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Abstract 
Heavy metal pollution is of increasing global concern as it adversely impacts different spheres including pedosphere, hydro-
sphere, biosphere, and humansphere. Cadmium (Cd) contamination of agriculture soil has become a thoughtful challenge 
across the globe due to uncontrolled anthropogenic activities, limiting agricultural productivity and disturbing eco-environ-
ment sustainability. Sustainable mitigation strategies are, therefore, required for effective Cd decontamination. Biostimulation 
is a promising method to improve and stimulate life processes of plants in general and oilseed crops in particular, without 
posing threats to eco-environment sustainability and safer food production. Melatonin (N-acetyl-5-methoxytryptamine), a 
recognized pleiotropic molecule, has emerged as a research highlight regarding its role as an effective natural plant growth 
promoter, a broad spectrum antioxidant, and more specifically an efficient biostimulator to improve Cd-induced tolerance of 
plants for phytoremediation purposes and simultaneous biofuel production. This review provides a novel insight to under-
stand the multifunctional role of melatonin in improving Cd phytoremediation capacity together with reducing phytotoxicity 
in oilseed crops, which was not previously assessed. Among oilseed crops, Brassicaceae spp. have unique stress adaptive 
mechanisms with exceptionally high Cd accumulating capabilities, apart from the diverse agri-horticultural importance. 
Interestingly, the discovery of dynamic approaches regarding melatonin application helped to better understand the basic 
mechanisms involved in melatonin-mediated responses against Cd stress in oilseed crops. Our review will provide a useful 
basis for the development of alternative strategies to genetically engineer low-Cd-content oilseed crops, with the aim of 
improving eco-friendly crop production and ensuring food safety. Furthermore, future researches will be supposed to provide 
more genetic evidences about Cd-induced melatonin regulation in higher plants.
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Background

Plants in general and crops plants in particular are prone 
to a variety of stresses among which, environmental con-
straints such as drought, heavy metals, salinity, UV radia-
tion, and intensive agricultural inputs (i.e., herbicides and 
pesticides) are potentially limiting the agricultural produc-
tivity and growth worldwide (Kalefetoğlu and Ekmekci 
2005; Arnao and Hernández-Ruiz 2014; Hasan et al. 2015; 
Ni et al. 2018; Sami et al. 2020). Heavy metal pollution 
is commonly associated with natural as well as anthropo-
genic activities such as rapid industrialization, urbaniza-
tion, mining and vice versa, which consequently disturb 
eco-environment sustainability and reduce global plant 
productivity (Rubio et al. 1994; Tan et al. 2007b). Among 
the heavy metals, cadmium (Cd) is considered as one of 
the major non-biodegradable, non-essential, and wide-
spread environmental pollutant, owing to its detrimental 
effects on different spheres (Fig. 1) including pedosphere, 

hydrosphere, biosphere, and humansphere (Bundschuh 
et al. 2017; Ni et al. 2018; Sami et al. 2020; Shah et al. 
2020; Xu et al. 2020). Cd level tends to increase continu-
ously in different environmental matrices (soil and water) 
due to uncontrolled anthropogenic activities such as min-
ing and intensive use of pesticide and phosphate fertilizers 
(Tang et al. 2018; Wang et al. 2019; Nabaei and Amooag-
haie 2019; Shah et al. 2020). Soil is an important growth 
medium for plants and beneficial microbes; however, Cd 
contamination of agricultural soil has become a thoughtful 
challenge for safer food production in developing countries 
(Clemens et al. 2013; Lin et al. 2018; Wang et al. 2019; 
Sabir et al. 2020; Xu et al. 2020). According to the statisti-
cal analysis, the estimated area of Cd pollution in China 
has reached 1.3 × 104 hm2 (Ma et al. 2013; Lin et al. 2018).

Elevated levels of Cd in agricultural soil could bring 
about diverse anatomical, biochemical, physiological, 
metabolic, and morphological anomalies in plants (Li 
et al. 2016; Ni et al. 2018), which eventually leads to the 
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production of reactive oxygen species (ROS) or reactive 
nitrogen species (RNS), plasma membrane damage, and 
H+-ATPase inhibition, resulting in low biomass accumula-
tion followed by reduced plant growth (Gupta et al. 2009; 
Janicka et al. 2012; Clemens et al. 2013; Mehmood et al. 
2018; Nabaei and Amooaghaie 2019; Sabir et al. 2020). 
Additionally, Cd affects plant cell cycle and cell division, 
and causes chromosomal aberrations at cellular level, 
which ultimately result in malformed embryos (DalCorso 
et al. 2010; Hasan et al. 2015; Sami et al. 2020). Owing to 
high-water solubility, flexible specificity of ion channels 
and divalent Cd transporters, Cd is easily absorbed, accu-
mulated, and thus assimilated in plant tissues (Liu et al. 
2003; Hasan et al. 2015; Lin et al. 2018; Sabir et al. 2020). 
Cd as a toxic element (Fig. 1) is of increasing concern, not 
only because of its phytotoxic effects on crop production, 
but also due to potential human health hazards, including 
carcinogenicity, mutagenicity, and teratogenic effects asso-
ciated with trophic chain contamination (Deng et al. 2010; 
Ajjimaporn et al. 2012; Kretsinger et al. 2013; Prasad and 
Strzalka 2013; Hasan et al. 2015; Lin et al. 2018).

Remediation of Cd-contaminated soil is, therefore, a 
global challenge for achieving sustainable development goals 
(SDGs). Conventional physicochemical remediation tech-
niques are costly, deteriorating soil ecological balance (loss 
of soil nutrients) and causing secondary pollution (Liu et al. 
2018; Nabaei and Amooaghaie 2019; Hayat et al. 2020a, 

b, c; Wang et al. 2020). Consequently, it is prime to find 
out economical, eco-friendly, and sustainable approaches 
for Cd decontamination in agricultural soils. Nonethe-
less, phytoremediation, an environment friendly, low-cost, 
and highly stable green technology for decontamination 
of Cd-contaminated soil or water has attracted the global 
attention of scientific community away from conventional 
physicochemical remediation technologies (Pulford and 
Watson 2003; Marques et al. 2009; Ali et al. 2013b; Ullah 
et al. 2015; Arnao and Hernández-Ruiz 2019d; Nabaei and 
Amooaghaie 2019; Hayat et al. 2020b; Wang et al. 2020; Xu 
et al. 2020; Yan et al. 2020). However, this biotic approach 
has certain limitations of its own e.g., low bioavailability 
of Cd in contaminated soils, slow growth rate, low biomass 
production, and limited number of Cd hyper-accumulator 
plants (Tang et al. 2018; Arnao and Hernández-Ruiz 2019d; 
Hayat et al. 2020b; Wang et al. 2020). Hyperaccumulators 
are plants that accumulate far exceeding levels of heavy 
metal in their aboveground tissues than non-accumulating 
plants (Ali et al. 2013b). Several studies have shown that 
most of the world’s oilseed crops, including Brassicaceae 
species, cottonseed, groundnut, linseed, safflower, sesame 
seed, soybean, and sunflower, have rapid growth rates, high 
agro-economic value besides elevated Cd accumulation and 
tolerance capabilities (Arnao 2014; Mailer 2016; Arnao and 
Hernández-Ruiz 2019d). However, a marked slowdown 
in the expansion and/or production of oilseed crops was 

Fig. 1   Impact of cadmium (Cd) on different spheres
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observed over the past two decades as a result of competing 
standard conventional crops, environmental constraints, and 
reduced surface of arable land (Mailer 2016).

Fortunately, with the increasing concern to expand 
oilseed production, people have become interested in the 
use of natural compounds and signal molecules, including 
plant growth promoters, biostimulators, and/or bioregula-
tors. The role of auxin (indole-3-acetic acid; IAA), absci-
sic acid, brassinosteroids, ethylene, gibberellins, jasmonic 
acid, and salicylic acid to improve growth and Cd tolerance 
capability of edible crops are well documented in the litera-
ture (Masood et al. 2012; Ahammed et al. 2013; Stroiński 
et al. 2013; Meng et al. 2014; Arnao and Hernández-Ruiz 
2019d). Biostimulation is one of the most promising meth-
ods to improve and stimulate life processes of ecological 
crops, without posing threats to eco-environment sustain-
ability and safer food production (Janas and Posmyk 2013). 
Therefore, finding potential biostimulators and/or bioregula-
tors is necessary to enhance Cd phytoremediation capacity 
together with growth attributes of oilseed crops. Melatonin 
(N-acetyl-5-methoxytryptamine) is a natural compound and 
signal molecule that can mediate plant defensive responses 
under Cd stress (Tan et al. 2007a; Nawaz et al. 2016; Kanwar 
et al. 2018; Arnao and Hernández-Ruiz 2019d; Tiwari et al. 
2020), indicating its possible role in improving growth and 
phytoremediation potential of plants.

