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Abstract

Plants growth and development is hampered by fluctuation in both edaphic and
atmospheric conditions. Such changes stimulate plants signaling mechanisms and
as a result plants produce chemicals to sustain under stressful conditions. One of
the crucial natural products produced by the plants is melatonin, an incredibly
effective antioxidant. However, primarily melatonin was recognized as sleep
promoting agent present in animal brain linked to the regulation of sleep-wake
cycle. In plants this product is synthesized in chloroplast and mitochondria and is
also known as amine hormone. Melatonin plays a crucial role in plants by serving
as first line of defense against internal and external oxidative stresses. It is
believed that plants, which lack the ability to move like animals do, have
significantly greater amounts of melatonin as a way of compensating for the
harsh surroundings they must endure. In plants life cycle one of the important
developmental stages is seed germination which is regulated by complex signal-
ing mechanisms. Melatonin plays an important role as signaling molecule which
improves seed germination under stressful conditions. Melatonin is known to
facilitate physiological control systems, improve seed germination, and stimulate
crop growth under stress. Melatonin can effectively alleviate the suppression of
seed germination by boosting osmotic regulators and correcting ion homeostasis
during salt stress. Melatonin also plays a significant role in regulating the
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metabolism of nitrogen and the composition of mineral elements, which lessens
the growth-inhibiting effects of nitrate stress. The major focus of this chapter will
be on how melatonin affects plant growth, seed germination, and vegetative
development.
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3.1 Introduction

Melatonin, a naturally occurring compound in plants, has a similar function as it
does in animals—regulating circadian rhythms. Tryptophan, an amino acid, is the
main source of melatonin synthesis in plants, and it can be found in various plant
parts such as roots, leaves, fruits, and seeds. Melatonin can play a vital role in
different plant processes like growth, development, stress responses, and immune
system function according to scientific studies. Changing climate conditions are
causing a decline in growth and yield of plants in various regions. Numerous
environmental factors, including salinity, alkalinity, drought, temperature (both
high and low), and metals, can have negative impacts on plant productivity, yield,
and quality (Altaf et al. 2022b). Abiotic stress can affect horticultural crops differ-
ently, with solanaceous plants being particularly vulnerable, particularly during their
reproductive stages, including seed formation, flowering, and fruiting (Francini and
Sebastiani 2019). Heavy metals, such as vanadium and nickel, have been shown to
significantly affect the root system and photosynthesis of pepper (Altaf et al.
2022a, d). Similarly, cadmium toxicity has been reported to cause deformation of
tomato roots and hinder mineral and nutrient absorption (Borges et al. 2019). Salt
stress can result in reduced chlorophyll levels, an increase in reactive oxygen species
(ROS), malondialdehyde (MDA), and electrolyte leakage (EL), leading to oxidative
damage to tomatoes (Khan et al. 2012).

Plants in various regions are facing decreased growth and yield due to changing
climate conditions. Environmental factors such as salinity, alkalinity, drought,
temperature (both high and low), and metals can impact the productivity, yield,
and quality of the plants (Altaf et al. 2022d). Abiotic stress can affect horticulture
crops differently, with solanaceous plants being particularly susceptible, especially
during their reproductive stages of seed formation, flowering, and fruiting (Francini
and Sebastiani 2019). Heavy metals like vanadium and nickel can seriously affect
the root system and photosynthesis of pepper (Altaf et al. 2022a, d). Similarly,
cadmium toxicity can deform tomato roots and prevent mineral and nutrient absorp-
tion (Borges et al. 2019). Salt stress can lead to a decrease in chlorophyll, increase in
reactive oxygen species (ROS), malondialdehyde (MDA), and electrolyte leakage
(EL), causing oxidative damage to tomatoes (Khan et al. 2012).

When plants are under drought stress, their proline content, MDA content,
hydrogen peroxide (H,O,) content, and antioxidant enzyme activity increase,
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while eggplant growth characteristics, protein content, and pigment content
decrease. Additionally, salt stress can have a negative impact on the growth and
development of plants such as petunias (Krupa-Matkiewicz and Fornal 2018).
Studies have shown that a combination of drought and heat stress can lead to
decreased tobacco leaf photosynthesis and increased leaf temperature (Rizhsky
et al. 2002). Due to these environmental challenges, the horticulture industry is
constantly exploring new technologies and methods to minimize their impact and
ensure high-quality, sustainable products. Developing new cultivars with improved
abiotic stress tolerance could significantly impact the global food supply. Scientists
are researching various plant hormones that help plants respond better to these
stresses.

Melatonin is a recently discovered, plant hormone believed to play a crucial role
in regulating plant growth (Arnao and Hernandez-Ruiz 2019; Altaf et al. 2021).
Recent studies show that melatonin has positive effects on seed germination, root
growth, flowering, nutrient uptake, regulating antioxidant levels, and balancing
mineral homeostasis in Solanaceae crops (Sarafi et al. 2017; Tiwari et al. 2020;
Debnath et al. 2020; Altaf et al. 2022d). In pepper plants, melatonin can even help
counteract the toxic effects of arsenic (Kaya et al. 2022). These findings have
important implications for the future of agriculture as we try to find more sustainable
ways of growing crops. Tomato plants can benefit greatly from melatonin
supplements, improving their ability for balancing minerals homeostasis (Jahan
et al. 2021) and changing the structure of their roots in the face of cadmium toxicity
(Altaf et al. 2022c). When exposed to acid rain, tomato seedlings gained notable
benefits from being pre-treated with MEL, including better pigment content, sec-
ondary metabolites, and antioxidant enzyme activity while also mitigating MDA
levels (Debnath et al. 2020). Li et al. (2022) also discovered that MEL can enhance
the photosynthetic capacity and chlorophyll content of pepper seedlings under cold
stress, as well as increase hormone metabolism and carotenoid content. These
findings highlight the potential of melatonin to significantly improve crop health
and productivity.

A recent study by Korkmaz et al. (2021) discovered that MEL was a significant
contributor in enhancing the growth characteristics and gas exchange factors of
peppers that were exposed to cold stress. The study also noted a reduction in H,O,
and MDA levels along with an increase in proline content and antioxidant enzymes.
Another investigation conducted by Yakuboglu et al. (2022) showed that the
external application of MEL had a significant impact on the fresh and dry weight,
pigment content, and antioxidant enzyme pool of potatoes under drought stress.

Melatonin is an essential regulator of photosystem I and II, and it upregulates the
protein expression of these encoding genes in tobacco leaves when exposed to
nitrogen dioxide, which is an air pollutant. It also helps to maintain the redox
homeostasis and enhances the antioxidant defense system in plants according to
Wang et al. (2022). There has been extensive research on the potential role of MEL
in stress tolerance.

