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Abstract

Melatonin (N-acetyl-5-methoxytryptamine) plays important roles in plant developmental
growth, especially in root architecture. The similarity in both chemical structure and biosyn-
thetic pathway suggests a potential linkage between melatonin and auxin signaling. How-
ever the molecular mechanism regulating this melatonin-mediated root architecture
changes is not yet elucidated. In the present study, we re-analyzed previously conducted
transcriptome data and identified 16 auxin-related genes whose expression patterns were
altered by treatment with melatonin. Several of these genes encoding important auxin trans-
porters or strongly affecting auxin transport were significantly down regulated. In wild type
Arabidopsis, Melatonin inhibited both primary root growth and hypocotyl elongation, but
enhanced lateral root development in a dose dependent manner. However, the lateral-root-
promoting role of melatonin was abolished when each individual null mutant affecting auxin
transport including pin5, wag1, tt4 and tt5, was examined. Furthermore, melatonin acts syn-
ergistically with auxin to promote lateral root development in wild type Arabidopsis, but such
synergistic effects were absent in knockout mutants of individual auxin transport related
genes examined. These results strongly suggest that melatonin enhances lateral root devel-
opment through regulation of auxin distribution via modulation of auxin transport. A working
model is proposed to explain how melatonin and auxin act together to promote lateral root
development. The present study deepens our understanding of the relationship between
melatonin and auxin signaling in plant species.

Introduction

Melatonin (N-acetyl-5-methoxytryptamine) was first discovered in the bovine pineal gland in
1958 [1] and then in plants about three decades later [2-3]. Melatonin has been extensively

studied for its physiological roles since it was discovered. In animals, melatonin influences cir-
cadian rhythms, mood, sleep, food intake, seasonal reproduction, blood glucose, as well as the
immune system [4-7]. In plants, melatonin influences photosynthesis and organ development
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[8-9], leaf senescence [10-11], as a defense against biotic and abiotic stresses [12-18] and root
system architecture [19-21].

The chemical structure of melatonin is classified as an indolic compound and its biosynthe-
sis in both animals and plants is through a tryptophan-dependent pathway [22-24]. Interest-
ingly, the plant hormone auxin also belongs to the indole group in structure and at least
partially through tryptophan-pathway biosynthesis [25]. The similarity in both chemical
structure and biosynthetic pathway between melatonin and auxin suggests a potential linkage
between melatonin and auxin signaling [11, 26]. Research to compare the physiological roles
of melatonin and auxin was one of the major topics in melatonin studies since its discovery in
plants, especially during the last decade [27]. Many studies strongly demonstrated that melato-
nin, like auxin, can promote growth in various plant species including economically important
crops such as wheat, barley, rice, soybean, corn, tomato, pepper and cucumber [21, 28-32] and
model species Arabidopsis thaliana [33]. When plants grow under stress conditions, melatonin
plays an even more important role in promoting plant growth [34-38].

Root architecture is important for plant survival. Primary and lateral roots are major root
architectural determinants and it is well known that auxin plays essential roles in lateral root
development [39]. The effects of melatonin on root architecture have also been extensively
studied. Arnao and Hernandez-Ruiz [28] demonstrated that melatonin treatment in lupin
clearly affected the number and appearance of both adventitious and lateral roots. More
recently, the effect of melatonin on adventitious and lateral root formation has also been dem-
onstrated in other species such as tomato, cucumber, pomegranate and cherry [20-21, 40-43].
In the model species Arabidopsis thaliana, melatonin increased lateral root formation by up to
3-fold [19, 44]. Furthermore, the root growth promoting effect of melatonin has also been
demonstrated by rice and Arabidopsis transgenic lines overproducing melatonin [45-46].

Although the physiological role of melatonin in lateral root development is well recognized,
one of the major questions that remains unanswered is whether melatonin functions through
auxin signaling. Using an auxin-inducible reporter DR5:GUS, Pelagio-Flores et al [19] demon-
strated that melatonin action is independent of auxin signaling. However, other researchers
have reported that can have both positive and negative effects on endogenous auxin produc-
tion. For examples, treatments with exogenous melatonin have increase endogenous auxin
level up to 7 folds [21, 47], while reduction in endogenous IAA levels have also been reported
[48]. In addition, Wang et al. [33] reported that melatonin regulates the root meristem size
through repression of auxin synthesis and transport. Furthermore, many auxin related tran-
scription factors were up- or down- regulated following melatonin treatment in both rice and
Arabidopsis [12, 49]. These studies suggest that melatonin may regulate root architecture by
directly or indirectly modulating the auxin signaling pathway.

Previously, we conducted transcriptome analysis in Arabidopsis to understand how melato-
nin affects genome-wide gene expression in relation to plant defense systems [12]. In the pres-
ent study, we re-analyzed the transcriptome data and identified 16 auxin related genes whose
expression was altered upon melatonin treatment. Interestingly, several genes encoding
important auxin transporters or those strongly affecting auxin transport were significantly
down regulated. Real time qRT-PCR confirmed that all these transport-related genes were
down regulated by melatonin, suggesting melatonin has a potential role in the regulation of
auxin transport. In addition, melatonin inhibited both primary root growth and hypocotyl
elongation, but enhanced lateral root development in a dose dependent manner in wild type
Arabidopsis. However, the lateral-root-promoting role of melatonin was abolished when each
individual null mutant affecting auxin transport including PIN5, WAGI, TT4 and TT5, was
examined. Furthermore, we discovered that melatonin synergistically acts with auxin to pro-
mote lateral root development in wild type, but such synergistic effects were absent in the
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knockout mutants of each individual auxin transport related gene examined. These results
strongly suggest that melatonin enhances lateral root development through regulation of auxin
distribution via modulation of auxin transport. The present study deepens our understanding
of the relationship between melatonin and auxin signaling in plant species.

Materials and methods
Plant materials and growth conditions

Arabidopsis homozygous T-DNA knockout mutants of pin5 (Salk_021738C and
Salk_051354C), wagl (Salk_002056C and Salk_102906C) and tirI (Salk_151603C and
Salk_090445C) in Columbia-0 (Col-0) background, and homozygous EMS mutants of tt4
(CS85), tt5 (CS86) and double mutant #t4/tt5 in Landsberg (Ler-0) background were provided
by Arabidopsis Stock Center at Ohio State University. All mutant lines together with Col-0 and
Ler-0 were grown at 23°C with light intensity of 6950 Lux and a 14-h photoperiod to propagate
enough seeds needed for the experiments. All T-DNA lines were PCR genotyped for their
T-DNA status using combination of LBal primer with a pair of gene specific primers for the
respected genes. For tt4, tt5 and double mutant of t4/tt5, transparent seed phenotype (after
harvesting) was used to validate their homozygous status.