Melatonin, identified by Hattori et al. (1995) in Phar-
bitis nil plants (Japanese morning glories) and by Dubbels 
et al. (1995) both in 1995, is a tryptophan-derived ubiqui-
tous and pleiotropic molecule, which improves plant stress 
tolerance through physiological, biochemical, and molecu-
lar actions (Arnao and Hernández-Ruiz 2007a, 2019c; d; 
Hasan et al. 2015; Tang et al. 2018; Nabaei and Amooa-
ghaie 2019; Sami et al. 2020; Xu et al. 2020). There are 
various morpho-physiological and biochemical aspects that 
have been investigated in which melatonin exerts count-
less beneficial actions (Arnao and Hernández-Ruiz 2006). 
These include improvements in seed germination, seed and 
fruit development, plant growth and vegetative develop-
ment, photosynthetic processes (such as pigment contents, 
photorespiration, stomatal conductance and water status), 
osmoregulation (including ion exchange, adjustments in 
osmotic and hydraulic potentials), regulation of the primary 
and secondary metabolic activities, and delaying leaf senes-
cence (Hernández-Ruiz et al. 2005; Arnao and Hernández-
Ruiz 2006, 2009; Buttar et al. 2020; Zhao et al. 2021). In the 
secondary metabolism, melatonin induces the biosynthesis 
of flavonoids, anthocyanins, and carotenoids, among oth-
ers. Melatonin also promotes the development of primary, 
secondary, and adventitious roots (Arnao and Hernández-
Ruiz 2017). In fruit postharvest, melatonin regulates the 
contents of ethylene and lycopene as well as cell wall-related 
enzymes. Moreover, it also induces parthenocarpy in fruit 

set in addition to delayed fruit senescence and flowering 
(Arnao and Hernández-Ruiz 2020b).

Furthermore, melatonin differentially influence microbial 
communities in agricultural soils under abiotic stress condi-
tions, depending on various factors such as type of microbes, 
type of soil, and soil physicochemical characteristics (Madi-
gan et al. 2019). Lastly, its role in combating bacterial, fun-
gal, and viral pathogenic infections should be emphasized: 
Melatonin, as a signaling molecule, stimulates an effective 
defense mechanism against plant pathogens, known as “sys-
temic acquired resistance (SAR), which contributes to plant 
protection and crop health (Moustafa-Farag et al. 2020a).

Most of the previously described actions in which mela-
tonin plays an important role are also related to changes in 
the expression of a wide variety of genes (Zhang et al. 2015; 
Yu et al. 2018; Debnath et al. 2019). Numerous genes are up- 
and/or downregulated by melatonin under different condi-
tions (Wei et al. 2016; Fan et al. 2018; Ahn et al. 2021). The 
role of melatonin as a modulating agent in the gene expres-
sion of diverse elements of plant hormones, regulating the 
hormonal homeostasis in several physiological and stressing 
conditions, is one of the most controversial actions mela-
tonin takes part in and is currently the subject of numerous 
studies (Arnao and Hernández-Ruiz 2018a, b; Hernández-
Ruiz and Arnao 2018; Moustafa-Farag et al. 2020b).

The first report on phytoremediation potential of mela-
tonin was published by Tan et al. (2007a), who observed 
different melatonin levels in water hyacinth [Eichhornia 
crassipes (Mart) Solms] under natural photoperiod condi-
tions, suggesting a possible mediating role of melatonin bio-
synthesis in plant tolerance. From this study, several heavy 
metals (and non-metals) have been analyzed to study the 
role of melatonin as a biostimulatory agent against these 
toxic elements (Tan et al. 2007a; Arnao and Hernández-Ruiz 
2019d). Also, many studies on the protective role of mela-
tonin in different environmental stress conditions such as 
drought, waterlogging, salinity, high and low temperatures, 
among others, have been conducted. Some relevant reviews 
of this thematic can be consulted (Arnao and Hernández-
Ruiz 2015; Li et al. 2019; Moustafa-Farag et al. 2020b; Tan 
and Reiter 2020; Tiwari et al. 2020). This review mainly 
focuses on the multifunctional role of melatonin in improv-
ing phytoremediation capacity and stress-induced tolerance 
of oilseed crops (with particular emphasis on oilseed rape) 
in response to Cd stress, which has not yet been assessed 
previously. Additionally, it addresses Cd-induced biosyn-
thetic pathways, molecular and mechanistic basis of stress-
induced melatonin response, and possible effects of mela-
tonin applications on stress-induced response to determine 
melatonin-mediated Cd homeostasis and detoxification 
mechanisms in plants. Moreover, our review shall provide a 
useful basis for the development of alternative strategies to 
genetically engineer low-Cd-content oilseed crops, with the 
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aim of improving eco-friendly crop production and ensuring 
food safety.

Biosynthetic Pathways of Melatonin Under 
Cd Stress Condition

Cadmium-induced tolerance capabilities of plants are 
closely related to regulation of melatonin biosynthesis 
through multiple endogenous pathways (Janas and Posmyk 
2013; Lee and Back 2017b; Mir et al. 2020; Tan and Reiter 
2020). However, with limited knowledge available so far 
about metabolic pathways and/or regulation of melatonin 
biosynthesis under Cd stress condition, researchers round 
the globe have focused their attention to fully understand 
all of the associated mechanisms. Nevertheless, multiple 
melatonin biosynthetic pathways (i.e., NM and MN) exist 
(see Fig. 2), and all of them involve tryptophan as a pri-
mary precursor and serotonin as an intermediate (Bandur-
ski et al. 1995; Arnao and Hernández-Ruiz 2007b, c; Tan 
and Reiter 2020). The main melatonin biosynthetic path-
way (as shown in Fig. 2a) in plants under normal growth 
conditions or low cellular serotonin levels, which is also 
known as “NM pathway” is: (i) tryptophan/tryptamine/5-
hydroxytryptamine (serotonin)/N-acetyl serotonin/mela-
tonin (Ye et al. 2019; Tan and Reiter 2020). The four major 

steps involved in NM pathway are; (1) decarboxylation 
of tryptophan to tryptamine by tryptophan decarboxylase 
(TDC); (2) amine hydroxylation of tryptamine to 5-hydroxy-
tryptamine (serotonin) by tryptamine 5-hydroxylase (T5H); 
(3) N-acetylation through either direct transformation from 
tryptamine or indirectly from serotonin to N-acetyl serotonin 
by serotonin N-acetyltransferase (SNAT) enzyme; and (4) 
O-methylation of N-acetyl serotonin to melatonin through 
variable N-acetylserotonin methyltransferase (ASMT) or caf-
feic acid O-methyltransferase (COMT) enzymatic pathways 
(Hardeland 2014; Back et al. 2016; Cai et al. 2017; Tan and 
Reiter 2020).

Alternatively, the dominant pathway under Cd stress or 
large amounts of serotonin (Fig. 2b); also known as “MN 
pathway” is: tryptophan/tryptamine/5-hydroxytryptamine 
(serotonin)/5-methoxytryptamine/melatonin (Cai et al. 2017; 
Lee and Back 2017b; Ye et al. 2019). In addition to ASMT 
or COMT enzymatic pathways; Cd-induced chloroplast dis-
ruption also has a crucial role in mediating melatonin bio-
synthesis in plants including oilseed rape, rice and tomato 
(Byeon et al. 2015a, b; Back et al. 2016; Cai et al. 2017; Lee 
and Back 2017a; Sami et al. 2020). Melatonin intermedi-
ates are produced in different subcellular portions of plant 
including chloroplasts, cytoplasm, mitochondria and endo-
plasmic reticulum (Back et al. 2016; Tang et al. 2018; Tan 
and Reiter 2020). Depending on the biosynthetic pathway, 

Fig. 2   Generalized diagram of biosynthetic pathways of melatonin 
under a normal condition and b Cd stress in a plant with distinction 
to organelles. TDC tryptophan decarboxylase; T5H tryptophan hydro-

lase; SNAT serotonin N-acetyltransferase; ASMT N-acetyl serotonin 
O-methyltransferase; COMT caffeic acid O-methyltransferase
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the final subcellular portion of melatonin biosynthesis can 
be either chloroplasts or mitochondria (Fig. 2), which are 
associated with different melatonin-induced stress responses 
in plants (Back et al. 2016; Mir et al. 2020; Tan and Reiter 
2020).

