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Abstract: This review summarizes the advances that have been made in terms of the
identified functions of melatonin in plants. Melatonin is an endogenously-produced
molecule in all plant species that have been investigated. Its concentration in plant organs
varies in different tissues, e.g., roots versus leaves, and with their developmental stage. As
in animals, the pathway of melatonin synthesis in plants utilizes tryptophan as an essential
precursor molecule. Melatonin synthesis is inducible in plants when they are exposed to
abiotic stresses (extremes of temperature, toxins, increased soil salinity, drought, etc.) as
well as to biotic stresses (fungal infection). Melatonin aids plants in terms of root growth,
leaf morphology, chlorophyll preservation and fruit development. There is also evidence that
exogenously-applied melatonin improves seed germination, plant growth and crop yield and
its application to plant products post-harvest shows that melatonin advances fruit ripening
and may improve food quality. Since melatonin was only discovered in plants two decades
ago, there is still a great deal to learn about the functional significance of melatonin in
plants. It is the hope of the authors that the current review will serve as a stimulus for
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scientists to join the endeavor of clarifying the function of this phylogenetically-ancient
molecule in plants and particularly in reference to the mechanisms by which melatonin
mediates its multiple actions.
Keywords: melatonin; plant growth; root growth; crop production; abiotic stress; biotic
stress; Arabidopsis; rice; apple; transgenic plants

1. Introduction
The identification of the tryptophan derivative, N-acetyl-5-methoxytryptamine, in bovine pineal
tissue in the late 1950s was a major discovery [1,2]. The common name given to this molecule was
melatonin because of its ability to cause the aggregation of pigment granules (melanin) in the
chromatophores of amphibian skin and the fact that during its conversion from tryptophan one of the
intermediates is 5-hydroxytryptamine (serotonin). The chemical characterization of melatonin along
with discoveries related to its synthesis [3–6] and evidence of its actions in mammals [7–10]
established the pineal, an organ previously thought to be vestigial by most scientists, as a legitimate
member of the endocrine hierarchy in vertebrates, particularly mammals.
Since the pineal complex only exists in the nervous system of vertebrates [11–14], and melatonin’s
described actions were endocrine in nature [15,16], melatonin was referred to initially as a
neurohormone and it was assumed to be only produced in the pineal gland. This image began to
change, however, when this indoleamine was identified in other organs as well, for example, in the
lateral eyes of vertebrates [17,18]. Subsequently, melatonin has been uncovered in numerous organs [19]
and, theoretically at least, it may be synthesized in every vertebrate cell [20]. Moreover, research
within the last two decades has definitively established a diversity of functions of this ubiquitously-distributed
indoleamine [21–25], many of which are not related to its actions as a hormone and some of which
seem not to require melatonin to interact with a receptor [26].
The rapidly-developing field related to the measurement of melatonin and its actions in multiple
vertebrate organs was accompanied by the identification of melatonin in invertebrates [27–29], which
are devoid of pineal gland, and in unicellular plant-like protist (alga) [30]. In the photosynthetic
dinoflagellate, Gonyanlax polyedra (now renamed Lingulodinium polyedrum), which is responsible for
the well-known “red tides”, melatonin levels exhibit a circadian rhythm that persists when these
organisms are maintained under constant darkness [30]. The presence of melatonin in transitional
species such as protists may have prompted the examination of melatonin in plants, although this is
unknown because the original descriptions lack such details since the findings are only published in
abstract form [31].
The first comprehensive reports of melatonin in the organs of land plants were published virtually
simultaneously by two separate groups in 1995. Dubbels and colleagues [32] undertook their
investigation since serotonin, which had been identified in fruits several decades earlier [33,34], is an
essential intermediate in the synthesis of melatonin from tryptophan [35–37]. Originally measured by
radioimmunoassay and verified by gas chromatography/mass spectrometry (GC/MS), this group
successfully identified melatonin in almost all plant tissues, i.e., three tomato cultivars, banana,
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beetroot, cucumber and the leaves of two tobacco cultivars. The only plant organ in which melatonin
was not identified was the potato. Since Dubbels was an avid gardener, all plants studied (except
banana) had been organically grown in his garden to reduce the possibility of contamination by
melatonin from an extraneous source. The concentrations of melatonin measured varied widely from 5
(in beetroot) to 253 pg/mL (Cultivar Sweet 100 tomato). The authors also mention there were
significant variations in the levels of melatonin among samples of the same fruit or vegetable.
Since melatonin had recently been identified as a free radical scavenger [38], Dubbels and
colleagues [32] speculated that one function of melatonin in plants was to protect them from ozone
(which causes free radical formation) and possibly other oxygen radical generating processes. This was
also supported by the observation that the tobacco cultivar most resistant to oxidative damage by ozone
also had the highest melatonin levels.
The second seminal report that identified melatonin in higher plants is that of Hattori et al. [39].
Their rationale for initiating the studies differed from that of Dubbels and co-workers [32]. Hattori and
colleagues [39] knew that in photoperiodically-sensitive mammals, changes in the duration of the
nocturnal melatonin peak regulate annual fluctuations in reproductive capability [40,41]. Thus, they
reasoned that melatonin in plants may also be involved in influencing seasonal variations in flower
growth, etc. As further justification for initiating their study, the authors noted that photosynthetic
algae also produced melatonin [30].
Hattori and colleagues [39] selected 24 edible plants from 12 families and both dicotyledons and
monocotyledons for study, two plant products which duplicated those tested by Dubbels et al. [32],
i.e., cucumber and tomato. Whereas the concentrations measured in these products varied between the
two reports, the reasons for this could have been multiple, e.g., assay variations, time of harvesting the
plants, maturation state of the plants, different varieties of the same plant, etc. [42]. The method of
melatonin estimation employed by Hattori et al. [39] was radioimmunoassay, which is generally
considered to be less sensitive and specific than the GC/MS technique used by Dubbels and
co-workers [32]. As in the first study, the concentrations of melatonin in plant products measured
varied widely from 5 pg/g to 5 µg/g tissue.
To further verify their findings, Hattori et al. [39] generated concentration displacement curves
using authentic melatonin and extracts of several plants. The melatonin curves were not found to be
significantly different from those of the extracts of ginger, tall fescue grass, Japanese radish, Japanese
ashitaba, rice or shungiku supporting the supposition that the plant extracts contained melatonin.
Finally, competition curves using several plant extracts showed that they inhibited iodomelatonin (a
ligand for melatonin at membrane receptors) binding to melatonin receptors. Collectively, the findings
were consistent with the presence of melatonin in all plant extracts examined.
While the investigations of Dubbels et al. [32] (in Germany) and Hattori and colleagues [39]
(in Japan) were carried out within the same time frame, they were unaware of each other’s work. There
is one common author on the two resulting publications (the primary author of the current review). I
did not divulge to either group that a similar study was on-going. This was intentionally done since this
field of research was new and I did not want the work of either group to be biased or influenced by the
others’ findings, particularly regarding the actual identification of melatonin in higher plants. Each was
informed of the others work when the respective papers were accepted for publication.
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Following the publication of these reports [32,39], major questions obviously remained
unanswered. These included an explanation for the wide range of melatonin concentrations in plants
and the functional significance of the indoleamine in plant cells. Moreover, it was unknown whether
plants actually synthesized the melatonin they contained or whether it was merely taken up from the
growth medium.
2. Melatonin in Plant Tissues: Expansion of the Field
In mammals, the tissues that produce gametes and the gamete itself, e.g., the ovum, synthesizes its
own melatonin theoretically to protect it from mutilation by toxic free radicals [43]. The assumption is
that since the ovum represents the next generation, during maturation, which often is associated with
elevated free radical generation, special precautions must be taken to prevent these cells from being
oxidatively injured since such damage could lead to the death or abnormal development of the fetus
and of the newborn, thereby compromising perpetuation of the species. Similarly, for plants the seeds
represent the subsequent generation and if the molecules they contain exhibit excessive oxidative stress
the seed may not generate and the next generation would be lost. Also, most seeds are rich in
polyunsaturated fats which are rather easily oxidized so potent antioxidants such as melatonin would
be important in reducing the likelihood of them being damaged.
While this information was not used as a justification for their study, Manchester et al. [44]
estimated melatonin concentrations in the seeds (the next generation) of 15 different plants and all had
what the authors described as high levels of the indole. These values varied from 2 to 200 µg/g dry
weight with the highest values being recorded in the seeds of white and black mustard. In the walnut
(Juglans regia L.), melatonin levels are in the same range (3.5 µg/g dry weight) [45]. Also of note, the
highest levels of melatonin measured in any plant organ to date are in the pistachio nut (Pistacia vera)
where the reported values are in the range of µg/mL methanolic extract [46]. Obviously, seeds and
plants in general contain melatonin levels that greatly exceed those measured in vertebrate blood [47,48] or
tissues [49–51], where concentrations are usually in the pg/mL and pg/g protein range, respectively. At
least by the standards in mammalian tissues, melatonin levels in plant organs are indeed much higher.
As noted, the pistachio kernel has uncommonly high melatonin levels. This finding is of special
interest given that the pistachio is a desert plant and survives long periods without water (drought).
Moreover, this plant is highly tolerant of salty soils and can survive environmental temperatures
ranging from −10 °C to 48 °C. As will be discussed later in this review, each of these circumstances,
i.e., drought, saline exposure and extreme temperatures, upregulates melatonin production in plants.
Hence, it is possible that the pistachio tree is able to survive and thrive under desert conditions because
of its high melatonin levels. On the basis of this, desert plants in general may have high levels of
melatonin, e.g., cacti and the desert sage, marigold, lily and willow tree (Chilopsis), etc. Likewise,
melatonin levels may also relate to the regional distribution such that plants that normally grow at the
extremes of latitude may have elevated concentrations of melatonin, which may also aid in their
survival under harsh, cold conditions (e.g., plants growing on the tundra). We also predict, for the
same reason, that extremophiles (organisms which thrive under physically or geochemically extreme
conditions) are possibly melatonin enriched relative to the levels of the indole in mesophils or neutrophils.
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So-called Chinese/Japanese herbs have historically been touted as having medicinal properties and
several are approved for these uses in Canada. Assuming that melatonin, if present in these products,
could contribute to their usefulness as treatments for various ailments, prompted Murch et al. [52] to
estimate levels of the indoleamine in green and golden leaf varieties of feverfew (Tanacetum
parthenium), St. John’s Wort (Hypericum perforatum), Huang-qin (Scutellaria baicalensis), and
Tanacet, a commercial preparation of feverfew that comes in a tablet form. Tanacet meets the
Canadian requirements for use as a medicine. The methodology for extraction and measurement of
melatonin used by Murch and colleagues [52] was that described by Poeggeler and colleagues [53].
The feverfew specimens were either fresh, freeze-dried or oven-dried and all were reported to have
melatonin levels in the 1–3 µg/g tissue range. Tanacet, the tablet preparation of feverfew, contained
significantly less melatonin (0.5 µg/g) than did the levels of this plant. The St. John’s Wort flowers had
much higher melatonin concentrations (4.4 µg/g) while the leaves had levels of 1.8 µg/g. Scutellaria
baicalensis leaves had exceptionally high melatonin values at about 7 µg/g fresh leaves [52].
If the measures are valid, these medicinal herbs contain much higher melatonin levels than do the
edible plants studied by Dubbels et al. [32] and Hattori and colleagues [39]. The authors concluded
that melatonin in these alleged medicinal products may contribute to their anecdotal beneficial
physiological effects [52].
As a follow-up to the study of Murch et al. [52], using a solid phase extraction method coupled with
high performance liquid chromatography/mass spectrometry, Chen et al. [54] estimated melatonin levels
in 108 Chinese medicinal herbs. Again, their rationale for the study was that, if melatonin is present in
significant amounts, it may be a contributing factor to the observed beneficial effects of these
preparations. The products from which the extracts were prepared included portions of flowers, seeds,
leaves, roots and stems and all met standards for use in traditional Chinese medicine. The majority of
herbs tested contained detectable amounts of melatonin of which 64 had values that exceeded 10 ng/g
dry mass and several had levels greater than 1 µg/g. The results of this seemingly carefully done study
lends credence to the possibility that melatonin in these products could contribute to their medicinal
value. This group was especially interested in the possibility that melatonin-containing herbs could be
used as a potential treatment of diseases that have a major free radical component. Melatonin, as well
as a variety of its by-products that are formed when melatonin detoxifies free radicals, all function in
the reduction of oxidative stress [38,55–62] (Figure 1). In neither the Murch et al. [52] nor the Chen
and co-workers [54] studies, however, did the authors provide evidence that when these herbs are
consumed, they change blood levels of the indoleamine.
The initial reports related to the presence of melatonin in higher plants did not attract the
investigative efforts of a large number of plant biologists for the first decade or more after the initial
reports appeared. During this ten-year interval, however, a number of mostly brief reviews appeared
that summarized the early descriptions of the indole in plants, pointed out some of the possible
deficiencies in the reported measurements and, importantly, speculated on the functional relevance of
melatonin in plants [63–72]. In general, more credence was given to those reports in which gas
chromatography/mass spectroscopy was used to estimate melatonin levels or to verify the reliability of
other assays. Also, considering that melatonin may be unstable in plant extracts may have caused
some of the measured values to be underestimates of the actual melatonin concentrations in different
plant species.
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Figure 1. This figure illustrates what has come to be known as the melatonin antioxidant
cascade. When it functions in the scavenging of free radicals, melatonin generates the
metabolites indicated, all of which are also radical scavengers. This series of reactions
greatly increases the ability of melatonin to limit oxidative stress.
3. Melatonin Rhythms in Plants
In the blood of mammals, melatonin levels exhibit a rhythm with low values during the day and
high levels at night [73–77]. Since this is common to all mammals regardless of their locomotor
activity pattern, melatonin has been referred to as the hormone of darkness or the chemical expression
of darkness [78]. This diurnal pattern of fluctuating melatonin levels in animalis perturbed if light
exposure occurs at night [79–81] while in constant dark conditions the rhythm persists, i.e., the rhythm
is truly circadian.
Considering the ubiquitous nature of the blood melatonin rhythm in mammals, there was also
interest in whether similar variations existed in plants and if melatonin was involved in photoperiodism
in these species. Using a weed (Chenopodium rubrum; syn, Oxybasis rubra; red goosefoot and other
common names) that commonly grows in temperate climates in many areas of the world, Kolar et al. [82]
found that in this species nighttime levels of melatonin exceeded those measured in plants harvested
during the day. Thus, in this plant, as in mammals, the melatonin rhythm could provide information
regarding night length. In contrast to these observations, Tan et al. [83] using the water hyacinth
(Eichornia crassipes (Mart) Solms) found that melatonin levels do exhibit a rhythm but peak levels
occurred near the end of the light period rather than at night. Thus, in this plant species melatonin
clearly does not serve as a messenger of darkness. Also, daytime melatonin levels were higher when
the plants were grown under sunlight (10,000–15,000 µW/cm2) compared to those grown indoors
under artificial light (400–450 µW/cm2). In addition to the observed melatonin rhythm, there was a
similar cycle of N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK); this product peaked shortly
after that of melatonin. Since AFMK is a metabolite of melatonin when it scavenges free radicals
(Figure 1), we surmised that melatonin functions as a radical scavenger in the water hyacinth as in
animals [84–89]; this accounted for the rise in AFMK shortly after that of melatonin. That melatonin
functions as a free radical scavenger in this plant is also supported by the observation that melatonin
concentrations were much higher in plants grown under sunlight than under much dimmer indoor light.
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The outdoor light intensity causes highly elevated photosynthetic activity, a process that generates free
radicals [90]. Consequently, the rise in free radicals presumably initiated a compensatory increase in
melatonin to protect the plant from oxidative stress.
A third rhythmic pattern of melatonin was described by Tal et al. [91] in the green macroalga. The
Genus of the alga was Ulva, but the species could not be identified, which is typically difficult to do
for green algae [92,93]. Even when this species was grown as a free floating culture under constant
photoperiod and water levels, it exhibited a semi-lunar rhythm in melatonin concentrations that
correlated with the spring tides. These workers speculated that the elevated levels of melatonin at the
time of predicted low tides were for the purpose of protecting the alga from increased oxidative stress
that would normally occur due to the low water levels. During this interval, algae are subjected to
elevated temperature, desiccation and changes in salinity all of which would cause stress. Thus, like
Tan et al. [83] in the water hyacinth, Tal and co-workers [91] measured a presumptive endogenous rise
in melatonin that occurs as a consequence of a natural environmental stress. Since this rhythm
persisted under constant conditions, however, during evolution the cycle was seemingly incorporated
into the genetic machinery of the plant. Alternatively, the melatonin rhythm in this alga may not be
inherent but rather induced by the gravitational pull of the moon.
Tart cherry (Prunus cerasus) is the first fruit in which melatonin levels were comprehensively
studied [94]. The two varieties tested, i.e., Montmorency and Balaton, contained markedly different
melatonin concentrations [13.4 µg/g FW (fresh weight) and 2.1 µg/g FW, respectively]. Considering
that melatonin is a sleep promoting agent [95,96], the authors of this report suggested that consumption
of cherries or especially the intake of cherry juice concentrate (which contains much higher melatonin
levels than the cherries themselves) may improve sleep quality. Subsequent publications related to
this suggest that cherry products may be useful for improving sleep quality, particularly in the
elderly [97–101].
Finally, in at least two varieties of cherry fruits melatonin levels vary over a 24 h period and also
with fruit development [101]. In “Hongdeng” (Prunus avium L. cv. Hongdeng) and in “Rainier”
(Prunus avium L. cv. Rainier) cherries the 24 h pattern of melatonin exhibited two peaks. The
nighttime peak occurred at roughly 05:00 h and in the day the peak was in the late afternoon,
corresponding to the highest temperature and light intensity. The highest melatonin levels in the
“Hongdeng” cherry were about 7.7 µg/g FW while in “Rainier” the values approached 20 µg/g FW.
The 24 h measurements were performed on fruit during Stage 1 of development (shortly after the
flower falls with quick fruit expansion and rapid growth of the pit and endosperm).
For both “Hongdeng” and “Rainier” cherries, melatonin levels also varied markedly with the
developmental stage of the fruit (Figure 2). The melatonin levels were highest at Stage 2 of
development (period of embryo development and endocarp lignification). Peak melatonin levels at this
time were again higher in “Rainier” than in “Hongdeng” cherries (roughly 125 versus 36 µg/g FW).
During Stage 3 of fruit development (fruit expansion and peel and fruit coloration) melatonin levels
remained low and were inversely correlated with the levels of peroxidized lipids in the fruit. Because
of the inverse relationship of melatonin to lipid peroxidation (in Stage 3) and the very high levels
during Stage 2 (when free radical generation is maximal), Zhao et al. [101] concluded that melatonin
functions as an antioxidant in the cherry fruit.
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Figure 2. The association of melatonin, malondialdehyde (MDA) and the expression of
PaTAC, the gene that encodes tryptophan decarboxylase, the potential rate limiting enzyme
in serotonin synthesis in plants. (A) Intact and hemisectioned “Hongdeng” cherry fruits in
different stages of development; (B) The levels of melatonin and the lipid peroxidation
product, MDA, during fruit development; (C) PaTAC expression in cherry fruits during
development; (D) Expression of PaTDC. From Zhao et al. [101] with permission.
A similar relationship between apple (Malus domestica Borkh. cv. Red) maturation and melatonin
levels was reported by Lei and colleagues [102]. As in the cherry, highest melatonin levels co-existed
with the periods of the most rapid expansion and increased respiration in the apple, points at which
free radical generation is maximal.
Again, there was also an inverse association between melatonin concentrations and the amount of
peroxidized lipids. In addition to documenting that the concentration of melatonin changes
dramatically during apple development, this is the first study to identify melatonin in this fruit. Clearly,
there are changes in the melatonin concentrations as plants mature as in animals. Whether any of these
fluctuations are truly endogenous melatonin rhythms seems questionable (with the possible exception
of the tide-correlated cycle in macroalga [91]). As summarized below, there are a variety of factors that
impact the melatonin synthetic activity of plants and the rhythms observed, for example, the cyclic
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changes noted by Kolar et al. [82] and Tan and colleagues [83], were likely related to environmental
changes over the 24 h period which enhanced the number of free radicals formed while those reported
by Zhao and co-workers [101] and Lei et al. [102] were probably driven by intrinsic metabolic
processes that also induced free radical generation.
4. Effect of Stress on Plant Melatonin Synthesis
Both abiotic and biotic stresses have been shown to induce melatonin synthesis in plants. The
compensatory rise in melatonin under stressful conditions, in turn, helps to alleviate the negative
consequences of stress, in particular oxidative stress, in the plants. Typically, stress of any type to
plants compromises their growth which is often secondary to excessive generation of reactive oxygen
species (ROS) including free radicals. A well-known feature of melatonin in animals, and also in
plants, is the high efficiency by which it nullifies the adverse effects of toxic oxygen derivatives due to
its ability to neutralize them [38,58,103,104]. The presence of melatonin increases the stress resistance
of plants which aids in their ability to survive and thrive.
Some of the abiotic stresses shown to augment oxidative stress in plant cells include soil and air
pollutants, cold and hot temperatures, high light intensity, etc. Arnao’s group has examined a variety of
stresses relative to their ability to impact melatonin levels in barley roots [105] and in lupin [106]. In
the former study, chemical stresses including NaCl, ZnSO4 or H2O2 were applied to barley roots and,
after 72 h, melatonin was assayed in the whole plant. Each of these challenges induced significant rises
in melatonin levels with ZnSO4 and H2O2 having greater stimulatory effects than NaCl (Figure 3) [105].
These responses were both toxin dose and time-dependent. The upregulated melatonin levels, in turn,
protected the plant from these chemical agents.

