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Abstract
Background
Melatonin played an essential role in numerous vital life processes of animals and captured the interests of plant biologists because of its potent role in plants as well. As far as its possible contribution to photoperiodic processes, melatonin is believed to act as a growth regulator and a direct free radical scavenger/indirect antioxidant. The objective of this study to identify a precise melatonin concentration for a particular application method to improve plant growth requires identification and clarification.

Methods
This work establishes unique findings by optimizing melatonin concentration in alleviating the detrimental effects of drought stress in maize. Maize plants were subjected to drought stress (40–45% FC) after treatments of melatonin soil drenching at different concentrations (50, 100, and 150 µM) to consider the changes of growth attribute, chlorophyll contents, photosynthetic rate, relative water content (RWC), chloroplast ultrastructure, endogenous hormonal mechanism, and grain yield.

Results
Our results showed that the application of melatonin treatments remarkably improved the plant growth attributes, chlorophyll contents, photosynthetic rate, RWC, hormonal mechanism, and grain yield plant−1 under drought conditions at a variable rate.

Conclusion
Our current findings hereby confirmed the mitigating potential of melatonin application 100 µM for drought stress by maintaining plant growth, hormone content, and grain yield of maize. We conclude that the application of melatonin to maize is effective in reducing drought stress tolerance.

Graphical Abstract
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Background
Plant growth and production can be severely affected by environmental stresses, such as drought, high temperatures, heavy metals, or salinity [1]. Among them, drought is a global concern due to climate change and increasingly insufficient water resources [2]. In particular, drought stress affects many morphological, physiological, and biochemical processes, such as stomatal closure, leaf ultrastructure, cellular dehydration, membrane lipid peroxidation, and reduced antioxidant ability and endogenous hormones, affecting the survival and growth of plants [3–5]. Plants have evolved extensive stress resistance systems that allow them to finish their life cycles in the presence of drought [6]. Drought is one of the most extreme environmental stress and eventually triggers crop yield reductions [7]. Maize is a significant cereal crop in many countries where it is used as a staple food, although in some countries, it is used as a raw material for the biofuel Industry [8]. Therefore, numerous studies have been undertaken to enhance crop tolerance and mitigate the negative impact of various abiotic stresses, including drought stress. However, the exogenous application of plant hormones plays a crucial and even decisive role in regulating plant growth and development [9].
Plant hormones are essential signaling molecules that lead to climatic changes in plant growth and development, such as gibberellins (GA3) and abscisic acid (ABA) are well-known phytohormone that plays crucial roles in seed germination and early seedling establishment [2]. ABA, a universal abiotic stress hormone, responded positively to abiotic stress, while GA acts as a plant growth regulator to promote seed germination in response to stress [10]. Many physiological changes in photosynthesis, transpiration, and transport lead to structural changes in plant leaves [11]. Plants organize structure and function to adapt in most cases without causing permanent harm to different environmental stress conditions [12]. To withstand the complex physiological reactions that control drought stress, photosynthetic pigments efficiency was stimulated, and plant growth survival was promoted [13, 14]. The net photosynthetic rate and chlorophyll content decreased in drought stress conditions due to decreased stomatal conductance, as stomatal closure is one of the first responses to drought stress [15]. Drought has been shown to change the proportion and arrangement of the leaf cell thickness, palisade, spongy tissues and chloroplast structure. The chloroplast synthesis of melatonin provides one possible protection for chloroplasts from oxidative stress. As to the roles of melatonin in chloroplasts, these have not been adequately examined because research on plant melatonin is still in its early stages [16]. However, several studies have uncovered evidence that melatonin effectively prevents chlorophyll deterioration and preserves chloroplast physiology. The destruction of chlorophyll involves oxidative stress [17]. By preserving chloroplast integrity, melatonin promotes photosynthesis, which is essential for the survival of the plant. Therefore, the cell's structural and functional integrity is compromised by abiotic stress conditions [18]. Plant hormones are essential molecules that respond to changes in the climate condition during growth and physiological response to abiotic stress [19]. Previously studies reported that cytokinin (CK), such as zeatin (Z), is strongly associated with the biogenesis of chloroplasts, particularly with their maturation [20].
On the other hand, abscisic acid (ABA) is generally associated with chloroplast-based gene expression. The ABA biosynthesis mechanism is also related to plastids, such as carotenoid formation; its precursor occurs in plastids [21]. In different crops, the plant hormones abscisic acid (ABA), indole acetic acid (IAA), gibberellic acid (GA3), and zeatin riboside (ZR) influence the process of grain filling [22]. Also, ABA, ZR, and GA increase the chlorophyll and net photosynthetic rate in duckweed and are critical for cell division, chloroplast development, senescence, and the resistance of plants to stresses [23, 24]. This study shows that using plant bio-stimulators or phytohormone to enhance plant adaptability and defense against unfavorable environmental conditions is revolutionary.
The multi-regulatory biological hormone melatonin (N-acetyl-5-methoxytryptamine) plays a crucial role in plants and animals' life cycles [25]. Several studies have examined the hormone production, growth, and reaction of melatonin to biotic and abiotic stresses in plants [26]. Exogenous melatonin treatment improves crop development, improves photosynthetic pigments, ultrastructure of the leaves, regulates endogenous hormones level, and increases the crop yield under drought stress conditions [5, 27]. Melatonin treatment up-regulates the expression of critical genes involved in GA3 biosynthesis. It down-regulates critical genes involved in ABA biosynthesis to promote the use of nutrients, synthesize new proteins, and increase Limonium bicolor seeds' germination under abiotic stress conditions [9, 28]. Melatonin is a plant growth hormone that is closely related to auxin [29]. Plant hormones are involved in the germination and dormancy of seeds. The exogenous melatonin treatments can mitigate seed germination under abiotic stress conditions via the regulation of GA3 synthesis and ABA decomposition [30, 31]. Melatonin application increased endogenous melatonin and cytokinin content, decreasing the ABA range in ray grass under heat stress conditions [8, 26]. Researchers have revealed melatonin role from various aspects under stresses, including phenotypic, physiological, and molecular levels, increasing research on melatonin in plants [29].
Given the numerous hypotheses previously proposed, it is critical to comprehend melatonin regulatory effects on stressed plants. However, little is known about the regulatory impact of melatonin as a soil drenching on photosynthetic pigments, the ultrastructure of leaf chloroplast, and the regulatory mechanism of melatonin on endogenous hormones ABA, IAA, GA3, and ZR, as well as maize yield under drought stress conditions. Therefore, in the current study, we analyzed exogenous melatonin role in the drought tolerance of maize by evaluating the morphological features, physiological parameters, associated endogenous hormone contents, and grain yield.
Materials and method
Plant materials, experimental design, and locations
The experiment was performed in the glass house of Guangxi University, Nanning, Guangxi, China. The most well-known maize (Zea mays L.) hybrid seeds (Wanchuan-1306) of the south part of China were used in the current experiment. The healthy hybrid maize seeds were selected and five seeds were planted in each pot. The pot size was (29 × 31 cm); 20 kg of soil mixture (farmland topsoil and perlite 3:1 v/v) was added to each pot. The physical–chemical properties of the collected soil are shown in Table 1. All the pots were arranged in a randomized complete block design (RCBD) and placed in a glass house under natural light conditions. At the early growth stage of maize, the soil moisture content was retained at the normal 75–80%. At the eight-leaf stage, progressive drought stress was imposed on the maize plants up to maturity. During the drought stress period, the water holding capacity was maintained (40–45%) based on daily pot weight measurements. The exogenous treatments of melatonin were applied as a soil drenching method in three growing stages: the nine-leaf stage (V-9), the Tasseling stage (R-1), and the Milk stage (R-3) to each pot for three consecutive days. The treatments designated for this study include 1) Control well-watered (CW) + 0 µM melatonin, 2) Control drought (CD) + 0 µM melatonin, 3) Melatonin 50 µM + drought stress (MD1), 4) Melatonin 100 µM + drought stress (MD2), and 5. Melatonin 150 µM + drought stress (MD3). Flag fully open leaves sampling was collected from each treatment, and measurements for different tests, such as chloroplast ultrastructure, photosynthetic pigments, and endogenous hormone level, were performed after 1 week of treatment application at each growing stage. To ensure the accuracy of determination each treatment was performed with three biological replications at each growing stage of maize and then samples were immediately processed or stored at − 80 °C for further analysis.Table 1Physical and chemical composition of the experimental pots soil


