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Abstract
Melatonin is a well-known agent that plays multiple roles in animals. Its possible function in plants is less clear. In the 
present study, we tested the effect of melatonin (N-acetyl-5-methoxytryptamine) on soybean growth and develop-
ment. Coating seeds with melatonin signi�cantly promoted soybean growth as judged from leaf size and plant height. 
This enhancement was also observed in soybean production and their fatty acid content. Melatonin increased pod 
number and seed number, but not 100-seed weight. Melatonin also improved soybean tolerance to salt and drought 
stresses. Transcriptome analysis revealed that salt stress inhibited expressions of genes related to binding, oxi-
doreductase activity/process, and secondary metabolic processes. Melatonin up-regulated expressions of the genes 
inhibited by salt stress, and hence alleviated the inhibitory effects of salt stress on gene expressions. Further detailed 
analysis of the affected pathways documents that melatonin probably achieved its promotional roles in soybean 
through enhancement of genes involved in cell division, photosynthesis, carbohydrate metabolism, fatty acid biosyn-
thesis, and ascorbate metabolism. Our results demonstrate that melatonin has signi�cant potential for improvement 
of soybean growth and seed production. Further study should uncover more about the molecular mechanisms of 
melatonin�s function in soybeans and other crops.
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Introduction
Extracts of the pineal gland were shown to lighten the skin 
colour of tadpoles, frogs and �sh. In 1958, the active mol-
ecule, isolated from bovine pineal glands, was identi�ed 
as N-acetyl-5-methoxy-tryptamine, also known as mela-
tonin (Lerner et� al., 1958; Lerner et� al., 1960). Melatonin 
is now a well-known animal hormone that has several 
important biological functions, including in�uencing circa-
dian rhythms (Hardeland et� al., 2012), mediating changes 

in seasonal reproduction (Barrett and Bolborea, 2012), 
immuno-enhancement (Calvo et�al., 2013), tumour inhibition 
(Blask et�al., 2005; Bizzarri et�al., 2013), and reducing oxida-
tive stress (Hardeland et�al., 1993; Reiter et�al., 2000; Gitto 
et�al., 2001; Silva et�al., 2004; Galano et�al., 2011, 2013).

In 1995, using HPLC (high performance liquid chroma-
tography) and radioimmunoassay, researchers identi�ed mel-
atonin in plants (Dubbels et� al., 1995; Hattori et� al., 1995; 
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Relative electrolyte leakage�assay
After treatment in 1% NaCl for about 3 weeks, the �rst trifoliate was 
cut for the relative electrolyte leakage assay. The leaf was vacuumed 
and placed at room temperature for 2 h. Conductivity (K1) was then 
measured. Bottles containing the leaves were also autoclaved for 15 min 
to completely destroy the leaves. The samples were shaken at 200 rpm 
at room temperature for 1 h. Conductivity (K2) was measured again. 
REL (relative electrolyte leakage) was calculated as K1/K2.

DAB staining
Five-day-old seedlings were transferred into soil containing 1% 
(w/v) NaCl and maintained for about 3 weeks. The central-trifoliate 
was cut and soaked in 1 mg ml�1 DAB (diaminobenzidine) solution 
(50 mM Tris-HCl pH 4.0). After vacuum in�ltration, the soybean 
leaf became translucent. Following DAB staining for one day and 
decolouration with absolute alcohol, the brown colour on the leaves 
indicated presence of hydrogen peroxide.

