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Melatonin and serotonin are indoleamines first identified
as neurotransmitters in vertebrates; they have now been
found to be ubiquitously present across all forms of life. Both
melatonin and serotonin were discovered in plants several
years after their discovery in mammals, but their presence has
now been confirmed in almost all plant families. The
mechanisms of action of melatonin and serotonin are still
poorly defined. Melatonin and serotonin possess important
roles in plant growth and development, including functions
in chronoregulation and modulation of reproductive
development, control of root and shoot organogenesis,
maintenance of plant tissues, delay of senescence, and
responses to biotic and abiotic stresses. This review focuses
on the roles of melatonin and serotonin as a novel class of
plant growth regulators. Their roles in reproductive and
vegetative plant growth will be examined including an
overview of current hypotheses and knowledge regarding
their mechanisms of action in specific responses.

Introduction

The indoleamines melatonin (MEL; N-acetyl-5-methoxy-
tryptamine) and serotonin (5HT; 5-hydroxytryptamine) are
ancient chemicals that were presumably part of the life cycles of
the first prokaryotic life forms on Earth millions of years ago
where they functioned as powerful antioxidants to combat the
increasingly oxygen rich atmosphere."* MEL, in particular, is an
extremely powerful reducing agent capable of potentially detoxi-
fying 10 reactive oxygen species for every unit of MEL."?*® Mod-
ern complex organisms including plants and animals have finely
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tuned and regulated systems for sustaining life in which these
compounds play pivotal roles.””"'* This review examines the
functions of 5SHT and MEL on vegetative and reproductive
growth patterns in plants including interactions between indole-
amines and other known plant growth regulators.

Discovery

Both 5HT and MEL evolved in prokaryotes but were first dis-
covered in mammals. MEL was discovered in 1958 and the struc-
ture elucidated the same year.15 16 Likewise, SHT was discovered
and identified in animals in the 1930s.>>">"” In animals MEL is
a hormone produced by the pineal gland, while 5SHT is commonly
produced throughout the nervous system,'®*° though extra-pineal
locations of biosynthesis have now been established.”*** MEL
plays important roles as a signal for darkness involved in sleep and
regulation of circadian rhythms while SHT is a critical signaling
molecule in the nervous system of animals.”'?

In plants, SHT was first discovered in the medicinal herb cow-
hage (Mucuna pruriens) in 1954724 MEL was not identified in
plants until 1995.%°° These initial reports focused on the pres-
ence of 5HT and MEL in food and medicinal crops, and in par-
ticular, the effect of the presence of these compounds may have
after human consumption.”*?® MEL has now been detected in
almost all plant families and in some cases at very high concentra-
tions,>”*® while SHT has been analyzed in fewer but a sdill signif-
icant numbers of plant families.”*”*° Despite their widespread
presence, the functional significance of MEL and 5HT in the life
of a plant is less clearly defined.

Biosynthesis

In plants, as in animals, MEL and 5HT are produced from the
precursor amino acid tryptophan via two primary pathways,
though several potential minor deviations from these pathways
have been reported (Fig. 1).>"** Production of SHT proceeds
via the production of 5-hydroxy-tryptophan by tryptophan

€1096469-1



hydroxylase (TPH) in animals and it is then converted to SHT by
aromatic acid decarboxylase (AADC).%*® In plants 5HT is pro-
duced via tryptamine which is catalytically produced by trypto-
phan decarboxylase (TDC) and is later hydroxylated to form SHT
by tryptamine-5-hydroxylase.>** At this point the animal and
plant pathways merge such that N-acetyl-serotonin is produced by
serotonin N-acetyltransferase (SNAT) which is then converted to
MEL by acetyl-serotonin methyltransferase (ASMT) also known
as hydroxyindole-O-methyltransferase (HIOMT) in both plants
and animals.”>”®* TDC in plants and SNAT in animals are gener-
ally considered to be the rate limiting steps in these pathways. For
example transgenic studies in rice have found that up-regulation
of TDC can increase endogenous SHT and MEL concentrations;
however limited literature has also suggested that ASMT may be a
more important in determining the amount of melatonin pro-
duced in some plant species.**?”%° Recently, a caffeic acid O-
methyltransferase (COMT) was found to convert N-acetylseroto-
nin to MEL in plants®**”#! This suggests that alternate routes
and enzymes may be involved in this process. Additionally, SNAT
has been shown to directly metabolize tryptamine to N-acetylsero-
tonin though these alternate routes are generally considered to be
more minor players in melatonin synthesis. These may be more
important in plant species in which sequences with significant
homologies to the known SNAT enzymes are not present.”” In
contrast to the well-defined biosynthetic pathways for MEL and
5HT, the catabolic routes of MEL and 5HT are poorly defined in
plants. The information from dinoflagellates suggests that they
can be degraded via hydroxylation, dealkylation, oxidative pyrrole
ring cleavage and deacetylation reactions to breakdown products
including 5-methoxytryptamine (5-MT), 5-methoxytryptophol
(5-ML), 5-methoxyindole-3-acetic acid (5-MIAA) and N1-acetyl-
N2-formyl-5-methoxykynuramine (AFMK); however, these have
yet to be demonstrated in higher plants.*>** Additionally, though
much research has been done to investigate the presence and activ-
ity of MEL in plants, new analytical technologies have led to the
identification of many possible isomers of MEL, which have not
been studied in depth.*’