Figure 3. (A) Increase in melatonin levels in barley roots after exposure to various
treatments for 72 h; (B) Fold increases relative to control value. FW = fresh weight.
Different letters indicate statistically significant differences (p < 0.05). From Arnao and
Hernandez-Ruiz [105] with permission.
Soil salinization is often a result of irrigation, a process that is common in many parts of the
world [106,107]. The high salt content causes plants to lose vigor; however, by means of their ability
to upregulate melatonin synthesis they are more tolerant of salty contaminants. It is possible that
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genetically engineering plants to produce elevated melatonin levels, a feat that has already been
accomplished [108,109], may permit them to be grown in increasingly salt-contaminated soils.
Li and colleagues [110] specifically examined the ability of supplemental melatonin to protect a
plant from induced saline stress. In this study, 10-day-old apple (Malus hupehensis) seedlings under
hydroponic conditions were stressed with salt (100 mM) with or without the addition of melatonin
(1 µm). The high saline-stressed plants suffered with stunted growth, reduced rate of photosynthesis
and depressed chlorophyll levels all of which were alleviated when melatonin was also added to the
growth medium. Melatonin also limited oxidative stress by reducing H2O2 levels and stimulated
antioxidative enzymes (catalase, peroxidase, and ascorbate peroxidase). The promotion of antioxidative
enzyme activities is a well-known function of melatonin in animal cells as well [111–113]. These
stimulatory actions of melatonin are generally believed to involve cell membrane receptors [114] for
the indole, structures that have yet to be identified in plants. Finally, Li et al. [110] also measured the
expression of ion channel genes, MdNHX1 and MdAKT1, and found them to be upregulated in the
leaves of the apple seedlings treated with melatonin; this presumably aided the plants in maintaining
ion homeostasis.
Melatonin also has been used in combination with ascorbic acid (AsA) to protect bitter orange
(Citrus aurantium L.) seedlings from a high salt environment [115]. Citrus aurantium received
significant public attention over a decade ago when extracts of this fruit were espoused as
weight-reducing agents. The negative cardiovascular side effects of the extracts, however, have
rendered them of little interest currently in terms of weight loss although they have industrial uses not
related to their consumption.
In the report of Kostopoulou and co-workers [115], bitter orange seedlings were grown under
greenhouse conditions in soil contaminated with 100 mM NaCl for 30 days. Some of the plants were
irrigated every 3 days with water containing 0.50 mM vitamin C (AsA) and 1 µM melatonin.
This combination had highly significant protective actions against saline toxicity including reduced
NaCl-mediated electrolyte leakage, depressed lipid peroxidation and lowered pigment degradation.
The AsA/melatonin treatment benefits in the NaCl_stressed plants was also apparent in the regulation
of CaMIPS, CaSLAH1 and CaMYB73 expression; these genes relate to sugar metabolism, ion
homeostasis and transcription regulation. Collectively, the changes induced by the combination of AsA
and melatonin provide evidence of increased stress tolerance in Citrus aurantium [116]. What are
particularly noteworthy about this study are the remarkably different concentrations of AsA and
melatonin that were used to protect against saline toxicity, i.e., 0.50 mM and 1 µM, respectively.
The only study to examine the immunocytochemical localization of melatonin and serotonin in a
plant was performed by Mukherjee et al. [117]. The study revealed that these compounds are
differentially distributed in the primary roots of sunflower (Helanthus annuus) seedlings. When
exposed to 120 mM NaCl both serotonin and melatonin levels increased at these sites. Salt exposure
also caused a 72% rise in HIOMT activity in sunflower seedling cotyledons. Since this enzyme is
responsible for melatonin formation, its altered activity likely explains the increased melatonin levels.
However, since melatonin synthesis in the animal pineal gland typically depletes serotonin levels in
contrast to the present study where they were elevated under salt stress, the increase in this constituent
obviously required an independent process mediated by NaCl.
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Since melatonin is a highly efficient direct free radical scavenger and indirect antioxidant (due to its
ability to stimulate antioxidative enzymes), the authors of the saline contamination studies put
significant emphasis on the idea that melatonin’s beneficial actions are probably attributable to its
ability to resist oxidative stress. Elevated salinity, however, has other negative actions in plants that
seem unrelated to free radicals [118,119]. Thus, the precise mechanisms that melatonin utilizes to
preserve plant survival against the toxicity of high levels of saline is yet to be fully defined.
Heavy metals are becoming progressively more common as soil pollutants in industrialized areas.
Often the contaminated soils are placed “off limits” or they are moved to another location where they
are less damaging. As an alternative, growing green plants in the contaminated soil which take up
and tolerate the pollutants is an accepted means of cleaning soil, a process referred to as
phytoremediation [120]. Tan et al. [121] tested whether the addition of melatonin to soil contaminated
with a heavy metal (copper) would also be taken up by a pea plant thereby rendering it more resistant
to the absorbed toxic metal; if so, it could make the plant a candidate for phytoremediation. In a pilot
study, this group showed that growing pea plants (Pisum sativum) grown in a soil contaminated
with copper exhibited increased tolerance to the metal when the soil also contained melatonin. This
proof-of-principle investigation indicated that melatonin enriched plants could have a significant
phytoremediation capacity.
The publication of Tan and colleagues [121] not only showed that supplemental melatonin may be
useful in enhancing the phytoremediative capacity of plants but, additionally, demonstrated that the
indole obviously protects the pea plant when exposed to elevated concentrations of copper in the soil.
This is supported by other publications as well (see below).
The exposure of Ulva (green macroalga) to heavy metals for eight days caused a marked rise in
melatonin levels in this plant [91]. The metals used included lead (5 mg/L), zinc (30 mg/L) and
cadmium (1 mg/L) and were merely added to the water in which the alga was grown. The most marked
increase in melatonin (171% rise) occurred in alga exposed to cadmium even though its concentration
was less than that of either lead or zinc. All three metals also induced an elevation in tissue
antioxidative enzyme activity (superoxide dismutase; SOD), a change indicative of an oxidative challenge.
Even though cadmium exposure stimulated a highly significant rise in endogenous melatonin levels
in Ulva, chlorophyll concentrations exhibited a inverse correlation and dropped as a result of metal
exposure. When additional exogenous melatonin (50 mg/L) was added to the water, however, it
relieved the oxidative stress such that the reduction in chlorophyll levels was attenuated. High water
temperatures (30 °C or 37 °C versus 23 °C) also increased endogenous melatonin concentrations in
Ulva in a temperature-dependent manner. Both heavy metal exposure [122,123] and elevated
temperature [124] are known to induce oxidative stress in plants.
On the basis of their results, Tal et al. [91] proposed that melatonin provides a major, and perhaps
even the primary defense mechanism in Ulva against oxidative stress. Although no aspect of melatonin
synthesis was evaluated (e.g., enzyme activities) in this study, the rises in melatonin were very likely a
consequence of its de novo synthesis. The authors also suggest that this protective mechanism against
oxidative stress may be shared by many intertidal organisms.
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5. Melatonin Protects Plants from Abiotic Stresses
One consequence of elevated greenhouse gases is a change in weather patterns that occur over
extended periods of time, which then impact plant ecosystems. These climate changes include warmer
or colder temperatures and changes in water availability due to frequent storms or intermittent
drought [125–127]. If they are to survive, plants must adapt to these changes. Melatonin is one molecule
that seems to aid them in resisting some of the consequences of marked changes in their environment.
Drought causes the loss of a significant portion of many commercially-important crops. That
melatonin has a role in interfering with the ability of water restriction to compromise plant physiology
was first documented by Wang et al. [128]. They reduced, by 50%, the amount of water supplied to
one-year-old greenhouse-grown “Hanfu” apple trees (Malus domesticus Bokh.) with half of the plants
receiving a 100 µM melatonin solution which was added to the growth medium when water was given.
The consequences of drought were monitored by evaluating leaf senescence.
Drought accelerated the appearances of the senescent changes in the leaves of the apple trees. These
perturbations included increased chlorophyll degradation, upregulation of senescence-associated genes
and of pheophorbide a oxygenase; these contributed to the inhibition of photosynthesis and a reduction
in the efficiency of Photosystem II. Uniformly, these changes were reduced or totally prevented in the
melatonin-supplemented trees. Since hydrogen peroxide was quenched and the activities of antioxidant
enzymes as well as the capacity of the ascorbate-glutathione cycle were enhanced as a result of
melatonin treatment, Wang et al. [128] confidently concluded that melatonin’s function as an
antioxidant accounted for its protective actions against drought.
In a subsequent report, a different means was used to prove that melatonin increased drought
tolerance in plants [129]. In this study, MicroTom tomato plants (three lines) overexpressing ovine
HIOMT and ovine AANAT were compared to wild type plants in terms of their responses to drought.
When subjected to water restriction for 20 days, both the wild type and transgenic plants exhibited
significant wilting; however, 48 h after being re-watered the transgenic plants had almost totally
recovered while the control plants, which lacked the ability to synthesize extra melatonin, remained
severely wilted.
In studies using Arabidopsis exposed to cold ambient temperature, which stimulates endogenous
melatonin synthesis (like water restriction), genes related to drought, i.e., Drought Response Element
Binding factors (DREBs), are upregulated [130,131]. It is likely that these were also upregulated in the
two previous studies where melatonin was used to enhance drought tolerance and, as a result,
contributed to melatonin’s ability to diminish the damaging effects of water restriction.
Grapes per se and the products they produce are obviously major economic items in many regions
of the world. Grape plants are typically cultivated in semi-arid regions with the soil being well drained.
Because of this, grape plants are often subjected to drought conditions and any metabolic process that
would effectively increase the drought resistance of grapes, as with many other plants, would be of
critical interest to the viticulture industry. Meng et al. [132] performed a study using cuttings from
Brown one-year-old Riesling (Vitis vinifera) grape plants to determine whether the indole would be
beneficial during drought. The cuttings were grown in a combination of garden soil, vermiculite and
humus subjected to polyethylene glycol (PEG)-induced water deficient stress for 12 days with or
without melatonin supplementation. In the absence of melatonin, the water deficiency severely limited
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the growth of the cuttings, induced oxidative damage, as measured by the rise in malondialdehyde
levels, due to O2•- and H2O2 generation, and compromised the potential efficiency of Photosystem II
while depressing chlorophyll concentrations. The application of melatonin attenuated all of the
changes observed after PEG application alone. Importantly, melatonin aided in the preservation of
chloroplast morphology as evidenced by their ultrastructural appearance. The authors [132] attributed
the protective effects of melatonin to its direct free radical scavenging actions and to its indirect effects
in stimulating antioxidant enzymes, which are also well-known actions of melatonin in animals [113].
The preservation of chloroplast morphology, efficiency of Photosystem II and preserved chlorophyll
were also critical findings that will likely have applications in the viticulture industry.
As with grapes, an insufficient water supply compromises apple production secondary to
perturbations in plant physiology. In view of earlier studies related to melatonin and drought, Li and
co-workers [133] tested whether melatonin would also mitigate low water-mediated changes in
drought-resistance (Malus prunifolia) and drought-sensitive (M. hupehensis) apple plants. In both
apple tree strains, melatonin conserved water in the leaves, reduced electrolyte leakage, limited
chlorophyll loss and improved photosynthesis under drought conditions. In plants, drought is known to
upregulate the production of abscisic acid (ABA) which leads to the closure of the stomata and the
expression of drought stress-related genes [134]. Melatonin downregulated ABA synthetic gene
(MdNCED3) and upregulated its catabolic genes (MdCYP707A1 and MdCYP707A2) and, as a result,
reduced ABA levels in drought-stimulated apple plants. Melatonin also functioned as a scavenger of
H2O2 and stimulated enzymes which metabolized H2O2 to non-harmful products. This combination of
effects caused the stomata to remain open. Regulation of stomatal opening/closure is an important
means by which plants regulate water balance and resist drought (Figure 4) [135,136]. Again, the
authors surmised that these findings could make melatonin application an attractive means to reduce
the consequences of drought in apple plants.

