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Chapter 7
Functions and Prospects of Melatonin 
During Pre-fertilization Reproductive 
Stages in Plants

Priyanka Khanduri and Sudip Kumar Roy

Abstract  In the last two decades, an exhaustive amount of research has shown that 
melatonin is a critical pleiotropic molecule, controlling several developmental and 
stress-related responses in plants. In this chapter, we discuss the current and poten-
tial uses of melatonin during pre-fertilization reproductive stages, with particular 
emphasis on its involvement in regulating flowering and flower development as well 
as adaptation of reproductive stages to environmental stresses. Recent evidence 
indicates that melatonin delays the transition of floral meristem and, thereby, flow-
ering time. It has been proposed that it plays a protective role during the develop-
ment of flowers particularly male gametophyte development through its antioxidant 
activity. Recent studies also show that melatonin functions in the production of 
volatiles in flowers and the induction of parthenocarpy through cooperation with 
other phytohormones. Finally, melatonin can alleviate the effects of various abiotic 
stresses during flowering, including high temperature, chilling, and drought. The 
encouraging results obtained from the various studies point towards diverse roles of 
melatonin during pre-fertilization reproductive stages and also highlight the enor-
mous potential of melatonin in improving plant performance under stressful envi-
ronmental conditions.
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7.1 � Introduction

Melatonin is an indoleamine (N-acetyl-5-methoxytryptamine) that was for the very 
first time isolated from the bovine pineal gland (Lerner et al. 1958). The exclusivity 
of the animal origin of melatonin changed after its discovery in the unicellular dino-
flagellate Gonyaulax polyedra (Poeggeler et al. 1991). Soon, in 1995 the first reports 
of the presence of melatonin in plants came simultaneously from two independent 
groups (Dubbels et al. 1995; Hattori et al. 1995). Since then, melatonin has been 
shown to have pleiotropic effects on several aspects of plant growth. Melatonin 
regulates circadian rhythms, promotes cell enlargement and root development, 
delays flowering, delays senescence and improves crop quality, and increases fruit 
yield (Arnao and Hernandez-Ruiz 2015, 2020, 2021; Back 2021; Sun et al. 2021; 
Ahn et al. 2021). Melatonin is well-known to have antioxidative effects as it directly 
or indirectly scavenges reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) and attenuates oxidative stress in cells, tissues, and organisms (Zhang 
et al. 2015). Several studies have confirmed that melatonin helps plants in alleviat-
ing the negative effects of various kinds of biotic and abiotic stress (Zhang et al. 
2014, 2015; Arnao and Hernandez-Ruiz 2014, 2015, 2018; Li et al. 2015, 2021; 
Nawaz et al. 2015; Chen and Li 2017; Cao et al. 2018; Ahammed et al. 2019; Huang 
et al. 2019; Siddiqui et al. 2020). Recently, the first putative plant melatonin recep-
tor was identified in Arabidopsis indicating that melatonin could be a phytohormone 
(Arnao and Hernandez-Ruiz 2020).

Reproduction is the basis for sustenance of any species. In higher plants, the 
flower is the basic unit of sexual reproduction. The initiation of flowering, growth, 
and development of sex organs in a flower, interaction between gametophytes, and 
fertilization are all regulated by complex signaling networks. It is a well-established 
fact that phytohormones regulate reproductive processes. In recent years, there are 
growing pieces of evidence that phytohormones like auxin, and gibberellins are 
indispensable for the development of sex organs. For instance, Gibberellins regulate 
early stamen development while auxin plays a role in anther dehiscence, pollen 
maturation, and filament elongation (Song et al. 2013). Multiple studies in the last 
two decades have shown that melatonin exhibits many hormone-like activities. 
Although its roles in various plant biological processes are known for a long time, 
information on its involvement in reproductive development has been quite recent. 
In this chapter, we explore the myriad roles of melatonin during flowering, pre-
fertilization reproductive processes, stress tolerance during reproductive stages, and 
the molecular mechanisms behind its many functions.

