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Abstract 

Melatonin is a highly conserved and ubiquitous molecule that operates upstream of a broad array of receptors in an-
imal systems. Since melatonin was discovered in plants in 1995, hundreds of papers have been published revealing 
its role in plant growth, development, and adaptive responses to the environment. This paper summarizes the cur-
rent state of knowledge of melatonin’s involvement in regulating plant ion homeostasis and abiotic stress tolerance. 
The major topics covered here are: (i) melatonin’s control of H+-ATPase activity and its implication for plant adaptive 
responses to various abiotic stresses; (ii) regulation of the reactive oxygen species (ROS)–Ca2+ hub by melatonin and 
its role in stress signaling; and (iii) melatonin’s regulation of ionic homeostasis via hormonal cross-talk. We also show 
that the properties of the melatonin molecule allow its direct scavenging of ROS, thus preventing negative effects 
of ROS-induced activation of ion channels. The above ‘desensitization’ may play a critical role in preventing stress-
induced K+ loss from the cytosol as well as maintaining basic levels of cytosolic Ca2+ required for optimal cell opera-
tion. Future studies should focus on revealing the molecular identity of transporters that could be directly regulated 
by melatonin and providing a bioinformatic analysis of evolutionary aspects of melatonin sensing and signaling.

Keywords:  Abiotic stress, salinity, drought, metal toxicity, ROS–Ca2+ hub, H+-ATPase, hormonal cross-talk.

Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a highly con-
served and ubiquitous molecule in animals that belongs to 
a broad class of chemical substances termed neurotransmit-
ters and neurotransmitter-like compounds that operate up-
stream of a broad array of receptors in animal systems (Allen et 
al., 2007; Tuszynski et al., 2017). Altogether, over 200 known 
neurotransmitters and neurotransmitter-like compounds are 

known that are broadly classified in several major categories 
(Tanveer and Shabala, 2020). Many of these substances have 
been also found in plants and shown to operate in various sig-
naling cascades, including those upstream of various channels 
and transporters mediating intracellular ion homeostasis. This 
is specifically true for melatonin. While commonly known to 
the public as an efficient means to deal with jetlag when taken 
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as a pill (due to its ability to signal darkness, thus providing in-
formation to the brain and serving as an endogenous synchro-
nizer for circadian rhythms and sleep–wake cycles; Arnao and 
Hernández-Ruiz, 2014), the spectrum of melatonin’s activity 
is much broader than that. Melatonin regulates the activity of 
cardiac ion channels in rats (Ovali et al. 2022) and modulated 
the permeability transition pore and 5-hydroxydecanoate-
induced K-ATP channel inhibition in isolated brain mito-
chondria (Waseem et al., 2016). By conducting whole-cell 
patch clamp experiments, Çelika and Nazıroğlu (2012) dem-
onstrated that Ca2+-permeable TRPM2 channels were not 
activated by H2O2 when melatonin was present in the patch 
pipette, thus inhibiting apoptosis in transfected Chinese ham-
ster ovary cells. Melatonin also regulated activity of Cav3.2 
T-type Ca2+ channels (T-type channel) in trigeminal gan-
glion neurons (Y. Zhang et al., 2018), and in Xenopus oocytes 
injected with cRNA for melatonin receptors and cystic fi-
brosis transmembrane conductance regulator Cl− channels, 
application of exogenous melatonin activated an additional 
inward Cl− current showing potentiation of adenylyl cyclases 
by melatonin receptors (Nelson et al., 1999). Thus, melatonin 
appears to be a highly potent and direct regulator of various 
ion channels, at least in mammalian systems.

Melatonin was first discovered in higher plants in 1995 
(Hattori et al., 1995; Dubbels et al., 1995). The number of 
studies related to various aspects of melatonin metabolism and 
operation in plant developmental and adaptive responses has 
from there grown exponentially, with over 1800 papers pub-
lished since (Web of Science; February 2022 data). Melatonin 
is closely related to indole-3-acetic acid (IAA) in structure, and 
their metabolic pathways are also closely related (Arnao and 
Hernández-Ruiz, 2018). Thus, in general terms, melatonin can 
be considered another plant hormone, which explains its ex-
tremely broad spectrum of actions. However, similar to other 
hormonal studies, elucidating the mechanistic basis of mela-
tonin’s operation is not an easy task, due to the presence of 
numerous interactive regulatory loops. Studying biological sys-
tems is much more challenging than engineering, as we simply 
cannot disable (man-made) existing feedback loops and study 
a cause–response relationship between the stimulus and down-
stream effectors. The problem is additionally complicated by 
the fact that plant adaptive and developmental responses op-
erate in a highly cell- and tissue-specific manner, while most 
of the published studies report changes in melatonin content 
in the entire organ (e.g. leaf or root) or even the whole plant.

But why is all this important? The answer comes from the 
above-mentioned ability of melatonin to directly regulate ac-
tivity of ion channels. While adding another level of complexity, 
this regulation offers plants a competitive advantage of being 
able to modulate their intracellular ionic homeostasis to adapt 
to hostile environments. Stress-induced changes in cytosolic 
Ca2+ concentrations (so-called Ca2+ ‘signatures’) are central to 
plant adaptation to all known abiotic and biotic stresses (Ng 
and McAinsh, 2003; Luan, 2009). In recent years, the signaling 

role of such stress-induced K+ signatures has also started to 
emerge (Shabala, 2017; Rubio et al., 2020). Approximately 5% 
of the entire Arabidopsis genome encodes membrane transport 
proteins, with over 880 members reported (Maser et al., 2001). 
Understanding which of them may be regulated by melatonin 
(or other substances with the neurotransmitter-like mode of 
action) represents a previously unexplored avenue that may as-
sist in genetic engineering of stress-resilient crops to mitigate 
negative impact of climate-driven stresses on sustainability and 
profitability of agricultural production systems.

This entire JXB issue on melatonin summarizes current state 
of knowledge of melatonin’s operation in plant growth, devel-
opment, metabolism, yield, and stress responses, and so these 
topics are only briefly mentioned here. Instead, the major focus 
of our work is on melatonin- mediated control of ionic ho-
meostasis in plants under abiotic stress conditions. The major 
topics covered here are (i) melatonin’s control of H+-ATPase 
activity and its implication for plant adaptive responses to var-
ious abiotic stresses; (ii) melatonin’s regulation of the reactive 
oxygen species (ROS)–Ca2+ hub; and (iii) melatonin’s regula-
tion of ionic homeostasis by hormonal cross-talk.

