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Abstract

:

Exogenous melatonin (MT) regulates plant growth and mitigates stress in response to stress. To analyze the machinery of exogenous melatonin, which improves salt and alkaline tolerance in oats, MT’s function was identified in the oat seed germination stage in our previous study. In this study, morphogenesis, photosynthetic physiology, hormone levels, and ion homeostasis were evaluated using the same MT treatment concentration. The results revealed that compared to the S45 treatment, the 100 μmol·L−1 MT treatment efficiently increased the seedling height and main root length of oat seedlings; promoted secondary root development; enhanced the root volume and root surface area; maintained a higher photosynthetic pigment content (carotenoids; chlorophyll a; chlorophyll b); raised the leaf photosynthetic rate (Pn), intercellular CO2 concentration (Ci), conductance to H2O (Gs), and transpiration rate (Tr); enhanced the light energy absorption and conversion of leaves; increased the leaf GA3, Tryptamine (TAM), and IAA contents; and decreased ABA levels. Hierarchical cluster analysis revealed that MT treatment also increased the contents of P, K, Ca, Mn, Cu, Mg, Fe, Zn, Mo, Cd, Al, Se, Ni, Co, and Ti; decreased the Na/K ratio; and maintained cellular ionic homeostasis in oat seedlings under saline–alkali stress, as compared with the untreated group. These findings showed that MT treatment enhanced the adaptation of oat to saline–alkali stress through regulating the physiological process of seedling growth. This suggests that MT plays a different role in improving saline–alkali tolerance in the germination and seedling stages of oat.
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1. Introduction


Saline–alkali stress is an apparent abiotic stress limiting plant growth, development, and crop production [1]. According to statistics, 1 billion hectares of land worldwide are threatened by a saline–alkali environment. In the Songnen Plain of China, 3.73 million ha of saline–alkali soil jeopardizes crop production and product development [2]. Unlike other saline–alkali soils, these soils are dominated by soda saline–alkali soils, mainly caused by Na2CO3 and NaHCO3, which have a high salt content and a soil pH above 10 in most areas [3]. Numerous studies have shown that saline–alkali stress leads to oxidative damage, osmotic stress, ion toxicity, and more severe plant growth inhibition [4,5]. For example, saline–alkali stress causes an increase in ROS content and induces membrane peroxidation in the roots and leaves of maize seedlings, thereby inhibiting seedling growth [6,7]. High-pH saline–alkali stress triggers chlorophyll degradation in sorghum, leading to the excessive accumulation of inorganic ions [8]. So, finding new strategies for plant saline–alkali tolerance is essential to protect plants’ normal growth and development.



Plant growth regulators, as a class of biologically active substances, enhance plant tolerance to biotic and abiotic stresses and regulate the process from germination to senescence. Among them, melatonin is a highly active molecule that is widely distributed in various tissues and organs of plants. It is closely related to plant life activities such as seed germination, photosynthesis, root development, and leaf senescence [9]. In plants, MT is critical in integrating environmental biotic and abiotic stress signals and activating response networks, leading to the development of stress defense mechanisms and resilience [10,11]. For example, MT, facing salt, drought, and low-temperature stress, can act as a regulator of the redox network through modulating secondary messenger signaling (e.g., via interacting with Ca) and initiating downstream signaling processes to mitigate the stress response [12]. Meanwhile, MT also improves plant tolerance to abiotic stresses through enhancing the expression of genes related to cell division, fatty acid synthesis, carbohydrate metabolism, photosynthesis, and ascorbic acid metabolism, thereby improving plant growth [13]. Abiotic stress environments promote endogenous MT biosynthesis, while plants can also absorb external environmental MT through leaves, roots, and seeds to improve plant stress tolerance [14,15]. Previous studies have found that exogenous MT can protect photosynthetic plant systems through delaying leaf senescence. For example, appropriate concentrations of exogenous MT can reduce lipid oxidation; protect chloroplast structure; enhance Pn, Tr, and Gs; inhibit the excessive accumulation of ROS under abiotic stress; and protect cell membrane integrity against stress [16]. Similar findings were confirmed in rice [17], ryegrass [18], and cucumber [19]. In addition to antioxidant defense, MT acts synergistically with other hormones to confer plant resistance and stress adaptation. MT application increases IAA and GA content, stimulates root growth, and mitigates the inhibitory effects of abiotic stresses on root development through modulating the ROS scavenging system [20]. It also induces the increased expression of ABA catabolic genes to reduce ABA levels during germination and promote seed germination [21] and breaks the limitation of IAA biosynthesis by salt stress to promote root development [22]. There is also evidence that MT promotes plant growth and development and improves yield, which are mainly related to regulating plant ion homeostasis [23]. For example, exogenous MT application increases H+ pump activity and the sensitivity of the Na+/K+ transporter to RNS and ROS, maintaining ionic homeostasis in plants under salt stress [24,25]. Therefore, the further development of MT as a biostimulant and regulator of crop production and increased knowledge of its physiological functions are of wide significance for resistance to environmental stress to reduce crop yield losses.



Oats are an annual herbaceous crop of the grass family, and their wide ecological adaptations have made them irreplaceable food and fodder crops in many regions [26]. In recent years, oats have become popular in the feed, food, and pharmaceutical industries because of their rich nutritional content and healthcare functions. In production cultivation, oats are recognized as a crop with moderate tolerance to salt and alkali and are therefore widely used as a selective crop for saline–alkali land improvement [27]. Nevertheless, a saline–alkali soil environment also has a specific inhibitory effect on the growth of oats. Seed germination and seedling survival are the stages of oats which are most sensitive to saline-alkali stress, and different germplasm resources have different tolerance mechanisms under saline–alkali stress during the germination and seedling stages. To analyze the effect of melatonin on the saline–alkali tolerance of oats, we treated oats during the seed germination and seedling stages, respectively, using MT. In our previous study, the optimal MT treatment concentration was identified for promoting oat seed germination, and we have analyzed the MT functional mechanism as an antioxidant for improving oat seed germination rate under saline–alkali stress [15]. In this study, we used the same MT concentration to treat oat seedlings under saline–alkali stress to explore the effects of MT on physiological process of oat seedlings growth. Our research results provide a physiological foundation for elucidating the different functional mechanisms of exogenous MT improving saline–alkali tolerance during the germination and seedling stages of oat.




