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Current research and future directions 
of melatonin’s role in seed germination
Ze Liu1, Hengrui Dai1, Jinjiang Hao1, Rongrong Li1, Xiaojun Pu1, Miao Guan1* and Qi Chen1*    

Abstract 

Seed germination is a complex process regulated by internal and external factors. Melatonin (N-acetyl-5-meth-
oxytryptamine) is a ubiquitous signaling molecule, playing an important role in regulating seed germination 
under normal and stressful conditions. In this review, we aim to provide a comprehensive overview on melatonin’s 
effects on seed germination on the basis of existing literature. Under normal conditions, exogenous high levels 
of melatonin can suppress or delay seed germination, suggesting that melatonin may play a role in maintaining seed 
dormancy and preventing premature germination. Conversely, under stressful conditions (e.g., high salinity, drought, 
and extreme temperatures), melatonin has been found to accelerate seed germination. Melatonin can modulate 
the expression of genes involved in ABA and GA metabolism, thereby influencing the balance of these hormones 
and affecting the ABA/GA ratio. Melatonin has been shown to modulate ROS accumulation and nutrient mobilization, 
which can impact the germination process. In conclusion, melatonin can inhibit germination under normal condi-
tions while promoting germination under stressful conditions via regulating the ABA/GA ratios, ROS levels, and meta-
bolic enzyme activity. Further research in this area will deepen our understanding of melatonin’s intricate role in seed 
germination and may contribute to the development of improved seed treatments and agricultural practices.
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Introduction
Seed germination is a crucial stage in the life cycle of 
seed plants, which is indispensable for maintaining eco-
logical balance, biodiversity, and maintaining ecosystem 
stability. Seed germination is defined as the initiation of 
the seed from water absorption and completion when 
the radicle protrudes from the seed coat (Ibrahim et  al. 
2021; Wolny et  al. 2018). Both external conditions (e.g., 
moisture, temperature, abiotic stress, after-ripening) and 
internal factors (e.g., endogenous phytohormones, ROS) 

can affect seed germination (Carrera et al. 2008; Ibrahim 
et al. 2021).

Melatonin (N‐acetyl‐5‐methoxytrytamine) is a ubiq-
uitous signaling molecule in plants and animals. The 
biosynthetic melatonin in plant cells is often called phy-
tomelatonin, which regulates multiple plant growth 
stages and processes, including seed germination, stress 
response, and plant immunity. Phytomelatonin is syn-
thesized using tryptophan as a precursor through four-
step enzymatic reactions catalyzed by six biosynthesizing 
enzymes, namely tryptophan hydroxylase (TPH), tryp-
tophan decarboxylase (TDC), tryptamine-5-hydroxylase 
(T5H), N-acetylserotonin methyltransferase (ASMT), 
caffeic acid-O-methyltransferase (COMT), serotonin-
N-acetyltransferase (SNAT). Among them, SNAT and 
ASMT have been regarded as rate-limiting enzymes 
(Back 2021; Back et al. 2016). In 2018, the first phytome-
latonin receptor (PMTR1) has been found in Arabidop-
sis thaliana (Wei et al. 2018). Further studies have found 
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that PMTR1 is required for perceiving melatonin sign-
aling in the regulation of stomatal closure and stomatal 
immunity, seed germination and seedling growth, flow-
ering, resistance to drought, salt and high light stresses, 
and leaf senescence (Khan et al. 2023; Li et al. 2020a; Wei 
et al. 2018; Yang et al. 2021a; Yin et al. 2022).

In addition to its recognized importance as a plant hor-
mone in plant development, melatonin also plays vari-
ous roles in regulating seed germination under different 

conditions (Table  1). However, the role of melatonin in 
plant seed germination has not been well assessed. In this 
review, we appraise the literature on this nascent field, 
paying particular attention to the effects of melatonin 
on seed germination in both normal and stressful condi-
tions. We further explore the interplay between abscisic 
acid (ABA), gibberellic acid (GA), reactive oxygen spe-
cies (ROS), and melatonin in the regulation of seed ger-
mination. Finally, we provide an overview of melatonin’s 

Table 1  Effect of melatonin on seed germination under different conditions

Conditions Species Concentrations of melatonin 
(μM)

Effect 
on seed 
germination

Reference

1/2MS Arabidopsis thaliana 500 inhibition (Lv et al. 2021)

Arabidopsis thaliana 10 no effcet (Lv et al. 2021; Yin et al. 2022)

Wet filter paper Stevia (Stevia rebaudiana) 500 inhibition (Simlat et al. 2018)

Stevia (Stevia rebaudiana) 5 promotion (Simlat et al. 2018)

Chilling stress Waxy Maize (Zea mays) 50 promotion (Cao et al. 2019)

Wheat(Triticum aestivum) 500 or 1000 promotion (Li et al. 2018; Zhang et al. 2021a)

Maize (Zea mays) 50 promotion (Kolodziejczyk et al. 2021)

Cucumber (Cucumis sativus) 10 or 25 promotion (Posmyk et al. 2009; Zhang et al. 
2022)

Rice (Oryza sativa) 150 promotion (Li et al. 2021b)

Heat stress Arabidopsis thaliana 300 promotion (Hernandez et al. 2015)

Rice (Oryza sativa) 100 promotion (Yu et al. 2022)

Osmotic (or drought) stress Wheat (Triticum aestivum) 1 or 300 promotion (Cui et al. 2018; Li, et al. 2020b)

Cucumber (Cucumis sativus) 50 promotion (Zhang et al. 2013)

Cotton (Gossypium hirsutum) 100 promotion (Bai et al. 2020)

Triticale (Triticale hexaploide) 20 promotion (Guo et al. 2022)

Maize (Zea mays) 250 promotion (Muhammad et al. 2023)

Aged Maize (Zea mays) 10 promotion (Deng et al. 2017)

Oat (Avena sativa) 200 promotion (Yan et al. 2020; Yan et al., 2021)

Salt stress Wheat (Triticum aestivum) 1 or 300 promotion (Wang et al. 2022; Zhang et al. 
2021b)

Halophyte sea lavender (Limo-
nium bicolor)

1 promotion (Li et al. 2019)

Cotton (Gossypium hirsutum) 20 promotion (Chen et al. 2020b, 2021)

Alfalfa (Medicago sativa) 150 promotion (Yu et al. 2021)

Cucumber (Cucumis sativus) 1 promotion (Zhang et al. 2014, 2017)

Stevia (Stevia rebaudiana) 5 promotion (Simlat et al. 2020)

Tomato (Solanum lycopersicum) SlCOMT1 overexpression promotion (Ge et al. 2023)

Arabidopsis thaliana VvSNAT1 overexpression promotion (Wu et al. 2021)

Cr stress Wheat(Triticum aestivum) 100 promotion (Lei et al. 2021)

Rice (Oryza sativa) 50 promotion (Li et al. 2022a)

Cu stress Rice(Oryza sativa) 100 promotion (Li et al. 2022b)

Red cabbage (Brassica oleracea 
rubrum)

10 promotion (Posmyk et al. 2008)

Dark Almond (Prunus dulcis) 20 promotion (García-Sánchez et al. 2022)

Cotton (Gossypium hirsutum) 20 promotion (Xiao et al. 2019)

Soil Soybean(Glycine max) 50 promotion (Wei et al. 2015)

1 mM ABA Melon (Cucumis melo) 500 promotion (Li et al. 2021b)
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involvement in seed germination and propose future 
research directions to elucidate the molecular mecha-
nisms of the melatonin signaling pathway and its poten-
tial implications in agricultural production.

Melatonin regulates seed germination 
under normal conditions
High concentrations of melatonin inhibit seed germination
Melatonin can inhibit seed germination under normal 
conditions. Recently, Lv et  al. (2021) found that exog-
enous melatonin application at low concentrations (e.g., 
10 μM and 100 μM) had no effect on the germination of 
Arabidopsis thaliana seeds, while high concentrations 
(e.g., 500 μM and 1000 μM) of melatonin inhibited seed 
germination (Lv et al. 2021). Similarly, a high concentra-
tion (500  μM) of melatonin had a significant inhibitory 
effect on the germination of Stevia rebaudiana seeds 
compared with no melatonin treatment (Simlat et  al. 
2018). In addition, the modulation of melatonin biosyn-
thesis genes using T-DNA insertion or over-expression 
alleles induces phenotypes consistent with melatonin 
playing a negative role in seed germination. For exam-
ple, Arabidopsis comt1 or asmt mutant seeds showed 
higher germination rates than the wild type (WT), while 
seeds from the ASMT-overexpressing plants showed a 
lower germination rate than WT. The inhibitory effect 
of melatonin on seed germination remained unaffected 
in the pmtr1 mutant, indicating that PMTR1 may not be 
involved in the melatonin-mediated inhibition of seed 
germination (Lv et  al. 2021). However, a more recent 
study by Yin et  al. (2022) revealed contrasting find-
ings. They found that the germination rate of the pmtr1 
mutant was higher compared to that of the WT. Con-
versely, the germination rate of PMTR1-overexpressing 
seeds was lower than that of the WT (Yin et  al. 2022). 
Actually, the concentrations (500 and 1000 μM) of exoge-
nous melatonin applied by Lv et al. (2021) were very high, 
exceeding the binding threshold of PMTR1. However, 
further investigation is necessary to determine the pre-
cise role of PMTR1 in the melatonin-mediated regulation 
of seed germination.

Melatonin regulates seed germination by interacting 
with plant hormones ABA, GA and auxin
ABA and GA are two well-known hormones in regu-
lating seed germination. ABA induces seed dormancy 
and inhibits seed germination, while GA breaks seed 
dormancy and promotes seed germination. In order to 
complete germination, the content of ABA decreases 
gradually while GA increases gradually after imbibition 
(Pan et al. 2021; Shu et al. 2016). Numerous studies have 
shown that seed germination depends on the balance 
between ABA and GA, rather than their absolute levels. 