Melatonin in plants

Melatonin biosynthesis

Melatonin biosynthesis begins with the production of tryp-
tophan, an aromatic amino acid, in chloroplasts via the shi-
kimic acid pathway (Back, 2021). The tryptophan is then 
converted to melatonin catalysed by four enzymatic reac-
tions involving at least seven enzymes, including tryptophan 
decarboxylase (TDC), tryptophan hydroxylase, tryptamine 
5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT), 
N-acetylserotonin methyltransferase (ASMT), arylalkylamine 
N-acetyltransferase, and hydroxyindole-O-methyltransferase 
(HIOMT). The first two enzymes are the most critical, as they 
contribute to tryptophan hydroxylation and decarboxylation 
processes, which are required for melatonin biosynthesis (C. 
Sun et al., 2021). Both these enzymes work independently via 
two different metabolic steps to produce serotonin, which is 
converted into melatonin (Fig. 1A). The TDC enzyme is pre-
sent as a part of a small gene family (Lee and Back, 2019) and 
catalyses the conversion of tryptophan into tryptamine. Its ec-
topic overexpression has been shown to increase tryptamine 
and serotonin levels in plants (Tsunoda et al., 2021), while its 
knock-down mutants showed decreased production of trypta-
mine, serotonin, and melatonin (Lee and Back, 2019), indicating 
the critical and essential role of TDC in melatonin biosyn-
thesis. T5H, an endoplasmic reticulum-localized enzyme, then 
initiates the conversion of tryptamine into serotonin. However, 
even though T5H is an essential gene for serotonin biosyn-
thesis, the suppression of T5H increased melatonin levels in 
transgenic rice plants, suggesting that melatonin levels in plants 
are not proportional to the serotonin levels (Park et al., 2012). 
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This is due to the fact that serotonin biosynthesis does not 
depend only on TDC–T5H-mediated serotonin biosynthesis. 
The tryptophan hydroxylase enzyme converts tryptophan to 
5-hydroxytryptophan and then 5-hydroxytryptophan is con-
verted into serotonin catalysed by aromatic-l-amino-acid de-
carboxylase (AADC) (Murch et al., 2000). 

The penultimate step of melatonin biosynthesis is a con-
version of serotonin into N-acetylserotonin or N-acetyl-trypt-
amine in either chloroplasts or mitochondria via the action of 
SNAT and HIOMT (Fig. 1A). Different SNAT homologs have 
been reported in different plant species; for instance, SNAT1 
and SNAT2 were first cloned from rice and Arabidopsis and 
located in chloroplasts (Byeon et al., 2014, 2016). More recently 
they were functionally characterized also in tobacco (Back et 
al., 2021). In apples, SNAT3 and SNAT5 were expressed pre-
dominantly in the mitochondria (Wang et al., 2017). The last 
step for melatonin biosynthesis is O-methylation of N-ace-
tylserotonin via the action of ASMT. Three homologues of 

ASMT genes were first cloned from rice (Kang et al., 2011). 
As the substrate affinity of caffeic acid O-methyltransferase 
(COMT) for serotonin is similar to that of ASMT, both these 
enzymes can mediate the conversion of N-acetylserotonin into 
melatonin (C. Sun et al., 2021).

Phytomelatonin levels under stress conditions

Generally, melatonin is maintained at relatively constant lev-
els under normal growth conditions; however, the melatonin 
content is strongly increased in response to different abiotic 
and biotic stresses (Arnao and Hernández-Ruiz, 2014; Tanveer 
and Shabala, 2020; C. Sun et al., 2021). A higher melatonin 
accumulation was observed in rice leaves under constant light 
conditions compared with constant darkness, suggesting the 
regulatory role of light signals in controlling endogenous mel-
atonin content (Byeon et al., 2012). Interestingly, melatonin 
content in tomato plants grown in growth chambers was far 

Fig. 1. An overview of melatonin biosynthesis and ROS detoxification ability in plants. (A) melatonin biosynthesis starts with the production of 
tryptophan, which undergoes catalysis, including hydroxylation, decarboxylation, and methylation in four enzymatic reactions involving at least seven 
enzymes including tryptophan decarboxylase (TDC), tryptophan hydroxylase (TPH), tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase 
(SNAT), N-acetylserotonin methyltransferase (ASMT), arylalkylamine N-acetyltransferase (AANAT), and hydroxyindole-O-methyltransferase (HIOMT). 
(B) Structure of melatonin showing the sites of ROS quenching at two side chains. (C) Activation of ROS detoxification process via the activation of 
different antioxidants in response to exogenous melatonin application under abiotic stress conditions. Upon abiotic stress, H2O2 production (ROS) 
causes numerous oxidative effects on metabolism in plants, but melatonin alleviates oxidative stress either by activating an antioxidant defense system 
or directly acting as a ROS scavenger; for instance, H2O2 reacts with the transition metal Fe3+ releasing the hydroxyl radical (•OH), and melatonin reacts 
with the •OH radical to form cyclic 3-hydroxy melatonin (3-OHM) and water (Purushothaman et al., 2020). Abbreviations: APX, ascorbate peroxidase; 
CAT, catalase; DHA, dehydroascorbate; DHAR, dehydroascorbate reductase; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized 
glutathione; MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate reductase; SOD, superoxide dismutase.
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less than in plants grown under field conditions (Arnao and 
Hernández-Ruiz, 2013), and melatonin content in grapes 
significantly increased under dark conditions compared with 
daytime (Boccalandro et al., 2011), suggesting plant species-
specific and growth condition-specific environmental regu-
lation of melatonin biosynthesis and accumulation in plants. 
Likewise, exposure to UV-B irradiation significantly enhanced 
endogenous melatonin accumulation in Glycyrrhiza uralensis 
roots (Afreen et al., 2006). A significant increase in endoge-
nous melatonin levels has been observed in rice and barley 
plants exposed to abiotic stresses such as salinity and ROS stress 
(Arnao and Hernández-Ruiz, 2014). Given the above results, 
endogenous melatonin accumulation or production can be 
suggested to be highly sensitive to and tightly regulated by 
the levels and type of stress conditions, and environmental and 
growth conditions of plants, in a species-specific manner.

The increased levels of endogenous phytomelatonin could 
potentially occur via two complementary pathways: (i) 
increased absorption of exogenous melatonin by plants and 
(ii) up-regulation of melatonin biosynthesis-related genes. The 
latter pathway is more dominant, as the activities of melatonin 
biosynthesis enzymes were shown to be tightly regulated by 
stress stimuli. For example, in rice seedlings, an elevated activity 
of SNAT and ASMT led to higher melatonin production under 
both high temperature and dark conditions (Byeon and Back, 
2015). Likewise, higher HIOMT activity in response to salt 
stress significantly increased endogenous melatonin contents 
in sunflower (Mukherjee et al., 2014). Gain-of-function studies 
using a transgenic approach also showed that overexpression 
of melatonin biosynthesis enzymes or their isozymes leads to 
a significant stress tolerance and higher endogenous melatonin 
content in stress sensitive plants. Some supporting evidence 
showed that overexpressing HIOMT increased melatonin ac-
cumulation and enhanced drought tolerance in tomato plants 
(Wang et al., 2014). Likewise, up-regulating the expression of 
the phytomelatonin biosynthesis genes MdTDC1, MdT5H4, 
and MdASMT1 modulated water balance under drought stress 
in Malus hupehensis plants (Li et al., 2015). In tomato seedlings, 
cadmium stress activated the transcription of COMT1, thereby 
inducing melatonin accumulation and cadmium tolerance 
(Cai et al., 2017). Thus, the causal link between modulation of 
melatonin content by environmental stimuli and abiotic stress 
tolerance in plants is highly plausible.

