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Abstract

:

Melatonin has been confirmed extensively for the positive effects on increasing plant tolerance to various abiotic stresses. However, the roles of melatonin in mediating different stresses still need to be explored in different plants species and growth periods. To investigate the role of melatonin in mitigating salt stress, maize (Zea mays L.) seedlings growing in hydroponic solution were treated with 100 mM NaCl combined with or without 1 μM melatonin. Melatonin application had no effects on maize growth under normal condition, while it moderately alleviated the NaCl-induced inhibition of plant growth. The leaf area, biomass, and photosynthesis of melatonin-treated plants were higher than that of without melatonin under NaCl treatment. The osmotic potential was lower, and the osmolyte contents (including sucrose and fructose) were higher in melatonin-treated plants. Meanwhile, the decreases in Na+ content and increases in K+/Na+ ratio were found in shoots of melatonin-applied plant under salt stress. Moreover, both enzymatic and nonenzymatic antioxidant activities were significantly increased in leaves with melatonin application under salt treatment. These results clearly indicate that the exogenous melatonin-enhanced salt tolerance under short-term treatment could be ascribed to three aspects, including osmotic adjustment, ion balance, and alleviation of salt-induced oxidative stress.
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1. Introduction


Melatonin is a natural pleiotropic biomolecule which can be widely found in both plants and animals. Most previous studies have shown that melatonin is involved in regulating plant seed germination, rooting, flowering, photosynthesis, and leaf senescence [1,2,3,4]. In plants, melatonin acts as a well-known antioxidant, which is able to mitigate the effects of various abiotic stresses, including salt, drought, cold, heat, nitrogen deficiency, heavy metal and UV-B exposure, etc. [5,6,7,8,9].



The alleviation of salt stress by exogenous melatonin has been evidenced in several crops, including maize, rice, soybean, cucumber, watermelon, sunflower, tomato, and so on [10,11,12,13,14,15]. The mechanism of melatonin in increasing salt stress tolerance can be epitomized: increasing the activities of antioxidant enzymes, protecting photosynthetic system, as well as reducing Na+ uptake by inhibiting bypass flow [2,12,15,16,17,18]. Also, transcriptomes have demonstrated that plant hormones, like abscisic acid (ABA), auxin, and gibberellin (GA), participated in the signaling pathways of melatonin-regulating salt stress responses [19]. Recently, Ke [20] reported that polyamine metabolism was involved in melatonin-induced moderation of salt stress by regulating the ion uptake and leaf senescence.



Salinity injured plants through two phases: osmotic stress and ionic toxicity. Osmotic stress induced by high concentrations of salts in culture solution limits the plant water absorption. The influence of osmotic stress on plants could occur after few hours of salt exposure, affects leaf water status, disturbs the photosynthetic system, reduces carbon assimilation, and inhibits the leaf elongation largely. With the prolongation of exposure time, the Na+ concentration in old leaves would be over the threshold of toxicity, which accelerated the leaf senescence and further inhibited plant growth [21,22,23]. Correspondingly, plants improve salt tolerance through two ways: osmotic adjustment and mitigation of ion toxicity [23,24,25].



Previous studies have focused on the roles of melatonin in reducing shoot Na+ content and in improving the antioxidant capacity [2,16,17]. In contrast, the osmotic adjustment by melatonin has not been paid enough attention. Osmotic stress not only has an immediate influence on growth but also has a more significant influence on growth rate in the early stage of salt stress than ionic toxicity [23]. Although exogenous melatonin application on osmotic stress regulation has been referred to in previous studies, most of the studies were focused on long-term salt stress, where the ion toxicity is more prominent [2,26]. Thus, the effects and mechanisms of melatonin on plant salt stress tolerance should include two phases: osmotic stress and ionic toxicity. In addition, oxidative stress induced by ion toxicity also should be paid attention.



