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Abstract: Melatonin, a naturally occurring chemical, has pleiotropic effects across various species. It plays a
vital role in animals by regulating the body clock, while in plants, it is known to resist aging. Melatonin is
associated with various plant physiological processes, including stress response, plant growth, and flowering
time. It has prospects in enhancing and promoting plant growth and development, as well as in strengthening
crop yield and increasing sustainability in agriculture. This review summarized the potential roles of melatonin
in several plant species, as well as its biosynthetic modes. In addition, we described the recently uncovered
melatonin features in plants, summarized the issues and challenges facing plant melatonin research and some
feasible solution ideas are proposed.
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1. Introduction

Melatonin has been classified as an animal hormone since its discovery as a small-molecule
growth regulator in the bovine pineal gland in 1958 [1]. It did not receive attention from the plant
scientific community until its discovery in Pharbitis nil as well as the discovery of its related growth
regulators [2]. Melatonin is widely present in higher plants and can regulate circadian and
photoperiod responses by scavenging reactive oxygen species (ROS) to protect leaves from peroxide
effect [3]. In 2018, Arabidopsis cell membrane melatonin receptors were discovered, and the status of
melatonin as a novel phytohormone gradually started to be recognized by the academia [4].

In animals, melatonin regulates the circadian cycle, mood, sleep, body temperature, and immune
function [3,5,6]. Recent research has discovered that melatonin, a hormone that was initially known
for its regulatory functions in mammalian circadian rhythms, has a broad range of functions in plants
as well. Notably, melatonin is linked to fruit development and the regulation of plant senescence
progression. It is also involved in various physiological processes, such as leaf growth, reproduction,
and stress response. In this review, we present the current knowledge on melatonin biosynthesis,
action and synthetic mechanisms, its role in plants, and new research developments in melatonin
signal transduction pathways, and we prospect its future applicability in agricultural production.

2. Melatonin Biosynthesis

The melatonin precursor molecule tryptophan is converted to 5-hydroxytryptophan in the
vertebrate pineal gland via catalysis by tryptophan-5-hydroxylase, which is the primary mechanism
for melatonin generation in the pineal gland [7]. This tryptophan route was later identified in plants,
in which 5-hydroxytryptophan is transformed into serotonin, which is then turned into N-
acetylserotonin via catalysis by serotonin N-acetyltransferase (SNAT). Eventually, oxindole-o-
methyltransferase/acetylserotonin methyltransferase (HIOMT/ASMT) catalyzes the transformation
of N-acetylserotonin to melatonin (N-acetyl-5-methoxytryptamine) [8]. Figure 1 shows melatonin
and 3-indoleacetic acid (IAA) biosynthetic pathway. The red arrows represent the melatonin
synthesis pathway, the green arrows are the IAA synthesis pathway, and the blue arrow identifies
the synthesis pathway shared by both molecules. Both Melatonin and IAA are synthesized from
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tryptophan. Tryptophan is converted into 5-hydroxytryptophan and tryptamine before the pathway
branches into IAA biosynthesis. Tryptamine and 5-hydroxytryptophan are then synthesized
serotonin and melatonin. Biosynthetic enzymes: TDC, tryptophan decarboxylase; TSH, tryptophan
5-hydroxylase; SNAT, serotonin N-acetyltransferase; HIOMT, hydroxyindole-O-methyltransferase.
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Figure 1. Melatonin and 3-indoleacetic acid (IAA) biosynthetic pathway.

Melatonin is biosynthesized in most of plant tissues [8-10]. The biosynthesis of melatonin in
plants has been the subject of several recent studies. Byeon et al. (2014) demonstrated the presence of
melatonin in rice plants and showed that rice contains genes that encode all the enzymes responsible
for the production of melatonin [8]. While the presence of melatonin in plants has been established,
the specific details of its biosynthesis remain unclear. The biosynthesis of melatonin in plants may
follow a similar pathway to its synthesis in animals, involving tryptophan as the precursor molecule
[11]. However, the specifics of the melatonin synthetic route require further study.

3. Effects of Melatonin on Plant Growth

Several studies have shown that melatonin can regulate plant physiological functions; it
generally promotes root, shoot, and explant growth [12,13]. Herndndez-Ruiz et al. provided
compelling evidence for the direct involvement of melatonin in the promotion of plant organ growth.
Specifically, melatonin was found to increase the length of the roots and coleoptiles of monocots and
exhibit high relative auxinic concentration (10%-55%) [13].