	Parameters
	Values

	Soil organic matter
	14.61 g/kg

	Available nitrogen
	0.88 g/kg

	Available phosphorus
	48.85 g/kg

	Available potassium
	96.37 mg/kg

	Soil pH
	6.83

	Water holding capacity
	30.31%




Measurement of growth and physiological and biochemical parameter
Leaf area and plant height
Three plants from each replicate were selected for measuring leaf area plant−1 and plant height at each growth stage. The leaf area plant−1 and plant height were counted manually by using the tape meter. The leaf length and maximum leaf width were measured by a tape meter. The following formula was used to determine the leaf area plant−1 [32]:[image: $${\text{Leaf area }}\left( {{\text{cm}}^{{2}} } \right) \, = {\text{ Leaf length }} \times {\text{ Maximum leaf width }} \times \, 0.{75 }\,\left( {\text{correction factor}} \right).$$]




Determination of chlorophyll contents and net photosynthetic rate
The chlorophyll content was determined according to Arnon et al. [33]. In each growth stage, the middle portion of fresh flag leaves (0.1 g) was cut into small pieces and grind with liquid nitrogen. The ground samples were put in 10 mL tubes and acetone, ethanol, and distilled water (4.5:4.5:1) were added to it, and then all the sample tubes were put in the dark area overnight. The absorbance was measured by UV spectrophotometer at the 663 and 646 nm wavelengths and was expressed as mg g−1 fresh weight. The net photosynthetic rate was measured in each pot at three growing stages of maize includes (V-9, R-1, and R-3). The LI-6800XT (LI-COR, Lincoln, Nebraska, USA) portable photosynthesis system was used on clear sunny days from 9:00 to 11:00 am, and three replications were measured for each treatment.
Relative water contents and dry biomass accumulation
The technique of Su et al. [34] was used to determine the RWC of leaves during the drought stress condition. The fresh leaf sample was collected at V-9, R-1, and R-3 growing stages of maize, and then fresh weight (FW) of each leaf sample was recorded. Then, the samples were immersed in distilled water in beakers and left for 24. Thereafter, fully turgid leaves weight (TW) at each growing stage was recorded. To obtain the dry weight (DW), the leaf samples were then oven-dried at 75 °C for 72 h.
The following formula was used to determine the RWC (%):[image: $${\text{RWC}} = \frac{{{\text{FW}} - {\text{DW}}}}{{{\text{TW}} - {\text{DW}}}} \times 100$$]




For dry biomass measurements, three plants were collected from each treatment at different growth stages, such as (V-9, R-1, and R-3). For the constant dry weight, the plant sample was put in the oven at 105 °C for half-hour and then at 75 °C for 72 h, a high precision (0.001 g) analytical scale was used to weight the plant samples.
Analysis of transmission electron microscope (TEM)
The three healthy and uniform leaf samples (1 mm2) were selected for chloroplast ultrastructure from each treatment. The leaf sample was rinsed with distilled water, and measurement was observed using the transmission electron microscope (TEM). The samples obtained (6 h, 4 °C) were fixed using 4% glutaraldehyde and 0.2 M sodium phosphate buffer (pH 6.8), followed by a four-fold wash with 0.1 M sodium phosphate buffer (pH 6.8). Samples were post fixed in 1% osmic acid in a 0.2 M phosphate buffer (pH 6.8), dehydrated in a graded ethanol sequence, and dried using critical point drying. The ultrathin sections were finally stained with lead citrate and 2% uranyl acetate. They were examined using the HITACHI transmission electron microscope (Carl Zeiss, Göttingen, Germany) at 80 kV acceleration voltage [35].
Extraction of endogenous hormones
Plant endogenous hormone's content ABA, IAA, GA3, and ZR contents were determined using the method of Pan et al. [36]. Approximately 0.5 g of maize fresh leaf powder was used for the extraction and purification of phytohormone (ABA, IAA, GA3, and ZR). In each sample of maize leaves, approximately 25 μL d6-ABA (0.25 ng/μL), 2 μL d5-IAA (2 ng/μL), 50 μL d2-GA3 (2 ng/μL), and 10 μL d5-ZR (0.25 ng/μL) were added as internal standards (Shanghai, Yuanye Bio-Technology Co., Ltd., Shanghai, China). Subsequently, 0.5 mL of extraction solvent (isopropanol: H2O: concentrated HCl = 2:1:0.002, vol/vol/vol) was added and shaken for 30 min at 4 °C at a speed of 100 rpm. Then 1 mL of dichloromethane was added and the mixture was shaken for 30 min. The solvent was extracted and condensed by a nitrogen evaporator after centrifugation. The residues were subsequently dissolved in 0.1 mL of aqueous methanol solvent (methanol: H2O = 1:1, vol/vol) and centrifuged at 1200 rpm for 5 min. The supernatant was transferred to a vial for LC–MS analysis after layering.
Quantification of phytohormone by LC–MS
In the multiple reaction monitoring (MRM) mode, LC–MS was used for quantitative phytohormone measurement. An Agilent 1260 HPLC system and an AB Qtrap 5500 triple quadrupole mass spectrometer with an electrospray ionization source were integrated into the LC–MS system. Samples were injected into the Agilent SB-C18 (50 × 4.6 mm, 1.8 μm) column and separated by a mobile step with a flow rate of 0.8 mL/min as follows: distilled water with 0.1% acetic acid (A) and acetonitrile (B). The HPLC gradient program and multiple reaction monitoring (MRM) settings were applied to measure phytohormone. The injected volumes for ABA, IAA, and GA3 were 5.0 μL and 1.0 μL for ZR. The initial HPLC running conditions were solvent A: B 90:10 (v/v). The gradient elution program was as follows: 10% solvent B for 5 min; a linear gradient from 10 to 30% solvent B in 5 min; 10 min at a constant 30% solvent B; another linear gradient from 30 to 50% solvent B in 10 min; 9 min at a constant 50% solvent B; a linear gradient from 50 to 100% solvent B in 1 min; and 5 min at a constant 100% solvent B. Before each analytical run, the column was equilibrated with the starting composition of the mobile phase for 15 min. The mass spectrometer was run in positive mode with a 3500 V capillary spray voltage and a scan speed of 22,000 (m/z)/s within 50 and 400 m/z. The nebulizer gas pressure, drying gas flow rate, and drying gas temperature were set to 30 psi, 8 L min-1, and 350 ℃, respectively. LC–MS (QTRAP5500, AB Sciex, Boston, MA, USA) was used to measure each phytohormone, with the conditions listed in Additional file 1: Tables S1 and S2.
Maize yield
For yield and yield components, three plants were collected from each treatment. The number of grains rows−1, grains ear−1, hundred grains weight (g), and grain yield plant−1 (g) were calculated from each plant.
Statistical analysis
Data were subjected to analysis of variance (ANOVA) using SPSS 22.0 software (IBM SPSS Crop., Armon, NY, USA). The data obtained from every sampling unit were analyzed separately, and the means were tested by the least significant difference test (LSD test) at P ≤ 0.05. Data were plotted by using Origin 8.6 software (Origin Lab, Northampton, MA, USA). For each treatment, three replicates were measured, and data are presented as the mean ± standard deviation (SD). Pearson’s correlation was used to analyze the determination of correlation between all the indicators by using R software.
Results
Effect of melatonin treatment on plant height and green leaf area plant−1
                        
