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Abstract: Gibberellic acid (GA) was recently shown to induce melatonin synthesis in rice. Here,
we examined whether brassinosteroids (BRs) also induce melatonin synthesis because BRs and
GA show redundancy in many functions. Among several plant hormones, exogenous BR treat-
ment induced melatonin synthesis by twofold compared to control treatment, whereas ethylene,
6-benzylaminopurine (BA), and indole-3-acetic acid (IAA) showed negligible effects on melatonin
synthesis. Correspondingly, BR treatment also induced a number of melatonin biosynthetic genes
in conjunction with the suppression of melatonin catabolic gene expression. Several transgenic
rice plants with downregulated BR biosynthesis-related genes, such as DWARF4, DWARF11, and
RAV-Like1 (RAVL1), were generated and exhibited decreased melatonin synthesis, indicating that
BRs act as endogenous elicitors of melatonin synthesis. Notably, treatment with either GA or BR
fully restored melatonin synthesis in the presence of paclobutrazol, a GA biosynthesis inhibitor.
Moreover, exogenous BR treatment partially restored melatonin synthesis in both RAVL1 and Gα

RNAi transgenic rice plants, whereas GA treatment fully restored melatonin synthesis comparable to
wild type in RAVL1 RNAi plants. Taken together, our results highlight a role of BR as an endogenous
elicitor of melatonin synthesis in a GA-independent manner in rice plants.

Keywords: epibrassinolide; gibberellin; melatonin; DWARF4; DWARF11; RAV-Like1; Gα; transgenic rice

1. Introduction

Melatonin is a multifunctional molecule commonly found in bacteria, archaea, plants,
and animals [1,2]. In plants, melatonin is thought to be a master regulator of a diverse
array of physiological functions, with roles not only in growth and development but also in
defense responses against many biotic and abiotic stressors [3,4]. Many of these functions
of melatonin, particularly stress tolerance responses, are derived from its intrinsic activity
as a potent antioxidant that regulates redox balance in plants [1]. For instance, it is known
that one molecule of melatonin scavenges up to 10 molecules of reactive oxygen species or
reactive nitrogen species [5], as well as the induction of many antioxidant enzymes such as
catalase and superoxide dismutase [1,3]. In addition, melatonin acts as a signaling molecule
in plants to activate a mitogen-activated protein kinase (MAPK) pathway followed by
the induction of many genes involved in defense against pathogens [6,7], protein quality
control [8,9], stomatal closure [10], and yield increase [11,12]. Consistent with its pleiotropic
roles, the mode of action of melatonin in plants is closely associated with many plant
hormones by either upregulating or downregulating corresponding genes [13]. For example,
the suppression of melatonin synthesis leads to decreases in levels of brassinosteroids (BR)
in several RNAi transgenic rice plants with BR-deficient phenotypes, such as semi-dwarf
with erect leaves [14]. Notably, melatonin-rich transgenic rice plants produce larger seeds
associated with increased cytokinin synthesis [12]. In addition, exogenous melatonin
treatment also promotes primary root growth in Arabidopsis thaliana in an indole-3-acetic
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acid (IAA)-dependent manner [15]. In contrast to the direct effects of exogenous melatonin
application, A. thaliana SNAT1 and SNAT2 knockout mutants show delayed flowering due
to significantly decreased expression of ent-kaurene synthase, the key gene for GA synthesis,
due to decreased starch synthesis [8,16,17]. These data clearly indicate that the physiological
functions of melatonin are mediated by interactions with many plant hormones.

Although it has also been reported that melatonin-treated plants have altered levels of
many hormones in response to many stress challenges to protect plants from stress-related
damage [13,18,19], the roles of plant hormones in the regulation of melatonin synthesis
remain poorly understood. Recently, we reported that gibberellic acid (GA) acts as an
endogenous elicitor to induce melatonin synthesis in rice seedlings and immature seeds,
pointing to a positive correlation between GA and melatonin synthesis [20]. On the basis of
our previous findings, we examined the role of BR in melatonin synthesis because BR and
GA have redundant functions in many developmental processes. Moreover, BRs induce
GA biosynthesis and promote GA signaling [21,22].

BRs are steroid hormones that control multiple physiological processes throughout
the entire life cycle of the plant, including cell elongation, dark-induced seedling growth,
leaf angle, and seed size, as well as defense responses against various abiotic and biotic
stresses [23]. Among the 70 BRs found in plants, three (epibrassinolide, homobrassino-
lide, and brassinolide) have been widely used in pharmacological experiments [24]. BR
biosynthesis starts from farnesyl pyrophosphate by squalene synthase followed by more
than 12 enzymes, of which C-22 hydroxylation involving two redundant P450 enzymes, i.e.,
DWARF11 and DWARF4, seems to be the rate-limiting step for BR biosynthesis [25]. The
transcription factor RAV-Like 1 (RAVL1) induces BR synthesis and increases BR sensitivity
by binding the E-box elements of BRASSINOSTEROID INSENSITIVE1 (BRI1), ebisu dwarf
(D2), and DWARF11 [26,27]. Upon BR treatment, the plasma-membrane-bound BR receptor
BRI1 interacts with BRI1-ASSOCIATED RECEPTOR KINASE1 activating in several BR
signaling kinases for the induction of downstream genes responsive to BR [24]. In addition
to the BRI1 receptor pathway, G-protein-coupled signaling pathways are also associated
with BR signaling, according to a previous study that found that a rice heterotrimeric G
protein alpha subunit 1 (Gα) mutant showed decreased sensitivity to epibrassinolide, as
indicated by effects on root growth and coleoptile elongation [28]. Interestingly, in another
study, a rice mutant showed greatly reduced GA-induced α-amylase activity, indicating
that Gα is also involved in GA signaling [29]. All mutants of BR synthesis and signaling
mentioned above exhibit common phenotypes, such as semi-dwarfism and erect leaves.

In accordance with our hypothesis, BR also induced melatonin biosynthesis to levels
comparable to GA treatment, indicating that both BR and GA are positively associated
with the effects of melatonin synthesis on plant growth and development. Our findings
may be applicable in agriculture to increase melatonin synthesis in plants and fruits by
exogenously applying either GA or BR to produce melatonin-rich products with enhanced
nutritional value that will be beneficial to human health.

