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A B S T R A C T

Melatonin was discovered as a pineal gland hormone in animals and is now more significantly known as a
signaling molecule in plants' biotic and abiotic stressors. Melatonin has been traced back to prokaryotic organisms
during evolution and its primary function of antioxidant scavenging free radicals in photosynthetic prokaryotic
bacteria is a lesser explored and exciting area for further research globally. The authors at IIT Delhi are trying to
establish its potential role in stress management in agriculture. The present manuscript addresses the biosynthetic
pathways hitherto suggested by scientists. In this manuscript, the potential scope of melatonin in agriculture as a
growth promoter, post-harvest loss inhibitor, and signaling and quality improvement molecule is envisaged.
1. Introduction

Melatonin is one of the critical molecules among living organisms
which functions as a secondary metabolite engaged with various natural,
hormonal, and physiological mechanisms in the cell, tissue, and organ
levels. Melatonin is the final product of the Tryptophan Metabolic
Pathway (TMP). Its presence has been traced back to prokaryotes, and
studies have shown that till date it is a part of an evolutionary journey
(Manchester et al., 2015; Zhao et al., 2019).

Stages of the evolution of life on earth, corresponding with the
presence of Melatonin was reported and discussed by several authors as
described in Figure 1 (Zhao et al., 2019).

In agriculture, the role of melatonin becomes very crucial because of
the investigation of its involvement in the increase of biomass, germi-
nation of seeds, improvement in the photosynthetic activities, fruit
ripening, delayed flowering, and tolerance in the different types of biotic
and biotic stresses (Asif et al., 2020). Due to the amphipathic, melatonin
can move across the membranes, which makes them an essential mole-
cule in agriculture, and cross-talk with different plant hormones is a
crucial mechanism for various abiotic stress tolerance in agriculture
crops (Mukherjee, 2018).

Lerner et al. (1958) first reported Melatonin's presence in the bovine
pineal gland (Lynch et al., 1975) and established the existence of Mela-
tonin in all living forms. Over a period of time, different scientists had
reported it in different organisms. Subsequently, in 1995, it was
discovered in some plant species, and later on, multiple studies were
conducted to understand its presence, pathway, and functions in plants
(Arnao and Hern�andez-Ruiz, 2006). Studies (Manchester et al., 2015;
. Dashora).
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Pshenichnyuk et al., 2017)reflected that the presence of Melatonin in the
prebiotic organisms primarily comprised of cyanobacteria and proteo-
bacteria, indicating its existence through the evolution of all living be-
ings, establishing its ubiquitous status. Interestingly, the presence of
Melatonin in these organisms suggested that its chemical nature has
barely changed during the journey of the evolution of life (Zhao et al.,
2019).

Interestingly, the presence of isomers of melatonin was also reported
in the plants. It is also found that the level of these isomers in the plants is
higher than the original form of the melatonin (Hardeland, 2016; Tan et
al., 2014). Melatonin has been detected in about 300 plants of different
groups ranging from monocots to dicots (Arnao, 2014). The presence of
Melatonin in higher plants has also been reported and designated as
phytomelatonin and has the chemical structure of N-acetyl-5 methoxy-
tryptamine, as shown in Figure 2.

The present review focus on the importance of melatonin in agricul-
ture to determine the motive of applying exogenous melatonin in agri-
culture. Exogenous melatonin can be easily absorbed by plant roots. So
total amount of the melatonin in plants was observed tobe higher due to
the increase of melatonin in leaves, but their endogenous synthesis under
different stress is still under investigation. The higher concentration of
melatonin can protect plants from excess water (water stress) and soil
pollutants, other environmental stresses like UV-radiation, etc (Janas and
Posmyk, 2013).

