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Abstract

:

Melatonin, a hormone known for its role in regulating sleep–wake cycles in mammals, has been found to have diverse functions in horticultural plants. In recent years, research has revealed the involvement of melatonin in various physiological processes in plants, like regulation of growth and development, stress tolerance, and antioxidant defense. Melatonin can augment seed germination, roots, shoot growth, and biomass accumulation in horticultural crops. It also performs a vital role in regulating vegetative and reproductive growth stages, floral transition, and leaf senescence. Melatonin improves stress tolerance in crops by regulating root architecture, nutrient uptake, and ion transport. Additionally, melatonin works like a broad-spectrum antioxidant by scavenging reactive oxygen species and enhancing antioxidant activity. The mechanism of action of melatonin in horticultural plants involves gene expressions, hormone signaling pathways, and antioxidant defense pathways. Melatonin also interacts with other plant growth regulators (PGRs), comprising auxins, cytokinins, and abscisic acid to coordinate various physiological processes in plants. Melatonin has evolved as a versatile chemical entity with diverse functions in horticultural plants, and its potential applications in crop production and stress management are increasingly being explored. This review aims to provide a comprehensive insight into the present state of knowledge about melatonin and its role in horticulturally important plants and identify avenues for further research and practical applications. Further study must be conducted to fully elucidate the mechanisms of melatonin action in crops and to outline effective strategies for its practical use in horticultural practices.
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1. Introduction


Horticultural crops are important for global agriculture and food production, providing various crops cultivated for human consumption, commercial applications, and industrial purposes [1]. These crops have pivotal functions in human nutrition by providing essential vitamins, minerals, and other beneficial compounds for overall health and well-being [1]. Additionally, horticultural crops provide an important source of income for farmers and contribute to local and national economies [2]. However, the production of horticultural crops is sometimes limited by numerous kinds of stresses (biotic and abiotic). Biotic stresses are pests and diseases, which can cause remarkable harm to crops and reduce productivity and crop quality [3]. Abiotic stresses, like temperature variations (both high and low), drought, salinity, and metal poisoning, can also negatively impact crop growth and yield [4,5]. Therefore, there is a need to develop effective strategies for managing these stresses and enhancing the productivity and sustainability of horticultural crop yield.



Melatonin has emerged as an assuring tool for enhancing stress tolerance and growth in horticultural crops [6]. It is a versatile chemical extensively distributed in plants, where it performs important functions in regulating various physiological activities [7]. Recent studies have narrated that the exogenous treatment of melatonin can improve stress tolerance, delay senescence, and promote growth in horticultural crops [8,9,10,11,12]. The capabilities of melatonin in the production of horticulture crops is a promising area of study. Melatonin has been found to influence the expression of genes involved in stress response, hormone signaling, and antioxidant defense, improving stress tolerance and growth in horticultural crops [9,10,11,13]. It can also interact with other phytohormones, viz cytokinins, auxins, and abscisic acid, to promote root growth, postpone senescence, and improve resistance [12,14,15].



The interaction of melatonin with auxin, specifically indole-3-acetic acid (IAA), to alleviate the negative impact of moisture stress on plants [6]. They reported that the exogenous use of melatonin increased the concentration of IAA in plants. Melatonin and IAA have similar effects on promoting photosynthetic activity in plants. Furthermore, when plants are exposed to drought stress, melatonin interacts with IAA during maturity, enhancing plant growth and yield. Their findings on the interaction of melatonin and auxin are very important (Figure 1).



In addition, melatonin has been found to work as a broad-spectrum antioxidant, scavenging reactive oxygen species (ROS) and upregulating the activity of antioxidant enzymes to reduce oxidative damage in horticultural crops [4,13]. This review represents melatonin’s biosynthesis, physiological functions, mechanism of action, interaction with other phytohormones, and potential horticulture applications. The objectives are to provide an overview of the various physiological processes in horticultural plants regulated by melatonin. We have summarized the mechanisms of action and the potential applications of melatonin in crop production and stress management by identifying the gaps in knowledge and opportunity for future study in the pace of horticultural plants. The current review article intends to offer a comprehensive insight into the present state of knowledge about melatonin in horticulturally important plants and a detailed understanding of melatonin’s functions in them. It has a more up-to-date understanding of the topic, broader scope, and novel directions, which suggests unexplored areas for investigation and the research gaps compared to previous reviews on this topic.




2. Interaction of Melatonin with Other Phytohormones


Melatonin has been shown to interact with several other phytohormones in plants. Some of these interactions are:



2.1. Interaction with Auxins


Recent reports have uncovered that melatonin can enhance the activity of auxins in specific plant species, including wild-leaf mustard (Brassica juncea) and Arabidopsis seedlings. The application of exogenous melatonin in these plants has been shown to elevate the levels of endogenous auxins, resulting in improved root growth [16,17]. Melatonin increases the activity of auxin-responsive genes, leading to enhanced lateral root formation in tomato plants [18]. Wen et al. [18] demonstrated that a concentration of 50 µM of melatonin is optimal for stimulating adventitious root formation (ARF) in tomato plants. This effect was attributed to the role of melatonin in the regulation of auxin metabolism. Chen et al. [16] observed that when applied exogenously in small quantities, melatonin could enhance root growth in tomato explants, while excessive amounts could inhibit it. Yadav et al. [19] reported that the polar localization of PIN proteins is accountable for auxin transport and disruption, which directly affects IAA transport to regulate the ARF. The study by Wen et al. [18] provided further insights into melatonin’s effects on auxin transport, signal transduction, and auxin accumulation. They concluded that melatonin modifies auxin levels, such as IAA and IBA, and regulates the expression of several auxin metabolisms genes, like PIN1, PIN3, PIN7, IAA19, and IAA24, through the nitric oxide (NO) signaling pathway. An experiment involving the overexpression of MzASMT in Arabidopsis thaliana. Their findings suggested that melatonin does not substitute IAA in establishing apical dominance but instead collaborates closely with IAA to perform this function [20]. The expression of nearly 320 genes involved in rhizogenesis can be increased or decreased by the external use of melatonin in cucumber [21].




2.2. Interaction with Cytokinins


Several studies have demonstrated a synergistic relationship between melatonin and cytokinins in mitigating plant stress. In a recent study by Bychkov et al. [22], it was found that in Arabidopsis, melatonin not only boosted the expression of cytokinin biosynthesis genes but also augmented cytokinin levels. Similarly, cytokinin-signaling and biosynthesis genes were notably more expressive in ipt-transgenic creeping bentgrass plants (Agrostis stolonifera) that were treated with melatonin [23]. Melatonin suppresses the expression of some senescence-related markers in apple, suggesting its contribution in controlling senescence [24]. Zhang et al. [25] found that in perennial ryegrass two cytokinin biosynthesis genes (LpIPT2 and LpOG1) were activated. However, two kinds of transcription factors involved in the cytokinin metabolic pathways (A-ARRs and B-ARRs) were downregulated and upregulated, respectively. They also noted that melatonin postponed senescence in the perennial ryegrass by reducing ABA biosynthesis and increasing the production of cytokinins, which serve as senescence-delaying agents under conditions of heat stress.