Melatonin receptors in plants

Given the increase in endogenous melatonin content in plants 
upon exposure to a variety of environmental stimuli and its 
apparent role in plant adaptation, the key question is how 
plants perceive exogenous melatonin and use it as a down-
stream signal. Such knowledge would be critical for underpin-
ning and understanding the biological functions of melatonin 
in abiotic stress tolerance. In 1994, the first melatonin receptor 
(Mel1c) was cloned from frogs (Xenopus laevis) (Ebisawa et al., 

1994). Further studies revealed that melatonin receptors are 
members of a G protein-coupled receptor superfamily (Ng 
et al., 2017). In mammals, three sub-types of melatonin re-
ceptor, Mel1a, Mel1b, Mel2, have been found (Witt-Enderby 
et al., 2003; Dubocovich et al., 2010). Amongst them, Mel1a 
and Mel1b possess high affinity for melatonin (Dubocovich 
et al., 2010), while Mel2 shows lower affinity and belongs to 
a quinone reductase family (Nosjean et al., 2000). In plants, 
the first phytomelatonin receptor (CAND2/PMTR1) was 
reported for Arabidopsis in 2018 (Wei et al., 2018), while a 
potential plasma membrane-localized homolog was first exam-
ined in Zea mays (Wang et al., 2022). Furthermore, two pu-
tative receptors, trP47363 and trP13076, were identified in 
Nicotiana benthamiana as homologs of CAND2/PMTR1 and 
associated with stomatal closure and ROS production in re-
sponse to pathogen exposure (Kong et al., 2021). It was also 
shown that CAND2 is localized in the plasma membrane 
with a receptor-like topology and triggered the dissociation 
of Gα form Gγβ with a concomitant activation of NADPH 
oxidase-dependent H2O2 production, enhancing Ca2+ influx 
and promoting K+ efflux, which resulted in stomatal closure 
(Wei et al., 2018). The function of CAND2 was also proved 
to be vital for melatonin-enhanced ROS scavenging ability 
conferring the capacity of osmotic stress tolerance in Arabi-
dopsis (L. Wang et al., 2021). Recently, the role of AtPMRT1 
in regulating diurnal rhythms has also been demonstrated in 
Arabidopsis (Li et al., 2020). However, other studies suggested 
that CAND2 protein is localized in the cytoplasm, not at the 
plasma membrane (Lee and Back, 2020). In addition, given 
the above controversy, the molecular identity of the melatonin 
receptor(s) and its functional characterization remain an open 
topic. The same is true for the role of melatonin as a second 
messenger and downstream signaling pathways. In this review, 
we explore three possible physiological mechanisms, control of 
H+-ATPase, regulation of the ROS–Ca2+ hub, and hormonal 
cross-talk, by which melatonin may regulate ionic homeostasis 
in plants and confer abiotic stress tolerance.

Melatonin and plant adaptive responses to 
key abiotic stresses

Growth regulation

Under stress conditions, decline in plant growth is one of the 
primary causes of reduced yield. As melatonin promotes plant 
growth and development (Hernández-Ruiz et al., 2005), exog-
enous melatonin application has been shown to be efficient in 
mitigating detrimental effects of abiotic stresses on plant growth. 
Two important events determine the successful life cycle of 
plants, namely seed germination and seedling establishment 
(root and shoot development); both events are highly sensitive 
to stress conditions. Melatonin has been shown to regulate these 
life stages and improve stress tolerance in plants. For instance, 
drought stress reduced the seed germination of cotton by 60%, 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/17/5886/6594976 by U

niversity of Tasm
ania Library user on 18 N

ovem
ber 2022



Copyedited by: OUPCopyedited by: OUP

Page 5890 of 5902 |  Huang et al.

while melatonin-pretreated seeds had 11% higher germination 
rate and 17% higher seed vigor compared with untreated con-
trols (Bai et al., 2020). Likewise, melatonin improved seed ger-
mination index, germination rate, germination potential, and 
survival rate under drought stress in oat plants (Gao et al., 2018). 
Similar findings were reported for other abiotic stresses such as 
salinity (cotton: Chen et al. 2020; melon: Castañares and Bouzo, 
2019) and cadmium toxicity (strawberry: Wu et al., 2021). The 
above beneficial effects of melatonin pre-treatment on seed 
germination were attributed to increased α-amylase activity, 
better ROS scavenging (and thus higher membrane integrity), 
and improved seed imbibition (J. Li, C. Zhao et al., 2019; Bai et 
al., 2020). Melatonin also improved germination characteristics 
of maize under chilling stress, presumably due to a higher rate 
of starch metabolism and antioxidant activity (Cao et al., 2019).

After seed germination, seedling establishment is the second 
most sensitive developmental stage in the life cycle of a plant. 
Park and Back (2012) used gain-of-function mutant plants to 
show that variation in plant ability to produce melatonin af-
fected seminal root growth, with the higher number of adventi-
tious roots produced by transgenic rice seedlings overexpressing 
the SNAT gene as compared with wild type. Exogenous mel-
atonin application had a positive impact on plant agronomical 
characteristics (stem length and plant biomass) presumably due 
to improved ROS scavenging and leaf gas exchange (Gao et al., 
2018; Ahmad et al., 2019). Under nitrate deficiency conditions, 
melatonin treatment improved seedling growth by improving 
mineral nutrition and modulating expression of CsNR and 
CsGOGAT, two genes that function in nitrogen metabolism 
(R. Zhang et al., 2017). It was also suggested that exogenous 
melatonin regulates K+/Na+ homeostasis in salt-affected plants 
by stimulating triacylglycerol breakdown, fatty acid β‐oxidation, 
and energy turnover to maintain the activity of plasma mem-
brane H+-ATPase (Li et al., 2017; N. Zhang et al., 2017). Thus, it 
appears that melatonin regulates seed germination and seedling 
growth by playing multiple roles in determining plant adaptive 
response during early developmental stages. However, with only 
a few exceptions, most reported studies are merely correlative 
and do not reveal the mechanistic basis of melatonin’s operation 
in ameliorating plant growth under stress conditions.

Photosynthesis and carbon assimilation

Plant biomass is ultimately proportional to the amount of 
assimilated CO2. The latter process is determined by the ef-
ficiency of leaf photochemistry (e.g. chlorophyll biosynthesis; 
light harvesting; photosynthetic electron transfer) and leaf gas 
exchange under stress conditions. Numerous papers have re-
ported an enhanced photosynthetic rate (Pn) in melatonin-
treated plants under stress conditions (Table 1). For instance, 
melatonin application improved Pn in maize by increasing the 
biosynthesis of chlorophyll a, chlorophyll b, and carotenoids 
and maintaining high stomatal conductance (gs) (Ahmad et al., 
2019). Generation of ROS under stress conditions results in 

a disruption of chlorophyll biosynthesis, thus reducing Pn, in 
plants (Shahzad et al., 2016). Melatonin application mitigates 
this process and maintains chlorophyll contents by activating 
the ROS scavenging system upon chilling stress (Han et al., 
2017), during leaf senescence (Shi et al., 2015), and upon cad-
mium exposure (Wu et al., 2021). Also, chlorophyll degradation 
under stress conditions is catalysed by several enzymes such as 
chlorophyllase, pheophytinase, and chlorophyll degrading per-
oxidase (Sakuraba et al., 2012). Melatonin application reduced 
activities of these enzymes via transcriptional regulation (Ma 
et al., 2018), thus reducing stress-induced chlorophyll degrada-
tion. Pheophorbide-a oxygenase is another important enzyme 
involved in chlorophyll metabolism, and melatonin application 
down-regulates the transcript levels of this enzyme, leading to 
significant reduction in chlorophyll degradation under stress 
conditions (Wang et al., 2013).

Dark reactions of photosynthesis are also strongly affected by 
stress conditions (Sharma et al., 2019). Melatonin was shown 
to regulate the carbon fixation pathway at a molecular level by 
up-regulating the transcript levels of various key enzymes of 
the pathway, such as Rubisco, phosphoglycerate kinase, glyc-
eraldehyde-3-phosphate dehydrogenase, fructose-bisphosphate 
aldolase, and phosphoribulokinase (Liang et al., 2019).