Soil salinity limits plant growth and degrades crop productivity [26]. Therefore, improving crop salt tolerance is important for crop production. Maize (Zea mays L.) is sensitive to salt stress, especially during the seedling stage [2,16]. Thus, this research investigated the performance of melatonin on alleviating salt stress in maize seedlings under short-term salt stress. Dry weight, chlorophyll content, leaf area, photosynthesis, water potential, levels of osmotic adjustment substances, ion accumulation, and antioxidative enzymes were measured under short-term salt stress either with or without melatonin application.




2. Materials and Methods


2.1. Plant Growth Conditions and Salt Treatment


Cheng Yu 888, a salt-sensitive maize (Zea mays L.) cultivar, was used in the current experiment. Seeds were surface sterilized with sodium hypochlorite (1%) for 10 min and germinated on wet filter paper under dark for 3 days at 25 °C. The uniform maize seedlings were placed in 1/4 Hoagland solution (HS) for 10 days; after that, half of the seedlings were transplanted into 1/4 HS with 1 µm melatonin (Sigma-Aldrich, St. Louis, MO, USA) added (group 1) and half were transplanted into 1/4 HS with no melatonin added (group 2). Then, 3 days later, each group was divided into two subgroups for subsequent salt treatment. During the salt treatment, the plants were also treated with 1 µM melatonin. Thus, the four treatments were control (1/4 HS), melatonin treatment (1/4 HS with 1 µM melatonin), salt stress treatment (1/4 HS with 100 mM NaCl), and salt and melatonin treatment (1/4 HS combined with100 mM NaCl and 1 µM melatonin). Each treatment included three replications, and each replication has 12 plants. The culture media were changed every three days. After 4 and 8 days of salt treatment, the third well-expanded leaves were measured and sampled between 9:00 a.m. and 11:00 a.m. The experiment was conducted in a growth chamber maintained at 28 °C and 23 °C for day and night temperatures, 12 h light and 12 h dark photoperiod, 450 μmol m−2 s−1 photosynthetic photon flux density (PPFD), 45–55% relative humidity, and 400 ppm CO2 concentration. All experiments were repeated twice.




2.2. Biomass and Leaf Area


Shoots and roots of six plants were harvested from each treatment at various time points (4 and 8 days after salt treatment) and dried in an oven at 70 °C for 72 h to determine the shoot and root dry weight. The leaf area (LA) was estimated as described by Wang et al. [27]. Six biological repeats were included in each treatment.




2.3. Chlorophyll, Gas Exchange Parameters, and Instantaneous Water Use Efficiency (WUEi)


Chlorophyll concentration was determined by measuring the soil and plant analyzer development (SPAD) value (SPAD-502, Konica-Minolta, Tokyo, Japan). The top fully expanded leaf was selected, 8 points of each leaf were measured, and the average value was calculated. Photosynthetic rate, stomatal conductance, and transpiration rate of the top fully expanded leaf were determined between 9:00 a.m. and 11:00 a.m. by a portable photosynthesis system (LI-6400XT; LI-COR Biosciences, Lincoln, NE, USA). Environmental conditions of the leaf chamber were as follows: 1000 µmol m−2 s−1 photosynthetically active radiation, 50% humidity, 25 °C leaf temperature, and 500 µmol s−1 airflow. Instantaneous water use efficiency (WUEi) of the leaf was calculated by the ratio of photosynthetic rate/transpiration rate. Six replicates were included in each treatment.




2.4. Leaf Relative Water Content, Water Potential, Osmotic Potential, and Turgor Pressure


The third fully expanded leaf was harvested, and the fresh weight (FW) was weighed immediately. Turgid weight (TW) was measured by immersing leaf segments in distilled water for 6 h; then, the dry weight (DW) was determined after leaf segments were dried in an oven at 70 °C for 24 h. The relative water content (RWC) was calculated using the following equation according to Chen et al. [2]:


  R W C =   F W − D W   T W − D W   × 100  



(1)







Leaf osmotic potential (Ψπ) and water potential (Ψw) were determined according to Chen et al. [24] by using a dew point microvolt meter (Model 5520, Wescor, Logan, UT, USA) and a pressure chamber (Model 1000, PMS instrument Co., Corvallis, OR, USA), respectively. Before determining the leaf osmotic potential, samples were put into 0.5-ml tubes and frozen in liquid nitrogen for 30 minutes. After thawing, the 0.5-ml tubes were drilled at the bottom, placed into 1.5-ml tubes and centrifuged to gather the cell sap (4000 rpm for 5 min). The osmolarity was determined, and the osmotic potential was calculated. The turgor pressure (Ψp) was calculated as the difference between Ψw and Ψπ. Three biological repeats were included in each treatment.