7.2 � Physiological Roles of Melatonin During Pre-fertilization 
Reproductive Stages

An increasing repository of work has shown that phytomelatonin plays a crucial 
role in the regulation of various aspects of plant growth and development. Several 
important roles have been attributed to phytomelatonin like enhancement of plant 
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antioxidant enzyme activity, improvement of plant tolerance to various biotic and 
abiotic stresses, synchronization of plant resistance, and improving fruit yield and 
crop quality (Zhang et al. 2015; Li et al. 2015, 2021; Cao et al. 2018; Arnao and 
Hernandez-Ruiz 2018, 2020, 2021; Huang et  al. 2019; Mohamed et  al. 2020; 
Siddiqui et al. 2020; Sun et al. 2021). However, the number of studies on the roles 
of phytomelatonin on reproductive development is considerably fewer but equally 
exciting. The present section gives a brief account of the role of melatonin during 
plant reproductive development.

7.2.1 � Flowering Time

An environmentally coordinated circadian clock is important for the growth and 
development of plants. The well-synchronized flowering rhythm ensures adequate 
pollination and normal seed/fruit development. Studies have shown that the transi-
tion from the vegetative phase to flowering in plants is under the control of environ-
mental (photoperiod and temperature), physiological (phytohormones and 
nutritional status), and genetic factors (gene regulation and developmental stage) 
(Cao et al. 2021). The role of melatonin in controlling circadian rhythms in animals 
is well known. Taking cues from that, initial studies indicating a possible role of 
melatonin as a chrono-regulator of circadian rhythms in plants were done on short-
day plant Chenopodium rubrum (Kolar et al. 1997; Wolf et al. 2001). These studies 
showed that during the light period, melatonin concentration remained low or unde-
tectable. As the dark period ensues the melatonin concentration starts to increase 
reaching a maximum at 4–6  hours of the dark period before decreasing rapidly. 
Similar fluctuating levels of melatonin in a 24-hr cycle have been seen in various 
other plant species, such as Eichhornia crassipes, Vitis vinifera, Prunus avium, and 
Hordeum vulgare (Tan et al. 2007; Boccalandro et al. 2011; Zhao et al. 2013; Arnao 
and Hernandez-Ruiz 2015).

The effect of melatonin on flowering rhythm was also studied for the first time in 
C. rubrum and it was shown that melatonin interferes in the photoperiod induction 
of flowering (Machackova and Krekule 2002; Kolar et  al. 2003; Kolář and 
Macháčková 2005). In C. rubrum, flower induction was shown to be inhibited by an 
average of 40–50% when high concentrations of melatonin is applied 2 h before and 
after the beginning of the inductive dark period. However, melatonin treatment had 
no effect per se on the duration of flowering which suggests that it controls some 
process related to floral transition (Kolář and Macháčková 2005). Also, in trans-
genic rice plants which were rich in melatonin flowering was seen to be delayed by 
1 week indicating some role of melatonin in regulating flowering time. Delayed 
flowering resulted in a reduction of grain yields by an average of 33% in the 
melatonin-rich transgenic lines (Byeon and Back 2014).

More direct evidence for the restrictive role of melatonin in flowering was pro-
vided by Shi et al. (2016). The authors showed that exogenous application of mela-
tonin retards flowering in Arabidopsis. In this study, Arabidopsis plants which were 
treated with 500 μM melatonin exhibited delayed flowering by 5 days and plants 
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had more rosette leaves as compared to the untreated plants. The study also demon-
strated the novel involvement of DELLAs and flowering Locus C (FLC) in 
melatonin-mediated flowering in Arabidopsis. However, recently Lee et al. (2019) 
have presented contradictory results in snat2 knockout mutants of Arabidopsis. 
Serotonin N-acetyltransferase (SNAT) catalyzes the formation of N-acetylserotonin 
(NAS) from serotonin and is known to play important roles both in melatonin bio-
synthesis and function (Zheng and Cole 2002). snat2 mutants produce less melato-
nin than the wild type. Interestingly, it was discovered that the snat2 seedlings 
showed delayed flowering despite having a lower concentration of melatonin (Lee 
et al. 2019). According to the authors, exogenously applied melatonin cannot trans-
late the effects of endogenous melatonin on flowering and hence their results were 
in contradiction with the results of Shi et  al. (2016) Also, high-dose melatonin 
(500 μM, as used by Shi et al. 2016) probably retarded the growth of Arabidopsis 
seedlings. This contradictory report warrants more attention as most of the studies 
to date have pointed to delayed flowering in the presence of high concentrations of 
melatonin. Another interesting study was done in Arabidopsis mutants for strigolac-
tone (SL) synthesis or signaling, a carotenoid-derived compound involved in regu-
lating flowering in plants (Zhang et al. 2019). It was shown that the flowering time 
of Arabidopsis is delayed if the tissue content of melatonin is higher than 
~8 ng/g F.W, or accelerated if it falls below ~0.9 ng/g. Authors proposed that mela-
tonin acts downstream of SL, and if its concentration is not within a certain range it 
can cause a delay in flowering.

