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Background: Both melatonin and indole-3-acetic acid (IAA) are derived from

tryptophan. And the most interesting and unsolved puzzle in melatonin

research is that what is the relationship between melatonin and auxin?

Methods: In this study, we performed transcriptome analysis with a time series

method to disclose the connection of the two metabolites in soybean.

Results: Our results reveal that melatonin and IAA treatments cause substantial

overlaps in gene expression changes. Common genes of melatonin and IAA

treatments could be sorted into clusters with very similar expression tendency. A

KEGG assay showed that exogenous applied melatonin enriched differentially

expressed genes in auxin biosynthesis and signaling pathways. For details,

melatonin up-regulates several YUCCA genes which participate in auxin

biosynthesis; melatonin also enhances expression levels of auxin receptor coding

genes, such as TIR1, AFB3 and AFB5; dozens of genes involved in auxin transport,

such as AUXI and PIN, are regulated by melatonin similarly as by auxin; auxin-

responsive genes, such as IAA,ARF,GH3 and SAUR-like genes, intensively respond to

melatonin as well as to auxin. A DR5 promotermediated GUS staining assay showed

that low concentration of melatonin could induce auxin biosynthesis in a dosage

manner, whereas high concentration of melatonin would eliminate such effect. At

last, gene ontology (GO) analysis suggests that melatonin treatment has similar

characteristics as auxin treatment in many processes. However, the two molecules

still keep their own features respectively. For example, melatonin takes part in stress

responses, while IAA treatment enriches the GO terms that related to cell growth.

Conclusion: Taken together, exogenous applied melatonin, if not exceeds the

appropriate concentration, could promote auxin responses range from

biosynthesis to signaling transduction. Thus, our research is a key part to

explain the auxin-like roles of melatonin in regulating plant growth.
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Introduction

Melatonin (N-acetyl-5-methoxy-tryptamine), a well-known

bioactive molecule, was first found in bovine pineal glands

(Lerner et al., 1960). In 1995, several research groups reported

that melatonin also existed in plants (Dubbels et al., 1995;

Hattori et al., 1995; Kolar and Machackova, 2005). From then

on, the important roles of melatonin in higher plants have been

revealed. The most familiar function of melatonin is to enhance

biotic/abiotic stress tolerance of plants. As a powerful

antioxidant, melatonin protects plants from oxidative damage

(Tan et al., 2012; Arnao and Hernandez-Ruiz, 2019). More and

more studies showed that the protection function of melatonin

was ubiquitous in plants (Park et al., 2013; Zhang et al., 2015;

Zhao et al., 2016; Moustafa-Farag et al., 2019).

What makes melatonin even more valuable is that it could

also promote plant growth and even increase crop yield

(Hernandez-Ruiz et al., 2005; Tan et al., 2012; Wei et al.,

2015). In 2007, a pioneering study in lupin (Lupinus albus L.)

connected melatonin with IAA, the most natural forms of auxin,

in regulating root development. Both melatonin and IAA

significantly increased growth of adventitious and lateral roots

(Arnao and Hernandez-Ruiz, 2007). After that, the auxin-like

functions of melatonin have been noticed by researchers and

verified in other plants (Sarropoulou et al., 2012; Koyama et al.,

2013). What roles does melatonin play in growth regulation?

Does it have something to do with auxin? Some groups claimed

that exogenous melatonin enhanced IAA amount (Chen et al.,

2009; Wen et al., 2016); some believed that melatonin regulatory

pathway was independent of auxin signaling (Pelagio-Flores

et al., 2012; Koyama et al., 2013); other researchers even

discovered repressive effect of melatonin on auxin biosynthesis

(Wang et al., 2014; Wang et al., 2016). Though the answers are

controversial, this topic is still fascinating in melatonin research.

And we believe that using high throughput technology, we could

analyze tens of thousands of genes that regulated by melatonin

or IAA treatment. From the whole gene level, maybe we would

tell the difference between melatonin and auxin in soybean.

To solve the above problem, the most crucial point is to tell

exogenous melatonin from endogenous melatonin. It seems that

manipulating endogenous melatonin biosynthesis using

transgenic method causes consistent results, which could be

summarized as enhancing melatonin amount but decreasing

IAA amount (Wang et al., 2014; Zuo et al., 2014). So the

controversy lies in the exogenous melatonin treatment (Table

S1) (Arnao and Hernandez-Ruiz, 2018). The second important

thing is to capture gene expression changes as many as possible.

Treatment with a single time point would inevitably miss quite a

lot of information, since expressing patterns of genes are various.

Based on the above analysis, we designed a time series

experiment. Finally, we got detailed and convincing results
Frontiers in Plant Science 02
showing the impartible but also competitive relationship

between melatonin and auxin in soybean.
Materials and methods

Plant materials and growth conditions

Soybean seeds (Glycine max, SuiNong 28, SN28) were sowed

in pots filled with vermiculite and soil in a ratio of 1:1.

Greenhouse for soybean growth and treatment were set to

28°C in the daytime and 16°C at night with a photoperiod of

16 h: 8 h (day: night).
Melatonin or auxin treatment

Melatonin and auxin treatments were performed when

soybean seedlings grew to V1 stage. Melatonin and IAA

solutions were fertilized to the soil with the final concentration

of 20 mM and 1 mM respectively. Each treatment contained 5

time points, such as 0, 1, 3, 6 and 12 h. For quantitative RT-PCR

analysis, an independent experiment was performed. Melatonin

and IAA treatments were repeated with the same concentration

and time points. Besides, a mock treatment was also introduced,

in which soybean seedlings were supplied with required water

and mock samples were cut for RNA extraction at the same time

points as melatonin and IAA treatments.
RNA extracting and sequencing

Total RNA of soybean leaf and root was extracted

respectively, using TRNzol Reagent (TIANGEN company).