2.5. Sucrose, Fructose, and Proline Levels


The sucrose and fructose contents were determined by HPLC (Shimadzu, Kyoto, Japan) as described previously [25]. Frozen leaf tissues (0.1 g) were ground and extracted in 2 mL of 85% (v/v) ethanol. Extracts were heated in a water bath at 80 °C for 1 h, and the ethanol phase was dried. Samples were dissolved in 1 mL of water and passed through a 0.45-µm membrane filter. The samples were separated by using the Shim-pack ISA-07/S2504 column under the following program: 0–50 min, 100% buffer A-100% buffer B; 50–65 min, 100% buffer B; and 65–90 min, 100% buffer A at a flow rate of 0.6 mL min−1. Buffer A consists of 0.1 M potassium borate; buffer B consists of 0.4 M potassium borate. The L-arginine reagent (3% borate was contained in 1% L-arginine) was delivered at a flow rate of 0.5 mL min−1, and the reaction oven was set at 150 °C. Sugars were determined at excitation of 320 nm and emission of 430 nm by using a fluorescence detector. Sugar standards (Sigma-Aldrich, St. Louis, MO, USA) were used to obtain the standard curves.



To determine proline contents, frozen leaf tissues (0.1 g) were ground and extracted with 3% sulfosalicylic acid. Proline levels were measured according to Bates et al. [28], with slight modifications. Briefly, the reaction was activated by the addition of 1 mL ninhydrin and glacial acetic acid reagent. Samples were boiled for 1 h at 95 °C. The reaction was stopped by putting the samples on ice, and the absorbance was determined using a spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan) at 520 nm. Each treatment had three biological replicates.




2.6. Na+ and K+ Contents


The levels of Na+ and K+ in 0.5 g of dried shoot or root samples were determined according to Storey [29]. Briefly, the dried samples were ground and digested in nitric acid on a hot stove at 200 °C. The 10% nitric acid (v/v) was used to resolve the residue. The absorbance was measured by a flame emission spectrophotometer (FP 640, Shanghai Xinyi Instrument Co., Ltd., China). Each treatment had three biological replicates.




2.7. Hydrogen Peroxide and Malondialdehyde


To determine the hydrogen peroxide (H2O2) content, frozen leaf tissues (0.2 g) were ground in 2 mL 0.1% (w/v) trichloroacetic acid (TCA). Extracts were mixed with a buffer containing 1 M potassium iodide (KI) and 10 mM potassium phosphate. H2O2 was measured according Loreto and Velikova [30]. Malondialdehyde (MDA) contents in leaf of maize plants were determined, as described previously [31]. The absorbance was achieved at 520 nm by using a spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan). Three biological repeats were included in each treatment.




2.8. Activities of Enzymatic and Nonenzymatic Antioxidant


Plant tissues (0.2 g) were mixed with a buffer containing 2 mM ascorbate, 2.5 mM N-2-hydroxyethylpiperazine-N-ethane-sulphonicacid (HEPES), 0.2 mM ethylenediaminetetraacetic acid (EDTA), and 2% polyvinylpyrrolidone. Extracts were centrifuged at 12,000× g for 30 min at 4 °C. The supernatant was used to determine the activities of enzymatic antioxidant. Also, the buffer with no ascorbate added was used for determining the activity of superoxide dismutase (SOD). Activities of SOD, catalase (CAT), and peroxidase (POD) were measured according to Beauchamp and Fridovich [32], Hamurcu et al. [33], and Kochba et al. [34], respectively. The free-radical scavenging activity (nonenzymatic antioxidant ability) was assessed by DPPH (1,1-Diphenyl-2-picryl-hydrazyl) according to Wang et al. [35]. Three biological repeats were included in each treatment.