Plant height and leaf area of maize crops were evaluated in melatonin-treated plants as compared with drought stress. Exogenous melatonin treatments significantly increase the plant height and leaf area at a variable degree in different growth stages of maize plants under drought stress conditions. Increasing melatonin concentration from low to optimum level improves the plant height, while a higher level significantly declines the plant height at all growth stages of maize. The mean results showed that treatment MD2 achieved taller plant height and was greater by 50.16% at V-9, 45.52% at R-1, and 33.45% at R-3 growing stages of maize compared to drought stress control (Fig. 1). Overall results showed that a significantly taller plant height was observed in treatment MD2 at all maize growth stages than CD and other melatonin-treated plants under drought stress conditions.[image: ../images/40538_2021_272_Fig1_HTML.png]
Fig. 1Effect of melatonin on plant height and leaf area plant−1 of maize under drought stress conditions. Different treatments indicate CW, Melatonin 0 µM + Control well water; CD, Melatonin 0 µM + Control drought stress; MD1, Melatonin 50 µM + drought stress; MD2, Melatonin 100 µM + drought stress; MD3, Melatonin 150 µM + drought stress. Vertical bars represent ± S.D. (n = 3). Different small letters indicate significant differences as determined by the LSD test (p ≤ 0.05)


Exogenous application of melatonin increased the leaf area plant−1 at various growth stages of maize under drought stress conditions. The total green leaf area plant−1 increased from V-9 to R-1 growth stage and then gradually declined from R-1 to R-3 growing stages of maize in all treatments. As compared to drought stress control (CD), melatonin-treated plants have a higher leaf area plant−1. Under drought stress conditions, the melatonin treatment MD2 showed a maximum leaf area of plant−1 at all growing stages compared with CD. The treatment MD2 increased the leaf area plant−1 by 26.94% at V-9, 21.95% at R-1, and 17.82% at the R-3 growth stage of maize under drought stress conditions (Fig. 1).
Melatonin improved the chlorophyll content and net photosynthetic rate
The exogenous application of melatonin increased the chlorophyll contents of maize at various growth stages. Our results revealed that chlorophyll contents increased from V-9 and reached their maximum value at the R-1 growth stage. Under well water conditions, the chlorophyll contents were higher at all growing stages than drought stress conditions. Under drought stress, the maximum chlorophyll contents were found at R-1 before decreasing until the R-3 growing stage. Compared with drought stress control (CD), melatonin treatment MD2 increased the chlorophyll contents by 35.83% at V-9, 18.90% at R-1, and 23.22% at R-3 growing stages of maize (Fig. 2). The minimum chlorophyll contents were observed at CD at all growing stages of maize compared with CW and melatonin-treated plants.[image: ../images/40538_2021_272_Fig2_HTML.png]
Fig. 2Effect of melatonin on chlorophyll content and photosynthetic rate of maize under drought stress conditions. The names of the treatments are the same as in Fig. 1. Different lowercase letters indicate significant differences as determined by the LSD test (p ≤ 0.05)


Drought stress significantly affected the net photosynthetic rate of maize. Exogenous application of melatonin dramatically increased the net photosynthetic rate at all growing stages of maize compared to drought stress control (CD). Our results showed that the net photosynthetic rate was higher at the R-1 stage and then gradually decreased from R-1 to R-3 growing stages of maize. Under drought stress conditions, the melatonin treatment MD2 showed a maximum photosynthetic rate at all growing stages compared with CD. Exogenous melatonin treatment MD2 improved the net photosynthetic rate by 19.06% at V-9, 25.58% at R-1, and 34.50% at R-3 growing stages of maize compared with drought stress control (Fig. 2).
Effect of melatonin on RWC and dry matter accumulation of maize
Leaf relative water content is the key indicator that shows the survival capability and leaf water status of the plants. Drought stress significantly reduced the RWC by 23.86% at V-9, 25.47% at R-1, and 24.96% at R-3 growing stages of maize as compared to the well water conditions. The leaf RWC was markedly greater in all of the melatonin treatments than that in the control. Under drought stress conditions, the most significant increase in RWC was observed in melatonin treatment MD2 by 21.31% at the V-9 growth stage of maize as compared to CD (Fig. 3). The total above-ground dry matter plant−1 was considerably increasing by different concentrations of melatonin. Our results demonstrated that a significant increase occurred in dry matter plant−1 from the vegetative stage to physiological maturity at a variable degree. Melatonin treatments MD2 increased significantly improved the dry matter plant−1 at all growing stages as compared to control. In Fig. 3 our results showed that melatonin treatment MD2 increased the dry matter plant−1 by 28.85% at V-9, 39.32% at R-1, and 30.17% at R-3 growing stages of maize compared to drought stress control (CD).[image: ../images/40538_2021_272_Fig3_HTML.png]
Fig. 3Effect of melatonin on relative water content (%) and dry weight of maize under drought stress conditions. The names of the treatments are the same as in Fig. 1. Different lowercase letters indicate significant differences as determined by the LSD test (p ≤ 0.05)


Effect of melatonin on leaf ultrastructure of maize
Chloroplasts are the sites of chlorophyll existence and play an essential role in plant photosynthesis. In the normal non-stressed plants, the chloroplasts clung to the cell wall and were arranged in a single direction. They exhibited a typical structure, an ellipsoidal shape with well-arranged and smooth thylakoid membranes in distinct grana regions. Under drought stress conditions, the chloroplasts’ lengths decreased and their widths increased, rendering them round in shape. Drought stress also significantly changed the internal structure of the chloroplasts. The edges of most chloroplasts were clear and complete. Drought stress plants have intact cell wall (CW), intact cell membranes; mesophyll cells have irregular shape nucleus (n), plum protoplast, and other organelles in cytoplasm, most of them distributed close to chloroplast. However, the melatonin-treated plants have a complete cell wall and cell membrane, having a nucleus in the mesophyll cell and protoplast is full (Fig. 4). Drought stress (CD) significantly affected the structure of chloroplasts compared with melatonin treatments. Pretreatment with melatonin mitigated this damage to chloroplasts. In drought stress plants, vacuole (V) are large and contain flocculent metabolites, while melatonin-treated plants have large vacuole but are rich in flocculent metabolites. Among all treatments, drought stress plants chloroplast (CH) has an available quantity, in which there are a certain amount of plastid globules (PB), also known as osmiophilic granules. In melatonin-treated plants, chloroplast (CH) is abundant, in which there are abundant plastid globules (PB), also known as osmiophilic granules. Thylakoid membranes were also more compact and regular than those in the leaves of the stressed control plants. The number and volume of chloroplasts increased in all treatments, and the plastid globules and cysts gradually enriched, but some cysts are fuzzy. Chloroplasts in the plants that received melatonin pretreatment had well-preserved internal lamellar systems compared to control. There was no significant difference in other organelles (Fig. 4).[image: ../images/40538_2021_272_Fig4_HTML.jpg]
Fig. 4Effect of melatonin on leaf chloroplast ultrastructure at V-9 growth stage of maize under drought stress conditions. In figure of transmission electron micrographs of leaf chloroplast ultrastructure, the abbreviations indicate cell wall (CW), nucleus (n), mitochondria (m), chloroplast (CH), plastid globules (PB), and vacuole (V). The names of the treatments are the same as in Fig. 1