An increase in the ABA/GA ratio inhibits seed germi-
nation, while a decrease in the ratio promotes it. (Chen 
et al. 2020a; Shu et al. 2016).

The biosynthesis and catabolism of ABA in plants are 
highly complex, involving multiple pathways that col-
lectively determine ABA levels. In most plants, ABA 
biosynthesis begins with β-carotene and progresses 
through six or seven sequential steps to produce ABA. 
Several key enzymes catalyze the biosynthesis process, 
including Zeaxanthin Epoxidase (ZEP), 9-cis-epoxy-
carotenoid dioxygenase (NCEDs), ABA Deficiency 2 
(Short Chain Alcohol Dehydrogenase, ABA2), and absci-
sic aldehyde oxidase 3 (AAO3). It is worth noting that 
NCEDs is regarded as a rate-limiting enzyme in this 
process (Schwartz et  al. 2003; Yin et  al. 2022). Alterna-
tively, ABA catabolism involves the catalytic action of 
cytochrome P450s, specifically family 707 and subfam-
ily A (CYP707As) (Ali et al. 2022; Yin et al. 2022). It has 
been proposed that the ABA content in seeds is primar-
ily regulated by the expression of NCEDs and CYP707As 
genes (Tuan et  al. 2018). GA is produced with gera-
nylgeranyl diphosphate as a precursor though multiple 
reactions catalyzed by various enzymes. These enzymes 
include ent-copalyl diphosphate synthase (CPS), ent-
kaurene synthase (KS), ent-kaurene oxidase (KO) and 
ent-kaurenoic acid oxidase (KAO) (Xie et al., 2020). The 
level of bioactive GA depends on the balance between 
their biosynthesis and deactivation. The biosynthesis of 
GA is mainly catalyzed by GA20 oxidase (GA20ox) and 
GA3 oxidase (GA3ox), and their deactivation is mainly 
controlled by GA2 oxidase (GA2ox) (Tuan et al. 2018).

In Arabidopsis thaliana, Lv et  al. (2021) found that 
high concentrations of exogenous melatonin upregu-
lated ABA biosynthesis genes in seeds, including 
NCED3 and ABA2, resulting in increased ABA con-
tents. However, the impact on GA was minimal, result-
ing in an elevated ABA/GA ratio, which ultimately 
inhibited seed germination (Lv et  al. 2021). Further-
more, melatonin exhibited a significant enhancement in 
the expression of ABI3 and ABI5, indicating that mela-
tonin partially governs seed germination through the 
ABA pathways mediated by ABI3 and ABI5 (Lv et  al. 
2021). Consistent with this finding, the expression of 
ABI5 in the seeds of the asmt mutant was observed to 
be lower compared to the WT. Conversely, the ABI5 
expression in ASMT-overexpressing seeds was higher 
than that in the WT (Lv et  al. 2021). Moreover, Yin 
et  al. (2022) demonstrated that expression levels of 
ABA catabolism genes (CYP707A1-A4) in dry seeds of 
the pmtr1 mutant were significantly higher than that of 
the WT. Conversely, the expression of the ABA cata-
bolic gene in overexpressing-PMTR1 seeds was signifi-
cantly lower than in the WT. Consequently, the ABA 
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contents in the pmtr1 mutant seeds were lower than in 
the WT, whereas the ABA contents in PMTR1-overex-
pressing seeds were higher than in the WT (Yin et  al. 
2022). These findings suggest that PMTR1 may play a 
role in regulating ABA catabolism during seed develop-
ment and germination in Arabidopsis thaliana.

Auxin is another indole derivative that shares the 
same synthetic precursor, tryptophan, with the mela-
tonin (Arnao et al., 2014; Lv et al. 2021). Auxin has pre-
viously been shown to inhibit Arabidopsis thaliana seed 
germination in an ABA-dependent manner (Liu et  al. 
2013). Interestingly, Lv et al. (2021) reported that exog-
enous IAA can alleviate the inhibition of melatonin on 
seed germination. Furthermore, melatonin was found 
to increase contents of IAA in Arabidopsis thaliana 
seeds via upregulating expression of the IAA response 
genes (e.g., IAA3 and IAA13) (Lv et al. 2021). This could 
be attributed to the competitive mechanism between 
endogenous IAA and melatonin biosynthesis following 
treatment with melatonin or IAA. These findings suggest 
that melatonin plays a similar role to auxin in inhibiting 
seed germination. However, an antagonistic competition 
may also occur in their intracellular signaling pathways.

ABA, GA, and auxin exhibit complex crosstalk with 
melatonin during seed germination. Melatonin and ABA 
act synergistically to inhibit seed germination, while mel-
atonin and GA have opposing effects: GA promotes seed 
germination, while melatonin inhibits it. Additionally, 
melatonin and auxin counteract each other, with auxin 
enhancing the inhibitory effect of melatonin on seed ger-
mination (Lv et al. 2021). In the regulation of seed germi-
nation, several other plant hormones also play significant 
roles. For example, auxin and jasmonic acid could inhibit 
seed germination, while ethylene and brassinosteroids 
have promotion effects (Ibrahim et  al. 2021; Pan et  al. 
2023; Steber et  al., 2001; Wang et  al. 2020). Crosstalk 
between melatonin and other phytohormones in non-
seed germination stage has been reported. For example, 
melatonin has been shown to regulate auxin biosynthe-
sis and signaling for plant root development (Liang et al. 
2017; Yang et al. 2021b). Melatonin enhances postharvest 
disease resistance in blueberry fruit by modulating the 
jasmonic acid signaling pathway (Qu et  al. 2022). Mela-
tonin treatment reduces ethylene production and helps 
maintain apple fruit quality during post-harvest storage 
(Onik et al. 2021). Additionally, melatonin plays an active 
role in regulating growth in dark or shaded conditions 
by affecting brassinosteroid biosynthesis (Hwang and 
Back 2018). However, the question of whether crosstalk 
between melatonin and other plant hormones occurs 
during seed germination remains to be explored.

Melatonin affects seed germination by regulating ROS
Reactive Oxygen Species (ROS) are proposed as "Oxi-
dative Window for Germination" to initiate seed ger-
mination and release seed dormancy (Bailly et al. 2008; 
Waszczak et al. 2018). They are mainly produced by the 
mitochondrial electron transport chain and NADPH 
oxidase (also known as respiratory burst oxidase 
homologues, RBOHs) after seed imbibition and prior 
to radical protrusion (Bailly 2019; Jurdak et  al. 2021). 
The external application of H2O2 can break seed dor-
mancy and promote seed germination (Liu et al. 2010). 
To complete germination successfully, seeds need to 
accumulate high levels of ROS in a very short time. 
Thereafter ROS are dramatically decreased to func-
tion as signaling molecules in regulating plant growth 
(Bailly 2019; Leymarie et al. 2012; Liu et al. 2010). On 
the other hand, ROS are commonly considered as toxic 
compounds because they can react with almost all bio-
logical molecules, including lipids, nucleic acids and 
proteins, causing severe cellular and biological dam-
age (Demidchik 2015; Mittler 2002). Due to this dual 
role, Jurdak et  al. (2022) proposed that seed germina-
tion can only occur when ROS contents are controlled 
within a suitable range to ensure ROS signaling rather 
than ROS damage. Either too low or too high ROS lev-
els would impair seed germination (Jurdak et al. 2022). 
During seed germination, appropriate ROS can cross 
talk with other phytohormones, mainly ABA and GA. 
Some studies have shown that the accumulation of 
H2O2 in seeds can increase germination and decrease 
ABA contents by up-regulating the genes (CYP707As) 
responsible for ABA catabolism (Liu et al. 2010). It has 
also been demonstrated that ROS stimulates GA bio-
synthesis by up-regulating genes such as GA3OX1 and 
GA20OX1 (Kai et al. 2016; Liu et al. 2010).

Melatonin, a widely recognized antioxidant, has been 
demonstrated to activate the plant’s antioxidant sys-
tem to eliminate ROS (Bajwa et al. 2014; Lu et al. 2022). 
Therefore, when melatonin is applied under normal 
germination conditions, ROS accumulation in seeds 
can decrease to excessively low levels, which may hin-
der efficient germination. Simultaneously, inadequate 
ROS accumulation can hinder the stimulatory effects of 
ROS on ABA catabolism and GA biosynthesis, leading 
to an elevated ABA/GA ratio that inhibits seed germi-
nation (Fig.  1). However, during seed germination, it 
remains unclear whether high concentrations of mela-
tonin directly increase ABA biosynthesis or whether 
melatonin first reduces the level of ROS, thereby inhib-
iting subsequent the ROS-mediated regulation of ABA 
catabolism.