2.9. The Contents of Endogenous Melatonin


Endogenous melatonin contents in leaf and root samples were determined according to Byeon and Back [36] by HPLC (Shimadzu, Kyoto, Japan). Freeze dried tissues (0.5 g) were ground and extracted with 5 mL chloroform. The homogeneous mixtures were centrifuged at 10,000× g for 15 min at 4 °C, and then, the chloroform phase was evaporated. Samples were dissolved in 1 mL methanol and passed through a 0.45-µm membrane filter. The samples were separated on the Shim-pack VP-ODS column under the following program: 0–27 min, 42–50% methanol; 27–45 min, and 50% methanol at a flow rate of 0.15 mL min−1. Melatonin was determined at excitation of 280 nm and emission of 348 nm by using a fluorescence detector. Melatonin standard (Sigma-Aldrich, St. Louis, MO, USA) was used to obtain the standard curve. Three biological repeats were included in each treatment.




2.10. Statistical Analysis


All data are shown as means ± SE (standard error). Statistical analysis was carried out using SPSS Statistics software (Version 21.0, SPSS, Chicago, IL, USA). Significant differences between the means were determined using Duncan test at p < 0.05.





3. Results


3.1. Effect of Salt and Melatonin Treatments on Plant Growth


Under normal growth conditions, exogenous melatonin application had no effect on promoting plant growth (Figure 1). Salt stress significantly reduced the total dry weight by 37.3% and 46.3% after 4 and 8 days of treatment. In contrast, the dry weight of salt combined with melatonin treatment just reduced the dry weight by 19.7% and 29.4% after 4 and 8 days of treatment, respectively (Figure 1C). Similarly, leaf area was not affected by supplementary melatonin without salt stress. NaCl alone reduced plant leaf area by 36.2% and 43.8% after 4 and 8 days compared with control, but the reduction was only 20.0% and 30.5% in the treatment of salt combined with melatonin (Figure 1D). The results showed that melatonin alleviated the salt-induced growth inhibition.




3.2. Effect of Salt and Melatonin Treatments on Photosynthetic Rate and Chlorophyll Content


In the absence of salt stress, photosynthetic rate, stomatal conductance, or transpiration rate were not affected by melatonin application (Figure 2A–C). NaCl alone significantly reduced those photosynthetic parameters, and this descending trend was moderated by melatonin application. After 8 days of NaCl stress, photosynthetic rate, stomata conductance, and transpiration rate with melatonin added were 23.7%, 40.2%, and 50.6% higher than that of the non-melatonin treatment, respectively (Figure 2A–C). Melatonin did not affect leaf chlorophyll content (SPAD values) under both normal and salt conditions during the experimental period (Figure 2D). WUEi was enhanced after salt treatment, but it decreased by melatonin (Figure 2E).




3.3. Effect of Salt and Melatonin Treatments on Leaf Water Status


The RWC, Ψw, Ψπ, and Ψp were maintained stable and were not influenced by the exogenous melatonin without salt stress (Figure 3). Salt stress significantly reduced the RWC by 16.6% and 25.3% after 4 and 8 days of treatment. However, when plants were treated with NaCl combined with melatonin, RWC was decreased by only 8.2% and 15.6% after being treated for 4 and 8 days, respectively (Figure 3A). Salt stress significantly decreased the Ψw, and it became more extensive with the prolongation of salt treatment time. The Ψw was not affected by melatonin application under NaCl stress condition (Figure 3B). The Ψπ was decreased by NaCl, and it was further decreased by melatonin. Compared with control, Ψπ in the plants under treatment of salt combined with melatonin decreased by 66.7% and 81.6% after treatment for 4 and 8 days; in contrast, NaCl alone just reduced Ψπ by 41.7% and 57.9%, respectively (Figure 3C). The Ψp was significantly increased by salt stress, and it was further increased by melatonin application (Figure 3D).