Melatonin has a variety of functions in plants, including growth, development,
and stress response. More research is required to completely comprehend the
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processes by which melatonin acts in plants and its potential uses in agriculture and
plant biotechnology. Knowing how melatonin functions in different plant growth
phases can have a big impact on how well plants grow and produce, especially in
challenging environmental conditions. The primary focus of this chapter will be on
melatonin’s function in plants and how it influences several growth stages, including
seed germination, seedling growth and development, and yield related traits. The
naturally occurring compound melatonin, which regulates circadian rhythms in
animals, also plays a vital role in different plant processes such as growth, develop-
ment, stress responses, and immune system function. With changing climate
conditions and abiotic stresses affecting plant growth and yield, scientists are
exploring new technologies and methods to minimize their impact and ensure
high-quality, sustainable products. Melatonin has emerged as a potential plant
hormone and key growth regulator that can help counteract the toxic effects of
heavy metals and enhance plant growth characteristics, gas exchange factors, and
antioxidant enzyme activity under stress conditions. Studies have shown that mela-
tonin has the potential to significantly improve crop health and productivity and
enhance stress tolerance in plants.

3.2  Melatonin Synthesis and Signaling Pathways in Plants

Melatonin (N-acetyl-5-methoxytryptamine) is an important signaling molecule in
plants that plays a crucial role in regulating various physiological processes, includ-
ing seed germination, growth and development, stress responses, and circadian
rhythms (Hardeland et al. 2006). Melatonin is synthesized via the tryptophan
pathway in plants, which involves a series of enzymatic reactions that convert
tryptophan to serotonin and then to melatonin (Arnao and Hernandez-Ruiz 2014).

The first step in the biosynthesis of melatonin in plants is the conversion of
tryptophan to tryptamine, which is catalyzed by tryptophan decarboxylase (TDC)
(Chen et al. 2009). TDC is a pyridoxal 5’-phosphate (PLP)-dependent enzyme that is
encoded by multiple genes in plants. The second step involves the conversion of
tryptamine to serotonin, which is catalyzed by serotonin N-acetyltransferase (SNAT)
(Yeong Byeon et al. 2015). SNAT is a cytosolic enzyme that transfers an acetyl
group from acetyl-CoA to the amino group of serotonin.

The final stage in the biosynthesis of melatonin in plants involves the conversion
of serotonin to melatonin. This process is catalyzed by either serotonin
N-methyltransferase (SNMT) or N-acetylserotonin O-methyltransferase (ASMT)
(Hardeland et al. 2006). SNMT performs the transfer of a methyl group from
S-adenosylmethionine (SAM) to the amino group of serotonin. In contrast, ASMT
transfers an acetyl group from acetyl-CoA to the hydroxyl group of serotonin,
leading to the formation of N-acetylserotonin (NAS). NAS is then methylated by
SNMT to form melatonin.

Recent studies have shown that the biosynthesis of melatonin in plants is
regulated by various factors, including light, temperature, and stress (Fan et al.
2018). Light is a key regulator of melatonin biosynthesis in plants, with blue and
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UV-B light inducing the expression of TDC and SNAT genes while red and far-red
light repressing their expression (Mannino et al. 2021). Temperature also plays a role
in the regulation of melatonin biosynthesis in plants, with low temperature inducing
the expression of SNMT and ASMT genes, leading to increased melatonin synthesis
(Zhao et al. 2015).

Melatonin plays a crucial role in regulating plant growth and development, in
addition to functioning as a potent antioxidant and scavenger of reactive oxygen
species (ROS) that safeguards plants from oxidative stress (Ahmad et al. 2023).
Furthermore, melatonin is involved in the modulation of genes that control stress
responses, including heat shock proteins (HSPs), thereby improving plants’ toler-
ance to both abiotic and biotic stress (Zeng et al. 2022). To summarize, the
biosynthesis of melatonin in plants is a complex process that encompasses several
enzymatic reactions and is regulated by various factors. Melatonin performs a crucial
function in regulating plant growth and development, stress responses, and circadian
rhythms, making it a promising candidate for enhancing plant productivity and stress
tolerance in the fields of agriculture and horticulture.

3.2.1 Biosynthesis of Melatonin in Plants

The biosynthesis of melatonin in plants takes place through the tryptophan pathway,
which involves several enzymes. Firstly, tryptophan is converted into serotonin by
tryptophan decarboxylase (TDC). Subsequently, serotonin is transformed into
N-acetylserotonin (NAS) by serotonin N-acetyltransferase (SNAT). Lastly,
N-acetylserotonin O-methyltransferase (ASMT) converts NAS into melatonin
(Murch and Erland 2021).

The biosynthesis of melatonin in plants is under the regulation of several envi-
ronmental and developmental factors. For instance, studies have demonstrated that
the production of melatonin in plants is triggered by abiotic stresses such as cold,
heat, drought, and salinity (Zeng et al. 2022). Furthermore, the expression of genes
involved in melatonin biosynthesis is regulated by the circadian clock, implying that
melatonin synthesis may be regulated by the internal clock of the plant (Yang et al.
2022).

Melatonin has a wide range of functions in plants, including regulation of growth
and development, improvement of stress tolerance, and acting as an antioxidant.
Research has demonstrated that melatonin promotes seed germination, root growth,
and lateral root formation (Yang et al. 2021). It has also been shown to enhance the
ability of plants to tolerate various abiotic stresses, such as cold, heat, drought, and
salinity (Zeng et al. 2022). Additionally, melatonin acts as an antioxidant, protecting
plants from oxidative damage by scavenging free radicals (Tan et al. 2000).

The biosynthesis of melatonin in plants occurs via the tryptophan pathway and is
regulated by environmental and developmental factors. Melatonin plays a variety of
functional roles in plants, including regulating growth and development, enhancing
stress tolerance, and acting as an antioxidant. Further research is needed to fully
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understand the mechanisms of melatonin biosynthesis and its functional roles in
plants.

3.2.2 Melatonin Signaling Pathways

In plants, melatonin has been shown to regulate various processes, including seed
germination, root growth, stress response, and secondary metabolism. The signaling
pathways involved in melatonin-mediated processes in plants are not fully under-
stood, but several studies have provided insights into the mechanisms by which
melatonin functions in plants. One of the proposed signaling pathways involves the
binding of melatonin to its receptors. In plants, two types of melatonin receptors
have been identified: MT1 and MT2 (Boiko et al. 2022). These receptors are
believed to be involved in regulating various physiological processes in plants,
including growth and development, stress response, and circadian rhythms.

In addition to receptor-mediated signaling, melatonin may also modulate gene
expression in plants. For example, in Arabidopsis thaliana, melatonin was found to
upregulate the expression of genes involved in the biosynthesis of phenolic
compounds, which are important for plant defense against pathogens and environ-
mental stresses (Zeng et al. 2022). Melatonin may also interact with other signaling
pathways in plants. For instance, melatonin was shown to interact with the abscisic
acid (ABA) signaling pathway, which is involved in plant responses to abiotic
stresses (Zeng et al. 2022). It was found that melatonin enhanced the expression of
ABA-responsive genes, leading to increased tolerance to salt stress in rice (Tan et al.
2021).