Page 5 of 11Liu et al. Stress Biology            (2023) 3:53 	

Melatonin promotes seed germination 
under stressful conditions
Melatonin promotes seed germination by regulating ABA 
and GA
Stressful germination conditions can lead to an increase 
or a decrease in ABA or GA levels in seeds, respectively. 
For instance, under salt stress, soybean seeds accumu-
lated high levels of ABA due to the up-regulation of ABA 
biosynthesis genes GmNCEDs and GmAAO, while GA 
levels were reduced by the down-regulation of GA bio-
synthesis genes GmKAO and GmGA3OX1, as well as the 
up-regulation of a GA catabolic gene, GmGA2OX8 (Shu 
et al. 2017). However, melatonin can decrease ABA levels 
and increase GA levels, thus reversing the consequences 
caused by stress treatment and ensuring seed germina-
tion. When 10  μM of melatonin was applied to cotton 
seeds germinating under salt stress, lower levels of ABA 
and higher levels of GA were observed in the seeds com-
pared to those without melatonin treatments. Similar 
results were consistently found in rice seeds germinating 
under chromium and low-temperature stress, in cucum-
ber seeds germinating under low-temperature stress, in 
Limonium bicolor seeds germinating under salt stress 
(Li et  al. 2019, 2021a, 2022a; Zhang et  al. 2014, 2022). 
In addition, the reduction of ABA contents through 

melatonin application under stressful conditions was 
demonstrated to be involved in the down-regulation of 
ABA biosynthesis genes NCEDs (e.g., NCED1, NCED3) 
and the up-regulation of ABA catabolic genes CYP707As 
(e.g., CYP707A1, CYP707A2) (Li et al. 2019; Zhang et al. 
2014, 2022). Regarding GA, researchers have discov-
ered that the increase in GA contents in seeds under 
salt stress was attributed to the up-regulation of the GA 
biosynthesis genes GA20OX and GA3OX (Li et al. 2019; 
Zhang et  al. 2014, 2022). Consistent with the informa-
tion provided, the overexpression of melatonin biosyn-
thesis genes can also lead to the phenotype of reduced 
ABA levels and increased GA levels for seed germination 
under stressful conditions. For instance, Ge et al. (2023) 
engineered a SlCOMT-overexpressing Solanum lyco-
persicum L. to enhance melatonin contents in the trans-
genic seeds. In comparison to WT, the transgenic seeds 
exhibited decreased ABA contents, which were attrib-
uted to down-regulation of an ABA biosynthesis gene 
SlABA1 and the up-regulation of an ABA catabolic gene, 
SlCYP707A1. Meanwhile, the GA contents were elevated 
in the transgenic plants due to the up-regulation of a GA 
biosynthesis gene, SlGA3OX. Consequently, these find-
ings contribute to enhanced salt tolerance and improved 
seed germination in the SlCOMT-overexpressing plant 

Fig. 1  Melatonin inhibits seed germination under normal conditions. Exogenous melatonin can promote the biosynthesis of endogenous 
melatonin, and endogenous melatonin can enhance the expression of ABI5. Melatonin promotes ABA biosynthesis by up-regulating the expression 
of ABA biosynthesis genes such as NCEDs, thereby enhances ABI5 and ABI3 expression. As an antioxidant, melatonin may reduce the amount 
of H2O2. H2O2 accelerates the breakdown of ABA by up-regulating catabolic genes, such as CYP707As. H2O2 promotes GA biosynthesis 
by up-regulating the expression of GA biosynthesis genes, such as KS. Melatonin can promote IAA biosynthesis and signaling. ABA and IAA inhibited 
seed germination. GA and H2O2 promoted seed germination. The arrows represent promotion, the short lines represent inhibition, and the dashed 
lines represent possible pathways
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(Ge et al. 2023). Similarly, seeds of the VvSNAT1-overex-
pressing Arabidopsis thaliana exhibited enhanced toler-
ance to salt stress and faster germination in comparing to 
the WT (Wu et al. 2021).

Melatonin also plays an indirect role in the regula-
tion of ABA signaling components, facilitating effective 
control of seed germination under stressful conditions. 
For example, treatment with melatonin has been shown 
to reduce the ABA content in cucumber seeds exposed 
to low temperatures. In this context, the ABA receptor 
PYR/PYL/RCAR is unable to bind to ABA, thus inhibit-
ing the binding of CsPYL to CsPP2C. Consequently, this 
leads to an increase in CsPP2C activity, while simulta-
neously blocking the activation of CsSnRK2.1 and the 
phosphorylation of downstream factors such as ABA 
responsive element binding factor (ABF)/ABA respon-
sive element binding protein (AREB) by CsSnRK2.1 
(Zhang et al. 2022). In a separate study, Li et al. (2022b) 
found that the rice mutant abi5, which lacks the ability to 
respond to melatonin-induced relief from Cr stress, sug-
gests a potential relationship between ABI5 and the alle-
viation of Cr stress by melatonin (Li et al. 2022b).

Melatonin promotes seed germination by removing 
excessive ROS
A number of studies have shown that plants can produce 
a significant amount of ROS (including H2O2, O2-, OH−, 
etc.) when growing under stressful conditions (Lin et al. 
2013; Liu et al. 2019; Luo et al. 2021). Unlike their signal-
ing function under normal conditions that promote seed 
germination, ROS produced under stress can cause dam-
age to plant cells and are not conducive to plant growth 
and development.

Melatonin has been regarded as a master regulator 
of ROS signaling (Chen et  al., 2022; Wei et  al. 2018). 
When plants are grown under stressful conditions like 
salt stress, drought stress, UV-B exposure, and others, 
melatonin can rapidly activate the antioxidant systems. 
This activation helps to eliminate excess ROS and reduce 
oxidative damage within the plants (Fan et al. 2018; Has-
san et al. 2022; Liu et al. 2022; Sharif et al. 2018; Yao et al. 
2021). For instance, melatonin treatment was observed 
to enhance the germination of waxy maize under cold 
stress (Cao et  al. 2019). Concurrently, the activities of 
several antioxidant enzymes, including superoxide dis-
mutase (SOD), peroxidase (POD), catalase (CAT), and 
ascorbate peroxidase (APX), were significantly increased 
in the group treated with melatonin. Furthermore, the 
levels of H2O2 and malondialdehyde (MDA) produced 
as results of cold stress were significantly decreased. This 
demonstrates the role of melatonin in mitigating oxida-
tive stress and supporting seed germination in stressful 
conditions (Cao et  al. 2019). Kolodziejczyk et  al. (2021) 

revealed that melatonin has the capability to enhance 
maize seed germination under cold stress (Kolodziejczyk 
et al. 2021). This improvement is attributed to melatonin’s 
ability to elevate the activities of glutathione (GST) and 
glutathione reductase (GSSG-R). These findings sug-
gest that melatonin plays a role in boosting the antioxi-
dative defense mechanisms in maize seeds subjected to 
cold stress, thereby aiding in the germination process 
(Kolodziejczyk et al. 2021).

Melatonin promotes seed germination by regulating 
nutrient mobilization in seeds
Desiccated seeds are rich in storage substances, such as 
starch, storage proteins, and lipids. During seed germi-
nation, these substances are broken down and efficiently 
reutilized to provide the energy required for the initiat-
ing of germination and to facilitate a smooth transition 
into early seedling growth. In seeds, the primary enzymes 
responsible for starch breakdown are α-amylase and 
β-amylase. Among these, α-amylase plays a crucial role in 
remobilizing starch from the endosperm. It achieves this 
by hydrolyzing α-1, 4-glucan bonds within starch, con-
verting them into amylose (Damaris et al. 2019; Zeeman 
et al. 2007). This metabolic process generates transport-
able nutrients, such as maltose and glucose, which play a 
crucial role in supporting seedling growth (Damaris et al. 
2019; Krasensky et al., 2012) These nutrients are closely 
associated with both seed germination and the abil-
ity of plants to tolerate a range of abiotic stresses, such 
as drought, salinity, and extreme temperatures. On the 
other hand, during seed germination, the storage pro-
teins need to be hydrolyzed by protease into free amino 
acids, for recompositing into new proteins to perform 
their function (Yu et al. 2015). Triacylglycerol (TAG), as 
the main storage lipid in seeds, needs to be catalyzed by 
TAG lipase to release fatty acids to produce acetyl-CoA 
that performs important biological roles in plants (Goep-
fert et al., 2007; Huang et al. 2021; Shrestha et al. 2016).

With respect to the utilization of seed storage for ger-
mination, ABA has been found to counteract the effects 
of GA. For instance, ABA can inhibit the metabolism of 
seed reserves (Tonini et al. 2010). However, GA can acti-
vate the expression of the α-amylase gene through the 
GA response element (GARC) in the gene promoter. This 
activation leads to the biosynthesis of α-amylase in seeds, 
facilitating the breakdown of starch (Lanahan et al. 1992; 
Shaik et al. 2014).

Melatonin has been proven to enhance the utiliza-
tion of seed storage during germination under stressful 
conditions. For instance, the application of melatonin 
under Cr stress significantly increased the content 
of soluble sugars produced from starch breakdown 
in wheat seeds (Lei et  al. 2021). This increase was 



Page 7 of 11Liu et al. Stress Biology            (2023) 3:53 	

accompanied by an improved activity of α-amylase. 
Furthermore, the seeds treated with melatonin exhib-
ited higher contents of free amino acids resulting from 
proteolysis, compared to the group without mela-
tonin application (Lei et al. 2021). Similarly, Cao et al. 
(2019) found that melatonin can enhance the activity 
of α-amylase and β-amylase in waxy maize seeds under 
cold stress, thereby promoting starch hydrolysis, lead-
ing to an increase in soluble and reducing sugar con-
tents, and ultimately promoting seed germination (Cao 
et  al. 2019). Zhang et  al. (2017) employed a forward 
proteomics approach to investigate the mechanisms 
through which melatonin promotes cucumber seed 
germination under salt stress (Zhang et al. 2017). Their 
findings revealed that melatonin not only enhances the 
expression of anti-stress proteins within the seeds, but 
also substantially increases the expression of proteins 
involved in ATP production for energy metabolism 
across glycolysis, the citric acid cycle, and the glyox-
ylic acid cycle. Additionally, their research indicated 
that melatonin treatment significantly reduces the con-
tent of fatty acids, which are pivotal in mediating the 
utilization of seed reserves. This reduction suggests 
that melatonin facilitates the catabolism of fatty acids, 

thus providing the necessary energy for stress resist-
ance during seed germination (Zhang et al. 2017). The 
phenomenon of increased seed reserve utilization dur-
ing germination under stressful conditions can also be 
induced by overexpressing the melatonin biosynthe-
sis gene COMT. Ge et  al. (2023) developed Solanum 
lycopersicum L. plants with overexpressed SlCOMT, 
which resulted in seeds displaying enhanced germina-
tion under salt stress. This enhancement was attributed 
to the increased activity of amylase, alongside elevated 
levels of soluble sugars and proline within the seeds (Ge 
et  al. 2023). These findings clearly indicate that mela-
tonin can improve the utilization of stored substances 
in seeds by upregulating the activity of related catabolic 
enzymes, thereby improving seed germination under 
stressful conditions.