Physiological roles

A significant amount of literature has been published related
to the activity of MEL in plants, with many fewer investigations
examining the role of 5SHT. MEL is an important compound in
the protection of plants against stresses which were recently
reviewed by several authors®%®%” and include biotic stresses
such as pathogen attack and diverse abiotic stresses including
drought, freezing, osmotic, heat, heavy metal, UV and oxidative
stresses; SHT has some similar actions in some plant spe-
424764 Recently, the application of SHT was shown to result
in significant reduction in browning of fruit tissues.®” Perhaps

cies.

more intriguing is the implication of these compounds as a novel
class of plant growth regulators with an increasing body of litera-
ture suggesting that the balance between SHT and MEL may be
homologous to that seen between cytokinins and auxins, whose
synergistic/antagonistic relationships are widely exploited in tis-
sue culture for determining the direction of desired morphologi-
cal patterning (Fig. 3).°*%
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Regulation of plant growth

In plants there are several universally accepted classes of plant
growth regulators (PGRs) which are considered essential to plant
growth, development, communication and responses to environ-
mental conditions. These PGRs include: auxins, cytokinins, gibber-
ellins, ethylene, jasmonic acid, brassinosteroids, salicylic and
abscisic acid.®*”> Of these, auxins and cytokinins are considered to
be the most powerful in determining the outcome of morphologi-
cal patterns with auxin gradients serving essential functions in
maintaining apical dominance, cell elongation, and promotion of
rooting among other functions; the cytokinins act to promote cell
division and play a major roles in organ development, germina-
tion, senescence and maintenance of circadian rhythms.”*”® Com-
plementary and (or) antagonistic responses between the 2 are
critical in determining the final growth pattern. For example, dur-
ing embryo development the inhibition of cytokinin signaling leads
to establishment of embryonic root stem cells, and in mature
plants disruption of the auxin gradient in roots by cytokinins leads
to lateral root formation.””* Recent literature, however, suggests
that this traditional view of PGRs may be incomplete as there is
significant cross talk between these pathways and many classes of
compounds have now been found to further modulate these
responses and a rise or fall in these compounds can have varying
but often significant effects on the growth pattern.®”*”* Antioxi-
dants such as ascorbic acid, flavonoids, polyamines and brassinoste-
roids also have been implicated in the regulation of plant
growth.””®®” The intricacy and interconnectedness of plant
growth signaling pathways seem to have increased based on recent
findings, leading to a higher number of unknowns regarding their
functions. This suggests that perhaps the current perceptions of
the core importance of the auxin/cytokinin balance needs to be
revisited, with a new concept of a dynamic and complex web of
interactions taking its place. This may require new balancing acts
working in symphony to produce the diverse plant growth patterns
observed in nature. Of these plant growth regulators, perhaps the
class of compounds with some of the most intriguing effects are

the indoleamines, MEL and SHT.%”:8>%"

Melatonin and root organogenesis

The relationship between MEL and regulation of plant growth
has been most consistently described in model systems of rooting,.
One of the first reports of this activity was published by Murch
et al. (88), who found that application of the auxin action and
transport inhibitors p-chlorophenoxyisobutyric acid (PCIB) and
2,3,5-triiodobenzoic acid (TIBA), respectively, led to a reduction
in MEL content of St. John’s wort (Hypericum perforatum)
explants. This was simultaneously associated with a decrease in
survival and rooting which was not completely recovered by addi-
tion of exogenous auxin. Since then the root promoting effect of
MEL has been reported in numerous species including Brassica
Jjuncea, Arabidopsis thaliana, Lupinus albus, Cucumis sativus, Oryza
sativa and Prunus species among others (Table 1).48:02,63,89-94
The root promoting effect of MEL appears to be strongest in pro-
moting rooting structures other than primary roots including
reports of enhanced lateral and adventitious rooting being the
most common. In particular, the production of lateral roots is an
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Table 1. Effects of melatonin and serotonin on vegetative growth.

Effect

Concentration
range

Species

Proposed mechanism
of action

Reference

Melatonin
Delayed leaf senescence

Increased number of
lateral roots

Increased root elongation

Increased root number

Increased incidence
somatic
embryogenesis

Enhanced microspore
development

Increased plant biomass

Increased number
adventitious roots

Increased seedling
growth

Inhibition of seedling
growth

Increased shoot
production

Inhibition of primary root
formation

Modification of stem and
leaf branching
patterns

Chronoregulator

Increased hypocotyl
elongation

Promotion coleoptile
growth
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20 pM = 10 mM

50 - 500 uM

0.05 - 100 uM

0.1 -200 uM

100 uM

0.05-10 pM

0.5-100 wM

10 pM

100 pM

571 pM - 1.16 mg/L

high concentration

10 uM

5-40 uM

Malus sp., Arabidopsis thaliana,
Hordeum vulgare, Oryza sativa

Arabidopsis thaliana, Lupinus
albus, Cucumis sativus

Virginia radiata, Prunus sp, Lupinus
albus, rice, Arabidopsis thaliana,
Helianthus annus