Chloroplasts are a major source of free radical generation in 
plants, and biosynthesis of melatonin in plants also takes place 
in chloroplasts (Zheng et al., 2017). It is therefore plausible that 
melatonin acts as a stress regulator in maintaining the balance be-
tween ROS production and ROS scavenging under stress condi-
tions, which ultimately improves Pn efficiency in plants (Zheng 
et al., 2017; Huang et al., 2019). Photosystem II (PSII) is another 
target of photodamage under stress conditions (Kato et al., 2012). 
When PSII photodamage exceeds the repair ability, photoinhibi-
tion becomes apparent. De novo synthesis of D1 protein in the 
thylakoid membrane is essential for PSII repair (Huang et al., 
2019). The biosynthesis of D1 is inhibited under stress condi-
tions; however, melatonin treatment led to enhanced production 
of D1 under abiotic stress conditions such as drought (Huang 
et al., 2019) and salinity (Zhou et al., 2016). Chlorophyll fluo-
rescence, being extremely sensitive to stress conditions, showed 
significant improvement after melatonin application (Table 1); for 
instance, Fv/Fm and qP were increased and non-photochemical 
quenching was decreased by exogenous melatonin treatments 
under drought stress (Zheng et al., 2017; Huang et al. 2019). Sim-
ilar findings have also been reported in different plant species 
under salt stress (Liu et al., 2015), cold stress (Y. Zhang et al., 2017), 
waterlogging (Zhang et al., 2019), and cadmium toxicity (Kaya 
et al., 2019), thus indicating the protective role of melatonin in 
regulating Pn in plants under stress conditions.

ROS scavenging

Generation of ROS under stress conditions is a common phe-
nomenon in plants. Elevation of ROS levels often comes with 
negative consequences for plants, affecting cell integrity and 
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metabolism. Phytomelatonin has been shown to be able to 
mitigate stress-induced elevation in ROS levels by enhanc-
ing the ROS scavenging efficiency under various abiotic 
stress conditions (Arnao and Hernández-Ruiz, 2014, 2021). 
Two possible explanations were offered: (i) melatonin activates 
and regulates the activities of different enzymatic and non-
enzymatic antioxidants to scavenge ROS, and (ii) melatonin 
itself can mitigate oxidative stress by either directly scaveng-
ing free radicals, or by the attenuation of radical formation 
(Hardeland, 2015; Kaur et al., 2015). The structural composi-
tion of melatonin shows that it contains two side chain groups: 
a 3-amide group and a 5-methoxy group. Both these groups 
operate as ROS quenching sites (Fig 1B). The antioxidant na-
ture of melatonin is due to the redox active properties of the 
molecule per se, as well as metabolites originating during its 
metabolism (Mannino et al., 2021) including cyclic 3-hydrox-
ymelatonin, N1-acetyl-N2-formyl-5-methoxykynuramine, 
N1-acetyl-5-methoxykynuramine, 6-hydroxymelatonin, and 
2-hydroxymelatonin (Reina and Martínez, 2018). The anti-
oxidant capacity of melatonin has been compared with that 
of other antioxidants including vitamin C, NADH, and gluta-
thione in both in vitro and in vivo conditions (Tan et al., 2003, 
2015; Lowes et al., 2013). These studies found that one molecule 
of melatonin has the capacity to scavenge more than one ROS 
at once while classical antioxidants have ratio of 1:1 or less (Tan 
et al., 2002). This may be due to the fact that melatonin and its 
derivative retain the ability to scavenge free radicals (Tan et al., 
2015). Another contributing factor is the antioxidative proper-
ties of two side chains of melatonin (Mannino et al., 2021): 

the carbonyl moiety present in the functional group of the C3 
amide and the nitrogen in the carbonyl group play a critical 
role in the quenching of more than one ROS, while the reduc-
tion of ROS takes place at the 5-methoxy group (Kaur et al., 
2015). Overall, the reaction of melatonin with ROS involves 
electron donation to form the melatoninyl cation radical, hy-
drogen donation from the nitrogen atom, nitrosation, an addi-
tion reaction, substitution, and reduction of ROS (Mannino et 
al., 2021). Among different ROS, the hydroxyl radical (•OH) 
is one of the most toxic known, and can react with almost any 
molecule found within its diffusion distance. The OH• rad-
ical also regulates ion transport; for example •OH activated a 
rapid Ca2+ efflux and a more slowly developing net Ca2+ in-
flux concurrent with a net K+ efflux (Zepeda-Jazo et al. 2011). 
Thus, •OH radical scavenging is of prime importance, and the 
role of melatonin as an •OH scavenger is quite astonishing. 
The physiological and mechanistic explanation of melatonin-
mediated •OH radical scavenging includes the addition of the 
•OH radical to the position C3 of the indole ring, tautomerism 
of enol-imine to keto-amine, cyclization between position C2 
of the indole ring and the N in the side chain of the ring, and 
reaction with a second •OH radical to form cyclic 3-hydroxy 
melatonin and water (Purushothaman et al., 2020). This mech-
anism could be the explanation of the suppression of the sensi-
tivity of plasma membrane K+ transporters and K+ homeostasis 
to hydroxyl radicals as observed in melatonin-treated rice roots 
under salinity stress (J. Liu et al., 2020).

In addition to direct scavenging, melatonin activates dif-
ferent enzymatic and non-enzymatic antioxidants in plants 

Table 1. Selected examples of the melatonin application-induced enhancement in photosynthesis and associated traits under abiotic 
stress conditions

Stress Plant species Response of photosynthesis and associated traits in  
melatonin-treated plants 

Reference 

Salinity Glycine max Increased chlorophyll synthesis and PSII activity Alharbi et al. (2021)
Beta vulgaris Increased sugar contents, chlorophyll content, efficiency of PSII and  

photosynthesis
P. Zhang et al. (2021)

Cucumis sativus Improved photosynthetic efficiency, reduced accumulation of MDA and ROS Zhang et al. (2020)
Triticum aestivum Improved biomass production, IAA content, photosynthetic efficiency, chlorophyll 

content
Ke et al. (2018)

Drought Zea mays Increased photosynthetic activity Ahmad et al. (2019)
Glycine max Increased photosynthetic activity Imran et al. (2021)
Moringa oleifera Improved plant growth, yield, and quality by enhancing the photosynthetic  

pigments and phenolic content
Sadak et al. (2020)

Cold Pistacia vera Reduced chlorophyll degradation and increased photosynthesis Barand et al. (2020)
Solanum lycopersicum Increased electron transport and efficiency of PSI and PSII, prevented oxidative 

damage to membranes
Yang et al. (2018)

Oryza sativa Increased photosynthetic activity and PSII efficiency Han et al. (2017)
High temperature Triticum aestivum Increased photosynthetic efficiency through enhanced activities of antioxidants Iqbal et al. (2021)

Solanum lycopersicum Increased electron transport and efficacy of PSI and PSII operation Jahan et al. (2019)
Oryza sativa Reduced chlorophyll degradation and improved photosynthetic CO2 assimilation Barman et al. (2019)
Lolium perenne Increased plant height, biomass production, chlorophyll content, and  

photosynthetic rate, maintained membrane stability
J. Zhang et al. 
(2017)

