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Melatonin (N-acetyl-5-methoxytryptamine), a naturally occurring small molecule, can protect 
plants against abiotic stress after exogenous treatmenting with it. It is not known if melatonin 
homologs, such as 5-methoxytryptamine and 5-methoxyindole, that are easy and more 
cost-effective to synthesize can stimulate the plant immune system in the same manner as 
melatonin. In the present study, we assessed the biological activity of the melatonin homologs, 
5-methoxytryptamin and 5-methoxyindole. The results showed that melatonin and its 
homologs all induced disease resistance against Phytophthora nicotianae in Nicotiana 
benthamiana plants. The application of all three compounds also induced stomatal closure 
and the production of reactive oxygen species. Gene expression analysis indicated that the 
expression of genes involved in hydrogen peroxide (H2O2), nitric oxide (NO) production, and 
salicylic acid (SA) biosynthesis was significantly upregulated by all three compounds. Four 
homologs of the melatonin receptors were identified by blasting search with the phytomelatonin 
receptor in Arabidopsis. Molecular docking studies were also used to identify four putative 
melatonin receptors in N. benthamiana. Further experimentation revealed that silencing of 
the melatonin receptors trP47363 and trP13076  in N. benthamiana compromised the 
induction of stomatal closure, PR-1a gene expression and SA accumulation by all three 
compounds. Collectively, our data indicate that the induction of defense responses in 
N. benthamiana by melatonin, 5-methoxytryptamine, and 5-methoxyindole involves the 
melatonin receptors trP47363 and trP13076.

Keywords: melatonin, 5-methoxytryptamin, 5-methoxyindole, disease resistance, Nicotiana benthamiana, 
stomatal closure, salicylic acid, transmembrane receptor

INTRODUCTION

Plants have evolved two innate immunity systems that respond to a broad range of 
microorganisms (Zuppini et  al., 2004; Zhang et  al., 2010; Jian et  al., 2021). In the early 
phase of the plant immunity response, pathogen-associated molecular patterns (PAMPs) 
and pathogen elicitors can directly induce a defense response in plants (Chen et  al., 2015). 
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Elicitors may be  secreted by the microorganism attempting 
to infect a host plant or substances released by hydrolytic 
enzymes produced by the pathogen or plant. Elicitors include 
a variety of compounds secreted by phytopathogens, including 
proteins, glycol-proteins, synthetic molecules, glycans, and 
lipids (Zhang et al., 2009). Plant cells respond to the elicitors 
by an influx in calcium ions, as well as the production of 
active oxygen species (AOS) and nitric oxide (NO). These 
induced molecules regulate many processes and interconnect 
different pathways to amplify and generate a physiological 
response by the host plant, such as a hypersensitive response 
and stomatal closure, through the induction of transcriptional 
and metabolic changes (Garcia-Brugger et  al., 2006; Zhang 
et  al., 2010). The various downstream responses that are 
triggered are not independent but rather overlap, including 
the induced expression of pathogenesis-related (PR) genes, 
phytohormone homeostasis regulation, synthesis of reactive 
oxygen species (ROS), and secondary metabolite accumulation 
(La Camera et  al., 2004; Pieterse et  al., 2009; Feng and 
Shan, 2014).

Melatonin (N-acetyl-5methoxytryptamine), originally discovered 
in the 1950s in the pineal gland, represents biological molecules 
that have been extensively studied. Melatonin (MT) has been 
shown to possess a broad spectrum of biological functions 
in both animals and plants (Lerner et  al., 1958; Arnao and 
Hernández-Ruiz, 2006; Reiter et  al., 2010; Liang et  al., 2015; 
Zhang et  al., 2015). For example, MT is considered a indole 
that can be  potentially used to combat viral diseases, such 
as severe acute respiratory syndrome and West Nile virus 
(Bonilla et al., 2004), and has been shown to regulate circadian 
rhythms, the immune system, and ROS signaling, as well as 
sleep, food intake, mood, and body temperature in humans 
(Dollins et  al., 1994; Rodriguez et  al., 2004; Brainard et  al., 
2011; Carrillo-Vico et  al., 2013). MT can also induce host 
resistance in plants to pathogens, such as Alternaria spp., 
Pseudomonas syringae pv. tomato DC3000, and Fusarium spp. 
(Lee et  al., 2014; Arnao and Hernández-Ruiz, 2015). MT 
was first identified in plants in 1995 (Dubbels et  al., 1995; 
Hattori et al., 1995) and has since received increased attention 
due to its common presence and versatile functions in the 
plant kingdom. For example, MT has been reported to alleviate 
abiotic stresses (cold, heat, drought, salt, and heavy metals) 
in plants (Shi et  al., 2015b; Wei et  al., 2015; Li et  al., 2016b; 
Ding et  al., 2018). MT in plants has also been reported to 
function as a growth regulator (Murch and Saxena, 2002; 
Arnao and Hernández-Ruiz, 2006) regulate seed germination, 
root development, and provide photoprotection, as well as 
regulate flowering, leaf senescence, seed yield, and fruit ripening 
(Wang et al., 2012; Byeon and Back, 2014; Byeon et al., 2014a; 
Zhang et  al., 2014; Sun et  al., 2015). The role of MT in 
plant immunity has been investigated but only limited 
information is available on the activity of MT-related homologs 
and the identification of MT receptors in plants.

The biosynthetic pathway of MT in many different organisms, 
including amphibians, reptiles, and mammals is well established 
(Reiter, 1999; Falcón et al., 2009) and differs in several respects 
from MT biosynthesis in plants. In the MT biosynthesis 

pathway in vertebrates, tryptophan is converted into either 
5-hydroxytryptophan by tryptophan 5-hydroxylase or 
tryptamine by a tryptophan decarboxylase. While the 
5-hydroxytryptophan pathway is predominant in animals, the 
tryptamine pathway is dominant in rice (Oryza sativa; Park 
et  al., 2012). The MT biosynthetic pathway is not regulated 
in the same manner in plants and animals. The biosynthetic 
pathway for MT in plants is more complex, relative to 
vertebrates; however, only limited data are available on MT 
biosynthesis in plants (Tan et  al., 2013). All the enzymes in 
the MT biosynthetic pathway in rice (O. sativa) have been 
recently characterized and localized (Byeon et  al., 2014b). In 
contrast to biosynthesis, the production of synthetic MT is 
a common practice and results in the synthesis of high purity 
MT, which serves as the primary source of MT for therapeutic 
use in humans. MT is commercially synthesized in a four-step 
reaction, using 5-methoxyindole as the main starting material 
(Cheng-Hong et  al., 2009).