RNA sequencing was performed using an Illumina HiSeq

instrument. Clean reads were mapped to soybean genome

(https://phytozome.jgi.doe.gov/) using TopHat software

(http://ccb.jhu.edu/software/tophat/) and differentially

expressed genes were analyzed by cufflinks software (http://

cole-trapnell-lab.github.io/cufflinks/).
Advanced data analysis

Differentially expressed genes (DEGs) were defined as genes

that had a two-fold increase or a 50% decrease in a certain time

point compared to 0 h. The following analysis was performed

using these DEGs. Venn diagram was performed using an online

tool (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Time

series analysis was performed using R software of maSigPro.

Bubble heat-map was drawn using R software of ggplot2. KEGG
frontiersin.org
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analysis was performed by KEGG mapper (https://www.

genome.jp/kegg/tool/map_pathway2.html). Gene ontology

analysis was performed by agriGO, using Z-score and PAGE

methods (Parametric Analysis of Gene Set Enrichment) (Tian

et al., 2017). A Pearson correlation was performed to establish

co-expression network of DEGs in auxin biosynthesis and

signaling pathways. The co-expression network was visualized

by Cytoscape software.
Agrobacterium rhizogenes-mediated
transformation

The A. rhizogenesstrain K599 harboring DR5-GUS gene was

injected to the hypocotyls of 5-day-old soybean seedlings, which

was a position about 2 cm above soil surface. After injection, the

seedlings were kept in high humidity for about 2 weeks, until

hairy roots generated from the wound. The main roots were cut

and the seedlings with transgenic hairy roots were moved to

water. After a 5-day recovery, the seedlings were treated with

different concentrations of melatonin and auxin for 24 h. After

treatment, the hairy roots were cut for the following GUS

staining. For long time auxin treatment, the more stable

chemical, naphthylacetic acid (NAA), was used instead of IAA.
GUS staining

GUS stocking solutions: 0.2 M NaH2PO4 (Stock A), 0.2 M

Na2HPO4 (Stock B), 100 mM X-Gluc stock (dissolved with DMF

or DMSO). For 10 ml of working solution, add 3.9 ml of Stock A,

6.1 ml of Stock B and 200 ml of X-Gluc stock. Put DR5:GUS

transgenic hairy roots in working solution and keep it under 37°

C for 6 h or room temperature for 12 h. After staining, GUS

working solution was washed away with 70% ethanol; hairy

roots were photographed under microscope. GUS photos were

measured using ImageJ software to determine GUS intensity.

For each concentration of treatment, three replications

were measured.
Results

Common regulation of melatonin and
IAA treatments in gene expression

To investigate the relationship between melatonin and

auxin, soybean seedlings were treated with melatonin or IAA

(1 mM) in a time series experiment. The auxin-like phenotype of

melatonin appeared at the concentration of 10 mM in another

fabaceae plant lupin, and such promotive effect was observed in

soybean when seeds were coated with 50 mM melatonin using

seed-coating-reagent (the actual concentration must be lower
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than 50 mM after sowing) (Arnao and Hernandez-Ruiz, 2007;

Wei et al., 2015). Thus, we supposed that the appropriate

concentration of melatonin treatment should be between 10

and 50 mM, and we finally decided to use the concentration of 20

mM in this treatment. Genes that had a two-fold increase or a

50% decrease in at least one time point against untreated

samples (0 h) were defined as differentially expressed genes

(DEGs). Root samples had a combined (melatonin treatment

plus IAA treatment) number of 23529 DEGs, while leaf samples

had a combined number of 26481 DEGs (Figure S1). Venn

diagrams showed the distribution of these DEGs in melatonin

(Mt) or IAA treatment. It is noteworthy that melatonin samples

and IAA samples had very large overlap, which is about 61%

(14437 common genes) in roots and 64% (16955 common

genes) in leaves, suggesting that the connection of melatonin

and auxin was very close (Figures 1A, B).

To disclose expression tendencies of these common DEGs,

we performed a time series analysis using common DEGs of

melatonin and IAA treatments. Before the common DEGs

were grouped into their belonging clusters, venn diagrams gave

us a brief look that the DEGs were classified very well.

Astonishingly, 100% of DEGs in leaf samples were

successfully grouped; only 11 DEGs in IAA-treated roots

could not be grouped (Figures 1C, D). Time series assay

demonstrated that the common DEGs were classified into 9

clusters in root and leaf respectively, according to their

expression patterns (Table S2 and S3). In roots, three

clusters of genes, R1, R3 and R6, were regulated more

strongly by IAA than by melatonin, while the R4 cluster

showed the opposite effect (Figure 2, right part). Just like in

roots, genes in L1, L2 and L7 were induced to higher peaks by

IAA than by melatonin, while L4 showed the opposite effect.

The clusters of L2, L5, L6 and L9 must be mentioned, because

they revealed different response speed between melatonin and

IAA treatments. Take cluster L2 and L5 for examples, IAA

samples reached their peaks in 1st hour, while melatonin

samples reached their peaks in 3rd hour with a slower speed.

Besides, melatonin samples in cluster L2 reached the peaks

lower than that of IAA samples. Cluster L9 showed an effect of

decreasing situation, in which IAA samples dropped to the

valley faster than melatonin samples. The most complicated

case is cluster L6. In 1st and 3rd hour, melatonin and IAA

samples showed reverse effect, but in the long run, the

expression patterns could be summarized. Expression levels

of genes in cluster L6 dropped to the valleys in the beginning

and then reached to the peaks, but finally they would fall again

(Figure 2, left part). When dealing with leaf samples, long-term

transport of molecules needs to be considered, and the above

four clusters just showed us that time difference existed in this

process. All of these clusters strongly support the idea that

exogenous melatonin and IAA treatments may have a lot in

common when they are applied to soybean seedlings, because

their patterns perfectly matched each other.
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KEGG analysis and co-expression
network reveals the effect of melatonin
on auxin pathway