2. Materials and Methods


2.1. Experimental Materials


In this study, the saline–alkali-sensitive variety of naked oats, “Baiyan No. 5”, was used as the test material, cultivated and provided by the Academy of Agricultural Sciences of Baicheng City, Jilin Province. Seeds were stored in a dry environment at 4 °C before the start of the experiment.



Melatonin (N–acetyl–5–methoxytryptamine, MT) was purchased from Beijing Kulaibo Science and Technology Co Ltd. (Beijing, China). All chemicals used in this study were of analytical grade.




2.2. Solution Preparation


To simulate the features of saline–alkali soils in the central and western regions of Jilin Province, a saline–alkali mixture was prepared with a modified 50% Hoagland nutrient solution (the types of nutrients are shown in Table S1 of the Supplementary Materials) in the molar ratio of NaCl:Na2SO4:Na2CO3:NaHCO3 of 1:9:1:9.



MT solution preparation [19]: MT (0.116 g) was weighed, melted in 3 mL of anhydrous ethanol, added to deionized water, brought to a volume of 250 mL to obtain a 2 mmol·L−1 MT stock solution, and then diluted into a 100 μmol·L−1 MT solution with deionized water. After preparation, this solution was contained at room temperature and protected from light, and 0.05% (v/v) Tween–20 was added.




2.3. Cultivating Experimental Materials


This study was conducted in 2022 in the greenhouse of the Academy of Agricultural Sciences of Baicheng City (122°48′1″ E, 45°36′56″ N, 157.51 m above sea level). The seeds were disinfected with 75% alcohol for 30 s, washed, air–dried, and placed in a dark environment in a constant-temperature incubator at 25 °C for 12 h. Seeds from Baiyan No. 5 with full and uniform grains and no insect pests were selected. Seeds that were uniformly dewy white were selected and placed evenly in Petri dishes (φ17 cm) lined with two layers of sterile filter paper. For saline–alkali stress, the seeds were treated with 45 mmol·L−1 (pH 8.97, salinity 6.18 psu, conductivity 11.04 mS/cm) saline–alkali solution, with 16 mL of saline–alkali solution added to each Petri dish. The control was made with an identical number of 50% Hoagland nutrient solution and 150 seeds per dish, and each treatment was repeated three times.




2.4. MT Treatment


Seedlings with a constant growth were selected for each treatment, rinsed with distilled water, drained from the root surface, and transplanted into sterilized hydroponic boxes (38 × 28 × 14 cm) with 8 L of saline–alkali solution in round holes; they were fixed in the fixing cups using a 4.5 cm diameter sponge, and each treatment was replicated three times, with three pots per replicate, for a total of 27 pools with 12 plants per pot, with equal amounts of 50% Hoagland nutrient solution used as a control. The cultured seedlings were subjected to the following three treatments: (1) CK—seedlings grown generally in 50% Hoagland nutrient solution + root application of 0 μmol·L−1 MT; (2) S45—seedlings grown in 45 mmol·L−1 soda saline–alkali solution (50% Hoagland nutrient solution was prepared, as follows) + root application of 0 μmol·L−1 MT; (3) S+MT—seedlings grown in 45 mmol·L−1 soda saline–alkali solution + root application of 100 μmol·L−1 MT (pre-experiments showed significant effects with this concentration treatment). After two true leaves of oat seedlings were fully opened (two leaves and one heart, approximately 14 days), a root dip treatment with 100 μmol·L−1 MT was performed for 7 days. The whole incubation process was carried out in a greenhouse at a temperature of 23 ± 1 °C, relative humidity was controlled at 40 ± 5%, light duration was 16 h/8 h (light/dark), and red, blue, and white lamps (red:blue:white = 3:2:1) with three lamps per layer were used. The hydroponic boxes were randomly arranged in the greenhouse nursery bed, and the placement of the boxes was adjusted from time to time to ensure a consistent growth environment for each treatment group during the incubation period. The boxes were continuously aerated with an inflatable pump to prevent root rot. During the experiment, the water that dissipated from the hydroponic boxes was replenished every 24 h using the weighing method to ensure a constant treatment concentration, and the solution was changed every 2 d. Samples were taken 14 d after MT treatment, quick-frozen with liquid nitrogen, and stored in a refrigerator at −80 °C for the subsequent measurement of physiological indices.



2.4.1. Agronomic Characteristics


After 7, 11, and 14 d after MT treatment, five representative plants with consistent growth were selected from each replicate; Vernier calipers were used to measure their root lengths, and their seedling heights (linear distance from the base of the radicle to the top of the leaf) were measured using a straightedge. The total root length, surface area, root volume, root mean diameter, and root tip number were determined separately using a root system analyzer (Expression 11000XL, Seiko Epson Corp, Suwa, Nagano, Japan) 14 d after MT treatment, and the number of secondary roots was calculated manually.




2.4.2. Chlorophyll Content


Using the 95% ethanol extraction method [28], 0.2 g of fresh leaves of naked oats were weighed, cut, placed in a corked graduated test tube containing 10 mL of 95% ethanol, capped, and placed in a dark environment at 25 °C overnight with shaking 3–4 times during the extraction. The next day, after removal and observation that the leaf tissue had turned entirely white, the chloroplast pigment extract was brought to a 25 mL volume with 95% ethanol, filtered, and poured into a 1–cm optical diameter colorimetric cup. The absorbance was measured at 665 nm, 649 nm, and 470 nm wavelengths using 95% ethanol as a blank.




2.4.3. Photosynthetic Parameters


The net photosynthetic rate (Pn), conductance to H2O (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) of flag leaves were measured 7 d, 11 d, and 14 d after MT treatment using a Li–6400XT portable photosynthesizer (LI–COR Corp, Lincoln, NE, USA). The light intensity was set at 1200 μmol·m−1·s−1 for each seedling, and the experiment was replicated three times. Photosynthetic parameters were measured on the same leaf three times per plant, and the results were averaged.