2.3. Interaction with Abscisic Acid (ABA)


The crosstalk between melatonin and abscisic acid (ABA) in plants is an ongoing area of study. In grape berries, the application of exogenous melatonin increased the expression of ABA biosynthesis genes and enhanced ABA levels, which subsequently improved fruit ripening [26]. During water stress, treatment of melatonin (at concentrations between 10–500 μm) in apple leaves led to the upregulation of ABA catabolic genes and a subsequent decrease in ABA content [14,27]. Research also shows that exogenous melatonin administration enhanced the expression of genes involved in ABA catabolism (two CYP707 monooxygenases), while it suppressed the key enzyme 9-cis-epoxycarotenoid dioxygenase (NCED), which is essential for ABA biosynthesis. This process results in a rapid decrease in ABA concentration during seed germination under salt stress in cucumber seedlings. The application of melatonin influences ripeness in tomato varieties [28].




2.4. Interaction with Gibberellins (GA)


Melatonin also plays a role in plant growth and development in association with gibberellin (GA). Melatonin enhances the biosynthesis of GA, leading to improved seed germination under high salinity conditions in cucumber plants [29]. It was noticed that exogenous melatonin application increased the expression of GA biosynthesis genes like GA20ox and GA3ox in the seedlings of cucumber under saline conditions, leading to an increase in the concentration of gibberellins like GA3 and GA4, resulting in an increase in seed germination [29].




2.5. Interaction with Ethylene


The melatonin–ethylene interaction manages plant growth and development. Research has demonstrated that melatonin plays a critical role in promoting fruit ripening and enhancing fruit quality. Melatonin regulates several ripening parameters, including lycopene content, fruit softening, and flavour. It also influences ethylene signaling and the biosynthesis of enzymes and related genes, such as those responsible for the expression of ACC synthase in tomatoes. Additionally, the study revealed that the external application of melatonin could stimulate the expression of ethylene receptor genes like NR and ETR4, as well as transducing elements like EIL1, EIL3, and ERF2 [30].




2.6. Interaction with Jasmonic Acid (JA)


It is reported that melatonin interacts with JA in regulating plant defense responses [31]. In tomatoes and blueberries, external melatonin increased the expression of JA biosynthesis genes and increased the levels of JA, thereby improving resistance against fungal pathogens [31,32,33]. In grafted watermelon, melatonin application helped in cold tolerance enhancement via the expression of JA biosynthesis genes and increasing the levels of JA [34].




2.7. Interaction with Salicylic Acid (SA)


The interaction between melatonin and salicylic acid (SA) plays a crucial role in plant defense mechanisms. For regulating the plant defense responses, melatonin requires synergistic influence. In Arabidopsis, exogenous melatonin enhanced the expression of SA biosynthesis genes and enhanced the levels of SA. This resulted in improved resistance against fungal pathogens [31]. Exogenous melatonin application upregulated the SA biosynthesis pathway and endogenous SA level, improving Kiwi fruits’ chilling tolerance and alleviating oxidative stress [35].



In a fascinating study involving watermelon plants performed [36], an intriguing phenomenon was observed where in the use of melatonin directly to the roots activated cold-tolerance-responsive genes in other untreated organs, such as the leaves, under cold-induced stress conditions. This observation suggests that melatonin can trigger a systemic response in the plant. Researchers have successfully measured and quantified the long-distance transport of melatonin through the xylem alongside other plant hormones. Moreover, melatonin has been found to elicit remarkable changes in the expression of various genes related to plant hormones, including auxins, cytokinins, gibberellins, ethylene, and jasmonic acid. Notably, these changes predominantly involve the upregulation of biosynthesis enzymes, receptors, and elements associated with hormone signaling pathways. In watermelon plants during cold stress, the administration of melatonin led to the downregulation of the ABA receptor PYL8 gene [36]. This finding suggests a complex interplay between melatonin and various plant hormones, wherein melatonin’s actions during cold stress may modulate the expression of genes involved in hormone biosynthesis, receptor activity, and signaling pathways.



Exogenic melatonin can control the levels of JA and SA, which are important signaling molecules involved in plant growth, development, and stress responses. Further research is needed to fully understand the underlying mechanisms of how melatonin interacts with these hormones in different plant species under adverse agroclimatic conditions.



It can be concluded that melatonin interacts with multiple phytohormones to control plant growth, development, and defense responses, highlighting its importance in plant biology. Future prospects can lead to understanding the complex interactions between melatonin and other phytohormones and their implications for agriculture and horticulture. Table 1 and Table 2 summarize the role and crosstalk of the melatonin hormone.



In summary, we can say that, exogenous melatonin deliberately influence horticultural plant growth by moulding (circumstances wise by upregulating and downregulating multiple hormones and related genes). From Table 1 and Table 2, concluded that melatonin influence on other hormones majorly protect the photosynthetic apparatus in plants. Recent research confirms that plant tolerance to various stimuli is significantly related to foliage longevity [38]. The involvement of melatonin in photosynthetic apparatus protection via increased ROS detoxification in tomato plants cultivated under the combination of salinity and heat [46], two of the most frequent abiotic stimuli known to act simultaneously. Melatonin aided in the prevention of protein and membrane damage caused by the combination of salinity and heat by preventing oxidation and by modulating the expression of several antioxidant-related genes and their corresponding enzymes, especially APX, GR, and SOD, GPX and Ph-GPX, which demonstrated antagonistic regulation in plants that did not receive melatonin [46]. Exogenous MT treatment increased endogenous MT and GA content while decreasing ABA content in high-temperature-exposed plants. However, paclobutrazol (PCB, a GA biosynthesis inhibitor) and sodium tungstate (ST, an ABA biosynthesis inhibitor) treatment decreased the GA and ABA contents. In both inhibitor-treated plants, MT-induced heat tolerance was compromised [38].





3. Melatonin Receptors in Plants


Melatonin receptors were first discovered in the mammalian brain in the early 1980s [42]. Later, melatonin receptors were identified in other tissues of mammals and other organisms such as birds, fish, amphibians, and invertebrates [42,47,48,49]. In plants, melatonin receptors were first discovered [50]. In Arabidopsis thaliana, specifically in a gene known as CAND2/PMTR1.This gene regulates stomatal closure via an H2O2 and Ca2+ signaling transduction cascade. More recently, studied CAND2 and proposed that the integrity of CAND2 as a melatonin receptor needs further analysis because their confocal microscopy analysis showed that CAND2 protein is localized in the cytoplasm rather than the plasma membrane in two Arabidopsis thaliana CAND2 knockout mutant lines, SALK 071, 302 (CAND2-1) and SALK 068848 [50,51].