Evaluation of melatonin effect on primary root and hypocotyl inhibition

To investigate how melatonin affects primary root and hypocotyl growth, seeds of Col-0 were
surface sterilized in 50% bleach for 7.5 minutes and washed 5 times in sterile distilled water.
The surface sterilized seeds were then directly germinated and grown vertically on half MS
solid medium containing various amount of melatonin (10pM to 500uM) for 12 days prior to
measuring the length of primary root and hypocotyl. Al seedlings were grown under 23°C
with light intensity of 6950 Lux and a 14 hour photoperiod. The experiment was triplicated for
statistical analysis.

Evaluation of melatonin effect on lateral root development

Surface sterilized seeds were first germinated on half MS solid medium for 4 days and then the
uniformed seedlings were transferred to the half MS medium containing 0, 50, 100, 200, 300,
400 and 500 pM melatonin and grown vertically for additional 6 days under 23°C with light
intensity of 6950 Lux and a 14 hour photoperiod. Number of lateral roots were evaluated. The
experiments were triplicated with at least 20 seedlings in each repeat setting. Based on the find-
ings of this experiment, to simplify the rest of experiments, we used 100pM and 300uM mela-
tonin for evaluation on lateral root development of all mutant lines.

To evaluate synergistic effect of melatonin with auxin, 4-day old Col-0 and Ler-0 seedlings
were transferred to half MS medium containing 0, 100um MT, 100pM 2,4-D and 100pm MT+
100pM 2,4-D, and allow seedlings vertically grown for additional 6 days under same condi-
tions of temperature, light intensity and photoperiod. The number of lateral root were then
counted and recorded. All experiments were set for triplicate with 20 seedlings for each repeat.

Similarly, seeds of homozygous mutant lines of pin5, wagl, tt4, tt5, and double mutant ¢4/
tt5 were also surface sterilized and germinated on half MS medium for 4 days. Lateral root
development was investigated under same growing condition mentioned above on half MS
medium containing 0, 100uM MT, 100pM 2,4-D, 100uM MT +100pM 2,4-D.
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Table 1. Primer pairs of all mutant lines and control gene used in the study.

Gene Name
ACS8
At3G12830
ATGSTU1
GH3
TIAA3 (SHY2)
TAA17 (AXR3)
LAX2
PIN5
TT4
TT5
WAGI1
EF1

Forward Primer
5’ -CGGTTCTTCGTGCCATTGC -3
5’ -CGAGATGGAGAGGTTCGTCG-3’
5’ -GCAGTGTACGAGAAGTTTGGAA-3'
5’ -GCAGAGACGAAGACTATACCTG-3'
TCGGGCAAGATCTATGTTCA
GGAGCACCGTACTTGAGGAA
GTGAGCTAGTGCTGGGATG
CCATCATTCAGGCTGCTTTGC
GGAGATAAAGCTAGGACTAAAGGA
GATCCTCTTCGCTCTCTCC
GGTTGAAGCCAAGGATTTGATAG
GGTGACGCTGGTATGGTTAAG

https://doi.org/10.1371/journal.pone.0221687.t001

Reverse Primer
5’ -CTTCAATCTATCCAACGCTACC-3'
5’ -CCATACTCTTGAGCAGATCGG-3'
5’ ~-CAGGCAGGGCTTTAGCGAC-3'
5’ -GTTCAACGACTCCTCCATTTCC-3"
ACCTTTTGCCCTGTTTCTGA
TTTGCCCATGGTAAAAGAGC
GGCAAACATGGAGGAGAAGAAG
CAACATCCCAAATATCACCGCTG
CTAGTATGAAGAGAACGCACGC
GGTGACACACCGTTCTTCC
CATGCCTCTTGATATCTTGCG
GTCTGCCTCATGTCCCTAAC

RNA isolation and real-time qRT-PCR analysis

Three-week-old wild type Col-0 seedlings were removed from soil rinsed thoroughly, and then
submerged in 300uM melatonin for 16 hours with gentle shaking. Mock solution was used as
control. After melatonin treatment, total RNA was extracted using the QTAGEN RNeasy Mini
Kit following the manufacturer’s instructions (QIAGEN). Prior to qRT-PCR, total RNA sam-
ples were treated with RNase free DNase to reduce DNA contamination. First strand cDNA
was synthesized from one microgram total RNA using Superscript III reverse-transcriptase
(Invitrogen) according to standard procedures provided with the kit. qRT-PCR was performed
using SSoAdvanced SYBR Green Supermix (BioRad) on CFX-96 machine (BioRad) with the
following parameters: 95°C for 3 minutes followed by 40 cycles of 95°C for 10 seconds and
60°C for 30 seconds. Gene expression was normalized via the Livak method using Arabidopsis
Elongation Factor 1 (EF1, AT5G60390) as a reference gene [50]. All experiments were biologi-
cally triplicated and the primer pairs for all genes examined were listed in Table 1.

Statistical analysis

Data collected were subjected to statistical analysis using Graph Pad Prism 6. Differences
among treatments were determined by one-way ANOVA followed by Duncan’s multiple
range test. Data are presented as the mean + standard deviation of three replicates. For
qRT-PCR test, Student’s T-test was used to determine the significant changes in expression
between control and melatonin-treated samples.

Results

Melatonin down regulates auxin transport-related gene expression

Previously, transcriptome analysis in Arabidopsis revealed the role of melatonin in plant
defense system [12]. Re-analyzing the RNA-seq data identified that the expression of 16 auxin
related genes was significantly altered by melatonin treatment (Table 2). Of these, 12 were
down regulated, with only 4 genes being up regulated by melatonin. Interestingly, five of the
down regulated genes are involved in auxin transport, including PIN5, TT4, TT5, WAG1, and
LAX2. Additionally, two Auxin/IAA proteins (IAA3 and IAA17) were also down regulated

by melatonin. To confirm the transcriptome data, QqRT-PCR was conducted. Our previous
research indicated that 300pM melatonin induces gene expression in a similar way as ImM

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019

4/19


https://doi.org/10.1371/journal.pone.0221687.t001
https://doi.org/10.1371/journal.pone.0221687

@ PLOS|ONE

Synergistic action between melatonin and auxin regulates lateral root development

Table 2. Auxin related genes with the expression affected by melatonin treatment by at least 2 fold in RNA-seq analysis.