Figure 4. Scanning electron micrographs of stomata of leaves from M. prunifolia and
M. Hupehensis plants. A and E = open stomata of control leaves; B and F = closed stomata
from leaves subjected to 5 days of drought; C and G = open stomata of control leaves after
treatment with 100 µM melatonin; D and H = open stomata of leaves from drought-stressed
plants pretreated with melatonin. From Li et al. [133] with permission.
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The data from the publications related to the ability of melatonin to improving drought tolerance are
compelling and provide unequivocal evidence related to its benefits to plants under restricted water
conditions. Whereas these studies did not specifically examine the ability of melatonin to improve crop
yield, based on the findings discussed below, this would be a reasonable assumption.
As a follow-up to the observations of Hattori et al. [39] who showed that grass (tall fescue) contains
melatonin, Shi et al. [137] examined the functional significance of melatonin in bermudagrass
(Cynodon dactylon (L). Pers.). Bermudagrass is of high economic importance since it is cultivated
throughout the world as turf grass for lawns, recreation parks and sports fields. In addition to
protecting the grass from abiotic stresses, melatonin clearly had beneficial metabolic actions in this
plant as well. To test the ability of melatonin to overcome the effects of drought stress, 21-day-old
bermudagrass plants were irrigated with water or with solutions containing melatonin (4 µM, 20 µM or
100 µM) for 7 days. Thereafter, for an additional 21 days some plants were subjected to drought
conditions, cold temperatures (4 °C) or to high salinity (up to 300 mM).
Under each of these stresses, supplementation with melatonin improved survival and the percentage
of plants that survived generally correlate with melatonin’s concentration levels in the grass leaves.
Irrigating the plants with melatonin also enhanced the chlorophyll levels and improved the height and
biomass of the grass plants. Plants pre-treated with melatonin also exhibited enhancement of 54
different metabolites that were perturbed by the stresses imposed. Genome-wide transcriptomic
evaluation identified nearly 4000 transcripts that were differentially expressed as a consequence of
melatonin exposure. Based on the large number of beneficial effects of melatonin that was measured in
bermudagrass, the authors also surmised that melatonin had a major impact on the nitrogen and
carbohydrate metabolism and on transcriptional reprogramming [137].
Weeda and colleagues [138] also performed a genome wide analysis of Arabidopsis plants
following their growth in melatonin solutions. The plants were grown for 16 h in solutions containing
either 100 pM or 1 mM melatonin. The lower levels of melatonin had what the authors considered a
minor response with 51 genes being downregulated and 30 being upregulated. However, the 1 mM
dose caused upregulation of 566 while 742 genes were downregulated. The bulk of the stimulated
genes related to plant stress defenses while genes linked to auxin responses and signaling were
associated with the synthesis of cell wall components were downregulated [138].
As shown in studies summarized above [129,132,134] and in the report by Shi and colleagues [137],
melatonin not only protects against deterioration during drought stress, but also helps plants to recover
after drought has occurred and water is resupplied. Obviously, the ability to adapt to intermittent
periods of severe water restriction would be an aid in helping any plant to survive.
Ambient temperature can fluctuate dramatically throughout the growing season of plants. Thus,
they are often exposed to rapidly elevated or depressed temperatures which they must tolerate if they
are to thrive. Using melatonin concentrations in the mM range, Lei et al. [139] reported that the indole
significantly suppressed cold-mediated apoptotic cell death in a carrot (Daucus carota L.) suspension.
In this study, the ability of melatonin to inhibit apoptosis seems unrelated to its radical scavenging
actions; rather, since melatonin significantly stimulated putrescine and spermidine levels in carrot
cells, it was hypothesized that the actions of melatonin on polyamines improved carrot cell survival.
In an in vivo study, Posmyk and colleagues [140] used cucumber seeds (Cucumis sativus L. var.
Odys) to confirm the protective actions of melatonin against reduced environmental temperature.
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Incubating seeds in a melatonin solution increased their germination at 10 °C and reduced the degree
of lipid peroxidation in cucumber cellular membranes. As in a previous study that used melatonin as an
antidote to copper toxicity [121], excessively high melatonin levels actually aggravated cold
temperature-mediated oxidative damage to cucumber cellular proteins.
Melatonin-enriched transgenic rice plants (Oryza sativa cv Dongjin) exhibited increased resistance
to the herbicide, butafenacil, an agent known to generate the reactive singlet oxygen. Melatonin-rich
seeds and controls were germinated and grew equally well under constant dark conditions [141]. When
these etiolated plants were transferred to a light environment, however, the control plants underwent
necrosis while those containing genetically-enhanced melatonin levels survived and exhibited
butafenacil-resistant phenotypes. These seedling which contained higher melatonin concentrations also
had elevated chlorophyll levels (Figure 5) and lower malondialdehyde concentrations. This is the first
study to show that melatonin protects any plant from the toxicity of an herbicide, in this case one that
stimulates the production of an active oxygen metabolite known to inflict oxidative damage. This
finding is similar to those in animals [142,143], where herbicides are also toxic via similar
mechanisms, i.e., the generation of ROS and prevention by the application of melatonin.
High intensity ultraviolet (UV) light generates free radicals in animal and plant tissues when they
are exposed to this radiation [144]. When Glycyrrhiza uralensis plants were exposed to high intensity
UVB light, melatonin levels increased in the roots several-fold; the authors speculated that the rise in
melatonin was for the purpose of protecting plant tissues from oxidative stress caused by the free
radicals induced by UVB exposure. This particular plant was used as an experimental model because
of its antiviral and antitumor medicinal properties.
UV radiation is becoming an increasingly acute problem with the breakdown of the ozone layer in
the lower stratosphere which allows these wavelengths, which were previously filtered, to strike the
Earth in greater abundance. Based on the findings reported by Afreen and co-workers [144], it seems
likely that plants that inhabit terrain under the ozone hole may possess higher endogenous levels of
melatonin than the same plant grown elsewhere. Using the same rationale, it is also possible that plants
growing at very high altitudes where UV exposure is also elevated, may have increased melatonin
concentrations as a means of protection.
As reviewed above, a report by Tan and co-workers [121] showed that melatonin may be an aid for
improving the phytoremediative capacity of plants. A more complete study in which melatonin was
shown to defend against copper toxicity was published by Posmyk et al. [145] using red cabbage
seedlings (Brassica oleracea rubrum). In this case, cabbage seeds were improved with one of three
melatonin concentrations (1, 10 or 100 µM) and after germination the seedlings received copper (as
0.5 mM CuSO4) in water.
In seeds incubated with either 1 or 10 µM melatonin, copper-mediated oxidative stress, as indicated
by elevated lipid peroxidation and DNA endoreplication blockade, was significantly reduced.
Conversely, the 100 µM melatonin concentration had the opposite effect and enhanced oxidative
damage in copper-exposed seedlings. These findings suggest that under some circumstances high
levels of melatonin may be toxic to plants.
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Figure 5. Levels of (A) lipid peroxidation products (malondialdehyde); (B) hydrogen
peroxide (H2O2); and (C) chlorophyll in butafenacil-treated rice seedlings containing
normal melatonin levels (TC) and in transgenic rice seedlings containing elevated
melatonin concentrations (Supplementary S9 and S10). Higher melatonin levels reduced
lipid peroxidation and H2O2 production and elevated chlorophyll levels. * p < 0.05 versus
TC. From Park et al. [141] with permission.
6. Melatonin Protects Plants from Biotic Stresses
Marssonina apple blotch is a serious fungal disease propagated by Diplocarpon mali [146]. This
condition causes apple trees to lose their leaves prematurely which compromises the hardiness of the
trees and diminishes fruit yield [147]. The fungus initially attacks the leaves but can spread to the fruit
as well [148]. Yin and colleagues [149] used the leaves of Malus prunifolia in which to examine the
efficacy of melatonin as an inhibitor of Marssonina phytopathology. The authors showed that
pretreatment of apple trees with melatonin improved their resistance to fungus-inoculated trees, which
without melatonin leaves turned yellow and the expanding leaf spots coalesced (Figure 6). Other
measurements including the total number of lesions, the efficiency of Photosystem II, chlorophyll
content, intracellular H2O2 levels and elevated plant defense-related enzymes all support the protective
actions of melatonin against this biotic stress. The authors believe the use of melatonin pretreatment
may be an effective strategy to curtail Marssonina fungal infection in N. mali. Mechanistically, how
melatonin ensured acquisition of resistance still requires clarification. This is the first report that
melatonin is useful in constraining biotic stress in any plant species.
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Figure 6. Apple leaf phenotypes at 20 days after being brushed with Marssonina spores; this
fungus causes apple blotch disease. Control leaves from trees not brushed with Marssonina
spores. Marssonina inoculated leaves from trees that were irrigated with (A) no melatonin;
(B) 0.05 mM; (C) 0.1 mM or (D) 0.5 mM melatonin solution. From Yin et al. [149]
with permission.
A different approach was taken by Lee and associates [150] to examine the efficacy of melatonin in
combatting biotic stress. Rather than providing supplemental melatonin, they inactivated the serotonin
N-acetyltransferase gene in two Arabidopsis T-DNA insertion mutant cell lines which led to a substantial
reduction in endogenous melatonin levels in these plants. As a result, the plants also exhibited an
elevated susceptibility to the avirulent pathogen, Pseudomonas syringae pv. tomato DC3000 harboring
the elicitor avrRpt2. The loss of resistance to this pathogen was also associated with reduced
inductions of the PR1, ICS1, and PDF1.2 genes, which normally provide a defense against the
bacterial pathogen. Since melatonin acts upstream of the synthesis of salicylic acid (SA), the depressed
melatonin levels in the knockout Arabidopsis may have been responsible for the lowered SA levels
which, in turn, rendered these plants more susceptible to the pathogen. Figure 7 illustrates the multiple
means by which melatonin reduces abiotic stress in plants as illustrated in the previous paragraphs.
7. Melatonin and Senescence in Plants
Depending on the species, different external and internal factors determine the rate of foliar
senescence, a physiologically regulated process. Leaf death is preceded by chlorophyll degradation,
loss of molecular integrity, relocation of nutrients via the phloem, changes in phytohormones (auxin,
cytokinins, abscisic acid, ethylene and jasmonic acid), disintegration of petiole cell walls and finally
cell death [151,152].
To determine how the senescent processes are influenced by melatonin, Arnao and Hernandez-Ruiz [153]
segmented barley leaves (Hordeum vulgare L.) and placed them in Petri dishes containing appropriate
medium; then, the leaf segments were treated with melatonin or not. Judging from the loss of
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chlorophyll, leaves treated with melatonin exhibited delayed senescence. The effect of melatonin was
concentration dependent (most effective concentration was 1 mM). The mechanisms by which
melatonin deferred senescent changes in barley leaves was not determined but may have been a
consequence of its free radical scavenging activities or secondary to an inhibition of senescence
associated genes [153].