Melatonin concentrations were found to be relatively low (nearly 15 ng/g FW) in the first and
third stages of sweet cherry fruit development, but substantially higher (reaching a peak value of 35.6
ng/g FW) in the second stage [14]. In this stage, the cells elongate significantly, cell volume expands,
embryo develops, and seeds germinate more rapidly. In addition, RT-PCR experiments revealed that
the PaTDC gene, which encodes the rate-limiting enzyme in melatonin synthesis, has a higher
expression level of this gene during the second phase than during the first and last stages. Therefore,
melatonin is likely involved in and contributes to fruit development processes. However, these
phenomena and phenotypes require further study to reveal the mechanisms by which melatonin
affects crop development.

Another study revealed the mechanism of melatonin signaling during maize growth from the
perspective of glucose metabolism, demonstrating that 10 pM melatonin promoted increases in leaf
length and root length to root weight ratio, whereas 100 uM of melatonin resulted in growth
inhibition [15]. At a low concentration (10 uM), melatonin stimulates the export of triose phosphate
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(a raw material for sucrose synthesis) from the chloroplast to the cytoplasm by upregulating the
activity of the Calvin cycle enzymes. Experimental results indicated that the enzymatic activity
related to sucrose synthesis in the source was upregulated, resulting in the accumulation of a large
amount of sucrose which could be either intracellularly stored or transported to other sites for
glycolysis to release energy or for storage. In contrast, sucrose metabolism is not affected by high
melatonin levels. However, there was a significant downregulation of enzyme indicators related to
photosynthesis and starch metabolism in the source, which decreased the amount of triose entering
the cytosol along with a decrease in sucrose content. Additionally, hexokinase was shown to be
downregulated in response to high concentrations of melatonin, hindering plant utilization of
sucrose in a glycolytic manner. In summary, at the physiological level of growth, very high
concentrations of melatonin had notably different effects from those of low concentrations of
melatonin, mainly through the inhibition of the Calvin cycle, starch anabolism, glycolysis-related
enzyme activities, and expression levels.

4. Effects of Melatonin on Plant Reproduction

The general method of ex vivo preserving tree species is cryopreservation. However, plant
somatic cells can suffer from water stress, desiccation, and cryoinjury during cryopreservation,
resulting in a variety of growth problems during the process of redifferentiation after the thawing of
cryopreserved materials. It was discovered that treating immature shoots with 0.1-0.5 pM of
melatonin in preculture and a redifferentiation medium for 24 hours resulted in a considerable
increase in their redifferentiation ability compared to that of untreated nodes. Similarly, the
redifferentiation ability of salidroside-pre-frozen calli increased following a 0.1 uM melatonin
treatment [16].

Polyethylene glycol (PEG) can be used to simulate drought stress by controlling the water
potential (yw) [17]. When cucumber seeds were germinated in an 18% PEG + 100 uM melatonin
solution, the seed germination rate was approximately 7% higher than that in the 18% PEG + water
group, demonstrating that melatonin might alleviate water stress and promote seed germination [18].
In addition, melatonin (1 pM) improved cucumber reproduction and increased germination under
salt stress via regulating abscisic acid (ABA) and gibberellin (GA) synthesis [19]. When applied
exogenously, melatonin was shown to boost the tolerance of the grape root system to water stress,
thereby encouraging growth. Melatonin was also found to maintain the normal structure of
chloroplast internal lamellar systems and prevent ultrastructural damage caused by drought stress
[20]. Melatonin treatment frequently increases seed germination 2-3 times compared to that of
untreated seeds [21]. Although melatonin has been repeatedly shown to promote seed germination,
the mechanism underlying this effect is still unclear.