RNA extracting and sequencing
Three-week old seedlings were treated with water, 100� �M mela-
tonin, 1% NaCl or 100��M melatonin plus 1% NaCl. Because gene 
expression in response to environmental change is a relatively quick 
process, seed-coating-reagent is not appropriate for this experi-
ment owing to its slow-releasing effect. Therefore, melatonin was 
directly supplied to soybean seedlings with aqueous solution. Total 
RNA was extracted using TRNzol Reagent (TIANGEN com-
pany). RNA-sequencing was performed by GENEWIZ company 
using Illumina HiSeq. After cutting off  the adaptor sequence and 
deleting low-quality reads, raw reads were mapped to the soybean 
genome (http://www.plantgdb.org) using software BWA (Burrows-
Wheeler Alignment, bwa-0.7.4). Differentially expressed genes were 
analysed using the RPKM method (reads per kilo bases per mil-
lion reads): RPKM=109C/NL. �C� identi�es a read number that 
uniquely mapped to a certain gene. �N� identi�es a read number 
that uniquely mapped to the entire genome. �L� identi�es the length 
of a certain gene. Gene ontology (GO) annotation and enrichment 
analyses were performed using a Blast2Go and GO-TermFinder 
(0.86) based on results of blastx. Up-/down-regulated transcripts 
(fold change �2) were examined for common genes using an online 
Venn diagram tool (http://bioinfogp.cnb.csic.es/tools/venny/index.
html). Gene function was then annotated on KAAS (KEGG 
Automatic Annotation Server). Further detailed analysis was per-
formed using perl program. Quantitative RT-PCR was performed 
to test the results of RNA-Seq using RAN extracted from inde-
pendently grown and treated seedlings. The primers of qRT-PCR 
are found in Supplementary Table S4. Raw data of RNA-Seq was 
uploaded to NCBI (GEO accession number: GSE57960).

Fatty acid content analysis
Seeds from a �eld test were analysed for their fatty acids (FA) content. 
Soybean seeds were ground to a �ne powder and FA were extracted 
based on a previously published method (Poirier et�al., 1999) and 
analysed by gas chromatography (GC2014, SHIMADZU).

Results
Melatonin improves the growth and yield when coated 
onto soybean�seeds

During agricultural procedures, soybean seeds are usu-
ally coated with seed coating-reagent for protection. In the 
present study we coated soybean seeds with seed-coating-
reagent (Bayer, Germany) containing different concentra-
tions of melatonin and sowed them in a greenhouse. Coated 

seeds were sowed in potted soil with saturated water irriga-
tion and germination rate was assessed every day. A�higher 
concentration (200� �M) of melatonin had no signi�cant 
effect (Supplementary Fig. S1) or even inhibitory effect 
(Hernandez-Ruiz et�al., 2004) on seed germination. However, 
lower concentrations of melatonin (50 or 100��M) promoted 
seed germination when compared with the control treatment 
(Fig.�1A). Most seeds germinated between the third to �fth 
day after sowing and these seedlings were used for further 
analysis. The seeds that germinated too early or too late were 
abandoned. Seedlings from melatonin-coated seeds had sig-
ni�cantly larger leaves than seedlings from control-coated 
seeds (0��M) (Fig.�1B). Because of the slow-releasing effect 
of coating-reagent, this phenomenon was observed two to 
three weeks after sowing. In the �fth week, melatonin-treated 
plants were taller and developed one more trifoliate leaf 
than the control plants (Fig.�1C, D). Before harvest, the cen-
tral leaf of the third trifoliate from the top, which was fully 
expanded, was measured. The trifoliate leaves of melatonin-
treated plants were much larger than those of the control 
seedlings (Fig.�1E, F). These results indicate that melatonin 
promotes soybean growth and development.

Three months after germination, soybean seeds were 
harvested and agronomic traits were measured. Melatonin-
treated soybean plants produced more pods and seeds than 
the controls (Fig.�2A�D). However, the 100-seed weight was 
not signi�cantly in�uenced (Fig.� 2E). These results indi-
cate that melatonin increases yield of soybean plants grown 
in�pots.