The exact mechanism by which melatonin regulates 
the activity of substance metabolism enzymes is not yet 
fully understood. It was speculated that melatonin treat-
ment could increase the content of GA, leading to the 
upregulation of α-amylase genes (Lei et al. 2021; Damaris 
et al. 2019). On the other hand, Zhao et al. (2015) dem-
onstrated that melatonin directly upregulates the expres-
sion of the SUS2 gene in maize. The enzyme encoded by 

Fig. 2  Melatonin promotes seed germination under stressful conditions. Briefly, melatonin can improve the internal conditions of seeds 
by regulating the level of plant hormones ABA and GA, and removing extra ROS from seeds to reduce the oxidative damage. In addition, exogenous 
melatonin can promote the biosynthesis of endogenous melatonin, and endogenous melatonin promotes the mobilization of nutrients in seeds 
in a couple of ways: 1) melatonin down-regulates the expressions of ABA biosynthesis genes (such as NCEDs) and up-regulates the expressions 
of ABA catabolic genes (CYP707As), thus reduces the ABA content to alleviate the inhibitory effect of ABA on the mobilization of nutrients in seeds; 
2) melatonin promotes the GAs biosynthesis by up-regulating the expressions of GAs biosynthesis genes (such as GA3ox), and the positive effect 
of GAs on nutrient mobilization in seeds can be enhanced; 3) As an antioxidant, melatonin reduces ROS by improving the activity of antioxidant 
enzymes (such as SOD and POD), to decrease the oxidative damage aroused from stressful conditions to seeds, and ensures efficient mobilization 
of nutrients in seeds. The arrows represent promotion, the short lines represent inhibition
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the SUS2 gene is responsible for the decomposition of 
sucrose (Zhao et al. 2015). Nevertheless, further research 
is needed to shed light on the precise mechanisms under-
lying melatonin’s regulation of substance metabolism 
enzymes.

Conclusions and prospectives
Seed germination is a highly complex process that is 
influenced by multiple factors. Melatonin, a versatile 
signaling molecule, plays a regulatory role in the bal-
ance of ABA/GA and ROS contents in seeds during seed 
germination. This in turn affects substance metabolism 
and regulates seed germination. Under normal germi-
nation conditions, melatonin upregulates the expression 
of ABA biosynthesis genes, leading to an increase in the 
ABA/GA ratio. Additionally, exogenous high levels of 
melatonin have the potential to decrease the levels of 
reactive oxygen species (ROS) below the normal range. 
This reduction in ROS contents obstructs the downward 
transmission of ROS signals, ultimately resulting in the 
inhibition of seed germination (Fig.  1). Under stressful 
germination conditions, melatonin reduces the ratio of 
ABA/GA by downregulating the expression of ABA bio-
synthesis genes and upregulating the expression of GA 
biosynthesis genes and ABA catabolism genes. Simulta-
neously, melatonin reduces the ROS contents induced by 
stress through the upregulation of antioxidant enzyme 
genes. This promotes material metabolism in seeds, ulti-
mately facilitating seed germination (Fig. 2).

In recent years, the regulatory role of melatonin in 
seed germination has been continuously studied. How-
ever, the specific regulatory mechanisms are largely 
unknown. (1) There is evidence suggesting that the 
phytomelatonin receptor PMTR1 plays a negative regu-
latory role in seed germination in Arabidopsis thaliana 
(Yin et  al., 2022a). However, Yu et  al. (2021) reported 
that MsPMTR1 is required for the melatonin-pro-
moted alfalfa seed germination under salt stress condi-
tions (Yu et al. 2021). Nevertheless, it remains unclear 
whether melatonin relies on its receptor PMTR1 to 
directly participate in the regulation of seed germina-
tion under both normal and stressful conditions, and 
the underlying mechanism behind this interaction 
remains unknown. (2) In addition to ABA and GA, sev-
eral other plant hormones are involved in the regula-
tion of seed germination. Crosstalk between melatonin 
and other phytohormones has been reported in non-
seed germination stages. However, it remains unclear 
whether there is crosstalk between melatonin and other 
plant hormones specifically during seed germination. 
If such crosstalk exists, the underlying mechanisms are 
yet to be elucidated. (3) Crop growth faces challenges 
due to climate change; whereas, melatonin shows 

potential in enhancing both the growth and yield of 
crops under stressful conditions. Several studies have 
shown that seed soaking with melatonin could promote 
seed germination, growth, yield and stress resistance 
of soybean, wheat and maize (Ahmad et  al. 2021; Lei 
et  al. 2021; Wei et  al. 2015; Ye et  al. 2020). Therefore, 
the breakthroughs in these questions will improve our 
understanding of the molecular mechanism by which 
melatonin regulates seed germination and provide 
insights into the application of melatonin in agricul-
tural production.

Abbreviations
ABA	� Abscisic acid
GA	� Gibberellin
ROS	� Reactive oxygen species
NADPH	� Reduced coenzyme II

Authors’ contributions
Qi Chen and Miao Guan conceived and designed the study, and revised the 
manuscript. Ze Liu, Hengrui Dai, Jingjiang Hao, Rongrong Li and Xiaojun Pu 
wrote and revised the manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(32370315 and 31960624), Distinguished Young Scholars (202201AV070008), 
the Major Program (202101AS070027) and Fundamental Research Projects 
(202101BE070001-047) from the Natural Science Foundation of Yunnan 
Province.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All authors declare no competing interests.

Received: 25 August 2023   Accepted: 17 November 2023

References
Ahmad S, Muhammad I, Wang GY, Zeeshan M, Yang L, Ali I et al (2021) 

Ameliorative effect of melatonin improves drought tolerance by 
regulating growth, photosynthetic traits and leaf ultrastructure of 
maize seedlings. BMC Plant Biol 21(1):1–368. https://​doi.​org/​10.​1186/​
s12870-​021-​03160-w

Ali F, Qanmber G, Li F, Wang Z (2022) Updated role of ABA in seed maturation, 
dormancy, and germination. J Adv Res 35:199–214. https://​doi.​org/​10.​
1016/j.​jare.​2021.​03.​011

Arnao MB, Hernandez-Ruiz J (2014) Melatonin: plant growth regulator and/
or biostimulator during stress? Trends Plant Sci 19(12):789–797. https://​
doi.​org/​10.​1016/j.​tplan​ts.​2014.​07.​006

Back K (2021) Melatonin metabolism, signaling and possible roles in plants. 
Plant J 105(2):376–391. https://​doi.​org/​10.​1111/​tpj.​14915

https://doi.org/10.1186/s12870-021-03160-w
https://doi.org/10.1186/s12870-021-03160-w
https://doi.org/10.1016/j.jare.2021.03.011
https://doi.org/10.1016/j.jare.2021.03.011
https://doi.org/10.1016/j.tplants.2014.07.006
https://doi.org/10.1016/j.tplants.2014.07.006
https://doi.org/10.1111/tpj.14915


Page 9 of 11Liu et al. Stress Biology            (2023) 3:53 	

Back K, Tan DX, Reiter RJ (2016) Melatonin biosynthesis in plants: multiple 
pathways catalyze tryptophan to melatonin in the cytoplasm or chloro-
plasts. J Pineal Res 61(4):426–437. https://​doi.​org/​10.​1111/​jpi.​12364

Bai Y, Xiao S, Zhang Z, Zhang Y, Sun H, Zhang K, Wang X, Bai Z, Li C, Liu L 
(2020) Melatonin improves the germination rate of cotton seeds under 
drought stress by opening pores in the seed coat. Peerj (san Francisco, 
Ca) 8:e9450. https://​doi.​org/​10.​7717/​peerj.​9450

Bailly C (2019) The signalling roles of reactive oxygen species in the regulation 
of seed germination and dormancy. Biochemical Journal 476(20):3019–
3032. https://​doi.​org/​10.​1042/​BCJ20​190159

Bailly C, El-Maarouf-Bouteau H, Corbineau F (2008) From intracellular signaling 
networks to cell death: the dual role of reactive oxygen species in seed 
physiology. CR Biol 331(10):806–814. https://​doi.​org/​10.​1016/j.​crvi.​2008.​
07.​022

Bajwa VS, Shukla MR, Sherif SM, Murch SJ, Saxena PK (2014) Role of melatonin 
in alleviating cold stress in Arabidopsis thaliana. J Pineal Res 56(3):238–
245. https://​doi.​org/​10.​1111/​jpi.​12115

Cao Q, Li G, Cui Z, Yang F, Jiang X, Diallo L, Kong F (2019) Seed Priming with 
Melatonin Improves the Seed Germination of Waxy Maize under Chill-
ing Stress via Promoting the Antioxidant System and Starch Metabo-
lism. Sci Rep 9(1):15044. https://​doi.​org/​10.​1038/​s41598-​019-​51122-y

Carrera E, Holman T, Medhurst A, Dietrich D, Footitt S, Theodoulou FL, 
Holdsworth MJ (2008) Seed after-ripening is a discrete developmental 
pathway associated with specific gene networks in Arabidopsis. Plant J 
53(2):214–224. https://​doi.​org/​10.​1111/j.​1365-​313X.​2007.​03331.x