Furthermore, melatonin has been shown to interact with reactive oxygen species
(ROS) signaling pathways in plants. Under stress conditions, plants produce high
levels of ROS, which can cause oxidative damage to cellular components. Melatonin
has been shown to reduce ROS levels by upregulating the expression of antioxidant
enzymes, such as superoxide dismutase (SOD) and catalase (CAT) (Qiu et al. 2019).

The signaling pathways involved in melatonin-mediated processes in plants are
complex and multifaceted. While some progress has been made in understanding the
mechanisms by which melatonin functions in plants, further research is needed to
fully elucidate the signaling pathways involved.

3.2.3 Interaction of Melatonin with Other Plant Hormones

In plants, melatonin is known to interact with several plant hormones, such as
auxins, cytokinins, gibberellins, ABA, and ethylene, to regulate diverse aspects
of growth and development. These interactions emphasize the multifaceted role of
melatonin and imply that it has crucial functions in coordinating the activities of
different plant hormones. Auxins, a class of plant hormones, are involved in the
regulation of plant growth and development, controlling cell division, elongation,
and differentiation. Melatonin has been demonstrated to interact with auxins,
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influencing these processes. In Arabidopsis seedlings, melatonin has been shown to
enhance the growth-promoting effects of auxins (Wang et al. 2016). Moreover,
melatonin has been shown to promote lateral root formation in Arabidopsis via its
interaction with auxins (Ren et al. 2019). These findings suggest that melatonin plays
arole in coordinating the activities of auxins, providing insights into the multifaceted
nature of melatonin’s effects on plant growth and development.

Auxins are a group of plant hormones that regulate various aspects of plant
growth and development, including cell division, elongation, and differentiation.
Studies have shown that melatonin can interact with auxins to regulate these
processes. For example, it has been shown that melatonin can enhance the growth-
promoting effects of auxins in Arabidopsis seedlings (Wang et al. 2016). In addition,
melatonin has been shown to promote lateral root formation in Arabidopsis through
interaction with auxins (Ren et al. 2019).

Cytokinins are a group of plant hormones that promote cell division and differ-
entiation. Studies have shown that melatonin can interact with cytokinins to regulate
these processes. For example, it has been shown that melatonin can enhance the
cytokinin-induced shoot regeneration in tobacco (Arnao and Hernandez-Ruiz 2018).
In addition, melatonin has been shown to promote the growth of axillary buds in
tobacco through interaction with cytokinins (Yang et al. 2022).

Gibberellins are a group of plant hormones that promote stem elongation and seed
germination. Studies have shown that melatonin can interact with gibberellins to
regulate these processes. For example, it has been shown that melatonin can enhance
the gibberellin-induced stem elongation in rice seedlings (Hwang and Back 2022). In
addition, melatonin has been shown to promote seed germination in rice through
interaction with gibberellins (Jensen et al. 2023).

Abscisic acid (ABA) is a plant hormone that plays important roles in regulating
stress responses and seed dormancy. Studies have shown that melatonin can interact
with ABA to regulate these processes. For example, it has been shown that melato-
nin can enhance the ABA-induced stomatal closure in Arabidopsis (Jensen et al.
2023). In addition, melatonin has been shown to promote seed germination in wheat
under salt stress by interacting with ABA (Chen et al. 2021).

Ethylene is a plant hormone that regulates various aspects of plant growth and
development, including fruit ripening and senescence. Studies have shown that
melatonin can interact with ethylene to regulate these processes. For example, it
has been shown that melatonin can delay the ripening of strawberry fruit through
interaction with ethylene (Verde et al. 2022). In addition, melatonin has been shown
to delay the senescence of rice leaves through interaction with ethylene (Lou et al.
2023). Further research is needed to fully understand the mechanisms underlying
these interactions and their functional roles in plants.
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33 Melatonin and Seed Germination

In plants, melatonin biosynthesis has been detected in various tissues, such as roots,
leaves, flowers, and seeds (Arnao and Hernandez-Ruiz 2006). The role of melatonin
in plants has been studied extensively in recent years, and it has been found to play a
key role in regulating many aspects of plant growth and development, including seed
germination.

Melatonin has been shown to promote seed germination in a variety of plant
species, including wheat, soybean, rice, tomato, and Arabidopsis thaliana (Wang
et al. 2022; Yu et al. 2021; Arnao and Hernandez-Ruiz 2014; Chen et al. 2009). The
effect of melatonin on seed germination is dose-dependent, with low concentrations
(10-100 nM) promoting germination, while higher concentrations (above 1 pM)
inhibiting germination (Pelagio-Flores et al. 2012). The mechanism by which
melatonin promotes seed germination is still not fully understood, but several
hypotheses have been proposed.

One proposed mechanism is that melatonin acts as an antioxidant and reduces
oxidative stress during seed germination. Seeds are known to be under oxidative
stress during germination, due to the high metabolic activity required for germina-
tion, which generates reactive oxygen species (ROS). Melatonin has been shown to
scavenge ROS and protect seeds from oxidative damage, thus promoting germina-
tion (Heshmati et al. 2021). In addition, melatonin has been shown to increase the
activities of antioxidant enzymes, such as superoxide dismutase (SOD) and catalase
(CAT), which also contribute to reducing oxidative stress during seed germination
(Awan et al. 2023).

Another proposed mechanism by which melatonin promotes seed germination is
through its interaction with plant hormones, particularly abscisic acid (ABA) and
gibberellins (GAs). ABA is known to inhibit seed germination, while GAs promote
germination. Melatonin has been shown to reduce ABA levels and increase GA
levels, thus promoting germination (Chen et al. 2021). In addition, melatonin has
been shown to regulate the expression of genes involved in ABA and GA signaling
pathways, further contributing to its effect on seed germination (Wang et al. 2022).

Finally, melatonin has also been shown to interact with other signaling pathways
involved in seed germination, such as the nitric oxide (NO) and hydrogen sulfide
(H2S) signaling pathways. Both NO and H2S have been shown to promote seed
germination, and melatonin has been shown to increase the production of these
signaling molecules, thus promoting germination (Martinez-Lorente et al. 2022).

Melatonin has been shown to play a key role in regulating seed germination in a
variety of plant species. Its effect on seed germination is dose-dependent, with low
concentrations promoting germination and higher concentrations inhibiting germi-
nation. The mechanism by which melatonin promotes seed germination is multifac-
eted and involves several pathways, including antioxidant defense, hormone
regulation, and signaling pathways. The understanding of the role of melatonin in
seed germination is still evolving, and further research is needed to fully elucidate
the mechanisms involved. Nonetheless, the potential applications of melatonin in
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agriculture, particularly in improving seed germination and seedling establishment,
are promising and warrant further investigation.