Biosynthesis of Melatonin in Crops


Melatonin biosynthesis in plants occurs via the shikimate pathway, which is also related to the biosynthesis of several other important secondary metabolites in plants. The biosynthesis pathway converts the amino acid tryptophan into melatonin through several enzymatic reactions. The biosynthesis of melatonin starts with the conversion of tryptophan to serotonin by the enzyme tryptophan decarboxylase (TDC). After that, serotonin converted into N-acetyl serotonin (NAS) by the enzyme serotonin N-acetyltransferase (SNAT). Finally, NAS is converted into melatonin by the enzyme N-acetyl serotonin O-methyltransferase (ASMT) [7,31]. Abiotic stresses can influence the activity of these enzymes. For instance, research has shown that drought stress can enhance the expression of TDC, SNAT, and ASMT genes in rice, subsequently increasing melatonin biosynthesis [52]. In addition, plant hormones such as auxins and cytokinin have been shown to regulate melatonin biosynthesis in crops. Experiments have suggested that exogenous treatment of these phytohormones may increase plant melatonin biosynthesis [16,22].



Recent research has also uncovered the roles of other enzymes, such as caffeic acid O-methyltransferase (COMT) and acetyl serotonin deacetylase (ASDD), in the melatonin biosynthesis pathway. COMT is concerned with synthesizing the intermediate compound 5-methoxy tryptamine (5-MT), which is a precursor of NAS. At the same time, ASDD is involved in the deacetylation of NAS to form serotonin [1]. The melatonin biosynthesis pathway in crops is complex and regulated by various factors, including environmental stresses, plant hormones, and genetic factors. Further experiments are necessary to fully understand the regulatory mechanisms involved in melatonin biosynthesis in plants and investigate the capability of manipulating melatonin biosynthesis to enhance stress tolerance and growth in horticultural crops (Figure 2). The concept for drawing pathways has been taken [1]. Chemical structures were retrieved from PubChem.





4. Melatonin in Horticultural Plants: Mechanism of Action


There are several proposed mechanisms through which melatonin operates in horticultural crops. One of these involves melatonin functioning as an antioxidant in horticultural crops. Melatonin is found to scavenge reactive oxygen species (ROS) and protect from oxidative damage in plants. For instance, in apple plants, melatonin application enhanced the activity of antioxidant enzymes, like superoxide dismutase (SOD) and peroxidase (POD), and reduced the buildup of ROS during alkaline stress conditions [53]. Similarly, in litchi fruit, melatonin application has been found to enhance the activity of antioxidant enzymes and decrease the pile-up of ROS under post-harvest storage conditions [54] and in kiwifruits under chilling stress [35]. Another mechanism proposes that melatonin controls the expression of genes linked with various physiological processes in horticultural plants. For instance, in tomato plants, melatonin treatment has been shown to be involved in the upregulation of genes involved in abscisic acid (ABA) biosynthesis and signaling, such as NCED1, NCED2, and AAO3, and in enhancing heat tolerance [38]. In tomato plant, SlcAPX, SIGR 1, SIGBT, and SIPh-GPX genes get upregulated and SIDHAR1 gets downregulated for enhancing the melatonin action in the plants [46].



Melatonin’s role in regulating ion uptake and transport is another suggested mechanism of action in horticultural crops. It appears to promote the uptake of essential nutrients, such as K+, Ca2+, and Mg2+ while mitigating the pile-up of toxic ions, such as Na+ and Cl− [36,40]. This has been illustrated in rice plants, in which melatonin treatment enhanced salt tolerance by regulating ion uptake and transport [55]. Melatonin also upregulates the expression of genes associated with ion transport, such as OsSOS1 in roots and of OsCLC1 and OsCLC2 in roots and leaves, and reduces the pile-up of Na+ and Cl− in tomato plants under salt stress conditions. It has also been found to manage ion homeostasis in apples under salt stress conditions [53]. Melatonin has also been proposed to control root architecture in horticultural crops, which can enhance stress tolerance by augmenting the surface area of roots and improving nutrient and water absorption. In cucumber, melatonin application enhances the length and density of lateral roots and genes related to cell wall formation and carbohydrate metabolic processes and enhances salt tolerance [21].



Melatonin increases the expression of antioxidant genes (Cu-ZnSOD, Fe-ZnSOD, CAT, POD, etc.) and key genes involved in gibberellin (GA) biosynthesis (such as GA20ox and GA3ox) but decreases the expression of key genes involved in ABA biosynthesis (such as NECD2). Melatonin treatment after harvest increases lycopene levels, accelerates fruit softening, and improves ethylene release in tomatoes by up-regulating the expression of SlACS4, SlNR, SlETR4, SlEIL1, SlEIL3, and SlERF2 [12]. Melatonin is a multifunctional bio-stimulant that serves as a “defense molecule” to protect plants from the harmful effects of temperature stress. Plant growth and temperature tolerance are improved by melatonin treatment by increasing numerous defense mechanisms [56]. The HSFs MeHsf20, MeWRKY79, and MeRAV1/2 bind to the promoters of melatonin biosynthesis genes in cassava (Manihot esculenta) to stimulate melatonin production and confer disease resistance [50,57]. Melatonin affects many enzymes and other components involved in amino acid biosynthesis in Krebs cycles, nitrogen-related processes, an ascorbate-glutathione (ASC–GSH) cycle, and osmoregulatory compound biosynthesis [57].



Melatonin acts through various mechanisms to regulate physiological processes in horticultural plants, including antioxidant defense, gene expression, hormone signaling pathways, ion uptake and transport, and root architecture. However, the exact mechanisms of melatonin action in horticultural crops are yet to be fully elucidated and require further research.



4.1. The Physiological Functions of Endogenous Melatonin in Horticulture Crops


4.1.1. Function of Melatonin in Seed Germination


Melatonin performs a vital function in the seed germination of horticultural crops. Experiments have shown that the exogenous melatonin treatment can improve seed germination and seedling growth under normal and stressful conditions [1]. In some horticultural plants, like tomato, red cabbage, carrot, and cucumber, melatonin application has been found to improve the percentage of germinated seeds and the rate of seedling emergence and growth [58,59,60,61]. Besides this, melatonin has been found to improve seedling tolerance to various abiotic stress, such as drought and salt stress, by boosting antioxidant defense systems and regulating stress-responsive genes in watermelon and cucumber [36,62].



Melatonin has also been reported to improve seed germination and seedling growth under suboptimal temperature conditions. In cucumber, for instance, melatonin treatment increased germination rate and seedling vigour under low-temperature stress [58]. Similarly, melatonin treatment improved seedling growth under high-temperature stress by enhancing the activity of antioxidant enzymes and regulating the expression of stress-responsive genes in soybean and rice [40,63]. These shreds of evidence suggest that melatonin plays a vital role in the seed germination and seedling growth of horticultural plants, particularly under stress conditions.




4.1.2. Function of Melatonin in Root Organogenesis and Lateral Root Development


Melatonin is known to play a pivotal role in root organogenesis and lateral root development in horticultural plants. Studies have demonstrated that melatonin promotes root growth and improves the quality of the root system by regulating various physiological processes [30]. Melatonin has been found to promote root organogenesis in various horticultural crops. For example, in grapevines, exogenous application of melatonin has been found to increase the number of adventitious roots, improve root morphology, and enhance root growth under salt stress [64]. Likewise, in cucumber, melatonin treatment has been found to stimulate the formation of adventitious roots and improve root system architecture by enhancing the expression of genes involved in root development [21]. Sarropoulou et al. [65] reported that the application of 1 μM melatonin improved the adventitious root formation from shoot tip explants of cherry rootstock PHL-C (Prunus avium L. × Prunus cerasus L.). Melatonin has also been found to promote lateral root development in horticultural crops. In tomato, for instance, melatonin treatment has been observed to accelerate lateral root formation and increase the length of lateral roots and expressed auxin biosynthesis genes and cell cycle genes [66].