Chen H, Ruan J, Chu P, Fu W, Liang Z, Li Y, Tong J, Xiao L, Liu J, Li C, Huang S 
(2020a) AtPER1 enhances primary seed dormancy and reduces seed 
germination by suppressing the ABA catabolism and GA biosynthesis 
in Arabidopsis seeds. Plant J 101(2):310–323. https://​doi.​org/​10.​1111/​
tpj.​14542

Chen L, Liu L, Lu B, Ma T, Jiang D, Li J, Zhang K, Sun H, Zhang Y, Bai Z, Li C 
(2020) Exogenous melatonin promotes seed germination and osmotic 
regulation under salt stress in cotton (Gossypium hirsutum L.). Plos One 
15(1):e228241. https://​doi.​org/​10.​1371/​journ​al.​pone.​02282​41

Chen L, Lu B, Liu L, Duan W, Jiang D, Li J, Zhang K, Sun H, Zhang Y, Li C, Bai Z 
(2021) Melatonin promotes seed germination under salt stress by regu-
lating ABA and GA3 in cotton (Gossypium hirsutum L.). Plant Physiol 
Biochem 162:506–516. https://​doi.​org/​10.​1016/j.​plaphy.​2021.​03.​029

Chen Q, Arnao MB (2022) Phytomelatonin: an emerging new hormone in 
plants. J Exp Bot 73(17):5773–5778. https://​doi.​org/​10.​1093/​jxb/​erac3​07

Cui G, Sun F, Gao X, Xie K, Zhang C, Liu S, Xi Y (2018) Proteomic analysis of mel-
atonin-mediated osmotic tolerance by improving energy metabolism 
and autophagy in wheat (Triticum aestivum L.). Planta 248(1):69–87. 
https://​doi.​org/​10.​1007/​s00425-​018-​2881-2

Damaris RN, Lin Z, Yang P, He D (2019) The Rice Alpha-Amylase, Conserved 
Regulator of Seed Maturation and Germination. International Journal of 
Molecular Sciences, 20(2). https://​doi.​org/​10.​3390/​ijms2​00204​50

Demidchik V (2015) Mechanisms of oxidative stress in plants: From classical 
chemistry to cell biology. Environ Exp Bot 109:212–228. https://​doi.​org/​
10.​1016/j.​envex​pbot.​2014.​06.​021

Deng B, Yang K, Zhang Y, Li Z (2017) Can antioxidant’s reactive oxygen species 
(ROS) scavenging capacity contribute to aged seed recovery? Contrast-
ing effect of melatonin, ascorbate and glutathione on germination 
ability of aged maize seeds. Free Radical Res 51(9–10):765–771. https://​
doi.​org/​10.​1080/​10715​762.​2017.​13750​99

Fan J, Xie Y, Zhang Z, Chen L (2018) Melatonin: A Multifunctional Factor in 
Plants. International Journal of Molecular Sciences, 19(5). https://​doi.​
org/​10.​3390/​ijms1​90515​28

García-Sánchez S, Cano A, Hernández-Ruiz J, Arnao MB (2022) Effects of 
Temperature and Light on the Germination-Promoting Activity by 
Melatonin in Almond Seeds without Stratification. Agronomy-Basel 
12(9):2070. https://​doi.​org/​10.​3390/​agron​omy12​092070

Ge L, Yang X, Liu Y, Tang H, Wang Q, Chu S, Hu J, Zhang N, Shi Q (2023) 
Improvement of Seed Germination under Salt Stress via Overexpressing 
Caffeic Acid O-methyltransferase&nbsp;1 (SlCOMT1) in Solanum lyco-
persicum L. International Journal of Molecular Sciences, 24(1). https://​
doi.​org/​10.​3390/​ijms2​40107​34

Goepfert S, Poirier Y (2007) Beta-oxidation in fatty acid degradation and 
beyond. Curr Opin Plant Biol 10(3):245–251. https://​doi.​org/​10.​1016/j.​
pbi.​2007.​04.​007

Guo Y, Li D, Liu L, Sun H, Zhu L, Zhang K, Zhao H, Zhang Y, Li A, Bai Z, Tian 
L, Dong H, Li C (2022) Seed Priming With Melatonin Promotes Seed 
Germination and Seedling Growth of Triticale hexaploide L. Under 
PEG-6000 Induced Drought Stress. Frontiers in Plant Science 13:932912. 
https://​doi.​org/​10.​3389/​fpls.​2022.​932912

Hassan MU, Mahmood A, Awan MI, Maqbool R, Aamer M, Alhaithloul H, Huang 
G, Skalicky M, Brestic M, Pandey S, El SA, Qari SH (2022) Melatonin-
Induced Protection Against Plant Abiotic Stress: Mechanisms and 
Prospects. Front Plant Sci 13:902694. https://​doi.​org/​10.​3389/​fpls.​2022.​
902694

Hernandez IG, Gomez FJ, Cerutti S, Arana MV, Silva MF (2015) Melatonin in 
Arabidopsis thaliana acts as plant growth regulator at low concentra-
tions and preserves seed viability at high concentrations. Plant Physiol 
Biochem 94:191–196. https://​doi.​org/​10.​1016/j.​plaphy.​2015.​06.​011

Huang Y, Cai S, Ruan X, Xu J, Cao D (2021) CSN improves seed vigor of aged 
sunflower seeds by regulating the fatty acid, glycometabolism, and 
abscisic acid metabolism. J Adv Res 33:1–13. https://​doi.​org/​10.​1016/j.​
jare.​2021.​01.​019

Hwang OJ, Back K (2018) Melatonin is involved in skotomorphogenesis by 
regulating brassinosteroid biosynthesis in rice plants. J Pineal Res 
65(2):e12495. https://​doi.​org/​10.​1111/​jpi.​12495

Ibrahim TO, Ogunsiji AO, Oni OA, Awotedu BF, Bolanle-Ojo OI, Ajani BA (2021) 
Understanding Seed Dormancy and Germination. Journal of Experi-
mental Agriculture International, 1–9. https://​doi.​org/​10.​9734/​jeai/​
2021/​v43i9​30730

Jurdak R, Launay Avon A, Paysant Le Roux C, Bailly C (2021) Retrograde signal-
ling from the mitochondria to the nucleus translates the positive effect 
of ethylene on dormancy breaking of Arabidopsis thaliana seeds. New 
Phytol 229(4):2192–2205. https://​doi.​org/​10.​1111/​nph.​16985

Jurdak R, Rodrigues G, Chaumont N, Schivre G, Bourbousse C, Barneche F, Bou 
DKM, Bailly C (2022) Intracellular reactive oxygen species trafficking par-
ticipates in seed dormancy alleviation in Arabidopsis seeds. New Phytol 
234(3):850–866. https://​doi.​org/​10.​1111/​nph.​18038

Kai K, Kasa S, Sakamoto M, Aoki N, Watabe G, Yuasa T, Iwaya-Inoue M, Ishibashi 
Y (2016) Role of reactive oxygen species produced by NADPH oxidase 
in gibberellin biosynthesis during barley seed germination. Plant Signal 
Behav 11(5):e1180492. https://​doi.​org/​10.​1080/​15592​324.​2016.​11804​92

Khan D, Cai N, Zhu W, Li L, Guan M, Pu X, Chen Q (2023) The role of phytome-
latonin receptor 1-mediated signaling in plant growth and stress 
response. Front Plant Sci 14:1142753. https://​doi.​org/​10.​3389/​fpls.​2023.​
11427​53

Kolodziejczyk I, Kazmierczak A, Posmyk MM (2021) Melatonin Application 
Modifies Antioxidant Defense and Induces Endoreplication in Maize 
Seeds Exposed to Chilling Stress. International Journal of Molecular 
Sciences, 22(16). https://​doi.​org/​10.​3390/​ijms2​21686​28

Krasensky J, Jonak C (2012) Drought, salt, and temperature stress-induced 
metabolic rearrangements and regulatory networks. J Exp Bot 
63(4):1593–1608. https://​doi.​org/​10.​1093/​jxb/​err460

Lanahan MB, Ho TH, Rogers SW, Rogers JC (1992) A gibberellin response com-
plex in cereal alpha-amylase gene promoters. Plant Cell 4(2):203–211. 
https://​doi.​org/​10.​1105/​tpc.4.​2.​203

Lei K, Sun S, Zhong K, Li S, Hu H, Sun C, Zheng Q, Tian Z, Dai T, Sun J (2021) 
Seed soaking with melatonin promotes seed germination under 
chromium stress via enhancing reserve mobilization and antioxidant 
metabolism in wheat. Ecotoxicol Environ Saf 220:112241. https://​doi.​
org/​10.​1016/j.​ecoenv.​2021.​112241

Leymarie J, Vitkauskaite G, Hoang HH, Gendreau E, Chazoule V, Meimoun P, 
Corbineau F, El-Maarouf-Bouteau H, Bailly C (2012) Role of reactive 
oxygen species in the regulation of Arabidopsis seed dormancy. Plant 
Cell Physiol 53(1):96–106. https://​doi.​org/​10.​1093/​pcp/​pcr129

Li D, Batchelor WD, Zhang D, Miao H, Li H, Song S, Li R (2020a) Analysis of 
melatonin regulation of germination and antioxidant metabolism in 
different wheat cultivars under polyethylene glycol stress. PLoS ONE 
15(8):e237536. https://​doi.​org/​10.​1371/​journ​al.​pone.​02375​36