2. Materials and Methods
2.1. Plant Growth Conditions

Dehusked rice (Oryza sativa cv. Dongjin) seeds which are currently cultivated in
South Korea and widely used for rice transformation were sterilized with 2% NaOCl for
50 min, after which they were thoroughly rinsed with sterile distilled water and sown on
half-strength Murashige and Skoog (MS) medium under cool daylight fluorescent lamps
(60 µmol m–2 s–1) (Philips, Amsterdam, The Netherlands) under a 14 h light/10 h dark
photoperiod at 28 ◦C/24 ◦C (day/night). The 7-day-old seedlings were used in further
experiments.

2.2. Chemical Treatment

The 7-day-old rice seedlings in 50 mL polypropylene conical tubes containing 30 mL
water were first treated with varying levels of epibrassinolide (BR; Sigma-Aldrich, St. Louis,
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MO, USA), ethephon (Sunmoon Green Science, Seoul, Korea), 6-benzylaminopurine (BA;
Sigma-Aldrich), and indole-3-acetic acid (IAA; Sigma-Aldrich). The BR biosynthesis in-
hibitor brassinazole (100 µM; Sigma-Aldrich) and GA biosynthesis inhibitor paclobutrazol
(10 µM; Sigma-Aldrich) were used to inhibit BR and GA biosynthesis, respectively. GA3
was purchased from Duchefa Biochemie (Harrlem, The Netherlands). BR, BA, and IAA
were dissolved in 0.1% ethanol. The control (C) contained 0.1% ethanol in water, except
for ethephon, where the control was water. Treatments were applied for 1 day under
cool daylight fluorescent lamps (60 µmol m–2 s–1) (Philips) with a 14 h light/10 h dark
photoperiod at 28 ◦C/24 ◦C (day/night), followed by treatment with 0.5 mM CdCl2 for
3 days under continuous light conditions (60 µmol photons m–2 s–1) for melatonin detection
by high-performance liquid chromatography (HPLC). The upper parts of leaves and stems
were harvested and stored in liquid nitrogen for further analyses.

2.3. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA of rice plants was isolated using a NucleoSpin RNA Plant Kit (Macherey-
Nagel, Düren, Germany). First-strand cDNA was synthesized from 2 µg of total RNA using
RNA to cDNA using EcoDryTM Premix (Takara Bio USA, Inc., Mountain View, CA, USA).
qRT-PCR was performed in a Mic qPCR Cycler system (Biomolecular Systems, Queensland,
VIC, Australia) with specific primers and the TB Green® Premix Ex TaqTM (Takara Bio
Inc., Kusatsu, Shiga, Japan), as described previously [20]. The expression of genes was
analyzed using Mic’s RQ software v2.2 (Biomolecular Systems) and normalized to UBQ5.
qRT-PCR was performed with the following primer set: DWARF4 forward 5′-GGA GAA
GAA CAT GGA ATC AC-3′, DWARF4 reverse 5′-GTA ATC TTG AAC GCG GAT ATG-3′,
DWARF11 forward 5′-TGA GGC ACT GAG ATG TGG-3′, DWARF11 reverse 5′-AAG GTG
ATG GAG GAA GAA-3′, RAVL1 forward 5′-CGA CTT CCG CAA CAT CAA-3′, RAVL1
reverse 5′- GGC ATC CGT AGC GAC AAT-3′, D2 forward 5′-ATG TGA TAA CAG AGA
CGC TGC GGT-3′, D2 reverse 5′-TGG TGA CCA AGT GGT GAA GGA AGA-3′, BRI1
forward 5′-CAG CTA CTT GGC TAT CTT GAA GCT CAG C-3′, BRI1 reverse 5′-CCA TTC
TTG TTG AAG GTG TAC TCC GTG C-3′, UBQ5 forward 5′-CCG ACT ACA ACA TCC
AGA AGG AG-3′, and UBQ5 reverse 5′-AAC AGG AGC CTA CGC CTA AGC-3′. The
primer information encoding genes involving melatonin biosynthesis and catabolism has
been described previously [20].

2.4. Quantification of Melatonin

Frozen samples (0.1 g) were pulverized to a powder in liquid nitrogen using the
TissueLyser II (Qiagen, Tokyo, Japan) and then extracted with 1 mL chloroform. The
chloroform extracts were centrifuged for 10 min at 12,000× g, and then the supernatants
(200 µL) were completely evaporated and dissolved in 0.1 mL of 40% methanol, and 10-µL
aliquots were subjected to HPLC using a fluorescence detector system (Waters, Milford,
MA, USA) as described previously [30]. Melatonin was eluted at about 31 min under this
HPLC condition. All measurements were performed in triplicate.

2.5. Generation of DWARF4, DWARF11, and RAVL1 Suppression Transgenic Rice Plants by
RNA Interference (RNAi)

The pTCK303 binary vector [31] was used to suppress rice DWARF4 (GenBank acces-
sion number AB206579), DWARF11 (GenBank accession number AK106528), and RAVL1
(GenBank accession number Os04g0581400). In brief, an N-terminal 359 bp DWARF4
cDNA fragment was amplified by reverse transcription-PCR using the following primer
set: DWARF4-F 5′-ACT AGT ACC AGC GAG CTG CTC TTC-3′ (SpeI site underlined)
and DWARF4-R 5′-GAG CTC GGT AGC TGC ACT CGA ACA-3′ (SacI site underlined)
with the cDNA templates synthesized from the total RNA from rice seedlings. As for
DWARF11, a C-terminal 283 bp DWAR11 cDNA was amplified with the following primer
set: DWARF11-F 5′-ACT AGT GTT CAT TTG AAC CCC TTA-3′ (SpeI site underlined)
and DWARF11-R 5′-GAG CTC AAG TGG CTC GAT TTC TAT-3′ (SacI site underlined).