In the present study, we  investigated the effect of 
5-methoxytryptamine and 5-methoxyindole on plant defense 
response. Results indicated that 5-methoxytryptamine and 
5-methoxyindole can induce a resistance response in Nicotiana 
benthamiana against Phytophthora nicotianae similar to 
melatonin. The synthetic compounds 5-methoxytryptamine and 
5-methoxyindole also induced stomatal closure and ROS 
production and activated the SA signaling pathway, which has 
not been investigated in other species. We  also identified four 
putative melatonin receptors, trP47363, trP13076, trP49122, 
and trP40966  in N. benthamiana through bioinformatics 
prediction and molecular docking analyses. Finally, we  found 
that the homologs receptors trP47363 and trP13076 act 
downstream of MT, 5-methoxytryptamine, and 5-methoxyindole 
in N. benthamiana through VIGS experiments. Collectively, 
the data suggest that the transmembrane receptors trP47363 
and trP13076 function as receptors of MT, 5-methoxytryptamine 
and 5-methoxyindole to mediate plant defense response in 
N. benthamiana.

MATERIALS AND METHODS

Fungal and Plant Growth Conditions
The original culture of P. nicotianae was provided by professor 
Daolong Dou (Nanjing Agricultural University, Jiangsu, China). 
A 0.6-cm-diameter plug containing P. nicotianae mycelium was 
placed at the center of V8 plates (200  ml V8 juice and 3.0  g 
CaCO3 were boiled in 1  l of water and solidified with 1.5% 
agar), and the plates were incubated at 25°C for 4  days. 
N.  benthamiana seeds were surface sterilized in 95% (v/v) 
ethanol for 5  min, followed by a 5% (w/v) solution of sodium 
hypochlorite for 5  min. This was followed by five washes with 
double distilled water (ddH2O). Seeds were allowed to germinate 
in Petri plates containing solid (Murashige and Skoog 1962) 
medium. Seedlings were then transferred to pots containing 
sterilized vermiculite at a density of one per pot. Seedlings 
were incubated in a controlled environment growth chamber 
at 25°C under a 16  h/8  h light/dark cycle.
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The Effect of MT on Disease Severity in 
Nicotiana benthamiana Caused by 
Phytophthora nicotianae
Chitosan, MT, and its related compounds were dissolved in 99.7% 
(v/v) ethanol, then, diluted all the compounds to 50  μM using 
the sterilized water. The effect of 50  μM solutions of either MT, 
5-methoxytryptamine, 5-methoxyindole, N-acetyltryptamine, 
tryptamine, indole, or chitosan of disease severity in N. benthamiana 
caused by P. nicotiana was assessed. Six-week-old N. benthamiana 
plants were treated with 50  μM solutions of MT, MT-homologs, 
and chitosan by watering the soil of seedlings with the prepared 
solutions. Control seedlings were treated with 0.005% (v/v) ethanol/
water. Four hours after the treatments were applied, nine leaves 
from three plants were detached and inoculated with a 
7  mm  ×  7  mm hyphal plug of P. nicotianae placed on the 
surface of the right side of each leaf, after inoculated samples 
were placed at 25°C. For disease symptoms were recorded after 
48  h of incubation. Leaves were fixed in 95% ethanol, and the 
disease severity was assessed by measuring the diameter of the 
P. nicotianae lesion. Each assay was repeated three times.

Effect of Treatments on Stomatal Aperture
Stomatal apertures were measured as described by Chen et  al. 
(2004). N. benthamiana plants were watered with MT, or its 
homologs after seedlings had fully opened their stomata in 
the light for 2–3  h. This was done to minimize the effect of 
extraneous factors on stomatal response. Plants were then 
watered with either 50  μM solutions of either MT, 
5-methoxytryptamine, 5-methoxyindole, N-acetyltryptamine, 
tryptamine, indole, or chitosan. Measurements of stomatal 
apertures were recorded 3  h after the treatments were applied. 
Images of different stomatal aperture leaf strips were captured 
with an Olympus BX43 microscope and then measured using 
CellSens Standard Software (Tokyo, Japan). The diameter of 
50 randomly selected stomata, which got from nine leaves 
and three plants, was measured. Each assay was repeated 
three times.

3,3'-Diaminobenzidine Staining for 
Hydrogen Peroxide
Leaves collected 6  h after treatment were incubated in PBS 
buffer (pH 7.4) containing 0.5% (w/v) diaminobenzidine (DAB) 
for 8  h at 25°C in the light as described in Samuel et  al. 
(2005). Leaves were then boiled in 96% ethanol for 10  min 
to remove chlorophyll and any unreacted dye. The remaining 
brown precipitates results from the reduction of the DAB by 
hydrogen peroxide were then assessed. The intensity and pattern 
of H2O2 staining in the leaves were analyzed using Quantity 
One software (Bio-Rad, Milan, Italy).

RNA Isolation and Reverse 
Transcription-Quantitative PCR
Total RNA was extracted using a Plant RNA Kit (Omega 
Bio-Tek, Norcross, GA, United  States) according to the 
manufacturer’s instructions. First-strand cDNA was synthesized 

using Reverse Transcriptase (TaKaRa Bio Inc., Dalian, China) 
with oligo dT primers, and the resulting cDNA was used as 
a template for subsequent PCR amplification. RT-PCR products 
were resolved on an agarose gel to determine qualitative 
expression levels of target genes. RT-qPCR was performed 
using SYBR Premix Ex Taq (TaKaRa Bio Inc.) on a 7,500 
Fast Real-Time PCR Detection System (Applied Biosystems, 
Foster, CA United  States). Expression of the N. benthamiana 
EF1a gene was used to normalize gene expression in 
each sample.