3.3.1 Relationship Between Melatonin on Seed Germination

Seed germination is a critical process in plant development that is regulated by
multiple factors, including environmental cues and plant hormones. Melatonin is a
hormone produced in plants and animals that has been shown to have various
physiological roles, including regulating plant growth, development, and stress
responses. Recent studies have reported the positive effects of exogenous melatonin
application on seed germination and seedling growth. This review aims to summa-
rize the current literature on the effect of melatonin on seed germination.

Melatonin is a hormone that is produced by animals, plants, and microbes and
plays an important role in regulating circadian rhythms and sleep-wake cycles in
animals. Recent studies have shown that melatonin may also play a role in regulating
seed germination in plants. In this review, we will examine the current state of
research on the effect of melatonin on seed germination, including its potential
mechanisms of action.

Several studies have shown that melatonin can positively affect seed germination
in a variety of plant species. For example, Chen et al. (2021) found that treatment
with melatonin increased the germination rate of cucumber seeds under salt stress
conditions. Similarly, Arnao and Hernandez-Ruiz (2014) reported that melatonin
treatment improved the germination rate and seedling growth of tomato seeds under
high-temperature stress.

Melatonin may also help improve seed germination by protecting seeds from
oxidative stress. For example, Li et al. (2021) found that melatonin treatment
reduced oxidative damage and increased germination rates in rice seeds exposed to
high-temperature stress. Similarly, Ye et al. (2016) reported that melatonin treatment
improved the germination rate and reduced oxidative damage in maize seeds under
drought stress.

In addition to its role in protecting seeds from stress, melatonin may also directly
promote seed germination. For example, Huangfu et al. (2021) found that treatment
with melatonin increased the germination rate and seedling growth of rice seeds
under normal growth conditions. Similarly, Korkmaz et al. (2021) reported that
melatonin treatment improved the germination rate of pepper seeds.

The mechanisms by which melatonin affects seed germination are not yet fully
understood, but several potential pathways have been proposed. For example,
melatonin may act as an antioxidant, reducing oxidative stress and protecting
seeds from damage (Han et al. 2017). Melatonin may also interact with other plant
hormones, such as abscisic acid (ABA) and gibberellins (GAs), which are known to
regulate seed germination (Zhang et al. 2014b). Finally, melatonin may affect the
expression of genes involved in seed germination, such as those encoding enzymes
involved in cell wall degradation and reserve mobilization (Arnao and Hernandez-
Ruiz 2014).
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The current literature suggests that melatonin can positively affect seed germina-
tion in a variety of plant species, by protecting seeds from stress and potentially
directly promoting germination. However, further research is needed to fully under-
stand the mechanisms by which melatonin affects seed germination and to determine
the optimal conditions for its use in agriculture.

3.3.2 Mechanisms of Melatonin-Mediated Seed Germination

Melatonin has been shown to affect seed germination in a variety of ways. For
example, melatonin may promote seed germination by protecting seeds from stress,
by directly promoting germination, or by interacting with other plant hormones that
are known to regulate seed germination (Li et al. 2014; Huangfu et al. 2021).
However, the precise mechanisms by which melatonin affects seed germination
are not yet fully understood.

One proposed mechanism by which melatonin may promote seed germination is
by regulating the balance between reactive oxygen species (ROS) and antioxidants
in seeds. ROS play an important role in regulating seed germination, but excessive
ROS levels can lead to oxidative damage and inhibit germination (Bailly 2004).
Melatonin has been shown to act as an antioxidant, scavenging ROS and protecting
seeds from oxidative damage (Tan et al. 2000). By regulating ROS levels, melatonin
may promote seed germination by creating an optimal oxidative environment for
germination.

Another proposed mechanism by which melatonin may promote seed germina-
tion is by interacting with other plant hormones that are known to regulate seed
germination, such as abscisic acid (ABA) and gibberellins (GAs). ABA is a plant
hormone that inhibits seed germination, while GAs promote seed germination
(Finkelstein et al. 2002). Melatonin has been shown to interact with ABA and
GAs in a variety of ways. For example, melatonin has been shown to reduce ABA
levels in seeds and increase GA levels, leading to increased seed germination
(Li et al. 2019). Additionally, melatonin has been shown to interact with the ABA
and GA signaling pathways, leading to changes in gene expression that promote seed
germination (Li et al. 2019).

Finally, melatonin may promote seed germination by affecting the expression of
genes that are involved in seed germination. For example, melatonin has been shown
to upregulate the expression of genes encoding enzymes involved in cell wall
degradation and reserve mobilization, which are important processes for seed ger-
mination (Arnao and Hernandez-Ruiz 2014). By regulating gene expression, mela-
tonin may promote seed germination by creating an optimal molecular environment
for germination.

Melatonin can promote seed germination in a variety of ways, including by
regulating ROS levels, interacting with other plant hormones, and affecting gene
expression. However, further research is needed to fully understand the mechanisms
by which melatonin affects seed germination and to determine the optimal
conditions for its use in agriculture.
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Table 3.1 Effect of melatonin concentration on seed germination in different plant species

Plant Melatonin
species concentration | Results References
Cotton 20 pM Increased germination rate, germination potential | Xiao et al.
and final fresh weight (2019)
Rice 100 pM Increased length of the shoot and root, and Yu et al.
improved the activity of antioxidant enzyme (2022)
Mustard 0.1 ypM Stimulates root growth in young seedlings Chen
et al. (2009)
Cucumber |0.1-1 mM Improved growth of seedlings and reduced their | Zhang et al.
susceptibility to nitrate stress (2017b)
Maize 500 pM Increased activity of antioxident enzymes and Muhammad
reduced the amount of oxidative damage et al. (2023)

3.3.3 Impact of Melatonin on Seedling Growth

Several studies have investigated the impact of melatonin on seedling growth in
plants, with promising results. In a study by Yu et al. (2022), melatonin was found to
promote seedling growth in rice by increasing the length of shoots and roots. The
researchers also observed an increase in the activity of antioxidant enzymes, which
suggests that melatonin may improve stress tolerance in plants. Similarly, Liang
et al. (2015) found that melatonin treatment increased seedling growth and photo-
synthesis in tomato plants. The researchers observed an increase in the levels of
chlorophyll and carotenoids, which are important pigments for photosynthesis.
Melatonin treatment also increased the activity of antioxidant enzymes and reduced
oxidative damage in the plants.

In a study by Muhammad et al. (2023), melatonin was found to promote activity
of antioxident enzymes and reduced the amount of oxidative damage in maize
plants. The researchers observed an increase in the length of shoots and roots, as
well as an increase in the levels of antioxidant enzymes. Melatonin treatment also
reduced the accumulation of sodium ions in the plants, which is a common symptom
of salt stress. Other studies have investigated the impact of melatonin on seedling
growth in other plant species, such as maize and soybean (Yu et al. 2021), with
similar results. Melatonin treatment was found to promote seedling growth and
improve stress tolerance in these plants.