Molecular Basis of Melatonin Mediated Cd 
Stress Responses and Signal Transduction 
Pathways in Plants

Melatonin acts as a biostimulator and/or plant master regula-
tor, which is capable of orchestrating many responses related 
to the redox network. The first molecular basis to elucidate 
melatonin-mediated stress response was demonstrated 
through transgenic induction in tomato and tobacco plants 
(Okazaki et al. 2009; Wang et al. 2009). Thereafter, an array 
of transgenic plants mainly upregulating or overexpressing 
(known as transgenic induction) melatonin-mediated genes 
including RsMT1 (Metallothionein 1), miR166, serotonin 
N-acetyltransferase 1 (OsSNAT1), heat shock factor A1a 
(HsfA1a), caffeic acid O-methyltransferase 1 (COMT1), 
tryptophan decarboxylase 2 (MeTDC2)-interacting proteins, 
N-acetylserotonin O-methyltransferase 2 (MeASMT2) inter-
acting proteins, and N-acetylserotonin O-methyltransferase 
3 (MeASMT3) were generated to enhance Cd tolerance and 
uncover molecular basis of melatonin-mediated Cd stress 
response (Cai et al. 2017; Lee and Back 2017b; Nabaei and 
Amooaghaie 2019; Xu et al. 2020). However, little infor-
mation is available about the stress-induced melatonin syn-
thetic gene expression, genome-wide characterization of 
melatonin-induced miRNAome and transcriptome analysis 
under Cd stress. Moreover, molecular basis of Cd-induced 
melatonin response still remains obscure in oilseed and root 
vegetable crops.

Regarding stress-induced response, melatonin confers 
Cd tolerance by modulating critical heavy metal chelators 
including phytochelatines, glutathione and metallothionein; 
regulatory or signaling pathways i.e., salicylic acid, gib-
berellic acid, abscisic acid-dependent pathways and nitric 
oxide signaling cascade; transporters (such as ATP-binding 
cassette, heavy metal ATPase 4 (HMA4), natural resist-
ance– associated macrophage protein (Nramp), pleiotropic 
drug resistance 8 (PDR8) and P1B ATPases); and generally 
mediating changes in gene such as FaHSFA3, FaAWPM, 
FaCYTC2, SAD, CAT, APX, MAPK, bZIP60, BIP2, BIP3, 
CNX1, CDPK1, MAPK1, TSPMS, ERF4, HSP80 and 
ERD15 expression (Arnao and Hernández-Ruiz 2019d; Deb-
nath et al. 2020; Mir et al. 2020; Tiwari et al. 2020; Xu et al. 
2020). Most of the previously described actions in which 
melatonin play a multifunctional role are related to changes 
in the expression of a wide variety of melatonin biosynthetic 
genes. Seemingly, five genes namely TDC, T5H, SNAT, 

ASMT, and COMT have been involved in Cd-induced 
melatonin biosynthesis (Fig. 2), that improve stress toler-
ance in plants (Back et al. 2016; Lee and Back 2017a; Lee 
et al. 2017; Ni et al. 2018). Overexpression of these genes 
enhances Cd-induced positive melatonin response, while 
suppression of these genes inhibit stress-induced melatonin 
response (Byeon et al. 2015b). In addition, the self-activa-
tion of COMT is a beneficial approach to enhance melatonin 
accumulation and thus mitigate heavy metal stress in higher 
plants (Sami et al. 2020). For example, in B. napus treated 
with Cd, the expression of caffeic acid O-methyltransferase 
(BnCOMT) genes including BnCOMT-1, BnCOMT-5 and 
BnCOMT-8 is upregulated with an increase in melatonin 
level, suggesting a possible link between phytomelatonin 
and COMT in augmenting stress tolerance in oilseed crops 
(Sami et al. 2020). Likewise, the Arabidopsis thaliana gene 
for caffeic acid O-methyltransferase (AtCOMT) is respon-
sible for catalyzing the conversion of N-acetylserotonin into 
melatonin (Byeon et al. 2014a, b, c, 2015a).

Furthermore, generation of reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) also induces the 
expression of the melatonin biosynthesis genes, which leads 
to increased melatonin level in the stressed tissues (Arnao 
and Hernández-Ruiz 2019a, c). As a result of the increase 
in endogenous melatonin through the induction of its bio-
synthesis genes, or as a result of the application of exog-
enous melatonin, a direct ROS/RNS antioxidant action by 
melatonin has been described in several studies (Tan et al. 
2007b; Arnao and Hernández-Ruiz 2019a). Exogenous 
melatonin treatments also induced these melatonin biosyn-
thesis transcripts, showing melatonin to be its own regulator. 
This gives an idea of the importance of this molecule as an 
anti-stress manager, which is why it has been called a plant 
master regulator (Arnao and Hernández-Ruiz 2020a). The 
role of melatonin as a modulating agent in the gene expres-
sion of diverse elements of plant hormones, regulating the 
hormonal homeostasis in several physiological and stressing 
conditions, is one of the most controversial actions mela-
tonin takes part in and is currently the subject of numerous 
studies (Arnao and Hernández-Ruiz 2018a, b; Hernández-
Ruiz and Arnao 2018; Moustafa-Farag et al. 2020b).

The Mechanistic Basis of Melatonin 
Mediated Cd Stress Responses in Oilseed 
Crops

Plants have developed complex Cd detoxification and toler-
ance mechanisms, such as limiting Cd translocation to har-
vestable parts (or immobilization), binding Cd to the cell 
wall epidermis, Cd chelation by phytochelatins (PCs) and 
metallothioneins (MT), Cd compartmentalization in the 
vacuole, and activation of the antioxidant system to repair 
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structural alteration in cell (Leitenmaier and Küpper 2013; 
Nabaei and Amooaghaie 2019). Of these, Cd-induced PCs 
synthesis is regarded as “first line of defense mechanism” 
against Cd stress, that involve Cd chelation by PC-Cd com-
plex formation and its sequestration into the vacuole (Park 
et al. 2012; Hasan et al. 2015). Moreover, Cd has been con-
sidered as one of widely assayed heavy metals along with 
most efficient elicitor of melatonin induction and/or bio-
synthesis in a range of melatonin-treated plants including 
radish (Xu et al. 2020), rice (Byeon et al. 2015b; Lee and 
Back 2017a, b; Liu et al. 2016), tomato (Cai et al. 2017; 
Umapathi et al. 2018a, b) and wheat (Ni et al. 2018). Mela-
tonin improves stress-induced osmotic tolerance capability 
in plants via regulation of root growth and development 
through cell elongation and cell division, as well as enhanc-
ing nutrients and water uptake. Melatonin was reported to 
enhance IAA contents along with associated root prolifera-
tion characteristic in Brassica juncea and Lupinus albus 
(Hernandez-Ruiz et al. 2004; Arnao and Hernández-Ruiz 
2007a; Chen et al. 2009). Likewise, melatonin improves 
plant’s antioxidant capacity under Cd stress by acting as an 
intermediate in the redox cycle, thereby augmenting oxida-
tive stress tolerance capability of plants (Reiter et al. 2001; 
Cai et al. 2017).

Moreover, Cd stress modulates melatonin biosynthetic 
pathway in plants, describing the mechanism of plant stress 
response by alleviating Cd-induced phytotoxic symptoms 

such as chloroplast disruption and ruptured mitochondria 
(Tal et al. 2011; Lee and Back 2017a). Exogenous applica-
tion of melatonin via root system, in irrigation water, seed 
coating or by spraying leaves confers Cd tolerance in plants 
(Janas and Posmyk 2013; Arnao and Hernández-Ruiz 2014, 
2019a; b, d; Cai et al. 2017; Tang et al. 2018). According 
to the previously reported literature, exogenously applied 
melatonin alleviated Cd stress by its well-documented plant 
growth and antioxidant activities (Arnao and Hernández-
Ruiz 2019a; Mir et al. 2020). Additionally, melatonin con-
tributes to the phenomenon of phytoremediation at the 
cellular level (as shown in Fig. 3) known as “melatonin-
induced Cd tolerance responses”, which include increase 
in the antioxidant capacity, reduction of ROS and RNS (via 
ROS- melatonin redox network), the improvement in the 
battery of antioxidant enzymes (SOD, CAT, POX, GPX, 
etc.), improvement in the ASA-GSH cycle, osmoregulatory 
response (via proline, GABA accumulation), activation 
of N, P, S transporters in roots and activation of PCs (that 
results in Cd sequestration, transport and storage in vacu-
oles) (Arnao and Hernández-Ruiz 2009; Janas and Posmyk 
2013; Hasan et al. 2015; Reiter et al. 2015; Cai et al. 2017; 
Zhang et al. 2017; Nawaz et al. 2018; Ni et al. 2018). Cd 
sequestration is considered to be one of the prime biostimu-
latory effects of melatonin on plants to improve plant toler-
ance against Cd stress (Arnao and Hernández-Ruiz 2019d). 
Strikingly, exogenous melatonin application alleviated Cd 

Fig. 3   A detailed model of Cd-induced melatonin-positive responses and its impact on plant growth, tolerance capability, and phytoremediation 
capacity. PMTR1 phytomelatonin receptor 1
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phytotoxicity through modulation of vacuolar sequestration, 
antioxidant potential, and phytochelatins biosynthesis while 
demonstrating enhanced Cd tolerance capability in alfalfa, 
Cyphomandra betacea, tomato, and wheat against Cd stress 
(Hasan et al. 2015; Tang et al. 2018; Arnao and Hernández-
Ruiz 2019a). In addition, exogenous melatonin treatments 
enhanced stress tolerance capability of Bermuda grass under 
a range of abiotic stresses including cold, drought and NaCl 
(Shi et al. 2014).