Virus-Induced Gene Silencing
The first phytomelatonin receptor (CAND2/PMTR1) was recently 
identified in Arabidopsis thaliana and was demonstrated to regulate 
the stomatal closure induced by MT (Jian et  al., 2018). Four 
membrane proteins (trP47363, trP13076, trP49122, and trP40966) 
were identified in N. benthamiana by BLASTP analysis1 using 
Arabidopsis CAND2/PMTR1 as a query. Specific, short fragments 
(∼400  bp) of NbtrP49122-trP40966, NbtrP47363-trP13076, or 
NbtrP47363-trP13076-trP49122-trP40966 were designed using the 
Sol Genomics VIGS tool.2 These fragments were PCR-amplified 
with primers introducing 5'end EcoRI and 3' end XhoI sites 
and were cloned into the pTRV2 vector between EcoRI and 
XhoI sites (Liu et  al., 2002). Cotyledons of two-week-old 
N. benthamiana seedlings were infiltrated with a mixture of 
Agrobacterium tumefaciens GV3101 harboring pTRV1 
(OD600  =  0.5) and pTRV2: Gene to be  silenced (OD600  =  0.5) 
into cotyledons and grown for 4–5  weeks under short-day 
conditions (22°C, 11  h light/13  h dark). Gene silencing was 
confirmed by semi-quantitative amplification of the silenced target 
gene. Total RNA of N. benthamiana was extracted from a single 
leaf disk (8  mm in diameter) using a Plant RNA Kit (Omega 
Bio-Tek, Norcross, GA, United  States). First-strand cDNA was 
synthesized using Reverse Transcriptase (TaKaRa Bio Inc., Dalian, 
China) with oligo dT primers, and the resulting cDNA was used 
as a template for subsequent PCR amplification.

Agrobacterium-Mediated Transient 
Expression Analysis
Agrobacterium tumefaciens GV3101 was transformed with binary 
vector effector constructs by electroporation (2.2  kV/6  ms/
Bio-Rad). Transformed cells were grown on L-agar plates with 
selective antibiotics for 2  days then inoculated and grown in 
liquid L-media with selective antibiotics. Overnight cultures 
were centrifuged at 5,000  rpm for 4  min, resuspended in 
agro-infiltration solution (10  mM MgCl2/10  mM MES) and 
adjusted to an OD600  =  0.4 before leaf infiltration with a 
blunt-end syringe.

Measurement of Free SA Accumulation
Free SA was extracted from leaves and roots and quantified 
according to the method of Schuhegger et  al. (2006).

1 https://sefapps02.qut.edu.au/blast/blast_link2.cgi
2 vigs.solgenomics.net
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Statistical Analysis
Each experiment was conducted with a minimum of three 
independent replications. The data were analyzed by ANOVA, 
followed by Duncan’s multiple range test (p  <  0.01), using 
SPSS software (SPSS Inc., Chicago, IL, United  States).

RESULTS

Effect of Melatonin and Its Homologs on 
Disease Severity in Nicotiana benthamiana 
Caused by Phytophthora nicotianae
MT plays an important role in plant protection against biotic 
stresses (Regodon et  al., 2005; Carrillo-Vico et  al., 2013; Vielma 
et  al., 2014; Nabavi et  al., 2019); however, it is expensive to 
produce, limiting its potential use in agriculture. Therefore, the 
impact of several MT-homologs on disease resistance in N. 
benthamiana against P. nicotianae was investigated. Water was 
used as a negative control and chitosan was used as a positive 
control. The experiment was designed to determine if 50  μM 
solutions of the treatment compounds could induce defense 
responses against P. nicotianae in N. benthamiana. Results indicated 
that the pretreatment of N. benthamiana plants with MT, 
5-methoxytryptamine, and 5-methoxyindole significantly inhibited 
(p  <  0.01) lesion size in inoculated leaves of N. benthamiana by 
16.56–23.31%. Chitosan, used as a positive control, reduced lesion 
size by 34.36%, relative to the untreated control group. The other 
MT-homologs, N-acetyltryptamine, tryptamine, and indole, did 
not affect lesion size, relative to the untreated control (Figures 1A,B). 
Since MT, 5-methoxytryptamine, and 5-methoxyindole are based 
on a 5-methoxyindole backbone, while N-acetyltryptamine, 
tryptamine, and indole are based on indole, we  postulated that 
5-methoxyindole represents the functional backbone of MT.

Melatonin, 5-methoxytryptamin, and 
5-methoxyindole Induce Stomatal Closure 
in Nicotiana benthamiana Leaves
Guard cells exhibit a classic innate immune response to both PAMP 
compounds and pathogens (Zhang et  al., 2009). Elicitors, such as 
chitosan, have been reported to induce stomatal closure (Lee et al., 
1999). Therefore, we  hypothesized that MT and MT-homologs 
would also induce stomatal closure. To test this hypothesis, the 
aperture of guard cells in epidermal peels of N. benthamiana was 
examined and measured under a microscope after being treated 
with a buffer, or 50 μM solutions of MT or MT-homologs compared 
with positive control treated with Chitosan. Results indicated that 3 h 
after the treatment MT, 5-methoxytryptamin, and 5-methoxyindole 
induced stomatal closure, while N-acetyltryptamine, tryptamine, 
and indole had no effect (Figures  2A,B).