Li D, Wei J, Peng Z, Ma W, Yang Q, Song Z, Sun W, Yang W, Yuan L, Xu X, Chang 
W, Rengel Z, Shen J, Reiter RJ, Cui X, Yu D, Chen Q (2020b) Daily rhythms 
of phytomelatonin signaling modulate diurnal stomatal closure via 
regulating reactive oxygen species dynamics in Arabidopsis. J Pineal 
Res 68(3):e12640. https://​doi.​org/​10.​1111/​jpi.​12640

Li H, Guo Y, Lan Z, Zhang Z, Ahammed GJ, Chang J, Zhang Y, Wei C, Zhang 
X (2021a) Melatonin antagonizes ABA action to promote seed 

https://doi.org/10.1111/jpi.12364
https://doi.org/10.7717/peerj.9450
https://doi.org/10.1042/BCJ20190159
https://doi.org/10.1016/j.crvi.2008.07.022
https://doi.org/10.1016/j.crvi.2008.07.022
https://doi.org/10.1111/jpi.12115
https://doi.org/10.1038/s41598-019-51122-y
https://doi.org/10.1111/j.1365-313X.2007.03331.x
https://doi.org/10.1111/tpj.14542
https://doi.org/10.1111/tpj.14542
https://doi.org/10.1371/journal.pone.0228241
https://doi.org/10.1016/j.plaphy.2021.03.029
https://doi.org/10.1093/jxb/erac307
https://doi.org/10.1007/s00425-018-2881-2
https://doi.org/10.3390/ijms20020450
https://doi.org/10.1016/j.envexpbot.2014.06.021
https://doi.org/10.1016/j.envexpbot.2014.06.021
https://doi.org/10.1080/10715762.2017.1375099
https://doi.org/10.1080/10715762.2017.1375099
https://doi.org/10.3390/ijms19051528
https://doi.org/10.3390/ijms19051528
https://doi.org/10.3390/agronomy12092070
https://doi.org/10.3390/ijms24010734
https://doi.org/10.3390/ijms24010734
https://doi.org/10.1016/j.pbi.2007.04.007
https://doi.org/10.1016/j.pbi.2007.04.007
https://doi.org/10.3389/fpls.2022.932912
https://doi.org/10.3389/fpls.2022.902694
https://doi.org/10.3389/fpls.2022.902694
https://doi.org/10.1016/j.plaphy.2015.06.011
https://doi.org/10.1016/j.jare.2021.01.019
https://doi.org/10.1016/j.jare.2021.01.019
https://doi.org/10.1111/jpi.12495
https://doi.org/10.9734/jeai/2021/v43i930730
https://doi.org/10.9734/jeai/2021/v43i930730
https://doi.org/10.1111/nph.16985
https://doi.org/10.1111/nph.18038
https://doi.org/10.1080/15592324.2016.1180492
https://doi.org/10.3389/fpls.2023.1142753
https://doi.org/10.3389/fpls.2023.1142753
https://doi.org/10.3390/ijms22168628
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1105/tpc.4.2.203
https://doi.org/10.1016/j.ecoenv.2021.112241
https://doi.org/10.1016/j.ecoenv.2021.112241
https://doi.org/10.1093/pcp/pcr129
https://doi.org/10.1371/journal.pone.0237536
https://doi.org/10.1111/jpi.12640


Page 10 of 11Liu et al. Stress Biology            (2023) 3:53 

germination by regulating Ca2+ efflux and H2O2 accumulation. Plant 
Sci 303:110761. https://​doi.​org/​10.​1016/j.​plant​sci.​2020.​110761

Li J, Zhao C, Zhang M, Yuan F, Chen M (2019) Exogenous melatonin improves 
seed germination in Limonium bicolor under salt stress. Plant Signal 
Behav 14(11):1659705. https://​doi.​org/​10.​1080/​15592​324.​2019.​16597​05

Li R, Jiang M, Song Y, Zhang H (2021) Melatonin Alleviates Low-Temperature 
Stress via ABI5-Mediated Signals During Seed Germination in Rice 
(Oryza sativa L.). Frontiers in Plant Science 12:727596. https://​doi.​org/​10.​
3389/​fpls.​2021.​727596

Li R, Wu L, Shao Y, Hu Q, Zhang H (2022a) Melatonin alleviates copper stress 
to promote rice seed germination and seedling growth via crosstalk 
among various defensive response pathways. Plant Physiol Biochem 
179:65–77. https://​doi.​org/​10.​1016/j.​plaphy.​2022.​03.​016

Li R, Zheng W, Yang R, Hu Q, Ma L, Zhang H (2022b) OsSGT1 promotes mela-
tonin-ameliorated seed tolerance to chromium stress by affecting the 
OsABI5-OsAPX1 transcriptional module in rice. Plant J 112(1):151–171. 
https://​doi.​org/​10.​1111/​tpj.​15937

Li X, Brestic M, Tan DX, Zivcak M, Zhu X, Liu S, Song F, Reiter RJ, Liu F (2018) 
Melatonin alleviates low PS I‐limited carbon assimilation under ele-
vated CO2 and enhances the cold tolerance of offspring in chlorophyll 
b‐deficient mutant wheat. Journal of Pineal Research, 64(1): n/a-n/a. 
https://​doi.​org/​10.​1111/​jpi.​12453

Liang C, Li A, Yu H, Li W, Liang C, Guo S et al (2017) Melatonin Regulates Root 
Architecture by Modulating Auxin Response in Rice. Front Plant Sci 
8:134. https://​doi.​org/​10.​3389/​fpls.​2017.​00134

Lin Y, Yang L, Paul M, Zu Y, Tang Z (2013) Ethylene promotes germination of 
Arabidopsis seed under salinity by decreasing reactive oxygen species: 
evidence for the involvement of nitric oxide simulated by sodium 
nitroprusside. Plant Physiol Biochem 73:211–218. https://​doi.​org/​10.​
1016/j.​plaphy.​2013.​10.​003

Liu G, Hu Q, Zhang X, Jiang J, Zhang Y, Zhang Z (2022) Melatonin biosynthesis 
and signal transduction in plants in response to environmental condi-
tions. J Exp Bot 73(17):5818–5827. https://​doi.​org/​10.​1093/​jxb/​erac1​96

Liu J, Hasanuzzaman M, Wen H, Zhang J, Peng T, Sun H, Zhao Q (2019) High 
temperature and drought stress cause abscisic acid and reactive 
oxygen species accumulation and suppress seed germination growth 
in rice. Protoplasma 256(5):1217–1227. https://​doi.​org/​10.​1007/​
s00709-​019-​01354-6

Liu X, Zhang H, Zhao Y, Feng Z, Li Q, Yang HQ, Luan S, Li J, He ZH (2013) Auxin 
controls seed dormancy through stimulation of abscisic acid signaling 
by inducing ARF-mediated ABI3 activation in Arabidopsis. Proc Natl 
Acad Sci USA 110(38):15485–15490. https://​doi.​org/​10.​1073/​pnas.​
13046​51110

Liu Y, Ye N, Liu R, Chen M, Zhang J (2010) H2O2 mediates the regulation of ABA 
catabolism and GA biosynthesis in Arabidopsis seed dormancy and 
germination. J Exp Bot 61(11):2979–2990. https://​doi.​org/​10.​1093/​jxb/​
erq125

Lu X, Min W, Shi Y, Tian L, Li P, Ma T, Zhang Y, Luo C (2022) Exogenous Mela-
tonin Alleviates Alkaline Stress by Removing Reactive Oxygen Species 
and Promoting Antioxidant Defence in Rice Seedlings. Front Plant Sci 
13:849553. https://​doi.​org/​10.​3389/​fpls.​2022.​849553

Luo X, Dai Y, Zheng C, Yang Y, Chen W, Wang Q, Chandrasekaran U, Du J, Liu W, 
Shu K (2021) The ABI4-RbohD/VTC2 regulatory module promotes reac-
tive oxygen species (ROS) accumulation to decrease seed germination 
under salinity stress. New Phytol 229(2):950–962. https://​doi.​org/​10.​
1111/​nph.​16921

Lv Y, Pan J, Wang H, Reiter RJ, Li X, Mou Z, Zhang J, Yao Z, Zhao D, Yu D (2021) 
Melatonin inhibits seed germination by crosstalk with abscisic acid, 
gibberellin, and auxin in Arabidopsis. J Pineal Res 70(4):e12736. https://​
doi.​org/​10.​1111/​jpi.​12736

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant 
Sci 7(9):405–410. https://​doi.​org/​10.​1016/​s1360-​1385(02)​02312-9

Muhammad I, Yang L, Ahmad S, Farooq S, Khan A, Muhammad N, Ullah S, 
Adnan M, Ali S, Liang QP, Zhou XB (2023) Melatonin-priming enhances 
maize seedling drought tolerance by regulating the antioxidant 
defense system. Plant Physiol 191(4):2301–2315. https://​doi.​org/​10.​
1093/​plphys/​kiad0​27

Onik JC, Wai SC, Li A, Lin Q, Sun Q, Wang Z et al (2021) Melatonin treatment 
reduces ethylene production and maintains fruit quality in apple dur-
ing postharvest storage. Food Chem 337:127753. https://​doi.​org/​10.​
1016/j.​foodc​hem.​2020.​127753

Pan J, Wang H, Chen W, You Q, Li X, Yu D (2021) Phytomelatonin inhibits seed 
germination by regulating germination-related hormone signaling 
in Arabidopsis. Plant Signal Behav 16(12):1970447. https://​doi.​org/​10.​
1080/​15592​324.​2021.​19704​47

Pan J, Wang H, You Q, Cao R, Sun G, Yu D (2023) Jasmonate-regulated seed 
germination and crosstalk with other phytohormones. J Exp Bot 
74(4):1162–1175. https://​doi.​org/​10.​1093/​jxb/​erac4​40