Effect of melatonin on endogenous hormones content of maize under drought stress
Drought stress significantly affected the endogenous levels of hormone content as compared to well water control (CW). The ABA level increased dramatically under drought stress conditions, whereas exogenous melatonin treatment lowered the ABA level by increasing the concentration. Under drought stress conditions, the ABA level increased from the early growth stage (V-9) and reached its maximum value at the (R-3) growing stage of maize. Our results showed that melatonin treatment (MD2 & MD3) decreased the ABA level by 37.71% and 31.39% at V-9, 38.40%, and 23.46% at R-1, and 34.90% and 21.77% at R-3 growing stages of maize crop (Fig. 5). Exogenous melatonin treatment increased ABA catabolism and substantially affected ABA contents under drought stress conditions. Under drought stress conditions, the classical plant hormones ABA and GA3 have antagonistic effects on maize.[image: ../images/40538_2021_272_Fig5_HTML.png]
Fig. 5Effect of melatonin on abscisic acid (ABA) and gibberellic acid (GA3) content of maize under drought stress conditions. The names of the treatments are the same as in Fig. 1. Different lowercase letters indicate significant differences as determined by the LSD test (p ≤ 0.05)


Exogenous treatment of melatonin had a positive effect on GA3 content in maize leaves. The drought stress reduced the level of GA3 contents in maize leaves, but the exogenous application of melatonin significantly increased the GA3 level. The GA3 content increased from V-9 to R-1 and then declined gradually from R-3 to physiologically maturity of maize under drought stress conditions (Fig. 5). Drought stress (CD) significantly decreased the GA3 contents by 12.73% at V-9, 19.04% at R-1, and 14.37% at R-3 growing stages of maize compared to well water control (CW). However, exogenous application of melatonin significantly improved the level of GA3 contents in maize leaf under drought stress conditions. The results showed that GA3 content was higher in melatonin treatment MD2 by 48.95% at V-9, 35.13% at R-1, and 67.55% at R-3 growing stages of maize than drought stress control (CD).
Drought stress transiently decreased the IAA levels from V-9 to R-3 growing stages in maize leaves. The exogenous treatment of melatonin significantly improves the IAA levels in maize leaves compared to control. Melatonin treatment MD2 significantly increased the IAA content by 31.71% at V-9, 38.40% at R-1, and 34.90% at R-3 growing stages of maize compared with drought stress control (CD) (Fig. 6).[image: ../images/40538_2021_272_Fig6_HTML.png]
Fig. 6Effect of melatonin on indole-3-acetic acid (IAA) and zeatin riboside (ZR) content of maize under drought stress conditions. The names of the treatments are the same as in Fig. 1. Different lowercase letters indicate significant differences as determined by the LSD test (p ≤ 0.05)


The exogenous treatment of melatonin improved the ZR contents in maize leaves as compared to control. Our results showed the same pattern of ZR as that of GA3 contents, which increased transiently from V-9 and reached the maximum value at R-1 and then gradually declined at R-3 growing stage of maize. ZR contents were significantly higher in the melatonin-treated plant as compared to control under drought stress conditions. Our results showed that melatonin treatment MD2 improved the level of ZR in maize leaves by 58.52% at V-9, 54.72% at R-1, and 60.31% at R-3 growing stages compared to drought stress control (CD) (Fig. 6). The mean results showed that melatonin treatment MD2 and MD3 were significantly similar at all growing stages of maize under drought stress conditions.
Effect of melatonin on yield and yield components of maize under drought stress
Melatonin application has a significant effect on the grain yield of maize under drought stress conditions. Our results showed that exogenous melatonin treatment MD2 improved the maximum number of grains row−1 by 7.57%, grains ear−1 by 72.57%, 100 grains weight by 31.34%, and higher grain yield plant−1 by 125.61% as compared to drought stress control (CD) (Table 2).Table 2Effect of exogenous treatment of melatonin on number of grain rows−1, number of grain ear−1, 100 grain weight (g), and grain yield plant−1 of maize under drought stress conditions


	Treatments
	No. of grains rows−1
	No. of grains ear−1
	100 grains wt. (g)
	Yield plant−1 (g)

	CW
	23.93 ± 1.29a
	410.21 ± 18.36a
	25.83 ± 1.06a
	105.93 ± 3.97a

	CD
	21.83 ± 0.52b
	233.20 ± 10.60c
	17.01 ± 0.83d
	38.16 ± 2.59d

	MD1
	22.17 ± 1.14b
	360.48 ± 14.38b
	19.18 ± 0.92c
	69.48 ± 3.56c

	MD2
	23.48 ± 1.16ab
	385.18 ± 16.42ab
	22.34 ± 1.01b
	86.23 ± 3.86b

	MD3
	22.85 ± 1.14ab
	371.72 ± 15.73c
	22.02 ± 0.98b
	81.69 ± 3.38b


Different treatments indicate CW, Melatonin 0 µM + Control well water; CD, Melatonin 0 µM + Control drought stress; MD1, Melatonin 50 µM + drought stress; MD2, Melatonin 100 µM + drought stress; MD3, Melatonin 150 µM + drought stress. Values are given as treatments mean ± SD (standard deviation and n = 3). The different small letters in each column indicate significant difference across the treatments at p ≤ 0.05



Correlation analysis
The correlation analysis was carried out to find the relationship between physiological and biochemical indicators and grain yield of maize under drought stress conditions. Pearson’s correlation analysis results demonstrated that there was a positive correlation with each other in the leaf area plant, plant height, chlorophyll contents, photosynthesis, relative water content, dry matter, IAA, GA3, ZR, grain ear−1, 100-grain weight, and grain yield plant−1 (Fig. 7). Moreover, ABA content was negatively correlated with all other parameters. What is more, almost all of the relationships were significant, except for the relationships between ABA with other parameters.[image: ../images/40538_2021_272_Fig7_HTML.png]
Fig. 7Correlation analysis of the investigated parameters abbreviations indicating L.A (Leaf area), P.H (Plant height), Chl (Chlorophyll content), Photo (Photosynthetic rate), RWC (Relative water content), D.M (Dry matter), ABA (abscisic acid), GA3 (gibberellic acid), IAA (indole acetic acid), ZR (zeatin riboside), G. per row (Grain per row), H.G.W (100 grain weight), G. per ear (Grain per ear) and yield per plant