Another recent study that has shown a suppressive effect of melatonin on flower-
ing if present in high concentrations was done in apples by Zhang et al. (2018). The 
authors monitored apple trees for two consecutive years and reported a significant 
reduction in endogenous melatonin content in apple trees before flowering. Apple 
trees were also subjected to different concentrations (0, 20, 200, and 1000 μM) of 
exogenous melatonin through spraying. It was found that in comparison to the con-
trol plants, 20- and 200-μM melatonin treatments delayed apple bloom by 2 days, 
and 1000-μM melatonin treatment delayed flowering by 3 days (Zhang et al. 2018). 
Hence, the application of melatonin in a dose-dependent manner before flowering 
could delay the flowering in apple trees (Zhang et al. 2018).

Thus, based on the current evidence, melatonin can be assumed to be a chrono-
regulator of flowering time and the concentration of melatonin likely decreases just 
before flowering. However, this notion should be thoroughly investigated in other 
plant species for conclusive evidence.

7.2.2 � Floral Meristem Formation

The development of a flower is a highly coordinated multistep procedure that 
involves floral induction, floral meristem formation, and floral organ development. 
All these steps are under the strict control of a network of interacting genes and their 
protein products known as the Gene Regulatory Network (GRN) (Kinoshita and 
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Richter 2020). After reaching the right developmental stage and perceiving the right 
environmental cues, flowering-time genes are triggered resulting in the conversion 
of the vegetative shoot apical meristem (SAM) into an inflorescence meristem (IM) 
(Liu et al. 2009).

In the model plant, A. thaliana, several regulators which are involved in the flow-
ering induction are recognized. These regulators facilitate the transition of vegeta-
tive meristem to the reproductive meristem by integrating the gene interactions and 
resultant signal transduction pathways (Liu et al. 2015b). The main flowering genes 
recognized in A. thaliana include FLOWERING LOCUS C (FLC), FLOWERING 
LOCUS T (FT), SUPPRESSSOR OF OVEREXPRESSION OF CONSTANS1 
(SOC1), APETALA1 (AP1), CONSTANS (CO), LEAFY (LFY), and TARGET OF 
EAT1 (TOE1). Out of these, FLC is a MADS-box transcription factor which is a 
negative regulator of floral transition as it represses the transcription of some floral 
genes like SOC1 and FT by binding to their promoter regions (Li et  al. 2016). 
Phytohormone Gibberellic Acid (GA) also plays an important role in the formation 
of floral meristem in A. thaliana (Sun and Gubler 2004). GA promotes the ubiquitin-
mediated degradation of DELLA proteins which mediate different genetic path-
ways that repress plant flowering (Wigge et al. 2005; Searle et al. 2006). DELLAs 
also affect the transcriptional activity of FLC leading to late flowering (Li et al. 2016).

The role of melatonin in the transition from the vegetative to the reproductive 
phase was first described in Arabidopsis by Shi et  al. (2016). According to this 
study, melatonin mediates the stabilization of DELLA proteins which activates FLC 
and represses the transcription of FT resulting in delayed flowering (Fig.  7.1). 
Authors treated plants with exogenous melatonin and it was proposed that stabiliza-
tion of DELLAs by melatonin is without regulation of transcription of DELLAs and 
endogenous GA level. Notably, floral transition in della mutants was not influenced 
by exogenous melatonin as there was a decrease in melatonin-induced FLC tran-
scripts in della mutants. Thus, results suggested that melatonin mediated flowering 
in Arabidopsis through DELLAs-activated FLC. According to Mukherjee (2019), 
melatonin induces endogenous nitric oxide (NO) levels and it has been speculated 
that NO may play some role in melatonin-mediated DELLA stabilization and con-
sequently delayed flowering (Shi et al. 2016).