Melatonin and Its Homologs Induce the 
H2O2 Accumulation in Nicotiana 
benthamiana Leaves
Several studies have demonstrated that H2O2 is involved in 
elicitor-inhibited stomatal opening and elicitor-enhanced 

stomatal closure (Lee et  al., 1999). Therefore, H2O2 
accumulation was measured in N. benthamiana leaves treated 
with MT, 5-methoxytryptamine, or 5-methoxyindole to 
determine if H2O2 was involved in the effect of these chemical 
compounds on stomatal closure. H2O2 accumulation was 
measured by DAB staining. Figure  3A is representative 
photographs showing the presence of DAB–H2O2 reaction 
product in N. benthamiana leaves at 8  h after treatment. 
Heavy brown precipitates, indicating H2O2 accumulation, 
were observed in leaves of plants treated with MT and 
MT-homologs, relative to the untreated control (Figure 3A). 
These observations were consistent with the measurement 
of relative DAB staining presented in Figure  3B.

Effect of Melatonin, 5-methoxytryptamin, 
and 5-methoxyindoleregulate on the 
Expression of Genes Involved in H2O2 and 
NO Production
Nitric oxide regulates innate immunity by functioning as a 
signaling molecule in a wide range of organisms including 
plants, especially in the regulation of stomatal guard cells 
(Ali et  al., 2007; Asai and Yoshioka, 2009; Zhang et  al., 
2010). Rapid production of AOS, including H2O2, superoxide, 
and the highly reactive hydroxyl radical, is a characteristic 
component of the resistance response in plants, where AOS 
is believed to function as second messengers in the activation 
of resistance reactions, such as defense-related genes 
(Lee  et  al., 1999; Pasqualini et  al., 2007). We hypothesized 
that the induction of disease resistance by MT, 
5-methoxytryptamine, and 5-methoxyindole in plants is 
correlated with the upregulation of genes involved in H2O2 
and NO production. Our results indicated that two genes 
involved in H2O2 production, robhA and robhB, were both 
significantly upregulated by MT, 5-methoxytryptamine, and 
5-methoxyindole (Figures  4A,B). The expression of nitrate 
reductase genes, NIA1 and NIA2, was also affected by the 
three tested compounds (Figures 4C,D). NIA1 was upregulated 
by all three compounds, while the expression of NIA2 was 
differentially impacted by the three compounds, being slightly 
induced by MT, more upregulated by 5-methoxyindole, and 
downregulated by 5-methoxytryptamine.

Melatonin and Its Homologs Activate an 
SA-Mediated Signaling Pathway
Plants utilize a broad range of defense mechanisms to 
respond and prevent invasion by pathogens. Systemic acquired 
resistance is associated with the accumulation of the hormone, 
salicylic acid (SA), while induced systemic resistance is 
mediated by jasmonic acid (JA) and ethylene (ET)-regulated 
pathways (Schuhegger et  al., 2006; Zhu et  al., 2014; Jian 
et  al., 2019). To determine which signaling pathway is 
involved in the resistance of N. benthamiana to pathogens 
induced by MT and its homologs, the expression of the 
SA-responsive gene PR-1a, the JA synthesis-related gene 
LOX, and the ET-responsive gene ERF1 in response to 
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the  application of these compounds. Results revealed that 
the expression of PR-1a is dramatically increased in 

N.  benthamiana leaves 3  h after the application of MT, 
5-methoxytryptamine, or 5-methoxyindole and that there 

A

B

FIGURE 1 | Effect of melatonin and its homologs on disease severity in N. benthamiana caused by P. nicotianae. (A) Disease symptoms in N. benthamiana leaves 
following pretreatment with 50 μM solutions of MT and MT-homologs and inoculate with P. nicotianae. Fully expanded N. benthamiana leaves were detached from plants 
4 h after being watered with the test compounds. The leaves were placed in Petri dishes containing water-saturated filter paper and then inoculated with P. nicotianae. 
Photographs of the lesions were taken at 48 h post-inoculation. Water (control) was used as a negative control and chitosan was used as positive control. Ethanol-bleached 
N. benthamiana leaves were also photographed to more clearly illustrate the region of dead cells. (B) Average lesion diameter (red circles) in N. benthamiana leaves treated 
with different test compounds. Data represent the mean ± standard deviations (SDs) of three replicates (experiments). Columns with different letters indicate significant 
differences in lesion size as determined by a Duncan’s multiple range test.
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was increased accumulation of free SA (Figures  5A,D), 
while ERF1 was repressed (Figure 5B). Notably, the expression 

of LOX was not induced by any of the three tested compounds 
(Figure  5C).

A

B

FIGURE 2 | Melatonin, 5-methoxytryptamin, and 5-methoxyindole induce stomatal closure in N. benthamiana leaves. Measurements of stomatal apertures in N. 
benthamiana leaves 3 h after plants were treated with a 50 μM solution of MT, MT-homologs, and chitosan. Buffer-treated plants served as a control. 5-methoxytryptamin, 
5-methoxyindole, and chitosan induced stomatal closure in N. benthamiana leaves, while the other test compounds and the buffer had no effect. (A) Representative 
micrographs of stomata in epidermal peels of treated plants 3 h after treatment with the test compounds. Lower panel of micrographs represents a higher magnification of 
individual stomata. (B) Stomatal data are the mean ± standard deviations (SDs; n = 150) of three independent experiments. Columns with different letters indicate significant 
differences in the aperture size of stomata of plants treated with the different test compounds as determined by a Duncan’s multiple range test.
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Bioinformatics Prediction of Four 
Membrane Receptors Potentially Involved 
in Binding Melatonin in Nicotiana 
benthamiana
MT was identified in plants as early as 1995; however, the 
function and signaling pathway of this putative phytohormone 
are largely undetermined due to the lack of identification 

of  its  receptor. The first phytomelatonin receptor (CAND2/
PMTR1), however, was recently identified in A. thaliana and 
was demonstrated to regulate the stomatal closure induced by 
MT (Jian et  al., 2018). In the current study, four membrane 
receptors were identified in N. benthamiana by BLASTP analysis 
(see footnote 1) using Arabidopsis CAND2/PMTR1 as a query. 
The amino acid sequence homology between the MT receptor 