Discussion
Drought stress is one of the most severe abiotic stresses that plants face, affecting many aspects of their physiology and biochemistry (e.g., photosynthesis, protein synthesis, endogenous hormones, and leaf ultrastructure) that are critical for plant growth and development [37, 38]. Melatonin has been shown to protect plants from both abiotic and biotic stresses; however, the mechanisms remain unclear, with some studies arguing that it acts as an antioxidant and others suggesting it acts as a growth regulator [39, 40]. In the current study, the protective effect of melatonin in maize growth and the endogenous hormonal level was explored under drought stress conditions. Drought-induced growth inhibition was minimized by exogenous application of melatonin as a soil drench, and maize resistance to drought stress was improved in terms of plant growth and production. Drought stress causes a severe reduction in leaf area and degrades the photosynthetic pigments, which undeniably impairs and reduce photosynthesis, directly affecting plant growth. Melatonin has been suggested to regulate plant growth and development [6]. This study revealed that melatonin-treated plants maintained large leaf areas, taller plant height, and high photosynthetic pigments despite drought stress, allowing for a much greater supply of assimilates to growing tissues than control. Our results are consistent with the previous study, that exogenous melatonin can alleviate drought stress and positively affected plant growth attributes [3, 41, 42]. Various other studies have also shown the stimulatory effect of melatonin on growth and development, in compliance with the current research work evaluated that increased dry biomass, relative water content, and chlorophyll pigments composition [6]. There is evidence that melatonin can be linked to the receptor of auxin and acts directly as auxin agonists, increasing cell division and expansion, and ultimately increases plant biomass. Furthermore, we observed that the melatonin soil drenching strategy was a more effective strategy in enhancing drought tolerance. Therefore, our experiment indicated that melatonin application effectively enhances the adaptability of maize to drought stress by ameliorating the suppression of growth characteristics caused by drought stress.
In plants, chloroplast is the major source of free radical generation, which require strong protection from free radicals and associated oxidative stress [16]. Plant’s melatonin biosynthesis might be taking place in chloroplasts. Previous research showed that exogenous melatonin treatment might cause endogenous melatonin production in chloroplasts [3]. In the current study, we demonstrated that exogenous melatonin might alter endogenous hormone accumulation during drought stress. Enhanced endogenous melatonin could help retain chloroplast integrity and increase the net photosynthetic rate. Photosynthesis takes place in the chloroplasts, which are also the leaf organelle most sensitive to abiotic stress. Chlorophyll plays a crucial part in improving the efficiency of photosynthesis, a principal physicochemical process that governs the synthesis of organic compounds by use of light energy and is the basis of plant growth and development. Drought stress lowers photosynthesis efficiency and damages the photosynthetic system and chlorophyll [43]. Chlorophyll is also highly susceptible to water shortages, and certain plant species have reported chlorophyll levels dropping due to drought stress [37, 38]. In the present experiment, exogenous application of melatonin significantly increased the chlorophyll content under drought stress conditions (Fig. 2). Previous research revealed that the absence of endogenous melatonin resulted in a decrease in tomato chlorophyll contents, but exogenous melatonin dramatically boosted chlorophyll concentration [44]. Chlorophyll has become an important tool for assessing plant photosynthetic rates under abiotic stress. Net photosynthesis is lowered when plants are subjected to drought conditions due to regulatory mechanisms, such as decreased stomatal conductance and chlorophyll concentrations [45]. We observed that melatonin-treated plants maintained a higher photosynthetic rate in all growing stages of maize as compared with drought stress control. This could explain why stressed plants in that treatment were able to maintain a higher photosynthetic rate, because melatonin has been proven to be a growth stimulant that also improves plant tolerance to abiotic stress. While many stressors inhibit plant growth by affecting multiple physiological processes, photosynthesis is most strongly affected by changes in biomass production, which may be due to reduced assimilate requirements. The higher assimilation of carbon corroborates the improvement in biomass production and growth characteristics due to the increased photosynthetic capacity of melatonin-treated plants [46]. Furthermore, melatonin pretreatment improved tolerance to abiotic stress by reducing stomatal restriction and enhancing photosynthetic rate in plants seedling [47].
Plant hormones regulate growth and development and provide effective protection against biotic and abiotic stresses [48]. Some plants' stress tolerance has been linked to morphological changes that are controlled by certain hormones [44]. ABA is a plant hormone that plays a key function in giving tolerance to a wide range of environmental stresses [49]. The ABA content plays a crucial role in physiological processes, such as plant growth and development, stomatal closure and chloroplast ultrastructure, and responses to abiotic stress tolerance [50]. Our results revealed that the ABA level increased from the early growth stage (V-9) and reached its maximum value at (R-3) growing maize under drought stress conditions. Furthermore, our findings revealed that exogenous melatonin could improve maize drought tolerance by reducing its ABA concentration. Our results are consistent with previous studies, which reported that exogenously applied melatonin down-regulates genes involved in ABA biosynthesis and then up-regulates genes involved in ABA catabolism/degradation, resulting in lower ABA content and improved plant growth under stress conditions [5, 51]. The higher ABA level in the later growing stage of maize would impede the growth. Consequently, adding an appropriate amount of melatonin concentration could relieve stress tolerance, while having no inhibiting effect on plant growth and productivity of maize under drought stress conditions. Previous research confirmed that ABA had been implicated in regulating plant growth and environmental stressors [52]. Exogenous application of melatonin accelerates the ABA degradation and increases the GA biosynthesis under drought stress condition [53]. According to our findings, the content of ABA increased, whereas the content of GA3 decreased under drought stress conditions. In fact, a negative correlation was detected between ABA contents and the various physiochemical attributes, while GA was positively correlated, indicating ABA as a major stress-related hormone. However, melatonin application inhibited the ABA and increased the GA3 level under drought stress conditions. Melatonin also interacts with gibberellins (GAs) through GA signaling under abiotic stress conditions [54, 55]. Our study showed that melatonin application increases the GA3 level in leaves by increasing the melatonin concentration up to some extent, but a higher level will reduce the GA3. Previous research showed that plant hormone GA3 is also regulating the process of seed filling and grain development under abiotic stress conditions [5].
Stress tolerance has been associated with morphological modifications in some plants regulated by other hormones [56]. It has already been shown that IAA plays a critical function in plant growth and development [44]. Our results showed that drought stress drastically reduces the IAA contents from the early growing stage to physiologically maturity. It is conceivable that the need for IAA is higher during the seedling growth stage. Moreover, exogenous application of melatonin encourages the plants to generate more IAA that help the plant growth and yield under drought stress condition. Previous research demonstrated that the decline in IAA content in the later growth stages was due to lower demand for IAA; conversely, the melatonin in the late growth stages has dropped, and IAA elevation has been little [44, 57]. The IAA and ZR content plays a vital role in the seed filling process of cereals crops [23]. A previous study revealed that exogenous application of plant growth regulator enhanced the cytokinin content, and this increase in cytokinin resulted in a considerable improvement in chlorophyll biosynthesis [58]. Our results showed that exogenous application of melatonin increases the ZR levels under drought stress conditions. The zeatin riboside (ZR) regulates leaf senescence and chlorophyll breakdown, which reduces CK biosynthesis and transport, resulting in decreased cytokinin and quicker leaf senescence under abiotic stress conditions [59]. Exogenous application of melatonin improves photosynthetic efficiency and drought tolerance by up-regulating ZR levels and several associated signaling pathways [55, 60]. Our study found that exogenous melatonin increases GA3, IAA, and ZR while reducing the ABA levels in leaves under drought stress conditions. Based on our results, it is clear that melatonin plays a vital role in improving photosynthetic efficiency by modulating phytohormone and increasing the production of maize crops under drought stress conditions. Plants could adapt to drought stress by increasing chlorophyll and photosynthetic rate and endogenous hormone levels, thus maintaining grain yield. Our results showed that the maize growth was inhibited by drought stress, but the application of melatonin significantly increased the growth and production. The overall results suggested that the application of melatonin treatment MD2 (100 µM) significantly increased the photosynthetic efficiency, thereby regulating hormonal levels and grain yield of maize under drought stress conditions.
Conclusion
Drought stress is a severe problem than all other abiotic stresses that significantly reduced the maize yield. This study evaluated different melatonin concentrations applied as a soil drenching at different growth stages under drought stress conditions. Taken together, our results indicated that exogenous melatonin treatment is one of the most promising approaches for increasing maize productivity under drought stress. Exogenous melatonin application alters the hormonal profile and hormonal crosstalk improved the photosynthetic efficiency and grain filling rate by enhancing the grain yield of maize under drought stress conditions. From our results, we suggested that treatment (MD2) 100 µM melatonin application as a soil drenching to roots is an effective strategy to improve the drought tolerance of maize. The morphological, physiological, and biochemical analysis from the present study could be employed as an effective approach in many crops and will be useful in elevating drought stress conditions.
Acknowledgements
The authors express their special gratitude to all the funding sources and especially to Guangxi University for the financial assistance.