Antioxidants 2022, 11, 918 4 of 13

Similarly, the N-terminal 300 bp length of RAVL1 was amplified with the following primer
set: RAVL1-F 5′-ACT AGT ATG GAG CAG GAG CAG GAT-3′ (SpeI site underlined) and
RAVL1-R 5′-GAG CTC GTT CAG CTT CCC CAC GTC-3′ (SacI site underlined). These PCR
products were first subcloned into the T&A cloning vector (T&A:DWARF4, T&A:DWARF11,
and T&A:RAVL1; RBC Bioscience, New Taipei City, Taiwan) for further cloning experiments.
From these plasmids, the antisense DWARF4, DWARF11, and RAVL1 inserts were acquired
by SacI and SpeI double digestion, whereas the sense DWARF4, DWARF11, and RAVL1
inserts were prepared by KpnI and BamHI double digestion. The antisense fragments were
first ligated into the pTCK303 vector followed by the sense fragments of three gene inserts.
The resulting pTCK303:DWARF4, pTCK303:DWARF11, and pTCK303:RAVL1 RNAi binary
vectors were independently transformed into Agrobacterium tumefaciens LBA4404 followed
by Agrobacterium-mediated rice transformation with the embryogenic calli derived from
rice seed (Oryza sativa cv. Dongjin) as previously described [11,32]. Transgenic rice plants
suppressing Gα was generated previously and described in Hwang and Back [20].

2.6. Statistical Analysis

The data were analyzed using analysis of variance using IBM SPSS Statistics 23 software
(IBM Corp. Armonk, NY, USA). Means with asterisks and different letters indicate signifi-
cantly different values at p < 0.05, according to least significance difference (LSD) test. All
data are presented as mean ± standard deviations.

3. Results
3.1. Effects of Various Hormone Treatments on Melatonin Synthesis in Rice Seedlings

GA acts as an endogenous plant hormone to induce melatonin synthesis in rice [20].
Here, to determine whether other plant hormones can also induce melatonin synthesis, the
roots of 7-day-old rice seedlings were independently treated with varying levels of four
different hormones for 24 h, followed by cadmium treatment for induction of melatonin to
facilitate the detection of melatonin by HPLC. As shown in Figure 1, ethylene was unable
to induce melatonin synthesis, whereas BR showed a strong capacity to induce melatonin
synthesis with peak melatonin accumulation at a concentration of 1 µM. The effect of BR was
further confirmed by the application of brassinazole (BZ), a BR biosynthesis inhibitor. BZ
treatment significantly inhibited melatonin synthesis, indicating that BR elicits melatonin
synthesis, similar to GA [20]. In addition, cytokinin (BA) and IAA treatments slightly
increased melatonin synthesis, but its levels were far lower than those of BR. It is puzzling
that 10 µM ethylene treatment decreased melatonin synthesis that was not observed in
either 1 µM or 100 µM treatment. The reason for this is unclear, but similar results were also
observed in cytokinin (0.01 µM) and IAA (0.01 µM) treatments. In summary, these results
clearly show that BR acts as a potent inducer of melatonin synthesis in rice seedlings.

3.2. Characterization of Genes Involved in Melatonin Biosynthesis and Catabolism in Response to
BR Treatment

To examine whether melatonin synthesis is induced by BR treatment in the absence of
cadmium treatment, 7-day-old rice seedlings were challenged rhizosperically with varying
concentrations of BR for 24 h, followed by quantification of melatonin using the upper parts
of leaves and stems. As shown in Figure 2, melatonin synthesis increased with BR treatment
at a concentration of 0.1 µM and reached a peak at 1 µM with a 40% increase compared
to controls. Treatment with 10 µM BR failed to induce melatonin production, in contrast
to cadmium treatment (Figures 1 and 2). To determine whether the increase in melatonin
synthesis by BR treatment is associated with genes involved in melatonin synthesis and
catabolism, the shoot and stem tissues of 7-day-old rice seedlings challenged with 1 µM BR
for 24 h were separated and harvested for total RNA extraction followed by quantitative
real-time polymerase chain reaction (qRT-PCR) analysis using UBQ5 as a reference gene.
Transcript levels of melatonin biosynthetic genes, such as tryptophan decarboxylase 1 (TDC1),
TDC3, tryptamine 5-hydroxylase (T5H), and N-acetylserotonin O-methyltransferase 1 (ASMT1),
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were significantly elevated by BR treatment, while the expression levels of the biosynthetic
genes TDC2 and caffeic acid O-methyltransferase (COMT) were downregulated (Figure 2C).
Among catabolic genes, BR treatment inhibited the expression of N-acetylserotonin deacetylase
(ASDAC), whereas the expression of melatonin 3-hydroxylase (M3H) was upregulated. The
main difference in the effect on the increase in melatonin between GA and BR treatment was
seen in TDC1 expression, which was downregulated by GA treatment but upregulated by
BR. In summary, the BR-mediated increase in melatonin is primarily related to the induction
of melatonin biosynthetic gene transcription rather than the suppression of catabolic genes.
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treated rhizosperically with varying levels of hormones independently for 24 h and transferred to
new 50 mL conical tubes containing 0.5 mM cadmium for 3 days to induce melatonin synthesis.
Different letters denote significant differences (p < 0.05) as determined by Tukey’s HSD post hoc test.
C, water containing 0.1% ethanol. Ethephon that releases ethylene was used for ethylene treatment.
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Figure 2. (A) Pathways of melatonin biosynthesis and catabolism. (B) Melatonin levels in rice
seedlings treated with brassinosteroid in the absence of cadmium treatment. (C) Expression levels
of transcripts encoding melatonin biosynthetic and catabolic genes. Seven-day-old rice seedlings
were treated rhizosperically with various concentrations of epibrassinolide (BR) for quantification of
melatonin or with 1 µM epibrassinolide (BR) for qRT-PCR for 24 h. The upper parts of leaves and
stems were collected for HPLC quantification of melatonin and qRT-PCR analysis of various genes
involved in melatonin synthesis and catabolism. The primer sequences were previously described [20].
C, water containing 0.1% ethanol. Asterisks (*) denote significant differences (p < 0.05; ANOVA,
followed by Tukey’s HSD post hoc tests). C, water containing 0.1% ethanol; BR, epibrassinolide; TDC1,
tryptophan decarboxylase 1 (AK069031); TDC2 (AK103253); TDC3 (Os08g0140500); T5H, tryptamine
5-hydroxylase (AK071599); SNAT1, serotonin N-acetyltransferase 1 (AK059369); SNAT2 (AK068156);
COMT, caffeic acid O-methyltransferase (AK064768); ASMT1, N-acetylserotonin O-methyltransferase
(AK072740); ASDAC, N-acetylserotonin deacetylase (AK072557); M3H, melatonin 3-hydroxylase
(AK067086); M2H, melatonin 2-hydroxylase (AK119413); UBQ5, ubiquitin 5 (Os03g13170).