Brassica juncea, Hypericum
perforatum, Prunus rootstocks,
Punica granatum

Coffea canephora

Hypericum perforatum

Prunus avium x Prunus cerasus,
Oryza sativa, Arabidopsis
thaliana

Lupinus albus, Oryza sativa, Prunus
rootstocks

Oryza sativa, Lupinus albus,
Brassica olereacea rubrum, Zea
mays

Zea mays

Punica granatum, Vaccinium
corymbosum, Mimosa pudica

Brassica juncea, Oryza sativa,
Lupinus albus, Arabidopsis
thaliana

Oryza sativa, Solanum
lycopersicum

Eichhornia crassipes, vitis vinifera,
Prunus avium, Ulva sp, Chara
australis, Chenopodium rubrum,
Oryza sativa

Helianthus annus, Lupinus albus
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Antioxidant activity, inhibition
chlorophyll degradation,
upregulation ascorbic acid and
glutathione pathways, down-
regulation of senescence
related genes, modification of
photosynthesis and sugar
metabolism, modification of
nitrogen metabolism,
decreased protein degradation

Modification of expression levels
of transcription factors, cell
wall and peroxidase-related
genes

Antioxidant activity, increased
carbohydrate concentration,
interaction with calcium/
calmodulin signaling cascades

Interaction with 5HT and auxin

Interaction with calcium signaling
cascades

Modification of calcium
distribution

Enhancement of carbohydrate
and proline metabolism

Modification of calicium/
calmodulin signaling
pathways, enhancement of
sugar metabolism,
biosynthesis, hydrolysis and
transport, enhanced
photosynthesis and starch
catabolism.

Inhibition of sugar metabolism,
starch accumulation, reduced
sucrose biosynthesis,
hydrolysis and transport

Interaction with calcium signaling
pathways

Interaction with auxin signaling
genes

Antioxidant activity, support of
photosynthetic apparatus, light
signaling

Interaction with polyamines and
auxin, antioxidant activity

58,106-109,121,127

62,63,90,94,156

48,52,90-93,158

8,31,88,89,91,92,159

102

48,91,93,160

90,92,93,161

53,95,98,101,115,126

101

114,159,162

48,89,93,115

103,104

44,97,110,121,123,125,133,163

52,115

95

(Continued on next page)
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Table 1. Effects of melatonin and serotonin on vegetative growth. (Continued)

Concentration

Proposed mechanism

Effect range Species of action Reference
Phalaris canariensis, Avena sativa,
Triticum aestivum, Hordeum
vulgare
Promotion of 100-500 M Cucumis sativus Antioxidant 129
germination
Serotonin
Increased incidence 100 uM Coffea canephora Interaction with calcium signaling 102
somatic cascades
embryogenesis
Increased shoot 100-200 uM Hypericum perforatum, Mimosa Interaction with MEL, auxin, and 88,114
production pudica calcium signaling pathways
Delayed senescence 0.8 uM Oryza sativa Antioxidant e
Increased root length 0.8 M -20uM Hordeum vulgare, Helianthus 52112
annus
Increased root weight 0.8 uM Hordeum vulgare 12
Increased coleoptile 0.8 uM Hordeum vulgare 2
weight
Increased mitotic index 0.8 uM Hordeum vulgare 2
Increased lateral root 10-160 uM Arabidopsis thaliana Inhibition of auxin activity and m
formation transport, modification of
auxin gene expression
Increased adventitious > 160 uM Arabidopsis thaliana Inhibition of auxin activity and m
root formation transport, modification of
auxin gene expression
Inhibition of primary root 10-160 uM Arabidopsis thaliana Inhibition of auxin activity and m
formation transport, modification of
auxin gene expression
Increased hypocotyl 5-15uM Helianthus annus 52
elongation
Induction of root Juglans nigra x regia s
formation

Promotion germination

Hippeastrum hybridium

164

area of strong interest where interactions between diverse PGRs
have been implicated.®>”®***>%4 In some cases MEL displays a
concurrent inhibition of primary root production or elonga-
tion.***?> Equally prominent appears to be the dose dependent
manner in which this occurs; low levels of MEL increase plant
root growth with increasing concentrations until a maximal
response is achieved after which the highest levels of MEL become
inhibitory. While this maximal concentration varies greatly across
plant species with 10 M being inhibitory in some species such as
cherry rootstocks (Prunus avium x Prunus cerasus) and concentra-
tions as high as 500 wuM maintaining a promoting effect in
others.”"?? In part, these concentration ranges are also impacted
by the mode of application. In cases where MEL is administered
in a greenhouse during watering, the same exposure is ineffective
in plants grown in tissue culture where MEL is included in the cul-
ture medium; this accounts for some of this significant variability.
The stability of MEL after light exposure is also a significant con-
cern, which is rarely addressed. Plants supplemented with MEL in
clear culture boxes are likely to be exposed to a lower overall con-
centration of MEL due to light-mediated degradation than in
plants exposed in black plastic pots. Without the analysis of MEL
in cultures post-exposure it is hard to confirm exposure concentra-
tions. Another possible explanation for the wide range of results is
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the phenomenon of gating as observed in Arabidopsis for IAA
activity.”® This effect may lead to responses only being observed if
exogenous MEL is applied at particular times of day or at specific
phases in the circadian rhythm or season as was observed by Kolar
et al.”” Additionally, the potential for growth regulating activity
to be the result of MEL catabolites has been proposed.”® In one
such study on etiolated cotyledons of Lupinus albus, the effect of a
weak auxin, 5-methoxyindole-3-acetic, a MEL catabolite identi-
fied in animals, was tested and found not to be active; this suggests
that the activity of MEL was not due to its homology to auxin, but
instead was a result of MEL-specific responses.”® It is also possible
that degradation of MEL is irrelevant and the plant response is
triggered immediately after exposure where the variations in plant
responses are due to normal endogenous levels of indoleamines.