Although there were some preliminary indications about the presence
of melatonin in plants (Kolar et al., 1995; Kol�ar et al., 2002; Van Tassel et
al., 2001), the first publication by Van Tassel & O Neil in a Congress
communication proved the presence of phytomelotanin in higher plants
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Figure 1. Stages of the evolution of life on earth, corresponding with the presence of Melatonin (Zhao et al., 2019) (Image credit- Biorender).
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(Arnao,2014). The existence of phytomelatonin in all plants is now fully
acknowledged, with concentrations varying from picogram to micro-
gram. The research evidence confirming the in-situ synthesis of melatonin
is mostly unexplored (Burkhardt et al., 2001). Melatonin's presence in
two varieties of Prunuscerasus L. (tart cherry) mentioned that melatonin
might be absorbed besides its potential synthesis in the cherry fruit
exogenously through the roots, further transported to the nuts. Studies
(Hardeland and Poeggeler, 2003; Manchester et al., 2015) proposed, as
many microorganisms have melatonin in their cells, their decomposition
in the soil may release melatonin into the surrounding material and is
subsequently absorbed by the roots of the plants and recycle. Melatonin
was absorbed exogenously from the plant growth medium. It was also
observed that there were higher chances of survival of plants in mela-
tonin enriched copper polluted water than the non-melatonin-enriched
copper polluted water (Tan et al., 2007).
1.1. Initial developments

The development of melatonin from prokaryotes to higher mammals
is highlighted in the sequence presented in Figure 1. Melatonin's journey
from prokaryotic to evolved plant and animal species can be linked with
Figure 2. Chemical structure of phytomelatonin.
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tryptophan, the first molecule of Melatonin synthesis through a vital
process of four-step reaction (Figure 3). Several research studies have
confirmed that a significant portion of the phytomelatonin is synthesized
by plants, even though the factors leading to the presence of a homolog of
the classic arylalkylamine N-acetyltransferase (AANAT) in plants is yet to
get more research attention. This indicates that the serotonin N-acety-
lation enzyme in plants may differ from the chemical and molecular
composition of animal AANAT in sequence and structure. This supports
that proteins with such catalytic properties are potential of multiple
evolutionary origins. Melatonin's primary function in plants is estab-
lished to serve as the primary defense against internal and environmental
oxidative stressors. Six genes, namely, TDC, TPH, T5H, SNAT, ASMT, and
COMT, have been found to potentially play a significant role in the
biosynthesis of Melatonin, indicating the possibilities of the presence of
multiple pathways. The two meaningful ways based on the enzyme ki-
netics have been proposed to be of production significance (Axelrod and
Weissbach, 1960; Back et al., 2016; Weissbach et al., 1960).
Figure 3. The Classical steps of biosynthesis of Melatonin from tryptophan as a
four-step. reaction (Tan et al., 2016) (Image credit – Biorender).
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Furthermore, serotonin plays a vital role in flowering, ion perme-
ability, and a protective role as an antioxidant (Ramakrishna et al.,
2011). Kang et al. (2009) suggested that tryptophan levels were
considerably high during senescence, and the increased levels of tryp-
tophan is converted into serotonin in the presence of Tryptophan
decarboxylase (TDC). Though its efficacy against fungi and viruses was
reported (Sharif et al., 2018), the role of Melatonin in plant protection
against biotic stress is yet to be established with concrete research evi-
dence. In a very recent paper published by Zhao & his coworkers (2021)
in trends in plant sciences designating the melatonin as a regulator for
biotic stress tolerance in plants. Authors have highlighted that phyto-
melatonin helps intolerance against biotic stresses. They also highlighted
that melatonin contributes to the defense from pathogen attack. Inter-
estingly the authors indicated that melatonin can modulate the biotic
response when it interacts with the disease resistance signaling pathway
(Zhao et al., 2021).