Gene
ACS8
At3G12830
AtGSTU1
GH3.3
AXR3
At1G29500
SAURG68
TT5
At4G38860
At4G00880
TT4
PIN5

At2G21050
CYP83A1
WAGI1
SHY2

2.73046
2.17828
3.09797
2.2262
-3.49394
-3.84556
-3.52745
-2.86673
-2.64102
-4.09193
-3.87023
-4.37990

-2.70401
-3.3894

-2.48533
-3.70592

Fold Change A Q-value

0.000272
0.000875
0.000243
0.002972
0.001721
0.000914
0.000905
0.000234
0.000168
0.000103
8.77E-05
0.000123

0.000212
5.58E-06
0.000137
0.000198

Annotation
Encodes an auxin inducible ACC
SAUR-like auxin-responsive protein family
Encodes a member of the TAU glutathione S-transferase gene family and its expression in induced by exposure of auxin
Encodes an IAA-amino synthase that conjugates Asp and other amino acids to auxin
Transcription regulator acting as repressor of auxin-inducible gene expression
SAUR-like auxin-responsive protein family
Small auxin upregulated 68
Catalyzes the conversion of chalcones into flavanones. Involved in response to auxin stimulus
SAUR-like auxin-responsive protein family
SAUR-like auxin-responsive protein family

Encodes chalcone synthase (CHS) and involved in the regulation of auxin transport

A functional auxin transport. It localizes to endoplasmic reticulum (ER), mediating auxin flow from the cytosol to the lumen of

the ER
Encodes LAX2. A member of the LAX family of auxin influx carriers

Encodes a cytochrome p450 enzyme and has a role in auxin homeostasis

Encodes a protein-serine/threonine kinase that are nearly 70% identical to PsPK3 protein. Involved in auxin polar transport

SHY2/TAA3 regulates multiple auxin responses in roots

https://doi.org/10.1371/journal.pone.0221687.t1002

melatonin. Therefore, in our current study, we used 300pM melatonin to treat samples. Con-
sistent with the transcriptome data, levels of ACS8, GH3.3, AtGSTUI and At3G12830 (SAUR
like gene) expression were all increased in seedlings treated with melatonin. On the other
hand, compared with the control, the expression of two IAA genes (IAA3 and JAA17) and 5
auxin transport related genes was significantly decreased (Fig 1). These results strongly suggest
that melatonin may function through regulation of intracellular auxin distribution.

Melatonin inhibits primary root growth and hypocotyl elongation in a
dose-dependent manner

To examine the effects of melatonin on primary root development in Arabidopsis, surface ster-
ilized seeds of wild type Col-0 were germinated and grown vertically on half MS medium con-
taining different amounts of melatonin for 12 days. We found that low concentrations of
melatonin (10 pM to 100uM) did not promote or inhibit primary root growth. It was only
when concentration increased to 300uM or above, that melatonin significantly decreased pri-
mary root growth (Fig 2A, 2B and 2C). These results are similar to those reported by Wang

et al [33], but contradictory to findings by Pelagio-Flores et al [12] and Koyama et al [44]. We
also investigated the effect of melatonin on hypocotyl elongation, and found that only high
concentrations of melatonin significantly inhibited hypocotyl elongation (Fig 2D and 2E).
Comparing the effect of auxin on root growth inhibition where much lower levels of auxin
(less than 1 nM) are needed to inhibit primary root growth [51], our results, together with oth-
ers (e.g. Reference 33), suggest that melatonin, unlike auxin, does not promote or inhibit pri-
mary root growth at physiological concentrations, but can inhibit primary root growth and
hypocotyl elongation at much higher concentrations.

Melatonin enhances lateral root development in a dose-dependent manner
and acts synergistically with auxin

To investigate the role of melatonin on lateral root development, 4-day-old Col-0 seedlings
were grown vertically on half MS medium with various concentrations of melatonin (50 to
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Fig 1. The expression pattern of auxin signal and auxin transport related genes altered by melatonin treatment.
qRT-PCR was performed to assess the relative transcript levels of auxin related genes identified by RNA-seq. Samples
were treated with or without 300uM melatonin for 16 hours. The transcript levels are expressed relative to that of
Arabidopsis EF1 gene in each sample, and values are mean+SD (n = 4). Student t-test was used for P-value calculation.
*P<0.05, **P<0.01.

https://doi.org/10.1371/journal.pone.0221687.9001

500uM) for an additional 9 days. Again, low concentrations of melatonin (50 and 100pM) did
not enhance or suppress lateral root development, but 200uM or higher melatonin content sig-
nificantly promoted lateral root development in a dose dependent manner (Fig 3A). We also
examined lateral root development at 500uM melatonin level, however, due to a dramatic
reduction in primary root length (Fig 2A), lateral root development was also significantly
affected and could not be counted. It is well known that auxin also plays an important role in
promoting lateral root development [52]. However, whether there is a crosstalk between mela-
tonin and auxin on lateral root development remains unknown. We therefore examined the
interaction between melatonin and auxin on lateral root development. Shown in Fig 3B,
100uM melatonin did not increase the number of lateral roots, but as predicted, 100pM 2,4-D
significantly increased the number of lateral roots. To our surprise, for 100uM melatonin in
combination with 100pM 2,4-D, the number of lateral root growth is significantly increased.
Similar results were also observed when using Ler-0 to test effects of melatonin, and combina-
tion of melatonin and auxin on lateral root development (Fig 3C). These results strongly sug-
gest a synergistic effect between melatonin and auxin on lateral root development.