3.4. Effect of Salt and Melatonin Treatments on Soluble Sugar and Proline Contents


Melatonin had no effect on sucrose, fructose, and proline contents under normal growth condition (Figure 4). Water soluble sugar (sucrose and fructose) contents were enhanced after salt treatment, and they were further enhanced by melatonin under salt treatment (Figure 4A,B). Salt stress increased the proline contents largely, but it was decreased by melatonin application. In addition, the salt-induced increase of proline accumulation was completely eliminated by the melatonin application after 8 days of salt treatment (Figure 4C).




3.5. Effect of Salt and Melatonin Treatments on Na+ and K+ Accumulation


Compared with control, the Na+ contents were enhanced while the K+ contents were reduced both in shoots and roots by salt stress, leading to a remarkable decrease of the K+/Na+ ratio (Figure 5). Melatonin application had no significant effect on K+ content under nonsaline condition, while it enhanced K+ content under salt stress both in roots and shoots (Figure 5C,D). Melatonin reduced the Na+ content in shoots but not in roots (Figure 5A,B). Under salt stress, the K+/Na+ was not enhanced by melatonin application except for that in shoot after 8 days of treatment (Figure 5F).




3.6. Effect of Salt and Melatonin Treatments on Leaf Hydrogen Peroxide (H2O2) and Malondialdehyde (MDA) Contents


With no salt treatment, the levels of H2O2 and MDA were not affected by melatonin. Under salt treatment, H2O2 and MDA were largely accumulated in leaves, but this accumulation was partly moderated by application of melatonin (Figure 6). Compared with control, leaf H2O2 contents in plants under the treatment of salt combined with melatonin were increased by 82.3% and 134.5% after treated for 4 and 8 days; in contrast, NaCl alone increased H2O2 by 141.7% and 197.0%, respectively (Figure 6A). Similarly, NaCl alone enhanced leaf MDA content by 174.8% and 310.9% after 4 and 8 days as compared with control, but the enhancements were only 108.3% and 217.9% in the treatment of salt combined with melatonin (Figure 6B).




3.7. Effect of Salt and Melatonin Treatments on Enzymatic and Nonenzymatic Antioxidant Ability


As shown in Figure 7, the activities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and DPPH-radical scavenging ability were maintained stable and were not influenced by the exogenous melatonin without salt stress. Under salt stress, antioxidant enzyme activities (SOD, CAT, and POD) were stimulated, and melatonin application further enlarged this profitable trend. For example, after 8 days of salt treatment, the SOD, CAT, and POD activities were increased by 115.2%, 112.1%, and 56.5%, respectively, compared to control (Figure 8A–C), while with melatonin application, the SOD, CAT, and POD activities were further 59.5%, 23.7%, and 22.2% higher than that of under only salt treatment, respectively (Figure 7A–C). NaCl treatment alone significantly reduced the DPPH activity by 15.6% and 21.5% after 4 and 8 days. However, when plants were treated by salt combined with melatonin, DPPH activities were reduced by only 6.2% and 10.7% after treatment for 4 and 8 days, respectively (Figure 7D).




3.8. Effect of Salt and Melatonin Treatment on Endogenous Melatonin Contents


The endogenous melatonin contents in both leaf and root were not influenced by the exogenous melatonin without salt stress (Figure 8). Salt treatment significantly increased the endogenous melatonin contents, and it was further increased with prolonged salt treatment period. The endogenous melatonin contents were largely increased by exogenous melatonin application under salt stress condition both in leaves and roots. The endogenous melatonin levels in melatonin-treated plants were improved by 41.7% in leaves and by 60.8% in roots compared with those no-melatonin-treated plants after 8 days of salt stress treatment (Figure 8A,B).





4. Discussion


Previous reports indicated that exogenous melatonin may play a positive role on the growth of diverse plant species under salt stress condition [11,13,14,15]. Our results displayed that the growth inhibition caused by NaCl stress was mitigated by melatonin application, indicating that melatonin could improve the salt tolerance in maize. Maintaining the higher biomass in melatonin-applied plants could be ascribed to the holding of a high photosynthetic capacity in those plants [2,15,37]. In the current study, melatonin application mitigated the salt-induced photosynthetic inhibition, which is in accordance with the observations of previous researches (Figure 2).