Authors' contributions
SA contributed to conceptualization and writing––original draft preparation. SA and GYW were involved in methodology. SA, GYW, and IM performed formal analysis. SA, SF, MZ, TJ, and SU did investigation. XBZ and JHH contributed to resources. SA and MK were involved in data curation. MK and IA were involved in writing—review and editing. XBZ supervised the study. All authors read and approved the final manuscript.

Funding
This study was financially supported by the National Natural Science Foundation of China (31760354), the Natural Science Foundation of Guangxi Province (2019GXNSFAA185028), and the China Postdoctoral Science Foundation Project (2020M683618XB).

Data availability
The data that support the finding of this study are available from the corresponding author upon reasonable request.

Declarations
Ethics approval and consent to participate
This manuscript is an original paper and has not been published in other journals. The authors agreed to keep the copyright rule.

Consent for publication
The authors agreed to the publication of the manuscript in this journal.

Competing interests
The authors declare no conflict of interests.


References
	1.
Shao R, Xin L, Zheng H, Li L, Ran W, Mao J, Yang Q. Changes in chloroplast ultrastructure in leaves of drought-stressed maize inbred lines. Photosynthetica. 2016;54(1):74–80.

	2.
Bai Y, Xiao S, Zhang Z, Zhang Y, Sun H, Zhang K, Wang X, Bai Z, Li C, Liu L. Melatonin improves the germination rate of cotton seeds under drought stress by opening pores in the seed coat. PeerJ. 2020;8:e9450.PubMedPubMedCentral

	3.
Huang B, Chen Y-E, Zhao Y-Q, Ding C-B, Liao J-Q, Hu C, Zhou L-J, Zhang Z-W, Yuan S, Yuan M. Exogenous melatonin alleviates oxidative damages and protects photosystem II in maize seedlings under drought stress. Front Plant Sci. 2019;10:677.PubMedPubMedCentral

	4.
Gao W, Zhang Y, Feng Z, Bai Q, He J, Wang Y. Effects of melatonin on antioxidant capacity in naked oat seedlings under drought stress. Molecules. 2018;23(7):1580.PubMedCentral

	5.
Ahmad S, Kamran M, Ding R, Meng X, Wang H, Ahmad I, Fahad S, Han Q. Exogenous melatonin confers drought stress by promoting plant growth, photosynthetic capacity and antioxidant defense system of maize seedlings. PeerJ. 2019;7:e7793.PubMedPubMedCentral

	6.
Naeem M, Naeem MS, Ahmad R, Ahmad R, Ashraf MY, Ihsan MZ, Nawaz F, Athar HR, Ashraf M, Abbas HT. Improving drought tolerance in maize by foliar application of boron: water status, antioxidative defense and photosynthetic capacity. Arch Agron Soil Sci. 2018;64(5):626–39.

	7.
Wang B, Liu C, Zhang D, He C, Zhang J, Li Z. Effects of maize organ-specific drought stress response on yields from transcriptome analysis. BMC Plant Biol. 2019;19(1):1–19.

	8.
Jiang C, Zu C, Lu D, Zheng Q, Shen J, Wang H, Li D. Effect of exogenous selenium supply on photosynthesis, Na+ accumulation and antioxidative capacity of maize (Zea mays L.) under salinity stress. Sci Rep. 2017;7(1):1–14.

	9.
Chen L, Lu B, Liu L, Duan W, Jiang D, Li J, Zhang K, Sun H, Zhang Y, Li C. Melatonin promotes seed germination under salt stress by regulating ABA and GA3 in cotton (Gossypium hirsutum L.). Plant Physiol Biochem. 2020;162:506–16.

	10.
Ahammed GJ, Wang Y, Mao Q, Wu M, Yan Y, Ren J, Wang X, Liu A, Chen S. Dopamine alleviates bisphenol A-induced phytotoxicity by enhancing antioxidant and detoxification potential in cucumber. Environ Pollut. 2020;259:113957.PubMed

	11.
Herritt MT, Fritschi FB. Characterization of photosynthetic phenotypes and chloroplast ultrastructural changes of soybean (Glycine max) in response to elevated air temperatures. Front Plant Sci. 2020;11:153.PubMedPubMedCentral

	12.
Gao S, Liu X, Liu Y, Cao B, Chen Z, Xu K. Photosynthetic characteristics and chloroplast ultrastructure of welsh onion (Allium fistulosum L.) grown under different LED wavelengths. BMC Plant Biol. 2020;20(1):1–12.

	13.
Pang Y, Li L, Bian F. Photosynthetic and ultrastructural adaptability of Anemone shikokiana leaves to heterogeneous habitats. Brazil J Bot. 2020;43(4):979–88.

	14.
Zeeshan M, Hu YX, Iqbal A, Salam A, Liu YX, Muhammad I, Ahmad S, Khan AH, Hale B, Wu HY. Amelioration of AsV toxicity by concurrent application of ZnO-NPs and Se-NPs is associated with differential regulation of photosynthetic indexes, antioxidant pool and osmolytes content in soybean seedling. Ecotoxicol Environ Saf. 2021;225:112738.PubMed

	15.
Han J, Lei Z, Zhang Y, Yi X, Zhang W, Zhang Y. Drought-introduced variability of mesophyll conductance in Gossypium and its relationship with leaf anatomy. Physiol Plant. 2019;166(3):873–87.PubMed

	16.
Zheng X, Tan DX, Allan AC, Zuo B, Zhao Y, Reiter RJ, Wang L, Wang Z, Guo Y, Zhou J. Chloroplastic biosynthesis of melatonin and its involvement in protection of plants from salt stress. Sci Rep. 2017;7(1):1–12.