2.4.4. Leaf ABA, GA3, IAA, and TAM Contents


The acetonitrile solution extraction method was used to purify the impurities in acetonitrile via the QuEChERS method, and the sample was concentrated through a nitrogen purge, which is beneficial for downstream detection. The corresponding standard solution and mobile phase were configured. All samples were ground in liquid nitrogen until crushed. The samples were weighed accurately in a test tube, 10 mL of acetonitrile solution was added, and 8 μL of the internal standard master batch was added. The mixture was extracted overnight at 4 °C and then centrifuged at 12,000× g for 5 min at 4 °C, after which the supernatant was removed. Next, 5 mL of acetonitrile solution was added again to the precipitate, the mixture was extracted twice, and the supernatants were combined. An appropriate amount of C18 and GCB was added to purify the impurities, followed by centrifugation at 12,000× g for 5 min at 4 °C and removal of the supernatant. After blowing it dry with nitrogen, the precipitate was resolubilized with 400 μL of methanol, passed through a 0.22 μm organic phase filter membrane, and stored in a −20 °C freezer until analysis.




2.4.5. Mineral Elements


Na, P, K, Ca, Mg, S, Fe, Mn, Cu, Zn, Ni, Co, Mo, Cd, Hg, Al, B, Se, and Ti were deter- mined using the pressure tank digestion method and detected and analyzed via ICP–MS (NexlON®5000 ICP–MS, PerkinElmer Crop, Waltham, MA, USA). The weighed dry specimen (0.1–0.2 g) or 0.5–2 mL of liquid was placed in the inner PTFE digestion tank, to which 5 mL of nitric acid was added, followed by soaking overnight. The inner lid was covered, and the stainless-steel jacket was tightened, followed by the transfer of the tank into a constant-temperature drying oven, where it was kept at 80 °C for 2 h, 120 °C for 2 h, and then 160 °C for 4 h. The oven was allowed to cool naturally to room temperature, after which it was opened. The acid was heated until the sample was nearly dry, and the digestion solution was transferred into a 25 mL volumetric flask; the inner jar and inner lid were washed with a small amount of nitric acid solution (1%) 3 times, the washing solution was combined with the contents of the volumetric flask, and the solution was brought to a final volume with 1% nitric acid, after which the solution was mixed well and set aside. A blank reagent test was also performed. The test solution was run on the instrument to determine the content of each element.


Elemental content(mg·kg−1) = (c × v)/m × D








where c is the concentration of elements in solution (mg·L−1), v is the extraction volume (mL), D is the dilution factor, and m is the sample mass (g).



Total silicon (Si) was determined using the silicon molybdenum blue colorimetric method [29] and analyzed via ICP–OES (Agilent 710 ICP–OES, Agilent Crop, Santa Clara, CA, USA): 5 mL of 4 mol·L−1 NaOH was placed in a nickel crucible, heated, and evaporated in an electric hot plate, and the finely ground air-dried sample of the plant to be tested was accurately weighed to 0.05 g–0.20 g and sprinkled on the NaOH in the nickel crucible. The crucible was covered and placed on an ordinary electric hot plate and heated to convert the sample to ashes, which were then transferred to a high-temperature electric furnace and melted at 700–720 °C. After cooling, the sample was washed with distilled water in a 50 mL volumetric flask containing 5 mL of 4 mol·L−1 HCl, and the volume was fixed; this represented the silicon solution to be tested. One drop of 2,6–dinitrophenol indicator was added; the solution was adjusted with 0.1 mol·L−1 NaOH and 0.05 mol·L−1 H2SO4 until slightly yellow, shaken well, and incubated for 15–20 min at room temperature. Then, 2.5 mL of 0.3 mol·L−1 H2SO4 and 2.5 mL of 5% ammonium molybdate solution were added, followed by shaking well and incubation for 5–20 min at room temperature. Next, 2.5 mL 5% oxalic acid solution and 2.5 mL 15 g·L−1 ascorbic acid solution were added in turn, the volume was fixed, and after 20 min, the color was compared at 700 nm on a spectrophotometer. A blank test was performed at the same time.



Plant whole silicon content (g·kg−1) = mass concentration (μg·mL−1) determined from the standard curve × volume of color development (mL) × fractionation times ÷ sample weight (g) × 0.001.





2.5. Data Visualization and Statistical Analysis


The raw data were collated and analyzed using Excel 2021 (Microsoft Corp, Montgomery, AL, USA), and ANOVA and LSD analysis were performed using SPSS 24.0 (IBM, Chicago, AL, USA). Duncan’s multiple extreme difference test was used to measure significant differences between samples (p ≤ 0.05). GraphPad Prism 9.4 (GraphPad Software Corp, San Diego, CA, USA) was used for the graphing, and Adobe Illustrator (Adobe Corp, San Jose, CA, USA) was used for the combined graphs. Heat maps were plotted at https://www.chiplot.online (accessed on 6 April 2023) for Pearson correlation analysis. Hierarchical clustering analysis of oat seedling–related indicators was performed in MetaboAnalyst online software (http://www.metaboanalyst.ca/ (accessed on 9 April 2023)).





3. Results


3.1. Effect of MT Treatment on Agronomic Traits of Oat Seedlings under Saline–Alkali Stress


Under saline–alkali stress, the leaf tips of oat seedlings showed yellowing (Figure 1A), and seedling height (Figure 1C) and main root length (Figure 1D) were inhibited. The MT root soaking treatment effectively reduced the damage of saline–alkali stress to oat seedlings. It promoted seedling height, maintained greater green leaf areas, and alleviated saline–alkali stress inhibiting the growth of oat roots. The promotion effect on seedling height was significant (p ≤ 0.05) 11 d after MT treatment, and the seedling height of the S+MT group was increased by 72% compared with that of the S45 group; there was no significant difference in the length of the primary root, but it was still increased by 21% compared with that of S45 group. After 14 d of MT treatment, the primary root length and seedling height showed a slow increase compared with that in the 11 d MT treatment group; the seedling height and main root length of the S+MT group increased by 48% and 6%, respectively, compared with the S45 group.