Performance of melatonin-treated soybean plants in a 
�eld�test

Soybean seeds coated with 0, 50, or 100��M melatonin were 
sowed in four different regions of the same �eld in the experi-
mental station. Melatonin-treated and untreated plants were 
grown in rows, one close to each other, and each row had 
roughly 70 holes. Melatonin-treated plants grew bigger than 
control seedlings (Fig.� 3A, B). After harvest, yield-related 
traits were measured. Melatonin-treated plants produced 
more pods, more seeds and more yield than control plants 
(Fig.� 3C�E). The results suggest that melatonin improves 
plant growth and soybean production under �eld conditions. 
An independent �eld test was also performed in Zhejiang 
Province and consistent enhancement in soybean yield was 
observed (data not shown).

Melatonin increases salt and drought tolerance of 
soybean

We further tested whether melatonin had any effects on abi-
otic stress responses in soybean plants. Five-day-old seedlings 
from melatonin-coated seeds were grown in soil with 1% (w/v) 
NaCl. One week later, leaf area and plant height were meas-
ured. Melatonin-treated seedlings were taller and had larger 
leaves than the control plants (Fig.�4A�D). The treated plants 
also had a smaller reduction of biomass when compared 
with the control plants (Fig.�4E). During the third week, the 
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leaves of the control seedlings turned yellow, whereas mela-
tonin-treated seedlings were still green (Fig.�4F). Chlorophyll 
content was also measured and melatonin-treated plants had 
similar chlorophyll content as those untreated plants under 
normal conditions. However, these plants had higher chlo-
rophyll contents than that of control plants after salt treat-
ment (Fig.�4G). DAB staining documented that the control 
seedlings had higher H2O2 levels than the melatonin-treated 
seedlings as the leaves of the control seedlings had a deeper 
brown colour (Fig.�4H). The relative electrolyte leakage was 
lower in melatonin-treated seedlings compared with the con-
trol seedlings under salt stress (Fig.�4I). These �ndings imply 
that melatonin increases salt tolerance in soybean plants.

One-week old seedlings from melatonin-coated seeds were 
used to test the drought response of plants, and the water sup-
ply was discontinued until the moisture content dropped to 

20%. Water content dropped a bit faster in melatonin-treated 
seedlings than that of control seedlings (Fig.�5B). However, 
under this condition, melatonin-treated seedlings were larger 
and had less reduction of biomass compared with controls 
(Fig.�5A and C). The results suggest that melatonin enhances 
drought tolerance of soybean plants.

Melatonin-regulated gene expression by transcriptome 
analysis

To investigate the possible mechanism of the promotional 
roles of melatonin on soybean plants, transcriptome analy-
sis was performed. Two-week old soybean seedlings were 
treated with water, 100��M melatonin, 1% NaCl or 1% NaCl 
plus 100��M melatonin, and RNAs were isolated for RNA-
seq analysis. Statistics of clean reads in RNA sequencing are 

Fig.�1. Melatonin effects on soybean growth in a greenhouse using the seed-coating method. (A) Germination rate of soybean seeds coated 
with different concentrations of melatonin. (B) Melatonin effects on leaf growth. Upper panel: leaf phenotype after treatment. Lower panel: 
measurement of leaf area. (C) Phenotype of five-week-old soybean seedlings after melatonin treatment. (D) Number of trifoliate after melatonin 
treatment. (E) The top third trifoliate of 11-week old seedlings after melatonin treatment. (F) Leaf area of central-trifoliate after melatonin 
treatment. For B, D, and F, * and ** indicate significant difference (P<0.05 and P<0.01, respectively) compared with mock coating (0��m). Bars 
indicate standard deviation (n=30).
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For ethanol synthesis and metabolic processes, GroES-like 
genes and ALDH3 were up-regulated by melatonin. ADH1 
and GroES-like genes showed the opposite expression in 
�NaCl+Mt:NaCl� comparisons. Pyruvate can be catalysed 
to acetyl-CoA, which further participates in the tricarboxylic 
acid (TCA) cycle and fatty acid biosynthesis. In the TCA cycle, 
ACLA, MDH, and FUM2 were up-regulated by melatonin. In 
fatty acid biosynthesis, the KAS I and KCS gene family were 
up-regulated by melatonin (Fig.�11A, B). Some of the gene 
expressions were also further con�rmed by quantitative PCR 
(Fig.� 11B). Thus, melatonin promotes glycolysis and facili-
tates processes involving pyruvate and acetyl-CoA.