2. Synthesis of melatonin in plants

The pathway of melatonin in plants and microorganisms is unique in
relation to that of the vertebrates. The utility of tryptophan for synthesis
remains constant in these living beings (plants and microorganisms). The
significant change in the plants' initial steps, i.e., decarboxylation of
tryptophan into tryptamine, indicates the difference with vertebrates
(Tan et al., 2014). Very recently, it is also discussed by Tan and Rieter
(2020) that the final steps are also different in the vertebrates, which
were earlier considered as the same in all the organisms. Some more
studies are needed to find all the aspects related to the topic. Figure 4
indicates the suggested pathway for the production of melatonin. Tryp-
tophan availability in the plants and microorganisms to initiate the
pathway is assured by Shikimic acid pathways, which is followed in most
of the plants and microorganisms except animals where tryptophan and
other aromatic amino acids are supplied by food source The synthesis of
the tryptophan in the plants, microalgae, and other prokaryotes also
exhibit a complex process comes under Shikimic acid pathways where
tryptophan can be integrated in the beginning with D-eryth-
rose-4-phosphate and phosphoenolpyruvate, in phototrophs eventually
with carbon dioxide (Bochkov et al., 2012).

The plant preference for either of the pathways requires more studies.
The melatonin biosynthetic capacity associated with the conversion of
Figure 4. The pathways of biosynthesis of phytomelatonin in plant system. The step
(Diagram Credit- BioRender).
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tryptophan to serotonin is much higher than that related to the trans-
formation of serotonin to melatonin, which results in low levels of
melatonin. Depending on the pathway, melatonin synthesis final sub-
cellular locations vary at either the cytoplasm or chloroplasts, which
may differentially affect Melatonin's mode of action in plants (Back et al.,
2016). Besides, Melatonin also play a critical role as a signaling molecule
to mediate the plant defense response against pathogen attack via the
mitogen-activated protein kinase (MAPK) pathway, as shown in Figure 5
(Lee et al., 2014, 2015).
2.1. Sites of melatonin synthesis in cells

The specific site of melatonin synthesis is still under investigation and
a matter of debate. A very few literature are available, which provide a
particular ground that the place of origin of melatonin in cells is mito-
chondria (Kanwar et al., 2018, Tan and Reiter, 2019). The main reason
for the hypothesis is the occurrence of the SNAT gene in the mitochon-
dria. It is also a predetermined fact that the generation of reactive oxygen
species (ROS) in the mitochondria is very high. For ROS management,
melatonin factors are produced and minimize the impact of ROS (Tan
and Reiter, 2019). Along with mitochondria, the chloroplast is another
organelle that is considered as a potential site for melatonin production.
The evolutionary studies indicated that this may be possible due to the
conversion of cyanobacteria into the chloroplast and the evolution of
mitochondria from non-sulfur photosynthetic purple bacteria over time
and distributed to other organisms (Kanwar et al., 2018).

3. Role of melatonin in plant stress management

It can be discerned that melatonin has a vital role in the plant
kingdom due to its capacity to synthesize at a molecular level and acti-
vate plant growth level while enhancing its hydroxyl antioxidant ca-
pacity. The studies and reviews indicate enough scope for further
research in ascertaining the role of phytomelatonin in the total gamut of
plant physiology and plant protection. Melatonin could directly scavenge
ROS under various abiotic and biotic stresses, generating these stresses as
a powerful antioxidant, thus promoting plants' stress resistance (Reiter et
al., 2018). Globally, scientists are making systematic and planned efforts
to minutely probe the potential of phytomelatonin to make its
s have been divided in to two different ways for the synthesis of phytomelatonin



Figure 5. Mitogen-Activated Protein Kinase Pathways. The pathway describes an outline of the function of melatonin under stress (Lee et al., 2014, 2015) (Diagram
Credit BioRender).
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advantageous use synthetically. The efforts in this direction are focused
on both biotic and abiotic stress management.