Several studies have demonstrated the positive impact of melatonin on seedling
growth in plants. Melatonin treatment has been found to increase shoot and root
length, improve photosynthesis, enhance stress tolerance, and reduce oxidative
damage. These findings suggest that melatonin may be a useful tool for promoting
plant growth and improving crop yields in agriculture. Melatonin can have a positive
effect on seed germination, with increased germination rates and percentages
observed in several studies (Table 3.1). Additionally, some studies found that
melatonin can improve seedling growth and increase root length. In particular,
melatonin was found to improve germination under stress conditions such as salt
stress and drought stress in some plant species. However, the concentration of
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melatonin used in these studies varied widely, ranging from 0.1 pM to 1000 pM,
indicating that the optimal concentration for promoting seed germination may
depend on the plant species and the specific experimental conditions (Table 3.1).

34 Melatonin and Plant Establishment

Melatonin is a multifunctional molecule that has been found to play important roles
in plant growth, development, and stress defense. In recent years, several studies
have investigated the impact of melatonin on plant establishment, with promising
results. Melatonin treatment has been found to promote seed germination, enhance
seedling growth, improve stress tolerance, and promote root growth. These findings
suggest that melatonin may be a useful tool for promoting plant establishment and
improving crop yields in agriculture. This chapter provides an overview of the
current state of research on melatonin and plant establishment.

Melatonin promotes plant establishment through several mechanisms. One of the
main mechanisms by which melatonin promotes seed germination is by regulating
the activity of enzymes involved in the breakdown of stored nutrients in the seed,
such as a-amylase and P-amylase (Zhang et al. 2017a). Melatonin has also been
found to regulate the expression of genes involved in seed germination, such as LEA
(late embryogenesis abundant) proteins and ABA (abscisic acid) biosynthesis genes.
In addition, melatonin has been found to enhance the uptake and transport of
nutrients, such as nitrogen and phosphorus, which are essential for seedling growth
(Qiao et al. 2019).

Melatonin also promotes plant establishment by enhancing stress tolerance.
Melatonin has been found to enhance the activity of antioxidant enzymes, such as
superoxide dismutase, catalase, and peroxidase, which scavenge reactive oxygen
species (ROS) and prevent oxidative damage (Khan et al. 2020). Melatonin has also
been found to regulate the expression of genes involved in stress tolerance, such as
heat shock proteins, dehydrin proteins, and osmoprotectant biosynthesis genes
(Khan et al. 2022).

Melatonin has been found to promote plant establishment in a variety of plant
species, including tomato, rice, maize, cucumber, turfgrass, and bermudagrass
(Yu et al. 2021; Chen et al. 2021). In tomato plants, melatonin treatment has been
found to promote seed germination and enhance seedling growth under salt stress. In
rice plants, melatonin treatment has been found to enhance the growth and develop-
ment of seedlings under drought stress. In maize plants, melatonin treatment has
been found to improve embryo establishment under drought stress by regulating
carbohydrate metabolism and glutathione synthesis. In cucumber plants, melatonin
treatment has been found to enhance root growth and abiotic stress tolerance. In
turfgrass plants, melatonin treatment has been found to enhance stress tolerance and
promote growth. In bermudagrass plants, melatonin treatment has been found to
enhance salt tolerance and promote growth.

The positive effects of melatonin on plant establishment suggest that it may be a
useful tool for improving crop yields and agricultural production. Melatonin could
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be applied to seeds or soil to promote seed germination and seedling growth or
sprayed on plant leaves to enhance stress tolerance and growth. Melatonin could also
be used to improve plant establishment in degraded or contaminated soils, as well as
in areas with extreme environmental conditions, such as drought, salinity, or high
temperatures. In addition to its potential use in agriculture, melatonin may also have
applications in forestry and landscaping, as well as in the restoration of degraded
ecosystems. Melatonin could be applied to tree seedlings or forest floors to promote
growth and survival, or to improve the health and resilience of urban trees and green
spaces.

3.4.1 Role of Melatonin in Root Development

Root development is a complex process that involves various physiological and
biochemical events. Roots are essential for plant growth and development, as they
play a crucial role in nutrient uptake, water absorption, and anchorage. Melatonin, a
hormone primarily associated with the regulation of circadian rhythms, has been
found to have a significant impact on plant growth and development, including root
development. This chapter aims to provide an overview of the role of melatonin in
root development.

Melatonin biosynthesis in plants is a multi-step process involving tryptophan as
the precursor molecule. The initial step involves the conversion of tryptophan to
tryptamine by the enzyme tryptophan decarboxylase (TDC) (Mannino et al. 2021).
Tryptamine is then converted to N-acetyltryptamine (NAT) by the enzyme trypt-
amine 5-hydroxylase (T5H). Finally, NAT is converted to melatonin by the enzyme
N-acetylserotonin methyltransferase (ASMT) (Hernendez-Ruiz et al. 2004).

Melatonin has been found to have a significant impact on root development in
various plant species. It has been shown to promote root growth in Arabidopsis
thaliana (Chen et al. 2009), tomato (Wei et al. 2014), and rice (Liang et al. 2017). In
addition, melatonin has been found to enhance lateral root formation in maize and
promote adventitious root formation in cucumber (Zhang et al. 2014b).

Melatonin influences root development through various mechanisms, including
regulation of cell division and elongation, modulation of hormone levels, and
regulation of gene expression. Melatonin has been found to promote cell division
in root tips of Arabidopsis (Chen et al. 2009) and rice (Tang et al. 2014) through the
upregulation of genes involved in the cell cycle. Melatonin has also been shown to
regulate the levels of other plant hormones such as auxin, cytokinin, and
gibberellins, which are known to play a critical role in root development (Wei
et al. 2014; Bian et al. 2021).

Melatonin has also been found to regulate the expression of genes involved in
root development. In Arabidopsis, melatonin has been shown to upregulate the
expression of genes involved in cell wall synthesis and modification, which play a
critical role in root elongation (Chen et al. 2009). In addition, melatonin has been
found to upregulate the expression of genes involved in auxin transport and signal-
ing, which are known to play a crucial role in root development (Wei et al. 2014).
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Melatonin plays a critical role in root development in various plant species. It
promotes root growth, enhances lateral root formation, and promotes adventitious
root formation. Melatonin influences root development through various
mechanisms, including regulation of cell division and elongation, modulation of
hormone levels, and regulation of gene expression. Further research is needed to
elucidate the precise molecular mechanisms underlying the effects of melatonin on
root development.

3.4.2 Influence of Melatonin on Shoot Growth

Melatonin has been reported to promote shoot growth in various plant species. For
example, in rice (Oryza sativa), exogenous application of melatonin resulted in a
significant increase in shoot length, number of tillers, and fresh weight (Li et al.
2017a). Similarly, in tomato (Solanum lycopersicum), melatonin application
stimulated shoot growth and improved fruit yield (Shi et al. 2015). The positive
effect of melatonin on shoot growth has also been demonstrated in other plant
species, including Arabidopsis thaliana (Zhang et al. 2014b) and cucumber
(Cucumis sativus) (Wang et al. 2016).