Figure 7. Abiotic stresses negatively impact plant physiology. These stressors induce a
cascade of events (left portion of figure) which leads to the elevated production of toxic
reactive oxygen species (ROS) and aging. Concurrently, the stresses upregulate antioxidant
enzyme synthesis and endogenous melatonin production both of which provide protection
against ROS. Additionally, the application of exogenous melatonin also provides
protection against ROS and aging. Melatonin receptors (hyphenated box) are included in
the cell membrane; however, these receptors have not heretofore been documented.
CLH1/PAO = chlorophyll degradation-related genes; NAX1/AKT1 ion channel-related
genes; SAGs = senescence associated genes.
In a series of thorough studies, Wang and associates [154–156] clarified melatonin’s role in
forestalling leaf senescence. When detached apple leaves were kept in the dark to provoke more rapid
aging, those treated with 10 mM melatonin lost their chlorophyll slower (Figure 8) and maintained
maximal potential Photosystem II efficiency [154]. Moreover, melatonin inhibited gene expression for
the key enzyme that degrades chlorophyll (pheide a oxygenase) and also inhibited senescence
associated gene 12, both of which contributed to delayed aging in melatonin-treated leaves. The
culprits that caused the observed changes were surmised to be toxic oxygen derivatives since
melatonin also suppressed H2O2 accumulation in the leaves; thus, the ability of melatonin to determine
the senescence rate is a consequence of its antioxidant activity.
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Figure 8. Detached apple leaves treated with (A) water only (H2O) or with (B) water
containing melatonin (10 mM melatonin) and kept in the dark for 12 days. Melatonin
delayed senescent changes in the leaves as illustrated by the preserved chlorophyll levels.
From Wang et al. [154] with permission.
An in vivo study in which apple plants were grown in soil supplemented regularly with melatonin
also activated changes consistent with delayed aging [155]. The authors compared a gamut of
metabolic endpoints in the leaves of control and melatonin-treated plants. It was shown that melatonin
delayed protein degradation, maintained significantly higher Photosystem II activity as measured by
preserved chlorophyll levels as well as three photosynthetic end products (sorbitol, sucrose and starch).
Melatonin-treated leaves also had improved nitrogen, total soluble protein and Rubisco protein
concentrations. This study clearly reveals the large number of positive metabolic actions melatonin has
in plants, all of which could contribute to its ability to delay senescence.
Wang et al. [156] added an extra level of refinement to their studies related to the role of melatonin
in apple leaf aging by performing a proteomic analysis of leaves undergoing natural aging versus those
aging more slowly due to melatonin treatment. A GO analysis of Blast2GO showed that of the
hundreds of proteins altered by melatonin, they were primarily located in the plastids. In general,
melatonin downregulated proteins that are typically upregulated during the senescence process. This is
certainly the most thorough study related to the action of melatonin on protein metabolism in any plant
and the results contribute information on the mechanisms by which melatonin delays aging in plants.
A detailed analysis of some of the genes involved and the measurement of melatonin levels
associated with the development of Arabidopsis was recently published [157]. Additionally, these
workers defined the role that exogenously-applied melatonin has on rosette leaf senescence. During
plant development, and particularly in the latter stages (40–60 day old plants), endogenous melatonin
levels increase rapidly from 0.5 ng/g FW at day 30 to 2.0 ng/g FW by day 60. When 60-day-old
Arabidopsis plants were treated with additional exogenous melatonin, leaf senescence was delayed as
indicated by the preserved chlorophyll levels. Also, when plants were supplemented with melatonin,
the expression level of AUXIN RESISTANT 3 (AXR3) INDOLE-3-ACETIC ACID INDUCIBLE 17
(IAA17) was significantly downregulated. The downregulation of IAA17 by melatonin may have
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caused a drop in the expression of SENESCENCE 4 and SENESCENCE-ASSOCIATED GENE 12. The
results show that the gene, IAA17, which impacts aging of Arabidopsis, may be part of the signaling
pathway by which melatonin modulates plant aging [156].
8. Melatonin Improves Plant Growth
As in animals [25], melatonin has a veritable cornucopia of functions in plants [158,159]. Some of
these actions are similar to those in animals, e.g., its redox functions, while others seem to be
substantially different, e.g., growth promotion [64,65,72,157,158].
Indole compounds derived from tryptophan are common in plants. Included in this group is
indolyl-3-acetic acid (IAA), a widespread auxin in plants which, among other functions, is a growth
promoter [160,161]. IAA and melatonin, also a tryptophan derivative, have a markedly similar
molecular structure and, since molecules with a like structure often have similar functions, melatonin
was suspected of having auxin-like activity in plants. Both melatonin and IAA have an indole ring, but
they vary in terms of the number of attached substituents (Figure 9). Melatonin has an acetyl group on
position 3 and a methoxy group on position 5 on the indole ring while IAA has a single substituent
acid group on position 3.

Figure 9. As illustrated here, tryptophan is the common precursor for the auxin indolyl-3acetic acid (IAA) and melatonin in plants. Melatonin is reported to have auxin-like activities.
While melatonin enhances various parameters of growth in plants, in most cases the mechanisms
are incompletely defined [158,162,163]. In this regard, melatonin has been shown to have auxin-like
activities. As an example, in the etiolated lupin (Lupinus albus) hypocotyls melatonin at micromolar
concentrations was reported to have positive growth-enhancing actions; this stimulatory effect of
melatonin on growth was roughly two-thirds that of IAA [164]. Shortly after their first investigation
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related to melatonin’s promotion of growth in the lupin hypocotyl, this group performed a similar
study using four monocot species; these included wheat (Triticum aestirium L.), oat (Avena sativa L.),
barley (Hordeum vulgare) and canary grass (Phalaris canariensis L.) [165]. The actions of melatonin
on growth of both the coleoptiles and roots were again compared with those of IAA. Both the
coleoptiles and roots of the four monocots were assessed in terms of their longitudinal growth. The
molecules were tested over a range of concentrations from 0.01 to 100 µM. While melatonin generally
spurred longitudinal growth of the coleoptiles, the stimulatory actions were again less than that caused
by IAA; also, melatonin’s most marked promotional effects were dose-dependent and rather specific
for each plant. Also, as in their earlier report [164], the authors noted that at the highest concentration,
melatonin seemingly became toxic to the plants since coleoptile growth was inhibited. The four
etiolated monocot coleoptiles also took up melatonin, as measured by HPLC with electrochemical
detection, with different efficiencies. The highest concentrations measured were in wheat and lowest
levels were in canary grass. The measured melatonin values were poorly correlated with the growth
promoting effects of the indole. Soon after the initial demonstration of the impact of melatonin on
plant growth, several publications using a variety of parameters have addressed the issue of
melatonin’s effects on plant growth [72,82,166–168]. Relative to the above-ground plant organs, the
main conclusion of these studies has been that melatonin is generally beneficial to and advances their
growth [162,163]. In many cases the actions of melatonin resemble those induced by the auxin, IAA.
The impact of endogenous melatonin levels on leaf growth and structure was convincingly
demonstrated in a study where the concentrations of the indoleamine were lowered by generating
transgenic tomato plants overexpressing rice (Oryza sativa L.) indoleamine dioxygenase; this enzyme
metabolizes melatonin thereby keeping its levels low [169]. Characteristically, a leaf of a control
wild-type tomato plant develops a terminal leaflet and two pairs of lateral leaflets in a basipetal
sequence. In the plants having depressed levels of melatonin, which were measured, the leaves often
had markedly different structures. In the T1 transgenic plants the number of lateral leaves was often
reduced; additionally, these leaflets were malformed, being flatter than the control leaflets and their
margins were less serrated. In a few cases transgenic plants developed odd-pinnately compound leaves
with five or more leaflets.
Considering their results, Okazaki and co-workers [169] pointed out that IDO cleaves the indole
ring of indoleamines and, therefore, the concentration of other molecules that possess a similar
structure may also have been changed in the transgenic tomato plants; these perturbations may also
have contributed to the abnormal leaf development. In particular, downregulation of the indoleamine,
IAA, also converts compound leaves into simple leaves. The phenotypic leaf changes induced by
downregulating melatonin were obviously similar to those caused by manipulation of the auxin.
Hence, the precise mechanism by which the reduction in melatonin perturbed leaf development in the
tomato requires additional inquiry.
Okazaki et al. [108] also upregulated melatonin levels in transgenic MicroTom tomato plant leaves
by overexpressing the enzyme AANAT, the activity of which is typically correlated with melatonin
concentrations. The leaves of some of these plants had highly increased melatonin concentrations (up
to 7-fold greater than in leaves from wild type plants). Even though the leaves exhibited extremely
high melatonin levels, the authors specifically mentioned no significant phenotypic changes were noted
in the leaf structure. This is consistent with observations reported earlier by Murch and Saxena [170]. In

Molecules 2015, 20

7417

this latter study, a germ plasm line of St John’s Wort (Hypericum perforatum L.) in which elevated
melatonin levels were produced in vitro using mutagenized tissues exhibited structures that were
morphologically similar to the wild type. Based on the outcome of the studies by Okazaki et al. [108]
and Murch and Saxena [170], elevated melatonin levels in plants appear to be rather innocuous while
depressing the levels of this indoleamine may have negative consequences on plant development.
While abnormal leaf structure is representative of morphogenetic perturbations caused by depressed
melatonin levels, the functional state of these so-called deformed leaves is of great significance. At this
point there are no studies of the physiology of leaves suffering with lower than normal melatonin
concentrations. Conversely, with elevated levels of melatonin in plants maintain their content of
β-carotenoids and increase endogenous levels of vitamin E and C and reduced glutathione [169,170].
Moreover, etiolated rice seedlings ectopically overexpressing AANAT, which augments their
melatonin concentrations, also had chlorophyll levels well above those in the wild-type
counterparts [171]. Considering the essential function of chlorophyll in capturing energy from photons
and its role in the synthesis of critical carbohydrates, this pigment is obviously essential for health of
photosynthesizing plants.
Not only is the content of chlorophyll preserved by melatonin, but its photosynthetic efficiency is
likewise maintained or even enhanced. When melatonin was sprayed onto cucumber seedlings, net
photosynthesis was elevated [172]. This occurred in plants maintained under room temperature
conditions as well as those exposed to high ambient temperatures [173]. The judgment regarding the
photosynthesis rate was based on the higher levels of leaf CO2, which made it available for the
formation of additional carbohydrate.
Based on these limited data it seems safe to surmise that depressed melatonin levels in plants may
compromise their physiology. Conversely, all indications are that higher than normal melatonin
concentrations in plant organs seem to aid them in terms of thriving and surviving [174].
A well-developed root system is obviously critical for vegetative growth and seed and fruit
development. An adequate root system ensures efficient water and nutrient uptake and provides a solid
anchor for the plant to prevent damage resulting from movement of the above-ground tissues. The
lateral roots are of special importance since they are a highly dynamic and physiologically active
component of the root system. Also of importance is that root architecture is plastic and exhibits
marked changes depending on the nutrient content of the soil, soil matrix heterogeneity and biotic
interactions [175]. Lateral root growth is a highly complex process and is regulated to a large degree
by auxin [176,177].
Recently, reports have surfaced which reveal that melatonin also exercises some control over root
architecture as observed in St. John’s Wort, wild leaf mustard, sweet cherry root stocks and
lupin [178–181]. In each of these studies the ability of melatonin to enhance lateral root growth
duplicated the actions of IAA. Another feature that became apparent in two of these reports [179,180]
is that at least for lateral root elongation the response to melatonin may be concentration specific.
Thus, lower levels of melatonin were more effective inducers of root branching than were the higher
doses that were tested; indeed, at the upper extreme of concentrations of melatonin (10–100 µM) used,
the indole may stymie lateral root growth.
While the actions of melatonin on rooting have been described as being auxin-like, the data
obtained by Pelagio-Flores et al. [182] indicate that this function is independent of IAA. This was
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documented using auxin-responsive marker constructs in the seedlings of Arabidopsis thaliana. The
outcome of these studies was that melatonin did not activate the expression of auxin-inducible genes
which drive morphogenetic root growth. In contrast to other reports [179,180], these workers also did
not find that high concentrations of melatonin (up to 600 µM) interfered with root branching in
Arabidopsis, a species not used in the other two publications.
A serious attempt to define the genes regulated by melatonin which determine lateral root growth
was carried out by Zhang and colleagues [183]. The seeds of the cucurbitaceous plant, the cucumber,
were used given that the genomic sequence of this species is known. The authors used RNA
sequencing to explore the potential mechanisms of induction of lateral root growth that was observed
in other reports [178–181]. The seeds were primed in a solution containing either 10 µM or 500 µM
melatonin and germinated in a 100 mM NaCl solution for 48 h. In seeds primed with a 500 µM
melatonin solution, 121 genes were significantly upregulated in the seedlings while 196 genes were
downregulated. On the basis of their expression parameters, the peroxidase-related genes where those
likely related to melatonin’s stimulatory action on lateral root growth. However, genes related to cell
wall formation, carbohydrate metabolism, oxidation/reduction processes and catalytic activity also
exhibited changes in gene expression patterns; these multiple, diverse changes precluded the
identification of a definitive process(es) by which melatonin mediates its effect on lateral root
elongation. Some roots were also Feulgen stained [184] to identify lateral root primordia. This showed
that melatonin clearly augmented the numbers of primordial root sites supporting its stimulatory action
on lateral root growth [183] (Figure 10).
Transgenic rice plants (Oryza sativa cv. Dongjin) rich in melatonin due to over expression of sheep
SNAT exhibited greater biomass but delayed flowering and crop yield [184,185]. This indicates that
high constitutively-expressed melatonin levels may yield different results in terms of product yield
than when plants are germinated from seeds that are primed with a melatonin solution [186]. As will
be summarized below, priming of seeds in a solution of melatonin has been shown to enhance
germination, improve plant height and biomass and augment crop yield.

Figure 10. Feulgen stained cucumber roots reveal lateral root primordia (dark points).
Melatonin at concentrations of either 10 µM (M10) or 500 µM (M500) stimulated
lateral root primordia over the number seen in control roots (CK). From Zhang et al. [183]
with permission.
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9. Melatonin Improves Crop Yield and Provides Crop Protection
The most thorough and potentially important investigation related to the ability of melatonin to
impact crop yield is that of Wei and co-workers [187] who used the soybean as the model plant.
Soybean is one of the most valuable agricultural crops in the world; it is widely used for seed oil
production, as feed for livestock, for biofuel feedstock and as an important source of protein in the
human diet [188]. The tremendous value of this crop is emphasized by the fact that the world
production has increased steadily since 1961 and is forecast to reach 372 million tons by the year 2030.
To achieve this goal, the soybean yield from available cultivated land must be increased substantially
since land used for this purpose is predicted to remain stable or may actually decrease. Because of this,
there is an urgent and critical need to identify means to augment soybean production on the current
field allotment [189]. Obviously, any means that would contribute to achieving this goal of enlarging
soybean production, or of any agriproduct (see below), would be of major economic importance.
As one aspect of a study designed to examine the action of melatonin on growth and abiotic stress
tolerance of soybean plants grown from melatonin-treated seeds, Wei et al. [187] also measured the
yield of soybeans. For the experiment, soybeans (Glycine max SuiNong 28 SN28) were initially coated
with 500 µL/100 seed reagent that contained no melatonin or melatonin at concentrations of either 50 µM
or 100 µM. After coating, the seeds were dried at room temperature and then sowed in pre-watered
soil. After germination, the seedlings were grown in a sunlit greenhouse located at 40°22'N and
116°22'E (Beijing, China). The agronomic traits that were recorded included the number of soybean
pods per plant, the number of seeds per pod and 100-seed weight.
The melatonin concentrations selected for this study were based on observations of
Hernandez-Ruiz et al. [164] which suggested that 200 µM concentrations of melatonin improved the
growth of lupin plants. Wei et al. [187] found that the 50 µM and 500 µM melatonin exposure
improved seed germination and the plants developed larger leaves; this was statistically verified when
the trifoliate leaves of 5-week-old melatonin-treated plants were compared with those from control
plants. At 3 months after germination, the agroeconomic measures documented that the soybean plants
grown from melatonin-coated seeds had more pods per plant and more seeds per pod. The 100-seed
weight did not differ between the melatonin-treated and control plants. All other parameters examined
in this study also indicated that melatonin-treated plants are hardier than their control counterparts.
A similar stimulatory effect of melatonin on corn and cucumber production was noted by Posmyk
and colleagues [140,159,174]. In these studies, rather than coating the seeds with melatonin as
described by Wei et al. [187], the authors primed the seeds overnight in a melatonin solution. The
priming caused a marked increase in the melatonin levels in the seeds and, when they were germinated
and grown to maturity, the resulting plants bore more product, i.e., corn and cucumber, than did the
plants grown from seeds primed only in water.
It is critically important that studies such as those of Wei et al. [187] and Posmyk and
colleagues [140,159] be expanded. If improved crop yield is verified in large scale field trials,
melatonin could prove to be, at least in part, a solution to the problem of producing more product
without increased land usage. Melatonin is easy to synthesize in pure form and it is inexpensive, so its
use could prove to be a practical application of this indoleamine.
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The results summarized above could also be of special interest for another reason. The reports show
that the application of exogenous melatonin to seeds, either by coating or priming, had an impact on
plant growth and crop production throughout the life cycle of the plant [140,159,174,187]. Since it
would seemingly not be difficult on a large scale basis to pre-treat seeds with melatonin prior to
sowing as described, the application of melatonin to improve agricultural production would likely be
doable. It would also be of interest to determine whether plants germinated and grown from
melatonin-treated seeds are more stress tolerant or whether the nutrient composition of the crop
was changed.
Considering the described importance of exogenously-applied melatonin to enriching crop yield, the
consequences of upregulating endogenous melatonin synthesis in plants should be assessed in terms of
crop production. Within the last several years remarkable advances have been made and new
information has been uncovered related to the pathway of melatonin biosynthesis in plants [190–193].
While this route differs slightly from that in animals [150,194,195] (Figure 11), nevertheless,
tryptophan is the common precursor in all species and melatonin formation from serotonin is the same
two-step process in plants as in animals [191,192,196]. In plants, chloroplasts may be a major site of
melatonin production [197,198].