MDA, malondialdehyde.
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exposed to abiotic stress conditions (Fig. 1C; Table 2). For in-
stance, pre-treatment with melatonin increased survival rate 
in Rhodiola crenulata cells by regulating superoxide dismutase 
(SOD) and catalase (CAT) activity (Zhao et al., 2011). Under 
cold stress, melatonin application up-regulated the transcript 
level of a cold-responsive gene (COR15a) and antioxidant 
genes (ZAT10 and ZAT12), contributing to cold tolerance in 
Arabidopsis seedlings (Bajwa et al., 2014). Likewise, exogenous 
melatonin application conferred cold tolerance by increasing 
the transcript levels of antioxidant genes including CmSOD, 
CmPOD, and CmCAT in melon (Y. Zhang et al., 2017). Under 
drought stress, melatonin treatment resulted in an increased ac-
tivities of SOD, peroxidase (POD), CAT, and ascorbate per-
oxidase (APX) in oat (Gao et al., 2018), apple (Wang et al., 
2013), and wheat (Cui et al., 2017). Similar results have been 
reported for other abiotic stress conditions such as salt stress or 
heavy metal toxicity (for details see Zhan et al., 2019; Arnao 
and Hernández-Ruiz, 2021). However, improving abiotic 
stress tolerance by increasing antioxidant activities by mela-
tonin application questions the validity of this approach, as 
some ROS such as H2O2 play a very important signaling role 
in adaptive and developmental responses, so tampering with it 
may result in pleiotropic effects (De Pinto et al., 2006). It has 
also become increasingly evident that considerable variations 

exist in the production of antioxidants, both enzymatic and 
non-enzymatic, in response to abiotic stress in various plant 
tissues and at various time points (Tanveer and Shabala, 2018). 
Thus, the inter-specific or intra-specific aspects of ROS pro-
duction and scavenging should be considered while studying 
melatonin-regulated antioxidant production.

Melatonin-mediated ionic homeostasis in 
plants

Control of H+-ATPase activity

The plasma membrane H+-ATPase is a powerful electrogenic 
pump energizing the plasma membrane and thus providing a 
driving force for nutrient transport across cellular membranes, 
with direct implications for stomatal operation (Hayashi et 
al., 2011; Yamauchi et al., 2016), cell expansion (Haruta et al., 
2014; Spartz et al., 2014), nutrient uptake (Oh et al., 2016; 
Saponaro et al., 2017; M. Zhang et al., 2021), and many other 
physiological processes. Nutrient acquisition and both radial 
and long-distance ion transport are also critically dependent 
on H+-ATPase activity. H+-ATPase operation is also consid-
ered to be critical for plant adaptation to hostile environments 
(reviewed by Shabala et al., 2016; Geilfus, 2017). For example, 

Table 2. Selected examples of the melatonin-mediated regulation and activation of antioxidants in plants under abiotic stress conditions

Stress Plant species Antioxidant response Reference 

Salinity Malus hupehensis Activation of SOD, CAT, and POD Li et al. (2012)
Cucumis sativus Activation of SOD, CAT, and POD Zhang et al. (2014)
Citrusaurantium Activation of SOD, CAT, POD, and GR; higher proline content Kostopoulou et al. (2015)
Avena sativa Increased gene expression for APX, CAT, POD, and SOD Gao et al. (2019)
Beta vulgaris Enhanced activity of APX, CAT, POD, SOD, AsA, and GSH and accumulation  

of soluble sugars, proline, and glycine betaine
P. Zhang et al. (2021)

Drought Zea mays Increased activities of APX, CAT, and POD and accumulation of soluble pro-
teins and proline

Ahmad et al. (2019)

Brassica napus Increased gene expression for APX, DHAR, GPX, and GST Li et al. (2018)
Medicago sativa Reduced MDA content and ROS production due to higher gene expression  

for APX, CAT, GR, and SOD

Antoniou et al. (2017)

Triticum aestivum Transcriptional up-regulation and enhanced activities of APX, GPX, DHAR, 
MDHAR, GST, and GR

Cui et al. (2017)

Solanum lycopersicum Enhanced activities of APX, CAT, GR, POD, and SOD Liu et al. (2015)
Cold Cucumis sativus Activation of SOD, GPX, APX, and GR Balabusta et al. (2016)

Oryza sativa Activation of CAT, GSH, and SOD Han et al. (2017)
Camellia sinensis Increased activities of CAT, POD, SOD, CAT, AsA, APX and GSH J. Li, Y. Yang et al. (2019)
Pistacia vera Reduced the H2O2 and MDA accumulation, electrolyte leakage, and increased 

activities of APX and GSH
Barand et al. (2020)

High temperature Glycine max Increased activities of SOD, CAT, and AsA Imran et al. (2021)
Triticum aestivum Reduced MDA and H2O2 accumulation and increased proline contents, and 

activities of APX, CAT, POD, SOD, and GSH
Buttar et al. (2020)

Solanum lycopersicum Increased activities of APX, CAT, POD, GR, and MDHAR Jahan et al. (2019)
Actinidia deliciosa L. Reduced H2O2 contents and increased proline accumulation and expression 

levels and activities of AsA, CAT, POD, SOD, DHAR, GST, and MDHAR
Liang et al. (2018)

APX, ascorbate peroxidase; AsA, ascorbic acid; CAT, catalase; DHAR, dehydroascorbate reductase; GR, glutathione reductase; GSH, glutathione; GST, 
glutathione S-transferase; MDA, malondialdehyde; MDHAR, monodehydroascorbate reductase; POD, peroxidase; SOD, superoxide dismutase. 
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upon salinity stress, a massive influx of Na+ into roots leads to a 
significant depolarization of the plasma membrane, with a re-
ported shift of 50–70 mV toward less negative values (Chen et 
al., 2007; Cuin et al., 2008). To overcome such depolarization, 
plants tend to increase the H+-ATPase activity and pump out 
H+ across the plasma membrane (Jung et al., 2017). Recently, 
Yan et al. (2021) shown that melatonin treatment increased 
ATP content in salt-exposed rice roots, thus enhancing H+ 
pump activity, allowing better control of plant ion homeostasis 
under saline conditions. Similar results were also reported for 
sweet potato (Yu et al., 2018) and tomato (Siddiqui et al., 2021). 
The reported increase in the ATP pool is thought to provide 
adequate energy resources to create a cellular H+ gradient, 
facilitating Na+/H+ antiporters to regulate Na+ extrusion from 
the cytosol and/or its sequestration into the vacuole, by salt 
overly sensitive 1 (SOS1) and intracellular Na+/H+ antiport-
ers (NHXs), respectively (Shi et al., 2002; Bassil et al., 2011; 
Shabala, 2013). Interestingly, proton pump activity was not 
regained by an exogenous melatonin application in a salt sen-
sitive alga, Chara australis (Beilby et al., 2015).