The promotion of shoot growth by melatonin is thought to be mediated through
various mechanisms, including the regulation of hormone biosynthesis and signaling
pathways. For example, in rice, melatonin has been shown to increase the biosyn-
thesis of gibberellins (GAs), a class of plant hormones that promote shoot growth,
through the upregulation of GA biosynthetic genes (Li et al. 2017b). In addition,
melatonin has been shown to regulate auxin signaling, which is essential for shoot
growth and development, by modulating the expression of auxin-related genes (Shi
et al. 2015). Melatonin has also been reported to increase the expression of genes
involved in cytokinin biosynthesis and signaling, which are known to promote shoot
growth in plants (Wang et al. 2016).

In addition to the mechanisms discussed above, it is worth noting that melatonin
also acts as an antioxidant and scavenger of reactive oxygen species (ROS) in plants.
ROS can accumulate in plants under stress conditions, leading to oxidative damage
and inhibition of growth and development (Zhang et al. 2014a). By scavenging
ROS, melatonin can alleviate oxidative stress and enhance plant growth and devel-
opment. Melatonin exerts its influence on shoot growth through various
mechanisms, including the modulation of hormone biosynthesis and signaling
pathways. The findings from various studies suggest that melatonin has the potential
to be used as a growth regulator in agriculture to improve crop productivity.

3.4.3 Effect of Melatonin on Stress Tolerance During Plant
Establishment

Plant establishment is a critical phase in the life cycle of plants, during which they
are particularly vulnerable to environmental stresses. Melatonin, a versatile molecule
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with various functions in plants, has been shown to improve stress tolerance during
plant establishment by regulating various physiological and molecular pathways.
This chapter reviews the current knowledge on the effect of melatonin on stress
tolerance during plant establishment.

Melatonin and stress tolerance during plant establishment: Melatonin has been
reported to improve stress tolerance during plant establishment in various plant
species. For example, in maize (Zea mays), exogenous application of melatonin
significantly enhanced seed germination and seedling growth under salt stress
conditions (Kotodziejczyk et al. 2016). Similarly, in wheat (Triticum aestivum),
melatonin application increased seed germination and seedling growth under
drought stress conditions (Wei et al. 2014). The positive effect of melatonin on
stress tolerance during plant establishment has also been demonstrated in other plant
species, including tomato (Solanum lycopersicum) (Li et al. 2014) and cucumber
(Cucumis sativus) (Zhang et al. 2012).

Mechanisms underlying the effect of melatonin on stress tolerance during plant
establishment: The improvement of stress tolerance during plant establishment by
melatonin is thought to be mediated through various mechanisms, including the
regulation of antioxidant systems, stress-responsive genes, and hormone signaling
pathways. For example, melatonin has been shown to increase the activity of
antioxidant enzymes, such as superoxide dismutase (SOD) and catalase (CAT),
which can scavenge reactive oxygen species (ROS) and alleviate oxidative stress
in plants (Wei et al. 2014). Melatonin has also been reported to regulate the
expression of stress-responsive genes, such as DREB1A and DREB2A, which are
involved in abiotic stress responses (Kotodziejczyk et al. 2016). In addition, melato-
nin can modulate hormone signaling pathways, such as abscisic acid (ABA) and
gibberellins (GAs), which are crucial for stress responses during plant establishment
(Li et al. 2014).

Melatonin is a multifaceted molecule that can improve stress tolerance during
plant establishment by regulating various physiological and molecular pathways.
The findings from various studies suggest that melatonin has the potential to be used
as a stress-protectant agent in agriculture to enhance crop productivity under stress-
ful conditions.

3.5 Melatonin and Vegetative Development

In recent years, several studies have investigated the effects of melatonin on various
aspects of vegetative development, such as plant growth, morphology, and photo-
synthesis. This chapter reviews the current knowledge on the role of melatonin in
vegetative development.

Melatonin and plant growth: Melatonin has been reported to promote plant
growth in various plant species. For example, in Arabidopsis thaliana, exogenous
application of melatonin increased shoot and root biomass, as well as leaf area
(Liang et al. 2017). Similarly, in rice (Oryza sativa), melatonin application increased
shoot and root length, as well as fresh weight (Yan et al. 2021). The positive effect of
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melatonin on plant growth has also been demonstrated in other plant species,
including maize (Zea mays) (Shi et al. 2015) and cucumber (Cucumis sativus)
(Wang et al. 2016).

Melatonin has also been shown to influence plant morphology. For instance, in
tomato (Solanum lycopersicum), melatonin treatment induced changes in leaf shape
and increased the number of lateral roots (Altaf et al. 2022d). In Arabidopsis
thaliana, melatonin treatment led to an increase in leaf thickness and leaf mesophyll
cell size (Liang et al. 2017). Melatonin has also been reported to affect plant
architecture, such as stem length and branching, in rice (Varghese et al. 2019) and
maize (Shi et al. 2015).

Melatonin and photosynthesis: Melatonin has been reported to enhance photo-
synthesis in various plant species. For example, in cucumber (Cucumis sativus),
melatonin treatment increased photosynthetic rate, stomatal conductance, and tran-
spiration rate (Wang et al. 2016). Similarly, in rice (Oryza sativa), melatonin
application enhanced photosynthetic efficiency by increasing chlorophyll content
and photosynthetic electron transport rate (Varghese et al. 2019). The positive effect
of melatonin on photosynthesis has also been demonstrated in other plant species,
including Arabidopsis thaliana (Liang et al. 2017) and maize (Shi et al. 2015).

Mechanisms underlying the effects of melatonin on vegetative development: The
mechanisms underlying the effects of melatonin on vegetative development are
complex and involve various physiological and molecular pathways. Melatonin
has been shown to regulate plant growth and morphology by modulating hormone
signaling pathways, such as auxin and cytokinin signaling (Shi et al. 2015). In
addition, melatonin has been reported to enhance photosynthesis by regulating the
expression of genes involved in chlorophyll biosynthesis and photosynthetic elec-
tron transport (Varghese et al. 2019). Melatonin plays an important role in vegetative
development by regulating various physiological and molecular pathways. The
findings from various studies suggest that melatonin has the potential to be used as
a growth-promoting agent in agriculture to enhance crop productivity and quality.

3.5.1 Regulation of Melatonin in Vegetative Growth

Melatonin, a ubiquitous molecule in plants, plays a crucial role in regulating various
physiological processes, including vegetative growth (Arnao and Hernandez-Ruiz
2014). Several studies have demonstrated the beneficial effects of exogenous mela-
tonin on the growth and development of different plant species (Li et al. 2014; Zuo
et al. 2017). However, the underlying mechanisms of how melatonin regulates
vegetative growth are not fully understood. Here, we summarize the recent advances
in understanding the regulation of melatonin in vegetative growth.