Posmyk MM, Balabusta M, Wieczorek M, Sliwinska E, Janas KM (2009) Melatonin 
applied to cucumber (Cucumis sativus L.) seeds improves germination 
during chilling stress. Journal of Pineal Research 46(2):214–223. https://​
doi.​org/​10.​1111/j.​1600-​079X.​2008.​00652.x

Posmyk MM, Kuran H, Marciniak K, Janas KM (2008) Presowing seed treatment 
with melatonin protects red cabbage seedlings against toxic copper 
ion concentrations. J Pineal Res 45(1):24–31. https://​doi.​org/​10.​1111/j.​
1600-​079X.​2007.​00552.x

Qu G, Wu W, Ba L, Ma C, Ji N, Cao S (2022) Melatonin Enhances the Postharvest 
Disease Resistance of Blueberries Fruit by Modulating the Jasmonic 
Acid Signaling Pathway and Phenylpropanoid Metabolites. Front Chem 
10:957581. https://​doi.​org/​10.​3389/​fchem.​2022.​957581

Schwartz SH, Qin X, Zeevaart JA (2003) Elucidation of the indirect pathway 
of abscisic acid biosynthesis by mutants, genes, and enzymes. Plant 
Physiol 131(4):1591–1601. https://​doi.​org/​10.​1104/​pp.​102.​017921

Shaik SS, Carciofi M, Martens HJ, Hebelstrup KH, Blennow A (2014) Starch 
bioengineering affects cereal grain germination and seedling establish-
ment. J Exp Bot 65(9):2257–2270. https://​doi.​org/​10.​1093/​jxb/​eru107

Sharif R, Xie C, Zhang H, Arnao MB, Ali M, Ali Q, Muhammad I, Shalmani A, 
Nawaz MA, Chen P, Li Y (2018) Melatonin and Its Effects on Plant Sys-
tems. Molecules, 23(9). https://​doi.​org/​10.​3390/​molec​ules2​30923​52

Shrestha P, Callahan DL, Singh SP, Petrie JR, Zhou XR (2016) Reduced Triacyl-
glycerol Mobilization during Seed Germination and Early Seedling 
Growth in Arabidopsis Containing Nutritionally Important Polyunsatu-
rated Fatty Acids. Front Plant Sci 7:1402. https://​doi.​org/​10.​3389/​fpls.​
2016.​01402

Shu K, Liu XD, Xie Q, He ZH (2016) Two Faces of One Seed: Hormonal Regula-
tion of Dormancy and Germination. Mol Plant 9(1):34–45. https://​doi.​
org/​10.​1016/j.​molp.​2015.​08.​010

Shu K, Qi Y, Chen F, Meng Y, Luo X, Shuai H, Zhou W, Ding J, Du J, Liu J, Yang 
F, Wang Q, Liu W, Yong T, Wang X, Feng Y, Yang W (2017) Salt Stress 
Represses Soybean Seed Germination by Negatively Regulating GA 
Biosynthesis While Positively Mediating ABA Biosynthesis. Front Plant 
Sci 8:1372. https://​doi.​org/​10.​3389/​fpls.​2017.​01372

Simlat M, Ptak A, Skrzypek E, Warchol M, Moranska E, Piorkowska E (2018) 
Melatonin significantly influences seed germination and seedling 
growth of Stevia rebaudiana Bertoni. PeerJ 6:e5009. https://​doi.​org/​10.​
7717/​peerj.​5009

Simlat M, Szewczyk A, Ptak A (2020) Melatonin promotes seed germination 
under salinity and enhances the biosynthesis of steviol glycosides in 
Stevia rebaudiana Bertoni leaves. PLoS ONE 15(3):e230755. https://​doi.​
org/​10.​1371/​journ​al.​pone.​02307​55

Steber CM, McCourt P (2001) A role for brassinosteroids in germination in 
Arabidopsis. Plant Physiology 125(2):763–769. https://​doi.​org/​10.​1104/​
pp.​125.2.​763

Tonini PP, Purgatto E, Buckeridge MS (2010) Effects of abscisic acid, ethylene 
and sugars on the mobilization of storage proteins and carbohydrates 
in seeds of the tropical tree Sesbania virgata (Leguminosae). Ann Bot 
106(4):607–616. https://​doi.​org/​10.​1093/​aob/​mcq159

Tuan PA, Kumar R, Rehal PK, Toora PK, Ayele BT (2018) Molecular Mechanisms 
Underlying Abscisic Acid/Gibberellin Balance in the Control of Seed 
Dormancy and Germination in Cereals. Front Plant Sci 9:668. https://​doi.​
org/​10.​3389/​fpls.​2018.​00668

Wang J, Lv P, Yan D, Zhang Z, Xu X, Wang T, Wang Y, Peng Z, Yu C, Gao Y, Duan 
L, Li R (2022) Exogenous Melatonin Improves Seed Germination of 
Wheat (Triticum aestivum L.) under Salt Stress. International Journal of 
Molecular Sciences 23(15):8436. https://​doi.​org/​10.​3390/​ijms2​31584​36

Wang Y, Diao P, Kong L, Yu R, Zhang M, Zuo T, Fan Y, Niu Y, Yan F, Wuriyanghan 
H (2020) Ethylene Enhances Seed Germination and Seedling Growth 
Under Salinity by Reducing Oxidative Stress and Promoting Chlorophyll 
Content via ETR2 Pathway. Front Plant Sci 11:1066. https://​doi.​org/​10.​
3389/​fpls.​2020.​01066

https://doi.org/10.1016/j.plantsci.2020.110761
https://doi.org/10.1080/15592324.2019.1659705
https://doi.org/10.3389/fpls.2021.727596
https://doi.org/10.3389/fpls.2021.727596
https://doi.org/10.1016/j.plaphy.2022.03.016
https://doi.org/10.1111/tpj.15937
https://doi.org/10.1111/jpi.12453
https://doi.org/10.3389/fpls.2017.00134
https://doi.org/10.1016/j.plaphy.2013.10.003
https://doi.org/10.1016/j.plaphy.2013.10.003
https://doi.org/10.1093/jxb/erac196
https://doi.org/10.1007/s00709-019-01354-6
https://doi.org/10.1007/s00709-019-01354-6
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.1093/jxb/erq125
https://doi.org/10.1093/jxb/erq125
https://doi.org/10.3389/fpls.2022.849553
https://doi.org/10.1111/nph.16921
https://doi.org/10.1111/nph.16921
https://doi.org/10.1111/jpi.12736
https://doi.org/10.1111/jpi.12736
https://doi.org/10.1016/s1360-1385(02)02312-9
https://doi.org/10.1093/plphys/kiad027
https://doi.org/10.1093/plphys/kiad027
https://doi.org/10.1016/j.foodchem.2020.127753
https://doi.org/10.1016/j.foodchem.2020.127753
https://doi.org/10.1080/15592324.2021.1970447
https://doi.org/10.1080/15592324.2021.1970447
https://doi.org/10.1093/jxb/erac440
https://doi.org/10.1111/j.1600-079X.2008.00652.x
https://doi.org/10.1111/j.1600-079X.2008.00652.x
https://doi.org/10.1111/j.1600-079X.2007.00552.x
https://doi.org/10.1111/j.1600-079X.2007.00552.x
https://doi.org/10.3389/fchem.2022.957581
https://doi.org/10.1104/pp.102.017921
https://doi.org/10.1093/jxb/eru107
https://doi.org/10.3390/molecules23092352
https://doi.org/10.3389/fpls.2016.01402
https://doi.org/10.3389/fpls.2016.01402
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.3389/fpls.2017.01372
https://doi.org/10.7717/peerj.5009
https://doi.org/10.7717/peerj.5009
https://doi.org/10.1371/journal.pone.0230755
https://doi.org/10.1371/journal.pone.0230755
https://doi.org/10.1104/pp.125.2.763
https://doi.org/10.1104/pp.125.2.763
https://doi.org/10.1093/aob/mcq159
https://doi.org/10.3389/fpls.2018.00668
https://doi.org/10.3389/fpls.2018.00668
https://doi.org/10.3390/ijms23158436
https://doi.org/10.3389/fpls.2020.01066
https://doi.org/10.3389/fpls.2020.01066


Page 11 of 11Liu et al. Stress Biology            (2023) 3:53 	

Waszczak C, Carmody M, Kangasjarvi J (2018) Reactive Oxygen Species in Plant 
Signaling. Annu Rev Plant Biol 69:209–236. https://​doi.​org/​10.​1146/​
annur​ev-​arpla​nt-​042817-​040322

Wei J, Li DX, Zhang JR, Shan C, Rengel Z, Song ZB, Chen Q (2018) Phytomela-
tonin receptor PMTR1-mediated signaling regulates stomatal closure in 
Arabidopsis thaliana. J Pineal Res 65(2):e12500. https://​doi.​org/​10.​1111/​
jpi.​12500

Wei W, Li Q, Chu Y, Reiter RJ, Yu X, Zhu D, Zhang W, Ma B, Lin Q, Zhang J, Chen 
S (2015) Melatonin enhances plant growth and abiotic stress tolerance 
in soybean plants. J Exp Bot 66(3):695–707. https://​doi.​org/​10.​1093/​jxb/​
eru392

Wolny E, Betekhtin A, Rojek M, Braszewska-Zalewska A, Lusinska J, Hasterok R 
(2018) Germination and the Early Stages of Seedling Development in 
Brachypodium distachyon. International Journal of Molecular Sciences, 
19(10). https://​doi.​org/​10.​3390/​ijms1​91029​16

Wu Y, Fan X, Zhang Y, Jiang J, Sun L, Rahman FU, Liu C (2021) VvSNAT1 
overexpression enhances melatonin production and salt tolerance in 
transgenic Arabidopsis. Plant Physiol Biochem 166:485–494. https://​doi.​
org/​10.​1016/j.​plaphy.​2021.​06.​025