Salinity stress tolerance in plants is also causally related to 
their ability to maintain high cytosolic K+ levels (Rubio et al., 
2020). Non-invasive microelectrode measurements of K+ and 
Na+ fluxes across the root surface demonstrated a beneficial 
role of melatonin in preventing salt-induced K+ efflux and Na+ 
influx, resulting in a better K+/Na+ ratio (J. Liu et al., 2020; Yan 
et al., 2021). In addition, an up-regulated transcriptional level 
of OsAKT1, OsHAK5, and OsSOS1 mediated by melatonin 
contributed to improved cellular K+ retention and Na+ detox-
ification, conferring better salt tolerance in rice (Li et al., 2017; 
J. Liu et al., 2020; Yan et al., 2021). Similarly, under Cd tox-
icity stress condition, the transcript levels of plasma membrane 
H+-ATPase genes (HA2, HA3, HA4, HA8, and HA9) were 
up-regulated in cucumber root (Janicka-Russak et al., 2012) 
contributing to Cd detoxification. An increased H+-ATPase 
activity was also observed in tobacco and Brassica species in-
duced by melatonin, when exposed to Cd toxicity stress (Wang 
et al., 2019; Sami et al., 2020). Exogenously applied melatonin 
modulated H+-ATPase activity and glutathione and phyto-
chelatins content, thus affecting the translocation of Cd metal 
ions and reducing Cd contents in tomato leaves (Hasan et al. 
2015). Notably, melatonin treatment induced a 3.5- to 8.0-fold 
increase in the H+-ATPase activity, when co-treated with Cd 
(Sami et al., 2020).

Regulation of the ROS–Ca2+ hub

Several types of ROS are produced in plants under stress con-
ditions; the most critical ones are the hydroxyl radical (•OH), 
superoxide (O2

•–), singlet oxygen (1O2), and hydrogen peroxide 
(H2O2). When accumulated in high quantities, these species 
may cause major damage to key macromolecules and cellular 
structures (Foyer and Noctor, 2016) as well as affecting cell ion 
homeostasis by activating a range of ROS-sensitive on channels  

(see reviews by Demidchik, 2015; Demidchik and Shabala, 
2018). To maintain the optimal ROS levels, plants employ a 
range of enzymatic and non-enzymatic antioxidants to alle-
viate the possibility of oxidative stress (Baxter and Suzuki, 2014; 
Noctor et al., 2014; Mittler, 2017). Numerous studies have re-
ported melatonin-induced increase in transcript levels of genes 
encoding SOD, APX, CAT, and POD as well as their activity in 
various species (Rodriguez et al., 2004; Arora and Bhatla, 2017; 
Y. Zhang et al., 2017). Also, as discussed above, melatonin seems 
to have the capacity to act as a direct broad-spectrum antiox-
idant and scavenger against ROS (Campos et al., 2012; Zhan 
et al., 2019; L. Wang et al., 2021). However, more evidence 
is emerging suggesting that the beneficial role of melatonin 
cannot be merely attributed to (either directly or indirectly) 
to ROS scavenging. For example, melatonin had very little (if 
any) impact on preventing H2O2-induced K+ leakage from 
rice roots, but strongly suppressed their sensitivity to hydroxyl 
radicals (J. Liu et al., 2020). This may potentially be explained 
by an ability of melatonin to scavenge •OH (Purushothaman 
et al., 2020; Fig. 1) discussed above. These and other findings 
imply a possible role of melatonin in stress-induced ROS sig-
naling and desensitizing plant ion channels to various ROS 
species.

ROS signaling is a quintessential part of plant adaptation to 
hostile environments (reviewed by Gilroy et al., 2016; Mittler, 
2017; Castro et al., 2021), so ‘the less ROS the better’ con-
cept does not hold. Instead, plants utilize stress-induced ROS 
elevation to enable various Ca2+-based signaling pathways 
operating upstream or transcriptional and post-translational 
adaptive mechanisms. Calcium signaling networks play a 
prominent role in plant responses to various abiotic and biotic 
stresses (Guo et al., 2008; Dodd et al., 2010; Yuan et al., 2014; 
Pittman and Hirschi, 2016; Cao et al., 2017). In plants, Ca2+-
permeable ROS-activated cation channels operate in tandem 
with the plasma membrane-based NADPX oxidase (encoded 
by RBOH genes) forming a self-amplifying loop (called the 
‘ROS–Ca2+’ hub; Demidchik et al., 2018; Demidchik and Sha-
bala, 2018). Cytosolic Ca2+ elevation directly initiates RBOH 
activation by binding to its EF hands. The resultant increase 
in the apoplastic H2O2 increases permeability of Ca2+ influx 
channels, thus amplifying the Ca2+ signal. Once the signal-
ing is over, the cytosolic Ca2+ and ROS need to be brought 
down to their basal levels; this may include reduced sensitivity 
of non-selective cation channels to H2O2, and inactivation of 
Ca2+ channels and higher Ca2+-ATPase pump activity (Sha-
bala, 2019). Melatonin seems to perform a critical function in 
regulation to NADPH oxidase operation in ROS signaling. In 
a transcriptomics analysis on melatonin treatment, transcript 
levels for many stress-associated receptors, kinases, and calcium 
signals were up-regulated in Arabidopsis (Weeda et al., 2014). 
In salt-treated rice seedlings, the expression of two respira-
tory burst NADPH oxidase genes (OsRbohD and OsRbohF) 
was remarkably increased in melatonin-treated plants (J. Liu 
et al., 2020). Furthermore, melatonin-pretreated plant failed 
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to decrease the salt-induced K+ efflux in Arabidopsis lacking 
functional RbohD and RbohF genes, implying a requirement 
of RBOH-induced ROS product for melatonin operation. A 
study by Chen et al. (2017) also reported no mitigating ef-
fect of melatonin on NaCl-triggered H2O2 accumulation in 
RbohF Arabidopsis mutant plant, supporting the above notion. 
Furthermore, melatonin-induced anthocyanin biosynthesis in 
pear fruit was impaired by the presence of RBOH inhibitors 
(H. Sun et al., 2021). Other studies have shown involvement of 
families of Ca2+-dependent/-independent protein kinases in 
the activation of RBOHs, including CBL–CIPK complexes, 
calcium-dependent protein kinases (CDPKs), receptor-like 
cytoplasmic kinases (RLCKs), and receptor-interacting pro-
tein kinases (RIPKs; RLCK subfamily members) (Kobayashi 
et al., 2007; Drerup et al., 2013; Li et al., 2021). It is believed 
that plasma membrane-localized pattern-recognition receptor 
complexes may directly trigger phosphorylation of RIPK in re-
sponse to numerous elicitors, resulting in activation of RbohD 
to stimulate ROS products in plant immunity (Kadota et al., 
2014; Yuan et al., 2021), then further induce Ca2+ influx. This 
increased [Ca2+]cyt may also lead to the activation of CDPKs, 
then RBOHs, and finally achieve the ‘loop’ stated above (Qiao 
et al., 2015; Yamauchi et al., 2017). Seven CBL–CIPK genes 
were induced by melatonin pretreatment under salinity con-
ditions in rice as revealed by RNA-seq analysis (J. Liu et al., 
2020). This CBL–CIPK pathway may operate upstream of K+ 
transporter AKT1/2 and HAK5 genes to improve cytosolic K+ 
retention (Held et al., 2011; Ragel et al., 2015; Li et al., 2016).