Though the role of phytomelatonin against selective abiotic stresses is
widely reported, more research still needs to be done on the responses
generated from specific plant parts and the conduction of signals. Effects
of melatonin and its role in maize roots and leaves during drought con-
ditions by comparing ROS accumulation and function of antioxidant
enzymes (Huang et al., 2019). The study also concluded that melatonin
was instrumental in addressing the increase in ROS, cell death, and
deterioration of D1 protein. The outcome of leaf senescence in kiwifruit
by giving a pretreatment of an exogenously applied melatonin indicated
a significant reduction in membrane damage (Liang et al., 2018). Also, a
reduced concentration of hydrogen peroxide was found with the
increased activity of some antioxidant enzymes, resulting in Melatonin's
potentially useful melatonin delaying the aging of kiwifruit leaves.
Studies mentioned the potential of exogenous melatonin in protecting
Nicotianatabacum L. suspension cells when exposed to lead. It was
inferred that melatonin potentially functioned as a priming agent to
support tobacco cells under lead-induced stress conditions (Kobyli�nska
and Posmyk, 2016; Kobyli�nska et al., 2017). Apart from this, the rela-
tionship between exogenous melatonin in osmopriming of cucumber and
antioxidant defense concluded the decisive role of melatonin in the
growth of cucumber seeds and young seedlings oxidative stress (Marta et
al., 2016).

ROS collection can actuate lipid peroxidation, loss in chlorophyll
content, and damage of cell film respectability and photosynthetic action.
To prevent these effects, plants have created a specific antioxidant
mediated system (de Souza et al., 2014; Ye et al., 2016). Under unfa-
vorable conditions, plants typically produce a lot of ROS, which actuate
lipids membrane peroxidation and oxidative degradation. Melatonin is
one of the critical molecules which detoxify the cells from the excess
generation of ROS. It can not only reduce the ROS but also balance the
4

group of reactions which are responsible for the development of ROS
factors.

Melatonin has also been effective against various abiotic stresses,
including heavy metals, drought, UV radiation, and toxic chemicals.
Plant species having a lower concentration of melatonin showed their
vulnerability to the presence of ozone in contrast to the relatively tolerant
species for ozone (Dubbels et al., 1995). Similarly, the plant species
grown in Alpine and Mediterranean regions are exposed to high UV ra-
diations, and have a higher concentration of melatonin than the species
grown away from these regions (Simopoulos et al., 2005). An increased
level of melatonin was found, when the roots of Glycyrrhizauralensis
plants exposed to UV-B radiations in contrast to the non-exposed plant's
roots (Afreen et al., 2006). Subsequently, a similar effect of UV-B radia-
tion on exposure of transgenic Nicotianasylvestris plants was observed
(Zhang et al., 2017). It was reported that when the seeds of Brassica
oleracea were pre-soaked in melatonin, copper ions did not exhibit any
toxic effect on seed germination and inital growth phases (Posmyk and
Janas, 2009).

Arnao and Hern�andez-Ruiz (2009) examined increased Melatonin
concentration in Hordeumvulgare L roots when exposed to 1 mM zinc
sulfate (ZnSO4), reconfirming the protective role of melatonin. Re-
searchers suggested that increased melatonin concentration and reduced
levels of malondialdehyde was observed in transgenic rice plants, along
with elevated levels of activities of enzymes like catalase and superoxide
dismutase as compared to control samples (Park et al., 2013; Nawaz et
al., 2016).

There are several reports of involvement of melatonin in enhancing
physiological processes such as improving germination and ripening
process, photosynthetic activities, biomass production, root system
development, and managing abiotic stresses (Kol�ar et al., 2002; Lee et al.,
2014, 2015; Qian et al., 2015; Shi et al., 2015). However, recent re-
searches and reviews reported that melatonin plays an instrumental role
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in managing biotic stresses and inducing gene expression in plants, which
help to cope with different stressors. It is also said that inhibition of the
in-vitro growth of filamentous fungi Physalospora piricola, Botrytis cinerea,
or Mycosphaerella arachidicola was observed in the presence of a very
high concentration (100 mM) of melatonin (Wang et al., 2012). The
growth of Alternaria sp. had been reported to be inhibited at the con-
centration of melatonin at 4 mM. Alterations of the soil microbial com-
munity can significantly impact agricultural outcomes as microbes (both
soil bacteria and fungi) are the critical drivers of soil health and agri-
cultural crop productivity (Mau et al., 2019; Zhang et al., 2019).