A study by Zhang et al. (2019) revealed the interaction between melatonin and 
other signaling molecules in regulating floral transition. As mentioned in the previ-
ous 3.1, this study was done in Arabidopsis mutants for SL synthesis or signaling. 
SL is a carotenoid-derived compound involved in regulating various developmental 
pathways in plants including flowering. The authors suggested that floral transition 
in Arabidopsis is mediated by a combination of melatonin and SL. The study pro-
posed that whenever the melatonin content exceeds a certain threshold, SL acts 
upstream of melatonin to delay flowering due to the activation of FLC.

The above-mentioned studies unravel the role of melatonin in a key developmen-
tal event of the transition of vegetative meristem to reproductive meristem (Fig. 7.1). 
However, exactly how SL regulates melatonin and melatonin regulates the tran-
scription of FLC needs more investigation. Table 7.1 summarizes the effect of mela-
tonin on the expression of various genes involved in flowering.
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Fig. 7.1  Proposed role of 
melatonin in floral 
transition. Melatonin 
upregulates the expression 
of DELLAs and FLC, 
consequently delaying the 
transition of SAM to IM 
(Shi et al. 2016). During 
this process, SL acts 
upstream of melatonin to 
delay flowering (Zhang 
et al. 2019). SL 
strigolactone, FLC 
flowering locus C, FT 
flowering locus T, SOC1 
suppressor of 
overexpression of 
CONSTANS1, API1 
Apetala-1, SAM shoot 
apical meristem, IM 
inflorescence meristem

7.2.3 � Flower Development

Flowers harbor the reproductive organs of a plant which in turn store the male and 
female gametophytes i.e., the pollen grains and the embryo sac respectively. The 
gametophytes are the most vulnerable and vital tissues produced in the life cycle of 
a plant having a direct role in plant reproduction. It is well known that the develop-
ment of reproductive tissues is highly sensitive to potential environmental damage 
which may induce the generation of oxidants like ROS and RNS. These oxidants 
need to be in a redox balance, or else, they may cause oxidative damage to reproduc-
tive tissues and hamper the reproductive success of plants.

In the initial years of research, phytomelatonin was reported from a wide variety 
of tissues like roots, stems, leaves, fruits, and seeds except flowers (Murch et al. 
1997; Chen et al. 2003; Cao et al. 2006; Arnao and Hernandez-Ruiz 2006). In the 
subsequent years, one of the roles attributed to melatonin in plants was protecting 
from oxidative damage through direct radical scavenging (Hardeland 2005; Tan 
et  al. 2007; Schaefer and Hardeland 2009). The hypothesis that melatonin may 
serve as an antioxidant served as the basis for the detection of melatonin in flowers. 
The first study to determine the presence of melatonin during flower development 
was done in Hypericum perforatum (Murch and Saxena 2002). It was reported that 
during the uninucleate stage of microsporogenesis, concentrations of the indole 
were highest and at the elevated concentration of melatonin the regenerative poten-
tial of isolated anthers was also maximum. Thus, the authors proposed that 
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melatonin may play a significant role in the regulation of the reproductive physiol-
ogy and flower development of H. perforatum. Authors also speculated a similar 
pattern of melatonin accumulation in flowers of other species. High levels of mela-
tonin were also reported in the floral tissues of Datura metel (Murch et al. 2009). It 
was found that melatonin levels were high in the developing flower buds and ovules 
of D. metel and which progressively declined in fruits. Authors proposed that mela-
tonin in D. metel acts as an antioxidant in protecting the early stages of reproductive 
tissues. The hypothesis was further supported by the observation of elevated levels 
of melatonin in flower buds exposed to cold stress.

Accumulation of melatonin during flower development was also shown in rice 
(Park et al. 2013). In the study, melatonin content was estimated during reproduc-
tive stages (pre-flowering, flowering, and post-flowering) and it was demonstrated 
that the melatonin contents were sixfold higher in the flowering stage than the pre-
flowering stage. Authors also reported induction of melatonin biosynthesis was 
marked by the induction of required proteins such as tryptophan decarboxylase, 
tryptamine 5-hydroxylase, and N-acetylserotonin methyltransferase. In Prunus 
avium, melatonin levels were reported to increase later in the season by Zhao et al. 
(2013), which authors attributed to defense against high light stress and increased 
ROS load in the tissues.