Melatonin-regulated ionic homeostasis via hormonal 
cross-talk

Melatonin is considered to be a master phytohormone regu-
lator involved in numerous phytohormone-mediated signal-
ing pathways; these includes the cross-talk between melatonin 
and other hormones such as IAA, abscisic acid (ABA), gibber-
ellin (GA), jasmonic acid (JA), ethylene, and salicylic acid (SA) 
(Chen et al., 2009; Lee et al., 2014; Zhang et al., 2014; Sharma 
et al., 2019; Kong et al., 2021). Of these, the most studied are 
the interactions between melatonin and IAA (reviewed by 
Arnao and Hernández-Ruiz, 2014, 2018). Here, melatonin 
is named as a possible cellular regulator of auxin levels, with 
implications for plant ability to cope with stress conditions. 
However, it appears that the above interaction occurs only in 
a limited ‘concentration window’. In general, low concentra-
tions of melatonin that range from 0.5 to 100 µM promote 
plant vegetative growth and root development in many crop 
species (Hernández-Ruiz et al., 2005; Kim et al., 2016; Liang et 
al., 2017). Under stress condition, melatonin has the capacity 
to control root architecture via modulation of auxin response 
to promote lateral root development (Liang et al., 2017). At 
the same time, melatonin-mediated formation of the lateral 
roots is regulated through an IAA-independent pathway in 
Arabidopsis (Pelagio-Flores et al., 2012). This indicates that  

melatonin may play a vital role in IAA metabolism by enhanc-
ing the accumulation of auxin signals in the distal tips of the 
root (Wang et al., 2016). However, high concentrations of mel-
atonin can also lead to an inhibition to IAA biosynthesis, thus 
influencing the root cell expansion (L. Wang et al., 2014; Zuo 
et al., 2014; Q. Wang et al., 2016). Auxin in plant is transported 
in a polar manner via a series of specific trans-membrane auxin 
efflux carriers (Rosquete et al., 2012). High concentrations of 
melatonin repress acropetal auxin transport through the down-
regulation of auxin efflux genes PIN1, PIN3, and PIN7 (Wang 
et al., 2016). However, upon application of a relatively low 
concentration of melatonin, expression levels of auxin signal-
ing-transduction genes (IAA19 and IAA24) and auxin efflux 
genes (PIN1, PIN3, and PIN7) are up-regulated, leading to 
an accelerated adventitious root formation in tomato (Wen et 
al., 2016). Taken together, melatonin functions differentially to 
regulate this auxin transport network in different species by 
complete or partial modulation of the auxin responses through 
changes in the functional expression of auxin carriers.

Melatonin is also involved in signaling pathway associated 
with ABA and GA (Zhang et al., 2014; Kong et al., 2016; Zhao 
et al., 2017; Liu et al., 2018; Xiao et al., 2019). Many envi-
ronmental stimuli including salt, drought, osmotic stress and 
unfavorable temperatures trigger elevation in tissue ABA con-
centrations. When ABA receptor PYR/PYL/RCAR senses 
the ABA molecules, it interacts with its co-receptor, PP2C, 
and forms a complex that suppresses the phosphatase activity 
of PP2C to relieve the inhibitory effect of PP2C on SnRK2 
kinase, which is an ABA-independent regulator in the ABA 
signaling pathway (Hauser et al., 2017; Miao et al., 2018; Zhao 
et al., 2018). SnRK2 can phosphorylate and activate a series of 
transcription factors involved in the ABA signaling pathway 
that confer plant tolerance to stress (reviewed by Lin et al., 
2021). These changes can then induce downstream cytosolic 
Ca2+ transients that control guard cell operation (Munemasa 
et al., 2015; Edel and Kudla, 2016), via BAK1 or ABI1, which 
oppositely control the phosphorylation of OST1/SnRK2 ki-
nase (Shang et al., 2016), which operates upstream of K+ ef-
flux channels as well as ALMT12/QUAC1 anion channels (see 
reviews by Ooi et al., 2017; Hedrich and Shabala, 2018). The 
above process is also mediated by RBOH-dependent ROS 
signaling (Kwak et al., 2003; Sirichandra et al., 2009; Drerup 
et al., 2013). ABA-mediated stomatal closure also involves ac-
tivation of AHA2 regulated by BAK1 (Pei et al., 2022). Trans-
duction of the ABA signal also involves CDPK, which operates 
upstream of phosphorylation of ABA-responsive transcription 
factor ABF (Zhu et al., 2007). Melatonin has been reported to 
be capable of mediating ABA metabolism and stomatal beha-
vior, thus affecting plant tolerance to drought and salinity stress 
(Yang et al., 2014; D. Wang et al., 2021). Low concentrations of 
melatonin regulate stomatal closure related to H2O2 produc-
tion that is dependent on the presence of plasma membrane-
localized G protein-coupled receptor CAND2/PMTR1, 
while application of ABA is still functional on stomatal  
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behavior in the cand2 knock-out line, indicating that the mel-
atonin-mediated stomata operation may be conducted in a 
receptor-dependent pattern (Wei et al., 2018). In wild ryegrass 
(Elymus nutans), application of exogenous melatonin increased 
the expression of cold-responsive genes (CBF9, CBF14, and 
COR14a) in ABA-independent pathways, while the additional 
treatment with the ABA biosynthesis inhibitor fluridone sig-
nificantly suppresses melatonin-induced ABA accumulation, 
indicating that the ABA dependent-pathway also contributes 
to melatonin-induced cold tolerance (Fu et al., 2017). As the 
same stress signals that trigger cellular ABA increase also pro-
voke cellular Ca2+ signatures that are then perceived by CBL–
CIPKs or CDPKs (Edel and Kudla, 2016), it is reasonable to 
suggest that the regulatory role of melatonin in the ABA sig-
naling pathway may be due to melatonin’s control of operation 
of the ‘ROS–Ca2+’ hub mentioned above.

Also, the dynamic balance between endogenous ABA and GA 
levels is critical for the plant response to stress conditions (Bahin 
et al., 2011; Footitt et al., 2011). By conducting RNA-seq anal-
ysis, Li et al. (2021) showed that melatonin changed the gene ex-
pression involved in Ca2+ (CAX3 and CML5) and redox (PODs 
and GSTs) signaling, resulting in an inhibition of seed germi-
nation by ABA. GA and ABA are antagonists, and the ABA/GA 
balance rather than absolute hormone amounts, controls seed 
germination (Bahin et al., 2011) as well as some other physio-
logical processes. In cucumber seedlings, salt stress significantly 
suppresses ABA catabolism and GA biosynthesis and postpones 
germination; melatonin, however, alleviates this inhibitory ef-
fect by up-regulating ABA catabolism genes (CYP707A1 and 
CYP707A2) and GA biosynthesis genes (GA20ox and GA3ox), 
and down-regulating an ABA biosynthesis gene (NECD2), 
resulting in a rapid decrease in the ABA content and an increase 
of GA3 and GA4 during the early stage of germination (Zhang et 
al., 2014). In this way melatonin has an important role in regula-
tion of transcript levels of a range genes involved in plant growth 
and development in an ABA–GA-dependent manner.