During the last decade, on several occasions, it was reported that
there is a difference in the concentration of melatonin between the
different species depending on physical and edaphic parameters (Oka-
zaki and Ezura, 2009; Wei et al., 2018). It was also reported that there is a
the significant role of endogenous melatonin in regulating plant growth
attributes in various species. To evaluate the concentration of melatonin
in plants, many sensitive detectionmethods, and assays are available that
include radioimmunoassay, ELISA, gas chromatography-mass spectrom-
etry, and high-performance liquid chromatography, HPLC-elec-
trochemical detection, HPLC fluorescence detection (HPLC-FD), and
HPLC-mass spectrometry (HPLC-MS) which can detect even the slightest
concentrations of the melatonin present in a sample (Zhang et al., 2017).
3.1. Plant immune system and melatonin

Melatonin is a significant messenger in plant for natural insuscepti-
bility against the bacterial pathogen Pseudomonas syringe PV. Tomato
(Pst) DC3000 in the salicylic acid (SA) and nitric oxide (NO) dependent
pathway. Though the first study regarding the same has been done, the
concrete research evidence still lacks in establishing the metabolic ho-
meostasis in melatonin-mediated innate immunity.

Exogenous utilization of melatonin was found to restrict the potato
late blight diseases caused by Phytophthora infestans by-a) suppressing
mycelial development, b) changing cell ultrastructure, c) decreasing the
virulence, and d) disabling pressure resilience of P. investments (Zhang et
al., 2017). It was also observed that melatonin reduced the requirement
of chemical fungicides significantly and improved the functions of fun-
gicides for potato late blight fungus control because of the synergistic
inhibitory effect produced by co-treating with melatonin and fungicide.
The transcriptome studies suggested that melatonin can control the
growth of P. infestansis most likely due to altering the homeostasis of
amino acid metabolisms. Besides, melatonin also changed the role of
significant components related to stress tolerance, fungal infestation, and
the frequently used chemical fungicides which ordinarily show toxicity
to most living forms. In contrast, Melatonin indicates less lethality even
under high concentrations. Because of the above, there is a possibility to
develop anovel transgenic potato crop that may deliver more melatonin
as well as produce the sRNA focusing on the critical controllers of amino
acid metabolism by manipulating the essential genes controlling the
biogenesis of melatonin in potato and amino acid metabolism in P.
infestans. Besides, as a potential synergist, melatonin can also possibly
lessen the utilization of substance fungicides. It is reported to enhance
substance fungicides effectiveness, limit the use of synthetic fungicides,
and further diminish their requirements for crop protection (Madigan et
al., 2019; Zhang et al., 2017).

In a recent study coined by Zhao and his coworkers(2021), reported
that the production of endogenous production of melatonin, ROS and
reactive nitrogen species (RNS) are interconnected and triggered by bi-
otic stresses like pathogen attack or any other microbial infection to the
plants. Also, under stress conditions, cellular responses may develop due
to the interaction between extracellular signaling, which is ultimately
received by plasma membrane receptors. This may alter the cellular
homeostasis mechanism, resulting in the excessive production of ROS
and RNS with some other ions. These are the possible reasons for
oxidative stress and, finally, cell death (Zhao et al., 2021).
5