Melatonin and shoot organogensis

MEL may also be implicated as a modulator of shoot produc-
tion, with increased exposure leading to expanded seedling
growth and shoot number. This is reminiscent of the decreasing
gradient effects seen in some species in response to auxin, sug-
gesting the involvement of MEL transport, though the receptors
or transport proteins for MEL have yet to be identified in
plants.”” These responses are also likely the result of interaction
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Table 2. Effects of melatonin and serotonin on reproductive growth.

Mechanism of action/
interaction with known

Effect Concentration range Species reported pathways Reference(s)

Melatonin

Protection of reproductive tissues Datura metel, Malus domestica, ~ Antioxidant activity 36,91,92,130131

during development edible seed plants, Prunus

avium

Modification of flowering time 100 - 500 uM Chenopodium rubrum, Oryza Interaction with calcium/ 97125126
sativa calmodulin signaling

Promotion post-harvest ripening Solanum lycopersicum Interaction with ethylene 142

signaling pathways
Promotion of seed growth and 1 uM Glycine max, Cucumbis sativus, Zea Interaction with gibberellin and 53,5562,63,105,127-129

germination
tanacetifolia
Decreased grain yield

Regulation reproductive
development

Oryza sativa

perforatum

Serotonin

Protection of reproductive tissues
during development

Stimulation pollen germination

perforatum

perforatum

mays, Vigna radiata, Brassica
oleracea rubrum, Phacellia

Oryza sativa, Hypericum

Datura metel, Hypericum

Hippeastrum hybridum, Hypericum Calcium distribution and signaling

absicic acid systems,
antioxidant, modification of
calcium signaling pathways

related genes
126

Modification of related gene 67127.139
expression patterns including,
modification of calcium
distribution and signaling
cascades
Antioxidant activity 67131
67,140

of MEL with other plant growth regulators and the pathways
they modulate. This is seen for antioxidants such as glutathione
and ascorbic acid which by modulation of the reducing environ-
ment in plant cells are able to alter plant responses via reactive
oxygen species (ROS)-mediated interaction with established
plant growth regulatory pathways.**'%° The interaction with the
cytokinin or SHT responses may also be a causal factor. A recent
study on Zea mays has also suggested a direct interaction with
sugar metabolism.'®" This publication reported that at low levels
(10 wM) MEL acted to enhance gene expression of photosynthe-
sis, sucrose biosynthesis and hydrolysis-related genes, to increase
starch catabolism during the night, to elevate sucrose-related
enzyme activity and to promote photosynthetic rates. This was
coupled to a rise in the expression of sugar transporters SUT1
and SUT?2 as well as higher levels of hexokinase activity and sugar
metabolites which resulted in elevated levels of available sugars
for plant growth.'®" Interestingly, when the authors increased
exogenously applied MEL concentrations to 100 wM, the reverse
effect was seen with reduced sucrose metabolism, transport and
gene expression, increased starch accumulation in photosynthe-
sizing tissues and lower photosynthetic rates.'”'

Somatic embryogenesis is induced by MEL in coffee plants in
culture (Coffea canephora) though whether this effect is a result of
a balance between SHT and MEL concentrations, or is due to an
interaction with other signaling cascades is not reported.'” Addi-
tionally, an effect of MEL on leaf and branching structures has
been reported in both rice and tomato.'®>'** A general increase in
total biomass due to MEL treatment has been reported, though
this may just be a side effect of an increased production of roots,
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shoots or leaves.”"*>'% As a whole, these studies suggest that not
only is MEL able to interact with signaling and other plant growth
regulatory cascades, it also has a function in nutrient cycling.

The ability of MEL to delay senescence has also been widely
examined with much more insight now being available into the
potential mechanisms of action.”®'*'*? An interesting aspect of
MEL is its ability to promote formation of new tissues while main-
taining aging tissues. Metabolic and genetic factors have been iden-
tified through which MEL accomplishes this maintenance. From a
metabolic perspective, the antioxidant capacity of MEL is able to
maintain the photosynthetic process, preventing chlorophyll degra-
dation and increasing efficiency of photosystem II as well as regu-
lating sugar and nitrogen metabolism and preventing protein
degradation.l%’lo&llo At the genetic level in particular, 3 senes-
cence-related genes may be involved: indole-3-acetic acid inducible
17 (AXR3), senescence associated gene 12 (SAG 12) and senes-
cence 4 (SEN4) suggesting a potential interaction with auxin sig-
naling."”” In apple, autophagy-related genes involved in age-related
protein degradation have been found to be suppressed by MEL
possibly also contributing metabolically to this mechanism.'*®