3.3. Melatonin Biosynthesis Was Severely Compromised in Transgenic Rice Plants with Various
RNAis Downregulating the BR Biosynthesis-Related Genes DWARF4, DWARF11, and RAVL1

To investigate whether a decrease in BR leads to a reduction of melatonin biosynthesis,
three BR biosynthesis-related genes were downregulated using an RNAi strategy (Figure 3).
The two BR biosynthetic genes, DWARF4 and DWARF11, which catalyze C-22 hydroxyla-
tion, the rate-limiting step of BR biosynthesis, have redundant functions, but show a 37%
amino-acid identity [25]. The third gene, RAV-like1 (RAVL1), is a transcription factor that
binds BR biosynthetic genes, such as DWARF11 and ebisu dwarf (D2), as well as the BR
receptor BRI1, leading to increased BR synthesis [26,27]. All three RNAi transgenic rice
seedlings exhibited suppression of transcripts in conjunction with a common dwarf pheno-
type (Figures 4–6), a characteristic feature of BR deficiency. Melatonin levels were 25 ng/g
fresh weight (FW) on average in both DWARF4 and DWARF11 RNAi rice seedlings, while
the wild type produced melatonin at a level of 85 ng/g FW. RAVL1 RNAi rice seedlings
produced melatonin at a level of 38 ng/g FW on average, which was 2.2-fold lower than the
wild type. DWARF11, D2, and BRI1 transcripts were clearly suppressed in RAVL1 RNAi
rice seedlings, whereas DWARF4 expression was not altered (Figure 6B), corroborating
the involvement of RAVL1 in both BR biosynthesis and signaling. Taken together, these
observations are consistent with the results of exogenous BR treatments, highlighting the
role of BR as an elicitor of melatonin biosynthesis in vitro and in vivo, similar to GA [20].
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Figure 3. Brassinosteroid biosynthetic pathway and schematic diagram of binary vector. (A) Brassinos-
teroid biosynthesis and DWARF4 and DWARF11 enzymes. (B) Schematic diagram of pTCK303:DWARF4,
pTCK303:DWARF11, and pTCK303:RAVL1 binary vectors. GenBank accession numbers of DWARF4,
DWARF11, and RAVL1 are AB206579, AK106528, and Os04g0581400. Ubi-P, maize ubiquitin promoter;
P35S, 35 S cauliflower mosaic virus 35S promoter; HPT, hygromycin phosphotransferase; Tnos, nopaline
synthase terminator.
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Figure 4. Generation of DWARF4-suppressed transgenic rice plants. (A) Phenotypes of 7-day-old
wild-type (WT) and DWARF4 RNAi transgenic (T2) rice seedlings. (B) Shoot length measurement.
(C) qRT-PCR analyses of WT and transgenic (T2) lines. (D) Phenotypes of 7-day-old rice seedling after
cadmium treatment. (E) Melatonin levels of WT and transgenic lines. Seven-day-old rice seedlings
were challenged with 0.5 mM cadmium for 3 days for quantification of melatonin. Asterisks (*) indicate
significant differences from the wild type (p < 0.05), as determined by Tukey’s HSD post-hoc tests.
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Figure 5. Generation of DWARF11-suppressed transgenic rice plants. (A) Phenotypes of 7-day-old wild-
type (WT) and DWARF11 RNAi transgenic (T2) rice seedlings. (B) Shoot length measurement. (C) Results
of qRT-PCR analyses of WT and transgenic (T2) lines. (D) Phenotypes of 7-day-old rice seedlings after
cadmium treatment. (E) Melatonin levels of WT and transgenic lines. The 7-day-old rice seedlings
were challenged with 0.5 mM cadmium for 3 days for quantification of melatonin. Asterisks (*) indicate
significant differences from the wild type (p < 0.05), as determined by Tukey’s HSD post hoc tests.
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whether PB-mediated melatonin decrease could be reversed. As shown in Figure 7, the 
PB-mediated reduction of melatonin was fully reversed by either BR or GA alone and in 
combination. These data suggest that BR-induced melatonin induction is not dependent 
on GA-induced melatonin synthesis. The synergistic increase in melatonin level by com-
bined treatment with BR and GA compared to either individual treatment alone has not 
been observed. Unlike cell elongation in which BR acts as an upstream regulator of GA 
biosynthesis [21], the increase in melatonin level associated with BR treatment did not 
require the downstream GA regulator. These pharmacological complementation experi-
ments were further verified in RAVL1 and Gα RNAi transgenic rice plants. Melatonin de-
creases in these transgenic plants were partially ameliorated by exogenous BR treatment 
because these genes are associated with the BR signaling pathway (Figure 8). However, 
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Figure 6. Generation of RAVL1-suppressed transgenic rice plants. (A) Phenotypes of 7-day-old
wild-type (WT) and RAVL1 RNAi transgenic (T2) rice seedlings. (B) Shoot length measurement.
(C) qRT-PCR analyses of WT and transgenic (T2) lines. (D) Phenotypes of 7-day-old rice seedling after
cadmium treatment. (E) Melatonin levels of WT and transgenic lines. The 7-day-old rice seedlings
were challenged with 0.5 mM cadmium for 3 days for quantification of melatonin. Asterisks (*)
indicate significant differences from the wild type (p < 0.05) as determined by Tukey’s HSD post hoc
tests. GenBank accession numbers are Os04g0581400 (RAVL1), AK101085 (BRI1), XP_015755947 (D2),
AK106528 (DWARF11), AB206579 (DWARF4), and Os03g13170 (UBQ5).
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3.4. BR Induced Melatonin Synthesis in a GA-Independent Manner