Melatonin-mediated lateral root development and synergistic effect is
abolished in null mutants of pin5 and pin-related kinase wagl

Given that melatonin down regulates both PIN5 and WAGI (Fig 1), we hypothesize that mela-
tonin-mediated lateral root development is through control of auxin distribution. To test this
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Fig 2. Effect of melatonin on Arabidopsis primary root length and hypocotyl elongation. Surface sterilized seeds of Arabidopsis
ecotype Col-0 were directly germinated and grown on1/2 MS medium with different concentrations of melatonin for 10 days. Length of
primary root and hypocotyl were measured. (A) Representatives of primary root length of wild type Arabidopsis seedlings treated with
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indicated concentrations of melatonin. Primary root length of Arabidopsis grown on medium with control and low (<100nM) (B), and
high concentrations (>10uM) (C) of melatonin. Hypocotyl elongation of Arabidopsis grown on medium with control and low
(<£100nM) (D), and high concentrations (>10uM) (E) of melatonin. Three independent experiments were conducted for statistical
analysis. Values are mean +SD. Different letters indicate significant differences according to Duncan’s multiple range test (P<0.05).

https://doi.org/10.1371/journal.pone.0221687.9g002

hypothesis, lateral root development was examined for both homozygous T-DNA mutants of
PIN5 (pin5-1) and WAGI (wagl-1). Both pin5-1 and wagl-1 mutants developed more lateral
roots than the wild type on half MS medium (Fig 4A, 4B and 4C), most likely due to the dys-
function of the internal auxin relocation. However, unlike that of Col-0, the number of lateral
roots did not increase for both pin5-1 and wagl-I mutants with the addition of melatonin.
Instead, lateral root development was significantly reduced by melatonin in both pin5-1 and
wagl-1 mutants (Fig 4B and 4C). Exogenous auxin increased lateral root development on both
pin5-1 and wagl-1, however, with the combination of melatonin and auxin, the synergistic
effects on lateral root development were abolished in pin5-1 and wagl-1 mutants (Fig 5B and
5C). To confirm these observations, we further confirmed these results with a different set of
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Fig 3. Synergistic effects of melatonin and auxin on lateral root development. A) Lateral root number of Arabidopsis ecotype Col-
0 growing on % MS medium with control and increasing concentrations of melatonin. B) Effect of melatonin, auxin (2,4-D), and the
combination on Arabidopsis Col-0 lateral root development. C) Effect of melatonin, auxin and the combination on Arabidopsis
ecotype Ler-0 lateral root development. Three independent experiments with more than 15 seedlings per measure were conducted
for statistical analysis. Values represent Mean + SD, Different letters indicate significant differences according to Duncan’s multiple
range test (P<0.05).

https://doi.org/10.1371/journal.pone.0221687.9003
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Fig 4. Auxin transport related mutants respond differently to melatonin on lateral root development. Lateral root number of
Arabidopsis seedlings from wild type Col-0 (A), pin5-1 (B), tirl-1 (C), wagl-1 (D), tt4 (E), tt5 (F) and tt4/tt5 double mutant (G),
growing on medium with control, 100uM and 300uM melatonin. Three independent experiments with more than 15 seedlings per
measure were conducted for statistical analysis. Values represent Mean + SD. Different letters indicate significant differences
according to Duncan’s multiple range test (P<0.05).

https://doi.org/10.1371/journal.pone.0221687.9004

pin5 and wagl T-DNA knockout mutants (pin5-2 and wagl-2 respectively). Our results
strongly suggest that melatonin regulates lateral root development through control of auxin
relocation within cells.

Unlike other PIN proteins, that are located on either the cell or nuclear membrane (in case
of PINS8) and function as auxin efflux carriers to transport auxin out of the cell or nucleus [53],
PINS5 and PING are located in the endoplasmic reticulum (ER) and may serve as influx carriers
to transport auxin from the cytosol to nucleus [54]. TIR1 is an auxin receptor located in the
nucleus and its function relies on PINS5 to transport auxin into nucleus. Therefore we predict
that TIRI null mutant should behave similar to pin5 even though melatonin did not down reg-
ulate TIRI expression. To test this possibility, we examined the lateral root development for
two independent T-DNA knockout lines of TIRI gene. The results showed that even 300uM
melatonin did not increase lateral root development for tirl mutants (Fig 4D). However,
100pM 2,4-D did increase lateral root development for tirl mutant, but with significantly less
strength than that of the wild type (Fig 5A and 5D). Furthermore, synergistic effect between
melatonin and auxin was also not observed in tirl mutants (Fig 5D).

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 9/19


https://doi.org/10.1371/journal.pone.0221687.g004
https://doi.org/10.1371/journal.pone.0221687

@ PLOS | O N E Synergistic action between melatonin and auxin regulates lateral root development

A15_ Col-0 B .
N 10 pin5-1
) -
: : :
£
32 104 I s
- 4
e b o
= <
s 5 =
2 s
© a -
S a -
0

0 100y,M MT 100pM AX 100+100 0 100yM MT 100pM AX 100+100

(@)

wagl-1 D tir1-1 b

Lateral Root Number
o N »
1 1 f
[3)
o
Lateral Root Number

0 100yM MT 100pM AX 100+100 0 100,M MT 100pM AX 100+100

m
©

1

]
m

87 tt5

6

ab

Lateral Root Number
B
f
7]
Lateral Root Number
»
L
o

0 100,M MT 100pM AX 100+100 0 100yM MT 100pM AX 100+100

Tt4/tt5

(0]

ab

S o ©
1 1 1

Lateral Root Number
N

0 100,M MT 100pM AX 100+100

Fig 5. Synergistic effect of melatonin and auxin on lateral root development is abolished in auxin-transport-
related mutants. Lateral root number of Arabidopsis seedlings from wild type Col-0 (A), pin5-1 (B), wagl-1 (C), tirl-1
(D), tt4 (E), tt5 (F) and tt4/tt5 double mutant (G), growing on medium with control, 100uM melatonin, 100pM 2,4-D
and the combination. Three independent experiments with more than 15 seedlings per measure were conducted for
statistical analysis. Values represent Mean + SD. Different letters indicate significant differences according to Duncan’s
multiple range test (P<0.05).

https://doi.org/10.1371/journal.pone.0221687.9005
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Melatonin inhibits lateral root development in single mutant of t#4, tt5 and
their double mutant