In the herbaceous ornamental plant Paeonia lactiflora, the melatonin content has 
been studied in different color series and developmental stages of flowers viz. 
flower-bud stage (Stage 1, S1), initiating bloom stage (Stage 2, S2), bloom stage 
(Stage 3, S3) and wither stage (Stage 4, S4) (Zhao et al. 2018). It has been reported 
that peony flowers are rich in melatonin, however, the color series vary in melatonin 
content. The highest amount of melatonin was found in the white series, followed 
by the ink series, the red series, and then the pink series. Also, during flower devel-
opment, the melatonin content first increases in the S1 stage and then decreases in 
S2 before peaking in the bloom stage (S3). The melatonin content again decreases 
in the S4 stage but was still higher than the content in S2. Zhao et al. (2018) also 
studied the effect of different parts of the light spectrum on the melatonin content 
during flowering. They demonstrated that sun exposure and blue light induce mela-
tonin production whereas shade conditions, and white and green lights lower mela-
tonin production. Also, “dual peaks” of melatonin were reported at 2  p.m. and 
2 a.m. in a 24-h light/dark cycle. Authors linked this fluctuation in the melatonin 
content during different stages, at different times, and in different light conditions to 
a matching expression pattern of the tryptophan decarboxylase gene (TDC).

Melatonin has been reported from flowers of many other plants like Malus 
domestica, Tanacetum parthenium, Tripleurospermum disciforme, Viola odorata, 
Oryza sativa, Solanum lycopersicum, and Capsicum annum (Okazaki and Ezura 
2009; Ansari et al. 2010; Park et al. 2013; Lei et al. 2013; Korkmazab 2014). All 
these studies show that the induction of melatonin occurs during flower develop-
ment and that melatonin may have a protective role during flower development. 
However, how, where and at which stage of flower development exactly melatonin 
functions are still a matter of investigation. Also, more direct evidence of its func-
tion during flower development will be more revealing of its role.
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7.2.4 � Floral Volatiles

The majority of flowering plants rely on biotic pollination for reproductive success 
(Ollerton et al. 2011). To cause this effect plants develop a variety of contrivances 
to attract potential pollinators. Floral volatiles are one of the key floral attractants 
for pollinators which other than that also defend the plants from floral antagonists 
(Schiestl et al. 2014; Junker and Parachnowitsch 2015). Other than its role in flower 
reproduction, floral volatiles also have immense economical value in perfumes, cos-
metics, flavorings, and therapeutic industries. Chemically floral volatiles can range 
from terpenoids to benzenoids, fatty acid derivatives, nitrogen-containing com-
pounds, amino acid derivatives, and sulfur-containing compounds (Farré-Armengol 
et al. 2020).

Floral volatiles is synthesized through complex biochemical pathways which are 
regulated by various internal and external stimuli (Dudareva and Pichersky 2008; 
Abbas et al. 2017). A recent study by Abbas et al. (2021) in Hedychium coronarium 
has proposed a putative regulatory role of melatonin floral scent production. Flowers 
of H. coronarium are known to release abundant amounts of volatiles during the 
blooming period. The major volatiles found in the scent are terpenoids (monoter-
penes and sesquiterpenes) and benzenoids/phenylpropanoids. Through integrated 
metabolomic and transcriptomic approaches, authors analyzed the changes trig-
gered by melatonin exposure during the half bloom (HS), full bloom (FB), and fade 
stage (FS) of flower development in H. coronarium. The study revealed that volatile 
organic compound emission was significantly enhanced at all the stages of flower-
ing after exposure to melatonin. The metabolomic analysis led to the identification 
of 15 volatile compounds whose concentration was enhanced by the melatonin 
treatments. According to the transcriptomic analysis, around seventy-six genes and 
some transcription factors, such as MYB/bHLH, were found to be significantly 
upregulated and were speculated to be directly involved in the biosynthesis of floral 
aromatic compounds. Thus, the authors suggested that melatonin mediates the 
expression of certain genes involved in the biosynthesis of volatile compounds and 
enhances the production of aroma in H. coronarium flowers (Abbas et al. 2021).