Figure 11. Pathways of melatonin synthesis from tryptophan in animals and plants. The
first two steps in the pathway, i.e., hydroxylation and decarboxylation, are reversed in
plants relative to animals. The last two steps are the same.
The genes for the plant melatonin-synthetic enzymes have also been cloned [199,200]. The
manipulation of endogenous melatonin synthesis in plants using transgenic technologies is certainly
feasible and has already been done for two species [129,201]. Genetic modulation of the endogenous
melatonin pathway in plants for the purpose of enhancing crop production, however, has not been
accomplished.Sun and colleagues [202] tested melatonin’s effects on post-harvest ripening of Bmei
cherry tomatoes. The fruits were collected at their green stage of development. After harvesting, they
were placed in one of several solutions of melatonin (1, 50, 100 or 500 µM) for 2 h. Thereafter, the
tomatoes were kept at a temperature of 15 °C and 80% relative humidity for 25 days. Melatonin
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exposure markedly advanced lycopene levels and color development (Figure 12) as well as stimulating
the expression of several key genes including those of phytoene synthase 1, carotenoid isomerase
and aquaporins.

Figure 12. Influence of melatonin pigment accumulation in Bmei cherry tomatoes.
Freshly-picked green tomatoes were insulated in a solution containing 1 µM (M1), 50 µM
(M50), 100 µM (M100) or 500 µM (M500) melatonin solution for 45 minutes. Thereafter,
the tomatoes were stored for 25 days. Melatonin hastens lycopene (A) accumulation in a
concentration-dependent manner; (B) PCR analysis of PSY1 and CRTISO gene expression
in control (CK) and 50 µM-treated tomatoes; PSY1 and CRTISO are involved in lycopene
synthesis; (C) Tomatoes treated without melatonin (CK) or with different concentrations of
melatonin (M50 or M100); see text for details. Bars with different letters (a,b or c) differ
statistically significantly. From Sun et al. [202] with permission.
Additionally, melatonin-treated fruits exhibited significantly accelerated fruit softening, elevated
water soluble pectin and diminished protopectin. These changes were accompanied by upregulation of
cell wall modifying proteins including polygalacturonase, pectin isomerase 1, β-galactosidase and
expansion 1. Melatonin also influenced ethylene synthesis, ethylene perception and ethylene signaling.
Ethylene plays a major role during ripening of tomatoes due to is regulatory actions or carotenoid
lycopene synthesis, enhancing degradation of the cell wall and converting starch to sugars [203]. It is
clear from these findings that melatonin hastened the development of color and flavor of the tomato
fruit via its action on ethylene synthesis in the post-harvest state. Color and flavor are, of course, major
discernible aspects of fruit quality. These findings are applicable not only to tomato but likely to other
horticultural products as well. Improving product quality reduces product wastage.
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10. Plant Melatonin: Rules of Engagement
In animals, melatonin has an uncanny diversity of means by which it can impact cellular organelles
and organismal physiology. In vertebrates, membrane melatonin receptors, functioning under the
monikers MT1 and MT2, have been identified, characterized and cloned [204–206]. These receptors
are extremely widespread in animals and are accepted as mediating many of the actions of
melatonin [207–211]. Nuclear receptors (binding sites), although of questionable existence and
certainly less well defined than the membrane molecules, have also been proposed and may be
operative in animal cells [212–214]. Additionally, there are cytosolic locations where melatonin may
link up with other targets [215–219] that result in downstream alterations in cellular physiology. To
date, none of the receptors (binding sites) referred to above have been identified in plant cells. This
may not be because they do not exist but, rather, related to the fact that no one has looked for them.
What is clearly obvious is that, as in animal tissues, melatonin reduces oxidative stress in
plants. In vertebrates, this protection is a consequence of the direct scavenging actions of
melatonin [38,55,220–223] and its metabolic kin [56–58,60–62]. The antioxidant actions of melatonin
in plants very likely stems from some of these same actions. In addition to the direct detoxification of
reactive oxygen and reactive nitrogen species in animals, melatonin also promotes the activities of
antioxidative enzymes [111,224] and glutathione production [25,113], a potent antioxidant in its own
right. These functions of melatonin are believed to involve its interaction with receptors [114,218].
Since melatonin has similar functions in plants [173], it portends the existence of some type of receptor
or binding molecule in these species. It is anticipated these issues will be resolved as research on
melatonin’s actions in plants continues to evolve.
11. Concluding Remarks
Melatonin is a remarkably, heterogeneously-functioning beneficial molecule in plants as in animals.
Its discovery in land plants two decades ago [32,39] has led to a burgeoning investigative field that has
already made substantial advances in uncovering the marked actions of this versatile indoleamine. The
presence of melatonin in plants has implications not only for plant growth and crop yield but also in
terms of animal and human nutrition. When melatonin-containing plant products are consumed, the
indoleamine is absorbed after which it performs its functions at the cellular levels. In animals, as in
plants, melatonin is a highly metabolically useful molecule which neutralizes pathophysiological
processes that compromise healthy living [25,45,59].
Melatonin appears to be no less important in plants. And its actions likely contribute to the
ecological success of plants and their ability to produce agriproducts. As summarized herein,
melatonin aids seeds in germinating, improves plant development and maturation of both the root
system and above ground tissues [132,136,138,144], protects plants from abiotic [110,124,141,145]
and biotic stresses [149] which, because they are sessile, cannot be avoided. In doing so plants,
because they contain melatonin, exhibit an increased tolerance to environmental insults and can, in
fact, acutely improve their defensive posture by upregulating endogenous melatonin production [159,162].
One fallout of the improved performance of plants because they possess melatonin is augmented seed
production. Greater seed availability increases the likelihood of their more widespread dissemination
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which contributes to the growth of its species in more habitats. Finally, healthier plants have the
capability of producing a rich yield of edible products which obviously benefits the species that
consume vegetation for nutrients.
Beyond this, the potential utility of melatonin-enriched plants as to their phytoremediative capacity
has yet to be exploited [83,121]. Moreover, melatonin may be found to be useful for the protection or
preservation of endangered plant species [225]. Of the numerous gaps in the knowledge regarding the
actions of melatonin in plants, a major one relates to the specific mechanisms by which the indole
mediates its actions. In animals, melatonin has both receptor-mediated and receptor-independent
actions [25,26]. The best known melatonin receptors (MT1 and MT2) are located on the membranes of
cells and many of the signal transduction mechanisms have been defined [204–211]. Yet, no group has
examined plant cells for the presence of similar receptor proteins. Some intracellular actions of
melatonin in animal cells also may involve its binding to cytosolic or nuclear molecules [212–217];
again, these potential sites have gone uninvestigated in plant cells.
Non-receptor-mediate actions of melatonin in animal cells are linked to the ability of melatonin and
its metabolites to function as free radical scavengers and antioxidants [25,26,38,56–62,88]. To date, a
majority of the functions of melatonin in plant cells have likewise been attributed to the antioxidant
effects of the indole [102,105,110,115,117,121,130]. Clearly, the mechanisms whereby melatonin
carries out its multiple functions in plant cells still requires extensive investigative effort. It seems
obvious from the data summarized herein that melatonin is a highly useful molecule which contributes
significantly to the hardiness of plants. In doing so, it aids plants to not only survive but, more
importantly, to thrive.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.
5.
6.
7.

Lerner, A.B.; Case, J.D.; Takahashi, Y.; Lee, Y.; Mori, W. Isolation of melatonin, the pineal
gland factor that lightening melanocytes. J. Am. Chem. Soc. 1958, 81, 2587.
Lerner, A.B.; Case, J.D.; Heinzelman, R.V. Structure of melatonin. J. Am. Chem. Soc. 1959, 81,
6084–6085.
Axelrod, J.; Weissenbach, H. Enzymatic O-methylation of N-acetylserotonin to melatonin.
Science 1960, 131, 1312.
Axelrod, J.; Weissbach, H. Purification and properties of hydroxyindole-O-methyl transferase.
J. Biol. Chem. 1961, 236, 211–213.
Quay, W.B.; Halevy, A. Experimental modification of the rat pineal’s content of serotonin and
related indoleamines. Physiol. Zool. 1962, 35, 1–7.
Wurtman, R.J.; Axelrod, J.; Phillips, L.W. Melatonin synthesis in the pineal gland: Control by
light. Science 1963, 142, 1071–1073.
Chu, E.W.; Wurtman, R.J.; Axelrod, J. An inhibitory effect of melatonin on the estrous phase of
the estrous cycle of the rodent. Endocrinology 1964, 75, 238–242.

Molecules 2015, 20
8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

21.
22.
23.
24.
25.
26.

7424

Hoffman, R.A.; Reiter, R.J. Pineal gland: Influence on gonads of male hamsters. Science 1965,
148, 1609–1611.
Hoffman, R.A.; Reiter, R.J. Influence of compensatory mechanisms and the pineal gland on
dark-induced gonadal atrophy in male hamsters. Nature 1965, 207, 658–659.
Reiter, R.J.; Hester, R.J. Interrelationships of the pineal gland, the superior cervical ganglia and
the photoperiod in the regulation of the endocrine systems of hamsters. Endocrinology 1966, 79,
1168–1170.
Quay, W.B.; Renzoni, A. Comparative and experimental study of the structure and cytology of
the pineal body in the Passeriformes. Riv. Biol. 1963, 56, 363–407.
Gundy, G.C.; Wurst, G.Z. Parietal eye-pineal morphology in lizards and its physiological
implications. Anat. Rec. 1976, 185, 419–431.
Oksche, A.; Hartwig, H.G. Pineal sense organs—Components of photoneuroendocrine systems.
Prog. Brain Res. 1979, 52, 113–130.
McNulty, J.A. Functional morphology of the pineal complex in cyclostomes, elasmobranches
and bony fishes. Pineal Res. Rev. 1984, 2, 1–40.
Reiter, R.J.; Fraschini, F. Endocrine aspects of the mammalian pineal gland: A review.
Neuroendocrinology 1969, 5, 219–255.
Roche, J.F.; Karsch, F.J.; Foster, D.L.; Takagi, S.; Dziuk, P.J. Effect of pinealectomy on estrus,
ovulation and luteinizing hormone in ewes. Biol. Reprod. 1970, 2, 251–254.
Quay, W.B. Retinal and pineal hydroxyindole-O-methyl transferase activity in vertebrates. Life Sci.
1965, 4, 983–991.
Baker, P.C.; Hoff, K.M. Melatonin localization in the eyes of larval Xenopus. Comp. Biochem
Physiol. 1971, 39, 879–881.
Reiter, R.J.; Tan, D.X.; Rosales-Corral, S.A.; Manchester, L.C. The universal nature, unequal
distribution and antioxidant functions of melatonin and its derivatives. Mini Rev. Med. Chem.
2013, 13, 373–384.
Tan, D.X.; Manchester, L.C.; Rosales-Corral, S.A.; Liu, X.Y.; Acuna-Castroviejo, D.; Reiter, R.J.
Mitochondria and chloroplasts as the original sites of melatonin synthesis: A hypothesis related
to melatonin’s primary function and evolution in eukaryotes. J. Pineal Res. 2013, 54, 127–138.
Wiechmann, A.F.; Sherry, D.M. Role of melatonin and its receptors in the vertebrate retina.
Int. Rev. Cell Mol. Biol. 2013, 300, 211–242.
Cardinali, D.P.; Srinivasan, V.; Brzezinski, A.; Brown, G.M. Melatonin and its analogs in
insomnia and depression. J. Pineal Res. 2012, 52, 365–375.
Radogna, F.; Diederich, M.; Ghibelli, L. Melatonin: A pleiotropic molecule regulating
inflammation. Biochem. Pharmacol. 2010, 80, 1844–1852.
Calvo, J.R.; Gonzalez-Yanes, C.; Maldonado, M.D. The role of melatonin in the cells of the
innate immunity: A review. J. Pineal Res. 2013, 55, 103–120.
Reiter, R.J.; Tan, D.X.; Galano, A. Melatonin: Exceeding expectations. Physiology (Bethesda)
2014, 29, 325–333.
Reiter, R.J.; Tan, D.X.; Manchester, L.C.; Terron, M.P.; Flores, L.J.; Koppesetti, S. Medical
implications of melatonin: Receptor-mediated and receptor-independent actions. Adv. Med. Sci.
2007, 52, 11–28.

Molecules 2015, 20

7425

27. Vivien-Roels, B.; Pevet, P.; Beck, O.; Fevre-Montagne, M. Identification of melatonin in the
compound eyes of an insect, the locust (Locusta migratoria), by radioimmunoassay and gas
chromatography-mass spectrometry. Neurosci. Lett. 1984, 49, 153–157.
28. Wetterberg, L.; Hayes, D.K.; Halberg, F. Circadian rhythm of melatonin in the brain of the face
fly, Musca autumnalis De Geer. Chronobiologia 1987, 14, 377–381.
29. Finocchiaro, L.; Callebert, J.; Launay, J.M.; Jallen, J.M. Melatonin biosynthesis in Drosophila:
Its nature and its effects. J. Neurochem. 1988, 50, 382–387.
30. Poeggeler, B.; Balzer, I.; Hardeland, R.; Lerchl, A. Pineal hormone melatonin oscillates also in
the dinoflagellate, Gonyaulax polyedra. Naturwissenschaften 1991, 78, 268–269.
31. Van Tassel, D.; Li, J.; O’Neill, S. Melatonin: Identification of a potential dark signal in plants.
Plant Physiol. 1993, 102, 659 (Abstract).
32. Dubbels, R.; Reiter, R.J.; Klenke, E.; Goebel, A.; Schnakenberg, E.; Ehlers, L.; Schiwara, H.W.;
Schloot, W. Melatonin in edible plants identified by radioimmunoassay and by high performance
liquid chromatography-mass spectrometry. J. Pineal Res. 1995, 18, 28–31.
33. West, G.B. Tryptamines in edible fruits. J. Pharm. Pharmacol. 1958, 10, 589–590.
34. Udenfriend, S.; Lovenberg, W.; Sjoerdsma, A. Physiologically active amines in common fruits
and vegetables. Arch. Biochem. Biophys. 1959, 85, 487–490.
35. Quay, W.B. Circadian rhythm in rat pineal serotonin and its modifications by estrous cycle and
photoperiod. Gen. Comp. Endocrinol. 1963, 14, 473–479.
36. Klein, D.C.; Weller, J.L.; Moore, R.Y. Melatonin metabolism: neural regulation of pineal
serotonin: Acetyl coenzyme A N-acetyltransferase activity. Proc. Natl. Acad. Sci. USA 1971, 68,
3107–3110.
37. Champney, T.H.; Holktorf, A.P.; Steger, R.W.; Reiter, R.J. Concurrent determination of
enzymatic activities and substrate concentrations in the melatonin synthetic pathway within the
same rat pineal gland. J. Neurosci. Res. 1984, 11, 59–66.
38. Tan, D.X.; Chen, L.D.; Poeggeler, B.; Manchester, L.C.; Reiter, R.J. Melatonin: A potent,
endogenous hydroxyl radical scavenger. Endocr. J. 1993, 1, 57–60.
39. Hattori, A.; Migitaka, H.; Iigo, M.; Itoh, M.; Yamamoto, K.; Ohtani-Kancho, R.; Hara, M.;
Sazuki, T.; Reiter, R.J. Identification of melatonin in plants and its effects on plasma melatonin
levels and binding to melatonin receptors in vertebrates. Biochem. Mol. Biol. Int. 1995, 35, 627–634.
40. Brainard, G.C.; Petterborg, L.J.; Richardson, B.S.; Reiter, R.J. Pineal melatonin in Syrian
hamsters: Circadian and seasonal rhythms in animals maintained under laboratory and natural
conditions. Neuroendocrinology 1982, 35, 342–348.
41. Carter, D.S.; Goldman, B.D. Antigonadal effects of timed melatonin infusion in pinealectomized
male Djungarian hamsters (Phodopus sungorus sungorus): Duration is the critical parameter.
Endocrinology 1983, 113, 1261–1267.
42. Reiter, R.J.; Tan, D.X.; Manchester, L.C.; Simopoulos, A.P.; Maldonado, M.D.; Flores, L.J.;
Terron, M.P. Melatonin in edible plants (phytomelatonin): Identification, concentrations,
bioavailability and proposed functions. World Rev. Nutr. Diet 2007, 97, 211–230.
43. Reiter, R.J.; Tamura, H.; Tan, D.X.; Xu, X.P. Melatonin and the circadian system: Contributions
to successful female reproduction. Fertil. Steril. 2014, 102, 321–328.