4. Interaction of melatonin with auxin, ABA and salicilic acid

Melatonin is somehow closely related to auxin in many ways. The
structure of melatonin is almost similar to the IAA (Indole-3- Acetic
Acid). Most importantly, tryptophan act as precursor molecule for both
melatonin and IAA and exhibiting antioxidants properties. They promote
plant growth promotion significantly. Melatonin exogenously enhances
the development of roots and shoots directly or indirectly with the help of
serotonin. It was found that both molecule co participate in plant growth
activities. A dose-dependent activity relationship was also observed be-
tween melatonin and IAA in root formation. The lower concentration of
melatonin in Arabidopsis and mustard roots augmented with the IAA level
in the plant system (Kanwar et al., 2018). Similar to Auxin, melatonin can
modulate the processes involved in plant morphogenesis like rhizo-
genesis in pericicle fromfrom Lupinus albus The process involved the
development of letaral roots from adventitious stem roots.

A water deficiency can likewise trigger the creation of the phyto-
hormone abscisic acid (ABA), which causes stomata to close (Li et al.,
2015). Oxidative damage under drought stress is successfully managed
by the application of melatonin. It is observed that the level of ABA
production was significantly downregulated after the application of
melatonin. It infers ABA production on a genetic level by suppressing the
gene responsible for the ABA synthesis.

ABA plays an essential role in the stomatal closer with hydrogen
peroxide as a signaling molecule. The influence of ion may generate with
the increase of the ABA production, resulting in the loss of the turgor and
ultimately closer of the stomatal pores. Melatonin may act via receptor-
dependent and receptor-independent mechanisms. Antioxidant activ-
ities doubtless indication of its receptor-independent function. It was also
observed that the capacity of phytomelatonin-intervened stomatal closer
through controlling H2O2 creation was receptor-driven; also, this sto-
matal closer done with the application of melatonin different from the
ABA, which means melatonin has a different receptor than the ABA.
Thus, the attachment of phytomelatonin to the CAND2/PMTR1 receptor
triggers the separation of Gγβ and Gα, which enacts the NADPH oxidase-
dependent H2O2 synthesis, improves Ca2þ and Kþ influxes (Wei et al.,
2018; Hern�andez-Ruiz and Arnao, 2018).

Salicylic acid is importantly required in plants for protection against
various pathogenic organisms (Mukherjee, 2018). The discovery of sal-
icylic acid was earlier than melatonin, and both of these not only share a
similar precursor, but they are having a significant role in the tolerance of
biotic and abiotic stress tolerance. Somehow they are related in the
biosynthetic pathways, but there are no comparative studies to demon-
strate the relative effect. These molecules are considered as the stimu-
lants of the photosynthetic pathways also. Melatonin and Salicylic acid
are derived from the shikimic acid pathway in synthesis, but their mode
of action is different (Hern�andez-Ruiz and Arnao, 2018).

Melatonin, auxin and salicylic acid are evolved from a common
precursor called Chorsimate, which are involved in vital functions like
signaling and regulation in plants. Melatonin has been found to have
similar work as auxin (Arnao et al., 2015; Wen et al., 2016; Zuo et al.,
2014). Researchers highlighted the role of melatonin against Xantho-
monas oryzae pv.by regulating the responce generated by plant system
against pathogens attack functions as a regulator of (Chen et al., 2018).
Figure 5 explains the phytohormones obtained from Chorsimate derived
pathway. The biochemical pathway(s) and enzymatic mechanism(s) of
plant melatonin formation are yet to be explored. Studies using radio-
isotope tracer techniques indicated that tryptophan is the common pre-
cursor for serotonin and melatonin and indole-3-acetic acid (IAA) in
higher plants. This fact also leads to the conclusion of a similar role of
auxin and melatonin in plants (Murch et al., 2001). The collaboration
betweenmelatonin and other plant hormones has been examined widely.
Melatonin prompts changes in endogenous ABA, IAA, gibberellins, cy-
tokinins, and ethylene (Arnao and Hern�andez-Ruiz, 2015b; Wei et al.,
2018).
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5. Methods of the exogenous application of melatonin

Initially, melatonin was considered as an endogenous plant hormone
and antioxidant, but later due to its remarkable properties against biotic
and abiotic stress tolerance in plants, its exogenous application is also
increasing day by day. Effective treatment of the phytomelatonin is
essential for the function against the various types of stresses. However,
several methods like root irrigation and leaf spraying are also used by
researhers for the treatment of plants (Huang et al., 2019; Zhang et al.,
2019). Some studies indicated that that root irrigation could be a better
option.