5. Effects of Melatonin on Plant Stress Tolerance

5.1. Plant Disease Resistance

Plant diseases lead to the greatest productivity and economic losses in agriculture worldwide,
and numerous organizations have developed various techniques to manage plant diseases.
Exogenous administration of melatonin (0.05-0.5 mM) modifies the activity of antioxidant and plant
defense-related enzymes and enhances resistance to apple blotch, one of the serious plant diseases
[22]. Furthermore, Ishihara et al. (2008) discovered that activating the tryptophan synthesis pathway
led to an increase in serotonin levels within rice leaves. This increase in serotonin ultimately inhibited
the development of fungal hyphae within rice leaf tissues, resulting in a highly efficient defense
mechanism [23]. Although the authors did not mention melatonin, this possibility cannot be ruled
out, because serotonin is a biosynthetic precursor of melatonin [7,9,13,24]. In another study,
researchers applied 10 pM melatonin to reduce the expression of genes associated with disease in
Arabidopsis, such as PR1, PDF1.2, and ICS1 [25]. This provides evidence that melatonin may act as a
signaling molecule that helps plants resist infections.
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5.2. Phytoharmful Chemical Stress Pathways

One of the biochemical indicators of senescence is chlorophyll degradation and loss, and the
positive effects of melatonin on this process have been reported [26]. According to one study,
melatonin delays drought- and dark-induced leaf senescence in apples by preserving photosystem II
performance and suppressing chlorophyll content loss under stress conditions. Melatonin was found
to lower chlorophyll enzyme gene expression in Arabidopsis leaves treated with paraquat (PQ),
indicating that chlorophyllase is involved in the light-regulated process of chlorophyll breakdown
[27]. In addition, a transcriptome analysis revealed the upregulation of many genes involved in
pathways about stress-related phytohormones (e.g., jasmonic and abscisic acids), which may also
indicate that melatonin elicits multiple stress responses in plants [28].

Szafranska et al. (2017) also found that the levels of chlorophyll A and B, as well as and carotenes
(CARs) were higher after than before a melatonin treatment, which may confirm that melatonin
positively affects the biosynthesis of chlorophyll and CARs [27]. After a PQ treatment for 24 h, the
pheophytin contents, which are related to photosynthesis, in the leaf discs significantly increased in
th e control group (to over 0.4 mg/g FW), whereas only a slight increase was observed in the
melatonin-treated group. These findings show the beneficial effect of melatonin in slowing down
chlorophyll decomposition via the formation of pheophytins under PQ-induced oxidative stress.
Taken together, these studies showed that melatonin protects the chlorophyll content of pea leaves
during PQ-induced oxidative stress by delaying chlorophyll degradation and accelerating its de novo
synthesis.

5.3. High Nitrate Stress Pathways

Nitrogen is a key element in the synthesis of nucleic acid molecules, proteins, chlorophyll,
multiple hormones, and secondary metabolites [29]. Consequently, nitrogen assimilation efficiency
and availability significantly influence plant growth, development, and metabolism [30]. Most plants
obtain inorganic nitrogen from nitrate and ammonia nitrogen [31]. Excess nitrate-nitrogen increases
ion toxicity and osmotic, secondary, and ionic stress, reduces photosynthesis and enzyme activity,
and decreases crop output quantity and quality. When nitrogen intake exceeds the plant digestion
capability, large levels of ammonium and nitrate nitrogen accumulate in the plant, causing plant salt
toxicity and even secondary soil salinization, all of which harm plant growth [32].

In a recent study, researchers divided alfalfa seedlings into three groups of nine seedlings: the
control group (CK), high nitrate group (HN), and high nitrate + melatonin group (HN + MT), and
they measured several phenotypic parameters of seedlings in these three groups [33]. Their findings
indicated that melatonin improved alfalfa growth and development under high nitrate stress.
Melatonin participates in free radical scavenging activities to protect the cells from the harmful effects
of severe nitrate stress. Furthermore, under nitrate stress, melatonin directly increased the activities
of glutamine synthetase (GS), glutamate synthase (GOGAT), and other enzymes. Proline is a
multifunctional chemical that helps plants improve and enhance their drought resistance. It
accumulates during stress and is destroyed to supply energy to support plant growth after the stress
is relieved [34]. When melatonin relieved high-nitrate stress, the proline levels increased again.

Adenosine triphosphate (ATP) is a crucial signaling molecule in cell communication and directly
supplies energy for cell metabolism, gene expression, and other energy-consuming pathways in all
living organisms [35-37]. Under high nitrate stress, alfalfa consumed more adenosine triphosphate
and generated adenosine diphosphate as well as adenosine monophosphate than those consumed
and generated under control. Melatonin increased the adenosine triphosphate re-synthesis pathway,
protecting alfalfa from high nitrate concentrations, which provide insight into the mechanisms that
plants use to respond to stress and to maintain their metabolic activities under adverse environmental
conditions.