To disclose the effect of melatonin on auxin pathway, a

KEGG analysis was performed using the DEGs regulated by

melatonin treatment (17864 DEGs in root and 21626 DEGs in

leaf). First of all, tryptophan metabolism was activated. Second,

genes encoding auxin transporters, AUX1, were enriched. Third,

genes encoding the three key components of auxin signaling,

including auxin receptor (TIR1), transcriptional repressors

(Aux/IAA) and auxin response factors (ARF), were all

enriched. At last, auxin-responsive genes were also enriched,

such as Aux/IAA, GH3 and SAUR-like genes (Figure S2). These

auxin-related genes from KEGG analysis were further analyzed

to build co-expression network in each treatment, using a

pearson correlation method (Table S4). Both in the network of

melatonin and IAA treatments, the correlations between genes

were mainly positive (red edges). Four groups of genes related to
Frontiers in Plant Science 04
tryptophan metabolism, such as AMI1, CYP79B2, YUC2 and

YUC4, were located in the center of the network (center genes).

In the network of IAA treatment, the correlations between YUC4

genes and SAUR-like genes formed the core correlations (the

ring-like edges in the middle). While in the network of

melatonin treatment, the situation was more complicated. All

of the four groups of center genes formed such ring-like

correlations with SAUR-like genes (Figure 3). In a word, result

of KEGG analysis tells that melatonin treatment gives rise to

enrichment of the whole auxin pathway both in root and leaf,

while the co-expression network tells that the regulation of

melatonin on auxin pathway is more complex than IAA itself.
Effect of melatonin or IAA treatment on
auxin biosynthesis genes

Because IAA is derived from tryptophan, the activation of

tryptophan metabolism suggests that IAA biosynthesis is
B

C D

A

FIGURE 1

DEG analysis of Melatonin (Mt) or IAA treated transcriptome data. (A) Venn diagram of DEGs in roots. (B) Venn diagram of DEGs in leaves. (C) A
venn diagram results from the time series analysis in roots. The 14437 common genes of melatonin- and auxin-treated roots, red box in (A),
were analyzed using a time series assay and only 11 of them were not clustered. (D) A venn diagram results from the time series analysis in
leaves. The 16955 common genes of melatonin- and auxin-treated leaves, red box in (B), were analyzed using a time series assay and all of
them are able to be clustered.
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FIGURE 3

Co-expression network of the genes that are related to auxin biosynthesis and signaling pathways under melatonin and IAA treatments. The red
edges indicate positive correlation (r > 0.75, FDR < 0.01), whereas the green edges indicate negative correlation (r < -0.75, FDR < 0.01). The
correlation was calculated with ‘pearson’ method. The nodes indicate groups of genes which were listed in Table S4.
FIGURE 2

Time series analysis of DEGs in melatonin or auxin treated soybean seedlings. Common genes of melatonin (Mt) and auxin treatment in soybean
seedlings were analyzed using a time series method. Each box indicates a cluster of genes. Blue lines indicate median profiles of the melatonin-
responded genes, while orange lines indicate median profiles of auxin-responded genes.
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increased. Thus, we took a deep look at the expression changes of

genes in this process. In the four Trp-dependent IAA

biosynthesis pathways, three of them had gene expression

changes (Figure 4) (Mano and Nemoto, 2012). The IAOX

(indole-3-acetaldoxime) pathway is activated, for expression of

CYP79B2 was significantly induced by both melatonin and IAA

treatments. In the IAM (indole-3-acetamide) pathway, AMI1

genes were induced by melatonin and IAA treatments in leaf, but

were repressed by IAA in root. The most changed pathway is the

IPA (indole-3-pyruvic acid) pathway, in which a lot of YUCCA

genes were affected and their expression patterns were various.

Most YUCCA genes were induced faster in leaf than in root. In

leaf, they reached peak value at 1st or 3rd h, whereas in root some

of them were up-regulated until 12th h. In the tryptamine (TAM)

pathway melatonin and IAA share some intersection (Kang

et al., 2007; Mukherjee, 2018). We observed that several ALDH

genes, which may be related to the catalysis of serotonin to 5-

hydroxy-indoleacetate (Lenchner and Santos, 2022), were up-

regulated by both melatonin and IAA (Figure 4). This result

suggested that the endogenous melatonin biosynthesis may be

impacted, for the precursor of melatonin, serotonin, may be

catalyzed to other metabolite. To summarize, exogenous

melatonin could induce CYP79B2, AMI1 and several YUCCA

genes, which also suggests that melatonin treatment may have

the ability to trigger auxin biosynthesis.
Frontiers in Plant Science 06
Melatonin activates expression levels of
genes in auxin signaling pathway

In the process of auxin transport, there were 14 AUX1/LAX

(like AUX1) genes and 27 PIN/PIL (PIN-like) genes, of which

expression levels were influenced by melatonin as well as by IAA.

In the process of sensing auxin, 8 TIR1/AFB genes, 21 Aux/IAA

(IAAs) genes and 37 ARFs were regulated by melatonin or IAA

treatment. In the process of auxin homeostasis, 17 GH3-like

genes were changed in their expression levels (Figure 5). As for

auxin-responsive genes, the number of regulated SAUR-like

genes rose to 67 in root and 161 in leaf (Figure S3).