Serotonin in root organogensis

SHT activity was described by Pelagio-Flores et al. (111) in
an A. thaliana model system. Application of 10-160 uM 5HT
to A. thaliana disrupted auxin transport and subsequently the
auxin gradient in roots, resulting in an inhibition of primary root
growth. The redirected auxin stimulated already-developed
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Figure 1. Proposed biosynthetic pathways for melatonin and serotonin in plants and animals. AADC: aromatic L-amino acid decarboxylase; ASMT: acetyl-
serotonin methyltransferase; COMT: caffeic acid-O-methyltransferase; HHOMT: hydroxyindole-O-methyltransferase; T-5-H: Tryptamine-5-hydroxylase; TDC:
tryptophan decarboxylase; TPH: tryptophan hydroxylase; SNAT: serotonin N-acetyltransferase. Green arrows indicate an established biosynthetic path-
way in plants, red arrows an established biosynthetic pathway in animals, black a step shared by both the animal and plant established pathways and
blue arrows indicate a newly proposed alternate step in the biosynthetic pathway.

lateral root primordia through modification of auxin-related gene
expression.''" At concentrations greater than 160 wM, SHT
inhibited both lateral and primary rooting leading to the produc-
tion of adventitious roots; this activity occurred independently of
auxin-related loci, suggesting there is a SHT specific response
stimulated by exogenous application of this biogenic amine.""!
SHT-mediated modification of rooting has also been reported in
Hypercium perforatum, Hordeum vulgare, Juglans nigra x Juglans

. X 2.88,112,117
regia, and Helianthus annus among others.” 3

Serotonin in shoot organogenesis

The cytokinin-like effects of SHT are not limited to the antag-
onistic relationships with auxin during root formation. 5SHT has
also been found to enhance shoot formation and somatic
embryogenesis in culture. Murch et al. (88) observed that an
increase in endogenous SHT levels correlated with an enhanced
shoot production in H. perforatum. Similarly, the application of
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inhibitors of human SHT transporters decreased the number of
shoots produced in cultures, while addition of an inhibitor pre-
venting conversion of SHT to MEL, (p-chlorophenyl alanine;
p-CPA) led to an increase in endogenous SHT concentrations
along with inhibition of auxin-induced rooting and promotion
of shoot production. More recently, Ramakrishna et al.
(102,114) found that the addition of SHT in Caffea canephora
and Mimosa pudica caused a rise in somatic embryogenesis and
shoot multiplication, respectively. Addition of p-CPA or fluoxe-
tine induced a reduction in somatic embryogenesis, supporting
the results obtained by Murch et al. (88). Additionally, the inclu-
sion of calcium enhanced shoot multiplication, while the addi-
tion of calcium chelators or calcium channel inhibitors inhibited
the effects of both somatic embryogenesis and shoot multiplica-
tion. This suggests that the calcium concentration and signaling
are intricately linked to the indoleamine response in plants.'*>!'
Similar to experiments performed on MEL in Lupinus albus and
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Figure 2. Summary of mechanism of action of melatonin and serotonin effects on reproductive and vegetative growth and development. Red arrows
indicate a melatonin pathway, blue arrows indicate a serotonin pathway and black arrows indicate metabolism of both melatonin and serotonin.

several other species including Avena sativa and Hordeum vulgare
, SHT was found to enhance hypocotyl elongation in Helianthus
annus.”>?>'"° SHT has also been found to delay senescence in
Oryza sativa due to its antioxidant capacity; however, the effect
does not appear to be as prevalent as seen for MEL."'¢

Melatonin and 5HT in Flowering, Reproduction and
Chronoregulation

In mammals, MEL is intricately linked to circadian rhythms
and is most commonly known as a signal of darkness, and is in
fact readily available as a natural health product for the promo-
tion of sleep. There is less evidence for MEL as a signal of dark-
ness in plants. Nevertheless, MEL content has been found to vary
in some species of plant seasonally and also on a daily basis sug-
gesting that even if it is not a primary chronoregulator in plants,
it plays a role in timing both chronoregulatory processes and
reproductive development (Table 2) 3044 Additionally in several
cases, this rhythm was maintained even when plants were kept in
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the dark, confirming endogenous maintenance of this sys-
tem."'”""® One possibility is that the MEL content is synchro-
nized, with photosynthetic activity with daylight as the
photosynthetic process producing large quantities of dangerous
free radicals and reactive oxygen species.**>''?12% As MEL is a
potent antioxidant, its presence is extremely favorable during
periods of intense photosynthesis to combat the high levels of
free radicals and reactive oxygen species produced thereby main-
taining the integrity of chloroplasts and the surrounding cellular
environment.''>"*""??* To date, several species of algae have
been reported in which the indoleamine content fluctuates
repeatedly and predictably including Eichhornia crassipes and
Ulva which had peaks of indoleamines in association with the
light/dark cycle and Chara australis which showed a circadian
rhythm of auxin and MEL.**'?>'%% Regulation of flowering
time is best illustrated to date by a report published by Kolar
et al. (97) who examined flowering time in the short-day plant
Chenopodium rubrum. Application of MEL at specific time
points, before darkness or in the first half of the dark period, led

to a significant decrease in flowering. Interestingly, a previous
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to the function of MEL in other repro-
ductive applications, there is a large
body of knowledge as to the function of
MEL in promoting seed growth and ger-
mination. Byeon et al. (127) found that
MEL modifies expression of germina-
tion and growth-related genes, including
those involved in cell wall growth and
expansion, as well as genes related to cal-
cium signaling cascades. Also, Wei et al.
(105) found that in soybean MEL inter-
acts with gibberellin and abscisic acid
pathways
Others have ascribed the promotion to
direct antioxidant effects of MEL and its
ability to enhance other cellular antioxi-
dant pathways.>>'?%1%