Light is a critical environmental factor that regulates melatonin biosynthesis in
plants. It has been reported that the biosynthesis of melatonin is stimulated by
low-intensity blue light and inhibited by high-intensity white light (Murch et al.
2010; Lee et al. 2019). In Arabidopsis, the expression of TDC and SNAT is
regulated by cryptochrome 1 (CRY1), a blue light photoreceptor (Hwang and
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Back 2021). In addition, melatonin biosynthesis is also regulated by other environ-
mental factors, such as temperature and nutrient availability. Moreover, endogenous
factors, including hormones and transcription factors, can also modulate the expres-
sion of melatonin biosynthesis genes (Li et al. 2014; Hernandez-Ruiz and Arnao
2008).

Melatonin has been shown to regulate various aspects of vegetative growth,
including root development, shoot growth, and leaf senescence. Melatonin promotes
root growth by regulating the expression of auxin biosynthesis and transport genes
(Burkhardt et al. 2001; Tan et al. 2001). In addition, melatonin enhances shoot
growth by increasing the activity of antioxidant enzymes and modulating the
expression of genes involved in cytokinin signaling (Tan et al. 2002; Arnao and
Hernandez-Ruiz 2020). Furthermore, melatonin delays leaf senescence by
modulating the expression of genes involved in hormone signaling and stress
responses (Zhang et al. 2014a; Zhao et al. 2021).

Melatonin regulates vegetative growth by modulating various signaling
pathways, including hormone signaling and stress responses (Li et al. 2014). Mela-
tonin has been shown to interact with several hormones, including auxin, cytokinin,
and abscisic acid (ABA), and modulate their signaling pathways (Byeon et al. 2015;
Zhang et al. 2014b). For example, melatonin enhances the activity of auxin by
regulating the expression of auxin biosynthesis and transport genes (Burkhardt
et al. 2001; Tan et al. 2001). Similarly, melatonin enhances cytokinin signaling by
modulating the expression of genes involved in cytokinin biosynthesis and signaling
(Tan et al. 2002; Armao and Hernandez-Ruiz 2020). Moreover, melatonin also
modulates the ABA signaling pathway by regulating the expression of genes
involved in ABA biosynthesis and signaling (Zhang et al. 2019; Lee and Back
2016).

Melatonin also regulates stress responses by modulating the expression of stress-
responsive genes (Chen and Arnao 2022). For example, melatonin enhances the
tolerance of plants to various abiotic stresses, such as drought, salt, and heavy metal
stress, by modulating the expression of genes involved in stress responses (Yin et al.
2013; Zhang et al. 2016). Furthermore, melatonin also enhances the resistance of
plants to biotic stresses, such as pathogen infection, by modulating the expression of
genes involved in defense responses (Zuo et al. 2017; Arnao and Hernandez-Ruiz
2019).

Melatonin is a key regulator of vegetative growth in plants, and its biosynthesis,
signaling, and transport are tightly regulated by various environmental and endoge-
nous factors. The elucidation of these regulatory mechanisms will facilitate the
development of strategies to enhance plant growth and productivity. However,
further research is needed to fully understand the role of melatonin in vegetative
growth and its potential applications in agriculture.
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3.5.2 Interaction of Melatonin with Other Plant Hormones During
Vegetative Development

Melatonin, as a pleiotropic molecule, has been shown to interact with various plant
hormones during vegetative development, including auxins, cytokinins,
gibberellins, abscisic acid, ethylene, and jasmonates. These interactions can have
profound effects on plant growth and development, as well as stress responses. Here,
we summarize the current understanding of the interactions between melatonin and
other plant hormones during vegetative development.

Auxins are essential regulators of plant growth and development, and they play
crucial roles in controlling cell division and elongation, organ formation, and tropic
responses. Melatonin has been shown to interact with auxins in regulating various
aspects of plant growth and development. For example, exogenous melatonin
application has been found to promote adventitious root formation in cucumber
seedlings by increasing the expression of auxin biosynthesis genes and enhancing
auxin transport (Li et al. 2014). Similarly, melatonin treatment has been shown to
stimulate primary root elongation in Arabidopsis by upregulating auxin-related
genes (Chen et al. 2009). Melatonin has also been reported to increase the auxin
content in maize seedlings, thereby promoting shoot growth.

Cytokinins are known to play important roles in controlling cell division and
differentiation, shoot and root development, and stress responses. Melatonin has
been shown to interact with cytokinins in regulating various aspects of plant growth
and development. For example, melatonin has been found to enhance the cytokinin-
induced greening of etiolated cucumber cotyledons, possibly by modulating the
expression of cytokinin-related genes (Zhang et al. 2014b). In addition, melatonin
treatment has been shown to increase the cytokinin content in Arabidopsis seedlings,
which promotes shoot growth and enhances drought tolerance (Arnao and
Hernandez-Ruiz 2018).

Gibberellins are well-known plant hormones that promote stem elongation, seed
germination, and floral induction. Melatonin has been shown to interact with
gibberellins in regulating various aspects of plant growth and development. For
example, melatonin has been found to promote stem elongation and increase the
expression of gibberellin biosynthesis genes in pea seedlings (Kang et al. 2010).
Melatonin has also been reported to enhance the effects of exogenous gibberellin
application on the growth of Arabidopsis seedlings by upregulating gibberellin-
related genes (Byeon et al. 2013).

Abscisic acid is a key hormone that regulates various aspects of plant growth and
development, including seed germination, stomatal closure, and stress responses.
Melatonin has been shown to interact with abscisic acid in regulating various aspects
of plant growth and development. For example, melatonin treatment has been found
to increase the expression of abscisic acid biosynthesis genes and promote stomatal
closure in tomato plants (Kang et al. 2010). Melatonin has also been reported to
enhance the effects of exogenous abscisic acid application on the drought tolerance
of Arabidopsis seedlings by upregulating abscisic acid-related genes (Wei et al.
2014).
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Ethylene is a gaseous hormone that plays important roles in regulating various
aspects of plant growth and development, including fruit ripening, flower senes-
cence, and stress responses. Melatonin has been shown to interact with ethylene in
regulating various aspects of plant growth and development. For example, melatonin
treatment has been found to reduce ethylene production and delay senescence in
strawberry fruit (Shi et al. 2015). Melatonin has also been reported to enhance the
effects of exogenous ethylene application on the growth of Arabidopsis seedlings by
upregulating ethylene-related genes (Zhang et al. 2012).

Jasmonates are important plant hormones that play crucial roles in regulating
various aspects of plant growth and development, including defense against
herbivores and pathogens, root growth, and reproductive development. Melatonin
has been shown to interact with jasmonates in regulating various aspects of plant
growth and development. For example, melatonin treatment has been found to
enhance the jasmonate-induced accumulation of anthocyanins in Arabidopsis
seedlings, possibly by upregulating the expression of jasmonate biosynthesis genes
(Zhang et al. 2014a). Melatonin has also been reported to enhance the effects of
exogenous jasmonate application on the growth of rice seedlings by upregulating
jasmonate-related genes (Shi et al. 2015).