The 7-day-old rice seedlings were challenged with 10 µM paclobutrazol (PB), a GA
biosynthesis inhibitor, together with either BR or GA alone or BR + GA to determine
whether PB-mediated melatonin decrease could be reversed. As shown in Figure 7, the
PB-mediated reduction of melatonin was fully reversed by either BR or GA alone and in
combination. These data suggest that BR-induced melatonin induction is not dependent
on GA-induced melatonin synthesis. The synergistic increase in melatonin level by com-
bined treatment with BR and GA compared to either individual treatment alone has not
been observed. Unlike cell elongation in which BR acts as an upstream regulator of GA
biosynthesis [21], the increase in melatonin level associated with BR treatment did not
require the downstream GA regulator. These pharmacological complementation exper-
iments were further verified in RAVL1 and Gα RNAi transgenic rice plants. Melatonin
decreases in these transgenic plants were partially ameliorated by exogenous BR treatment
because these genes are associated with the BR signaling pathway (Figure 8). However,
the decrease in melatonin level in the RAVL1 RNAi transgenic rice was fully reversed
by exogenous GA treatment, but only partially reversed in the Gα RNAi transgenic rice
plants. These observations clearly indicate that BR and GA act independently to induce
melatonin synthesis.
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Figure 7. Restoration of melatonin synthesis by BR treatment under conditions of inhibition of GA
biosynthesis. (A) Phenotypes of 7-day-old wild-type (WT) rice seedling treated with paclobutrazol
together with either BR or GA3 alone or in combination for 24 h. The resulting rice seedlings were
subjected to cadmium treatment (0.5 mM) for 3 days under conditions of continuous light for quantifi-
cation of melatonin. (B) Melatonin quantification. The different letters denote significant differences
(p < 0.05) as determined by Tukey’s HSD post hoc tests from the control (C). PB, paclobutrazol (10 µM);
C, water containing 0.1% ethanol; BR, epibrassinolide (1 µM); GA3, gibberellic acid 3 (10 µM).
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Figure 8. Effects of exogenous BR and GA in RAVL1 and Gα RNAi transgenic rice seedlings.
(A–C) Phenotypes of 7-day-old rice seedlings after cadmium treatment in response to exogenous BR
and GA3 treatments. (D) Melatonin levels of control-, BR-, and GA-treated rice seedlings. Seven-day-
old wild-type (WT) and RNAi rice seedlings were challenged with either BR or GA for 24 h. The
resulting rice seedlings were treated with 0.5 mM cadmium for 3 days under conditions of continuous
light at 28 ◦C followed by HPLC quantification of melatonin. Different letters denote significant
differences (p < 0.05), as determined by Tukey’s HSD post hoc tests. Mock, water containing 0.1%
ethanol; BR, 1 µM epibrassinolide; GA3, 10 µM gibberellic acid 3.

4. Discussion

The first report of crosstalk between BR and melatonin came from transgenic rice
plants with downregulation of serotonin N-acetyltransferase 2 (SNAT2), the penultimate
gene in the melatonin biosynthesis pathway [33]. The SNAT2-suppressed RNAi rice plants
showed a BR-deficient phenotype exhibiting semi-dwarf with erect leaves in conjunction
with BR decrease. This indicated that melatonin decrease is related to BR decrease, while
SNAT2 overexpression did not result in an increase in BR, suggesting an indirect effect
of melatonin on BR synthesis, similar to the GA decrease in SNAT1 knockout A. thaliana
mutant [8,34]. In addition to the effect of melatonin on the levels of various plant hor-
mones [13], we recently reported that GA acts as an endogenous elicitor to induce melatonin
synthesis [20]. One possible explanation for GA-induced melatonin synthesis is that GA-
mediated growth promotion is susceptible to many stresses, including H2O2 [35], which
may be counteracted by an increase in melatonin, as melatonin is a potent antioxidant
as well as a signaling molecule with roles in protecting plants from a diverse array of
abiotic and biotic stresses by way of the induction of many antioxidant enzymes and their
defense-related genes [1,3,36–39].

Interestingly, it was reported that BR regulates cell elongation by modulating GA
biosynthesis in rice [21] and A. thaliana [22], suggesting that BR treatment may also induce
melatonin synthesis indirectly via an increase in GA. In this study, BR treatment induced
melatonin synthesis in a dose-dependent manner, similar to GA, while the other hormones,
ethylene, BA, and IAA, failed to induce melatonin synthesis (Figure 1). To gain direct
genetic evidence, we used RNAi for three BR synthesis- and signaling-related genes, i.e.,
DWARF4, DWARF11, and RAVL1. Transgenic rice plants with RNAi-mediated downregula-
tion of these genes showed decreased synthesis of melatonin, indicating that BR acts as an
endogenous elicitor in plants. The greatest decline in melatonin synthesis was observed in
the DWARF4 RNAi rice followed by DWARF11 RNAi and RAVL1 RNAi lines. Melatonin
synthesis was markedly decreased in the presence of paclobutrazol, a GA biosynthesis
inhibitor, while either exogenous BR or GA treatment fully recovered melatonin synthesis.
These observations suggested that BR-mediated melatonin induction is independent of
GA, with both acting as an independent elicitor of melatonin synthesis (Figure 9). These
data were further confirmed by the observation that GA treatment of the RAVL1 RNAi rice
seedlings fully recovered melatonin synthesis comparable to wild type, but only partially
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recovered melatonin synthesis in Gα RNAi rice seedlings. The partial recovery of melatonin
synthesis in the Gα RNAi line by either GA or BR indicated that Gα is involved in the
signaling processes of both GA and BR.
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Figure 9. Proposed model for melatonin biosynthesis by endogenous hormones. (A) Brassinosteroids
(BR)-induced melatonin increase in a gibberellins (GA)-independent manner and (B) BR-induced
GA-dependent regulation of growth and leaf angle. GA and BR induce melatonin production
independently, whereas abscisic acid inhibits melatonin production. The induction patterns of genes
responsible for melatonin biosynthesis and metabolism were slightly different between hormone
treatments. BR treatment induced several genes involved in melatonin biosynthesis, including TDC1,
TDC3, T5H, and ASMT1, whereas GA induced TDC3, T5H, and ASMT1. ASDAC and M2H were
downregulated by GA treatment, while only ASDAC was downregulated by BR treatment. Unlike
BR and GA, abscisic acid inhibits melatonin synthesis [20].