On the other hand, foliar spraying could be effective under drought
stress (Ye et al., 2016). In many cases, direct soaking treatment was done
with the solution of an effective concentration (Bai et al., 2020). Soil
drenching is also used for the treatment of the plants (Ahmad et al.,
2019). On lab-scale research, saturated filter papers are used to study the
impact of melatonin (Chen et al., 2009). During the study of seed
germination Kołodziejczyk et al. (2016), applied exogenous melatonin
with the help of the hydropriming techniques.

6. Conclusion and way forward

The attention and care of scientist for melatonin in the field of agri-
culture have given impetus to the importance of melatonin and estab-
lishing it as an important area of further research through systematic,
well planned, location-specific, and crop-specific investigations to
augment the production and productivity coupled with the improvement
in the quality of produce. Hitherto, inspired by the results in the field of
the animal kingdom, some random attempts have been made to study the
role of melatonin in the plant kingdom. To date, we have only recognized
melatonin as a potential molecule in plants' growth. The synergetic role
of melatonin on physiology, biochemistry, yield potential, and quality of
the product is significant in the larger gamut of plant studies. So far,
scientists have indicated beneficial effects of melatonin and opined that it
is an essential and useful molecule, but its antagonistic impact, if any,
have yet not been envisaged and studied. The findings so far indicate that
genes introduced from vertebrates to transgenic plants produced
encouraging results. The possibility of an increased melatonin level,
having similar promising results in non-transgenic plants is still a grey
area where no suggestive opinion is available. There is a need to explore
the biosynthesis mechanisms of melatonin inducing the resistance to
both biotic and abiotic stresses for improved crop production. This may
improve the nutritional value of crops and reduce the dependence of
humans on synthetic dietary supplements. Melatonin enriched farm
produce can potentially prevent the full range of post-harvest losses in
different plants. There is a need to identify specific pathways for
enhancing the defense mechanism in managing biotic stresses. This may
lead us to use melatonin on a commercial scale. This will help reduce the
cost of cultivation and promote organic farming and curb the use of
chemicals in agriculture. It would be further interesting to examine
whether melatonin improves the hyper accumulator plant species' phy-
toremediation capacity. If so, a detailed study on mechanisms about it
can throw more light on the process.

It has been accounted for that melatonin advances root development.
Nonetheless, the part of melatonin in supplement take-up still should
hyperaccumulator association among melatonin and supplement take-up
and transport has yet not been contemplated. Similarly, the reaction of
foliar use of melatonin to its retention and change of plant development
advancement actually should be explored. Even though melatonin is
universally dispersed in plants, it is obscure whether all the plant organs
produce melatonin.

Melatonin's relationship with auxin is still an area that needs
exhaustive research, while the biochemical and physiological function of
Melatonin in plants are little explained. The action inhibitors of mela-
tonin receptors are unexplored. The information available so far about
melatonin establishes it as an indispensable signaling molecule.
6

Melatonin is produced endogenously and is essential in maintaining
plant growth and development. Moreover, the mitigation of biotic and
abiotic stresses makes it a more versatile molecule.

Additionally, the regulation of gene expression and interaction with
other phytohormones is another crucial factor of melatonin's contrib-
uting to too many plant biological processes under normal and stressful
conditions. Above all, melatonin is considered a non-toxic, biodegradable
molecule that promotes organic farming. Interalia, the role of melatonin
against actinomycetes, nematodes, or insects, along with non-target
pests, require attention and scientific investigation. Lastly, melatonin in
soil and plant roots uptake is also an important area where more specific
research is still needed.
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