Reproductive organs in plants house

to promote germination.

some of the most important but most
vulnerable tissues produced during the
life of a plant. Due to periods of both
prolonged dormancy and rapid growth
and development, the oxidative environ-
ment in these tissues can change rapidly,
which without protection may lead to
poor reproductive success.”>'?"  As
powerful antioxidants, MEL and 5HT
have been implicated as protective
chemicals during these processes. The
accumulation of high levels of MEL and
SHT concentrations in developing flow-
ers and seeds has been reported in vari-
ous species including Devil’s trumpet
(Datura metel), St. John’s wort (Hyperi-
cum  perforatum), apple (Malus domes-
tica), grape (Vitis vinifera) and cherry
(Prunus avium), with levels of each vary-

ing with the developmental stage.

varying reports, or concentration-dependent effects.

Figure 3. Overview of the primary physiological roles of melatonin and serotonin. White arrows indi-
cate melatonin action, blue arrows serotonin action and direction indicates enhancement (up), inhibi-
tion (down) or other modulatory effects (sideways), in some cases multiple arrows are present due to

Reports of MEL and 5HT content of

plants across different tissue types con-
36,67,131-134 chat

concentrations are significantly higher in

sistently demonstrate

study had shown that MEL levels varied with time of day in C.
rubrum, thereby supporting the potential endogenous effect of
MEL in the regulation of ﬂowering.125 More recently, the modifica-
tion of flowering time and grain yield was reported in a transgenic
strain of rice which produced increased MEL due to transformation
with SNAT, suggesting that further investigation may prove this
response to be more common than previously thought.'*°
Exogenous application of MEL has promoted seed growth
and germination in diverse plants including soybean (Glycine
max), cucumber (Cucumis sativus), corn (Zea mays), mung bean
(Vigna radiata), red cabbage (Brassica oleracea rubrum) and pur-
ple tansy (Phacelia tanacetifolia).>>>6>°>10>127-129 Compared
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reproductive tissues than in vegetative

tissues. This phenomenon spans many
plant families including the Solanaceae, Rubiaceae, Fabacieae,
Poaceae and Clusiaceae.'*>'*® In fact, seeds are a particularly
rich source of MEL and 5HT, with many species having been
reported to have significant concentrations.””'** Additionally,
though there is an overall increase in indoleamine concentration
in these reproductive tissues, there is a differential accumulation
of MEL and 5HT depending on developmental stage. A study
quantifying MEL and SHT content of Merlot grapes found sig-
nificant differences across the growing season. While SHT was
detected in none of the grapes collected during prelag phases, it
was detected at levels of 8-10 pg/g in 30-35% of grapes during
veraison. In contrast, MEL was identified in 23% of the prelag
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phase grapes with approximate concentrations of 100 g/g with
an increase in concentration with progressive developmental
stages to a maximum of 45% of grapes containing detectable
MEL in purple grapes. This differential pattern of MEL and
SHT concentration suggests that, in addition to their protective
effects, MEL and 5HT may act as signals for reproductive devel-
opment.'” * This idea is supported by similar results seen in dev-
il's crumpet, where MEL concentration increased progressively
for the first 10 d after antethesis, at which point the ovule reached
maturity, and by studies in apple which found seasonal peaks in
MEL and 5HT content that coincided with periods of significant
growth and development of the apple fruit. It is worth noting,
however, that periods of intense growth and development also
generally coincide with periods of high production of reactive
oxygen species suggesting that the function of MEL in reproduc-
tive tissues may serve a dual purpose.’®'?" In both rice and apple
MEL has been found to be a modulator of the expression of genes
implicated in reproductive development suggesting complex
mechanisms of regulation.*® %13

Though information on the activity of 5SHT in plant repro-
duction is limited, the existing literature suggests that it has a
strong effect on pollen germination both in culture and in vivo.
In St. John’s wort the shifts from the tetrad to uninucleate phase
microspore cultures was accompanied by a shift in indoleamine
concentration with SHT steeply increasing and MEL dropping
off, again suggesting that the balance of MEL and SHT at the
correct time points is important in maintaining proper plant
reproductive development.®”'4°

Proposed Mechanisms of Action of MEL and 5HT

Though many possible mechanisms of action have been pro-
posed over the years for the action of MEL and SHT in plant
growth, development and reproduction, these hypotheses can be
summarized into the following categories: a) interaction with
auxin or other phytohormone signaling cascades, b) interaction
with calcium/calmodulin signaling cascades, ¢) direct antioxidant
activity and upregulation of other cellular antioxidant processes,
d) modification of gene expression including primary metabolic
networks including nitrogen, sugar and carbon metabolism, and
e) presence of MEL/5HT specific receptors inducing specialized
signaling cascades (Fig. 2). In view of several recent reviews of
these hypotheses with regards to MEL.”***” the present article
will atctempt a brief discussion of the importance of these mecha-
nisms in plant growth and development functions with particular
emphasis on the potential role of SHT in these processes.