To be more specifically, TIR1/AFB genes including TIR1.2,

TIR1.3, TIR1.4, AFB3 and AFB5 were up-regulated. TIR1.1 was

up-regulated in root but not in leaf. For AUX/LAX genes, the

majority of them were induced by melatonin and IAA

treatments. Three genes, AUX1.1, AUX1.3 and AUX1.4 were

only enhanced by IAA treatment. For PIN/PIL genes, their

expression patterns in melatonin and IAA treatments were

very similar. Specifically, PIN1 genes were up-regulated by the

two molecules both in leaf and root; PIN2 genes were up-

regulated by the two molecules in root but not in leaf; PIN4,

PIN5 and PIN6 were induced in leaf but repressed in root by the

two molecules; PIN3 and PIL3 showed some expression

fluctuation in leaf but were mainly induced in root. Most of
FIGURE 4

Expression changes of genes related to auxin biosynthesis. The rectangles indicate the enzymes related to melatonin/auxin biosynthesis
pathway, while the circles indicate the precursors/metabolites. Italic indicates the gene that may encode the enzyme. Heat-maps indicate
expression changes at a time point, while asterisks indicate significant change, compared to the untreated samples (0 h). Asterisks indicate
significant differences (*q < 0.05 and **q < 0.01) compared to the untreated samples (0 h).
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the Aux/IAAs, GH3, ARF and SAUR-like genes were regulated by

the two molecules similarly. The up-regulation of Aux/IAAs,

ARF and GH3 genes was higher under IAA treatment than

under melatonin treatment, while the changes of SAUR-like

genes were very much the same in the two treatments (Figure

S3). To sum it up, this is a full spectrum response in auxin

signaling pathway. Except that few genes, such as AUX1.1,

AUX1.3 and AUX1.4, had converse expression patterns

between melatonin and IAA treatments. The expression

tendencies of most genes are very much alike in both

melatonin and IAA samples (Figure 5). The above results

suggest that melatonin treatment could activate the entire

auxin signaling pathway.
Gene expression analysis using
quantitative RT-PCR

To verify the results of transcriptome data, a completely

independent treatment was performed. Several YUCCA, TIR1,

AFB and PIN1 genes were tested for their expression patterns

using quantitative RT-PCR. Besides, a mock treatment was also

introduced to observe the expression rhythm of these genes in

day time. Under mock treatment, expression of these genes

fluctuated very slightly. While under melatonin and IAA

treatments, except that three TIR1 and AFB3 genes were not

induced significantly in leaf, these genes were highly induced.

Some of them reached the highest expression levels at certain
Frontiers in Plant Science 07
time points and began to drop, such as AFB5.2, PIN1.2 and

PIN1.3, while expression of some genes continued to increase,

such as YUC6.2 and YUC8 in root (Figure 6; Table S5). In detail,

the expression patterns of these genes in the current treatments

were not exactly the same as the transcriptome results, if we

compared specific genes at each time point. But in general, the

two experiments had something in common. We could see from

both transcriptome and qPCR analysis that genes related to

auxin biosynthesis and signaling pathways were triggered by

both melatonin and IAA treatments.
DR5 promoter mediated GUS staining
suggests melatonin treatment increases
auxin content

DR5 is a synthetic DNA element with great auxin-responsive

activity (Ulmasov et al., 1997; Chen et al., 2013). We

transformed the DR5-driven GUS gene into the soybean hairy

roots to test the possible change of auxin response after

melatonin treatment. The DR5:GUS transgenic hairy roots

were treated with different concentrations of melatonin for

24 h. NAA treatment was also performed as a positive control

experiment and hairy roots that generated by empty K599 strain

were used as a negative control. The results showed that the

negative control hairy roots (K599) could not be stained with or

without treatment. The water-treated DR5 transgenic roots only

had very weak GUS staining. After melatonin or NAA treatment,
FIGURE 5

Expression changes of genes related to auxin transportation and signaling pathway. The middle part indicates models of IAA transportation and
signaling pathway. Non-italics indicate the enzymes/proteins that catalyze the molecular reaction, while italics indicate the genes which may
encode the corresponding proteins. Heat-maps indicate expression changes at a time point, while asterisks indicate significant change,
compared to the untreated samples (0 h). Asterisks indicate significant differences (*q < 0.05 and **q < 0.01) compared to the untreated
samples (0 h).
frontiersin.org

https://doi.org/10.3389/fpls.2022.1057993
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wei et al. 10.3389/fpls.2022.1057993
the intensity of GUS staining remarkably increased. However,

when the concentration of melatonin increased to 50 mM, the

intensity of GUS staining dropped to the level of water-treated

roots (Figure 7A). Quantitative analysis showed that melatonin

treatment had a dosage effect on DR5:GUS activity, but the

induction was not as high as that by NAA treatment (Figure 7B).

These results indicate that melatonin can activate

auxin response.

We further used two kinds of IAA synthesis inhibitors, L-

kynurenine (Kyn) and 5–(4–chlorophenyl)-4H-1,2,4–triazole-

3–thiol (yucasin), to treat the DR5:GUS transgenic hairy roots

to see if the two inhibitors could block the auxin response

promoted by melatonin treatment. Kyn is an inhibitor of

TAA1, which is responsible for the conversion of tryptophan

into IPyA (He et al., 2011). Yucasin, is an inhibitor of YUCCA

enzymes, which catalyze the conversion of IPyA into IAA

(Nishimura et al., 2014). While the 20 mM melatonin

significantly enhanced DR5:GUS activity in transgenic hairy

roots, treatment with 200 mM Kyn or 50 mM yucasin
Frontiers in Plant Science 08
disrupted this promotive effect. The DR5:GUS activity

dropped to the level of untreated hairy roots (Figures 7C, D).

These results indicate that melatonin activates auxin response

through auxin biosynthesis pathway.
Gene ontology analysis reveals the
difference between melatonin and IAA
treatment

We performed a Gene ontology analysis using the 23529

DEGs in root and the 26481 DEGs in leaf. Results showed that

melatonin and IAA treatments had a lot in common. There were

numbers of GO terms, which were simultaneously up-regulated

or down-regulated by the twomolecules (Figure 8, unframed GO

terms). It is worth mentioning that such GO analysis also

discloses the unique characteristics of each molecule. For

melatonin treatment, exogenous melatonin up-regulated the

GO terms that were related to stress response, especially
FIGURE 6

Verification of transcriptome analysis using quantitative PCR. Expression patterns of genes related to auxin biosynthesis and signaling pathways.
Error bars indicate SD (n=3).
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oxidative stress. While in leaf, melatonin up-regulated GO terms

that were involved in metabolic or catalytic process (Figure 8,

red rectangles). For IAA treatment, the GO terms relating to

growth were enriched, including biosynthetic process, gene

expression, cell wall modification and energy metabolic

processes (Figure 8, blue rectangles).
Discussion

Melatonin is an important bio-active molecule in living

organisms. The fact that melatonin has a close correlation with

the plant hormone auxin makes melatonin even more

fascinating. For example, melatonin has the ability to enhance

plant growth, such as promoting root development and

enlarging plant size (Arnao and Hernandez-Ruiz, 2007; Wei

et al., 2015). These studies suggest that melatonin may play

certain auxin-like roles in plants. For more than ten years,
Frontiers in Plant Science 09
scientists have been trying to figure out the relationship

between these two chemicals, but their specific relationship

still keeps unknown.