Overall, melatonin plays a crucial role in mitigating the negative impact of high nitrate stress on
plant physiology. By enhancing the activity and expression of nitrogen-metabolizing enzymes,
melatonin effectively curbs the production of harmful nitrate-nitrogen and ammonia-nitrogen in
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alfalfa. Moreover, the hormone helps to maintain the energy homeostasis of the plant and safeguards
it from nitrate-induced damage.

6. Coordination of Carbon and Nitrogen Metabolism

Nitrogen is a significant element found in living organisms; it cannot be used directly but
permeates cells in the form of ammonium ions through various nitrogenous molecules (mostly
proteins and nucleic acids). It is absorbed by plants as nitrate or ammonium ions via the root system
[38,39]. Nitrates, being the principal nitrogen source for plant species, are first converted into nitrite
by nitrate reductase (NR) in the cytosol, before being transformed into ammonium by nitrite
reductase (NiR). The ammonium ion rapidly combines with ketoglutarate to generate glutamine via
the combined activity of glutamine synthetase (GS), glutamate oxoglutarate transaminase (GOGAT),
and glutamate dehydrogenase (GDH) [40]. Intermediate metabolites in these pathways are required
for plant growth because they serve as precursors in the synthesis of amino acids and almost all
nitrogenous molecules. Photosynthesis and mitochondria provide ATP, reducing agents, and carbon
skeletons for nitrogen absorption and amino acid biosynthesis [38,41]. Consequently, it is vital for
plant development to maintain the balance between nitrogen and carbon metabolism.

In one study on maize seedling growth, the researcher sprayed an equal number of maize
seedlings with 10, 100, and 1000 uM of melatonin and showed that melatonin administration to
seedlings considerably increased root length, plant height, leaf area, soluble carbohydrate and
protein content, and total chlorophyll content [42]. Melatonin was shown to increase the rates of
biosynthetic processes and stimulate plant growth.

Molecular-level studies have demonstrated that melatonin addition enhanced the activities of
nitrate reductase, glutamate synthetase, nitrite reductase, and glutamine synthetase, as well as gene
expression. The limiting enzyme in nitrogen assimilation is nitrate reductase, which catalyzes the
reduction of nitrate to nitrite. Increased activity of this enzyme helps prevent excess nitrate buildup
by coordinating the carbon and nitrogen metabolism, whereas nitrite reductase further reduces nitrite
to ammonium, and low levels of ammonium favor the carbon and nitrogen metabolism [14,43,44].
Studies have revealed that melatonin increased plant nitrate levels and that the conversion of nitrate
to nitrite was significantly accelerated because of the increased nitrate reductase activity, which was
also upregulated, catalyzing the conversion of nitrite to ammonium, which decreased the nitrite
concentration. Melatonin was eventually found to improve plant usage of nitrate nitrogen by
enhancing the activity of enzymes involved in nitrogen assimilation.

In summary, the link between carbon and nitrogen metabolism is strong and melatonin has
made significant contributions to the coordinated management of carbon and nitrogen metabolism.

7. Melatonin interacts with other phytohormones

Melatonin acts synergistically or antagonistically with multiple phytohormones to regulate
plant growth and development. For instance, when the plant body receives a certain intensity of
melatonin signal, it can activate the auxin synthesis pathway, exhibiting a synergistic effect with
auxin. Under stress conditions such as drought and unsuitable temperature, however, melatonin
inhibits the expression of auxin synthesis-related enzymes [45,46]. This results in a reduction in
metabolic levels, inhibition of plant growth, and improved plant resistance.