The development of excellent strategies for phytoreme-
diation purposes contributed to the insight into melatonin-
induced Cd tolerance mechanisms. These strategies include 
exogenous melatonin application, inducing melatonin bio-
synthesis endogenously via environmental elicitors, mediat-
ing the absorption and metabolism of nutrients (i.e., N, P, 
and S), unraveling biostimulatory effect of melatonin and 
using transgenic plants that over-accumulate melatonin 
(Arnao and Hernández-Ruiz 2019d). Nevertheless, infor-
mation about the impact of melatonin on enhancing mela-
tonin-induced PC biosynthesis, Cd accumulation and/or Cd 
tolerance in higher plants still remains elusive due to lack 
of genetic evidences. It is worth nothing that Hasan et al. 
(2019) provided genetic evidences for melatonin-induced 
Cd tolerance in Solanum lycopersicum, that might be asso-
ciated with the efficient regulation of sulfur metabolism, 
redox homeostasis, and Cd translocation. Several authors 
(Liu et al. 2017; Lin et al. 2018; Tang et al. 2018; Uma-
pathi et al. 2018a, b; Nabaei and Amooaghaie 2019; Bose 
and Prianka 2020; Mir et al. 2020; Tiwari et al. 2020) dem-
onstrated concentration-dependent responses of melatonin 
towards Cd contents and/or accumulation (as shown in 
Tables 1 and 2) in different tissues (roots, stems, leaves) 
of plant species, suggesting melatonin could improve plant 
tolerance as well as provide basis for simultaneous biofuel 
production. In order to prove a reference point for improving 

growth and Cd remediation potential of hyperaccumulator 
plants, appropriate screening methods should be adopted to 
determine optimum melatonin concentration. In view of the 
above information, it is suggested that optimal concentra-
tion of melatonin should not only be applied exogenously 
to improve plant growth, but also enhance Cd accumulation 
and phytoremediation capacity of oilseed crops.

Oilseed crops have great economic as well as agronomic 
value and are grown mainly for its high proteinaceous seeds 
(Diepenbrock 2000; Sami et al. 2020). Among oilseed crops, 
Brassicaceae spp. have unique stress adaptive mechanisms 
with exceptionally high Cd accumulating capabilities, apart 
from the diverse agri-horticultural importance; for example, 
high (35%) nutritional value in addition to biofuel produc-
tion (Belimov et al. 2005; Gall and Rajakaruna 2013; Sami 
et al. 2020). According to the FAOSTAT (2013), Brassica 
oilseeds annually occupies more than 34 million hectares of 
land worldwide. Within genus Brassica, six economically 
important species: Brassica campestris, Brassica carinata, 
Brassica juncea, Brassica oleracea, Brassica rapa, and 
Brassica napus are altogether termed as “Rapeseed-mus-
tard group” (Roy and Mondal 2020) while displaying “U’s 
relationship triangle” between the species (Nagaharu 1935). 
Furthermore, B. napus (rapeseed) and B. juncea (Indian 
mustard) are listed as the second and third most vital source 
of oil around the globe, containing about 14% of edible veg-
etable oil and 40–42% of biofuel oil, in addition to high bio-
mass productivity, enhanced Cd accumulation and Cd toler-
ance capacity (Salt et al. 1995; Fusco et al. 2005; Farinati 
et al. 2010; Arnao and Hernández-Ruiz 2019d), highlighting 
its pivotal role in food security and phytoremediation of Cd-
contaminated areas. Addae et al. (2010) demonstrated that 
B. oleracea species can phytoextract elevated levels of Cd 
and Pb. Nonetheless, Cd stress causes phytotoxic effects in 
B. napus when grown under 500 µM L−1 Cd concentration 

Table 1   Impact of melatonin application on Cd accumulation in plants

S. no. Plant Biostimulator Pollutant Optimal MEL 
concentration 
(µM)

Cd accumulation 
capacity enhancement 
(%)

References

1. Solanum melongena Melatonin Cd 150 – Tang et al. (2015)
2. Solanum lycopersicum Melatonin Cd 100 – Hasan et al. (2015)
3. Cyphomandra betacea Melatonin Cd 50 29 Lin et al. (2018)
4. Galinsoga parviflora Melatonin Cd 100 68 Tang et al. (2018)
5. Malachium aquaticum Melatonin Cd 200 16 Tang et al. (2018)
6. Alfalfa Melatonin Cd 10–200 – Gu et al. (2017)
7. Solanum lycopersicum Melatonin Cd 25–500 – Cai et al. (2017), Hasan et al. 

(2015, 2019), Umapathi et al. 
(2018a, b)

8. Triticum aestivum Melatonin Cd 50–100 – Kaya et al. (2019), Ni et al. (2018)
9. Perilla frutescens Melatonin Cd 150 227 Xiang et al. (2019)
10. Cucumis sativus 2-Hydroxymelatonin Cd 100 – Shah et al. (2020)
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Table 2   Effect of exogenous melatonin on physiological, biochemical, molecular anomalies, Cd tolerance and phytoremediation efficiency of 
plants (Color table online)
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(Ali et al. 2013a). Likewise, it was also reported that the per-
centage of seed oil in B. juncea decreased as a result of Cd 
accumulation (Ahmad et al. 2015; Mourato et al. 2015). It is 
noteworthy that melatonin not only alleviated Cd phytoxicity 
in B. napus (Table 2), but also improved Cd phytoremedia-
tion capacity through modulation of antioxidant hyperac-
tivities and Cd sequestration in subcellular compartments 
(Sami et al. 2020), thus enhanced tissue tolerance capability 
of rapeseed plant. Considering the ubiquity of melatonin 
in all life forms including plants, animals and microorgan-
ism, the very first study till date on Cd-induced melatonin 
response in oilseed plant (i.e., B. napus L.) was performed 
by Sami et al. (2020). This study elaborated the phenomenon 
of melatonin-induced improvement in plant biomass, chlo-
rophyll contents, antioxidant potential and Cd sequestration 
in subcellular compartments (cell wall, soluble fractions). 
Moreover, the study provided physiological, biochemical 
and molecular basis for further exploration of the associated 
mechanisms involved in melatonin-mediated Cd tolerance in 
oilseed crops. Interestingly, Park et al. (2012) reported that 
more than half of Cd remained in the residues during oil 
production extracted from B. napus seeds grown in heavy 
metal-contaminated soil, suggesting that melatonin may also 
play a vital role in food security beside providing a valuable 
bioenergy source for future generations. Here, we suggest 
that researchers should find indicator oilseed crops having 
active Cd homeostasis and Cd detoxification mechanisms.

Conclusions and Future Proposals

This review paper evaluates different aspects of stress-
induced melatonin responses including Cd tolerance and 
Cd detoxification mechanisms in plants, including oilseed 
crops. Likewise, the present review shows that melatonin 
application is a novel, environment friendly, and sustain-
able approach to alleviate Cd phytotoxicity and enhance Cd 
tolerance of oilseed crops for phytoremediation and simul-
taneous biofuel production while considering the fact that 
melatonin benefits plant growth, development, and confers 
Cd tolerance in plants by modulating chlorophyll contents, 
antioxidant enzymes, PCs biosynthesis, and subsequent Cd 
sequestration in vacuole. Moreover, melatonin-mediated bio-
synthetic genes (TDC, T5H, SNAT, ASMT, and COMT) 
play positive role in plant metabolic activities which conse-
quently increased plant growth rate and enhanced phytore-
mediation capacity during Cd stress. When the concentration 
of Cd found in soil exceeds the threshold limit and there is 
a high risk of trophic chain contamination, a sustainable 

and human friendly Cd detoxification approach must be 
ensured. Physicochemical remediation techniques are expen-
sive, inconsistent, laborious, and cause secondary pollution. 
Alternatively, there are several bioremediation techniques 
for Cd detoxification and/or removal from contaminated soil, 
such as microbial remediation and phytoremediation.