7.2.5 � Parthenocarpy

Parthenocarpy is the production of fruits without the fertilization of ovules such that 
fruits are seedless. It is of common occurrence in the horticultural varieties of 
banana, pineapple, cucumber, tomatoes, figs, oranges, grapes, kiwi, blackberry, 
pepper, etc. One of the main advantages of parthenocarpy is that the fruit set is not 
dependent on pollination and fertilization. Therefore, it ensures reproduction even 
in environmental conditions that are not conducive to pollination. Moreover, the 
absence of seeds increases the palatability of fruits and in turn their commercial 
viability.
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Parthenocarpy is a genetically inherited trait and the potential to form partheno-
carpic fruit is dependent on the genetic makeup of the cultivar. Parthenocarpy can 
also be induced artificially by exogenous applications of plant hormones. For 
instance, indole-3-acetic acid (IAA) is used to induce parthenocarpy in many horti-
cultural plants, such as tomatoes, cucumbers, and zucchini (Martinelli et al. 2009; 
Pomares-Viciana et al. 2017). Also, the treatment of certain cultivars of oranges, 
tomatoes, blueberries, garden peas, and Arabidopsis by GA3 (or GA1) causes par-
thenocarpic fruit development (Cano-Medrano and Darnell 1997).

The similarity between the functions of melatonin and IAA in plants, the fact 
they share a common precursor, tryptophan, and the already-known role of melato-
nin in the GA pathway of flowering led Liu et al. (2018) to explore the involvement 
of melatonin in inducing parthenocarpy. Authors used ‘Starkrimson’ pear for their 
study and found that the exogenous application of melatonin promoted the develop-
ment of ovaries in the absence of pollination same as pollinated ovaries. Melatonin-
treated ovaries led to the development of fruits without seeds. Investigation into the 
changes of related hormones in the ovaries led to the revelation of a significant 
increase in the contents of the gibberellins (GAs) GA3 and GA4. The authors also 
studied the relationship between melatonin and GA using paclobutrazol (PAC), a 
GA-biosynthesis inhibitor. It was seen if a prior treatment of PAC was given, neither 
GA content increased nor parthenocarpic fruit development happened even after 
spraying with melatonin. Also, transcriptome analysis has shown that melatonin can 
cause significant upregulation of PbGA20ox (GA 20-oxidase) and downregulation 
of PbGA2ox (GA 2-oxidase), enzymes involved in the biosynthesis of GA. Thus, it 
has been suggested that melatonin induces parthenocarpy in pears by promoting the 
biosynthesis of GA biosynthesis.