Our study demonstrates that melatonin activates several

YUCCA genes in the IPyA pathway, which is the major

biosynthesis pathway of auxin biosynthesis (Mashiguchi et al.,

2011). Through enhancing auxin biosynthesis, melatonin also

activates the entire auxin transportation and response pathways

(Figure S2). The hypothesis is explained from the follow aspects.

First of all, 60% of the DEGs were commonly regulated by

melatonin and IAA treatments, and such ratio was very high

(Figure 1). Almost all of these common genes were able to be

clustered according to their expression patterns. Both in root

and leaf, the common genes of melatonin and IAA treatments

showed great similarities, suggesting the close connection

between melatonin and IAA (Figure 2). Second, melatonin

treatment could enhance expression of auxin biosynthetic

genes. Melatonin does not equally enhance the four pathways
B

C D

A

FIGURE 7

GUS staining of melatonin or NAA treated transgenic soybean roots. (A) GUS staining analysis. Transgenic hair roots transformed with DR5:GUS
gene were treated with melatonin or NAA for 24h. (B) Quantitative GUS signals. Relative GUS signals = (Blue light intensity of DR5 roots)/(Blue
light intensity of K599 roots). Three roots of each concentration were measured. Value indicates means ± SD (n=3). Asterisks indicate significant
differences (*P < 0.05 and **P < 0.01) compared to that of untreated roots (0 mM). (C) GUS staining. Transgenic hair roots transformed with
DR5:GUS gene were treated with melatonin and IAA biosynthesis inhibitor for 24h. (D) Quantitative GUS signals. Value indicates means ± SD
(n=3). Asterisks indicate significant differences (**P < 0.01) compared to that of untreated roots (0 mM).
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of auxin biosynthesis. YUCCA proteins are responsible for the

conversion of IPyA to IAA (Yamamoto et al., 2007; Mashiguchi

et al., 2011). YUCCA genes in the IPyA pathway were mostly

influenced by melatonin (Figures 4 and 6). Third, if the amount

of IAA was changed, the auxin transportation and perception

processes would be affected as a result (Fig 5). Auxin transport

contains two kinds of auxin carriers, the AUX/LAX influx

carriers and the PIN/PIL efflux carriers (Kramer, 2004; Peret

et al., 2012). Situations were different between some of the AUX/

LAX genes and PIN/PIL genes. No matter up-regulated or down-

regulated, PIN/PIL genes were regulated by melatonin and IAA

treatments in the same direction. But for some AUX1 genes,

including AUX1.1, AUX1.3 and AUX1.4, they were up-regulated

by IAA but down-regulated by melatonin (Figure 5). PIN/PIL

proteins are responsible for intracellular auxin homeostasis,

expression of PIN/PIL are influenced by cellular auxin content

(Cazzonelli et al., 2013; Adamowski and Friml, 2015). Other

group also found that melatonin influenced expressions of PIN

genes (Wen et al., 2016). In our experiment, PIN/PIL genes in

leaf were up-regulated by both melatonin and IAA (Figures 5

and 6). These expression patterns match the patterns of YUCCA

genes (Figure 4). Because both melatonin and IAA treatments

enhanced cellular auxin content, PIN/PIL genes were regulated

similarly under the two treatments. We also observed that AUX/
Frontiers in Plant Science 10
LAX proteins are different auxin transporters from PIN/PIL

proteins. It is reported that AUX1 has auxin uptake activity

(Peret et al., 2012). There was no exogenous applied IAA in

melatonin solution, so expression of these AUX1 genes were not

as high as that promoted by IAA (Figure 5).

The above transcriptome analysis supports our conclusion

very well. And at last, a DR5:GUS staining provides the strongest

evidence. DR5:GUS activity was increased significantly by

melatonin treatment. But if we added inhibitors of IAA

biosynthesis, such as L-Kyn and yucasin to the melatonin

treatment, the above increasing effect disappeared. These

results indicate that IAA biosynthesis is required for the

melatonin-activated DR5:GUS activity. Besides, the GUS

staining experiment also uncovered the ‘concentration effects’.

Melatonin treatment promotes IAA content in a dosage manner.

But if the concentration was too high, for instance, when

concentration was increased to 50 mM, the promoting role

disappeared (Figure 7). This result was consistent with the

previous studies that coating seeds with 50 or 100 mM
melatonin had stimulating effect on soybean growth.

Considering that melatonin was applied in a slow-releasing

method using seed-coating-reagent, the actual melatonin

amount was much lower than 50 or 100 mM (Wei et al.,

2015). Similarly, in the earliest work that compared the effect
FIGURE 8

Gene ontology terms enriched in melatonin or auxin treated roots and leaves. DEGs of root or leaf samples were analyzed using agriGO.
Statistical significance was evaluated using a Z-score method. P, biological processes; F, molecular functions; C, cellular components. Yellow to
red colors indicate up-regulation of the GO terms, while cyan to blue colors indicate down-regulation of the GO terms. Red rectangles indicate
specific enrichment in melatonin treatment, while blue rectangles indicate specific enrichment in IAA treatment.
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of melatonin with auxin on promoting lupin roots, the maximal

effect was observed at a concentration of 10 mM melatonin

(Arnao and Hernandez-Ruiz, 2007). However, some studies

demonstrated that melatonin had no effect or negative effect

on auxin response in Arabidopsis (Pelagio-Flores et al., 2012;

Weeda et al., 2014; Wang et al., 2016). The above results suggest

that the effect of melatonin on auxin response occurs differently

between brassicaceae and fabaceae plants.