Osmotic adjustment is an effective strategy for plants to resist salt-induced osmotic stress [25,38]. In this study, the plants with melatonin application had higher RWC than that without melatonin (Figure 3A), suggesting that melatonin alleviated the salt-induced osmotic stress, at least partially. Meanwhile, melatonin-treated plants had higher Ψp, which could drive stomata open and contribute to maintaining a higher photosynthetic rate. Furthermore, melatonin-treated plants had a huge reduction in Ψπ than that of untreated ones under salt stress (Figure 3C). The lower Ψπ means the higher osmotic adjustment capacity [24]. The effect of melatonin on the positive water statuses has been reported in a previous study, such as under drought and salt conditions [2,39,40]. Those results indicate that melatonin application could alleviate the plant water status by improving the osmotic adjustment, which is a general way in response to osmotic stress induced by both salt and drought stresses.



Plants improve the osmotic adjustment capacity by synthesis and accumulation of organic osmolytes under salt stress [41,42]. Soluble sugar is considered as one of the key osmolytes for osmotic adjustment. In our study, levels of sucrose and fructose were remarkably enhanced in melatonin-treated plants under NaCl treatment (Figure 4A,B). A relevant research also indicated that melatonin increased the level of soluble sugar in Arabidopsis under osmotic stress induced by salt and drought [43]. Another vital osmolyte is proline, and its effect on osmotic adjustment has been extensively demonstrated [44,45]. However, other researches contended that accumulation of proline was an indicator of stress injury rather than a label of stress tolerance [46,47]. In addition, an opinion that decreased production of proline could benefit the plant by saving more energy for coping with stresses because the proline synthesis demanding huge energy was favored by some researchers [48,49]. In our research, salt stress remarkably increased proline content in leaves, but this enhancement was markedly eliminated by melatonin application (Figure 4C). Our findings are more likely to approve the opinion that accumulation of proline is an indicator of injury rather than a tolerant performance. Together, sucrose and fructose were enhanced under salt stress condition and they were further increased under salt combined with melatonin treatment, suggesting that sucrose and fructose were contributing to osmotic adjustment in this study.



Leaves are an important metabolic organ; maintaining a low Na+ contents and a high cytosolic K+/Na+ ratio in leaves is vital for maintaining cellular metabolisms [50,51]. Excessive Na+ accumulation resulted in water and mineral nutrient deficiency as well as ion imbalance in the cytosol [23]. Previous researches suggested that melatonin could reduce the Na+ content in the shoot of rice [17], maize [16], and Malus hupehensis [52]. In this study, Na+ contents in shoot were lower in melatonin-treated plants than that without melatonin under salt stress condition (Figure 5B), indicating that the loading of xylem Na+ in roots was repressed by melatonin. Meanwhile, melatonin improved the K+ absorption under salt stress, confirmed in this study (Figure 5D). Previous researches revealed that the transcriptional level of OsSOS1 was upregulated by melatonin application in the root of rice [17]. The increases of SOS1 expression in NaCl-treated roots by melatonin application may directly contribute to Na+ export from roots and retention in stems, thus preventing Na+ from reaching photosynthetic leaf tissues. Zhao et al. [53] suggested that melatonin could maintain ion balance through the SOS-mediated Na+ efflux pathway and that NO operates downstream of melatonin, improving salinity tolerance. Melatonin-promoted K+ uptake through upregulation of K+ transporter genes (AKT1 and HKT1) in Malus plants [54] has also been proved.