As acetyl-CoA is the substrate of de novo fatty acid bio-
synthesis, we further measured fatty acid content in soybean 
seeds from �eld-grown plants using gas chromatography. 
Total FA contents were increased by 1.58% and 2.37% with 
50 and 100��M melatonin treatment, respectively (Fig.�12). 
These increases were probably due to the major rises of C18:2 
composition (Fig.�12).

Discussion
We have examined the effects of melatonin on soybean plants 
and found that melatonin, when coated onto seeds, promotes 
plant growth, development, and yield. It also improved salt 

and drought stress tolerance. These roles are most likely 
achieved through enhancement of processes involved in pho-
tosynthesis and sugar metabolism. These results provide a 
novel approach for improving yield of soybeans and possibly 
of other crops commonly used in agriculture.

Previous studies reported that melatonin enhances root 
growth in other plants (Arnao and Hernandez-Ruiz, 2007; 
Chen et�al., 2009; Sarropoulou et�al., 2012). The present study 
proved that melatonin also improves soybean growth at both 
the vegetative stage (Fig.�1) and the reproductive stage (Fig.�2). 
It also increases abiotic stress tolerance (Figs�4 and 5) and the 
accumulation of fatty acids in soybean (Fig.�12).

Melatonin has functions in plants that differ from those 
in animals; one of these is growth improvement (Tan et�al., 
2012). Melatonin not only enhanced the size of soybean seed-
lings, but also improved their growth rate (Fig.�1). New trifo-
liates developed faster when treated with melatonin (Fig.�1C, 
D). Moreover, melatonin also increased yield of soybean 
both in greenhouse and in the �eld (Fig.�2 and 3), suggesting 
its potential application in agriculture. Like plant hormones, 
melatonin displayed weak effects at higher concentrations 
(Supplementary Fig. S1), or even had inhibitory actions 
(Hernandez-Ruiz et�al., 2004).

In the �eld test, 50��M melatonin-treated seedlings seemed 
to be heathier than control seedlings or 100� �M-treated 

Fig.�9. Melatonin enhances expressions of photosynthesis-related genes under normal and salt stress conditions. (A) Expression of genes related to 
photosynthesis. Red colour indicates up-regulation and green colour indicates down-regulation. Quadrangle represents a comparison of melatonin 
treated versus water control; circle represents a comparison of salt versus water control: triangle represents a comparison of salt plus melatonin 
versus salt. (B) Relative gene expression level analysed by q-PCR. A�GmTubulin fragment was ampli�ed as an internal control. Bars indicate standard 
deviation (n=3).
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Melatonin enhanced the genes involved in glycolysis under 
both normal and salt stress conditions (unidirectional arrows 
in Fig.�11A). Glycolysis is responsible for glucose conversion 
into pyruvate, which is further converted into acetyl-CoA 
required for the biosynthesis of fatty acids (Jeoung et� al., 
2014). Additionally, melatonin raised the expression of a 
number of genes in fatty acid biosynthesis (Okuley et� al., 
1994; Millar and Kunst, 1997; Wu and Xue, 2010) (Fig.�11), 
which accounted for the fatty acid accumulation in soybean 
seeds (Fig.�12). Recently, we identi�ed a transcription factor, 
GmbZIP172, which binds and activates the expression of two 
sucrose transporter genes and three cell-wall invertase genes. 
In GmbZIIP172-overexpressing Arabidopsis plants, sucrose 
and glucose contents are increased in young seeds, leading to 
elevated level of oil accumulation in mature seeds of trans-
genic plants (Song et�al., 2013).