Phytoremediation, a viable green technology, not only 
improves crop productivity, but also enhances metal accu-
mulation capacity under Cd stress. Nevertheless, phytoreme-
diation processes are limited due to low bioavailability of Cd 
in contaminated soil, slow growth, and low biomass hyper-
accumulator plants. Therefore, it is necessary to find high 
biomass and fast-growing metal-accumulator plants having 
exceptionally high bioenergy value for the effective remedia-
tion of Cd-contaminated soil and simultaneous biofuel pro-
duction. Moreover, the exploration of natural plant growth 
promoter and/or biostimulator for improving phytoremedia-
tion processes is still underway. In addition to genetically 
modified plants that over-accumulate melatonin, the use 
of exogenous melatonin or induced biosynthesis through 
environmental elicitors can be exceptional strategies for Cd 
decontamination and phytoremediation purposes. Novel 
technologies and scientific enhancements have revealed 
that melatonin has emerged as a research highlight regard-
ing its impeccable role as an effective natural plant growth 
promoter, broad spectrum antioxidant, and more specifically 
an efficient biostimulator to improve Cd-induced tolerance 
and phytoremediation processes of crops in changing envi-
ronment. In addition, modes of melatonin application have 
a great impact on plant growth, Cd accumulation, and toler-
ance capabilities in a variety of plants. Besides the involve-
ment of the mitogen-activated protein kinase (MAPK) path-
way, the upstream regulation of stress-induced melatonin 
biosynthesis and/or synthetic gene expression in higher plant 
remains obscure. Moreover, stress-induced melatonin bio-
synthesis genes i.e., AANAT and TPH have not yet been 
characterized in plants.

Although there are a number of publications on multi-
functionality of melatonin, little is understood about the 
mechanistic basis of melatonin in plant growth improve-
ment and Cd resistance due to the lack of genetic evidences. 
Similarly, Cd-induced melatonin biosynthesis pathway is 
still unclear in plants including edible and oilseed crops, 
which thus provided a gap for future investigation. Fur-
thermore, there is a lack of data on the cellular location, 
transport of melatonin in plant tissues, and its subcellular 
compartmentalization. Future studies will provide more 
genetic evidences about melatonin-mediated heavy metal 
stress responses along with detoxification mechanisms in 

The significance of coloured (green) up arrow means “increased”, the (red) down arrow means “decreased”
Table 2   (continued)
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higher plants. Moreover, additional research may explore 
the viability of exogenous melatonin application on potential 
microbial community dynamics and plant–microbe interac-
tions (beneficial as well as pathogenic) in agriculture soil.

The discovery of Cd-induced melatonin biosynthetic 
gene COMT in oilseed crop may help to better understand 
the basic mechanisms of Cd-induced melatonin production. 
Moreover, there are ample data on the potential of melatonin 
to improve phytoremediation, but the final crucial step needs 
to be taken: testing at field level. We herein provide future 
research direction for the utilization of melatonin in alle-
viating Cd toxicity and producing sustainable Cd-resistant 
oilseed crops. Conclusively, this study may, thus, provide 
basis for further exploration in the regulatory mechanism of 
melatonin-mediated tolerance and Cd detoxification against 
Cd stress in other oilseed crops.

Acknowledgements  This work was supported by Shanghai Agri-
culture Applied Technology Development Program, China (Grant 
No. T20180413), National Key Research and Development Program 
of China (Grant No. 2016YFD0800807), Shanghai Science and 
Technology Innovation Action Project (Grant Nos. 20392001000, 
20dz1204804), and Project of Key Laboratory of Urban Agriculture 
in North China in 2020 (Grant No. KF2020012).

Author Contributions  SM: Data curation and Writing—original draft. 
XY: Conceptualization. KH, TA, JB, MBA, and YZ: Writing—review 
& editing. PZ: Conceptualization and Funding acquisition.

Declarations 

Conflict of interest  The authors declare that they have no competing 
interests.

References

Addae C, Piva M, Bednar AJ, Zaman MS (2010) Cadmium and lead 
bioaccumulation in cabbage plants grown in metal contaminated 
soils. Adv Sci Technol 4:79–82

Ahammed GJ, Choudhary SP, Chen S, Xia X, Shi K, Zhou Y, Yu J 
(2013) Role of brassinosteroids in alleviation of phenanthrene–
cadmium co-contamination-induced photosynthetic inhibition 
and oxidative stress in tomato. J Exp Bot 64:199–213

Ahmad P, Sarwat M, Bhaet NA, Wani MR, Kazi AG, Tran LSP (2015) 
Alleviation of cadmium toxicity in Brassica juncea L. (Czern. & 
Coss.) by calcium application involves various physiological and 
biochemical strategies. PLoS ONE 10:e0114571

Ahn HR, Kim YJ, Lim YJ, Duan S, Eom SH, Jung KH (2021) Key 
genes in the melatonin biosynthesis pathway with circadian 
rhythm are associated with various abiotic stresses. Plants 10:129

Ajjimaporn A, Botsford T, Garrett SH, Sens MA, Zhou XD, Dunlevy 
JR, Sens DA, Somji S (2012) ZIP8 expression in human proxi-
mal tubule cells, human urothelial cells transformed by Cd+2 
and As+3 and in specimens of normal human urothelium and 
urothelial cancer. Cancer Cell Int 12:16

Ali B, Tao Q, Zhou Y, Gill RA, Ali S, Rafiq MT, Xu L, Zhou W 
(2013a) 5-Aminolevolinic acid mitigates the cadmium-induced 
changes in Brassica napus as revealed by the biochemical and 

ultra-structural evaluation of roots. Ecotoxicol Environ Saf 
92:271–280

Ali H, Khan E, Sajad MA (2013b) Phytoremediation of heavy metals—
concepts and applications. Chemosphere 91:869–881

Arnao MB (2014) Phytomelatonin: discovery, content, and role in 
plants. Adv Bot 2014:e815769

Arnao MB, Hernández-Ruiz J (2006) The physiological function of 
melatonin in plants. Plant Signal Behav 1:89–95

Arnao MB, Hernández-Ruiz J (2007a) Inhibition of ACC oxidase 
activity by melatonin and indole-3-acetic acid in etiolated lupin 
hypocotyls. In: Ramina A, Chang C, Giovannoni J, Klee H, 
Perata P, Woltering E (eds) Advances in plant ethylene research. 
Springer, Dordrecht, pp 101–103

Arnao MB, Hernández-Ruiz J (2007b) Melatonin in plants: more stud-
ies are necessary. Plant Signal Behav 2:381–382

Arnao MB, Hernández-Ruiz J (2007c) Melatonin promotes adven-
titious-and lateral root regeneration in etiolated hypocotyls of 
Lupinus albus L. J Pineal Res 42:147–152

Arnao MB, Hernández-Ruiz J (2009) Protective effect of melatonin 
against chlorophyll degradation during the senescence of barley 
leaves. J Pineal Res 46:58–63

Arnao MB, Hernández-Ruiz J (2014) Melatonin: plant growth regulator 
and/or biostimulator during stress? Trends Plant Sci 19:789–797 

Arnao MB, Hernández-Ruiz J (2015) Functions of melatonin in plants: 
a review. J Pineal Res 59:133–150

Arnao MB, Hernández-Ruiz J (2017) Growth activity, rooting capacity, 
and tropism: three auxinic precepts fulfilled by melatonin. Acta 
Physiol Plant 39:127

Arnao MB, Hernández-Ruiz J (2018a) Melatonin and its relationship 
to plant hormones. Ann Bot 121:195–207

Arnao MB, Hernández-Ruiz J (2018b) The multi-regulatory properties 
of melatonin in plants. In: Ramakrishna A, Roshchina VV (eds) 
Neurotransmitters in plants: perspectives and applications. CRC 
Press, Taylor & Francis Group, Florida, pp 71–101

Arnao MB, Hernández-Ruiz J (2019a) Melatonin and reactive oxygen 
and nitrogen species: a model for the plant redox network. Mela-
tonin Res 2:152–168

Arnao MB, Hernández-Ruiz J (2019b) Melatonin as a chemical sub-
stance or as phytomelatonin rich-extracts for use as plant pro-
tector and/or biostimulant in accordance with EC legislation. 
Agronomy 9:570

Arnao MB, Hernández-Ruiz J (2019c) Melatonin: a new plant hormone 
and/or a plant master regulator? Trends Plant Sci 24:38–48

Arnao MB, Hernández-Ruiz J (2019d) Role of melatonin to enhance 
phytoremediation capacity. Appl Sci 9:5293

Arnao MB, Hernández-Ruiz J (2020a) Is phytomelatonin a new plant 
hormone? Agronomy 10:95

Arnao MB, Hernández-Ruiz J (2020b) Melatonin in flowering, fruit set 
and fruit ripening. Plant Reprod 33:77–87