Melatonin plays an important role in regulating various aspects of plant growth
and development by interacting with other plant hormones, including auxins,
cytokinins, gibberellins, abscisic acid, ethylene, and jasmonates. The interactions
between melatonin and these hormones can have profound effects on plant growth
and development, as well as stress responses. Further research is needed to elucidate
the molecular mechanisms underlying these interactions and to develop strategies for
utilizing these interactions to enhance plant growth and stress tolerance.

3.5.3 Effect of Melatonin on Plant Architecture

Plant architecture, including leaf morphology, stem length, and branching patterns,
is an important determinant of crop yield and overall plant fitness. Recent studies
have shown that the hormone melatonin plays a crucial role in regulating plant
architecture by affecting various aspects of growth and development (Arnao and
Hernéndez-Ruiz 2019). Melatonin is a highly conserved hormone that is synthesized
in plants via the tryptophan pathway (Hardeland et al. 2011).

Melatonin has been shown to affect leaf morphology by regulating the size,
shape, and number of leaves. In Arabidopsis, melatonin treatment increased leaf
size and chlorophyll content (Zhao et al. 2015). In tomato plants, melatonin treat-
ment increased leaf size and leaf area index (Zhang et al. 2014a). In rice, exogenous
melatonin increased leaf length and width (Liang et al. 2015). These results suggest
that melatonin may have a positive effect on leaf morphology and, ultimately, plant
productivity.

Melatonin also plays a role in stem elongation and branching. In Arabidopsis,
melatonin was found to promote stem elongation, leading to taller plants with longer
internodes (Shi et al. 2015). In rice, exogenous melatonin treatment increased the



58 M. Yaseen and F. Khalid

Fig. 3.1 The cluster graph showing clusters of plant parts and factors affecting melatonin produc-
tion in plants. Description of the diagram: The “cluster_plant” subgraph contains five nodes that
represent different parts of a plant: “root,” “stem,” “leaf,” “flower,” and “fruit.” The
“cluster_factors” subgraph contains seven nodes that represent different factors that can influence
plant growth and productivity: “light,” “temperature,” “water,” “nutrients,” “stress,” “chemicals,”
and “exogenous” (external) and “endogenous” (internal) factors. The edges in the graph show the
relationships between the nodes. For example, there are edges connecting “light” to “leaf,”
“temperature” to both “stem” and “leaf,” and “water” and “nutrients” to all three parts of the
plant (“root,” “stem,” and “leaf”). There are also two edges that connect “stress” and “chemicals” to
the “plant” node, which implies that these factors can have a broad impact on the plant as a whole.
The graph provides a visual representation of the different factors that can affect plant growth and
productivity and their relationships to different parts of the plant

” ” 9 <« ”

number of tillers and the length of the main stem, resulting in plants with increased
branching (Byeon et al. 2014). Melatonin may also affect branching by regulating
the expression of genes involved in the biosynthesis of plant hormones such as auxin
and cytokinin (Zhang et al. 2019).

Furthermore, melatonin has been shown to influence the development of flowers
and fruits. In tomato plants, melatonin treatment increased the number of flowers per
inflorescence and the number of fruits per plant (Li et al. 2014). In strawberries,
exogenous melatonin treatment increased the number of flowers, resulting in
increased fruit yield (Wang et al. 2016).

In conclusion, melatonin plays an important role in regulating plant architecture by
affecting leaf morphology, stem elongation, branching, and fruit development (Fig. 3.1).
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Further research is needed to elucidate the precise mechanisms by which melatonin
regulates these processes.

3.6 Conclusion and Future Directions

The role of melatonin in the regulation of plant growth and development has gained
significant attention in recent years. Melatonin is a multifunctional molecule that acts
as a growth regulator, stress mitigator, and antioxidant in various plants. It has been
found to play a crucial role in seed germination, plant establishment, and vegetative
development by regulating several physiological processes, including root and shoot
growth, photosynthesis, stomatal behavior, and hormonal balance. Melatonin acts as
a growth promoter in seed germination and root development, while it suppresses
shoot growth and promotes branching during vegetative development. Additionally,
melatonin improves plant tolerance to various abiotic and biotic stresses during plant
establishment, such as drought, salinity, and pathogen infections. Future studies
could focus on understanding the molecular mechanisms underlying melatonin-
mediated regulation of plant growth and development, including gene expression,
signal transduction, and metabolite profiling. Additionally, the interactive effects of
melatonin with other plant hormones could be investigated to understand their role in
plant growth and development.

3.6.1 Summary of the Key Findings

The research on the role of melatonin in the regulation of plant growth and develop-
ment has revealed several key findings. Firstly, melatonin has been found to play a
significant role in seed germination, as it enhances the germination percentage and
rate of various plant species. Secondly, melatonin has been shown to regulate root
development by promoting primary root growth and lateral root formation. Thirdly,
melatonin has been found to regulate shoot growth by suppressing stem elongation
and promoting branching during vegetative development. In addition, melatonin has
been found to improve plant tolerance to various abiotic and biotic stresses during
plant establishment, such as drought, salinity, and pathogen infections. Melatonin
acts as an antioxidant and stress mitigator, protecting plants from oxidative damage
and improving their survival under stress conditions. Furthermore, melatonin has
been found to interact with other plant hormones, such as auxins, cytokinins, and
abscisic acid, to regulate plant growth and development.

3.6.2 Future Research Directions
Future research on the role of melatonin in the regulation of plant growth and

development could focus on several areas. Firstly, understanding the molecular
mechanisms underlying melatonin-mediated regulation of plant growth and
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development could provide insights into the gene expression, signal transduction,
and metabolite profiling involved in this process. This could be achieved through
techniques such as transcriptomics, proteomics, and metabolomics.

Secondly, further investigation of the interactive effects of melatonin with other
plant hormones, such as auxins, cytokinins, and abscisic acid, could provide a better
understanding of their role in regulating plant growth and development. This could
involve studying the crosstalk between these hormones and melatonin, as well as
their combined effects on different physiological processes.

Thirdly, the potential use of melatonin as a plant growth regulator and stress
mitigator could be explored further. This could include investigating the effects of
exogenous melatonin application on different plant species under different stress
conditions, as well as optimizing the dose and timing of melatonin application.

Lastly, the potential use of melatonin in enhancing crop yield and improving
plant stress tolerance could be investigated in field trials. This could involve studying
the effects of melatonin on different crops under different environmental conditions,
as well as developing strategies for the practical application of melatonin in
agriculture.

In summary, future research on the role of melatonin in the regulation of plant
growth and development could focus on understanding the molecular mechanisms
underlying this process, investigating the interactive effects of melatonin with other
plant hormones, exploring the potential use of melatonin as a plant growth regulator
and stress mitigator, and investigating the potential use of melatonin in enhancing
crop yield and improving plant stress tolerance in field trials.
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