Compared with the CK group, MT treatment especially promotes the production of secondary roots in oats (Figure 1B and Figure 2). Fourteen days after MT treatment, the number of secondary roots in the root system of oat seedlings in the various groups showed the trend of S+MT > S45 > CK, and there were significant differences (p ≤ 0.01) between the S+MT treatment and the S45 and CK treatments, with the S+MT treatment group being 389% higher than the S45 group. The root volume, root surface area, total root length, and root tip number of oat seedlings in the various groups showed the trend of CK > S+MT > S45. The root volume, root surface area, total root length, and root tip number were increased by 32%, 30%, 63%, and 3% after the S+MT treatment compared with the S45 treatment, respectively (p > 0.05). As shown in Figure 2d, the average diameter of the root system of oat seedlings in the S+MT and S45 groups was 35% and 50% higher than that in the CK group, respectively. Oat seedlings had thicker root systems under saline–alkali stress, but growth of the root length was inhibited, while MT treatment could increase the root surface area through promoting the formation of secondary roots in seedlings, which tolerate saline–alkali stress.




3.2. Effect of MT Treatment on the Photosynthetic Physiology of Oat Seedlings under Saline–Alkali Stress


When oat plants were subjected to saline–alkali stress, leaf chlorophyll a (Figure 3a), chlorophyll b (Figure 3b), total chlorophyll (Figure 3c), and carotenoids (Figure 3d) contents were significantly reduced (p ≤ 0.05) compared with those of CK. MT treatments improved chlorophyll contents under saline–alkali stress, but they were still lower than those of the CK group. Seven days after MT treatment, the photosynthetic pigment content of oat plant leaves in the S + MT group increased significantly compared with the S45 treatment group by 11%, 13%, 11%, and 43%, respectively. With increasing treatment time, chlorophyll a, total chlorophyll, and carotenoids did not change significantly under S45 and S + MT treatments, while the contents of chlorophyll B decreased significantly under S45 treatment and increased significantly after S + MT treatment. Fourteen days after MT treatment, the chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid contents were increased by 13%, 71%, 27%, and 41%, respectively, compared with those of the S45 group. This indicates that MT treatment mainly alleviated the effect of saline–alkali stress on chlorophyll b synthesis.



The stability of photosynthetic pigment synthesis is essential for plants to maintain normal photosynthesis. In this study, we found that Pn, Gs, Ci, and Tr in oat leaves were significantly lower (p ≤ 0.05) under saline–alkali stress conditions, while Pn, Gs, Ci, and Tr showed a significant increase after MT root soaking treatment compared to the S45 group (Figure 4A), which Pn increased by 48%, 65%, and 58% after 7 d, 11 d, and 14 d but did not reach a significant level at 14 d (p > 0.05). The Gs of oat leaves under saline–alkali stress was significantly lower than that in the CK group and was always at a lower level with the extension of saline–alkali stress time, and the Gs of the S+MT group increased by 48%, 70%, and 39%, respectively, compared with that of the S45 group (Figure 4B). Under normal water incubation conditions, oat leaf Ci and Tr were always at a high level, and Ci increased by 41%, 38%, and 46% after 7 d, 11 d, and 14 d of MT treatment, respectively, compared with the S45 group (Figure 4C), while Tr significantly increased by 65%, 95%, and 58%, respectively (Figure 4D). This indicates that saline–alkali stress causes a decrease in chlorophyll content, which in turn affects the normal photosynthesis of oat leaves, while MT treatment can effectively relieve the effect of saline–alkali stress on chlorophyll synthesis and improve photosynthetic efficiency against saline–alkali stress.




3.3. Effect of MT Treatment on the Endogenous Hormone Content of Oat Seedling Leaves under Saline–Alkali Stress


Plants adapt to saline–alkali stress through the flexible regulation of hormone levels and/or signaling. Saline–alkali stress induced a slight increase in ABA (Figure 5c) content in oat leaves, while IAA (Figure 5a), TAM (Figure 5b), and GA3 (Figure 5d) contents were significantly different between treatments (p ≤ 0.05). After S45 treatment, ABA content increased by 13%, while IAA, TAM, and GA3 content decreased by 60%, 16%, and 82% compared to that in the CK group, respectively. After S+MT treatment, IAA, TAM and GA3 content in oat leaves increased significantly compared to that in the S45 treatment group, while ABA content was lower than that in the S45 treatment group. In the S+MT group, the leaf IAA, TAM, and GA3 contents increased by 66%, 37%, and 224%, respectively, compared with those of the S45 treatment group. In addition, there was a more significant effect on ABA under S+MT, which significant decreased by 88% and 86.11%, respectively, compared with the S45 treatment and CK (p ≤ 0.05). This indicates that MT treatment effected changes in various hormone contents in leaves, which regulate saline–alkali tolerance in oat seedlings.



Interactions between endogenous plant hormones were categorized as antagonistic or synergistic, and the ratios of IAA/ABA, TAM/ABA, and GA3/ABA responded to the interactions among various hormones. The ratio of GA3/ABA was significantly lower in the S45 treatment than in CK. Moreover, the ratios of IAA/ABA, TAM/ABA, and GA3/ABA were significantly higher in the S+MT treatment as compared to CK and S45. It indicates that MT can change the content of endogenous hormones in plants under saline–alkali stress and maintain the dynamic balance of hormone content in plants.