The puzzle of the auxin-like feature of melatonin has been

confusing to us for years, not only because brassicaceae and

fabaceae plants performed differently, but also because transgene

events had the negative results (Table S1). Two studies provided the

evidence that over-expressing AANAT (the corresponding gene in

plant is SNAT) or ASMT gene could enhanced melatonin content

but decreased endogenous IAA content in transgenic plants (Wang

et al., 2014; Zuo et al., 2014). We suggest a trade-off hypothesis to

explain these phenomena in soybean or other plants that had

similar effects (Figure S4A). If large amount of tryptophan was

recruited to produce melatonin, the biosynthesis of IAA would be

reduced (Figure S4B). Conversely, if melatonin biosynthesis was

somehow repressed, tryptophan would go to IAA pathway. For

exogenous melatonin treatment, melatonin is taken up by plant

roots from the environment (Tan et al., 2012). In such

circumstance, the need for melatonin biosynthesis would not be

as necessary as it used to be. So we suppose that the metabolic

pathway from tryptophan to IAA is then activated (Figure S4C).

Together, we propose that melatonin and IAA may regulate

similar sets of genes for functions, and melatonin may promote

auxin responses at least partially through activation of auxin
Frontiers in Plant Science 11
biosynthesis and/or signaling pathway. This knowledge would

facilitate application of melatonin in agriculture for yield

promotion. As for soybean or plants like soybean, low

concentration of melatonin could induce auxin biosynthesis

and signaling pathways and therefore promote plant growth.

To help plants resist against various stresses, continuous

melatonin supply is needed to scavenge ROS, thus the

concentration need to be higher than normal conditions

(Figure 9). We establish a method with the best effect on both

needs, which is coating seeds at a relative high melatonin

concentration using slow-released reagent (Wei et al., 2015).
Data availability statement

The raw data of RNA-seq reported in this paper have been

deposited in the Genome Sequence Archive in Beijing Institute

of Genomics (BIG), Chinese Academy of Sciences (accession

numbers: CRA002667), http://bigd.big.ac.cn/gsa.
Author contributions

WW performed experiments and drafted the initial

manuscript; WW, J-JT and C-CY conducted data analysis; W-

KZ, S-YC and J-SZ, conceived projects, designed experiments

and wrote the paper. All authors contributed to the article and

approved the submitted version.
FIGURE 9

Possible working models of melatonin. The working models demonstrate the molecular changes that caused by exogenously applied melatonin.
frontiersin.org

http://bigd.big.ac.cn/gsa
https://doi.org/10.3389/fpls.2022.1057993
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wei et al. 10.3389/fpls.2022.1057993
Funding

This work is supported by the National Key Research and

Development Program of China (2019YFD1002701), the National

Key R & D Program for Crop Breeding (2016YFD0100304),

National Natural Science Foundation of China (32171930 and

31971896), the National Key Research and Development

Program of China (2016YFD0101005 and 2016YFD0100504) and

the Key Research Program of the Chinese Academy of Sciences

(ZDRW-ZS-2019-2).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Frontiers in Plant Science 12
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.1057993/full#supplementary-material
References
Adamowski, M., and Friml, J. (2015). PIN-dependent auxin transport: Action,
regulation, and evolution. Plant Cell 27, 20–32. doi: 10.1105/tpc.114.134874

Arnao, M. B., and Hernandez-Ruiz, J. (2007). Melatonin promotes adventitious-
and lateral root regeneration in etiolated hypocotyls of lupinus albus l. J. Pineal Res.
42, 147–152. doi: 10.1111/j.1600-079X.2006.00396.x

Arnao, M. B., and Hernandez-Ruiz, J. (2018). Melatonin and its relationship to
plant hormones. Ann. Bot. 121, 195–207. doi: 10.1093/aob/mcx114

Arnao, M. B., and Hernandez-Ruiz, J. (2019). Melatonin: A new plant hormone
and/or a plant master regulator? Trends Plant Sci. 24, 38–48. doi: 10.1016/
j.tplants.2018.10.010

Cazzonelli, C. I., Vanstraelen, M., Simon, S., Yin, K., Carron-Arthur, A., Nisar,
N., et al. (2013). Role of the arabidopsis PIN6 auxin transporter in auxin
homeostasis and auxin-mediated development. PLoS One 8, e70069.
doi: 10.1371/journal.pone.0070069

Chen, Q., Qi, W. B., Reiter, R. J., Wei, W., and Wang, B. M. (2009). Exogenously
applied melatonin stimulates root growth and raises endogenous indoleacetic acid
in roots of etiolated seedlings of brassica juncea. J. Plant Physio. 166, 324–328.
doi: 10.1016/j.jplph.2008.06.002

Chen, Y. R., Yordanov, Y. S., Ma, C., Strauss, S., and Busov, V. B. (2013). DR5 as
a reporter system to study auxin response in populus. Plant Cell Rep. 32, 453–463.
doi: 10.1007/s00299-012-1378-x

Dubbels, R., Reiter, R. J., Klenke, E., Goebel, A., Schnakenberg, E., Ehlers, C.,
et al. (1995). Melatonin in edible plants identified by radioimmunoassay and by
high performance liquid chromatography-mass spectrometry. J. Pineal Res. 18, 28–
31. doi: 10.1111/j.1600-079x.1995.tb00136.x

Hattori, A., Migitaka, H., Iigo, M., Itoh, M., Yamamoto, K., Ohtanikaneko, R.,
et al. (1995). Identification of melatonin in plants and its effects on plasma
melatonin levels and binding to melatonin receptors in vertebrates. Biochem.
Mol. Biol. Int. 35, 627–634.