Gene expression related to changes in amino acid 
metabolism were also detected (Supplementary Fig. S4A). 
Tryptophan is the precursor of melatonin and ASMT is the 
last enzyme of melatonin biosynthesis (Kang et� al., 2011). 
The up-regulation of ASMT by exogenous melatonin appli-
cation suggests the possibility of a positive feedback con-
trol of melatonin synthesis (Supplementary Fig. S4B). This 
mechanism may be the basis for the observation that low 
amounts of melatonin induced huge and long-lasting promo-
tional effects on plant growth.

The results show that melatonin increases plant growth, 
seed production, and abiotic stress tolerance in soybean 
plants, possibly through enhancement of photosynthesis, car-
bohydrate metabolism, and antioxidative actions. This agent 
may have great potential for improving crop yield. Further 
study should examine the molecular mechanisms of mela-
tonin�s functions in plants.

Supplementary�data
Supplementary data are available at JXB�online
Figure S1. Germination rate of soybean seeds coated with 

different concentrations of melatonin.

Figure S2. Cluster analysis of the four samples.
Figure S3. Venn diagram analysis of the four comparisons.
Figure S4. Pathways for biosynthesis and metabolism of 

amino�acids.
Table S1. Common genes up-regulated in all treatments 

compared with H2O samples.
Table S2. Details of Venn diagram in Fig.�6C.
Table S3. Gene annotation.
Table S4. Realtime PCR primers.

Acknowledgements
This work is supported by the National Basic Research Program of 
China (grant no. 2012CB114202, 2011CB109300, 2013CB835205, and 
2010CB125903), Transgenic Research Project (2014ZX0800926B and 
2014ZX08009-003-004).

References
Arnao MB, Hernandez-Ruiz J. 2006. The physiological function of 
melatonin in plants. Plant Signaling and Behavior 1, 89�95.
Arnao MB, Hernandez-Ruiz J. 2007. Melatonin promotes adventitious 
and lateral root regeneration in etiolated hypocotyls of Lupinus albus L. 
Journal of Pineal Research 42, 147�152.
Barrett P, Bolborea M. 2012. Molecular pathways involved in seasonal 
body weight and reproductive responses governed by melatonin. Journal 
of Pineal Research 52, 376�388.
Bizzarri M, Proietti S, Cucina A, Reiter RJ. 2013. Molecular 
mechanisms of the pro-apoptotic actions of melatonin in cancer: a review. 
Expert Opinion on Therapeutic Targets 17, 1483�1496.
Blask DE, Dauchy RT, Sauer LA. 2005. Putting cancer to sleep at 
night�The neuroendocrine/circadian melatonin signal. Endocrine 27, 
179�188.
Cady CW, Crabtree RH, Brudvig GW. 2008. Functional models for 
the oxygen-evolving complex of photosystem II. Coordination Chemistry 
Reviews 252, 444�455.
Calvo JR, Gonzalez-Yanes C, Maldonado MD. 2013. The role of 
melatonin in the cells of the innate immunity: A�review. Journal of Pineal 
Research 55, 103�120.
Chen Q, Qi WB, Reiter RJ, Wei W, Wang BM. 2009. Exogenously 
applied melatonin stimulates root growth and raises endogenous 
indoleacetic acid in roots of etiolated seedlings of Brassica juncea. Journal 
of Plant Physiology 166, 324�328.
Dubbels R, Reiter RJ, Klenke E, Goebel A, Schnakenberg E, Ehlers 
C, Schiwara HW, Schloot W. 1995. Melatonin in edible plants identi�ed 
by radioimmunoassay and by high performance liquid chromatography-
mass spectrometry. Journal of Pineal Research 18, 28�31.
Fujiwara T, Maisonneuve S, Isshiki M, Mizutani M, Chen L, Wong 
HL, Kawasaki T, Shimamoto K. 2010. Sekiguchi lesion gene encodes 
a cytochrome P450 monooxygenase that catalyzes conversion of 
tryptamine to serotonin in rice. Journal of Biological Chemistry 285, 
11308�11313.
Galano A, Tan DX, Reiter RJ. 2011. Melatonin as a natural ally against 
oxidative stress: A�physicochemical examination. Journal of Pineal 
Research 51, 1�16.
Galano A, Tan DX, Reiter RJ. 2013. On the free radical scavenging 
activities of melatonin�s metabolites, AFMK and AMK. Journal of Pineal 
Research 54, 245�257.
Gitto E, Tan DX, Reiter RJ, Karbownik M, Manchester LC, 
Cuzzocrea S, Fulia F, Barberi I. 2001. Individual and synergistic 
antioxidative actions of melatonin: studies with vitamin E, vitamin C, 
glutathione and desferrrioxamine (desferoxamine) in rat liver homogenates. 
Journal of Pharmacy and Pharmacology 53, 1393�1401.
Hao YJ, Wei W, Song QX et�al . 2011. Soybean NAC transcription 
factors promote abiotic stress tolerance and lateral root formation in 
transgenic plants. Plant Journal 68, 302�313.