Xiao S, Liu L, Wang H, Li D, Bai Z, Zhang Y, Sun H, Zhang K, Li C (2019) Exog-
enous melatonin accelerates seed germination in cotton (Gossypium 
hirsutum L.). Plos One 14(6):e216575. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02165​75

Xie Y, Chen L (2020) Epigenetic Regulation of Gibberellin Metabolism and 
Signaling. Plant Cell Physiol 61(11):1912–1918. https://​doi.​org/​10.​1093/​
pcp/​pcaa1​01

Yan H, Jia S, Mao P (2020) Melatonin Priming Alleviates Aging-Induced Germi-
nation Inhibition by Regulating beta-oxidation, Protein Translation, and 
Antioxidant Metabolism in Oat (Avena sativa L.) Seeds. International 
Journal of Molecular Sciences, 21(5). https://​doi.​org/​10.​3390/​ijms2​
10518​98

Yan H, Mao P (2021) Comparative Time-Course Physiological Responses and 
Proteomic Analysis of Melatonin Priming on Promoting Germination 
in Aged Oat ( Avena sativa L.) Seeds. International Journal of Molecular 
Sciences 22(2):811. https://​doi.​org/​10.​3390/​ijms2​20208​11

Yang L, You J, Li J, Wang Y, Chan Z (2021a) Melatonin promotes Arabidopsis pri-
mary root growth in an IAA-dependent manner. J Exp Bot 72(15):5599–
5611. https://​doi.​org/​10.​1093/​jxb/​erab1​96

Yang Q, Peng Z, Ma W, Zhang S, Hou S, Wei J, Dong S, Yu X, Song Y, Gao W, Ren-
gel Z, Huang L, Cui X, Chen Q (2021b) Melatonin functions in priming 
of stomatal immunity in Panax notoginseng and Arabidopsis thaliana. 
Plant Physiol 187(4):2837–2851. https://​doi.​org/​10.​1093/​plphys/​kiab4​19

Yao JW, Ma Z, Ma YQ, Zhu Y, Lei MQ, Hao CY, Chen LY, Xu ZQ, Huang X (2021) 
Role of melatonin in UV-B signaling pathway and UV-B stress resistance 
in Arabidopsis thaliana. Plant, Cell Environ 44(1):114–129. https://​doi.​
org/​10.​1111/​pce.​13879

Ye J, Yang W, Li Y, Wang S, Yin L, Deng X (2020) Seed Pre-Soaking with Mela-
tonin Improves Wheat Yield by Delaying Leaf Senescence and Promot-
ing Root Development. Agronomy-Basel 10(1):84. https://​doi.​org/​10.​
3390/​agron​omy10​010084

Yin X, Bai YL, Gong C, Song W, Wu Y, Ye T, Feng YQ (2022) The phytomelatonin 
receptor PMTR1 regulates seed development and germination by 
modulating abscisic acid homeostasis in Arabidopsis thaliana. J Pineal 
Res 72(4):e12797. https://​doi.​org/​10.​1111/​jpi.​12797

Yu R, Zuo T, Diao P, Fu J, Fan Y, Wang Y, Zhao Q, Ma X, Lu W, Li A, Wang R, Yan F, 
Pu L, Niu Y, Wuriyanghan H (2021) Melatonin Enhances Seed Germina-
tion and Seedling Growth of Medicago sativa Under Salinity via a Puta-
tive Melatonin Receptor MsPMTR1. Front Plant Sci 12:702875. https://​
doi.​org/​10.​3389/​fpls.​2021.​702875

Yu SM, Lo SF, Ho TD (2015) Source-Sink Communication: Regulated by Hor-
mone, Nutrient, and Stress Cross-Signaling. Trends Plant Sci 20(12):844–
857. https://​doi.​org/​10.​1016/j.​tplan​ts.​2015.​10.​009

Yu Y, Deng L, Zhou L, Chen G, Wang Y (2022) Exogenous Melatonin Activates 
Antioxidant Systems to Increase the Ability of Rice Seeds to Germinate 
under High Temperature Conditions. Plants-Basel, 11(7). https://​doi.​org/​
10.​3390/​plant​s1107​0886

Zeeman SC, Delatte T, Messerli G, Umhang M, Stettler M, Mettler T et al (2007) 
Starch breakdown: recent discoveries suggest distinct pathways and 
novel mechanisms. Funct Plant Biol 34(6):465–473. https://​doi.​org/​10.​
1071/​FP063​13

Zhang H, Liu L, Wang Z, Feng G, Gao Q, Li X (2021a) Induction of Low Tempera-
ture Tolerance in Wheat by Pre-Soaking and Parental Treatment with 
Melatonin. Molecules, 26(4). https://​doi.​org/​10.​3390/​molec​ules2​60411​
92

Zhang H, Qiu Y, Ji Y, Wu X, Xu X, Wu P (2022) Melatonin Promotes Seed 
Germination via Regulation of ABA Signaling Under Low Temperature 
Stress in Cucumber. J Plant Growth Regul. https://​doi.​org/​10.​1007/​
s00344-​022-​10698-y

Zhang HJ, Zhang N, Yang RC, Wang L, Sun QQ, Li DB, Cao YY, Weeda S, Zhao 
B, Ren S, Guo YD (2014) Melatonin promotes seed germination under 
high salinity by regulating antioxidant systems, ABA and GA(4) interac-
tion in cucumber (Cucumis sativus L.). Journal of Pineal Research 
57(3):269–279. https://​doi.​org/​10.​1111/​jpi.​12167

Zhang N, Zhang HJ, Sun QQ, Cao YY, Li X, Zhao B, Wu P, Guo YD (2017) Prot-
eomic analysis reveals a role of melatonin in promoting cucumber seed 
germination under high salinity by regulating energy production. Sci 
Rep 7(1):503. https://​doi.​org/​10.​1038/​s41598-​017-​00566-1

Zhang N, Zhao B, Zhang HJ, Weeda S, Yang C, Yang ZC, Ren S, Guo YD (2013) 
Melatonin promotes water-stress tolerance, lateral root formation, and 
seed germination in cucumber (Cucumis sativus L.). Journal of Pineal 
Research 54(1):15–23. https://​doi.​org/​10.​1111/j.​1600-​079X.​2012.​01015.x

Zhang Z, Liu L, Li H, Zhang S, Fu X, Zhai X, Yang N, Shen J, Li R, Li D (2021) 
Exogenous Melatonin Promotes the Salt Tolerance by Removing Active 
Oxygen and Maintaining Ion Balance in Wheat (Triticum aestivum L.). 
Frontiers in Plant Science 12:787062. https://​doi.​org/​10.​3389/​fpls.​2021.​
787062

Zhao H, Su T, Huo L, Wei H, Jiang Y, Xu L et al (2015) Unveiling the mechanism 
of melatonin impacts on maize seedling growth: sugar metabolism as a 
case. J Pineal Res 59(2):255–266. https://​doi.​org/​10.​1111/​jpi.​12258

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

https://doi.org/10.1146/annurev-arplant-042817-040322
https://doi.org/10.1146/annurev-arplant-042817-040322
https://doi.org/10.1111/jpi.12500
https://doi.org/10.1111/jpi.12500
https://doi.org/10.1093/jxb/eru392
https://doi.org/10.1093/jxb/eru392
https://doi.org/10.3390/ijms19102916
https://doi.org/10.1016/j.plaphy.2021.06.025
https://doi.org/10.1016/j.plaphy.2021.06.025
https://doi.org/10.1371/journal.pone.0216575
https://doi.org/10.1371/journal.pone.0216575
https://doi.org/10.1093/pcp/pcaa101
https://doi.org/10.1093/pcp/pcaa101
https://doi.org/10.3390/ijms21051898
https://doi.org/10.3390/ijms21051898
https://doi.org/10.3390/ijms22020811
https://doi.org/10.1093/jxb/erab196
https://doi.org/10.1093/plphys/kiab419
https://doi.org/10.1111/pce.13879
https://doi.org/10.1111/pce.13879
https://doi.org/10.3390/agronomy10010084
https://doi.org/10.3390/agronomy10010084
https://doi.org/10.1111/jpi.12797
https://doi.org/10.3389/fpls.2021.702875
https://doi.org/10.3389/fpls.2021.702875
https://doi.org/10.1016/j.tplants.2015.10.009
https://doi.org/10.3390/plants11070886
https://doi.org/10.3390/plants11070886
https://doi.org/10.1071/FP06313
https://doi.org/10.1071/FP06313
https://doi.org/10.3390/molecules26041192
https://doi.org/10.3390/molecules26041192
https://doi.org/10.1007/s00344-022-10698-y
https://doi.org/10.1007/s00344-022-10698-y
https://doi.org/10.1111/jpi.12167
https://doi.org/10.1038/s41598-017-00566-1
https://doi.org/10.1111/j.1600-079X.2012.01015.x
https://doi.org/10.3389/fpls.2021.787062
https://doi.org/10.3389/fpls.2021.787062
https://doi.org/10.1111/jpi.12258

	Current research and future directions of melatonin’s role in seed germination
	Abstract 
	Introduction
	Melatonin regulates seed germination under normal conditions
	High concentrations of melatonin inhibit seed germination
	Melatonin regulates seed germination by interacting with plant hormones ABA, GA and auxin
	Melatonin affects seed germination by regulating ROS

	Melatonin promotes seed germination under stressful conditions
	Melatonin promotes seed germination by regulating ABA and GA
	Melatonin promotes seed germination by removing excessive ROS
	Melatonin promotes seed germination by regulating nutrient mobilization in seeds

	Conclusions and prospectives
	References