	17.
Tan DX, Manchester LC, Liu X, Rosales-Corral SA, Acuna-Castroviejo D, Reiter RJ. Mitochondria and chloroplasts as the original sites of melatonin synthesis: a hypothesis related to melatonin’s primary function and evolution in eukaryotes. J Pineal Res. 2013;54(2):127–38.PubMed

	18.
Haffani S, Mezni M, Nasri MB, Chaibi W. Comparative leaf water relations and anatomical responses of three vetch species (Vicia narbonensis L., V. sativa L. and V. villosa Roth) to cope with water stress. Crop Pasture Sci. 2017;68(7):691–702.

	19.
Polesi LG, de Freitas Fraga HP, do Nascimento Vieira L, Heringer AS, Ornellas TS, dos Santos HP, Guerra MP, Pescador R. Chloroplast ultrastructure and hormone endogenous levels are differently affected under light and dark conditions during in vitro culture of Guadua chacoensis (Rojas) Londoño & PM Peterson. Acta Physiol Plant. 2019;41(1):10.

	20.
Cortleven A, Schmülling T. Regulation of chloroplast development and function by cytokinin. J Exp Bot. 2015;66(16):4999–5013.PubMed

	21.
Yamburenko MV, Zubo YO, Vanková R, Kusnetsov VV, Kulaeva ON, Börner T. Abscisic acid represses the transcription of chloroplast genes. J Exp Bot. 2013;64(14):4491–502.PubMedPubMedCentral

	22.
Lv X, Li T, Wen X, Liao Y, Liu Y. Effect of potassium foliage application post-anthesis on grain filling of wheat under drought stress. Field Crop Res. 2017;206:95–105.

	23.
Liu Y, Sui Y, Gu D, Wen X, Chen Y, Li C, Liao Y. Effects of conservation tillage on grain filling and hormonal changes in wheat under simulated rainfall conditions. Field Crop Res. 2013;144:43–51.

	24.
Huang M, Fang Y, Liu Y, Jin Y, Sun J, Tao X, Ma X, He K, Zhao H. Using proteomic analysis to investigate uniconazole-induced phytohormone variation and starch accumulation in duckweed (Landoltia punctata). BMC Biotechnol. 2015;15(1):1–13.

	25.
Reiter RJ, Tan D-X, Sharma R. Historical perspective and evaluation of the mechanisms by which melatonin mediates seasonal reproduction in mammals. Melatonin Res. 2018;1(1):59–77.

	26.
Ahmad S, Cui W, Kamran M, Ahmad I, Meng X, Wu X, Su W, Javed T, El-Serehy HA, Jia Z. Exogenous application of melatonin induces tolerance to salt stress by improving the photosynthetic efficiency and antioxidant defense system of maize seedling. J Plant Growth Regul. 2020;40:1–14.

	27.
Dai L, Li J, Harmens H, Zheng X, Zhang C. Melatonin enhances drought resistance by regulating leaf stomatal behaviour, root growth and catalase activity in two contrasting rapeseed (Brassica napus L.) genotypes. Plant Physiol Biochem. 2020;149:86–95.PubMed

	28.
Li J, Zhao C, Zhang M, Yuan F, Chen M. Exogenous melatonin improves seed germination in Limonium bicolor under salt stress. Plant Signal Behav. 2019;14(11):1659705.PubMedPubMedCentral

	29.
Arnao MB, Hernández-Ruiz J. Melatonin: a new plant hormone and/or a plant master regulator? Trends Plant Sci. 2019;24(1):38–48.PubMed

	30.
Sharma A, Zheng B. Melatonin mediated regulation of drought stress: physiological and molecular aspects. Plants. 2019;8(7):190.PubMedCentral

	31.
Zhang M, Jin Z-Q, Zhao J, Zhang G, Wu F. Physiological and biochemical responses to drought stress in cultivated and Tibetan wild barley. Plant Growth Regul. 2015;75(2):567–74.

	32.
Wang X, Yang G, Feng Y, Ren G, Han X. Optimizing feeding composition and carbon–nitrogen ratios for improved methane yield during anaerobic co-digestion of dairy, chicken manure and wheat straw. Biores Technol. 2012;120:78–83.

	33.
Armon D. Copper enzymes in isolated chloroplast. Plant physiol. 1949;24:1–15.

	34.
Su X, Fan X, Shao R, Guo J, Guo L. Physiological and iTRAQ-based proteomic analyses reveal that melatonin alleviates oxidative damage in maize leaves exposed to drought stress. Plant Physiol Biochem. 2019;142:263–74.PubMed

	35.
Kong Y, Xu X, Zhu L. Cyanobactericidal effect of Streptomyces sp. HJC-D1 on Microcystis auruginosa. PloS ONE. 2013;8(2):e57654.PubMedPubMedCentral

	36.
Pan X, Welti R, Wang X. Quantitative analysis of major plant hormones in crude plant extracts by high-performance liquid chromatography–mass spectrometry. Nat Protoc. 2010;5(6):986–92.PubMed

	37.
Wang P, Sun X, Li C, Wei Z, Liang D, Ma F. Long-term exogenous application of melatonin delays drought-induced leaf senescence in apple. J Pineal Res. 2013;54(3):292–302.PubMed

	38.
Zhang N, Zhao B, Zhang HJ, Weeda S, Yang C, Yang ZC, Ren S, Guo YD. Melatonin promotes water-stress tolerance, lateral root formation, and seed germination in cucumber (Cucumis sativus L.). J Pineal Res. 2013;54(1):15–23.PubMed

	39.
Shi H, Chen Y, Tan DX, Reiter RJ, Chan Z, He C. Melatonin induces nitric oxide and the potential mechanisms relate to innate immunity against bacterial pathogen infection in Arabidopsis. J Pineal Res. 2015;59(1):102–8.PubMed

	40.
Antoniou C, Chatzimichail G, Xenofontos R, Pavlou JJ, Panagiotou E, Christou A, Fotopoulos V. Melatonin systemically ameliorates drought stress-induced damage in Medicago sativa plants by modulating nitro-oxidative homeostasis and proline metabolism. J Pineal Res. 2017;62(4):e12401.

	41.
Ye J, Wang S, Deng X, Yin L, Xiong B, Wang X. Melatonin increased maize (Zea mays L.) seedling drought tolerance by alleviating drought-induced photosynthetic inhibition and oxidative damage. Acta physiologiae plantarum. 2016;38(2):48.

	42.
Liang D, Ni Z, Xia H, Xie Y, Lv X, Wang J, Lin L, Deng Q, Luo X. Exogenous melatonin promotes biomass accumulation and photosynthesis of kiwifruit seedlings under drought stress. Sci Hortic. 2019;246:34–43.

	43.
Imran M, Shazad R, Bilal S, Imran QM, Khan M, Kang S-M, Khan AL, Yun B-W, Lee I-J. Exogenous melatonin mediates the regulation of endogenous nitric oxide in Glycine max L. to reduce effects of drought stress. Environ Exp Bot. 2021;188:104511.

	44.
Jia C, Yu X, Zhang M, Liu Z, Zou P, Ma J, Xu Y. Application of melatonin-enhanced tolerance to high-temperature stress in cherry radish (Raphanus sativus L. var. radculus pers). J Plant Growth Regul. 2020;39(2):631–40.