4.1.3. Function of Melatonin in Shoot Growth and Differentiation in Horticultural Plants


Melatonin has been proven to play an important function in shoot growth and differentiation in horticultural plants. Studies have demonstrated that melatonin can boost shoot growth and regulate shoot development by influencing numerous physiological processes [67]. Exogenous application of melatonin, for example, has been shown to improve shoot growth and amplify the expression of genes involved in shoot development in vitro in blueberry [68]. Increased production of shoots has been observed for exogenous melatonin application in mimosa, pomegranate, and blueberry [68,69,70]. Melatonin has also been associated with differential patterning of branching and leaf production [24,71]. Melatonin application has also been demonstrated to enhance shoot growth and improve shoot morphology. In in vitro cultured tissue of coffee (Coffea canephora P. ex Fr.) and mimosa, melatonin led to an increase in the generation of somatic embryos from callus tissue [69,72].




4.1.4. Function of Melatonin in the Regulation of Vegetative and Reproductive Growth Stages and Floral Transition in Horticultural Plants


Melatonin has been discovered to be crucial in regulating vegetative and reproductive growth stages in horticultural plants. Research has demonstrated that melatonin aids in the transition from vegetative to reproductive growth and improves reproductive organ development by influencing several physiological processes [73]. Melatonin has been found to promote the transition from vegetative to reproductive growth in various horticultural crops. Murch and Saxena [74] observed the appearance of melatonin peak in the intermediate stages of flower development while studying the floral development of the plant St. John’s wort (Hypericum perforatum). They observed melatonin accumulation in specific tissues and stages that acted as a signal in the development of gametophytes, transforming them into viable microspores. Murch et al. [75] probed a narcotic plant used in natural medicine, devil’s trumpet (Datura metel), and noted that melatonin concentration peaked at the time of flower bud maturation indicating a protective role in the plant’s reproductive parts.



Zhao et al. [76] analyzed melatonin content during the different flower developmental stages of herbaceous peony (Paeonia lactifora). They observed that melatonin content gradually increased from the flower bud to the initial bloom stage, which later started declining until withering. Exposure to sunlight and blue light stimulated melatonin production, whereas lower values were recorded in shade, and under white and green lights [76].




4.1.5. Function of Melatonin in Biomass Accumulation and Differentiation in Horticultural Crops


Melatonin has been found to perform a crucial function in boosting biomass growth and differentiation in horticultural plants. Studies have shown that melatonin stimulates biomass accumulation and differentiation of various plant organs, such as leaves, stems, and roots [77]. Exogenous treatment of melatonin, for example, has been shown to boost biomass accumulation and promote plant development in tomatoes under a variety of abiotic conditions [37,78]. Similarly, melatonin application has been reported in kiwi seedlings to restore and enhance biomass accumulation and plant development under drought stress [79]. Melatonin has also been found to enhance the differentiation of various plant organs in horticultural crops. Sarropoulou et al. [65] reported that the application of 1μM melatonin improved biomass accumulation by increasing root regeneration, photosynthetic pigments, and total carbohydrate concentration in cherry rootstock PHL-C. In apples, melatonin has been found to enhance root differentiation and improve root morphology by regulating the expression of genes related to root development [80].



The effect of exogenous melatonin (foliar spray, 100 μmol L−1) on the pear fruit tree [81]. They observed an increase in melatonin in pear fruit. It was found that melatonin enhanced the size of pear fruit by enhancing the net photosynthetic rate and maximal quantum efficiency of photosystem II photochemistry during the advanced stage of pear fruit development. This led to an increase in fruit weight by 47.85% over the untreated plants. They also evaluated the biochemical parameters affected due to the exogenous use of melatonin at the ripening stage and found an increase in the contents of soluble sugar, especially sucrose, and sorbitol, possibly due to improved deposition of starch and expansion of pear fruit. These factors collectively contributed to a higher yield. They recommended that the use of melatonin in pear trees can be utilized to produce bigger and sweeter fruit of higher economic value [81]. The application of 100 µmol L−1 of melatonin solution through spray on the fruits of young grapes might help in promoting the build-up of endogenous melatonin contents in berries of grapes and have a substantial influence on enhancing the yield of the berries and their weight [82].




4.1.6. Function of Melatonin in Leaf Senescence in Horticultural Plants


Melatonin has been shown to play a significant role in leaf senescence in horticultural plants. Studies have demonstrated that melatonin delays leaf senescence by regulating various physiological processes, including antioxidant activity and gene expression [83]. Melatonin has been shown to postpone leaf senescence in a variety of horticulture crops. Exogenous melatonin, for example, has been shown to postpone leaf senescence in apples by enhancing antioxidant activity and decreasing oxidative stress [84]. In apple melatonin also decreased chlorophyll degradation and downregulation of senescence-associated gene 12 (SAG12) [84]. Melatonin application has also been found to postpone leaf senescence in rice and Arabidopsis by modulating the expression of genes involved in chlorophyll breakdown and protein degradation.



Melatonin has also been found to delay leaf senescence by regulating the expression of genes involved in stress responses. In Chinese flowering cabbage, for instance, melatonin treatment has been shown to delay leaf senescence by upregulating the expression of genes involved in the ABA signaling pathway and chlorophyll degradation [83]. Additionally, in tomato, exogenous melatonin has been found to delay leaf senescence by activation of endogenous melatonin and GA biosynthesis and inhibition of ABA biosynthesis pathways [38].




4.1.7. Function of Melatonin in Physiological Maturity and Harvest of Crops in Horticultural Plants


Melatonin has been demonstrated to play a significant role in the physiological maturity and harvest of crops in horticultural plants. Studies have demonstrated that melatonin promotes fruit ripening and enhances fruit quality by regulating various physiological processes, including sugar metabolism and gene expression in tomato [30]. Melatonin has been observed to promote fruit ripening in various horticultural crops. For example, in tomato, exogenous application of melatonin has been found to promote fruit ripening and improve fruit quality by increasing sugar metabolism and enhancing antioxidant activity [30]. Similarly, in pear, melatonin treatment promoted fruit ripening and improved fruit quality by enhancing the expression of genes involved in sugar metabolism [81].



Melatonin has been reported to enhance the shelf life of horticultural crops. In banana, for instance, melatonin treatment has been reported to delay fruit ripening and enhance fruit quality by reducing ethylene production and enhancing antioxidant activity [85]. Additionally, in strawberry, melatonin has been shown to prolong the shelf life of fruits by reducing postharvest decay and improving fruit quality [44]. In addition, melatonin has been found to promote seed maturity in several horticultural crops. In wine grapes (Vitis vinifera L.), melatonin accumulation signals the transition through veraison, making the onset of seed maturation [86].