Arabidopsis TT4 encodes a chalcone synthase and TT5 catalyzes a conversion of chalcones into
flavonones [55-56]. Numerous reports demonstrate that mutations on the flavonoid pathway
in both Arabidopsis and tomato play important roles on lateral root development by influenc-
ing auxin transport [57-60]. However, proposed mechanisms by which flavonoids affect lateral
root growth are contradictory. For example, Brown et al [57] reported that a t#4 mutant had
increased lateral root development, while Buer and Djordjevic [61] demonstrated that ¢4 had
fewer lateral roots than the wild type. Since melatonin treatment significantly reduced the
expression of both tt4 and #t5 (Table 1; Fig 1), we examined the effects of melatonin on lateral
root development in both #t4 and #5 single mutants and the tt4/tt5 double mutant. Consistent
with Brown et al [57], both tt4 and #t5 as well as the tt4/tt5 double mutant developed signifi-
cantly more lateral roots on half MS medium (Fig 4). The number of lateral roots in tt4 was
moderately increased in comparison to the wild type. However, both the #£5 single mutant and
the tt4/tt5 double mutant showed a dramatic increase in lateral root development on half MS
medium (Fig 4). We also examined lateral root development of tt4, tt5 and the tt4/tt5 double
mutant on half MS medium with the addition of 300uM melatonin. As shown in Fig 4E, 4F
and 4G, addition of 300uM melatonin led to a significant reduction in the number of lateral
roots in tt4, tt5 and tt4/tt5 mutants compared to that of wild type Columbia (Fig 4A).

To further examine the relationship among melatonin, auxin and flavonoid pathway, we
compared the synergistic effects of melatonin and auxin between wild type Columbia and #t4,
tt5 mutants. As shown in Figs 3B and 5A, 100pM 2.4-D enhanced lateral root development
and 100uM melatonin and 100pM 2,4-D synergistically increased lateral root formation in the

wild type. However, 100pM 2,4-D did not significantly promote lateral root development in
tt4 and tt4/tt5 mutants (Fig 5E and 5G), and even reduced lateral root development in the tt5
mutant (Fig 5G). Furthermore, the synergistic effects observed in the wild type were abolished
in both #t4, tt5 single mutants and the #4/tt5 double mutant (Fig 5E, 5F and 5G).

These results, together with the report on flavonoid mediated auxin transport [57], strongly
demonstrate that crosstalk among melatonin, the flavonoid pathway, and auxin transport
plays a key role in lateral root development in Arabidopsis thaliana.

Discussion

Melatonin exists in all plant species so far examined. Since it was identified in plants in 1995
[2-3], considerable studies, especially during the last decade, have suggested that melatonin is
an important regulator in controlling root development [19, 28, 33, 40, 44-45, 49, 62]. Due to
similarity in structure and a common precursor (Tryptophan) in their biosynthesis, research
on the relationship between melatonin and auxin has drawn much attention. Among its physi-
ological roles, melatonin has been repeatedly demonstrated to have auxin-like actions [11, 26].
However, molecular studies on whether or not melatonin acts independently of auxin signal
are not conclusive. For example, Pelagio-Flores et al [19] and Koyama et al [44] demonstrated
that melatonin acts independently of auxin signaling, while others approved that melatonin
acts by modulating auxin response [21, 33, 49]. In the present study, low concentrations of
melatonin (10pM to 100uM) did not alter primary root growth, but significant inhibition was
observed when melatonin concentrations were raised to 300uM or higher (Fig 2). This result is
consistent with the report by Wang et al [33], but different from Pelagio-Flores et al [19],
where even 600uM melatonin did not affect primary root growth. When testing the role of
melatonin on lateral root formation, we also found that low concentrations of melatonin did
not affect lateral root development while high concentrations (200uM to 300uM) drastically
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increased lateral root development (Fig 3). A positive effect on lateral root development by
exogenous melatonin is widely reported but effective concentrations vary [28-29]. Our current
results, together with others, suggest that melatonin may have a similar function to auxin in
regulating root development, but concentrations needed for melatonin are much higher than
that of auxin to reach similar levels of promotion or inhibition of root development. With the
recent discovery of a potential melatonin receptor in Arabidopsis thaliana [63], the door opens
for melatonin to be considered as a new plant hormone. However, as Arnao and Hernandez-
Ruiz [64] suggested that melatonin is so diverse in its actions and would be more appropriate
to be defined as a plant master regulator.

Most of studies conducted so far were focused on melatonin’s physiological role and exam-
ined its auxin-like function in regulating plant growth and development. However, works on
evaluating the interactions between melatonin and auxin have drawn less attention. To date,
we only identified two reports that investigated the effect of a combination of melatonin and
auxin on 1) adventitious root regeneration in cherry rootstocks [42] and 2) root meristem size
in Arabidopsis [33]. In the first report, the authors did not conclude the synergistic effect of
melatonin and auxin on adventitious root development, but the results did indicate some
interactions between the two molecules. For example, treatment with both 0.1uM melatonin
and 4.92uM IBA significantly increased the number of adventitious roots generated when
compared with treatments with same concentrations of melatonin and applied separately with
IBA, effects varying according to genotypes [42]. In the second report, Wang et al [33] also
indicated that the simultaneous presence of 100nM IAA and 600uM melatonin led to more
severe decrease in root meristem size than 600pM melatonin alone. In our current study, we
examined the effect of a combination of melatonin and auxin on lateral root development in
Arabidopsis, and found that melatonin acts synergistically with auxin to control lateral root
development in Arabidopsis ecotype Col-0 (Fig 3B). However, in ecotype Ler-0, we found that
a combination of melatonin and auxin could also have an additive effect. Such genetic effects:
synergistic, additive, or both, may play important roles in regulating lateral root development.
Auxins are known to be an essential plant hormone involved in control of root development
[65-68], while recent studies demonstrated that melatonin also plays an important role in
plant lateral root development [19, 44, 49]. However, the combined effect of these two mole-
cules on lateral root development remains unknown. Our current finding of synergism or
additive effect between melatonin and auxin broadens our understanding of the relationship
between melatonin and auxin and warrants further study on the molecular mechanisms regu-
lating this synergistic action.