A

B

FIGURE 3 | Melatonin and MT-homologs induce the H2O2 accumulation in N. benthamiana leaves. Detection of hydrogen peroxide (H2O2) in N. benthamiana leaves 
treated with various test compounds as determined by diaminobenzidine (DAB) staining. (A) Photographs of representative ethanol-bleached leaves 8 h after 
treatment with 50 μM solutions of MT, 5-methoxytryptamine, and 5-methoxyindole. (B) Quantitative scoring of staining in treated leaves. Data are the 
mean ± standard deviations (SDs; n = 27). Different letters indicate that the means are statistically significantly different at p < 0.01.
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in Arabidopsis (CAND2/PMTR1) and the four predicted receptors 
in N. benthamiana (trP47363, trP13076, trP49122, and trP40966) 
was high (Figure  6A). Sequence analysis indicated that the 
highest homology was between Arabidopsis CAND2/PMTR1 and 
N. benthamiana trP49122 and trP40966, with approximately 62% 
identity at the amino acid level. The sequence similarity between 
CAND2/PMTR1 and the N. benthamiana proteins trP47363, 
trP13076 was approximately 51%. A phylogenetic analysis of 
the MT receptor from Arabidopsis (CAND2/PMTR1) and the 
four transmembrane proteins revealed two distinct evolutionary 
branches (Figure 6B). Notably, however, the MT receptor (CAND2) 
in Arabidopsis has a shorter branch length distance from the 
membrane proteins trP49122 and trP40966  in N. benthamiana 
than from the proteins trP47363 and trP13076. A comparison 

of the predicted transmembrane structure of CAND2 in Arabidopsis 
with the putative MT receptors in N. benthamiana indicated 
that the structure of CAND2 was more similar to trP49122, 
trP40966, and trP47363 than to trP13076 (Figure  6C).

In silico Molecular Docking Analysis of the 
Nicotiana benthamiana Membrane 
Receptors and Melatonin and 
5-methoxyindole
To further evaluate the molecular interaction between the 
putative transmembrane receptors identified in N. benthamiana 
and MT and 5-methoxytryptamine and 5-methoxyindole, a 
molecular docking study was conducted. Molecular docking 

A

C D

B

FIGURE 4 | Effect of melatonin, 5-methoxytryptamin, and 5-methoxyindoleregulate on the expression of genes involved in H2O2 and NO production. The effect of 
MT and MT-homologs on the relative expression of genes involved in hydrogen peroxide and nitric oxide production. N. benthamiana plants were treated with water 
(control) or 50 μM solutions of MT, 5-methoxytryptamine, or 5-methoxyindole. The expression level of robhA (A), robhB (B), NIA1 (C), and NIA2 (D) gene in leaves 
was determined by RT-qPCR. Data are mean ± standard deviation (SDs; n = 9) of three independent experiments. Columns with different letters indicate a significant 
difference (  p ≤ 0.01) between the treatment groups as determined by a Duncan’s multiple range test.
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analysis was conducted in silico using the surflex-dock program 
within SYBYL-X 2.0 software. The protein structure of the 
evaluated proteins was obtained from PDB.3 The scores obtained 
from the analysis indicate that MT can bind more efficiently 
to the receptor proteins than 5-methoxyindole, which lacks 
an amide bond. Since the structure of 5-methoxyindole is 
smaller than MT, the former molecule can enter the binding 
pocket formed by the receptor protein more flexibly and all 
of the crash scores for 5-methoxyindole are closer than of the 
crash scores of MT when comparisons are made for docking 
with the same receptor protein. The putative receptor proteins 

3 https://swissmodel.expasy.org/

trP49122 and trP13076 do not exhibit an effective binding 
pocket, suggesting that even small molecules may not be able 
to interact with these proteins. CAND2 was confirmed to 
be  a putative receptor protein for MT in Arabidopsis (Jian 
et  al., 2018). The docking analysis resulted in a crash score 
of 3.61 for CAND2, which is considered to represent a good 
receptor protein for MT. As illustrated in Figure 7A, CAND2 
can form an active bowl-like pocket and the oxygen atom 
at the amide group of ASN100 has one H-bonding interaction 
with the active hydrogen at the amide bond of MT 
(–NHCO– ------ H2NOC-ASN100).

Figure 7A also illustrates that trP47363 most likely represents 
the best receptor protein for MT in N. benthamiana, with a 

A
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B

FIGURE 5 | Melatonin and MT-homologs activate an SA-mediated signaling pathway. The effect of MT, 5-methoxytryptamine, and 5-methoxyindole on the 
expression of SA-, ethylene-, and JA-dependent marker genes in N. benthamiana leaves. N. benthamiana leaves were treated with 0.005% (v/v) ethanol/water 
(control) or 50 μM solutions of MT, 5-methoxytryptamine, or 5-methoxyindole. The relative expression of PR-1a (A), ERF1 (B), and LOX (C) by RT-qPCR. Expression 
values were normalized to the levels of EF-1a. Data are the mean ± standard deviation (SDs; n = 9). Columns with different letters indicate a significant difference 
(p < 0.01) between the treatment groups as determined by a Duncan’s multiple range test. (D) Level of free SA in N. benthamiana leaves after treatment with MT, 
5-methoxytryptamine, or 5-methoxyindole. Columns with different letters indicate a significant difference (p < 0.01) between the treatment groups as determined by 
a Duncan’s multiple range test. FW, fresh weight.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://swissmodel.expasy.org/


Kong et al.  MT-Homologs Induce Plant Defense Responses

Frontiers in Plant Science | www.frontiersin.org 10 June 2021 | Volume 12 | Article 691835

C score of 4.61 for docking with MT, which is the highest 
score indicated among the five receptor proteins. The binding 
of trP47363 with MT is illustrated in Figure 7B. Visual inspection 
indicates that MT is tightly embedded in the hole-shaped active 
binding pocket (Figure  7B), indicating that MT has a higher 
probability of interacting with trP47363 than with the other 
receptor proteins. The oxygen atom of the methoxy at the 
fifth position of the indole ring in MT provides one H-bonding 
interaction with the hydrogen atom of the hydroxyl group in 
TYR253 (-OCH ------HO-TYR253).