4.1.8. Role of Melatonin in Stress Tolerance in Horticultural Plants


Melatonin plays a critical role in enhancing stress tolerance in horticultural plants. Melatonin works as a signaling molecule in response to numerous abiotic and biotic stressors, influencing many physiological functions and improving stress tolerance in horticulture crops. Melatonin has been shown to enhance stress tolerance in a variety of horticulture crops. Exogenous melatonin application has been found to improve salt stress tolerance in apple and cucumber by modulating the antioxidant enzyme activity and the expression of genes involved in osmotic adjustment and antioxidant activity [21,53,87]. Melatonin has also been reported to enhance stress tolerance by regulating the expression of stress-responsive genes and hormone signaling pathways. In Arabidopsis for instance melatonin treatment has been shown to enhance tolerance to heat stress by upregulating the expression of genes (HSP 90 and 101) involved in heat shock response [88]. Additionally, in cucumber, melatonin has been found to enhance tolerance to salt stress by regulating the expression of genes involved in the GA and ABA signaling pathways related to their biosynthesis and catabolism [29].



Melatonin has also been reported to enhance stress tolerance by regulating the accumulation of compatible solutes and detoxifying reactive oxygen species. This has been observed in cucumber and apple, where melatonin treatment was found to increase salt stress tolerance by facilitating the buildup of soluble sugars and boosting antioxidant enzyme activity [29,53]. Jahan et al. [38] and Altaf et al. [60] reported that exogenous melatonin helped to detoxify the over-accumulated ROS, thereby reducing the damage caused by heat stress in tomato plants. Similarly, in post-harvest peach fruits, melatonin has been found to enhance tolerance to cold and oxidative stresses by promoting the accumulation of compatible solutes and regulating the expression of genes involved in osmotic adjustment [89]. This beneficial effect of melatonin was also observed in watermelon and kiwifruits under cold and chilling stress, respectively [1,41].



Melatonin has been reported to regulate water stress tolerance through changes in both physiological and anatomical characteristics. In tomato, exogenous melatonin treatment increased drought tolerance by controlling leaf cuticle synthesis and non-stomatal water loss in leaves [90]. Furthermore, melatonin has been found to enhance stress tolerance by regulating physiological systems associated with photosynthesis. Melatonin has also been shown to improve drought tolerance in apple by modulating photosynthetic efficiency, transpiration, and stomatal conductance as well as minimizing chlorophyll degradation and oxidative damage [14].



Furthermore, melatonin has been reported to enhance stress tolerance by regulating root architecture and nutrient uptake. In tomato plants, melatonin has been found to enhance tolerance to salt stress by regulating root morphology and ion uptake [60] as well as ion homeostasis in apple [53]. Specifically, melatonin treatment has been reported to increase the root length, surface area, and volume of tomato seedlings under salt stress conditions [60]. Additionally, melatonin has been found to increase the accumulation of essential nutrients, such as K+, Ca2+, and Mg2+ while reducing the accumulation of toxic ions, such as Na+ and Cl− [40]. These results suggest that melatonin enhances salt stress tolerance in horticultural crops by regulating root morphology and ion uptake. Similarly, in tomato, melatonin has been found to enhance tolerance to salt stress by regulating the expression of genes involved in the ABA signaling pathway [91].




4.1.9. Role of Melatonin in the Regulation of Autophagy in Horticultural Plants


Melatonin has been linked to the regulation of autophagy in horticultural plants. Autophagy is a cellular mechanism that degrades and recycles cellular components in order to preserve cellular homeostasis under stress conditions. Autophagy is a critical stress-response process in plants that helps them to deal with a variety of stresses like food deprivation, oxidative damage, and pathogen attack. Melatonin has been proven in studies to modulate autophagy activity and improve stress tolerance in horticulture plants.



In tomato plants, melatonin treatment has been reported to enhance tolerance to heat stress by regulating the activity of autophagy [26]. Specifically, melatonin treatment has been found to increase the expression of genes involved in autophagy, such as TG5, ATG6, ATG8a, ATG8f, ATG12, and ATG18c, and to enhance the formation of autophagosomes. These results suggest that melatonin improves heat stress tolerance in tomato by promoting autophagy. Melatonin treatment has been shown to increase the expression of genes involved in autophagy, such as AtAPX1 and AtCATs, and enhance the formation of autophagosomes in Arabidopsis [92]. Additionally, melatonin treatment has been found to increase the accumulation of ROS and activate antioxidant enzymes, suggesting that melatonin enhances drought stress tolerance by promoting autophagy and regulating oxidative stress. The expression of several autophagy-related genes isolated from apple was significantly delayed in melatonin-induced leaf senescence. These pieces of evidence suggest that melatonin plays a vital role in regulating autophagy in horticultural plants, enhancing stress tolerance by fostering autophagy under stressful conditions [84].




4.1.10. Role of Melatonin in Post-Harvest Fruit Ripening


In kiwi and pear fruits melatonin treatment has been shown to delay post-harvest ripening by inhibiting respiration and the biosynthesis and signaling of ethylene [78,93]. Specifically, melatonin treatment has been found to decrease the expression of genes involved in ethylene biosynthesis, such as PcACO, PcACS, MaACS1, MaACO1, and MaETR1, and to reduce the production of ethylene [78,94]. Additionally, melatonin treatment has been shown to enhance the activity of antioxidant enzymes and related genes and reduce the accumulation of reactive oxygen species, suggesting that melatonin delays post-harvest ripening in litchi fruit by regulating oxidative stress [54,95].



Melatonin treatment has also been shown to delay post-harvest ripening in apples by regulating ethylene production and signaling [96]. It has been demonstrated that melatonin inhibits the expression of genes involved in ethylene biosynthesis, such as ACS1, ACS2, ACO1, and ERF1. Furthermore, melatonin treatment has been shown to increase antioxidant enzyme activity and decrease the buildup of reactive oxygen species, implying that melatonin delays post-harvest ripening in kiwifruit via controlling oxidative stress. However, contrasting results were found in tomatoes [30]. The study reported an increase in the lycopene and carotenoids contents and expression of ethylene signal transduction-related genes, such as NR, SlETR4, SlEIL1, SlEIL3, and SlERF2, along with aquaporin-related genes, like SlPIP12Q, SlPIPQ, SlPIP21Q, and SlPIP22, after applying 50 µM melatonin. These all factors simultaneously promoted ripening and improved the postharvest quality of tomatoes.




4.1.11. Role of Melatonin in Circadian Cycle Regulation in Horticultural Plants


Melatonin is important for the regulation of circadian rhythms in horticultural plants. Circadian rhythms regulate several physiological activities in plants, including photosynthesis, growth, and stress responses [97]. Melatonin has been proven in studies to control the production of clock genes and govern circadian rhythms in horticultural plants. Melatonin therapy, for example, has been demonstrated to modulate clock gene expression and increase the amplitude of circadian rhythms in Arabidopsis plants [98]. Melatonin has been shown to boost the expression of genes involved in the circadian clock, such as TOC1, GI, and PRR7, as well as to increase the amplitude of oscillations in clock gene expression. Furthermore, melatonin application has been demonstrated to increase the expression of photosynthesis genes and improve photosynthetic efficiency, implying that melatonin modulates circadian rhythms and photosynthesis in tomato plants.