Lateral root formation is closely regulated by auxin signaling. Many mutations involved in
auxin signaling, for examples, iaal, iis3, iaal4, iaal9 and iaa28 [69-74], altered plant capacity
for lateral root development. In studying the mechanisms of melatonin-mediated lateral root
development, Liang et al [49] identified at least 6 IAA genes in rice that were up regulated by
melatonin. On the contrary, our previous transcriptome analysis in Arabidopsis did not find
any up regulated TAA genes [12], but instead, found two IAA genes (iaa3 and iaal7) that were
significantly down regulated by melatonin. Such discrepancy may be caused by different con-
centrations used to treat the materials or alternatively, maybe due to different mechanisms of
melatonin-mediated lateral root development between species. Nevertheless, 5 genes encoding
either auxin transporters or protein enzymes involved in regulating auxin transport were dra-
matically down regulated by melatonin in our Arabidopsis gene expression analysis (Table 1
and Fig 1). Such significant down-regulation of auxin-transport-related genes by melatonin
strongly suggests that melatonin-mediated lateral root development is closely associated
with a fine tuning of auxin partitioning within the cells through control of auxin transport pro-
cesses in Arabidopsis. In consistence, we observed that the melatonin-mediated lateral root
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development phenotype was abolished in homozygous null mutants of pin5, wagl, tt4, and tt5
and the tt4/tt5 double mutant (Fig 4). Additionally, the synergistic effect of melatonin and
auxin on lateral root development was also abolished in these null mutants (Fig 5). These
results further support the hypothesis that melatonin regulates lateral root development via
modulation of auxin partitioning in cells.

Different from other PIN proteins, that are localized in the plasma membrane, and function
to mediate directional auxin fluxes among tissues [53], PINS5 is located in the ER and mediates
intracellular auxin partitioning and homeostasis [54]. Although it is believed that auxin, as a
small molecule, can enter the nucleus through passive diffusion without restriction (cytosol to
nucleus diffusion) [75], recent studies demonstrate that the nuclear uptake of auxin is driven
by processes other than diffusion and ER to nucleus flux dominates over the diffusion [76].
Since PIN5 is located in the ER, it is probable that it plays a rate-limiting role in regulating
nuclear uptake of auxin [76].

The functions of PIN proteins can be regulated by multiple factors. For example, auxin itself
can up-regulate the transcription of many PIN genes, however, only the PIN5 gene is down-
regulated by auxin [54]. In addition, PIN’s function is also linked to their phosphorylation sta-
tus [77]. For example, the protein kinase PINOID and its homologs WAGI and WAG2 play
important roles in phosphorylation of PIN proteins [78-79]. Interestingly, our results show
that both PIN5 and its potential kinase WAGI were down-regulated by treatment with melato-
nin (Fig 1). The effect of melatonin on lateral root development was abolished in both null
mutants of pin5 and wagl (Fig 4), and the synergistic effect observed in the wild type control
also abolished in both null mutants (Fig 5). These results suggest that melatonin regulates lat-
eral root development through control of nuclear auxin uptake via PIN5-mediated influx (ER
to nucleus) channel.

The PIN genes’ activity can also be regulated by endogenous flavonoid regulators, although
the mechanism behind this action is not yet understood [80]. The enzymes involved in flavo-
noid synthesis such as TT4 and TT5 also affected long distance auxin transport and altered lat-
eral root development capacity when mutation occurred on either TT4 or TT5 [57, 59]. In the
Arabidopsis tt4 mutant, the rate of auxin transport was significantly increased [57-59], how-
ever, the flavonoids interact with regulatory proteins rather than directly with the PIN auxin
efflux carriers [81-83]. Consistent with these discoveries in Arabidopsis, Wasson et al [84] also
demonstrated that PIN family gene transcriptions were not significantly changed in the gener-
ated flavonoid deficiency mutant in Medicago truncatula. In the present study, we found that
melatonin significantly reduced the expression of both ¢4 and tt5 in Arabidopsis (Fig 1). Null
mutants of tt4 and tt5 as well as the double mutant ¢t4/tt5 generated more lateral roots on half
MS medium (Fig 4). However, with the addition of melatonin, the number of lateral roots was
dramatically reduced and synergistic action between melatonin and auxin was also abolished
(Figs 4 and 5).

Based on our results from this research, together with other reports, we propose a working
model describing how auxin and melatonin interact to regulate lateral root development (Fig
6). On the one hand, exogenous auxin activates many auxin transporters located in the plasma
membrane and leads to ample flow of auxin into root cells. In the meantime, the exogenous
auxin down-regulates the PIN5 influx carrier, either directly or through WAGI protein kinase
[85], affecting auxin transport from ER to nucleus [54] within the cell. The direct cause of
exogenous auxin is to increase free auxin levels in the cytosol and stimulate lateral root devel-
opment. On the other hand, by down regulating the PIN5 either directly or indirectly through
regulatory protein kinase WAGI, exogenous melatonin prevents auxin transport from cytosol
to ER to nucleus. Furthermore, exogenous melatonin also down regulates flavonoid biosynthe-
sis by reducing transcripts of TT4 and TT5. Down regulation of flavonoids directly affects
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regulatory protein activity and hence indirectly activates auxin transporters in the plasma
membrane. These dual actions by exogenous melatonin lead to a high level of auxin in the
cytosol and result in increased lateral root formation. Currently it is not known how this cyto-
solic auxin works to regulate lateral root formation, but one possibility is that cytosolic auxin
elevates the cytosolic Ca** ion levels and hence calcium signaling will eventually lead to control
of lateral root development [86]. It is also worth mentioning that even though PIN5 is down-
regulated by both auxin and melatonin, it does not mean that auxin cannot be up taken into
the nucleus. At least some auxin can still get into the nucleus through diffusion or by other
potential influx transporters located on ER, such as PIN6 or newly identified PIN-LIKE (PILS)
proteins [54, 87]. Interestingly, the original site of melatonin synthesis has been shown to be in
the mitochondria in both animal and plant species [88-89], and more specifically to be on the
matrix of mitochondria in animals [90]. Such an arrangement would make it easy to release
melatonin into the cytosol and for it to interact with auxin to control lateral root development.
Additional investigation is needed to further refine this working model. It is difficult to mea-
sure auxin fluxes within the cells, however, with recently developed tools and mathematic
models [76], together with other techniques, this type of measurement may be feasible in the
near future.

Acknowledgments

The authors would like to thank reviewers for their valuable comments. This article is a contri-
bution of the Virginia State University, Agricultural Research Station (Journal series No. 359).

Author Contributions

Conceptualization: Shuxin Ren.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 14/19


https://doi.org/10.1371/journal.pone.0221687.g006
https://doi.org/10.1371/journal.pone.0221687

@ PLOS|ONE

Synergistic action between melatonin and auxin regulates lateral root development

Formal analysis: Shuxin Ren.

Investigation: Shuxin Ren.