Melatonin, 5-methoxytryptamin, and 
5-methoxyindole Induce Stomatal Closure 
in Nicotiana benthamiana Leaves Involve 
the Transmembrane Receptors trP47363 
and trP13076
The bioinformatics and molecular docking analyses provide 
fundamental information on MT and MT-homologs induced 
resistance in N. benthamiana to P. nicotianae. Further molecular 

and genetic evidence is needed, however, to support the role of 
the transmembrane receptors in MT and its homologs induced 
disease resistance. In this regard, knocking down the expression 
of key genes involved in plant immunity through virus-induced 
gene silencing (VIGS) has been widely used to evaluate the 
involvement of various defense components in plant immunity 
(Liu et  al., 2002; Peart et  al., 2002; Oh et  al., 2014). We  utilized 
VIGS to determine the need for the identified transmembrane 
receptors in MT, 5-methoxytryptamin, and 5-methoxyindole 
induced disease resistance in N. benthamiana. N. benthamiana 
plants were generated that were silenced for ΔNbtrP49122-
ΔNbtrP40966 (pTRV2:NbtrP49122-trP40966), ΔNbtrP47363-
ΔNbtrP13076 (pTRV2:NbtrP47363-trP13076), and ΔNbtrP47363-
trP13076-trP49122-trP40966 (pTRV2:NbtrP47363-trP13076-
trP49122-trP40966) and were utilized together with control plants 
(pTRV2:EV). To first validate our experimental conditions, stomatal 
closure induced by MT, 5-methoxytryptamin, and 5-methoxyindole 
was evaluated in control and the VIGS mutants of N. benthamiana. 
Results indicated that MT, 5-methoxytryptamin, and 
5-methoxyindole induced stomatal closure in EV- and  

A C

B

FIGURE 6 | Bioinformatic prediction of four membrane receptors potentially involved in binding melatonin in N. benthamiana. Bioinformatic prediction and analysis 
of four putative transmembrane MT-receptor proteins in N. benthamiana. (A) Multiple sequence alignment of the known MT receptor in Arabidopsis (CAND2/
PMTR1) with the putative MT-transmembrane receptors, trP47363, trP13076, trP49122, and trP40966 in N. benthamiana. Alignments were carried out using 
CLUSTAL (http://clustalw.genome.jp). Identical and similar amino acids are indicated by dark and light shading, respectively. (B) Evolutionary relationships between 
the known MT receptor (CAND2/PMTR1) in Arabidopsis and the putative MT receptors (trP47363, trP13076, trP49122, and trP40966) in N. benthamiana. The 
evolutionary history was inferred using the Neighbor-Joining method within the MEGA7 program. (C) The predicted transmembrane structure of CAND2 and 
trP47363, trP13076, trP49122, and trP40966 as determined using HMMTOP software (http://www.sacs.ucsf.edu/cgi-bin/hmmtop.py). The bold, underlined amino 
acid sequence indicates the putative transmembrane region.
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ΔNbtrP49122-trP40966-plants but not in ΔNbtrP47363-trP13076- 
or in ΔNbtrP47363-trP13076-trP49122-trP40966-silenced  
N. benthamiana plants (Figures 8A,B). Collectively, the results indicate 
that the transmembrane receptors trP47363 and trP13076 are key 
components in the regulation of stomatal closure in N. benthamiana 
leaves by MT, 5-methoxytryptamin, and 5-methoxyindole.

The Transmembrane Receptors trP47363 
and trP13076 Play a Key Role in Melatonin, 
5-methoxytryptamin, and 5-methoxyindole 
Activation of the SA Signaling Pathway
Our results indicated that MT, 5-methoxytryptamin, and 
5-methoxyindole can significantly upregulate PR-1a gene expression 
in wild N. benthamiana plants and the mutant line 

ΔNbtrP49122-trP40966 (Figures  9A,B). Therefore, to determine 
which transmembrane receptor is involved in the expression of 
the SA marker gene, PR-1a, induced by MT, 5-methoxytryptamin, 
and 5-methoxyindole, the expression of PR-1a in different receptor 
mutants created by VIGS was assayed. Interestingly, MT- and 
5-methoxytryptamine-induced PR-1a expression was significantly 
lower than in the control in ΔNbtrP447363-trP13076 and 
ΔNbtrP47363-trP13076-trP49122-trP40966 (Figures  9C,D). 
Additionally, 5-methoxyindole-induced expression of PR-1a was 
only slightly higher than MT-induced expression, or unchanged, 
in ΔNbtrP447363-trP13076 and ΔNbtrP47363-trP13076-
trP49122-trP40966 (Figures 9C,D). Collectively, the data indicate 
that MT, 5-methoxytryptamine, and 5-methoxyindole activate 
the SA signaling pathway through the receptors trP47363 
and trP13076.

A

B

FIGURE 7 | In silico molecular docking analysis of the N. benthamiana membrane receptors and melatonin and 5-methoxyindole. Interaction of N. benthamiana 
membrane receptors and CAND2 from Arabidopsis with MT and 5-methoxytryptamin and 5-methoxyindole (A). Molecular docking analysis was conducted using 
SYBYL software to evaluate the binding model for the active binding pocket of the receptor proteins with MT, 5-methoxytryptamin, and 5-methoxyindole. The receptor 
proteins are displayed as colored ribbons, with the surface formed by the protein shown in green, and the amino acids capable of binding in blue, white, and red. 
MT, 5-methoxytryptamin, and 5-methoxyindole are represented as white, dark blue, and wine-red sticks. H-bonding interactions are indicated with dashed yellow lines (B).
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A B