Back K, Tan DX, Reiter RJ (2016) Melatonin biosynthesis in plants: 
multiple pathways catalyze tryptophan to melatonin in the cyto-
plasm or chloroplasts. J Pineal Res 61:426–437

Bandurski RS, Cohen JD, Slovin JP, Reinecke DM (1995) Auxin bio-
synthesis and metabolism. In: Davies P (ed) Plant hormones: 
physiology, biochemistry and molecular biology. Kluwer Aca-
demic Publishers, Dordrecht, pp 39–65

Belimov A, Hontzeas N, Safronova V, Demchinskaya S, Piluzza G, 
Bullitta S, Glick B (2005) Cadmium-tolerant plant growth-
promoting bacteria associated with the roots of Indian mustard 
(Brassica juncea L. Czern.). Soil Biol Biochem 37:241–250

Bose SK, Prianka H (2020) Melatonin plays multifunctional role in 
horticultural crops against environmental stresses: a review. 
Environ Exp Bot 176:104063

Bundschuh J, Maity JP, Mushtaq S, Vithanage M, Seneweera S, Sch-
neider J, Bhattacharya P, Khan NI, Hamawand I, Guilherme LR 



933Journal of Plant Growth Regulation (2022) 41:922–935	

1 3

(2017) Medical geology in the framework of the sustainable 
development goals. Sci Total Environ 581:87–104

Buttar ZA, Wu SN, Arnao MB, Wang C, Ullah I, Wang C (2020) 
Melatonin suppressed the heat stress-induced damage in wheat 
seedlings by modulating the antioxidant machinery. Plants 9:809

Byeon Y, Lee HY, Lee K, Back K (2014a) Caffeic acid O-methyltrans-
ferase is involved in the synthesis of melatonin by methylating 
N-acetylserotonin in A rabidopsis. J Pineal Res 57:219–227

Byeon Y, Lee HY, Lee K, Park S, Back K (2014b) Cellular localization 
and kinetics of the rice melatonin biosynthetic enzymes SNAT 
and ASMT. J Pineal Res 56:107–114

Byeon Y, Park S, Lee HY, Kim YS, Back K (2014c) Elevated produc-
tion of melatonin in transgenic rice seeds expressing rice trypto-
phan decarboxylase. J Pineal Res 56:275–282

Byeon Y, Choi GH, Lee HY, Back K (2015a) Melatonin biosynthesis 
requires N-acetylserotonin methyltransferase activity of caffeic 
acid O-methyltransferase in rice. J Exp Bot 66:6917–6925

Byeon Y, Lee HY, Hwang OJ, Lee HJ, Lee K, Back K (2015b) Coor-
dinated regulation of melatonin synthesis and degradation genes 
in rice leaves in response to cadmium treatment. J Pineal Res 
58:470–478

Cai SY, Zhang Y, Xu YP, Qi ZY, Li MQ, Ahammed GJ, Xia XJ, Shi 
K, Zhou YH, Reiter RJ (2017) HsfA1a upregulates melatonin 
biosynthesis to confer cadmium tolerance in tomato plants. J 
Pineal Res 62:e12387

Chen Q, Qi W-b, Reiter RJ, Wei W, Wang B-m (2009) Exogenously 
applied melatonin stimulates root growth and raises endogenous 
indoleacetic acid in roots of etiolated seedlings of Brassica jun-
cea. J Plant Physiol 166:324–328

Clemens S, Aarts MG, Thomine S, Verbruggen N (2013) Plant sci-
ence: the key to preventing slow cadmium poisoning. Trends 
Plant Sci 18:92–99

DalCorso G, Farinati S, Furini A (2010) Regulatory networks of cad-
mium stress in plants. Plant Signal Behav 5:663–667

Debnath B, Islam W, Li M, Sun Y, Lu X, Mitra S, Hussain M, Liu S, 
Qiu D (2019) Melatonin mediates enhancement of stress toler-
ance in plants. Int J Mol Sci 20:1040

Debnath B, Li M, Liu S, Pan T, Ma C, Qiu D (2020) Melatonin-mediate 
acid rain stress tolerance mechanism through alteration of tran-
scriptional factors and secondary metabolites gene expression in 
tomato. Ecotoxicol Environ Saf 200:110720

Deng X, Wen L, Chi X (2010) Cadmium hazards to human health 
and the prevention and treatment research. Nation Med Front 
China 5:4–5

Diepenbrock W (2000) Yield analysis of winter oilseed rape (Brassica 
napus L.): a review. Field Crops Res 67:35–49

Dubbels R, Reiter R, Klenke E, Goebel A, Schnakenberg E, Ehlers 
C, Schiwara H, Schloot W (1995) Melatonin in edible plants 
identified by radioimmunoassay and by high performance liquid 
chromatography-mass spectrometry. J Pineal Res 18:28–31

Fan J, Xie Y, Zhang Z, Chen L (2018) Melatonin: a multifunctional 
factor in plants. Int J Mol Sci 19:1528

Farinati S, DalCorso G, Varotto S, Furini A (2010) The Brassica jun-
cea BjCdR15, an ortholog of Arabidopsis TGA3, is a regulator 
of cadmium uptake, transport and accumulation in shoots and 
confers cadmium tolerance in transgenic plants. New Phytol 
185:964–978

Fusco N, Micheletto L, DalCorso G, Borgato L, Furini A (2005) 
Identification of cadmium-regulated genes by cDNA-AFLP 
in the heavy metal accumulator Brassica juncea L. J Exp Bot 
56:3017–3027

Gall JE, Rajakaruna N (2013) The physiology, functional genomics, 
and applied ecology of heavy metal-tolerant Brassicaceae. In: 
Lang M (ed) Brassicaceae: characterization, functional genom-
ics and health benefits. Nova Science, New York, pp 121–148

Gu Q, Chen Z, Yu X, Cui W, Pan J, Zhao G, Xu S, Wang R, Shen W 
(2017) Melatonin confers plant tolerance against cadmium stress 
via the decrease of cadmium accumulation and reestablishment 
of microRNA-mediatedredox homeostasis. Plant Sci 261:28–37

Gupta M, Sharma P, Sarin NB, Sinha AK (2009) Differential response 
of arsenic stress in two varieties of Brassica juncea L. Chemos-
phere 74:1201–1208

Hardeland R (2014) Melatonin in plants and other phototrophs: 
advances and gaps concerning the diversity of functions. J Exp 
Bot 66:627–646

Hasan MK, Ahammed GJ, Yin L, Shi K, Xia X, Zhou Y, Yu J, Zhou 
J (2015) Melatonin mitigates cadmium phytotoxicity through 
modulation of phytochelatins biosynthesis, vacuolar sequestra-
tion, and antioxidant potential in Solanum lycopersicum L. Front 
Plant Sci 6:601

Hasan MK, Ahammed GJ, Sun S, Li M, Yin H, Zhou J (2019) Mela-
tonin inhibits cadmium translocation and enhances plant toler-
ance by regulating sulfur uptake and assimilation in Solanum 
lycopersicum L. J Agric Food Chem 67:10563–10576

Hattori A, Migitaka H, Iigo M, Itoh M, Yamamoto K, Ohtani KR, 
Hara M, Suzuki T, Reiter RJ (1995) Identification of melatonin 
in plants and its effects on plasma melatonin levels and bind-
ing to melatonin receptors in vertebrates. Biochem Mol Biol 
Int 35:627

Hayat K, Bundschuh J, Jan F, Menhas S, Hayat S, Haq F, Shah MA, 
Chaudhary HJ, Ullah A, Zhang D (2020a) Combating soil salin-
ity with combining saline agriculture and phytomanagement 
with salt-accumulating plants. Crit Rev Environ Sci Technol 
50:1085–1115

Hayat K, Menhas S, Bundschuh J, Zhou P, Niazi NK, Amna HA, Hayat 
S, Ali H, Wang J (2020b) Plant growth promotion and enhanced 
uptake of Cd by combinatorial application of Bacillus pumilus 
and EDTA on Zea mays L. Int J Phytoremediat 22:1–13

Hayat K, Zhou Y, Menhas S, Bundschuh J, Hayat S, Ullah A, Wang 
J, Chen X, Zhang D, Zhou P (2020c) Pennisetum giganteum: an 
emerging salt accumulating/tolerant non-conventional crop for 
sustainable saline agriculture and simultaneous phytoremedia-
tion. Environ Pollut 265:114876

Hernández-Ruiz J, Arnao MB (2018) Relationship of melatonin and 
salicylic acid in biotic/abiotic plant stress responses. Agronomy 
8:33

Hernandez-Ruiz J, Cano A, Arnao MB (2004) Melatonin: a 
growth-stimulating compound present in lupin tissues. Planta 
220:140–144