3.4. Effect of MT Treatment on the Mineral Element Content of Oat Seedlings under Saline–Alkali Stress


A high-pH environment disrupts plants’ balance of mineral ion uptake. Saline–alkali stress inhibited the uptake of essential elements such as P (Figure 6a), K (Figure 6c), Mg (Figure 6e), Fe (Figure 6g), Cu (Figure 6i), Zn (Figure 6j), and Mo (Figure 6l) by oat seedlings. Compared with the CK group, the contents of P, K, Mg, Fe, Cu, Zn, and Mo decreased by 39%, 39%, 26%, 63%, 72%, 53%, and 49% in the S45 treatment group, respectively; the contents of P, K, Mg, Fe, Cu, Zn, and Mo increased in the S+MT group after MT treatment compared with the S45 group by 28%, 28%, 8%, 22%, 18%, 43%, 20%, respectively. The differences between the two treatments were significant (p ≤ 0.05) except for Mg, Cu, and Mo. S45 treatment promoted the uptake of essential elements such as S (Figure 6b), Ca (Figure 6d), Ni (Figure 6f), Mn (Figure 6h), and B (Figure 6k) by oat seedlings, which increased by 138%, 14%, 18%, 94%, and 1%, respectively, compared with the CK group; except for S and B, S+MT treatment increased Ca, Ni, and Mn contents significantly, 10%, 5%, and 33%, respectively, compared to the S45 treatment group and 26%, 24%, and 159%, respectively, compared to the CK group, with significant differences between treatments (p ≤ 0.05).



The uptake of Cd (Figure 7c), Al (Figure 7e), Co (Figure 7b), Se (Figure 7f), and Si (Figure 7h) ions by oat seedlings under saline–alkali stress was inhibited, while the contents of Na (Figure 7a), Hg (Figure 7d) and Ti (Figure 7g) were increased; compared with the CK group, the contents of Cd, Al, Co, Se, and Si after S45 treatment were decreased by 51%, 15%, 44%, 89%, and 13% for Cd, Co, and Se, respectively (p ≤ 0.05). After MT treatment, the contents of Co, Hg, Al, Se, Ti, and Cd gradually increased in the S+MT group compared with those in the S45 group by 11%, 94%, 152%,98%, 5%, and 1%, respectively, while the contents of Na and Si were significantly lower in the S+MT treatment group compared with those in the S45 treatment group by 33% and 19%, respectively; in addition, Na content was increased dramatically in both the S+MT and S45 groups compared to the CK group by 515% and 829.44%, respectively, and the difference was significant (p ≤ 0.05).




3.5. Correlation Analysis and Hierarchical Clustering Analysis of MT Treatment on Agronomic and Physiological Indicators of Oat Seedlings under Saline–Alkali Stress


Correlation analysis showed (Figure 8a) that the contents of IAA and GA3 showed a significant and positive correlation (p ≤ 0.05) with morphological indicators (excluding root mean diameter), photosynthetic pigments, and photosynthetic parameters; TAM was significantly and positively correlated (p ≤ 0.05) with the number of secondary roots, while ABA content was highly significantly negatively correlated with the number of secondary roots (p ≤ 0.01), significantly negatively correlated with TAM (p ≤ 0.05), and not correlated with other indicators (p > 0.05).



As shown in Figure 8b, there was a highly significant negative correlation (p ≤ 0.01) between Na content and morphological indicators (except for the average diameter of the root system and the number of secondary roots), photosynthetic pigments, photosynthetic parameters, and essential plant elements. Photosynthetic pigments were highly significantly and positively correlated (p ≤ 0.01) with the content of chlorophyll-synthesis-related elements such as Fe, Zn, and Mg; photosynthetic parameters were highly significantly and positively correlated (p ≤ 0.01) with P, K, Mg, Fe, Cu, Zn, Co, Mo, Cd and Se. Photosynthetic pigment content was highly significantly negatively correlated with Na and S (p ≤ 0.01); photosynthetic parameters were highly significantly negatively correlated with Na, S, Mn, and Ni (p ≤ 0.01).



Hierarchical cluster analysis showed (Figure 8c) that saline–alkali stress suppressed all morphological parameters (except root mean diameter) and decreased photosynthetic pigment content, photosynthetic parameters, endogenous hormone contents (GA3, IAA, TAM), and the elemental contents of K, P, Zn, Fe, Mg, Cu, and Se, whereas ABA content and the elemental contents of Na, Ni, Ca, and Mn were significantly increased compared to CK. Compared with saline–alkali stress, the exogenous application of MT resulted in a significant increase in morphology-related indices (especially the number of secondary roots), as well as an increase in photosynthetic pigment content, photosynthetic capacity, and endogenous hormone content (except for ABA), but a decrease in elemental content of Na and S. The exogenous application of MT resulted in a significant increase in the number of secondary roots and an increase in photosynthetic pigment content and photosynthetic capacity.





4. Discussion


4.1. MT Treatment Effect on Phenotypic Characteristics


When plants are under salinity stress, the root system first receives the stress signal and transmits this adverse effect to the stem and leaves, ultimately affecting the plant’s growth and development [30]. Numerous studies have shown that MT significantly alleviates the inhibition of plant growth due to abiotic stresses [30,31,32]. In legumes, MT could improve alfalfa morphology to enhance salt tolerance through increasing plant height, root length, fresh dry weight, and chlorophyll content [33]. This study found that saline–alkali stress markedly reduced the seedling height and main root length of oat seedlings. The root surface area, total root length, root tip number, and root volume of oats under saline–alkali stress, whether or not they were treated with MT, were lower than those of the normal culture environment; however, MT treatment alleviated this stress effect, and MT’s role revealed a gradual enhancement with the time of stress (Figure 1). The root structure of oats was significantly improved after MT treatment, which significantly increased the number of secondary roots of oats; these roots had a thicker diameter, larger surface area, and denser root hairs compared with primary roots, which further promoted the root uptake of water and other nutrients and promoted seedling growth. This is consistent with previous studies on cotton [22]. It indicates MT treatment can improve the adaptability of oats to saline–alkali environments through improving seedling root structure and aboveground morphology, which promotes the growth of oat seedlings under saline–alkali stress. This may be related to MT regulating the growth hormone response in saline–alkali stress [34].