Molecules 2015, 20

7426

44. Manchester, L.C.; Tan, D.X.; Reiter, R.J.; Park, W.; Monis, K.; Qi, W. High levels of
melatonin in the seeds of edible plants: Possible function in germ tissue protection. Life Sci.
2000, 67, 3023–3029.
45. Reiter, R.J.; Manchester, L.C.; Tan, D.X. Melatonin in walnuts: influence on levels of melatonin
and total antioxidant capacity of blood. Nutrition 2005, 21, 920–924.
46. Oladi, E.; Mohamadi, M.; Shamspur, T.; Mostafavi, A. Spectrofluorimetric determination of
melatonin in kernels of four different Pistacia varieties after ultrasound-assisted solid-liquid
extraction. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2014, 132, 326–329.
47. Vaughan, G.M.; Pelham, R.W.; Pang, S.F.; Laughlin, L.L.; Wilson, K.W.; Sandock, K.L.;
Vaughn, M.K.; Koslow, S.H.; Reiter, R.J. Nocturnal elevation of plasma melatonin and urinary
5-hydroxyindoleacetic acid in young men: Attempts at modification by brief changes in
environmental lighting and sleep and by autonomic drugs. J. Clin. Endocrinol. Metab. 1976, 42,
752–764.
48. Pang, S.F. Melatonin concentrations in blood and pineal gland. Pineal Res. Rev. 1985, 3, 115–160.
49. El Allali, K.; Sinitskaya, N.; Bothorel, B.; Achaaban, R.; Pevet, P.; Simonneaux, V. Daily Aa-nat
gene expression in the camel (Camelus dromedarius) pineal gland. Chronobiol. Int. 2008, 25,
600–607.
50. Menendez-Pelaez, A.; Howes, K.A.; Gonzalez-Brito, A.; Reiter, R.J. N-acetyltransferase activity,
hydroxyindole-O-methyltransferase activity and melatonin levels in the Harderian glands of mate
Syrian hamsters: Changes during the light:dark cycle and the effect of 6-parachlorophenylalanine
administration. Biochem. Biophys. Res. Commun. 1987, 145, 1231–1238.
51. Venegas, C.; Garcia, J.A.; Escames, G.; Ortiz, F.; Lopez, A.; Doerrier, C.; Garcia-Corzo, L.;
Lopez, L.C.; Reiter, R.J.; Acuna-Castroviejo, D. Extrapineal melatonin: Analysis of its
subcellular distribution and daily fluctuations. J. Pineal Res. 2012, 52, 217–227.
52. Murch, S.J.; Simmons, C.B.; Saxena, P.K. Melatonin in feverfew and other medicinal plants.
Lancet 1997, 350, 1598–1599.
53. Poeggeler, B.; Hardeland, R. Detection and quantification of melatonin in a dinoflagellate,
Gonyaulax polyedra: Solutions to the problem of methoxyindole destruction in non-vertebrate
material. J. Pineal Res. 1994, 17, 1–10.
54. Chen, G.; Huo, Y.; Tan, D.X.; Liang, Z.; Zhang, W.; Zhang, Y. Melatonin in Chinese medicinal
herbs. Life Sci. 2003, 73, 19–26.
55. Reiter, R.J. Functional aspects of the pineal hormone melatonin in combating cell and tissue
damage induced by free radicals. Eur. J. Endocrinol. 1996, 134, 412–420.
56. Burkhardt, S.; Reiter, R.J.; Tan, S.X.; Hardeland, R.; Cacrera, J.; Karbownik, M. DNA
oxidatively damaged by chromium(III) and H2O2 is protected by the antioxidants melatonin,
N1-acetyl-N2-formyl-5-methoxykynuramine, resveratrol and uric acid. Int. J. Biochem. Cell Biol.
2001, 33, 775–783.
57. Ressmeyer, A.R.; Mayo, J.C.; Zelosko, V.; Sainz, R.M.; Tan, D.X.; Poeggeler, B.; Antolin, I.;
Zsizsik, R.K.; Reiter, R.J.; Hardeland, R. Antioxidant properties of the melatonin metabolite
N1-acetyl-5-methoxykynuramine (AMK): Scavenging of free radicals and prevention of protein
destruction. Redox. Rep. 2003, 8, 205–213.

Molecules 2015, 20

7427

58. Tan, D.X.; Manchester, L.C.; Terron, M.P.; Flores, L.J.; Reiter, R.J. One molecule, many
derivatives: A never-ending interaction of melatonin with reactive oxygen and nitrogen species?
J. Pineal Res. 2007, 42, 28–42.
59. Hardeland, R.; Cardinali, D.P.; Srinivasan, V.S.; Brown, G.M.; Spence, D.W.; Pandi-Perumal,
S.R. Melatonin—A pleiotropic, orchestrating regulator molecule. Prog. Neurobiol. 2011, 93,
350–384.
60. Galano, A.; Tan, D.X.; Reiter, R.J. Cyclic 3-hydroxymelatonin, a key metaboite enhancing the
peroxyl radical scavening activity of melatonin. Roy. Soc. Chem. Adv. 2014, 4, 4220–4227.
61. Reiter, R.J.; Tan, D.X.; Galano, A. Melatonin reduces lipid peroxidation and membrane viscosity.
Front. Physiol. 2014, 5, doi:10.3389/fphys.2014.00377.
62. Tan, D.X.; Hardeland, R.; Manchester, L.C.; Galano, A.; Reiter, R.J. Cyclic-3-hydroxymelatonin
(C3HOM), a potent antioxidant, scavenges free radicals and suppresses oxidative reactions.
Curr. Med. Chem. 2014, 21, 1557–1565.
63. Balzer, I.; Hardeland, R. Melatonin in algae and higher plants: Possible new roles as a
phytohormone and antioxidant. Bot. Acta 1996, 109, 180–183.
64. Hardeland, R.; Fuhrberg, B. Ubiquitous melatonin: Presence and effects in unicells, plants, and
animals. Trends Comp. Biochem. Physiol. 1996, 7, 25–45.
65. Kolar, J.; Machackova, I. Occurrence and possible function of melatonin in plant: A review.
Endocytobiosis Cell Res. 2001, 14, 75–84.
66. Reiter, R.J.; Tan, D.X.; Burkhardt, S.; Manchester, L.C. Melatonin in plants. Nutr. Rev. 2001, 59,
286–290.
67. Van Tassel, D.L.; O’Neill, S.D. Putative regulatory molecules in plants: Evaluating melatonin.
J. Pineal Res. 2001, 31, 1–7.
68. Murch, S.J.; Saxena, P.K. Melatonin: A potential regulator of plant growth and development?
In Vitro Cell. Dev. Biol.-Plant. 2002, 38, 531–536.
69. Reiter, R.J.; Tan, D.X. Melatonin: An antioxidant in edible plants. Ann. N. Y. Acad. Sci. 2002,
957, 341–344.
70. Caniato, R.; Filippini, R.; Piovan, A.; Puricelli, L.; Borsarini, A.; Cappaelletti, E.M. Melatonin in
plants. Adv. Exp. Med. Biol. 2003, 527, 593–597.
71. Hardeland, R.; Pandi-Perumal, S.R. Melatonin, a potent agent in antioxidative defense: Actions
as a natural food constituent, gastrointestinal factor, drug and prodrug. Nutr. Metab. (Lond.)
2005, 2, 22–31.
72. Kolar, J.; Machackova, I. Melatonin in higher plants: Occurrence and possible functions.
J. Pineal Res. 2005, 39, 333–341.
73. Reiter, R.J.; Craft, C.M.; Johnson, J.E., Jr.; King, T.S.; Richardson, B.A. Age-associated
reduction in nocturnal pineal melatonin levels in female rats. Endocrinology 1981, 109, 1295–1297.
74. Reiter, R.J. Normal patterns of melatonin levels in the pineal gland and body fluids of humans
and experimental animals. J. Neural. Transm. Suppl. 1986, 21, 35–54.
75. Todini, L.; Terzano, G.M.; Borghese, A.; Debenedetti, A.; Malfatti, A. Plasma melatonin in
domestic female Mediterranean sheep (Comisana breed) and goats (Maltese and Red Syrian).
Res. Vet. Sci. 2011, 90, 35–39.

Molecules 2015, 20

7428

76. El Allali, K.; Achaaban, M.R.; Vivien-Roels, B.; Bothorel, B.; Tligui, N.S.; Pevet, P. Seasonal
variations in the nycthemeral rhythm of plasma melatonin in the camel (Camelus dromedarius).
J. Pineal Res. 2005, 39, 121–128.
77. Paul, MA.; Love, R.J.; Hawton, A.; Arendt, J. Sleep and the endogenous melatonin rhythm of
high artic residents during summer and winter. Physiol. Behav. 2015, 141, 199–206.
78. Reiter, R.J. Melatonin: The chemical expression of darkness. Mol. Cell. Endocrinol. 1991, 79,
C153–C159.
79. Lewy, A.J.; Wehr, T.A.; Goodwin, F.K.; Newsome, D.A.; Markey, S.P. Light suppresses
melatonin secretion in humans. Science 1980, 210, 1267–1269.
80. Brainard, G.C.; Richarson, B.A.; King, T.S.; Matthews, S.A.; Reiter, R.J. The suppression of
pineal melatonin content and N-acetyltransferase activity by different light irradiances in the
Syrian hamster: A dose-response relationship. Endocrinology 1983, 113, 293–296.
81. McIntyre, I.M.; Norman, T.R.; Burrows, G.D.; Armstrong, S.M. Human melatonin suppression
by light is intensity dependent. J. Pineal Res. 1989, 6, 149–156.
82. Kolar, J.; Johnson, C.H.; Machackova, I. Presence and possible role of melatonin in a short-day
flowering plant, Chenopodium rubrum. Adv. Exp. Med. Biol. 1999, 460, 391–393.
83. Tan, D.X.; Manchester, L.C.; Di Mascio, P.; Martinez, G.R.; Prado, F.M.; Reiter, R.J. Novel
rhythms of N1-acetyl-N2-formyl-5-methoxykynuramine and its precursor melatonin in water
hyacinth: Importance for phytoremediation. FASEB J. 2007, 21, 1724–1729.
84. Tan, D.X.; Reiter, R.J.; Manchester, L.C.; Yan, M.T.; El-Sawi, R.M.; Mayo, J.C.; Kohen, R.;
Allegra, M.; Hardeland, R. Chemical and physical properties and potential mechanisms:
Melatonin as a broad spectrum antioxidant and free radical scavenger. Curr. Top Med. Chem.
2002, 2, 181–197.
85. Hardeland, R.; Tan, D.X.; Reiter, R.J. Kynuramines, metabolites of melatonin and other indoles:
The resurrection of an almost forgotten class of biogenic amines. J. Pineal Res. 2009, 47,
109–126.
86. Suzen, S. Melatonin and synthetic analogs as antioxidants. Curr. Drug Deliv. 2013, 10, 71–75.
87. Li, Y.; Yang, Y.; Feng, Y.; Yan, J.; Fan, C.; Jiang, S.; Ou, Y. A review of melatonin in hepatic
ischemia/reperfusion injury and clinical liver disease. Ann. Med. 2014, 46, 503–511.
88. Galano, A.; Tan, D.X.; Reiter, R.J. On the free radical scavenging activities of melatonin’s
metabolites, AFMK and AMK. J. Pineal Res. 2013, 54, 245–257.
89. Zhang, H.M.; Zhang, Y. Melatonin: A well-documented antioxidant with conditional pro-oxidant
actions. J. Pineal Res. 2014, 57, 131–146.
90. Kihara, S.; Hartzler, D.A.; Savikhin, S. Oxygen concentration inside a functioning photosynthetic
cell. Biophys. J. 2014, 106, 1882–1889.
91. Tal, O.; Haim, A.; Harel, O.; Gerchman, Y. Melatonin as an antioxidant and its semi-lunar
rhythm in green macroalga Ulva sp. J. Exp. Bot. 2011, 62, 1903–1910.
92. Hayden, H.S.; Waaland, R.J. A molecular systemic study Ulva (Ulvaceae, Ulvales) from the
northern Pacific. Phycologia 2004, 43, 364–382.
93. Loughnane, C.J.; McIvor, L.M.; Rindi, F.; Stengel, D.B.; Guiry, M.D. Morphology, rbcL
phylogeny and distribution of distromatic Ulva (Ulvophyceae, Chlorophyta) in Ireland and
southern Britain. Phycologia 2008, 47, 416–429.

