	
5.33 ± 0.11 bC

	
29.71 ± 0.4 bC

	
16.34 ± 0.2 bC

	
2.34 ± 0.02 bC








Control (no stress–no melatonin), S1: plants under salt stress EC 4.5 dS·m−1 were sprayed with MT (0 µM, 50 µM, 100 µM, and 200 µM); S2: plants under salt stress EC 5.5 dS·m−1 were sprayed with MT (0 µM, 50 µM, 100 µM, and 200 µM); different letters are for significantly different groups (Tukey/Dunnett p < 0.05). The lowercase letters are for significant differences amongst melatonin concentrations under fixed salinity treatments, and the uppercase letters for significant differences in the salinity treatments with the control group under fixed melatonin concentration levels (n ≥ 10).
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Table 2. Salt tolerance index (STI)% of R. asiaticus traits.
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	Traits
	STI %





	Shoot length
	64.4 ± 0.2



	Number of leaves
	65.9 ± 0.2



	Total leaf area
	39.0 ± 0.03



	Shoot fresh weight (FW)
	63.4 ± 0.0



	Shoot dry weight (DW)
	53.9 ± 0.3



	Emergence of Flower buds
	74.3 ± 2.5



	Total chlorophyll content
	44.4 ± 1.2



	Total carotenoids content
	54.5 ± 2.1



	Leaf Na+ content
	383.1 ± 23.7



	Relative water content (RWC)
	71.7 ± 0.3



	Proline content
	202.5 ± 2.1



	Electrolyte leakage (El)
	309.9 ± 0.3



	Peroxidase (POD)
	321.3 ± 28.5







The values represent the mean of at least five replicates for the comparison of tolerance index of all estimated traits under salt stress induced by EC 5.5 dS·m−1 without melatonin application.
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