Melatonin has been shown to be particularly effective in mitigating the effects of drought stress.
Abscisic acid (ABA) is one of the most important hormones that is affected by drought stress, and
exogenous melatonin is capable of inhibiting abscisic acid synthesis and reducing ABA levels during
drought. The NCED3 gene, which encodes an epoxycarotenoid oxygenase, is a key enzyme in the
ABA synthesis pathway. Studies have shown that NCED3 expression is upregulated under drought
conditions in various plants, leading to the synthesis of large amounts of ABA and exacerbation of
plant senescence [47]. Melatonin works to downregulate NCED3 expression, activate genes of ABA
catabolic enzymes such as CYP707, reduce ABA levels in plants, and delay plant senescence under
adverse stresses [48,49].


https://doi.org/10.20944/preprints202406.0113.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2024 d0i:10.20944/preprints202406.0113.v1

Together, melatonin interacts with other phytohormones (e.g. IAA, GA) to regulate plant growth
and development, and it is particularly effective in mitigating the effects of drought stress by
suppressing ABA synthesis and delaying plant senescence. As such, melatonin may hold significant
potential for improving crop yields and enhancing plant resistance to environmental stresses.

8. Signaling Pathways Upstream of Melatonin in Plants

Cand? (also known as GPCR) plays an essential role as a melatonin receptor in Arabidopsis.
Recently, studies have demonstrated that melatonin interacts with Cand?2 receptors situated on the
plasma membrane to cause the stomatal closure in Arabidopsis. This closure occurs via two essential
signaling pathways, the ROS and Ca? signaling pathways. However, when Cand2 knockout mutants
are studied, it is observed that this process does not take place [4]. ROS signaling regulates several
cellular pathways; for example, it can boost plant resilience to disease and promote plant
development by modulating polyamine metabolic pathways [50]. This research might provide new
insights into how melatonin improves immunological function and promotes plant development.

The Cand2 receptors also stimulate the mitogen-activated protein kinase (MAPK) signaling
cascade, either directly or indirectly. Melatonin-mediated MAPK cascade pathways have been
investigated under two stress conditions: pathogen infection and endoplasmic reticulum stress
[51,52]. When Arabidopsis was challenged by pathogens, melatonin production transiently
enhanced, which activates MAPKKKSs, including OXI1, resulting in the activation of different genes
via the MAPK4/5/7/9 and MAPK3/6 signaling cascades (Figure 2). MAPK3/6 double mutants exhibit
no melatonin-mediated pathogen resistance. However, SNAT1 knockout mutants show considerably
decreased MAPK3/6 activation, leading to enhanced pathogen susceptibility [51,52]. Melatonin was
also linked to the activation of the endoplasmic reticulum (ER) resident chaperones and ER stress
[53]. Melatonin-mediated stress resistance was eliminated in MAPK3/6 knockout mutants, whereas
ER stress-induced ER chaperone gene expression decreased in SNAT1 knockout mutants,
demonstrating that the MAPK cascade is involved in melatonin-mediated ER stress tolerance.

The widespread Receptor Like Kinases (RLKs) on the plasma membrane may act as another
melatonin receptor in Arabidopsis [51]. RLKs are a class of transmembrane receptor proteins whose
structure includes a transmembrane region, a cytoplasmic kinase domain, and an extracellular
signaling molecule binding domain [54]. Studies have shown that the major RLKSs in Arabidopsis is
FLS2 receptor. There is evidence that the FLS2 receptor stimulates the expression of several defense-
related genes, including glutathione S-transferase 1 (GST1), PR1, and PR5, through activating the
MAPK cascade and WRKY transcription factors via FLG22 binding [55]. However, whether the
signaling transduction after melatonin binding to FLS2 also occurs via the FLS2 pathway and the
detailed process of gene expression activation is still an aspect of investigation.

Pathogenesis-related proteins (PR-10) are a group of proteins that are biosynthesized in plants
upon exposure to various stresses, including pathogen attack, abiotic stress, and hormonal signals.
PR-10 proteins are known to possess antimicrobial activity and have been extensively studied for
their role in plant defense mechanisms [56]. However, recent studies have suggested that PR-10
proteins may also play a key role in plant physiology through their interaction with melatonin [57,58].
The binding of melatonin to PR-10 proteins has been shown to have a correlation with reactive
oxygen species (ROS) levels in plant cells. The molecular mechanisms involved in the modification
period after PR-10 binds melatonin to ROS levels are still being explored. It has been suggested that
this interaction may modulate the activity of enzymes involved in ROS metabolism, leading to
changes in ROS levels in plant cells, and thus activation of the MAPK pathway [59]. Further research
is needed to fully elucidate the molecular mechanisms involved in this process and to determine the
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physiological significance of this interaction in plant growth and development.

ve!]