Molecules 2015, 20

7429

94. Burkhardt, S.; Tan, D.X.; Manchester, L.C.; Hardeland, R.; Reiter, R.J. Detection and
quantification of the antioxidant melatonin in Montmorency and Balaton tart cherries (Prunus
cerasus). J. Agric. Food Chem. 2001, 49, 4898–4902.
95. Hardeland, R.; Poeggeler, B. Melatonin and synthetic melatonergic agonists: Actions and
metabolism in the central nervous system. Cent. Nerv. Syst. Agents Med. Chem. 2012, 12,
189–216.
96. Gandi, A.V.; Mosser, E.A.; Oikonomou, G.; Prober, D.A. Melatoin is required for the circadian
regulation of sleep. Neuron 2015, 85, 1193–1199.
97. Garrido, M.; Paredes, S.D.; Cubero, J.; Lozano, M.; Toribio-Delgado, A.F.; Munoz, J.L.; Reiter, R.J.;
Barriga, C.; Rodriguez, A.B. Jerte Valley cherry-enriched diets improve nocturnal rest and
incease 6-sulfatoxy melatonin and total antioxidant capacity in the urine of middle-aged and
elderly humans. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 909–914.
98. Pigeon, W.R.; Carr, M.; Gorman, C.; Perlis, M.L. Effects of a tart cherry juice beverage on the
sleep of older adults with insomnia: A pilot study. J. Med. Food 2010, 13, 579–583.
99. Howatson, G.; Bell, P.G.; Tallent, J.; Middleton, B.; McHugh, M.P.; Ellis, J. Effect of tart cherry
juice (Prunus cerasus) on melatonin levels and enhanced sleep quality. Eur. J. Nutr. 2012, 51,
909–916.
100. Garrido, M.; Gonzalez-Gomez, D.; Lozano, M.; Barriga, C.; Paredes, S.D.; Rodriguez, A.B. A
Jerte Valley cherry product provides beneficial effects on sleep quality. Influence on aging.
J. Nutr. Health Aging 2013, 17, 553–560.
101. Zhao, Y; Tan, D.X.; Lei, Q.; Chen, H.; Wang, L.; Li, Q.T.; Gao, Y.; Kong, J. Melatonin and its
potential biological functions in the fruits of sweet cherry. J. Pineal Res. 2013, 55, 79–88.
102. Lei, Q.; Wang, L.; Tan, D.X.; Zhao, Y.; Zheng, X.D.; Chen, H.; Li, Q.T.; Zuo, B.X.; Kong, J.
Identification of genes for melatonin synthetic enzymes in “Red Fuji” apple (Malus domesticus
Borkh. cv. Red) and their expression and melatonin production during fruit development.
J. Pineal Res. 2013, 55, 443–451.
103. Bonnefont-Rousselot, D.; Collin, F. Melatonin: Action as antioxidant and potential applications
in human disease and aging. Toxicology 2010, 278, 55–67.
104. Govender, J.; Loos, B.; Marais, E.; Engelbrecht, A.M. Mitochondrial catastrophe duirng
doxorubin-induced cardiotoxicity: A review of the protective role of melatonin. J. Pineal Res.
2014, 57, 367–380.
105. Arnao, M.B.; Hernandez-Ruiz, J. Chemical stress by different agents affects the melatonin
content of barley roots. J. Pineal Res. 2009, 46, 295–299.
106. Zhu, J.K. Plant salt tolerance. Trends Plant Sci. 2001, 6, 66–71.
107. Xu, C.; Zhang, H.; Han, L.; Zhai, L. Characteristic montioring of groundwater—Salt
transportation and input-output in inland arid irrigation area. J. Environ. Biol. 2014, 35, 1181–1189.
108. Okazaki, M.; Higuchi, K.; Hanawa, Y.; Shiraiwa, Y.; Ezura, H. Cloning and characterization of a
Chlamydomonas reinhardtii cDNA arylalkylamine N-acetyltransferase and its use in the genetic
engineering of melatonin content in the Micro-Tom tomato. J. Pineal Res. 2009, 46, 373–382.
109. Byeon, Y.; Park, S.; Lee, H.Y.; Kim, Y.S.; Back, K. Elevated production of melatonin in
transgenic rice seeds expressng rice tryptophan decarboxylase. J. Pineal Res. 2014, 56, 275–282.

Molecules 2015, 20

7430

110. Li, C.; Wang, P.; Wei, Z.; Liang, D.; Liu, C.; Yin, L.; Jia, D.; Fu, M.; Ma, F. The mitigation
effects of exogenous melatonin on salinity-induced stress in Malus hupehensis. J. Pineal Res.
2012, 53, 298–306.
111. Barlow-Walden, L.R.; Reiter, R.J.; Abe, M.; Pablos, M.; Menendez-Pelaez, A.; Chen, L.D.;
Poeggeler, B. Melatonin stimulates brain glutathione peroxidase activity. Neurochem. Int. 1995,
26, 497–502.
112. Pablos, M.I.; Reiter, R.J.; Ortiz, G.G.; Guerrero, J.M.; Agapito, M.T.; Chuang, J.I. Rhythms of
glutathione peroxidase and glutathione reductase in brain of chick and their inhibition by light.
Neurochem. Int. 1998, 32, 69–75.
113. Fischer, T.W.; Kleszczynski, K.; Hardkop, L.H.; Kruse, N.; Zillikens, D. Melatonin enhances
antioxidative enzyme gene experession (CAT, GPx, SOD), prevents their UVR-induced
depletion, and protects against the formation of DNA damage (8-hydroxy-2'-deoxygaunosine) in
ex vivo human skin. J. Pineal Res. 2013, 54, 303–312.
114. Tomas-Zapico, C.; Coto-Montes, A. A proposed mechanism to explain the stimulatory effect of
melatonin on antioxidative enzymes. J. Pineal Res. 2005, 39, 99–104.
115. Kostopoulou, Z.; Therios, I.; Roumeliotis, E.; Kanellis, A.K.; Molassiotis, A. Melatonin
combined with ascorbic acid provides salt adaptation in Citrus aurantium L. seedlings.
Plant Physiol. Biochem. 2015, 86, 155–165.
116. Smith, T.B.; Staub, B.A.; Natarajan, G.M.; Lasorda, D.M.; Poomima, I.G. Acute myocardial
infarction associated with dietary supplements containing 1,3-dimethylamylamine and Citrus
aurantium. Texas Heart Inst. J. 2014, 41, 70–72.
117. Mukherjee, S.; David, A.; Yadav, S.; Baluska, F.; Bhatla, S.C. Salt stress-induced seedling
growth inhibition concides with differential distribution of serotonin and melatonin in sunflower
seedling roots and cotyledons. Physiol. Plant 2014, 152, 714–728.
118. Syvertsen, J.P.; Garcia-Sanchez, F. Multiple abiotic stresses occurring with salinity stress in
citrus. Environ. Exp. Bot. 2014, 103, 128–137.
119. Parida, A.K.; Das, A.B. Salt tolerance and salinity effects on plants: A review. Ecotoxicol.
Environ. Saf. 2005, 60, 324–349.
120. Sharma, S.; Singh, B.; Manchanda, V.K. Phytoremediation: Role of terrestrial plants and aquatic
macrophytes in the remediation of radionuclides and heavy metal contaminated soil and water.
Environ. Sci. Pollut. Res. Int. 2015, 22, 946–962.
121. Tan, D.X.; Manchester, L.C.; Helton, P.; Reiter, R.J. Phytoremediative capacity of plants
enriched with melatonin. Plant Signal. Behav. 2007, 2, 51–516.
122. Lagriffoul, A.; Mocquot, B.; Mench, M.; Vangronsveld, J. Cadmium toxicity effects growth,
mineral and chlorophyll contents and activities of stress related enzymes in young maize plants
(Zea mays L.). Plant Soil 1998, 200, 241–250.
123. Schützendübel, A.; Polle, A. Plant responses to abiotic stresses: Heavy metal-induced oxidative
stress and protection by mycorrhization. J. Exp. Bot. 2002, 53, 1351–1365.
124. Abrahamsson, K.; Choo, K.S.; Pedersen, M.; Johansson, G.; Snoeijs, P. Effects of temperature on
the production of hydrogen peroxide and volatile halocarbons by brackish-water algae.
Phytochemistry 2003, 64, 725–734.

Molecules 2015, 20

7431

125. Dolferus, R. To grow or not to grow: A stressful decision for plants. Plant Sci. 2014, 229C,
247–261.
126. Salazar-Parra, C.; Aranjuelo, I.; Pascual, I.; Erice, G.; Sanz-Saez, A.; Aquirreolea, J.;
Sanchez-Diaz, M.; Irigoyen, J.J.; Araus, J.L.; Morales, F. Carbon balance, partitioning and
photosynthetic acclimation in fruit-bearing grapevine (Vitis vinifera L. cv. Tempranillo) grown
under simulated climate change (elevated CO2, elevated temperature and moderate drought)
scenarios in temperature gradient greenhouses. J. Plant Physiol. 2015, 174, 97–109.
127. Savi, T.; Bertuzzi, S.; Branca, S.; Tretiach, M.; Nardini, A. Drought-induced xylem cavitation
and hydraulic deterioration: Risk factors for urban trees under climate change. New Phytol. 2015,
205, 1106–1116.
128. Wang, P.; Sun, X.; Li, C.; Wei, Z.; Liang, D.; Ma, F. Long-term exogenous application of
melatonin delays drought-induced leaf senescence in apple. J. Pineal Res. 2013, 54, 292–302.
129. Wang, L; Zhao, Y.; Reiter, R.J.; He, C.; Liu, G.; Lei, Q.; Zuo, B.; Zheng, X.D.; Li, Q.; Kong, J.
Changes in melatonin levels in transgenic “Micro Tom” tomato overexpressing ovine AANAT
and ovine HIOMT genes. J. Pineal Res. 2014, 56, 134–142.
130. Bajwa, V.S.; Shukla, M.R.; Sherif, S.M.; Murch, S.J.; Saxena, P. Role of melatonin in alleviating
cold stress in Arabidopsis thaliana. J. Pineal Res. 2014, 56, 238–245.
131. Shi, H.; Chan, Z. The cysteine2/histidine2-type transcription factor zinc finger of Arabidopsis
thaliana 6-activated C-repeat-binding factor pathway is essential for melatonin-mediated freezing
stress resistance in Arabidopsis. J. Pineal Res. 2014, 57, 185–191.
132. Meng, J.F.; Xu, T.F.; Wang, Z.Z.; Fang, Y.L.; Xi, Z.M.; Zhang, Z.W. The ameliorative effects of
exogenous melatonin on grape cuttings under water-deficient stress: Antioxidant metabolites,
leaf anatomy, and chloroplast morphology. J. Pineal Res. 2014, 57, 200–212.
133. Li, C.; Tan, D.X.; Liang, D.; Chang, C.; Jia, D.; Ma, F. Melatonin mediates the regulation of
ABA metabolism, free-radical scavenging, and stomatal behavior in two Malus species under
drought stress. J. Exp. Bot. 2015, 66, 669–680.
134. Seki, M.; Umezawa, T.; Urano, K.; Shinozaki, K. Regulatory metabolic networks in drought
stress responses. Curr. Opin. Plant Biol. 2007, 10, 296–302.
135. Sperry, J.; Hacke, U.; Uren, R.; Comstock, J. Water deficits and hydraulic limits to leaf water
supply. Plant Cell Environ. 2002, 25, 251–263.
136. Katul, G.; Leuning, R.; Oren, R. Relationship between plant hydraulic and biochemical properties
derived from a steady-state coupled water and carbon transport model. Plant Cell Environ. 2003,
26, 339–350.
137. Shi, H.; Jiang, C.; Ye, T.; Tan, D.X.; Reiter, R.J.; Zhang, H.; Liu, R.; Chan, Z. Comparative
physiological, metabolomic, and transcriptomic analyses reveal mechanisms of improved abiotic
stress resistance in bermudagrass [Cynodon dactylon (L). Pers.] by exogenous melatonin. J. Exp. Bot.
2015, 66, 681–694.
138. Weeda, S.; Zhang, N.; Zhao, X.; Ndip, G.; Guo, Y.; Buck, G.A.; Fu, C.; Ren, S. Arabidopsis
transcriptome analysis reveals key roles of melatonin in plant defense systems. PLoS ONE 2014,
9, e93462.

Molecules 2015, 20

7432

139. Lei, X.Y.; Zhu, R.Y.; Zhang, G.Y.; Dai, Y.R. Attenuation of cold-induced apoptosis by
exogenous melatonin in carrot suspension cells: The possible involvement of polyamines.
J. Pineal Res. 2004, 36, 126–131.
140. Posmyk, M.M.; Balabusta, M.; Wieczorek, M.; Sliwinska, E.; Jana, K.M. Melatonin applied to
cucumber (Cucumis sativus L.) seeds improves gemination during chilling stress. J. Pineal Res.
2009, 46, 214–223.
141. Park, S.; Lee , D.E.; Jang, H.; Byeon, Y.; Kim, Y.S.; Back, K. Melatonin-rich transgenic rice
plants exhibit resistance to herbicide-induced oxidative stress. J. Pineal Res. 2013, 54, 258–263.
142. Melchiorri, D.; Reiter, R.J.; Sewerynek, E.; Hara, M.; Chen, L.; Nistico, G. Paraquat toxicity and
oxidative damage: Reduction by melatonin. Biochem. Pharmacol. 1996, 51, 1095–1099.
143. Bhatti, J.S.; Sidhu, I.P.; Bhatti, G.K. Ameliorative action of melatonin on oxidative damage
induced by atrazine toxicity in rat erythrocytes. Mol. Cell. Biochem. 2011, 353, 139–149.
144. Afreen, F.; Zobayed, S.M.A.; Kozai, T. Melatonin in Glycyrrhiza uralensis: Response of plant
roots to spectral quality of light and UV-B radiation. J. Pineal Res. 2006, 108–115.
145. Posmyk, M.M.; Kuran, H.; Marciniak, K.; Janas, K.M. Presowing seed treatment with melatonin
protects red cabbage seedlings against toxic copper concentrations. J. Pineal Res. 2008, 45,
24–31.
146. Harada, Y.; Sawamura, K.; Konno, K. Diplocarpon mali sp. nov. the perfect state of apple blotch
fungus Marssonina coronaria. Ann. Phytopathol. Soc. Jpn. 1974, 40, 412–418.
147. Donghoon, S.; Hunjoohg, K.; Yangyik, S. Influence of defoliation by Marssonina blotch on
vegetative growth and fruit quality in “Fuji”/M.9 apple tree. Korean J. Hortic. Sci. Technol.
2011, 29, 531–538.
148. Sharma, J.N.; Sharma, A.; Sharma, P. Out-break of Marssonina blotch in warmer climates
causing premature leaf fall problem of apple and its management. Acta Hortic. 2004, 662, 405–409.
149. Yin, L.; Wang, P.; Li, M.; Ke, X.; Li, C.; Liang, D.; Wu, S.; Ma, X.; Li, C.; Zou, Y.; et al.
Exogenous melatonin improves Malus resistance to Marssonina apple blotch. J. Pineal Res.
2013, 54, 426–434.
150. Lee, H.Y.; Byeon, Y.; Tan, D.X.; Reiter, R.J.; Back, K. Arabidopsis seratonin
N-acetyltransferase knockout mutant plants exhibit decreased melatonin and salicylic acid
resulting in susceptibility to an avirulent pathogen. J. Pineal Res. 2015, 58, 291–299.
151. Lim, P.O.; Nam, H.G. The molecular and gentic control of leaf senescence and longevity in
Arabidopsis. Curr. Top Dev. Biol. 2005, 67, 49–83.
152. Lim, P.O.; Kim, H.J.; Nam, H.G. Leaf senescence. Annu. Rev. Plant Biol. 2007, 58, 115–136.
153. Arnao, M.B.; Hernandez-Ruiz, J. Protective effect of melatonin agaist chlorophyll degradation
during the senescence of barley leaves. J. Pineal Res. 2009, 46, 58–63.
154. Wang, P.; Yin, L.; Liang, D.; Li, C.; Ma, F.; Yue, Z. Delayed senescence of apple leaves by
exogenous melatonin treatment: Toward regulating the ascorbate-glutathione cycle. J. Pineal Res.
2012, 53, 11–20.
155. Wang, P.; Sun, X.; Chang, C.; Feng, F.; Liang, D.; Cheng, L.; Ma, F. Delay in leaf senescence of
Malus hupehensis by long-term melatonin application is associated with its regulation of
metabolic status and protein degradation. J. Pineal Res. 2013, 55, 424–434.