7.3 � Role of Melatonin During Stress Tolerance 
in Reproductive Tissues

Over the past decade, huge amounts of evidence have amassed which suggests that 
melatonin protects plants against biotic stress (Arnao and Hernandez-Ruiz 2014, 
2015, 2018; Chen and Li 2017) and abiotic stress (Zhang et al. 2014; Arnao and 
Hernandez-Ruiz 2015; Zhang et al. 2015; Li et al. 2015, 2021; Nawaz et al. 2015; 
Cao et al. 2018; Ahammed et al. 2019; Huang et al. 2019; Siddiqui et al. 2020). 
Currently, several review articles discuss the protective effects of melatonin in 
improving plant tolerance and the role of melatonin in regulating epigenetic and 
transcriptional changes in plants under stress. Most of these studies have focussed 
on the role of melatonin in response to abiotic stresses in vegetative tissues. Although 
melatonin is known to accumulate in high quantities during flower development, 
very limited literature is available on the role of melatonin in stress tolerance in 
reproductive organs. Nevertheless, the few studies conducted on the aspect have put 
forward some very interesting findings and helped in understanding the functions of 
melatonin in plant reproductive development.
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The study by Qi et al. (2018) through exhaustive data reported that melatonin pro-
tects pollen activity in Solanum lycopersicum under high-temperature stress. Authors 
reported that irrigation treatment with 20 μM of melatonin can alleviate high temper-
ature-induced pollen abortion. Under high temperature, both pollen viability and the 
mean germination ratio of pollen grains was found to be significantly higher in plants 
treated with melatonin as compared to untreated plants. It was also shown that mela-
tonin alleviates high temperature-induced ROS accumulation in tomato anthers as 
there was a decrease in H2O2 content by 35.3% after 3 h of high-temperature stress in 
the plants treated with melatonin. The gene expression analysis has shed light on the 
genes which might be upregulated after melatonin pre-treatment. Transcript levels of 
antioxidant-related genes like CAT1, APX1, DAHR, and Fe-SOD are known to be 
accentuated by melatonin under oxidative stress. All these findings suggest that mela-
tonin helps in the protection of anthers from oxidative stress as triggered by high 
temperature by either directly scavenging the ROS or indirectly stimulating the 
expression of antioxidative enzymes (Qi et  al. 2018). The study also revealed the 
ultrastructural changes specifically, premature degeneration of the tapetum cells 
which lead to pollen abortion in response to high temperature can be assuaged by 
melatonin. Pre-treatment with melatonin also enhances the expression of heat shock 
protein genes HSP21 and HSP70 which help in refolding the unfolded proteins. 
Autophagy is a degradation system employed by cells to destroy dysfunctional pro-
teins and organelles by delivering them to lysosomes. It is involved in numerous bio-
logical processes of plants including responses to biotic and abiotic stress (Qi et al. 
2021). Investigating if melatonin can enhance the occurrence of autophagy in heat-
stressed anthers of tomato revealed that the expression of the autophagy-related (ATG) 
genes was greater in melatonin-pre-treated anthers. This results in the manifestation 
of autophagy upon high-temperature stress.

Drought stress during flowering can significantly reduce the yield of plants by 
damaging the reproductive organs (Fang et  al. 2010). Numerous studies have 
reported drought-induced yield loss due to low male sterility (Fang et al. 2010; Fu 
et al. 2011). The role of melatonin in overcoming the drought-induced suppression 
of seed germination and root elongation is known in many plants (Zhang et al. 2014; 
Li et al. 2015; Liu et al. 2015a; Wei et al. 2015). However, the first study to explore 
the role of melatonin in drought tolerance in male reproductive organs was attempted 
by Hu et al. (2020). The authors studied the effects of exogenous melatonin (100, 
200, and 1000  μM) on male fertility and related carbohydrate metabolism in 
drought-stressed anthers of cotton cultivar Yuzaomian 9110. Results showed that 
exogenous melatonin can enhance the concentration of endogenous melatonin in 
drought-stressed anthers and also improve the water status by 1.4–14.2 folds. Also, 
melatonin application significantly improves the translocation of carbon assimilates 
to drought-stressed anthers which otherwise is inhibited by drought. Drought low-
ers male fertility in plants by modifying carbohydrate metabolism. Under the condi-
tions of drought, pollen viability and germination are restricted due to a decline 
either in the deposition of starch or the hydrolysis of sucrose into hexoses, or the 
generation of adenosine triphosphate (ATP) in anthers. Hu et al. (2020) reported 
that exogenous melatonin can improve male fertility under drought conditions by 
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regulating the carbohydrate metabolism. In their study, the application of exoge-
nous melatonin in drought-stressed anthers led to enhancement in the activities of 
ADP-glucose pyrophosphorylase and soluble starch synthases which in turn 
increases the starch accumulation. Exogenous melatonin was also reported to gen-
erate more ATP for reproductive activities and also accelerate the hydrolysis of 
sucrose by increasing the activities of sucrose synthase and acid and alkaline 
invertases.