Fig.�12. Fatty acid analysis in melatonin-treated plants. Seeds from 
�eld-grown plants were analysed for their FA content (%�w/w). Bars 
indicate standard deviation (n=3). * indicates signi�cant difference (P<0.05) 
compared with mock coating (0��M).



Melatonin enhances soybean growth | 707

Harb A, Pereira A. 2011. Screening Arabidopsis genotypes for drought 
stress resistance. Methods Molecular Biology 678, 191�198.
Hardeland R, Madrid JA, Tan DX, Reiter RJ. 2012. Melatonin, the 
circadian multioscillator system and health: the need for detailed analyses 
of peripheral melatonin signaling. Journal of Pineal Research 52, 139�166.
Hardeland R, Poeggeler B. 2003. Non-vertebrate melatonin. Journal of 
Pineal Research 34, 233�241.
Hardeland R, Reiter RJ, Poeggeler B, Tan DX. 1993. The signi�cance 
of the metabolism of the neurohormone melatonin�antioxidative 
protection and formation of bioactive substances. Neuroscience and 
Biobehavioral Reviews 17, 347�357.
Hattori A, Migitaka H, Iigo M, Itoh M, Yamamoto K, Ohtanikaneko 
R, Hara M, Suzuki T, Reiter RJ. 1995. Identi�cation of melatonin in 
plants and its effects on plasma melatonin levels and binding to melatonin 
receptors in vertebrates. Biochemistry and Molecular Biology International 
35, 627�634.
Hernandez-Ruiz J, Cano A, Arnao MB. 2004. Melatonin: a growth-
stimulating compound present in lupin tissues. Planta 220, 140�144.
Hernandez-Ruiz J, Cano A, Arnao MB. 2005. Melatonin acts as a 
growth-stimulating compound in some monocot species. Journal of Pineal 
Research 39, 137�142.
Jain NK, Roy I. 2009. Effect of trehalose on protein structure. Protein Sci 
18, 24�36.
Jeoung NH, Harris CR, Harris RA. 2014. Regulation of pyruvate 
metabolism in metabolic-related diseases. Reviews in Endocrine and 
Metabolic Disorders 15, 99�110.
Kang K, Kong K, Park S, Natsagdorj U, Kim YS, Back K. 2011. 
Molecular cloning of a plant N-acetylserotonin methyltransferase and its 
expression characteristics in rice. Journal of Pineal Research 50, 304�309.
Kang S, Kang K, Lee K, Back K. 2007. Characterization of rice 
tryptophan decarboxylases and their direct involvement in serotonin 
biosynthesis in transgenic rice. Planta 227, 263�272.
Kolar J, Machackova I. 2005. Melatonin in higher plants: occurrence 
and possible functions. Journal of Pineal Research 39, 333�341.
Lerner AB, Case JD, Takahashi Y. 1960. Isolation of melatonin and 
5-methoxyindole-3-acetic acid from bovine pineal glands. Journal of 
Biological Chemistry 235, 1992�1997.
Lerner AB, Case JD, Takahashi Y, Lee TH, Mori W. 1958. Isolation of 
melatonin, the pineal gland factor that lightens melanocytes. Journal of the 
American Chemical Society 80, 2587�2587.
Lin YH, Pan KY, Hung CH, Huang HE, Chen CL, Feng TY, Huang LF. 
2013. Overexpression of ferredoxin, PETF, enhances tolerance to heat 
stress in Chlamydomonas reinhardtii. International Journal of Molecular 
Sciences 14, 20913�20929.
Liu YF, Li QT, Lu X et�al.  2014. Soybean GmMYB73 promotes lipid 
accumulation in transgenic plants. BMC Plant Biology 14, 73.
May�eld SP, Rahire M, Frank G, Zuber H, Rochaix JD. 1987. 
Expression of the nuclear gene encoding oxygen-evolving enhancer 
protein 2 is required for high levels of photosynthetic oxygen evolution 
in Chlamydomonas reinhardtii. Proceedings of the National Academy of 
Sciences, USA 84, 749�753.
Millar AA, Kunst L. 1997. Very-long-chain fatty acid biosynthesis is 
controlled through the expression and speci�city of the condensing 
enzyme. Plant Journal 12, 121�131.
Murakami R, Ifuku K, Takabayashi A, Shikanai T, Endo T, Sato F. 
2005. Functional dissection of two Arabidopsis PsbO proteins: PsbO1 and 
PsbO2. Febs Journal 272, 2165�2175.
Okuley J, Lightner J, Feldmann K, Yadav N, Lark E, Browse J. 
1994. Arabidopsis Fad2 gene encodes the enzyme that is essential for 
polyunsaturated lipid-synthesis. Plant Cell 6, 147�158.
Panchuk II, Zentgraf U, Volkov RA. 2005. Expression of the Apx 
gene family during leaf senescence of Arabidopsis thaliana. Planta 222, 
926�932.
Park S, Lee DE, Jang H, Byeon Y, Kim YS, Back K. 2013. Melatonin-
rich transgenic rice plants exhibit resistance to herbicide-induced oxidative 
stress. Journal of Pineal Research 54, 258�263.