Melatonin has also been reported to affect clock gene expression and increase the amplitude of circadian rhythms in grapevines [99]. Melatonin application has been demonstrated to boost the expression of circadian clock genes such as LHY, CCA1, and TOC1 as well as the amplitude of oscillations in clock gene expression. Furthermore, melatonin administration has been shown to increase anthocyanin accumulation and boost secondary metabolite synthesis, implying that melatonin affects circadian rhythms and secondary metabolism in the grapevine. Based on these findings, we may conclude that melatonin performs a vital function in the regulation of circadian rhythms in horticultural plants. It can influence clock gene expression and increase the amplitude of circadian rhythms.




4.1.12. Role of Melatonin as Antioxidant


Melatonin has been reported to behave as a broad-spectrum antioxidant in plants. It can scavenge a variety of reactive oxygen species (ROS), such as hydroxyl radicals, hydrogen peroxide, and superoxide anions [36]. Melatonin’s antioxidant potential in plants is due to its ability to neutralize ROS and boost the activity of antioxidant enzymes [100]. Melatonin application has been found in studies to increase the activity of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) as well as to minimize the formation of ROS in a plethora of horticultural crops. Melatonin administration, for example, has been shown to boost SOD and CAT activity while decreasing ROS accumulation under salt stress conditions in tomato [38] and apple plants [53]. Similarly, in strawberry, melatonin treatment has been found to enhance the activity of antioxidant enzymes and reduce the accumulation of ROS under post-harvest storage conditions [44]. In watermelon, melatonin treatment led to increased endogenous melatonin accumulation, which triggered antioxidant enzyme activity in distant untreated tissues, aiding in the mitigation of oxidative stress caused by cold stress [41].



In addition to its direct antioxidant activity, melatonin has been reported to regulate the expression of genes involved in antioxidant defense pathways in plants. For instance, in watermelon, melatonin application has been found to enhance the expression of genes involved in the ascorbate–glutathione cycle and to reduce oxidative damage under vanadium stress conditions [100]. Similarly, in tomato plants, melatonin treatment has been shown to enhance the expression of genes involved in the glutathione-ascorbate cycle and to reduce oxidative damage under salinity and heat stress conditions [46] as well as in post-harvest peaches under cold stress [89]. Melatonin improves the chilling tolerance of chloroplast by regulating photosynthetic electron flux and the ascorbate–glutathione cycle in cucumber seedlings [101]. In apple, the application of melatonin helped to increase the expression of MdNHX1 and MdAKT1 genes in apple leaves and helped in improving ion homeostasis under salt stress. Therefore, melatonin acts as a broad-spectrum antioxidant in horticultural crops by directly scavenging ROS and regulating the expression of genes involved in antioxidant defense pathways.




4.1.13. Role of Melatonin in Enhancing Mycorrhization in Horticultural Crops


Mycorrhization is an important aspect of horticultural crop growth as it enhances nutrient uptake and can improve plant tolerance to various biotic and abiotic stresses. Melatonin has been found to play a role in promoting mycorrhization in horticultural crops. Several studies have reported that exogenous application of melatonin can promote the formation of arbuscular mycorrhizal (AM) symbiosis in plants. For example, in cucumber plants, melatonin application increased the colonization rate of AM fungi, resulting in enhanced plant growth and nutrient uptake in the fight against fusarium wilt [102]. Similarly, in sheep grass (Leymus chinensis) plants, melatonin application increased the number of AM spores and improved plant growth and yield under saline–alkaline conditions [103].



The mechanism by which melatonin promotes mycorrhization in horticultural crops is not fully understood, but it is believed to be associated with the regulation of plant defense responses and root morphology. Melatonin has been shown to activate the antioxidant defense system and reduce oxidative stress in plants, which can improve their ability to establish symbiotic relationships with AM fungi [102,104]. Additionally, melatonin can modulate root architecture and increase the density and length of root hairs, which can facilitate AM fungal colonization [104]. Therefore, the application of melatonin can enhance mycorrhization in horticultural crops, which can improve their growth, and yield, and impart stress tolerance.




4.1.14. Role of Melatonin in Defense in Horticultural Crops


Melatonin plays a crucial role in enhancing defense mechanisms in horticultural crops. One notable example is its involvement in plant–pathogen interactions. Studies have shown that exogenous application of melatonin can enhance the plant’s resistance to various pathogens. For instance, in grape plants infected with fungal pathogens, such as Botrytis cinerea, melatonin treatment has been found to reduce disease severity and inhibit the pathogen growth cycle [105]. Instead of inhibiting Botrytis cinerea growth directly, exogenous melatonin treatment could induce disease resistance by priming defense mechanisms. Melatonin treatment inhibits grey mould and induces disease resistance in cherry tomatoes during postharvest [106]. In another study, melatonin application in tomatoes increased the expression of defense-related genes and the production of antimicrobial compounds, leading to enhanced resistance against fungal pathogens like Botrytis cinerea [107]. Melatonin helped to increase the expression of the PR1, NPR1, PI II, and LoxD genes, associated with disease resistance, and elevated the contents of vitamin C, titratable acid, soluble sugar, and soluble proteins in tomatoes [107]. These examples demonstrate the role of melatonin in triggering the plant’s defense responses and improving its ability to combat pathogenic attacks. In apple trees, melatonin treatment reduced leaf lesions and increased the production of defensive metabolites and enzymes against Botrytis cinerea infection [108].



Melatonin has been found to have effective antibacterial properties against phytobacterial pathogens in plant–bacteria interaction studies [109]. In plant–virus interaction models, it has been observed that melatonin can eliminate apple stem grooving virus from apple shoots in vitro, thereby making it useful in producing virus-free plants. Additionally, it has been shown to reduce the concentration of tobacco mosaic virus, viral RNA, and virus levels in infected Nicotiana glutinosa and Solanum lycopersicum seedlings [76,109]. Melatonin has also been shown to enhance the plant’s defense against herbivorous pests [67,110].



To summarize, melatonin serves as a key player in enhancing defense mechanisms in horticultural crops. Its application has been shown to activate defense pathways, induce the production of antimicrobial compounds, and strengthen the plant’s antioxidant defense system. Moreover, melatonin enhances the plant’s resistance against pathogens and herbivorous pests, improving overall defense and resilience. Understanding the role of melatonin in enhancing defense in horticultural crops provides valuable insights for developing sustainable strategies to protect crops and enhance their productivity and quality.






5. Methods of Analysis of Melatonin Level in Plants


Immersion, spray, soaking, and irrigation are the methods of applying melatonin in plants. Leaves, fruits, and above-ground plant parts can be suitable portions for applying exogenous melatonin hormone [12,111].



Melatonin analysis in plants can be conducted utilizing a variety of analytical techniques. Some of the most common ways are:




	
HPLC (high-performance liquid chromatography): This is a common technique for analyzing melatonin in plants. Melatonin is separated from other components of the plant extract depending on their chemical properties and detected using a UV detector. In this scenario, several types of detectors have been utilized, including an electrochemical detector, a fluorescence detector, and a UV detector. However, when compared to the MS detector, these detectors have revealed their limitations, specifically in terms of limited sensitivity and specificity.HPLC has been employed in measuring melatonin in a variety of plant species, including rice, grapevine, and tomato [112].