Methodology: Shuxin Ren.

Writing - original draft: Shuxin Ren.

Writing - review & editing: Laban Rutto, Dennis Katuuramu.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Lerner AB, Case JD, Takahashi Y, Lee TH, Mori W Isolation of Melatonin, the Pineal Gland Factor That
Lightens Melanocytes, Journal of the American Chemical Society, 1958; 80: 2587.

Dubbels R, Reiter RJ, Klenke E, Goebel A, Schnakenberg E, Ehlers C, et al. Melatonin in Edible Plants
Identified by Radioimmunoassay and by High-Performance Liquid Chromatography-Mass Spectrome-
try, Journal of Pineal Research, 1995; 18:28-31. PMID: 7776176

Hattori A, Migitaka H, ligo M, Itoh M, Yamamoto K, Ohtanikaneko R, et al. Identification of Melatonin in
Plants and Its Effects on Plasma Melatonin Levels and Binding to Melatonin Receptors in Vertebrates,
Biochemistry and Molecular Biology International, 1995; 35: 627—634. PMID: 7773197

Tuomi T, Nagorny CL, Singh P, Bennet H, Yu Q, Alenkvist |, Isomaa B, et al. Increased Melatonin Sig-
naling Is a Risk Factor for Type 2 Diabetes, Cell Metabolism, 2016; 23: 1067—1077. https://doi.org/10.
1016/j.cmet.2016.04.009 PMID: 27185156

Pandi-Perumal SR, Trakht I, Spence D, Srinivasan V, Dagan Y, Cardinali D. The roles of melatonin and
light in the pathophysiology and treatment of circadian rhythm sleep disorders, Nat Clin Pract Neurol,
2008; 4:436-447. https://doi.org/10.1038/ncpneuro0847 PMID: 18628753

Hardeland R, Madrid JA, Tan DX, Reiter RJ. Melatonin, the circadian multioscillator system and health:
the R.J.eed for detailed analyses of peripheral melatonin signaling, Journal of Pineal Research, 2012;
52: 139-166.

Carrillo-Vico A, Lardone PJ, Alvarez-Sanchez N, Rodriguez-Rodriguez A, Guerrero PJ. Melatonin: Buff-
ering the Immune System, International Journal of Molecular Sciences, 2013; 14: 8638—8683. https:/
doi.org/10.3390/ijms 14048638 PMID: 23609496

Arnao MB, Hernandez-Ruiz J. Melatonin: plant growth regulator and/or biostimulator during stress?
Trends in Plant Science, 2014; 19: 789-797. https://doi.org/10.1016/j.tplants.2014.07.006 PMID:
25156541

Arnao MB, Hernandez-Ruiz J. Functions of melatonin in plants: a review, Journal of Pineal Research,
2015; 59: 133—-150. https://doi.org/10.1111/jpi. 12253 PMID: 26094813

Byeon Y, Park S, Kim YS, Park DH, Lee S, Back K. Light-regulated melatonin biosynthesis in rice during
the senescence process in detached leaves, Journal of Pineal Research, 2012; 53: 107-111. https://
doi.org/10.1111/j.1600-079X.2012.00976.x PMID: 22289080

Shi HT, Reiter RJ, Tan DX, Chan ZL. INDOLE-3-ACETIC ACID INDUCIBLE 17 positively modulates
natural leaf senescence through melatonin-mediated pathway in Arabidopsis, Journal of Pineal
Research, 2015; 58: 26—33. https://doi.org/10.1111/jpi. 12188 PMID: 25324183

Weeda S, Zhang N, Zhao X, Ndip G, Guo Y, Buck G, et al. Arabidopsis Transcriptome Analysis Reveals
Key Roles of Melatonin in Plant Defense Systems, Plos One, 2014; 9.

Pape C, Luning K. Quantification of melatonin in phototrophic organisms, Journal of Pineal Research,
2006; 41: 157-165. hitps://doi.org/10.1111/j.1600-079X.2006.00348.x PMID: 16879322

Posmyk MM, Balabusta M, Wieczorek M, Sliwinska E, Janas K. Melatonin applied to cucumber (Cucu-
mis sativus L.) seeds improves germination during chilling stress, Journal of Pineal Research, 2009;
46: 214-223. https://doi.org/10.1111/j.1600-079X.2008.00652.x PMID: 19141087

Byeon Y, Back K. Melatonin synthesis in rice seedlings in vivo is enhanced at high temperatures and
under dark conditions due to increased serotonin N-acetyltransferase and N-acetylserotonin methyl-
transferase activities, Journal of Pineal Research, 2014; 56: 189—195. https://doi.org/10.1111/jpi.
12111 PMID: 24313332

Kostopoulou Z, Therios |, Roumeliotis E, Kanellis AK, Molassiotis A. Melatonin combined with ascorbic
acid provides salt adaptation in Citrus aurantium L. seedlings, Plant Physiology and Biochemistry,
2015; 86: 155—165. hitps://doi.org/10.1016/j.plaphy.2014.11.021 PMID: 25500452

LiuN, Jin Z, Wang S, Gong B, Wen D, Wang X, et al. Sodic alkaline stress mitigation with exogenous
melatonin involves reactive oxygen metabolism and ion homeostasis in tomato, Scientia Horticulturae,
2015; 181:18-25.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 15/19


http://www.ncbi.nlm.nih.gov/pubmed/7776176
http://www.ncbi.nlm.nih.gov/pubmed/7773197
https://doi.org/10.1016/j.cmet.2016.04.009
https://doi.org/10.1016/j.cmet.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27185156
https://doi.org/10.1038/ncpneuro0847
http://www.ncbi.nlm.nih.gov/pubmed/18628753
https://doi.org/10.3390/ijms14048638
https://doi.org/10.3390/ijms14048638
http://www.ncbi.nlm.nih.gov/pubmed/23609496
https://doi.org/10.1016/j.tplants.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25156541
https://doi.org/10.1111/jpi.12253
http://www.ncbi.nlm.nih.gov/pubmed/26094813
https://doi.org/10.1111/j.1600-079X.2012.00976.x
https://doi.org/10.1111/j.1600-079X.2012.00976.x
http://www.ncbi.nlm.nih.gov/pubmed/22289080
https://doi.org/10.1111/jpi.12188
http://www.ncbi.nlm.nih.gov/pubmed/25324183
https://doi.org/10.1111/j.1600-079X.2006.00348.x
http://www.ncbi.nlm.nih.gov/pubmed/16879322
https://doi.org/10.1111/j.1600-079X.2008.00652.x
http://www.ncbi.nlm.nih.gov/pubmed/19141087
https://doi.org/10.1111/jpi.12111
https://doi.org/10.1111/jpi.12111
http://www.ncbi.nlm.nih.gov/pubmed/24313332
https://doi.org/10.1016/j.plaphy.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25500452
https://doi.org/10.1371/journal.pone.0221687