It is now a well-accepted principle of plant signaling that the
phytohormonal networks are intricately interconnected and an
action by any particular PGR can have wide reaching effects. It is
therefore, logical to expect that MEL and SHT will interact with
other plant growth regulators. Due to their significant effects on
rooting and organogenesis, it is not surprising that MEL and
SHT are capable of interacting with auxin gradients, gene expres-
sion and signaling networks. The interaction between SHT and
auxin signaling leading to modifications in rooting is evident
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from the study of 5HT-mediated disruption of the ubiquitin-
proteasome cascade that normally results from auxin signaling.'"!
Additionally extensive studies with plant tissue culture have
found that the addition of auxin inhibitors has significant effects
on MEL and 5HT concentrations resulting in modification of
growth patterns (Table 1). Reports of coinciding maxima of
TIAA, MEL and SHT in Chara ' further suggest that in addition
to MEL and 5HT being able to effect auxin activity, there exists
the possibility that one of the many auxin biosynthetic pathways
"1 work in tandem with the poorly understood indoleamine bio-
synthetic pathways to produce the observed circadian effects.
Other examples of hormonal interaction include improved ripen-
ing of tomato fruits with MEL treatment,"** which not surpris-
ingly was attributed to an interaction with ethylene signaling
pathways. Research into the promotion of seed growth and ger-
mination has led to elucidation of further interactions between
MEL and gibberellins and abscisic acid, two classes of PGRs,
which are essential to seed germination.'®

The second hypothesis involves MEL and SHT-induced cal-
cium signaling cascades and associated downstream responses.
Plants use calcium as an essential signaling molecule'* and also
to maintain osmotic gradients for stabilizing their cell walls and
membranes. These cascades serve diverse functions and have
been implicated in pathogen response, pollen tube growth and
abiotic stress responses that represent extremely complex net-
works for signaling. Like auxin, the presence of calcium gradients
in cells may also constitute a signal making this a broad hypothe-
sis.'** Research using calcium channel inhibitors, calcium chela-
tors and co-administration of calcium with MEL or SHT has
shown that plant responses to treatment with MEL or 5HT are
enhanced by increasing calcium concentrations and can be inhib-
ited by decreased calcium availability, or inhibiting the function
of calcium signaling enzymes and transporters. A study by Jones
et al. (145) found that the addition of the calcium channel inhib-
itor (S)-Bay K8644 led to a change in cell polarity accompanied
by a steep increase in auxin concentration,'” SHT and MEL
concentrations leading to reduced regeneration in Echinacea
purpurea. Similarly, a study in Coffea canephora'® found that
somatic embryogenesis was enhanced by the addition of 100 uM
MEL or 5HT and that inclusion of either calcium or calcium
ionophore led to a further enhancement in this activity. The
function of calcium in this system was then confirmed by inclu-
sion of a calcium chelator, and a calcium channel inhibitor; in
both cases somatic embryogenesis was significantly inhibited.
Interestingly, SHT was found to be distributed throughout the
cultures and somatic embryos and was slightly more effective
than MEL alone, although both showed the same interaction
with calcium. Calcium signaling has also been implicated in the
reproductive development of H. perforatum. Experiments by
Murch et al. (67) suggest that calcium gradients may be involved
in signaling the transition from tetrad to uninucleate microspore
phases associated with a shift from a high SHT environment to a
high MEL environment.”” These results strongly support an
important link between calcium and MEL and 5HT action; how-
ever, specific calcium receptors or channels that respond to these
compounds have not yet been identified.
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One of the most promising hypotheses of the function of
MEL and 5HT in plants is based on their role as antioxidants.
ROS are increasingly being acknowledged as important signaling
compounds.%’loo’146 To date ROS have been implicated in a
multitude of physiological responses such as pathogen attack,
herbivory and wounding, and UV exposure as well as playing a
role in seed dormancy, and plant growth and development.'*”~
2 n these responses, ROS interact with phytohormone net-
works and other signaling cascades including calcium, protein
phosphorylation and nitric oxide cascades, as well as modifying
transcriptional regulation.147’148’153’154 Miller et al. (150) found
that ROS-mediated signaling cascades in A. thaliana travel in a
self-propagating wave over long distances, at a rate of 8.4 cm/
min by modifying the oxidative environment of cells. As MEL
and SHT possess strong antioxidant potential they may modify
ROS signaling cascades, leading to interruption of these long dis-
tance signals and resulting in dramatic effects on cellular environ-
ments and responses.

The interaction between ROS signaling and calcium and cal-
modulin-dependent signaling cascades suggests that the MEL
and SHT-mediated responses are likely due to a combination of
factors and one single hypothesis may not explain the diversity
of actions of these compounds. Another less complex implica-
tion of the presence of MEL and SHT in tissues as an antioxi-
dant is their ability to protect cells and cellular components
from damage by ROS.® In chloroplasts and mitochondria,
which are derived from the ancient organisms in which MEL
and 5HT are thought to have first evolved, MEL may play an
important role in neutralizing ROS produced during the photo-
synthetic and cellular respiration processes. Such protection of
the apparatuses and pigments in vital organelles is crucial for
enhancing the efficiency and life span of the tissues.">'"® For
instance, the protection of chlorophyll by MEL directly and
through modulation of senescence-related gene expression is a
means by which MEL mediates a delay in leaf senescence.’®
Additionally, work in an ancestral relative of land plant, Chara
australis, has found a direct interaction between MEL applica-
tion and reduced production of ROS species at the cellular level
by using fluorescent probes and examining trans-membrane
potential differences; these findings have suggested that the nat-
ural circadian rhythms of these compounds produced in Chara
species may help to regulate ROS levels.'**'>>