	
Gas chromatography–mass spectrometry (GC-MS): This technique uses gas chromatography to separate melatonin from other plant components and mass spectrometry to detect it. Although the sensitivity and specificity of melatonin quantification have improved, the need for sample volatile derivatization presents a disadvantage for its application to melatonin determination, as noted by [113,114]. Melatonin levels in plants such as wheat and barley have been measured using this method [7,112,115].



	
Enzyme-linked immunosorbent assay (ELISA): This is a recent technology that detects the presence of melatonin in plant extracts by using antibodies specific to melatonin. Melatonin quantification has been a long-standing practice using immunoassays such as radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA). These methods have been studied by experts [116,117,118]. The ELISA kit is widely available and is a commonly used tool for melatonin analysis due to its ease of use. However, antibody cross-reactivity is a concern that cannot be avoided, resulting in a decrease in specificity and accuracy [118,119]. Melatonin levels in plants such as soybean and grapevine have been measured using this method [116,120].



	
LC-MS/MS (liquid chromatography–tandem mass spectrometry): Melatonin is separated from other plant components using liquid chromatography and uses tandem mass spectrometry for detection, known for its sensitivity and selectivity. The combination of LC and MS has been established as a reliable and effective approach for conducting melatonin analysis due to its exceptional precision, reproducibility, and sensitivity [118]. Melatonin levels in plants such as tomatoes and kiwifruit have been measured using this method [112,115].








The method used to analyze plant melatonin is determined by sensitivity, selectivity, and sample complexity. To confirm the presence of melatonin and correctly quantify its levels, researchers frequently employ a combination of procedures.




6. Use of Exogenous Melatonin as a Potential Tool to Improve the Physiology of Horticultural Crops


When administered to horticultural crops, exogenous melatonin has been demonstrated to perform many physiological effects. It improves stress tolerance by lowering oxidative damage, regulating ion absorption and transport, and boosting root growth [24,36,40]. Melatonin therapy strategy, for example, has been shown to improve salt tolerance in tomato and cucumber plants by lowering oxidative damage and encouraging root growth [29,60]. Exogenous melatonin has also been shown to affect numerous aspects of horticultural crop growth and development, such as seed germination, root and shoot growth, and blooming [7,121]. It has been proven in enhancing seed development thereby promoting seed germination, facilitating root and shoot growth, and delaying senescence in various horticultural crops [60].



Exogenous melatonin has been reported to influence hormone signaling pathways in horticulture crops, thus regulating numerous physiological processes. Melatonin has been shown to interact with other plant hormones, such as auxins, cytokinins, and abscisic acid, in horticultural crops to increase root growth, postpone senescence, and improve stress tolerance [15,18,45]. Melatonin has also been found to serve as a broad-spectrum antioxidant in horticulture crops, scavenging ROS and boosting antioxidant enzyme activity [21,29,89].



In this way, exogenous melatonin has emerged as a potential tool for improving stress tolerance, growth, and development in horticultural crops. Its potential applications in crop production and stress management are increasingly being explored, and further research is necessary to fully understand the mechanisms of action and optimize its practical use in horticultural practices. The use of exogenous melatonin in alleviating abiotic stressors has been extensively studied by Ahmad et al. [6]. Melatonin has been found to be present in both roots and seeds, and its application has shown promising results in improving plant health. In general, when plants are subjected to sodium chloride (NaCl), plants typically suffer from decreased enzyme activity, resulting in salt sensitivity. However, exogenous melatonin application has been shown to increase the level of antioxidants and enzyme activity, thereby improving plant health. Additionally, melatonin has been found to increase chlorophyll content, chloroplast gene expression, and protein content, leading to increased photosynthetic activity and chlorophyll accumulation, which is critical to plant growth. Lastly, melatonin treatment during drought stress reduces ROS and O2− concentration while increasing chlorophyll content and physiological functions tied to plant development (Figure 3).



It can be inferred that exogenous melatonin application has diverse effects on horticultural crops depending on the concentration and the stage of growth at which it is applied. Melatonin has been shown to promote seed germination, enhance plant growth and development, improve photosynthesis and antioxidant systems, increase fruit quality and storability, and mitigate the effects of abiotic stress factors such as drought, heat, salt, and cold. However, the optimal concentration of melatonin for each crop and growth stage needs to be further determined. Furthermore, the underlying molecular mechanisms of melatonin’s effects on horticultural crops require further research. Overall, exogenous melatonin application has enormous potential to improve the productivity and quality of horticultural crops, providing a sustainable and eco-friendly approach to crop management.




7. Economics for Using Melatonin in Horticultural Crops


The use of melatonin in horticultural crops has been shown to have potential economic benefits. Melatonin application can enhance crop growth and yield as well as improve quality attributes such as nutritional value, flavour, and shelf life. Melatonin application can increase profits for farmers and provide superior product value for consumers. One study evaluated the economic benefits of using melatonin in tomato production in China [37]. The study found that the application of melatonin at a concentration of 100μM resulted in a 3.9% increase in tomato yield and an 18.7% increase in net photosynthesis compared to control treatments. Additionally, melatonin-treated tomatoes had higher levels of vitamin C, citric acid, lycopene, and soluble solids content, which could further enhance their market value. Similarly, a study on strawberry production found that melatonin application at a concentration of 100μM resulted in a significant increase in yield and fruit quality, including a decline in fruit decay, extended shelf life, and enhanced accumulation of ATP and antioxidants [44]. The economic benefits of melatonin treatment were not directly evaluated in this study, but the improvements in yield and quality could translate into increased profitability for growers and improved product value for consumers.



Another study conducted on grapevines found that the application of melatonin at a concentration of 100μM increased the accumulation of secondary metabolites such as anthocyanins and flavonoids, which contribute to the colour and flavour of grapes [122]. This could enhance the market value of the grapes and increase profitability for grape growers. Furthermore, the use of melatonin in the post-harvest storage of horticultural crops can also have economic benefits by lengthening their shelf life and minimizing post-harvest losses. For example, a study on post-harvest storage of strawberry and peach found that the application of melatonin at a concentration of 100μM delayed fruit softening and reduced decay, resulting in longer shelf life and reduced post-harvest losses [44].



In addition to the direct economic benefits of melatonin application, there may also be indirect benefits such as reduced environmental impact and increased sustainability of horticultural production systems. Melatonin can enhance plant stress tolerance and reduce the need for chemical inputs such as fertilizers and pesticides, which can result in cost savings for growers and reduce the environmental impact of horticultural production. The use of melatonin in horticultural crops has the potential to provide economic benefits by improving crop growth, yield, and quality as well as reductions in post-harvest losses. However, the economic feasibility of melatonin application may depend on factors such as crop type, market demand, and the expense associated with melatonin treatment.