4.2. MT Treatment Effects on Photosynthetic Physiology


Photosynthesis is an essential physiological process for synthesizing carbohydrates and maintaining normal plant growth, which is extremely sensitive to saline–alkali stress environments. Chlorophyll is the primary pigment that absorbs and converts light energy during photosynthesis in plants, and the physiological drought of cells formed by a saline–alkali stress environment will reduce chlorophyll content, affecting the absorption of light energy by leaves and reducing the photosynthetic capacity of leaves [35]. This study showed that saline–alkali stress reduced the water content of oat leaves, resulting in the yellowing of some leaves, and chlorophyll a, chlorophyll b, and total chlorophyll content was significantly decreased. Similar findings have been reported in studies on sorghum [11] and ryegrass [36]. Numerous studies have shown that MT increases photosynthetic pigment content in plant leaves under abiotic stress, delays leaf senescence, promotes light energy uptake and conversion, and ensures the accumulation of plant organic matter [37,38,39]. Our study found that exogenous MT treatment significantly increased photosynthetic pigment chlorophyll a, chlorophyll b, and total chlorophyll content in the leaves of oat seedlings under saline stress, thus ensuring the absorption of light energy by the leaves. Carotenoids act as photoprotectants, pigments, and safety valves, releasing excess energy before damaging plant cells [40]. Ahmad et al. [41] showed that abiotic stress negatively affected maize seedlings via reducing leaf chlorophyll and carotenoid contents and significantly reducing leaf photosynthetic capacity and stomatal opening, while MT treatment effectively alleviated this stress effect through increasing chlorophyll and carotenoid contents per seedling. The present study showed that MT alleviates the decreasing trend of carotenoid content in the leaves of oat seedlings under saline stress, promotes water uptake by leaves, protects chlorophyll from degradation, delays leaf senescence, improves photosynthetic efficiency, and thus improves the saline–alkali tolerance of oat seedlings.



Zhang et al. [42] found that saline–alkali stress significantly reduced wheat leaf photosynthetic parameters and chlorophyll content, inhibiting their photosynthesis and affecting plant growth. Similar findings have been reported in quinoa [43] and maize [44]. In this study, a simultaneous reduction in Gs and Ci was found. The decrease in Pn might be related to stomatal inhibition, and the lower stomatal opening further led to a decrease in Tr, thus inhibiting the photosynthetic capacity of leaves (Figure 4). Previous studies found that exogenous MT enhances the photosynthetic capacity of rice and cucumber under salt stress [26,27,38,39]. This study showed that exogenous MT treatment alleviated the prohibitive effect of saline–alkali stress on photosynthesis in oat leaves and always increased leaf Gs, Ci, and Tr after stress, which increased leaf Pn and had a more significant effect on Tr. This indicates that MT treatment ensured water uptake by seedlings, thus better regulating stomatal opening, and enhancing the adaptive capacity of oat seedlings to saline–alkali stress. We found that MT could enhance leaf photosynthetic capacity through regulating stomatal opening and playing an essential role in alleviating the inhibitory effect of salinity stress on oat photosynthesis.



In addition, correlation analysis showed (Figure 8) that Pn, Gs, Ci, Tr, and total chlorophyll, chlorophyll a, chlorophyll b, and carotenoid contents were highly significant and correlated with IAA and GA3 contents (p ≤ 0.01), so we speculate that the increase in photosynthetic pigment content and photosynthetic capacity may be related to MT enhancing the activity of IAA and GA3 in oat leaves.




4.3. Effect on Endogenous Hormones


The joint regulatory mechanisms between different endogenous hormone signaling pathways play a crucial role in improving plants’ stress tolerance when exposed to abiotic stress environments such as salt, alkali, and drought [45]. The highly osmotic cellular environment caused by saline–alkali stress has been reported to stimulate ABA biosynthesis and stomatal closure in plants, enhancing the inhibition of photosynthesis by saline–alkali stress [46]. In this study, higher ABA content was detected in oat leaves subjected to saline–alkali stress, indicating that saline–alkali stress may have promoted ABA biosynthesis in oat seedling leaves, causing the excessive accumulation of ABA and leading to stomatal closure, a significant weakening in Tr and Pn (Figure 4), and a decrease in the saline–alkali tolerance of oat seedlings. Related studies have shown that MT is directly or indirectly involved in the metabolic pathways of ABA, IAA, and GA through regulating the expression of genes related to phytohormone biosynthesis [47]. In this study, we found that the ABA content of oat leaves under saline–alkali stress decreased significantly after MT treatment, and photosynthetic parameters such as Pn and Tr were steadily improved; presumably, the reduction in endogenous ABA content improved the stomatal opening of leaves, alleviating the inhibition of leaf photosynthesis by saline–alkali stress. Furthermore, the decrease in ABA content might be related to the up-regulation of ABA catabolic genes and the downregulation of the key enzyme of ABA synthesis, 9–epoxy carotenoid dioxygenase (NCED), caused by MT treatment. This indicates that MT can improve salinity tolerance in oat seedlings through regulating the stomatal opening and decreasing the effect of saline–alkali stress on photosynthesis via regulating endogenous ABA content in leaves.



GA plays an important role in plant growth and tolerance to adversity stress, and salt stress limits plant growth through reducing GA3 bioactivity [48]. The same finding was found in saline–alkali-sensitive species where endogenous GA3 content was more inhibited by saline–alkali stress [49]. We found that saline–alkali stress significantly reduced GA3 content in oat leaves and significantly increased leaf GA3 levels after exogenous MT treatment, which could significantly alter the inhibition of GA3 biological activity due to saline-alkali stress. Correlation analysis showed (Figure 8) that GA3 content was significantly and positively correlated (p ≤ 0.01) with leaf chlorophyll and carotenoid levels, as well as photosynthetic parameters and other growth indicators. It showed that elevated endogenous GA3 content after MT treatment could alleviate the degradation of leaf chlorophyll under saline–alkali stress, increase Pn, and further average seedling growth to weaken the stress effect of saline–alkali stress on seedlings.