Hernández-Ruiz J, Cano A, Arnao MB (2005) Melatonin acts as a 
growth-stimulating compound in some monocot species. J Pineal 
Res 39:137–142

Janas KM, Posmyk MM (2013) Melatonin, an underestimated natural 
substance with great potential for agricultural application. Acta 
Physiol Plant 35:3285–3292

Janicka RM, Kabała K, Burzyński M (2012) Different effect of cad-
mium and copper on H+-ATPase activity in plasma membrane 
vesicles from Cucumis sativus roots. J Exp Bot 63:4133–4142

Kalefetoğlu T, Ekmekci Y (2005) The effects of drought on plants 
and tolerance mechanisms: review. Gazi Univ J Sci 18:723–740

Kanwar MK, Yu J, Zhou J (2018) Phytomelatonin: recent advances and 
future prospects. J Pineal Res 65:e12526

Kaya C, Okant M, Ugurlar F, Alyemeni MN, Ashraf M, Ahmad P 
(2019) Melatonin-mediated nitric oxide improves tolerance to 
cadmium toxicity by reducing oxidative stress in wheat plants. 
Chemosphere 225:627–638

Kretsinger RH, Uversky VN, Permyakov EA (2013) Encyclopedia of 
metalloproteins. Springer, New York, pp 1–2574

Lee HY, Back K (2017a) Cadmium disrupts subcellular organelles, 
including chloroplasts, resulting in melatonin induction in plants. 
Molecules 22:1791



934	 Journal of Plant Growth Regulation (2022) 41:922–935

1 3

Lee K, Back K (2017b) Overexpression of rice serotonin N-acetyltrans-
ferase 1 in transgenic rice plants confers resistance to cadmium 
and senescence and increases grain yield. J Pineal Res 62:e12392

Lee K, Choi GH, Back K (2017) Cadmium-induced melatonin synthe-
sis in rice requires light, hydrogen peroxide, and nitric oxide: key 
regulatory roles for tryptophan decarboxylase and caffeic acid 
O-methyltransferase. J Pineal Res 63:e12441

Leitenmaier B, Küpper H (2013) Compartmentation and complexa-
tion of metals in hyperaccumulator plants. Front Plant Sci 4:374

Li MQ, Hasan MK, Li CX, Ahammed GJ, Xia XJ, Shi K, Zhou YH, 
Reiter RJ, Yu JQ, Xu MX, Zhou J (2016) Melatonin mediates 
selenium-induced tolerance to cadmium stress in tomato plants. 
J Pineal Res 61:291–302

Li J, Liu J, Zhu T, Zhao C, Li L, Chen M (2019) The role of melatonin 
in salt stress responses. Int J Mol Sci 20:1735

Lin L, Li J, Chen F, Liao M, Tang Y, Liang D, Xia H, Lai Y, Wang X, 
Chen C (2018) Effects of melatonin on the growth and cadmium 
characteristics of Cyphomandra betacea seedlings. Environ 
Monit Assess 190:119

Liu J, Liang J, Li K, Zhang Z, Yu B, Lu X, Yang J, Zhu Q (2003) Cor-
relations between cadmium and mineral nutrients in absorption 
and accumulation in various genotypes of rice under cadmium 
stress. Chemosphere 52:1467–1473

Liu S, Huang Y, Luo Z, Huang Y, Bao Q, Wang P, Yuan B, Li W 
(2016) Effects of exogenous melatonin on germination of rice 
seeds under Cd stresses. J Agro-Environ Sci 35:1034–1041

Liu SX, Huang YZ, Luo ZJ, Huang YC, Yang XW (2017) Effects of 
exogenous melatonin on accumulation and chemical form of Cd 
in rice. J Appl Ecol 28:1588

Liu L, Li W, Song W, Guo M (2018) Remediation techniques for heavy 
metal-contaminated soils: principles and applicability. Sci Total 
Environ 633:206–219

Ma CY, Cai DJ, Yan H (2013) Soil Cd pollution and research progress 
of treatment techniques. Henan Chem Ind 30:17–22

Madigan AP, Egidi E, Bedon F, Franks AE, Plummer KM (2019) 
Bacterial and fungal communities are differentially modified by 
melatonin in agricultural soils under abiotic stress. Front Micro-
biol 10:2616

Mailer RJ (2016) Oilseeds: overview. In: Wrigley C, Corke H, Seethar-
aman K, Faubion J (eds) Encyclopedia of food grains: the world 
of food grains, vol 1. Academic Press, Oxford, UK, pp 221–227

Marques AP, Rangel AO, Castro PM (2009) Remediation of heavy 
metal contaminated soils: phytoremediation as a potentially 
promising clean-up technology. Crit Rev Environ Sci Technol 
39:622–654

Masood A, Iqbal N, Khan NA (2012) Role of ethylene in alleviation of 
cadmium-induced photosynthetic capacity inhibition by sulphur 
in mustard. Plant Cell Environ 35:524–533

Mehmood S, Saeed DA, Rizwan M, Khan MN, Aziz O, Bashir S, Ibra-
him M, Ditta A, Akmal M, Mumtaz MA (2018) Impact of differ-
ent amendments on biochemical responses of sesame (Sesamum 
indicum L.) plants grown in lead-cadmium contaminated soil. 
Plant Physiol Biochem 132:345–355

Meng JF, Xu TF, Wang ZZ, Fang YL, Xi ZM, Zhang ZW (2014) The 
ameliorative effects of exogenous melatonin on grape cuttings 
under water-deficient stress: antioxidant metabolites, leaf anat-
omy, and chloroplast morphology. J Pineal Res 57:200–212

Mir AR, Faizan M, Bajguz A, Sami F, Siddiqui H, Hayat S (2020) 
Occurrence and biosynthesis of melatonin and its exogenous 
effect on plants. Acta Soc Bot Pol 89:1–23

Mourato MP, Moreira IN, Leitão I, Pinto FR, Sales JR, Martins LL 
(2015) Effect of heavy metals in plants of the genus Brassica. 
Int J Mol Sci 16:17975–17998

Moustafa-Farag M, Almoneafy A, Mahmoud A, Elkelish A, Arnao 
MB, Li L, Ai S (2020a) Melatonin and its protective role against 
biotic stress impacts on plants. Biomolecules 10:54

Moustafa-Farag M, Mahmoud A, Arnao MB, Sheteiwy MS, Dafea M, 
Soltan M, Elkelish A, Hasanuzzaman M, Ai S (2020b) Mela-
tonin-induced water stress tolerance in plants: recent advances. 
Antioxidants 9:809

Nabaei M, Amooaghaie R (2019) Melatonin and nitric oxide enhance 
cadmium tolerance and phytoremediation efficiency in Catharan-
thus roseus (L.) G. Don. Environ Sci Pollut Res 27:6981–6994

Nagaharu U (1935) Genome analysis in Brassica with special reference 
to the experimental formation of B. napus and peculiar mode of 
fertilization. Jpn J Bot 7:389–452

Nawaz MA, Huang Y, Bie Z, Ahmed W, Reiter RJ, Niu M, Hameed S 
(2016) Melatonin: current status and future perspectives in plant 
science. Front Plant Sci 6:1230

Nawaz MA, Jiao Y, Chen C, Shireen F, Zheng Z, Imtiaz M, Bie Z, 
Huang Y (2018) Melatonin pretreatment improves vanadium 
stress tolerance of watermelon seedlings by reducing vanadium 
concentration in the leaves and regulating melatonin biosyn-
thesis and antioxidant-related gene expression. J Plant Physiol 
220:115–127

Ni J, Wang Q, Shah FA, Liu W, Wang D, Huang S, Fu S, Wu L (2018) 
Exogenous melatonin confers cadmium tolerance by counterbal-
ancing the hydrogen peroxide homeostasis in wheat seedlings. 
Molecules 23:799

Okazaki M, Higuchi K, Hanawa Y, Shiraiwa Y, Ezura H (2009) Clon-
ing and characterization of a Chlamydomonas reinhardtii cDNA 
arylalkylamine N-acetyltransferase and its use in the genetic 
engineering of melatonin content in the Micro-Tom tomato. J 
Pineal Res 46:373–382

Park J, Song WY, Ko D, Eom Y, Hansen TH, Schiller M, Lee TG, Mar-
tinoia E, Lee Y (2012) The phytochelatin transporters AtABCC1 
and AtABCC2 mediate tolerance to cadmium and mercury. Plant 
J 69:278–288

Prasad M, Strzalka K (2013) Physiology and biochemistry of metal 
toxicity and tolerance in plants. Springer Science & Business 
Media, Dordrecht, pp 1–431