Park S, Lee K, Kim YS, Back K. 2012. Tryptamine 5-hydroxylase-
de�cient Sekiguchi rice induces synthesis of 5-hydroxytryptophan 
and N-acetyltryptamine but decreases melatonin biosynthesis during 
senescence process of detached leaves. Journal of Pineal Research 52, 
211�216.
Poirier Y, Ventre G, Caldelari D. 1999. Increased �ow of fatty acids 
toward beta-oxidation in developing seeds of Arabidopsis de�cient in 
diacylglycerol acyltransferase activity or synthesizing medium-chain-length 
fatty acids. Plant Physiology 121, 1359�1366.
Reiter RJ. 1991. Pineal melatonin: cell biology of its synthesis and of its 
physiological interactions. Endocrine Reviews 12, 151�180.
Reiter RJ, Tan DX, Osuna C, Gitto E. 2000. Actions of melatonin in the 
reduction of oxidative stress�A review. Journal of Biomedical Science 7, 
444�458.
Sarropoulou VN, Therios IN, Dimassi-Theriou KN. 2012. Melatonin 
promotes adventitious root regeneration in in vitro shoot tip explants of the 
commercial sweet cherry rootstocks CAB-6P (Prunus cerasus L.), Gisela 
6 (P.�cerasus P.�canescens), and MxM 60 (P.�avium P.�mahaleb). Journal of 
Pineal Research 52, 38�46.
Silva SO, Rodrigues MR, Carvalho SRQ, Catalani LH, Campa 
A, Ximenes VF. 2004. Oxidation of melatonin and its catabolites, 
N-1-acetyl-N (2)-formyl-5-methoxykynuramine and N-1-acetyl-5-
methoxykynuramine, by activated leukocytes. Journal of Pineal Research 
37, 171�175.
Song QX, Li QT, Liu YF et�al.  2013. Soybean GmbZIP123 gene 
enhances lipid content in the seeds of transgenic Arabidopsis plants. 
Journal of Experimental Botany 64, 4329�4341.
Tan DX, Hardeland R, Manchester LC, Korkmaz A, Ma S, Rosales-
Corral S, Reiter RJ. 2012. Functional roles of melatonin in plants, and 
perspectives in nutritional and agricultural science. Journal of Experimental 
Botany 63, 577�597.
Torabinejad J, Donahue JL, Gunesekera BN, Allen-Daniels MJ, 
Gillaspy GE. 2009. VTC4 is a bifunctional enzyme that affects myoinositol 
and ascorbate biosynthesis in plants. Plant Physiology 150, 951�961.