Commensurate with the induction of melatonin biosynthetic genes in response to GA,
BR treatment induced many genes responsible for melatonin biosynthesis, including TDC3
and T5H. In addition, M2H was suppressed in response to BR, similar to GA. However,
differential gene expression between BR and GA treatments was also observed in TDC1,
TDC2, SNAT1, SNAT2, and M3H. Taken together, these results indicate that BR acts as an
elicitor for induction of melatonin synthesis, similar to GA [23]. Both BR and GA seem to
play independently roles in melatonin synthesis (Figure 9A) unlike the BR-mediated GA
increase pathway in growth and leaf angle (Figure 9B). The results presented here suggest
that melatonin synthesis is positively correlated with endogenous levels of either GA or BR
in plant cells.

5. Conclusions

Melatonin is a pleiotropic molecule with various functions in plant growth and de-
velopment as well as in defense responses to abiotic and biotic stresses. Although there
have been many reports of changes in plant hormones by melatonin treatment, there have
been few studies of the effects of plant hormones on melatonin biosynthesis. Here, we
demonstrated that BRs play essential roles in the induction of melatonin synthesis, similar
to GA. Our findings indicate that melatonin seems to function in concert with BR and GA
during plant growth and development. As both BR and GA are commonly involved in
cell elongation and growth, which are accompanied by increased susceptibility to various
abiotic stresses [35,40,41], the concomitant increases in melatonin level by BR and GA may
counteract these adverse effects due to increases in either GA [40] or BR [41] by increasing
protein quality control and antioxidant activity exerted by melatonin [1,3,5,9]. Further in-
depth studies of the precise underlying mechanisms and interplay between plant hormones
and melatonin will facilitate the discovery of new functions of melatonin in plant growth
and development as well as in defense responses to stressors.



Antioxidants 2022, 11, 918 12 of 13

Author Contributions: Conceptualization, K.B.; formal analysis, O.J.H.; investigation, O.J.H. and
K.B.; writing—original draft preparation, K.B.; writing—review and editing, funding acquisition, K.B.
and O.J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants from the Rural Development Administration
(project no. PJ015703012022) and the Basic Science Research Program through the National Research
Foundation (NRF-2021R1C1C2006271) of the Republic of Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhao, D.; Wang, H.; Chen, S.; Yu, D.; Reiter, R.J. Phytomelatonin: An emerging regulator of plant biotic stress resistance. Trends

Plant Sci. 2021, 26, 70–82. [CrossRef] [PubMed]
2. Lee, K.; Choi, G.-H.; Back, K. Functional characterization of serotonin N-acetyltransferase in Archaeon Thermoplasma volcanium.

Antioxidants 2022, 11, 596. [CrossRef] [PubMed]
3. Sun, C.; Liu, L.; Wang, L.; Li, B.; Jin, C.; Lin, X. Melatonin: A master regulator of plant development and stress responses. J. Integr.

Plant Biol. 2021, 63, 126–145. [CrossRef] [PubMed]
4. Arnao, M.B.; Cano, A.; Hernández-Ruiz, J. Phytomelatonin: An unexpected molecule with amazing performances in plants.

J. Exp. Bot. 2022, erac009. [CrossRef] [PubMed]
5. Tan, D.X.; Manchester, L.C.; Terron, M.P.; Flores, L.J.; Reiter, R.J. One molecule, many derivatives: A never-ending interaction of

melatonin with reactive oxygen and nitrogen species? J. Pineal Res. 2007, 42, 28–42. [CrossRef]
6. Lee, H.Y.; Back, K. Mitogen-activated protein kinase pathways are required for melatonin-mediated defense responses in plants.

J. Pineal Res. 2016, 60, 327–335. [CrossRef]
7. Madigan, A.P.; Harris, C.; Bedon, F.; Franks, A.E.; Plummer, K.M. High doses of melatonin confer abiotic stress tolerance to

phytopathogenic fungi grown in vitro. Melatonin Res. 2020, 3, 187–193. [CrossRef]
8. Lee, H.Y.; Back, K. Melatonin regulates chloroplast protein quality control via a mitogen-activated protein kinase signaling

pathway. Antioxidants 2021, 10, 511. [CrossRef]
9. Lee, H.Y.; Hwang, O.J.; Back, K. Phytomelatonin as a signaling molecule for protein quality control via chaperone, autophagy,

and ubiquitin–proteasome systems in plants. J. Exp. Bot. 2022, erac002. [CrossRef]
10. Yang, Q.; Peng, Z.; Ma, W.; Zhang, S.; Hou, S.; Wei, J.; Dong, S.; Yu, X.; Song, Y.; Gao, W.; et al. Melatonin functions in priming of

stomatal immunity in Panax notoginseng and Arabidopsis thaliana. Plant Physiol. 2021, 187, 2837–2851. [CrossRef]
11. Lee, K.; Back, K. Overexpression of rice serotonin N-acetyltransferase 1 in transgenic rice plants confers resistance to cadmium

and senescence and increases grain yield. J. Pineal Res. 2017, 62, e12392. [CrossRef] [PubMed]
12. Huangfu, L.; Chen, R.; Lu, Y.; Zhang, E.; Miao, J.; Zuo, Z.; Zhao, Y.; Zhu, M.; Zhang, Z.; Li, P.; et al. OsCOMT, encoding a caffeic

acid O-methyltransferase in melatonin biosynthesis, increases rice grain yield through dual regulation of leaf senescence and
vascular development. Plant Biotechnol. J. 2022. [CrossRef] [PubMed]

13. Arnao, M.B.; Hernández-Ruiz, J. Melatonin as a regulatory hub of plant hormone levels and action in stress situations. Plant Biol.
2021, 23, 7–19. [CrossRef] [PubMed]

14. Hwang, O.J.; Back, K. Melatonin deficiency confers tolerance to multiple abiotic stresses in rice via decreased brassinosteroid
levels. Int. J. Mol. Sci. 2019, 20, 5173. [CrossRef] [PubMed]