IAA, as a critical hormone in the hormone signaling network, is closely related to the catabolic and biosynthetic gene expression of other hormones; also, TAM is a common substrate for the biosynthetic pathway of IAA and MT in the plant body [50]. Related studies have confirmed that MT and IAA have collaborative effects on plant growth, development, and the adaptation to external stressful environments [51]. MT and IAA jointly induced the growth and development of lateral roots and adventitious under appropriate concentrations of MT treatment [7]. Our study showed that saline–alkali stress inhibited the biosynthesis of IAA in oat seedling leaves, and the content of TAM was significantly reduced; after MT treatment, it promoted the increase in TAM content and provided sufficient precursors for the synthesis of IAA, which more effectively increased the content of IAA in leaves. IAA stimulated longitudinal plant cell growth, and we found that MT treatment collaborated with developing saline–alkali-stressed oat roots and aboveground growth (correlation analysis showed (Figure 8) that IAA was closely related to seedling growth and photosynthesis). The analysis of the correlation between alterations in the hormone content in the leaves of oat seedlings under saline–alkali stress and physiological indicators such as photosynthetic pigments, photosynthesis, and root traits after MT treatment showed that MT treatment might reduce the inhibition of plant growth due to saline–alkali stress through regulating the balance of ABA, GA3 and IAA contents under saline–alkali stress, thus improving the saline–alkali tolerance of oat seedlings.




4.4. Effect on Mineral Element Content


Excessive intracellular Na+ accumulation produces ionic toxicity when plants are under saline–alkali stress. At the same time, a high-pH environment can reduce membrane stability, thus disrupting plants’ balance of mineral ion uptake. In contrast, a plant’s lack of uptake of any particular nutrient alters its metabolic capacity, leading to nutrient deficiencies and the disruption of cellular metabolism. Abiotic stress not only limits plant uptake of essential elements (K, Ca, Mg, P, S) and trace elements (Mn, Cu, Ni, Fe, Zn, B, Mo) but also nonessential elements (Na, Co, Cd, Hg, Al, Se, Ti, Si) [52,53]. Wu et al. [54] showed that salt stress significantly inhibited the uptake of important elements such as K, Ca, S, and Mg and elements such as Mn, Cu, and Zn by barley seedlings, leading to the disruption of their metabolism. Several studies have similarly shown that salt stress causes a reduction in the uptake of S, Mn, K, Ca, P, and Fe by plants [55,56,57,58]. In this study, we analyzed the changes in 20 elements in oat seedlings under 45 mmol·L−1 saline–alkali stress; the contents of Mg, Fe, Cu, Mo, Co, P, K, Zn, Cd, Al, Se, and Si in seedlings were found to decrease significantly, and the contents of S, Ca, Ni, Mn, Na, and Hg increased significantly (Supplementary Materials Figure S2). The increase in Na content was particularly significant, and the resulting Na+ toxicity may be the dominant factor affecting ionic balance.



MT promotes absorbing and utilizing mineral ions in plants under abiotic stress and reduces stress [59,60]. Severe mineral ion deficiency is closely associated with phenotypic symptoms in seedlings. Plant root development is retarded when P and Cd are deficient [61]. Our study found that MT treatment increased P and Cd uptake by oat seedlings, promoted root elongation and secondary root production, and improved root vigor, and this change in root morphology facilitated plant adaptation to stress. The same conclusion was reached in a study by Cao et al. [62] on apples. In addition, appropriate concentrations of MT can improve the salt tolerance of plants through improving the transport of Na, Ca, and Mg ions by their leaves and roots and reconfiguring the ionic balance. We found that a particular concentration of MT could enhance the uptake of Ca and Mg, protect the ionic balance of cells, and reduce the damage caused by saline–alkali stress. Fe, Mn, Cu, and Mo are involved in chlorophyll synthesis, and their specific physiological functions are closely related to the respiration and photosynthesis of plants. Reduced chlorophyll content leading to leaf yellowing is the main factor for reduced photosynthetic capacity. In this study, the application of MT promoted the uptake of Fe, Mn, Cu, and Mo in seedlings, maintained high chlorophyll levels, and prevented leaf yellowing and senescence. Studies have shown that K deficiency inhibits enzyme activity and plant stomatal opening and reduces photosynthetic rates [63]. When excessive Na+ uptake occurs, it competes for K+ sites on the inner cell and plasma membranes, inhibiting K+ uptake and disrupting cellular Na–K homeostasis. In our study, MT treatment significantly promoted K uptake by seedlings, reduced the Na/K ratio (Supplementary Materials Figure S1), and maintained the stability of membrane permeability while improving stomatal opening and enhancing leaf transpiration and the net photosynthetic rate. This is consistent with previous findings that exogenous MT application maintained higher K content and induced enhanced salt tolerance in maize [64]. This protective effect of MT on the stomatal structure and chloroplasts has been reported in previous studies [65,66]. Zn is involved in the biosynthesis of plant IAA and is closely related to plant growth and development. We found that appropriate concentrations of MT significantly promoted Zn uptake and translocation by seedlings and ensured seedling growth. We also found that MT treatment further increased the Ni content in seedlings, which may have an important role in helping seedlings resist saline–alkali stress. In contrast, variations in the content of Hg, Al, B, Ti, and Si ions are mainly caused by variations in other associated ions [67].