Molecules 2015, 20

7433

156. Wang, P.; Sun, X.; Xie, Y.; Li, M.; Chen, W.; Zhang, S.; Liang, D.; Ma, F. Melatonin regulates
proteomic changes during leaf senescence in Malus hupehensis. J. Pineal Res. 2014, 57, 291–307.
157. Shi, H.; Reiter, R.J.; Tan, D.X.; Chan, Z. INDOLE-3-ACETIC ACID INDUCIBE 17 positively
modulates natural leaf senescence through melatonin-mediated pathway in Arabidopsis.
J. Pineal Res. 2015, 58, 26–33.
158. Paredes, S.D.; Korkmaz, A.; Manchester, L.C.; Tan, D.X.; Reiter, R.J. Phytomelatonin: A
review. J. Exp. Bot. 2009, 60, 57–69.
159. Posmyk, M.M.; Janas, K.M. Melatonin in plants. Acta Physiol. Plant. 2009, 31, 1–11.
160. Ludwig-Müller, J. Auxin conjugates: Their role for plant development and in the evolution of
land plants. J. Exp. Bot. 2011, 62, 1757–1773.
161. Sauer, M.; Robert, S.; Kleine-Vehn, J. Auxin: Simply complicated. J. Exp. Bot. 2013, 64,
2565–2577.
162. Arnao, M.B.; Hernandez-Ruiz, J. Melatonin: Plant growth regulator and/or biostimulator during
stress? Trends Plant Sci. 2014, 19, 789–797.
163. Hardeland, R. Melatonin in plants and other phototrophs: Advances and gaps concerning the
diversity of functions. J. Exp. Bot. 2015, 66, 627–646.
164. Hernandez-Ruiz, J.; Cano, A.; Arnao, M.B. Melatonin: Growth-stimulating compound present in
lupin tissues. Planta 2004, 220, 140–144.
165. Hernandez-Ruiz, J.; Cano, A.; Arna, M.B. Melatonin acts as a growth-stimulating compound in
some monocot species. J. Pineal Res. 2005, 39, 137–142.
166. Arnao, M.B.; Hernandez-Ruiz, J. The physiological function of melatonin in plants.
Plant Signal. Behav. 2006, 1, 89–95.
167. Arnao, M.B.; Hernandez-Ruiz, J. Melatonin in plants: More studies are necessary.
Plant Signal. Behav. 2007, 2, 381–382.
168. Jones, M.P.; Cao, J.; O’Brien, R.; Murch, S.J.; Saxena, P.K. The mode of action of thidiazuron:
Auxins, indoleamines, and ion channels in the regeneration of Echinacea purpurea L.
Plant Cell Rep. 2007, 26, 1481–1490.
169. Okazaki, M.; Higuchi, K.; Aouini, A.; Ezura, H. Lowering intracellular melatonin levels by
transgenic analysis of indoleamine 2,3-dioxygenase from rice in tomato plants. J. Pineal Res.
2010, 49, 239–247.
170. Murch, S.J.; Saxena, P.K. A melatonin-rich germplasma line of St. John’s Wort (Hypericum
perforatum L.). J. Pineal Res. 2006, 41, 284–287.
171. Kang, L.; Lee, K.; Park, S.; Kim, Y.S.; Back, K. Enhanced production of melatonin by ectopic
overexpression of human serotonin N-acetyltransferase plays a role in cold resistance in
transgenic rice seedlings. J. Pineal Res. 2010, 49, 176–182.
172. Wang, Y.J. Genetic Transformation of Nicotiana tobacum L. and Hypericum perforatum L. by
Agrobacterium tumefaciens Carrying Melatonin Synthetase Gene and Enhancement of
Antioxidative Capacity in Transgenic plants. Ph.D. Thesis, College of Science, Northwest A and
F University, Yangling, China, 2008.
173. Xu, X.D.; Sun, Y.; Guao, X.; Sun, B.; Zhang, J. Effects of exogenous melatonin on ascorbate
metabolism system in cucumber seedlings under high temperature stress. Ying Yong Sheng Tai
Xue Bao 2010, 21, 2580–2586.

Molecules 2015, 20

7434

174. Tan, D.X.; Hardeland, R.; Manchester, L.C.; Korkmaz, A.; Ma, S.; Rosales-Corral, S.; Reiter,
R.J. Functional roles of melatonin in plants, and perspectives in nutritional and agricultural
science. J. Exp. Bot. 2012, 63, 577–597.
175. Peret, B.; Larrieu, A.; Bennett, M.J. Lateral root emergence: A difficult birth. J. Exp. Bot. 2009,
60, 3637–3643.
176. Himanen, K.; Boucheron, E.; Vanneste, S.;Vercruysse, S.; Boucheron, E.; Aalard, P.; Chriqui, D.
Auxin-mediated cell cycle activation during early lateral root initiation. Plant Cell 2002, 14,
2339–2351.
177. Seo, P.J.; Park, C.M. Auxin homeostasis during lateral root development under drought
conditions. Plant Signal Behav. 2009, 4, 1002–1004.
178. Murch, S.J.; Campbell, S.S.B.; Saxena, P.K. The role of serotonin and melatonin in plant
morphogenesis: Regulation of auxin-induced root organogenesis in in vitro cultured explants of
St. john’s Wort (Hypericum perforatum L.). In Vitro Cell Dev. Biol. 2001, 37, 386–393.
179. Chen, Q.; Qi, W.B.; Reiter, R.J.; Wei, W.; Wang, B.M. Exogenously applied melatonin
stimulates root growth and raises endogenous indoleacetic acid in roots of etiolated seedlings of
Brassica juncea. J. Plant Physiol. 2009, 166, 324–328.
180. Sarropoulon, V.N.; Therios, I.N.; Dimassi-Theriou, K.N. Melatonin promotes adventitous root
regeneration in in vitro shoot tip explants of the commercial sweet cherry rootstocks CAB-6P
(Prunus cerasus L.), Gisela 6 (P. cerasus × P. canescens), and MxM60 (P. avium × P. mahaleb).
J. Pineal Res. 2012, 52, 38–46.
181. Arnao, M.; Hernandez-Ruiz, J. Melatonin promotes adventitious- and lateral root regeneration in
etiolated hypocotyls of Lupinus albus L. J. Pineal Res. 2007, 42, 147–152.
182. Pelagio-Flores, R.; Munoz-Parra, E.; Ortiz-Castro, R.; Lopez-Bucio J. Melatonin regulates
Arabidopsis root system architecture likely acting independetly of auxin signaling. J. Pineal Res.
2012, 53, 279–288.
183. Zhang, N.; Zhang, H.J.; Zhao, B.; Sun, Q.Q.; Cao, Y.Y.; Li, R.; Wu, X.X.; Weeda, S.; Li, L.;
Ren, S.; et al. The RNA-seq approach to discriminate gene expression profiles in response to
melatonin on cucumber lateral root formation. J. Pineal Res. 2014, 56, 39–50.
184. De Tomasi, J.A. Improving the technique of the Feulgen stain. Stain Technol. 1936, 11, 137–144.
185. Byeon, Y.; Back, K. An increase in melatonin in transgenic rice causes pleiotropic phenotypes,
including enhanced seedling growth, delayed flowering and low grain yield. J. Pineal Res. 2014,
56, 408–414.
186. Tiryaki, I.; Keles, H. Reversal of the inhibitory effect of light and high temperature on
germination of Phacelia tanacetifolia seeds by melatonin. J. Pineal Res. 2012, 52, 332–339.
187. Wei, W.; Li, Q.T.; Chu, Y.N.; Reiter, R.J.; Yu, X.M.; Zhu, D.H.; Zhang, W.K.; Ma, B.; Lin, Q.;
Zhang, J.S.; et al. Melatonin enhances plant growth and abiotic stress tolerance in soybean
plants. J. Exp. Bot. 2015, 66, 695–707.
188. Specht, J.E.; Hume, D.J.; Kumudini, S.V. Soybean yield potential—A genetic and physiological
perspective. Crop Sci. 1999, 39, 1560–1570.
189. Masuda, T.; Goldsmith, P.D. World soybean production: Area harvested, yield and long-term
projections. Int. Food Agribus. Manag. Rev. 2009, 12, 143–162.

Molecules 2015, 20

7435

190. Byeon, Y.; Park, S.; Kim, Y.S.; Park, D.H.; Lee, S.; Back, K. Light-regulated melatonin
biosynthesis in rice during senescence process in detached leaves. J. Pineal Res. 2012, 53,
107–111.
191. Park, S.; Byeon, Y.; Back, K. Functional analyses of three ASMT gene family members in rice
plants. J. Pineal Res. 2013, 55, 409–415.
192. Byeon, Y.; Lee, H.Y.; Lee, K.; Park, S.; Back, K. Cellular localization and kinetics of the rice
melatonin biosynthetic enzymes SNAT and ASMT. J. Pineal Res. 2015, 56, 107–114.
193. Byeon, Y.; Back, K. Melatonin synthesis in rice seedlings in vivo is enhanced at high temperatures
and under dark conditions due to increased serotonin N-acetyltransferase and N-acetylserotonin
methyltransferase activities. J. Pineal Res. 2014, 56, 189–195.
194. Park, S.; Lee, K.; Kim, Y.S.; Back, K. Tryptamine 5-hydroxylase-deficient Sekiguchi rice
induces synthesis of 5-hydroxytryptophan and N-acetyltryptamine but decreases melatonin
biosynthesis during senescence process of detached leaves. J. Pineal Res. 2012, 52, 211–216.
195. Park, S.; Byeon, Y.; Back, K. Transcriptional suppression of tryptamine 5-hydroxylase, a
terminal serotonin biosynthetic gene, induces melatonin biosynthesis in rice (Oryza sativa, L.).
J. Pineal Res. 2013, 55, 131–137.
196. Kang, K.; Lee, K.; Park, S.; Byeon, Y.; Back, K. Molecular cloning of rice serotonin
N-acetyltransferase, the penultimate gene in plant melatonin biosynthesis. J. Pineal Res. 2013,
55, 7–13.
197. Byeon, Y.; Lee, H.Y.; Lee, K.; Back, K. A rice chloroplast transit peptide sequence does not alter
the cytoplasmic localization of sheep seratonin N-acetyltransferase expressed in transgenic rice
plants. J. Pineal Res. 2014, 57, 147–154.
198. Byeon, Y.; Lee, H.Y.; Choi, D.W.; Back, K. Chloropast-encoded serotonin N-acetyltransferase in
the red alga (Pyropia Yezoensis): Gene transition to the nucleus from chloroplasts. J. Exp. Bot.
2015, 66, 709–171.
199. Byeon, Y.; Lee, K.; Park, Y.I.; Park, S.; Back, K. Molecular cloning and functional analysis of
serotonin N-acetyltransferase from the cyanobacterium Synechocystis sp. PCC 6803. J. Pineal Res.
2013, 55, 371–376.
200. Park, S.; Byeon, Y.; Lee, H.Y.; Kim, Y.S.; Ahn, T.; Back, K. Cloning and characterization of a
serotonin N-acetyltransferase from a gymnosperm, loblolly pine (Pinus taeda). J. Pineal Res.
2014, 57, 348–355.
201. Byeon, Y.; Park, S.; Kim, Y.S.; Back, K. Microarray analysis of genes differentially expressed in
melatonin-rich transgenic rice expressing a sheep serotonin N-acetyltransferase. J. Pineal Res.
2013, 55, 357–363.
202. Sun, Q.; Zhang, N.; Wang, J.; Zhang, H.; Li, D.; Shi, J.; Li, R.; Weeda, S.; Zhao, B.; Ren, S.; et al.
Melatonin promotes ripening and improves quality of tomato fruit during postharvest life.
J. Exp. Bot. 2015, 66, 657–668.
203. Alexander, L.; Grierson, D. Ethylene biosynthesis and action in tomato: A model for climacteric
fruit ripening. J. Exp. Bot. 2002, 53, 2039–2055.
204. Dubocovich, M.L. Pharmacology and function of melatonin receptors. FASEB J. 1988, 2,
2765–2773.
205. Zee, P.C. Melatonin receptors: An overview for physicians. Postgrad. Med. 2004, 116, 10–13.

Molecules 2015, 20

7436

206. Doghramji, K. Melatonin and its receptors: A new class of sleep-promoting agents. J. Clin.
Sleep Med. 2007, 3, S17–S23.
207. Slominski, R.M.; Reiter, R.J.; Schlabritz-Loutsevitch, N.; Ostrom, R.S.; Slominski, A.T. Melatonin
membrane receptors in peripheral tissues: Distrubtion and functions. Mol. Cell Endocrinol. 2012,
35, 152–166.
208. Ekmekcioglu, C. Expression and putative functions of melatonin receptors in malignant cells and
tissues. Wien. Med. Wochenschr. 2014, 164, 472–478.
209. Masana, M.I.; Dubocovich, M.L. Melatonin receptor signaling: finding the path through the dark.
Sci. STKE 2001, 107, pe39.
210. Reppert, S.M. Melatonin receptors: Molecular biology of a new family of G protein-coupled
receptors. J. Biol. Rhythms 1997, 12, 528–531.
211. Hardeland, R. Melatonin: Signaling mechanisms of a pleiotropic agent. Biofactors 2009, 35,
183–192.
212. Acuna-Castroviejo, D.; Reiter, R.J.; Menendez-Pelaez, A.; Pablos, M.I.; Burgos, A. Characterization
of high-affinity melatonin binding sites in purified cell nuclei of rat liver. J. Pineal Res. 1994, 16,
100–112.
213. Carlberg, C.; Wiesenberg, I. The orphan receptor family RZR/ROR, melatonin and
5-lipoxygenase: An unexpected relationship. J. Pineal Res. 1995, 18, 171–178.
214. Carrillo-Vico, A.; Guerrero, J.M.; Lardone, P.J.; Reiter, R.J. A review of the multiple actions of
melatonin on the immune system. Endocrine 2005, 27, 189–200.
215. Benitez-King, G.; Anton-Tay, F. Calmodulin mediates melatonin cytoskeletal effects. Experientia
1993, 49, 635–641.
216. Pozo, D.; Reiter, R.J.; Calvo, J.R.; Guerrero, J.M. Inhibition of cerebellar nitric oxide synthase and
cyclic GMP production by melatonin via complex formation with calmodulin. J. Cell. Biochem.
1997, 65, 430–442.
217. Boussard, M.F.; Truche, S.; Rousseau-Rojas, A.; Briss, S.; Descamps, S.; Droual, M.;
Wierzbicki; M.; Ferry, G.; Audinot, V.; Delagrange, P.; et al. New ligands at the melatonin
binding site MT(3). Eur. J. Med. Chem. 2006, 41, 306–320.
218. Boutin, J.A.; Audinot, V.; Ferry, G.; Delagrange, P. Molecular tools to study melatonin pathways
and activities. Trends Pharmacol. Sci. 2005, 28, 412–419.
219. Calamini, B.; Santarsiero, B.D.; Boutin, J.A.; Mesecar, A.D. Kinetic, thermodynamic and X-ray
structural insights into the interaction of melatonin and analogues with quinone reductase 2.
Biochem. J. 2008, 413, 81–91.
220. Tamura, H.; Takasaki, A.; Taketani, T.; Tanabe, M.; Kizuka, F.; Lee, L.; Tamura, I.; Maekawa, R.;
Asada, H.; Yamagata, Y.; et al. Melatonin as a free radical scavenger in the ovarian follicle.
Endocr. J. 2013, 60, 1–13.
221. Flora, S.J. Structural, chemical and biological aspects of antioxidants for strategies against metal
and metalloid exposure. Oxid. Med. Cell Longev. 2009, 2, 191–206.
222. Perrone, S.; Negro, S.; Tataranno, M.L.; Buonocore, G. Oxidative stress and antioxidant
strategies in newborns. J. Matern. Fetal Neonatal Med. 2010, 23 (Suppl. 3), 63–65.

Molecules 2015, 20

7437

223. Gurer-Orhan, H.; Suzen, S. Melatonin, its metabolites and its synthetic analogs as multi-faceted
compounds: Antioxidant, prooxidant and inhibitor of bioactivation reactions. Curr. Med. Chem.
2015, 22, 490–499.
224. Pablos, M.I.; Chuang, J.; Reiter, R.J.; Ortiz, G.G.; Daniels, W.M.; Sewerynek, E.; Melchiorri, D.;
Poeggeler, B. Time course of melatonin induced increase in glutathione peroxidase activity in
chick tissues. Biol. Signals 1995, 4, 325–330.
225. Uchendu, E.E.; Shukla, M.R.; Reed, B.M.; Saxena, P.K. Melatonin enhances the recovery of
cryopreserved shoot tips of American elm (Ulmus americana L.). J. Pineal Res. 2013, 55,
435–442.
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