	45.
Liang B, Ma C, Zhang Z, Wei Z, Gao T, Zhao Q, Ma F, Li C. Long-term exogenous application of melatonin improves nutrient uptake fluxes in apple plants under moderate drought stress. Environ Exp Bot. 2018;155:650–61.

	46.
Ahmad S, Muhammad I, Wang GY, Zeeshan M, Yang L, Ali I, Zhou XB. Ameliorative effect of melatonin improves drought tolerance by regulating growth, photosynthetic traits and leaf ultrastructure of maize seedlings. BMC Plant Biol. 2021;21(1):1–14.

	47.
Park H-S, Kazerooni EA, Kang S-M, Al-Sadi AM, Lee I-J. Melatonin enhances the tolerance and recovery mechanisms in Brassica juncea (L.) Czern under saline conditions. Front Plant Sci. 2021;12:593717.PubMedPubMedCentral

	48.
Hernández-Ruiz J, Arnao MB. Relationship of melatonin and salicylic acid in biotic/abiotic plant stress responses. Agronomy. 2018;8(4):33.

	49.
Li Z, Su X, Chen Y, Fan X, He L, Guo J, Wang Y, Yang Q. Melatonin improves drought resistance in maize seedlings by enhancing the antioxidant system and regulating abscisic acid metabolism to maintain stomatal opening under PEG-induced drought. J Plant Biol. 2021:1–14.

	50.
Brodribb TJ, McAdam SA. Abscisic acid mediates a divergence in the drought response of two conifers. Plant Physiol. 2013;162(3):1370–7.PubMedPubMedCentral

	51.
Zhan H, Nie X, Zhang T, Li S, Wang X, Du X, Tong W, Song W. Melatonin: a small molecule but important for salt stress tolerance in plants. Int J Mol Sci. 2019;20(3):709.PubMedCentral

	52.
Bai G, Yang D-H, Zhao Y, Ha S, Yang F, Ma J, Gao X-S, Wang Z-M, Zhu J-K. Interactions between soybean ABA receptors and type 2C protein phosphatases. Plant Mol Biol. 2013;83(6):651–64.PubMed

	53.
Zhang HJ, Zhang N, Yang RC, Wang L, Sun QQ, Li DB, Cao YY, Weeda S, Zhao B, Ren S. Melatonin promotes seed germination under high salinity by regulating antioxidant systems, ABA and GA 4 interaction in cucumber (Cucumis sativus L.). J Pineal Res. 2014;57(3):269–79.PubMed

	54.
Cao L, Jin X, Zhang Y. Melatonin confers drought stress tolerance in soybean (Glycine max L.) by modulating photosynthesis, osmolytes, and reactive oxygen metabolism. Photosynthetica. 2019;57(3):812–9.

	55.
Sharma A, Wang J, Xu D, Tao S, Chong S, Yan D, Li Z, Yuan H, Zheng B. Melatonin regulates the functional components of photosynthesis, antioxidant system, gene expression, and metabolic pathways to induce drought resistance in grafted Carya cathayensis plants. Sci Total Environ. 2020;713:136675.PubMed

	56.
Etehadnia M, Waterer DR, Tanino KK. The method of ABA application affects salt stress responses in resistant and sensitive potato lines. J Plant Growth Regul. 2008;27(4):331–41.

	57.
Di D-W, Zhang C, Luo P, An C-W, Guo G-Q. The biosynthesis of auxin: how many paths truly lead to IAA? Plant Growth Regul. 2016;78(3):275–85.

	58.
Ahmad S, Kamran M, Zhou X, Ahmad I, Meng X, Javed T, Iqbal A, Wang G, Su W, Wu X. Melatonin improves the seed filling rate and endogenous hormonal mechanism in grains of summer maize. Physiologia Plantarum. 2021;172(2):1059–72.PubMed

	59.
Kudoyarova GR, Vysotskaya LB, Cherkozyanova A, Dodd IC. Effect of partial rootzone drying on the concentration of zeatin-type cytokinins in tomato (Solanum lycopersicum L.) xylem sap and leaves. J Exp Bot. 2007;58(2):161–8.PubMed

	60.
Ma X, Zhang J, Burgess P, Rossi S, Huang B. Interactive effects of melatonin and cytokinin on alleviating drought-induced leaf senescence in creeping bentgrass (Agrostis stolonifera). Environ Exp Bot. 2018;145:1–11.



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Application of melatonin-mediated modulation of drought tolerance by regulating photosynthetic efficiency, chloroplast ultrastructure, and endogenous hormones in maize


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40538_2021_272_Fig7_HTML.png
§ . 8
<zsf8383sg8268¢
- 90000000000000
9000000000000
" 900@e e 00000
oo Q@@ 00 0 0OOO
e @@eeco0000
rn@ooee0O00O
~ Q90000 e 0o
» @90 ® * 0
~ @P@e > 0e
" QPOoe0e®
GperrowJ...
How @ @@
Gperear'.

Yield ‘

08

06

04

02

-0.2

04

-0.6

-0.8





OEBPS/images/40538_2021_272_Fig4_HTML.jpg





OEBPS/images/40538_2021_272_Fig5_HTML.png
ABA (ngg)

80_- CW I CD W MDI MD2 Il MD3
60' e
'en
)
40 =
D
<
&}
201
0-

Growth stages

15

Growth stages





OEBPS/images/40538_2021_272_Fig2_HTML.png
50+

MD2 Il MD3

Il CW @ CD W MDI

(5, wZQD jow)
djea d1)_YuLsojoyg

(M4) |3 8w
Juduod [[Aydorojyd

Growth stages

Growth stages





OEBPS/css/envelope.png





OEBPS/images/40538_2021_272_Figa_HTML.png
Better plant growth

Increa§e grain e SEA Enhance photosynthetic
yield efficiency

1

Improve grain
filling

]

Activate hormone

Ll

Melatonin

application - é’{g

Protection of
chloroplast

\

mmmm) Activate plant
defense

L

Drought stress





OEBPS/images/40538_2021_272_Fig3_HTML.png
Relative water content (%)

Il CWiE CD Bl MDI
a

100+

80+

60+

40+

Growth stages

MD2 I MD3

Dry weight (g plant")

-~ CW - CD =& MDI] -

100+

o0
=]
1

(=)
<>
1

40+

20+

MD2 =% MD3

Growth stages





OEBPS/images/40538_2021_272_Article_TeX_Equb.png
RWC =

FW - DW
TW - DW

x 100





OEBPS/images/40538_2021_272_Article_TeX_Equa.png
Leaf area (cmz) = Leaf length X Maximum leaf width X 0.75 (correction factor) .





OEBPS/images/40538_2021_272_Fig1_HTML.png
Leaf area plant"(cmz)

Hl CWi CDW MDI

5000+

4000+

3000+

2000+

1000

0-

Growth stages

MD2 Il MD3

Plant height (cm)

Growth stages





OEBPS/css/sidebar.gif





OEBPS/images/40538_2021_272_Fig6_HTML.png
go ™™ CW WSS CDES MDI MD2EEE MD3 .
15- ab

60+ b % b e b oS bCI
- a ' a a
'3 Cd c be T b ;10_(: bI d abIab
< 407 - b brIb "1 d <
< c & d

N

1 5-

20+

Growth stages

Growth stages