Figure 2. Signaling pathways of melatonin.

To date, research on plant melatonin receptors remains relatively limited, particularly with
regard to signal transduction pathways downstream of melatonin. The controversies and lack of
exploration regarding these pathways have become an interesting subject in the fields of plant
cytology and physiological biochemistry. It is expected that future studies will focus on elucidating
more details about the molecular mechanisms and signaling pathways involved in melatonin's effects
on plant growth and development.

9. Discussion

In this review, the focus is on the diverse roles of melatonin, which is a pleiotropic, amphipathic
molecule and a chemically indoleamine in nature. The paper highlights its significance in regulating
glucose metabolism, nitrogen metabolism, carbon and nitrogen metabolism coordination, and
external stress resistance in plants. Additionally, the effects of exogenous melatonin application on
downstream metabolic pathways in plant cells are discussed. The latest advances in understanding
the signal transduction pathway upstream of melatonin are also reported. It is worth noting that
melatonin plays an important role in various physiological processes of plant growth and
development, as well as in stress response.

Since the discovery of plant melatonin receptors and the proposal of signal transduction
pathways, the physiological and biochemical effects of melatonin in plants have been extensively
researched. Like other phytohormones, melatonin has multifaceted functions in plant physiology. It
plays a crucial role in regulating plant growth and development by promoting cell division and
elongation, stimulating the production of plant hormones such as auxins, and inhibiting abscisic acid
synthesis. These hormones are involved in various plant processes, including seed germination, leaf
and stem growth, and stress tolerance. Additionally, melatonin is essential for plant biochemistry
and physiology, particularly in the context of field crops. Research has shown that melatonin may
contribute to crop productivity and nutritional value and help address global food security issues.

Although current studies have preliminarily revealed the synthesis, signal transduction
pathways, and major physiological functions of melatonin in plants, a clear picture of melatonin
signal transduction, the tissue specificity of melatonin synthesis, response, and how melatonin
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regulates gene expression remain to be investigated. In 1977, the birth of the next-generation
sequencing technology (Sanger sequencing) marked the possibility of gene sequencing, which
progressed from the end feet method, microarray chips, to the development of higher throughput
next-generation sequencing (NGS) technologies such as next-generation sequencing and three
generation sequencing. The advantage of three-generation sequencing technology to directly
sequence RNA not only facilitates transcriptome research but also facilitates the development of
novel research methods such as single-cell sequencing (scRNA-seq) and spatial transcriptome. To
date, Hi-C sequencing technology, developed based on "circularization enhancement", and Spatial
Enhanced Resolution Omics sequencing (Stereo-seq) technology enables ultra-high precision
dissection of gene and cell-changing processes during life development in both temporal and spatial
dimensions [60,61]. Currently, the deconvolution algorithms that have rarely been reported in plant
research implement to estimate the cellular composition of a tissue by using bulk RNA-seq data,
which will alleviate the cost and improve the efficiency of single-cell analysis [62]. The methods above
will be important tools for studying alterations in the genomic structure and function of plant cells
under the actions of melatonin, as well as the functions of melatonin synthesis and response to
changes in gene expression and the molecular functions of the expressed products, so as to construct
a precise spatiotemporal picture of the processes involved in the synthesis and regulation of
melatonin in plants.

In this comprehensive review, we delve into the latest research on the contribution of melatonin
to plant stress resistance and disease prevention. The research has shown that melatonin, at specific
concentrations, can improve the activities of enzymes involved in the carbon-nitrogen metabolism
pathway. Additionally, it can inhibit disease-related gene expression, and promote chlorophyll
stability, thereby improving plants' resistance to adverse stresses. We must note, however, that there
is still a notable dearth of studies on the role of melatonin in controlling plant microbial and insect-
related diseases. Future research will undoubtedly focus on identifying the precise function of
melatonin in assisting disease and pest control. Through such investigations, we anticipate the
development of novel plant growth-regulating products incorporating melatonin, which can be
commercialized to control crop growth and enhance yields. Thus, melatonin applications can play an
instrumental part in promoting sustainable agriculture practices, facilitating the growth and
maturation of crops, as well as sustaining the environment.
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