8. Future Perspectives


The future exploration of melatonin’s impact on horticultural plants opens myriad research avenues, including understanding its mechanisms of action, real-world applications, genetic manipulation, and field studies. Despite considerable progress in understanding the role of melatonin in horticulture plants, much remains to be understood about the underlying mechanisms of action. Future studies could concentrate on discovering the specific signaling pathways and molecular mechanisms involved in melatonin-regulated physiological functions. The potential applications of melatonin in horticultural practices, such as crop production and stress management, need to be explored further. Researchers can investigate the most effective ways to deliver melatonin to plants, fine-tune the optimal concentrations for different crops, and determine the optimal timing of its application. Plants’ melatonin production and signaling pathways could be modified through genetic engineering to improve stress tolerance and yield potential. Identifying genes involved in melatonin biosynthesis and signaling pathways and producing crops with increased melatonin production could be the focus of future research. Field studies could be done to assess the efficacy of melatonin in improving crop development, stress tolerance, and yield under real-world conditions. Such research would aid in determining the practical utility of melatonin in horticultural techniques. Continued research on melatonin and its role in horticultural plants are essential for improving crop productivity, stress tolerance, and food security under pressing environmental challenges.




9. Conclusions


Recent research has uncovered the diverse functions of melatonin in horticultural plants, including its role in growth and development, stress tolerance, and antioxidant defense. Melatonin’s positive impact on seed germination, root and shoot growth, and biomass accumulation in horticultural crops highlight its potential as a valuable tool in crop production. Moreover, melatonin exerts crucial regulatory control over vegetative and reproductive growth stages, floral transition, and leaf senescence in plants. By modulating root architecture, nutrient uptake, and ion transport, melatonin enhances stress tolerance, allowing plants to thrive under adverse conditions. Melatonin acts as a broad-spectrum antioxidant, effectively scavenging reactive oxygen species and boosting antioxidant activity. Its intricate mechanisms of action involve gene expressions, hormone signaling pathways, and antioxidant defense pathways. Additionally, melatonin’s interaction with other plant growth regulators, such as auxins, cytokinins, and abscisic acid, orchestrates various physiological processes in plants. The comprehensive insight provided by this review paper paves the way for further exploration and application of melatonin in horticulture. By bridging the gap between knowledge and practical implementation, researchers can uncover the full extent of melatonin’s mechanisms of action and devise effective strategies for its utilization in horticultural practices.



Undoubtedly, melatonin has emerged as a versatile chemical molecule with immense potential for enhancing crop production and managing stress in horticultural plants. As the research progresses, continued investigation into melatonin’s multifaceted functions will unlock new avenues for its utilization, benefiting both growers and the agricultural and horticultural industries. By unraveling the intricacies of melatonin’s actions and harnessing its potential, we can shape a future in which melatonin becomes an invaluable asset in optimizing horticultural practices and fostering sustainable crop production. In addition to this research, additional research is needed to completely comprehend the activities of melatonin receptors in various plant species and how they interact with other signaling pathways to control plant physiology.
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	Indole-3-acetic acid
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	Reactive oxygen species
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	Abscisic acid
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	Salicylic acid
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	ASDD
	Acetyl serotonin deacetylase



	5-MT
	5-methoxy tryptamine



	SOD
	Superoxide dismutase



	POD
	Peroxidase
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Figure 1. Interaction of melatonin with auxin (indole-3-acetic acid), in alleviating the negative impact of drought and other stresses on plants. 






Figure 1. Interaction of melatonin with auxin (indole-3-acetic acid), in alleviating the negative impact of drought and other stresses on plants.



[image: Horticulturae 09 00913 g001]







[image: Horticulturae 09 00913 g002] 





Figure 2. Melatonin biosynthesis pathways in horticulture crops. 
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Figure 3. The distribution and regulatory roles of an exogenous supply of melatonin in mitigating abiotic stresses. 






Figure 3. The distribution and regulatory roles of an exogenous supply of melatonin in mitigating abiotic stresses.



[image: Horticulturae 09 00913 g003]







 





Table 1. Effects of exogenous melatonin on plant hormones and growth in horticultural crops.
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Crop

	
Concentration

	
Effects on Other Hormones [Increased (↑)/Decreased (↓) in Their Levels)

	
Effects on Plant Growth and Development

	
Source






	
Tomato

	
50 µM

	
↑Auxins

	
Increased adventitious root formation and auxin biosynthesis genes

	
[18]




	
50 µM

	
↑Ethylene

	
Increased climacteric peak, changes in flavor, lycopene, anthocyanin, and softening; Enhancement in ACC synthase genes and ethylene receptor genes

	
[30]




	
0.1 µM

	
↑ABA

	
Increased lycopene, Ca, P quality and yield

	
[37]




	
100 µM

	
↑GA and ↓ABA

	
Increased GA signaling genes and ABA catabolism genes, decreased heat-induced leaf senescence and ABA signaling genes

	
[38]




	
Drumstick

	
100 µM

	
↑Auxins

	
High photosynthetic pigments phenolic compounds

	
[39]




	
Cucumber (under salinity)

	
1 µM

	
↑Gibberellins and ↓ABA

	
Enhanced germination rate, Expression of GA and ABA biosynthesis genes, and ABA catabolism genes

	
[21,29]




	
Watermelon

	
1.5–150 µM

	
↑Auxin, Gibberellins and ethylene, and ↓ABA receptor gene

	
Enhanced cold tolerance, improved antioxidant enzyme activity, expressed defense-related genes

	
[40,41]

[42]




	
Peach

	
100 µM

	
↑ABA

	
Decline in fruit decay and enhanced weight and firmness

	
[43]




	
Strawberry

	
100 µM

	
↑Ethylene

	
Decline in fruit decay, prolonged shelf life and enhancement of ATP supply and antioxidants accumulation

	
[44]




	
Apple (under drought)

	
100 µM (spray on leaves)

	
↓ABA

	
Enhanced stomatal length, better activities of APX, CAT, POD, and photosynthetic rate

	
[14,27]




	
Chinese hickory

	
100 µM

	
↑Gibberelins and cytokinin and ↓ABA

	
Increased drought tolerance and upregulated the genes related to the biosynthesis of GA and cytokinins and downregulated ABA biosynthesis genes and leaf senescence

	
[45]




	
Grapes

	
100 µM

	
↑ABA and ethylene

	
Promoted berry ripening

	
[26]











 





Table 2. Effects of exogenous melatonin on the interaction with jasmonic acid (JA), salicylic acid (SA), and brassinolides (BR) in horticultural crops.
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	Crop
	Melatonin Concentration
	Effect on JA, SA, and BR
	Source





	Chinese hickory
	100 µM (Foliar spray)
	Upregulated JA and BR
	[45]



	Watermelon
	1.5–150 µM
	Expressed JA-related genes
	[34]



	Tomato
	50 µM
	Expressed JA-related genes and regulated JA signaling pathway
	[32]



	Blueberry
	100–300 µM L−1 (dipping of fruits)
	Upregulated JA synthesis genes
	[33]



	Kiwi fruit
	50 µM
	Upregulation of genes related to SA synthesis pathway and alleviation of oxidative stress
	[35]
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