Salt stress destroys the balance between reactive oxygen species (ROS) production and removal and induces lipid peroxidation [55]. Melatonin is a well-documented antioxidant and plays a vital role in mitigating abiotic stress-induced oxidative stress by scavenging ROS either directly or indirectly in plants [4,14,56]. Previous studies displayed that melatonin application leads to maintaining the low contents of H2O2 and MDA by enhancing the antioxidative capacity in response to various stresses [16,52,57]. Similarly, in the present study, the decreased H2O2 and MDA contents were found in melatonin-treated plants along with the increased SOD, CAT, POD, and DPPH-radical scavenging activities under stress condition, which confirmed the remarkable role of melatonin in improving salt stress tolerance through enhancing the plant antioxidative ability (Figure 6 and Figure 7). Previous studies showed that exogenous melatonin could be directly uptake by roots [7,16]. In this study, salt stress induced accumulation of melatonin in vivo and it was largely increased by exogenous melatonin application. Thus, the results confirmed the previous studies that melatonin played an important role in alleviating the stress tolerance [2,58,59]. However, the levels of melatonin in vivo were not increased by exogenous melatonin application under normal growth condition. The exogenous melatonin application tended to increase the endogenous melatonin in most studies, but the increasing extents were less under normal growth condition than under salt stress [2,20]. In some studies, the effect of the exogenous melatonin on endogenous melatonin contents becomes unobvious with prolonged treatment time [19]. It is suggested that melatonin in plants may be maintained at a stable content under normal growth condition, but it will be increased greatly when they are needed for stress responses.



In general, the growth of maize seedlings was severely inhibited by salt stress treatment. In the present research, the alleviation of short-term salt stress by exogenous melatonin application in maize seedlings was investigated and the potential mechanisms are presented as shown in Figure 9. Exogenous application of melatonin-enhanced salt tolerance could be ascribed to three aspects: osmotic adjustment, ion balance, and alleviation of salt-induced oxidative stress. The results of this study suggest that melatonin has great potential in improving salt tolerance in crops, and field studies are needed to further confirm its performance in the future.
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Figure 1. Effects of melatonin and salt on shoot dry weight (A), root dry weight (B), total dry weight (C), and leaf area (D) of maize: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 6). Different letters indicate significant differences at p < 0.05. 
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Figure 2. Effects of melatonin and salt on photosynthetic rate (A), stomatal conductance (B), transpiration rate (C), chlorophyll content (SPAD units) (D), and instantaneous water use efficiency (WUEi) (E) of maize leaves: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 6). Different letters indicate significant differences at p < 0.05. 
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Figure 3. Effects of melatonin and salt stress on relative water content (A), water potential (B), osmotic potential (C), and turgor pressure (D) of maize leaves: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 6). Different letters indicate significant differences at p < 0.05. 
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Figure 4. Effects of melatonin and salt stress on sucrose content (A), fructose content (B), and proline content (C) of maize leaves: All parameters were measured after 4 and 8 days of treatment. Data were shown as mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05. 
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Figure 5. Effects of melatonin and salt stress on Na+ content (A,B), K+ content (C,D), and K+/Na+ ratio (E,F) of maize roots and shoots: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05. 






Figure 5. Effects of melatonin and salt stress on Na+ content (A,B), K+ content (C,D), and K+/Na+ ratio (E,F) of maize roots and shoots: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05.
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Figure 6. Effects of melatonin and salt stress on hydrogen peroxide content (A) and malondialdehyde content (B) of maize leaves: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05. 
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Figure 7. Effects of melatonin and salt stress on the activities of superoxide dismutase (A), catalase (B), peroxidase (C) and 1,1-Diphenyl-2-picryl-hydrazyl (D) of maize leaves: All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05. 
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Figure 8. Effects of melatonin and salt stress on endogenous melatonin content of maize leaves (A) and roots (B): All parameters were measured after 4 and 8 days of treatment. Values are presented as the mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05. 
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Figure 9. Schematic model showing the role of exogenous melatonin on improving the salt tolerance in maize: Exogenous melatonin application enhanced maize salt tolerance in three ways: osmotic adjustment (accumulated sucrose and fructose), ion balance (maintained a higher K+/Na+), and alleviation of salt-induced oxidative stress (activated antioxidative enzymes and nonenzymatic antioxidant). 
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