FIGURE 8 | Melatonin, 5-methoxytryptamin, and 5-methoxyindole induce stomatal closure in N. benthamiana leaves involve the transmembrane receptors 
trP47363 and trP13076. MT-, 5-methoxytryptamin-, and 5-methoxyindole-induced stomatal closure in leaves of VIGS mutants of N. benthamiana revealing the 
role of the transmembrane receptors, trP47363 and trP13076. Two-week-old N. benthamiana plants were infiltrated with a mixture of A. tumefaciens Gv3101 
strains carrying pTRV1 or pTRV2 constructs as described in the Materials and Methods. Five weeks later, plants were watered with 0.005% (v/v) ethanol/water 
(control) or 50 μM solutions of MT, 5-methoxytryptamine, or 5-methoxyindole. Stomata were observed under a microscope 3 h after the application of the 
treatment solutions. (A) Representative low- and high-magnification images. (B) Measurements of stomatal aperture. Data are the mean ± standard deviation 
(SD; n = 150). Columns with different letters indicate significant differences between the different treatment groups in the different VIGS lines as determined by a 
Duncan’s multiple range test.
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The Transmembrane Receptors trP47363 
and trP13076 Are Involved in 
Melatonin-, 5-methoxytryptamin-, 
and 5-methoxyindole-Induced 
Accumulation of SA
To determine if SA levels are altered in leaves of VIGS mutants 
of N. benthamiana, SA levels were measured in the different 
receptor mutants that were treated with MT, 5-methoxytryptamine, 

and 5-methoxyindole. Results indicated all three compounds 
significantly induced SA accumulation in wild-type plants and 
the ΔNbtrP49122-trP40966 mutant (Figures  10A,B) but 
not in ΔNbtrP447363-trP13076  or  ΔNbtrP47363-trP13076-
trP49122-trP40966 mutants (Figures 10C,D). These results suggest 
that the transmembrane receptors trP47363 and trP13076 recognize 
MT, 5-methoxytryptamine, and 5-methoxyindole which are 
involved in the regulation of SA accumulation.
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FIGURE 9 | The transmembrane receptors trP47363 and trP13076 play a key role in melatonin, 5-methoxytryptamin, and 5-methoxyindole activation of the 
SA-signaling pathway. MT, 5-methoxytryptamine, and 5-methoxyindole induced expression of the SA marker gene, PR-1a, in leaves of wild-type and VIGS mutants 
of N. benthamiana. (A) RT-qPCR analysis of PR-1a gene expression in response to MT, 5-methoxytryptamine, and 5-methoxyindole treatments in wild-type plants. 
Values were normalized to levels of EF-1a expression. Values represent the mean relative expression level (fold-change) with expression levels in the control set to 
1.0 ± standard deviation (SD; n = 9). (B) RT-qPCR analysis of MT, 5-methoxytryptamin, and 5-methoxyindole induced PR-1a gene expression in the mutant, 
ΔNbtrP49122-trP40966. (C,D) RT-qPCR analysis of MT, 5-methoxytryptamine, and 5-methoxyindole induced expression of PR-1a in leaves of the mutant lines, 
ΔNbtrP47363-trP13076 and ΔNbtrP47363-trP13076-trP49122-trP40966.
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DISCUSSION

The role of melatonin (MT) in a variety of biological processes 
has been extensively investigated in animal systems and 
demonstrated to play a role in the regulation of circadian 
rhythms, the immune system, induction of ROS, sleep, food 
intake, mood, and body temperature (Dollins et  al., 1994; 
Rodriguez et  al., 2004; Brainard et  al., 2011; Carrillo-Vico 
et  al., 2013). In plants, MT has been reported to play a role 
in the regulation of seed germination, root development, 

photoprotection, flowering, leaf senescence, seed yield, and 
fruit ripening (Wang et al., 2012; Byeon and Back, 2014; Byeon 
et  al., 2014a; Zhang et  al., 2014; Sun et  al., 2015). Studies 
have also implicated MT in plant immunity (Yin et  al., 2013; 
Lee et  al., 2015; Shi et  al., 2015c,d; Mandal et  al., 2018). 
While a variety of MT-homologs exist, which are more cost-
effective to produce, it is not known if these MT-homologs, 
such as 5-methoxytryptamin and 5-methoxyindole can 
induce a defense response in plants. In the present study, 
we  demonstrated that both 5-methoxytryptamin and 
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FIGURE 10 | The transmembrane receptors trP47363and trP13076 are involved in melatonin-, 5-methoxytryptamin-, and 5-methoxyindole-induced accumulation 
of SA. SA levels in leaves of wild-type and mutant lines of N. benthamiana treated the MT, 5-methoxytryptomine, or 5-methoxyindole. Levels of free SA in N. 
benthamiana wild-type plants (A), the ΔNbtrP49122-trP40966 mutant (B), the ΔNbtrP47363-trP13076 mutant (C), and the ΔNbtrP47363-trP13076-trP49122-
trP40966 mutant (D). Data are the mean ± standard deviations (SDs; n = 3). Columns with different letters indicate significant differences between the treatment 
groups in the different lines of N. benthamiana as determined by a Duncan’s multiple range test (p < 0.01).
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5-methoxyindole can induce the same defense response as 
MT in leaves of N. benthamiana. The results also indicate 
that the MT-homolog-induced defense response occurs through 
the activation of SA signaling. MT, 5-methoxytryptamine, and 
5-methoxyindole induced disease resistance against P. nicotianae 
in leaves of N. benthamiana plants, and also induced stomatal 
closure through the activation of H2O2 production and SA 
accumulation. Based on these results, we  suggest that both 
5-methoxytryptamin and 5-methoxyindole can serve as cost-
effective alternatives to the use of MT to induce a disease 
resistance response in plants.

NO and H2O2, as important components of signal transduction 
pathways, regulate a large number of physiological functions 
in biological systems. Stomatal closure occurs in response to 
physiological and stress stimuli (Bright et  al., 2006; Garcia-
Brugger et  al., 2006), and numerous studies have shown that 
various elicitors can induce reactive oxygen bursts to limit 
the expansion of invasive pathogens (Zhang et al., 2009, 2010). 
MT has also been shown to induce increases in H2O2 production 
in Arabidopsis (Jian et al., 2018). In the present study, we found 
that H2O2, one of the most well-characterized plants signaling 
molecules, is involved in the MT, 5-methoxytryptamine, 
and 5-methoxyindole induction of systemic resistance in 
N. benthamiana against Phytophthora parasitica var. nicotianae 
(Figure  1). Our study also demonstrated that guard cells 
respond to MT, 5-methoxytryptamine, and 5-methoxyindole 
generate H2O2 and undergo a narrowing of their stomatal 
apertures (Figure  2). We  also confirmed that MT, 
5-methoxytryptamine, and 5-methoxyindole can stimulate the 
accumulation of both H2O2 and SA in N. benthamiana 
leaves (Figures  3, 5). These observations suggest that MT, 
5-methoxytryptamine, and 5-methoxyindole could be considered 
as potential candidates for a new group of general elicitors 
of plant defense.