15. Yang, L.; You, J.; Li, J.; Wang, Y.; Chan, Z. Melatonin promotes Arabidopsis primary root growth in an IAA-dependent manner.
J. Exp. Bot. 2021, 72, 5599–5611. [CrossRef] [PubMed]

16. Paparelli, E.; Parlanti, S.; Gonzali, S.; Novi, G.; Mariotti, L.; Ceccarelli, N.; Van Dongen, J.T.; Kölling, K.; Zeeman, S.C.; Perata, P.
Nighttime sugar starvation orchestrates gibberellin biosynthesis and plant growth in Arabidopsis. Plant Cell 2013, 25, 3760–3769.
[CrossRef] [PubMed]

17. Lee, H.Y.; Lee, K.; Back, K. Knockout of Arabidopsis serotonin N-acetyltransferase-2 reduces melatonin levels and delays flowering.
Biomolecules 2019, 9, 712. [CrossRef]

18. Shi, H.; Tan, D.-X.; Reiter, R.J.; Ye, T.; Yang, F.; Chan, Z. Melatonin induces class A1 heat-shock factors (HSFA1s) and their possible
involvement of thermotolerance in Arabidopsis. J. Pineal Res. 2015, 58, 335–342. [CrossRef]

19. Mannino, G.; Pernici, C.; Serio, G.; Gentile, C.; Bertea, C.M. Melatonin and phytomelatonin: Chemistry, biosynthesis, metabolism,
distribution and bioactivity in plants and animals—An overview. Int. J. Mol. Sci. 2021, 22, 9996. [CrossRef]

20. Hwang, O.J.; Back, K. Exogenous gibberellin treatment enhances melatonin synthesis for melatonin-enriched rice production.
Biomolecules 2022, 12, 198. [CrossRef]

21. Tong, H.; Xiao, Y.; Liu, D.; Gao, S.; Liu, L.; Yin, Y.; Jin, Y.; Qian, Q.; Chu, C. Brassinosteroid regulates cell elongation by modulating
gibberellin metabolism in rice. Plant Cell 2014, 26, 4376–4393. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tplants.2020.08.009
http://www.ncbi.nlm.nih.gov/pubmed/32896490
http://doi.org/10.3390/antiox11030596
http://www.ncbi.nlm.nih.gov/pubmed/35326246
http://doi.org/10.1111/jipb.12993
http://www.ncbi.nlm.nih.gov/pubmed/32678945
http://doi.org/10.1093/jxb/erac009
http://www.ncbi.nlm.nih.gov/pubmed/35029657
http://doi.org/10.1111/j.1600-079X.2006.00407.x
http://doi.org/10.1111/jpi.12314
http://doi.org/10.32794/mr11250056
http://doi.org/10.3390/antiox10040511
http://doi.org/10.1093/jxb/erac002
http://doi.org/10.1093/plphys/kiab419
http://doi.org/10.1111/jpi.12392
http://www.ncbi.nlm.nih.gov/pubmed/28118490
http://doi.org/10.1111/pbi.13794
http://www.ncbi.nlm.nih.gov/pubmed/35189026
http://doi.org/10.1111/plb.13202
http://www.ncbi.nlm.nih.gov/pubmed/33098247
http://doi.org/10.3390/ijms20205173
http://www.ncbi.nlm.nih.gov/pubmed/31635310
http://doi.org/10.1093/jxb/erab196
http://www.ncbi.nlm.nih.gov/pubmed/34009365
http://doi.org/10.1105/tpc.113.115519
http://www.ncbi.nlm.nih.gov/pubmed/24096343
http://doi.org/10.3390/biom9110712
http://doi.org/10.1111/jpi.12219
http://doi.org/10.3390/ijms22189996
http://doi.org/10.3390/biom12020198
http://doi.org/10.1105/tpc.114.132092
http://www.ncbi.nlm.nih.gov/pubmed/25371548


Antioxidants 2022, 11, 918 13 of 13

22. Unterholzner, S.J.; Rozhon, W.; Papacek, M.; Ciomas, J.; Lange, T.; Kugler, K.G.; Mayer, K.F.; Sieberer, T.; Poppenberger, B.
Brassinosteroids are master regulators of gibberellin biosynthesis in Arabidopsis. Plant Cell 2015, 27, 2261–2272. [CrossRef]
[PubMed]

23. Saini, S.; Sharma, I.; Pati, P.K. Versatile roles of brassinosteroid in plants in the context of its homoeostasis, signaling and crosstalks.
Front. Plant Sci. 2015, 6, 950. [CrossRef] [PubMed]

24. Vriet, C.; Russinova, E.; Reuzeau, C. From squalene to brassinosteroide: The steroid metabolic and signaling pathways across the
plant kingdom. Mol. Plant 2013, 6, 1738–1757. [CrossRef]

25. Sakamoto, T.; Morinaka, Y.; Ohnishi, T.; Sunohara, H.; Fujioka, S.; Ueguchi-Tanaka, M.; Mizutani, M.; Sakata, K.; Takatsuto, S.;
Yoshida, S.; et al. Erect leaves caused by brassinosteroid deficiency increase biomass production and grain yield in rice. Nat.
Biotechnol. 2006, 24, 105–109. [CrossRef]

26. Je, B.I.; Han, C. Brassinosteroid homeostasis via coordinate regulation of signaling and synthetic pathways. Plant Signal. Behav.
2010, 5, 1440–1441. [CrossRef]

27. Je, B.I.; Piao, H.L.; Park, S.J.; Park, S.H.; Kim, C.M.; Xuan, Y.H.; Park, S.H.; Huang, J.; Choi, Y.D.; An, G.; et al. RAV-Like1 maintains
brassinosteroid homeostasis via the coordinated activation of BRI1 and biosynthetic genes in rice. Plant Cell 2010, 22, 1777–1791.
[CrossRef]

28. Oki, K.; Inaba, N.; Kitagawa, K.; Fujioka, S.; Kitano, H.; Fujisawa, Y.; Kato, H.; Iwasaki, Y. Function of the subunit of rice
heterotrimeric G protein in brassinosteroid signaling. Plant Cell Physiol. 2009, 50, 161–172. [CrossRef]