Pulford I, Watson C (2003) Phytoremediation of heavy metal-contam-
inated land by trees—a review. Environ Int 29:529–540

Reiter RJ, Tan DX, Burkhardt S, Manchester LC (2001) Melatonin in 
plants. Nutr Rev 59:286–290

Reiter RJ, Tan DX, Zhou Z, Cruz MHC, Fuentes-Broto L, Galano A 
(2015) Phytomelatonin: assisting plants to survive and thrive. 
Molecules 20:7396–7437

Roy S, Mondal S (2020) Brassicaceae plants response and tolerance 
to metal/metalloid toxicity. In: Hasanuzzaman M (ed) The plant 
family Brassicaceae. Springer, Singapore, pp 363–377

Rubio M, Escrig I, Martinez-Cortina C, Lopez-Benet F, Sanz A (1994) 
Cadmium and nickel accumulation in rice plants. Effects on min-
eral nutrition and possible interactions of abscisic and gibberellic 
acids. Plant Growth Regul 14:151–157

Sabir A, Naveed M, Bashir MA, Hussain A, Mustafa A, Zahir ZA, 
Kamran M, Ditta A, Núñez-Delgado A, Saeed Q (2020) Cad-
mium mediated phytotoxic impacts in Brassica napus: manag-
ing growth, physiological and oxidative disturbances through 
combined use of biochar and Enterobacter sp. MN17. J Environ 
Manag 265:110522

Salt DE, Prince RC, Pickering IJ, Raskin I (1995) Mechanisms of 
cadmium mobility and accumulation in Indian mustard. Plant 
Physiol 109:1427–1433

Sami A, Shah FA, Abdullah M, Zhou X, Yan Y, Zhu Z, Zhou K (2020) 
Melatonin mitigates cadmium and aluminium toxicity through 
modulation of antioxidant potential in Brassica napus L. Plant 
Biol 22:679–690

Shah AA, Ahmed S, Ali A, Yasin NA (2020) 2-Hydroxymelatonin 
mitigates cadmium stress in Cucumis sativus seedlings: modu-
lation of antioxidant enzymes and polyamines. Chemosphere 
243:125308



935Journal of Plant Growth Regulation (2022) 41:922–935	

1 3

Shi H, Jiang C, Ye T, Tan DX, Reiter RJ, Zhang H, Liu R, Chan Z 
(2014) Comparative physiological, metabolomic, and transcrip-
tomic analyses reveal mechanisms of improved abiotic stress 
resistance in bermudagrass [Cynodon dactylon (L). Pers.] by 
exogenous melatonin. J Exp Bot 66:681–694

Stroiński A, Giżewska K, Zielezińska M (2013) Abscisic acid is 
required in transduction of cadmium signal to potato roots. Biol 
Plant 57:121–127

Tal O, Haim A, Harel O, Gerchman Y (2011) Melatonin as an anti-
oxidant and its semi-lunar rhythm in green macroalga Ulva sp. J 
Exp Bot 62:1903–1910

Tan DX, Reiter RJ (2020) An evolutionary view of melatonin synthesis 
and metabolism related to its biological functions in plants. J Exp 
Bot 71:4677–4689

Tan DX, Manchester LC, Helton P, Reiter RJ (2007a) Phytoremediative 
capacity of plants enriched with melatonin. Plant Signal Behav 
2:514–516

Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ (2007b) 
One molecule, many derivatives: a never-ending interaction of 
melatonin with reactive oxygen and nitrogen species? J Pineal 
Res 42:28–42

Tang Y, Lin L, Xie Y, Liu J, Sun G, Li H, Liao M, Wang Z, Liang D, 
Xia H (2018) Melatonin affects the growth and cadmium accu-
mulation of Malachium aquaticum and Galinsoga parviflora. Int 
J Phytoremediat 20:295–300

Tang Y, Li J, Li H (2015) Effects of exogenous melatonin on photosyn-
thetic characteristics of eggplant (Solanum melongena L.) under 
cadmium stress. In: Jiang ZY (ed) Proceedings of the 2015 6th 
international conference on manufacturing science and engineer-
ing, Atlantis Press, Netherlands, pp 580–583

Tiwari RK, Lal MK, Naga KC, Kumar R, Chourasia KN, Subhash 
S, Kumar D, Sharma S (2020) Emerging roles of melatonin in 
mitigating abiotic and biotic stresses of horticultural crops. Sci 
Hortic 272:109592

Ullah A, Heng S, Munis MFH, Fahad S, Yang X (2015) Phytoremedia-
tion of heavy metals assisted by plant growth promoting (PGP) 
bacteria: a review. Environ Exp Bot 117:28–40

Umapathi M, Kalarani M, Bharathi MU, Kalaiselvi P (2018a) Cad-
mium induced stress mitigation in tomato by exogenous mela-
tonin. Int J Pure Appl Biosci 6:903–909

Umapathi M, Kalarani M, Srinivasan S (2018b) Optimization of mela-
tonin to mitigate cadmium stress at seedling level in tomato. 
Madras Agric J 105:471–475

Wang Y, Ji J, Bu H, Zhao Y, Xu Y, Johnson CH, Kolár J (2009) Genetic 
transformation of Nicotiana tabacum L. by Agrobacterium tume-
faciens carrying genes in the melatonin biosynthesis pathway and 

the enhancement of antioxidative capability in transgenic plants. 
Chin J Biotechnol 25:1014–1021

Wang P, Chen H, Kopittke PM, Zhao FJ (2019) Cadmium contamina-
tion in agricultural soils of China and the impact on food safety. 
Environ Pollut 249:1038–1048

Wang J, Chen X, Chi Y, Chu S, Hayat K, Zhi Y, Hayat S, Terziev 
D, Zhang D, Zhou P (2020) Optimization of NPK fertilization 
combined with phytoremediation of cadmium contaminated soil 
by orthogonal experiment. Ecotoxicol Environ Saf 189:109997

Wei Y, Zeng H, Hu W, Chen L, He C, Shi H (2016) Comparative tran-
scriptional profiling of melatonin synthesis and catabolic genes 
indicates the possible role of melatonin in developmental and 
stress responses in rice. Front Plant Sci 7:676

Xiang G, Lin L, Liao MA, Tang Y, Liang D, Xia H, Wang J, Wang X, 
Sun G, Zhang H, Zou Y, Ren W (2019) Effects of melatonin on 
cadmium accumulation in the accumulator plant Perilla frutes-
cens. Chem Ecol 35:553–562

Xu L, Zhang F, Tang M, Wang Y, Dong J, Ying J, Chen Y, Hu B, Li 
C, Liu L (2020) Melatonin confers cadmium tolerance by modu-
lating critical heavy metal chelators and transporters in radish 
plants. J Pineal Res 69:e12659

Yan A, Wang Y, Tan SN, Yusof MLM, Ghosh S, Chen Z (2020) Phy-
toremediation: a promising approach for revegetation of heavy 
metal-polluted land. Front Plant Sci 11:359

Ye T, Yin X, Yu L, Zheng SJ, Cai WJ, Wu Y, Feng YQ (2019) Meta-
bolic analysis of the melatonin biosynthesis pathway using 
chemical labeling coupled with liquid chromatography-mass 
spectrometry. J Pineal Res 66:e12531

Yu Y, Lv Y, Shi Y, Li T, Chen Y, Zhao D, Zhao Z (2018) The role 
of phytomelatonin and related metabolites in response to stress. 
Molecules 23:1887

Zhang N, Sun Q, Zhang H, Cao Y, Weeda S, Ren S, Guo YD (2015) 
Roles of melatonin in abiotic stress resistance in plants. J Exp 
Bot 66:647–656

Zhang J, Zeng B, Mao Y, Kong X, Wang X, Yang Y, Zhang J, Xu 
J, Rengel Z, Chen Q (2017) Melatonin alleviates aluminium 
toxicity through modulating antioxidative enzymes and enhanc-
ing organic acid anion exudation in soybean. Funct Plant Biol 
44:961–968

Zhao YQ, Zhang ZW, Chen YE, Ding CB, Yuan S, Reiter RJ, Yuan M 
(2021) Melatonin: a potential agent in delaying leaf senescence. 
Crit Rev Plant Sci 40:1–22

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Exogenous Melatonin Enhances Cd Tolerance and Phytoremediation Efficiency by Ameliorating Cd-Induced Stress in Oilseed Crops: A Review
	Abstract 
	Graphic Abstract
	Background
	Biosynthetic Pathways of Melatonin Under Cd Stress Condition
	Molecular Basis of Melatonin Mediated Cd Stress Responses and Signal Transduction Pathways in Plants
	The Mechanistic Basis of Melatonin Mediated Cd Stress Responses in Oilseed Crops
	Conclusions and Future Proposals
	Acknowledgements 
	References