Cut flowers suffer from a short life span post-harvest. To meet the demands for 
high-quality freshly cut flowers, preservation of cut flowers is essential. Low-
temperature storage is one of the most important post-harvest handling procedures 
for cut flowers. However, flowers develop chilling injuries during this time which 
decreases their quality and negatively affects consumer preferences. Many com-
pounds are used as protective and preservative factors in the cut flowers industry 
like γ-aminobutyric acid (GABA), putrescine, spermidine, etc. The role of melato-
nin in abating chilling injury in cut flowers was studied for the first time in cut 
anthurium flowers (Aghdam et al. 2019). It was shown that exogenous melatonin at 
1, 10, 100, and 1000 μM can ameliorate chilling injury in cut anthurium flowers 
during storage at 4 °C for 21 d by 11, 29, 51 and 31%, respectively, compared with 
that of untreated flowers, (Aghdam et al. 2019). Flowers treated with 100 μM mela-
tonin show lower electrolyte leakage and malondialdehyde concentration during 
cold storage and authors speculated that high NADPH oxidase activity may be 
responsible for signaling H2O2 concentration in treated flowers. Authors also 
reported higher alternative oxidase gene expression which was accompanied by 
higher activities of catalase, superoxide dismutase, ascorbate peroxidase, and gluta-
thione reductase, and higher concentrations of ascorbate and glutathione. It was 
linked to protection from the damaging effects of H2O2 at 4 °C. A recent study on a 
similar aspect in carnations also shows the efficacy of melatonin in prolonging the 
vase life of a cut flower (Lezoul et al. 2022). The authors evaluated the effect of dif-
ferent concentrations of melatonin (0.01, 0.1, and 1 mM) on the vase life of cut 
carnations flowers cv. Baltico. It was observed that melatonin at 0.1 mM concentra-
tion increases the vase life of cut carnations by up to 10 days.

The results obtained from the above studies underline the potential role of mela-
tonin in improving reproductive performance, thereby yield of crop plants under 
unfavorable environmental conditions, and also as a tool for post-harvest manage-
ment of horticultural crops.

7.4 � Conclusions and Future Perspectives

Melatonin acts at various levels of flowering and flower development. High amounts 
of melatonin before flowering leads to a delay in flowering. Molecular mechanisms 
show that melatonin delays flowering by upregulating the transcription of FLC and 
consequently inhibiting the meristem transition. Melatonin also increases the stabi-
lization of DELLA proteins which induce a late-flowering effect. It is speculated 
that melatonin-mediated stabilization of DELLAs and consequently delayed 
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flowering may involve NO. Another aspect of melatonin-mediated control of flow-
ering is the suppression of melatonin signaling and/or biosynthesis by SL which 
induces earlier flowering. Although downregulation of melatonin is required before 
flowering, it is the opposite during flower development. Melatonin concentrations 
are highest in the initial stages of flower development and decrease progressively till 
fruit development. Melatonin is required for the development and protection of 
male gametophytes and is probably involved in the scavenging of ROS in general. 
Melatonin also has a putative regulatory role in floral aroma enhancement and 
inducing parthenocarpy. It is involved in enhancing stress tolerance during male 
gametophyte development through ROS scavenging and carbohydrate metabolism 
under heat stress and drought stress respectively.

Accumulation of enormous data on the functions of melatonin clearly shows that it 
is a regulator of multiple aspects of plant growth and development. So much so, that 
the possibility of melatonin as a phytohormone has also been raised after the identifi-
cation of the putative melatonin receptor CAND2/PMTR1 in plants. However, there 
are several aspects especially ones related to flowering that need to be deciphered and 
could be the aim of future studies. In-depth investigations are required to understand 
the exact role of melatonin in delaying flowering. Future studies should explore how 
melatonin signaling is switched off or downgraded before flowering. Also, the precise 
cross-talk between SL and melatonin in flowering is an area of further investigation. 
The data generated can be of immense value to horticultural species. The involvement 
of NO in many of the responses mediated by melatonin has been the subject of many 
studies. Investigation into the genetic regulation of NO and melatonin can increase 
our knowledge of the effects of melatonin on flowering.

Understanding of the functions of melatonin during flower development is 
largely limited. Investigations in the area will help clarify how melatonin is involved 
in so many cellular and physiological activities during flower development. The 
effect of melatonin on female gametophyte development and stress tolerance is 
completely untouched. Likewise, investigation of melatonin during the progamic 
phase in plants will be interesting as it is a very important phase for successful 
reproduction. Concerted interactions occur between pollen and pistil during the pro-
gamic phase. Carbohydrates in the pistil are essential for normal pollen tube growth. 
However, heat stress results in substantial changes in the carbohydrate balance of 
pollen and pistil. Future studies can explore applications of exogenous melatonin to 
rescue plants from the ill-effects of heat stress during the progamic phase. Given the 
diverse roles of melatonin in plants, it will be beneficial to convert these findings 
into commercial outputs.
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