29. Ueguchi-Tanaka, M.; Fujisawa, Y.; Kobayashi, M.; Ashikari, M.; Iwasaki, Y.; Kitano, H.; Matsuoka, M. Rice dwarf mutant d1,
which is defective in the alpha subunit of heterotrimeric G protein, affects gibberellin signal transduction. Proc. Natl. Acad. Sci.
USA 2000, 97, 11638–11643. [CrossRef]

30. Byeon, Y.; Lee, H.Y.; Back, K. Chloroplastic and cytoplasmic overexpression of sheep serotonin N-acetyltransferase in trans-genic
rice plants is associated with low melatonin production despite high enzyme activity. J. Pineal Res. 2015, 58, 461–469. [CrossRef]

31. Wang, Z.; Chen, C.; Xu, Y.; Jiang, R.; Han, Y.; Xu, Z.; Chong, K. A practical vector for efficient knockdown of gene expression in
rice (Oryza sativa L.). Plant Mol. Biol. Rep. 2004, 22, 409–417. [CrossRef]

32. Lee, H.J.; Lee, S.B.; Chung, J.S.; Han, S.U.; Han, O.; Guh, J.O.; Jeon, J.S.; An, G.; Back, K. Transgenic rice plants expressing a
Bacillus subtilis protoporphyrinogen oxidase gene are resistant to diphenyl ether herbicide oxyfluorfen. Plant Cell Physiol. 2000,
41, 743–749. [CrossRef]

33. Back, K. Melatonin metabolism, signaling and possible roles in plants. Plant J. 2021, 105, 376–391. [CrossRef] [PubMed]
34. Hwang, O.J.; Back, K. Melatonin is involved in skotomorphogenesis by regulating brassinosteroid biosynthesis in rice plants.

J. Pineal Res. 2018, 65, e12495. [CrossRef] [PubMed]
35. Fath, A.; Bethke, P.C.; Jones, R.L. Enzymes that scavenge reactive oxygen species are down-regulated prior to gibberellic

ac-id-induced programmed cell death in barley aleurone. Plant Physiol. 2001, 126, 156–166. [CrossRef]
36. Pardo-Hernández, M.; López-Delacalle, M.; Rivero, R.M. ROS and NO regulation by melatonin under abiotic stress in plants.

Antioxidants 2020, 9, 1078. [CrossRef] [PubMed]
37. Ali, M.; Lamin-Samu, A.T.; Muhammad, I.; Farghal, M.; Khattak, A.M.; Jan, I.; Haq, S.U.; Khan, A.; Gong, Z.-H.; Lu, G. Melatonin

mitigates the infection of Colletotrichum gloeosporioides via modulation of the chitinase gene and antioxidant activity in Capsicum
annuum L. Antioxidants 2021, 10, 7. [CrossRef]

38. Zhang, T.; Wang, Y.; Ma, X.; Ouyang, Z.; Deng, L.; Shen, S.; Dong, X.; Du, N.; Dong, H.; Guo, Z.; et al. Melatonin alleviates
copper toxicity via improving ROS metabolism and antioxidant defense response in tomato seedlings. Antioxidants 2022, 11, 758.
[CrossRef]

39. Muhammad, I.; Yang, L.; Ahmad, S.; Mosaad, I.S.M.; Al-Ghamdi, A.A.; Abbasi, A.M.; Zhou, X.-B. Melatonin application
alleviates stress-induced photosynthetic inhibition and oxidative damage by regulating antioxidant defense system of maize: A
meta-analysis. Antioxidants 2022, 11, 512. [CrossRef]

40. Colebrook, E.H.; Thomas, S.G.; Phillips, A.L.; Hedden, P. The role of gibberellin signaling in plant responds to abiotic stress.
J. Exp. Biol. 2014, 217, 67–75. [CrossRef]

41. Kim, S.Y.; Kim, B.H.; Lim, C.J.; Lim, C.O.; Nam, K.H. Constitutive activation of stress-inducible genes in a brassinosteroid-
insensitive 1 (bri1) mutant results in higher tolerance to cold. Physiol. Plant. 2010, 138, 191–204. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.15.00433
http://www.ncbi.nlm.nih.gov/pubmed/26243314
http://doi.org/10.3389/fpls.2015.00950
http://www.ncbi.nlm.nih.gov/pubmed/26583025
http://doi.org/10.1093/mp/sst096
http://doi.org/10.1038/nbt1173
http://doi.org/10.4161/psb.5.11.13357
http://doi.org/10.1105/tpc.109.069575
http://doi.org/10.1093/pcp/pcn182
http://doi.org/10.1073/pnas.97.21.11638
http://doi.org/10.1111/jpi.12231
http://doi.org/10.1007/BF02772683
http://doi.org/10.1093/pcp/41.6.743
http://doi.org/10.1111/tpj.14915
http://www.ncbi.nlm.nih.gov/pubmed/32645752
http://doi.org/10.1111/jpi.12495
http://www.ncbi.nlm.nih.gov/pubmed/29607549
http://doi.org/10.1104/pp.126.1.156
http://doi.org/10.3390/antiox9111078
http://www.ncbi.nlm.nih.gov/pubmed/33153156
http://doi.org/10.3390/antiox10010007
http://doi.org/10.3390/antiox11040758
http://doi.org/10.3390/antiox11030512
http://doi.org/10.1242/jeb.089938
http://doi.org/10.1111/j.1399-3054.2009.01304.x
http://www.ncbi.nlm.nih.gov/pubmed/20053182

	Introduction 
	Materials and Methods 
	Plant Growth Conditions 
	Chemical Treatment 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis 
	Quantification of Melatonin 
	Generation of DWARF4, DWARF11, and RAVL1 Suppression Transgenic Rice Plants by RNA Interference (RNAi) 
	Statistical Analysis 

	Results 
	Effects of Various Hormone Treatments on Melatonin Synthesis in Rice Seedlings 
	Characterization of Genes Involved in Melatonin Biosynthesis and Catabolism in Response to BR Treatment 
	Melatonin Biosynthesis Was Severely Compromised in Transgenic Rice Plants with Various RNAis Downregulating the BR Biosynthesis-Related Genes DWARF4, DWARF11, and RAVL1 
	BR Induced Melatonin Synthesis in a GA-Independent Manner 

	Discussion 
	Conclusions 
	References