Uchendu EE, Shukla MR, Reed BM, Saxena PK. 2013. Melatonin 
enhances the recovery of cryopreserved shoot tips of American elm 
(Ulmus americana L.). Journal of Pineal Research 55, 435�442.
Van Tassel DL, Roberts NJ, Oenill SD. 1995. Melatonin from higher 
plants�Isolation and identi�cation of N-acetyl 5-methoxytryptamine. Plant 
Physiology 108, 101�101.
Varotto C, Pesaresi P, Jahns P, Lessnick A, Tizzano M, Schiavon 
F, Salamini F, Leister D. 2002. Single and double knockouts of the 
genes for photosystem I�subunits G, K, and H of Arabidopsis. Effects 
on photosystem I�composition, photosynthetic electron �ow, and state 
transitions. Plant Physiology 129, 616�624.
Vitalini S, Gardana C, Simonetti P, Fico G, Iriti M. 2013. Melatonin, 
melatonin isomers and stilbenes in Italian traditional grape products and 
their antiradical capacity. Journal of Pineal Research 54, 322�333.
Wang HW, Zhang B, Hao YJ, Huang J, Tian AG, Liao Y, Zhang 
JS, Chen SY. 2007. The soybean Dof-type transcription factor genes, 
GmDof4 and GmDof11, enhance lipid content in the seeds of transgenic 
Arabidopsis plants. Plant Journal 52, 716�729.
Wang P, Yin L, Liang D, Li C, Ma F, Yue Z. 2012. Delayed senescence 
of apple leaves by exogenous melatonin treatment: toward regulating the 
ascorbate�glutathione cycle. Journal of Pineal Research 53, 11�20.
Weeda S, Zhang N, Zhao XL, Ndip G, Guo YD, Buck GA, Fu CG, 
Ren SX. 2014. Arabidopsis transcriptome analysis reveals key roles of 
melatonin in plant defense systems. PLoS One 9, e93462.
Wei W, Huang J, Hao YJ et�al . 2009. Soybean GmPHD-type 
transcription regulators improve stress tolerance in transgenic Arabidopsis 
plants. PLoS One 4, e7209.
Wu GZ, Xue HW. 2010. Arabidopsis �-ketoacyl-[acyl carrier protein] 
synthase I�is crucial for fatty acid synthesis and plays a role in chloroplast 
division and embryo development. Plant Cell 22, 3726�3744.
Yin L, Wang P, Li M, Ke X, Li C, Liang D, Wu S, Ma X, Zou Y, Ma F. 
2013. Exogenous melatonin improves Malus resistance to Marssonina 
apple blotch. Journal of Pineal Research 54, 426�434.