The interaction between melatonin and JA or SA has also 
been well documented (Glazebrook, 2005; Lee et al., 2014, 
2015; Lee and Back, 2017; Liu et al., 2019). The above hor-
mones play an important role in plant adaptive responses to 
biotic stresses. Melatonin was suggested to operate upstream of 
the signaling pathway that regulates defense genes involved in 
biosynthesis of JA and SA (Zhu and Lee, 2015; Lee and Back, 
2016; Liu et al., 2019). Melatonin was able to increase MeJA 
content through both up-regulation of JA biosynthesis genes 
(AOC and LoxD) and decreased expression level of two negative 
genes (JAZ1 and MYC2) in the JA signaling pathway (Seo et al., 
2001; Zhai et al., 2013; Liu et al., 2019). Without antagonizing 
JAZ or MYC, the downstream ethylene response factor1 (ERF1) 
may be consequently regulated to deliver signals, resulting in 
the synergistic operation of JA and ethylene for the regulation 
of defense response genes, while the absence of ERF1 leads to 
an activation of MYC2 (Wasternack and Hause, 2013). Fur-
thermore, mitogen-activated protein kinase (MAPK) cascades  

mediate signaling transduction in plants against pathogen at-
tack (Lee and Back, 2016; S. Zhang et al., 2018). Four MAPK 
kinases (MKK4, MKK5, MKK7, and MKK9) are involved in 
melatonin regulation of MPK3 and MPK6, suggesting that 
MAPK signaling through MKK4/5/7/9–MPK3/6 cascades 
may trigger plant immunity by melatonin, resulting in pro-
motion of melatonin-mediated synthesis of SA (Lee and Ellis, 
2007; Lee and Back, 2016). Taken together, melatonin appears 
to be an essential element of hormonal signaling pathways, 
modulating the control of plant growth and stress response, 
although the ‘fine print’ of this regulation should be revealed 
in future studies.

Concluding remarks and outstanding 
questions

To match predicted population growth, annual food produc-
tion should be doubled by 2050 (Razzaq et al., 2021). Given the 
current climate trends and their impact on agricultural produc-
tion systems, this task is simply not achievable by existing agro-
nomical and breeding practices (Palmgren et al., 2015; Fernie 
and Yan, 2019; Rawat et al., 2022). The estimated overall loss in 
crop production from climate-driven abiotic stresses exceeds 
US$170 bn per annum (Razzaq et al. 2021), but abiotic stress 
tolerance has been substantially weakened during domestica-
tion (Rawat et al., 2022). Regaining these traits in cash crops 
without compromising plant yield is a highly challenging task.

A comparative analysis of performance of extremophile 
plants (such as halophytes or xerophytes) and their domesti-
cated relatives reveals that the major difference in their abi-
otic stress tolerance is not due to the presence of some unique 
structures that are present in the former making them more 
resilient to stress. Instead, this difference appears to be related 
to efficiency in their ability to sense and signal stress and then 
coordinate operation of the various membrane effectors that 
regulate plant ionic homeostasis (hence, metabolic activity). 
Taking salinity stress as an example, both halophyte and glyco-
phyte species have similar SOS1 Na+/H+ exchangers in their 
roots and both exclude about 95% of Na+ taken back into 
the rhizosphere (Munns et al., 2020). They also both employ 
a mechanism for sequestering toxic Na+ into the leaf vacu-
oles and retaining K+ in the cytosol (Rawat et al., 2022). The 
striking difference in their ability to adapt to saline conditions 
comes from the difference in the efficiency of the latter traits. 
While both groups of plants rely on operation of NHX Na+/
H+ antiporters to load Na+ into vacuoles, halophyte species 
possess much better ability to retain it in the vacuole due to 
more efficient control of slow (SV) and fast (FV) vacuolar 
channels, thus preventing a futile Na+ back-leak into the cy-
tosol (Shabala et al., 2020). Halophyte species are also capable 
of retaining more K+ in the cytosol, due to their K+ efflux 
channels being less sensitive to ROS (Zarei et al., 2020). So, de-
spite both groups of plants having the same set of transporters, 
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the efficiency of their operation is strikingly different, and so is 
their ability to survive under harsh saline conditions.

Where does melatonin come into this picture? Being able 
to directly regulate ion channel activity (at least in mamma-
lian systems), melatonin may represent a very important (and 
currently overlooked) second messenger that may control op-
eration of transporter proteins and thus optimize plant ionic 
homeostasis for harsh environmental conditions (Fig. 2). If this 
is the case, then melatonin should be added to the current list 
of second messengers (alongside cytosolic Ca2+, ROS, ABA, 
and cyclic nucleotides—to name a few) that control activity of 
key membrane transporters. The most obvious next step will 
be to reveal the molecular identity of such transporters that 
could be directly regulated by melatonin. Such answers should 

come from patch-clamp experiments (preferably, in the single-
channel mode) confirmed by genetic experiments using gain- 
or loss-of-function mutants. Such evidence is currently lacking 
in the literature. It will be also essential to undertake a bioin-
formatic analysis looking at evolutionary aspects of melatonin 
sensing and signaling. A recent bioinformatic analysis of over 
50 halophytic and glycophytic species linking the difference 
in the kinetics of ROS signaling between contrasting species 
with the abundance and/or structure of NADPH oxidases re-
vealed that while halophytes did not develop unique protein 
families during evolution, they evolved additional phosphoryl-
ation target sites at the N-termini of NADPH oxidases, poten-
tially modulating enzyme activity and allowing more control 
over their function resulting in more efficient ROS signaling 

Fig. 2. A tentative model for melatonin-induced ion homeostasis. Melatonin (Mel) biosynthesis may be stimulated by exogeneous melatonin, producing 
a self-amplifying loop. Melatonin affects ion homeostasis involving an activation of RBOH-induced ROS productivity by elevated cytosolic Ca2+ (the so 
call ‘ROS–Ca2+’ hub). This procedure may also require the melatonin-induced CBL–CIPK pathway, suggesting a potential regulation in ABA signaling 
transduction. Abbreviations: ABA, abscisic acid; AKT, Arabidopsis K+ transporter; ALMT, Al-activated malate transporter; AQP, aquaporin; BAK, 
brassinosteroid insensitive 1-associated receptor kinase; CAND, candidate G-protein coupled receptor; CBL, calcineurin B-like protein; CDPK, calcium-
dependent protein kinase; CIPK, CBL-interacting protein kinase; CNGC, cyclic nucleotide-gated ion channel; DACC, depolarization-activated Ca2+ 
channel; GLR, glutamate receptor-like channel; GORK, depolarization-activated outward rectifying K+ efflux channel; HACC, hyperpolarization-activated 
Ca2+ channel; HAK, high-affinity K+ transporter; KAT, Shaker-type inward-rectifying K+ channel; PCD, programmed cell death; PIN, PIN-formed auxin 
efflux carrier; PMTR, phytomelatonin receptor; PP2C, protein phosphatases type-2C; PRR, pattern recognition receptor; PYR, pyrabactin resistance; 
PYL, PYR1-like; QUAC, quick anion channel; RBOH, respiratory burst oxidase homologue; RCAR, regulatory components of ABA receptor; RIPK, 
RPM1-induced protein kinase; RLCK, receptor-like cytoplasmic kinase; ROS, reactive oxygen species; SLAC, slow anion channel-associated homologs; 
SnRK, SNF1-related kinase; SOD, superoxide dismutase; SOS, salt overly sensitive.
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and adaptation to saline conditions (M. M. Liu et al., 2020). 
It is highly plausible that similar patterns may exist for mela-
tonin receptors and/or binding sites in some key transporter 
proteins. And—as the ameliorative role of melatonin goes well 
beyond salinity stress—these studies should not be limited to 
comparing halophytic and glycophytic species but go much 
wider, to include evolutionarily contrasting groups of plants 
(e.g. species from wetland habitats versus xerophytes and plant 
hyperaccumulators versus those with high sensitivity to heavy 
metals). Such studies will broaden our insights into the role of 
melatonin as an emerging regulator of plant ion homeostasis 
and the mechanistic basis of its operation in plant adaptive 
responses to the environment.
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