Disease resistance in plants is a highly regulated phenomenon 
that depends on several hormone-regulated signaling pathways, 
including salicylic acid (SA), jasmonic acid (JA), and ethylene 
(ET), each of which is activated by a different set of biotic 
and abiotic stimuli (Schuhegger et  al., 2006). Pretreatment 
of plants with different elicitors can render a plant more 
resistant to subsequent pathogen attack, and elicitors have 
been demonstrated to induce various plant defense responses, 
such as the hypersensitive response, pathogenesis-related (PR) 
gene expression, and cell wall stabilization (Lee et  al., 1999). 
Peanut (Arachis hypogaea) leaves treated with chitosan, a 
well-documented elicitor, exhibit an increase in endogenous 
SA levels, as well as an increase in intercellular chitinase 
and glucanase activity (Sathiyabama and Balasubramanian, 
1998). In the present study, SA, a well-characterized signaling 
molecule in plants, was shown to be  involved in the systemic 
resistance induced by MT, 5-methoxytryptamine, and 
5-methoxyindole, as evidenced by the upregulation of PR-1a 
and SA accumulation, both of which are considered as markers 
of the SA-dependent defense pathway (SAR; Yoshioka et al., 2009; 
Figure  5).

MT functions as a neurohormone in vertebrates. Four 
families  of MT receptors have been identified in animals 

(Reppert et  al., 1994, 1995; Nosjean et  al., 2000; Levoye et  al., 
2006). Phytomelatonin was first identified in plants in 1995 
(Dubbels et  al., 1995; Hattori et  al., 1995; Tassel et  al., 1995). 
Relative to its role in vertebrates, the designation of 
phytomelatonin as a hormone in plants remains controversial 
partially due to the lack of identification of an MT receptor 
or a receptor-mediated signaling pathway, as well as the function 
of such a pathway. The first phytomelatonin receptor (CAND2/
PMTR1) was recently identified in A. thaliana and shown to 
mediate MT-induced stomatal closure (Jian et  al., 2018). In 
our present study, CAND2/PMTR1 was used as a query in a 
BLASTP analysis to identify four putative transmembrane 
receptors (trP47363, trP13076, trP49122, and trP40966) in 
N. benthamiana. The resulting putative receptors identified in 
N. benthamiana exhibited a high amino acid sequence homology 
with the CAND2/PMTR1 of MT receptor in A. thaliana 
(Figure 6A). A phylogenetic tree and transmembrane structure 
prediction between the MT receptor in A. thaliana (CAND2/
PMTR1) and the four transmembrane proteins in N. benthamiana 
were also similar (Figures  6B,C).

An in silico molecular docking analysis was also conducted 
to further evaluate the molecular interaction between the 
transmembrane receptors and MT, 5-methoxytryptamine, and 
5-methoxyindole in N. benthamiana. As shown in Figure  7, 
trP47363 appears to be  the best MT receptor protein in 
N. benthamiana based on its C score (4.61) for docking with 
melatonin, which was the highest among the five analyzed 
proteins and revealed that MT and MT-homologs could be tightly 
embedded into a hole-shaped active binding pocket. We speculate 
that trP47363 represents a putative transmembrane protein that 
is most likely to recognize MT, 5-methoxytryptamine, and 
5-methoxyindole to trigger the induction of an induced immunity 
response in N. benthamiana. We  then measured the expression 
of the plant defense gene, PR-1a, and SA accumulation and 
their association with stomatal closure in leaves VIGS mutants 
of N. benthamiana treated with MT, 5-methoxytryptamine, or 
5-methoxyindole. The VIGS mutants were constructed to silence 
the expression of the four transmembrane receptors. The collective 
results indicated that the putative transmembrane receptors 
trP47363 and trP13076 appear to be  involved in the induced 
immunity response in N. benthamiana. This includes stomatal 
closure, PR-1a expression and SA accumulation induced by 
MT, 5-methoxytryptamine, and 5-methoxyindole (Figures 8–10). 
Based on these results, it appears that the transmembrane 
receptor trP47363 plays an important role in recognizing MT, 
5-methoxytryptamine, and 5-methoxyindole, which then induces 
a plant defense response by activating the SA-mediated 
signaling pathway.

In conclusion, we evaluated the ability of MT and MT-homologs 
to induce a resistance response in N. benthamiana and the 
underlying mechanisms associated with the resistance response. 
We  demonstrated that 5-methoxyindole represents the 
functional backbone in MT and can induce the same response 
in N. benthamiana as MT. We  also identified putative MT 
receptors in N. benthamiana and demonstrated that MT, 
5-methoxytryptamine, and 5-methoxyindole are recognized by the 
same putative receptors. Our study provides direct evidence that 
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5-methoxytryptamine and 5-methoxyindole can induce resistance 
in N. benthamiana, in the same manner as MT. The three 
compounds trigger stomatal closure, induce the production of 
ROS, as well as SA accumulation. Notably, the membrane receptors 
trP47363 and trP13076 recognize MT, 5-methoxytryptamine, and 
5-methoxyindole in N. benthamiana. We  provide evidence that 
5-methoxytryptamine and 5-Methozyindole can be substituted for 
MT as an inducer of plant resistance. Thus, 5-methoxytryptamine 
and 5-Methozyindole have excellent commercial potential for their 
use in agricultural production due to their ability to induce a 
resistance response, and the low cost of production relative to 
synthetic MT.
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