He, W., Brumos, J., Li, H., Ji, Y., Ke, M., Gong, X., et al. (2011). A small-molecule
screen identifies l-kynurenine as a competitive inhibitor of TAA1/TAR activity in
ethylene-directed auxin biosynthesis and root growth in arabidopsis. Plant Cell 23,
3944–3960. doi: 10.1105/tpc.111.089029

Hernandez-Ruiz, J., Cano, A., and Arnao, M. B. (2005). Melatonin acts as a
growth-stimulating compound in some monocot species. J. Pineal Res. 39, 137–
142. doi: 10.1111/j.1600-079X.2005.00226.x

Kang, S., Kang, K., Lee, K., and Back, K. (2007). Characterization of rice tryptophan
decarboxylases and their direct involvement in serotonin biosynthesis in transgenic rice.
Planta 227, 263–272. doi: 10.1007/s00425-007-0614-z

Kolar, J., and Machackova, I. (2005). Melatonin in higher plants: occurrence and
possible functions. J. Pineal Res. 39, 333–341. doi: 10.1111/j.1600-079X.2005.00276.x

Koyama, F. C., Carvalho, T. L., Alves, E., Da Silva, H. B., De Azevedo, M. F.,
Hemerly, A. S., et al. (2013). The structurally related auxin and melatonin
tryptophan-derivatives and their roles in arabidopsis thaliana and in the human
malaria parasite plasmodium falciparum. J. Eukaryot. Microbiol. 60, 646–651.
doi: 10.1111/jeu.12080

Kramer, E. M. (2004). PIN and AUX/LAX proteins: their role in auxin
accumulation. Trends Plant Sci. 9, 578–582. doi: 10.1016/j.tplants.2004.10.010

Lenchner, J. R., and Santos, C. (2022). Biochemistry, 5 hydroxyindoleacetic acid,
in StatPearls. (Treasure Island (FL): StatPearls Publishing).

Lerner, A. B., Case, J. D., and Takahashi, Y. (1960). Isolation of melatonin and 5-
Methoxyindole-3-Acetic acid from bovine pineal glands. J. Biol. Chem. 235, 1992–
1997.

Mano, Y., and Nemoto, K. (2012). The pathway of auxin biosynthesis in plants. J.
Exp. Bot. 63, 2853–2872. doi: 10.1093/jxb/ers091

Mashiguchi, K., Tanaka, K., Sakai, T., Sugawara, S., Kawaide, H., Natsume, M.,
et al. (2011). The main auxin biosynthesis pathway in arabidopsis. Proc. Natl. Acad.
Sci. U.S.A. 108, 18512–18517. doi: 10.1073/pnas.1108434108

Moustafa-Farag, M., Almoneafy, A., Mahmoud, A., Elkelish, A., Arnao, M. B., Li,
L., et al. (2019). Melatonin and its protective role against biotic stress impacts on
plants. Biomolecules 10, 54. doi: 10.3390/biom10010054

Mukherjee, S. (2018). Novel perspectives on the molecular crosstalk mechanisms
of serotonin and melatonin in plants. Plant Physiol. Biochem. 132, 33–45.
doi: 10.1016/j.plaphy.2018.08.031

Nishimura, T., Hayashi, K., Suzuki, H., Gyohda, A., Takaoka, C., Sakaguchi, Y.,
et al. (2014). Yucasin is a potent inhibitor of YUCCA, a key enzyme in auxin
biosynthesis. Plant J. 77, 352–366. doi: 10.1111/tpj.12399

Park, S., Lee, D. E., Jang, H., Byeon, Y., Kim, Y. S., and Back, K. (2013).
Melatonin-rich transgenic rice plants exhibit resistance to herbicide-induced
oxidative stress . J . Pineal Res . 54, 258–263. doi : 10.1111/j .1600-
079X.2012.01029.x

Pelagio-Flores, R., Munoz-Parra, E., Ortiz-Castro, R., and Lopez-Bucio, J.
(2012). Melatonin regulates arabidopsis root system architecture likely acting
independently of auxin signaling. J. Pineal Res. 53, 279–288. doi: 10.1111/j.1600-
079X.2012.00996.x

Peret, B., Swarup, K., Ferguson, A., Seth, M., Yang, Y., Dhondt, S., et al. (2012).
AUX/LAX genes encode a family of auxin influx transporters that perform distinct
functions during arabidopsis development. Plant Cell 24, 2874–2885. doi: 10.1105/
tpc.112.097766

Sarropoulou, V., Dimassi-Theriou, K., Therios, I., and Koukourikou-Petridou,
M. (2012). Melatonin enhances root regeneration, photosynthetic pigments,
biomass, total carbohydrates and proline content in the cherry rootstock PHL-c
(Prunus avium x prunus cerasus). Plant Physiol. Biochem. 61, 162–168.
doi: 10.1016/j.plaphy.2012.10.001