To assess the effect of melatonin on plant saline–alkali stress tolerance, a heatmap was combined with hierarchical clustering through correlation analysis and the hierarchical clustering analysis of multiple scores, which is a method of arranging items in a hierarchical structure based on distance or similarity between items [68]. This combined approach (Figure 8c) allowed for the precise identification of significant differences between treatments for all agronomic traits and physiological indices in this study, thus elucidating the interactions among the indices under each treatment. The correlation analysis revealed that IAA and GA3 contents were significantly and positively correlated with photosynthetic pigments and photosynthetic parameters (p ≤ 0.05). IAA is a crucial hormone regulating plant growth, and GA3 inhibits ripening and senescence. Increased contents of IAA and GA3 can promote the growth of stems and leaves and enhance the efficiency of photosynthesis in plants, which can lead to the improvement of tolerance to saline–alkali stresses in oat seedlings. While ABA content was significantly and negatively correlated with TAM content and several secondary roots, TAM was significantly and positively correlated with several secondary roots (p ≤ 0.05). As a common precursor of IAA and endogenous melatonin production, TAM was analyzed due to the potential application of exogenous MT to promote the enhancement of endogenous melatonin in the plant. Meanwhile, the plant needed to produce more IAA to cope with saline–alkali stresses, increasing TAM content. The plant differentiated more roots, allowing the oat seedlings to improve their tolerance to saline–alkali stress. There was a highly significant negative correlation (p ≤ 0.01) between Na content and morphological indicators (except for the average diameter of the root system and the number of secondary roots), photosynthetic pigments, photosynthetic parameters, and plant essential elements (Figure 8a,b). Excessive Na+ is one of the leading causes of saline–alkali stress, and excessive Na+ uptake competes for K+ sites in the inner and plasma membranes of the cell, thus inhibiting K+ uptake and breaking the cellular Na–K balance; the Na content in oat seedlings was significantly reduced after the application of MT, which greatly improved the ability of ion balance inside and outside the cell. Through correlation analysis, cluster analysis, and multiple score analysis, it can be clearly shown that the application of 100 μmol·L−1 melatonin can effectively reduce saline–alkali stress damage and facilitate the growth of seedlings through increasing the content of GA3, TAM, and IAA; promoting the absorption of mineral ions; regulating the balance of intra- and extracellular ions; and enhancing photosynthetic capacity.





5. Conclusions


The present study showed that melatonin may improve the saline–alkali tolerance of oats through (1) reducing the Na–K ratio to maintain the stability of membrane permeability, which in turn stabilizes the homeostatic balance of ions inside and outside the cell; (2) reducing the ABA content, which increases the GA3, IAA, and TAM contents; (3) increasing the content of chlorophyll a, chlorophyll b, and carotenoids, as well as enhancing the absorption of light energy in the leaves, which in turn improves the level of Pn, Gs, Ci, and Tr in the leaves; (4) increasing root surface area, root volume, and total root length, effectively improving the root structure, and increasing the root water absorption area, in terms of apparent morphology. Our study revealed the favorable effects of MT treatment on oat seedling growth from several aspects. Based on these results, we conjecture that melatonin, as a plant growth regulator, plays a role in enhancing the stress tolerance of oat seedlings.
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Figure 1. Effect of MT treatment on oat phenology (A), root structure (B), seedling height (C), and main root length (D) under saline–alkali stress conditions. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Based on Duncan’s multiple polar difference test, the means indicated by different lowercase letters in the graphs refer to statistically significant differences at p ≤ 0.05. Among them, *—significant (p ≤ 0.05). 
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Figure 2. Effect of MT treatment on the number of secondary roots (a), total root length (b), root surface area (c), mean diameter (d), root volume (e), and the number of root tips (f) of oats under saline–alkali stress. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S+MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Among them, **, and ****—significant (p ≤ 0.01), *—significant (p ≤ 0.05); ns—not significant (p > 0.05). 
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Figure 3. Effect of MT treatment on chlorophyll a (a), chlorophyll b (b), total chlorophyll (c), and carotenoids (d) in oats under saline–alkali stress. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Based on Duncan’s multiple polar difference test, the means indicated by different lowercase letters in the graphs refer to statistically significant differences at p ≤ 0.05. Among them, *—significant (p ≤ 0.05). 
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Figure 4. Effect of MT treatment on the Pn (A), Gs (B), Ci (C), and Tr (D) of oats under saline–alkali stress. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Based on Duncan’s multiple polar difference test, the means indicated by different lowercase letters in the graphs refer to statistically significant differences at p ≤ 0.05. Among them, **, ***—significant (p ≤ 0.01). 
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Figure 5. Changes in the contents of oat IAA (a), TAM (b), ABA (c), GA3 (d), IAA/ABA (e), TAM/ABA (f), and GA3/ABA (g) among different treatments 14 d after MT treatment. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Among them, **, ***, **** —significant (p ≤ 0.01), *—significant (p ≤ 0.05); ns—not significant (p > 0.05). 
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Figure 6. Changes in the contents of essential elements P (a), S (b), K (c), Ca (d), Mg (e), Ni (f), Fe (g), Mn (h), Cu (i), Zn (j), B (k), and Mo (l) in oats between different treatments 14 d after MT treatment. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Among them, **, ***, ****—significant (p ≤ 0.01), *—significant (p ≤ 0.05); ns—not significant (p > 0.05). 
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Figure 7. Changes in the content of nonessential elements Na (a), Co (b), Cd (c), Hg (d), Al (e), Se (f), Ti (g), and Si (h) in oats between different treatments 14 d after MT treatment. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Among them, **, ***, ****—significant (p ≤ 0.01), *—significant (p ≤ 0.05); ns—not significant (p > 0.05). 
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Figure 8. Pearson correlation analysis and hierarchical cluster analysis using morphological parameters, photosynthetic pigments, photosynthetic parameters, endogenous hormones, and mineral elements to evaluate the effect of exogenous MT on the growth of oat seedlings under saline–alkali stress. (a) denotes Pearson correlation analysis between endogenous hormones and morphological parameters, photosynthetic pigments, and photosynthetic parameters; (b) indicates Pearson correlation analysis between mineral elements and morphological parameters, photosynthetic pigments, and photosynthetic parameters; (c) denotes hierarchical clustering analysis among all indicators under different treatments. CK—normal culture with 50% Hoagland nutrient solution; S45—45 mmol·L−1 saline–alkali stress culture; S + MT—45 mmol·L−1 saline–alkali stress with 100 μmol·L−1 MT treatment. Pn—net photosynthetic rate; Gs—conductance to H2O; Ci—intercellular CO2 concentration; Tr—transpiration rate; IAA—growth hormone; ABA—abscisic acid; TAM—tryptamine; GA3—gibberellin. Among them, **, ***, ****—highly significant (p ≤ 0.01), *—significant (p ≤ 0.05). 
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