The ability of MEL to modify gene expression offers an addi-
tional insight into its mode of action and interactions with other
pathways. MEL has been shown to differentially regulate expres-
sion of genes associated with the antioxidant enzymes including
ascorbate-glutathione, auxin-related genes, development-associated
genes and senescence-associated genes in plant cells,'%®?7127:132
Recent differential expression analyses of transcriptomes of plants
exposed to MEL have found that the expression of more than
1300 genes are modified by MEL in A. thaliana and over 300 in
cucumber. In a transgenic strain of rice expressing a sheep SNAT
and producing increased MEL, over 400 genes were found to be
differentially expressed. These included genes involved in cell wall
structure, nitrogen metabolism, carbon and sugar metabolism, cal-
clum signaling and transcription factors including F-box and
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leucine repeat proteins. This adds a further level of complexity to
the signaling networks influenced by MEL.*”'*”'5¢ Furthermore
specific research has started to uncover the mechanisms behind this
regulation with a C-repeat-binding factors (CBFs)/drought
response element binding 1 factors (DREBI1s) as well as WRKY,
MYB and bHLH transcription factors being implicated in media-
tion of these responses.*®'3*'>” Though large-scale transcriptom-
ics analysis has not been undertaken to examine the transcriptional
effects of SHT on plant tissues, differential expression of a large
number of genes is plausible due to the many similarities and rela-
tionships in MEL and 5HT responses.

MEL and 5HT receptors can explain and facilitate under-
standing of multiple functions these molecules display in plant
physiology. The presence of MEL and 5HT specific receptors in
animals is well documented and such receptors are likely present
in plants (see refs 40,115 for further discussion of putative recep-
tors). The observation that SHT and MEL function indepen-
dently to control auxin activity in Arabdiopsis''" also suggests
receptor-mediated modes of action for MEL and SHT. Unfortu-
nately, despite extensive information available on these receptors
in animals, searches for homologous gene sequences in plants
have yielded no results. It is likely that a specific receptor is
indeed present in plants for these indoleamines due to the specific
responses they induce. It is also possible that MEL and SHT
function through interaction with receptors used for other net-
works such as auxins due to their similarity in structure.

Conclusions

MEL and 5HT are indoleamines first identified as neurotrans-
mitter signaling molecules in mammals but are ubiquitous across
all forms of life. In plants, MEL and 5HT play important roles
in plant growth and development by modulating shoot and root
organogenesis, embryogenesis, germination and flowering time
and may act as developmental cues in reproductive and vegetative
development and aging. Both MEL and 5HT interact with
already established plant signaling networks, in particular with
auxin signaling, and their involvement in many more metabolic
pathways has been suggested. A singular mode of action has not
been identified for MEL or SHT and further research is required
to identify their putative receptors. However, the analyses of
MEL and 5HT induced and modulated responses indicate that it
is more likely that SHT and MEL function through modulation
of calcium and ROS signaling cascades, modulation of gene
expression and interaction with other PGRs mediated by specific
receptors. These distinct and highly regulated pathways are
strong evidence for these compounds as a new class of plant
growth regulator as minor changes in the regulatory web, as dem-
onstrated by studies presented in this review, lead to specific and
significant changes in gene expression, as well as plant growth
patterns and morphology.

As MEL is produced from SHT via NAS, there is also likely a
finely regulated balance between 5HT and MEL in plant cells,
which defines the resulting plant change occurring in an
extremely tuned response. The biosynthesis of MEL and 5HT
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has been found to be regulated at almost all steps in the biosyn-
thetic pathway from competition for carbon in the form of tryp-
tophan and tryptamine from other biosynthetic pathways such as
auxin biosynthesis, to the feedback inhibition of SNAT. Taken
as a whole, the existing research suggests that not only are MEL
and 5HT intricately linked with existing plant growth regulatory
networks and signaling cascades, they participate in basic nutrient
pathways including nitrogen and sugar metabolism. In contrast
with acknowledged interactions in plants such as the cytokinin/
auxin balance, the dual effect observed for the indoleamines is
unique as instead of compounds with significantly different struc-
tures produced from separate pathways, MEL and 5HT are dif-
ferentiated only by the presence of an acetyl and a methoxy
group and are produced from a single pathway. This may allow
plants to more finely tune this balance as only one pathway, and
possibly even only one enzyme need be effected to shift this bal-
ance. This is in contrast to many and complex steps, which are
required to maintain or shift the auxin/cytokinin balance.
Though research continues to increase into this intriguing and
ancient class of PGRs there are many questions still to be

answered with regards to the roles MEL and 5HT in plant
growth and development and the diverse mechanisms by which
they are accomplished. A continually-growing body of knowl-
edge on the roles of MEL and 5HT in plants and acceptance of
these compounds as plant growth regulators will have far-reach-
ing conclusions, both for basic plant science and applied
technologies such as plant cell culture, crop improvement, cryo-
preservation and conservation.
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