Tan, D. X., Hardeland, R., Manchester, L. C., Korkmaz, A., Ma, S., Rosales-
Corral, S., et al. (2012). Functional roles of melatonin in plants, and perspectives in
nutritional and agricultural science. J. Exp. Bot. 63, 577–597. doi: 10.1093/jxb/
err256
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1057993/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1057993/full#supplementary-material
https://doi.org/10.1105/tpc.114.134874
https://doi.org/10.1111/j.1600-079X.2006.00396.x
https://doi.org/10.1093/aob/mcx114
https://doi.org/10.1016/j.tplants.2018.10.010
https://doi.org/10.1016/j.tplants.2018.10.010
https://doi.org/10.1371/journal.pone.0070069
https://doi.org/10.1016/j.jplph.2008.06.002
https://doi.org/10.1007/s00299-012-1378-x
https://doi.org/10.1111/j.1600-079x.1995.tb00136.x
https://doi.org/10.1105/tpc.111.089029
https://doi.org/10.1111/j.1600-079X.2005.00226.x
https://doi.org/10.1007/s00425-007-0614-z
https://doi.org/10.1111/j.1600-079X.2005.00276.x
https://doi.org/10.1111/jeu.12080
https://doi.org/10.1016/j.tplants.2004.10.010
https://doi.org/10.1093/jxb/ers091
https://doi.org/10.1073/pnas.1108434108
https://doi.org/10.3390/biom10010054
https://doi.org/10.1016/j.plaphy.2018.08.031
https://doi.org/10.1111/tpj.12399
https://doi.org/10.1111/j.1600-079X.2012.01029.x
https://doi.org/10.1111/j.1600-079X.2012.01029.x
https://doi.org/10.1111/j.1600-079X.2012.00996.x
https://doi.org/10.1111/j.1600-079X.2012.00996.x
https://doi.org/10.1105/tpc.112.097766
https://doi.org/10.1105/tpc.112.097766
https://doi.org/10.1016/j.plaphy.2012.10.001
https://doi.org/10.1093/jxb/err256
https://doi.org/10.1093/jxb/err256
https://doi.org/10.3389/fpls.2022.1057993
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wei et al. 10.3389/fpls.2022.1057993
Tian, T., Liu, Y., Yan, H., You, Q., Yi, X., Du, Z., et al. (2017). agriGO v2.0: a GO
analysis toolkit for the agricultural communit Update. Nucleic Acids Res. 45,
W122–W129. doi: 10.1093/nar/gkx382

Ulmasov, T., Hagen, G., and Guilfoyle, T. J. (1997). ARF1, a transcription factor
that binds to auxin response elements. Science 276, 1865–1868. doi: 10.1126/
science.276.5320.1865

Wang, Q., An, B., Wei, Y., Reiter, R. J., Shi, H., Luo, H., et al. (2016). Melatonin
regulates root meristem by repressing auxin synthesis and polar auxin transport in
arabidopsis. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01882

Wang, L., Zhao, Y., Reiter, R. J., He, C., Liu, G., Lei, Q., et al. (2014). Changes in
melatonin levels in transgenic 'Micro-tom' tomato overexpressing ovine AANAT
and ovine HIOMT genes. J. Pineal Res. 56, 134–142. doi: 10.1111/jpi.12105

Weeda, S., Zhang, N., Zhao, X. L., Ndip, G., Guo, Y. D., Buck, G. A., et al. (2014).
Arabidopsis transcriptome analysis reveals key roles of melatonin in plant defense
systems. PLoS One 9, e93462. doi: 10.1371/journal.pone.0093462

Wei, W., Li, Q. T., Chu, Y. N., Reiter, R. J., Yu, X. M., Zhu, D. H., et al. (2015).
Melatonin enhances plant growth and abiotic stress tolerance in soybean plants.
J. Exp. Bot. 66, 695–707. doi: 10.1093/jxb/eru392
Frontiers in Plant Science 13
Wen, D., Gong, B., Sun, S., Liu, S., Wang, X., Wei, M., et al. (2016). Promoting
roles of melatonin in adventitious root development of solanum lycopersicum l. by
regulating auxin and nitric oxide signaling. Front. Plant Sci. 7. doi: 10.3389/
fpls.2016.00718

Yamamoto, Y., Kamiya, N., Morinaka, Y., Matsuoka, M., and Sazuka, T. (2007).
Auxin biosynthesis by the YUCCA genes in rice. Plant Physiol. 143, 1362–1371.
doi: 10.1104/pp.106.091561

Zhang, N., Sun, Q., Zhang, H., Cao, Y., Weeda, S., Ren, S., et al. (2015). Roles of
melatonin in abiotic stress resistance in plants. J. Exp. Bot. 66, 647–656.
doi: 10.1093/jxb/eru336

Zhao, H., Ye, L., Wang, Y., Zhou, X., Yang, J., Wang, J., et al. (2016). Melatonin
increases the chilling tolerance of chloroplast in cucumber seedlings by regulating
photosynthetic electron flux and the ascorbate-glutathione cycle. Front. Plant Sci. 7
1814. doi: 10.3389/fpls.2016.01814

Zuo, B., Zheng, X., He, P., Wang, L., Lei, Q., Feng, C., et al. (2014).
Overexpression of MzASMT improves melatonin production and enhances
drought tolerance in transgenic arabidopsis thaliana plants. J. Pineal Res. 57,
408–417. doi: 10.1111/jpi.12180
frontiersin.org

https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1126/science.276.5320.1865
https://doi.org/10.1126/science.276.5320.1865
https://doi.org/10.3389/fpls.2016.01882
https://doi.org/10.1111/jpi.12105
https://doi.org/10.1371/journal.pone.0093462
https://doi.org/10.1093/jxb/eru392
https://doi.org/10.3389/fpls.2016.00718
https://doi.org/10.3389/fpls.2016.00718
https://doi.org/10.1104/pp.106.091561
https://doi.org/10.1093/jxb/eru336
https://doi.org/10.3389/fpls.2016.01814
https://doi.org/10.1111/jpi.12180
https://doi.org/10.3389/fpls.2022.1057993
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Melatonin regulates gene expressions through activating auxin synthesis and signaling pathways
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Melatonin or auxin treatment
	RNA extracting and sequencing
	Advanced data analysis
	Agrobacterium rhizogenes-mediated transformation
	GUS staining

	Results
	Common regulation of melatonin and IAA treatments in gene expression
	KEGG analysis and co-expression network reveals the effect of melatonin on auxin pathway
	Effect of melatonin or IAA treatment on auxin biosynthesis genes
	Melatonin activates expression levels of genes in auxin signaling pathway
	Gene expression analysis using quantitative RT-PCR
	DR5 promoter mediated GUS staining suggests melatonin treatment increases auxin content
	Gene ontology analysis reveals the difference between melatonin and IAA treatment

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