@ PLOS|ONE

Synergistic action between melatonin and auxin regulates lateral root development

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhang N, Sun Q, Zhang H, Cao Y, Weeda S, Ren S, et al. Roles of melatonin in abiotic stress resistance
in plants, Journal of Experimental Botany, 2015; 66: 647—656. https://doi.org/10.1093/jxb/eru336
PMID: 25124318

Pelagio-Flores R, Munoz-Parra E, Ortiz-Castro R, Lopez-Bucio J. Melatonin regulates Arabidopsis root
system architecture likely acting independently of auxin signaling, Journal of Pineal Research, 2012;
53: 279-288. https://doi.org/10.1111/j.1600-079X.2012.00996.x PMID: 22507071

Zhang N, Zhang H, Zhao B, Sun Q, Cao Y, Li R, et al. The RNA-seq approach to discriminate gene
expression profiles in response to melatonin on cucumber lateral root formation, Journal of Pineal
Research, 2014; 56: 39-50. https://doi.org/10.1111/jpi. 12095 PMID: 24102657

Wen D, Gong B, Sun S, Liu S, Wang X, Wei M, et al. Promoting Roles of Melatonin in Adventitous Root
Development of Solanum lycopersicum L. by Regulating Auxin and Nitric Oxide Signaling, Frontiers in
Plant Science, 2016; 7.

Arnao MB, Hernandez-Ruiz J. The physiological function of melatonin in plants, Plant Signal Behav,
2006; 1: 89-95. https://doi.org/10.4161/psb.1.3.2640 PMID: 19521488

Tan DX, Manchester LC, Esteban-Zubero E, Zhou Z, Reiter RJ. Melatonin as a Potent and Inducible
Endogenous Antioxidant: Synthesis and Metabolism, Molecules, 2015; 20: 18886—18906. https://doi.
org/10.3390/molecules201018886 PMID: 26501252

Back K, Tan DX, Reiter RJ. Melatonin biosynthesis in plants: multiple pathways catalyze tryptophan to
melatonin in the cytoplasm or chloroplasts, Journal of Pineal Research, 2016; 61: 426—437. https://doi.
org/10.1111/jpi.12364 PMID: 27600803

Zhao YD. Auxin Biosynthesis: A Simple Two-Step Pathway Converts Tryptophan to Indole-3-Acetic
Acid in Plants, Molecular Plant, 2012; 5: 334—338. https://doi.org/10.1093/mp/ssr104 PMID: 22155950

Park WJ. Melatonin as an Endogenous Plant Regulatory Signal: Debates and Perspectives, Journal of
Plant Biology, 2011; 54: 143-149.

Arnao MB, Hernandez-Ruiz J. Melatonin and its relationship to plant hormones, Ann Bot, 2018; 121:
195-207. https://doi.org/10.1093/aob/mcx114 PMID: 29069281

Arnao MB, Hernandez-Ruiz J. Melatonin promotes adventitious- and lateral root regeneration in etio-
lated hypocotyls of Lupinus albus L., Journal of Pineal Research, 2007; 42: 147—152. https://doi.org/10.
1111/1.1600-079X.2006.00396.x PMID: 17286746

Arnao MB, Hernandez-Ruiz J. Growth activity, rooting capacity, and tropism: three auxinic precepts ful-
filled by melatonin, Acta Physiologiae Plantarum, 2017; 39.

Han QH, Huang B, Ding CB, Zhang ZW, Chen YE, Hu BC, et al. Effects of Melatonin on Anti-oxidative
Systems and Photosystem Il in Cold-Stressed Rice Seedlings, Frontiers in Plant Science, 2017; 8.

Korkmaz A, Karaca A, Kocacinar F, Cuci Y. The Effects of Seed Treatment with Melatonin on Germina-
tion and Emergence Performance of Pepper Seeds under Chilling Stress, Tarim Bilimleri Dergisi-Jour-
nal of Agricultural Sciences, 2017; 23: 167—176.

Zhang RM, SunY, Liu Z, Jin W, Sun Y. Effects of melatonin on seedling growth, mineral nutrition, and
nitrogen metabolism in cucumber under nitrate stress, Journal of Pineal Research, 2017; 62.

Wang Q, An B, Wei Y, Reiter RJ, Shi H, Luo H, et al. Melatonin Regulates Root Meristem by Repressing
Auxin Synthesis and Polar Auxin Transport in Arabidopsis, Front Plant Sci, 2016; 7: 1882. https://doi.
org/10.3389/fpls.2016.01882 PMID: 28018411

Mukherjee S, David A, Yadav S, Baluska F, Bhatla S. Salt stress-induced seedling growth inhibition
coincides with differential distribution of serotonin and melatonin in sunflower seedling roots and cotyle-
dons, Physiologia Plantarum, 2014; 152: 714—728. https://doi.org/10.1111/ppl.12218 PMID: 24799301

Kim M, Seo H, Park C, Park WJ. Examination of the auxin hypothesis of phytomelatonin action in classi-
cal auxin assay systems in maize, Journal of Plant Physiology, 2016; 190: 67—71. https://doi.org/10.
1016/j.jplph.2015.11.009 PMID: 26681269

Bajwa VS, Shukla MR, Sherif SM, Murch SJ, Saxena PK. Role of melatonin in alleviating cold stress in
Arabidopsis thaliana, Journal of Pineal Research, 2014; 56: 238—245. https://doi.org/10.1111/jpi.12115
PMID: 24350934

ShiHT, Jiang C, Ye T, Tan DX, Reiter RJ, Zhang H, et al. Comparative physiological, metabolomic, and
transcriptomic analyses reveal mechanisms of improved abiotic stress resistance in bermudagrass
[Cynodon dactylon (L). Pers.] by exogenous melatonin, Journal of Experimental Botany, 2015; 66:
681-694. https://doi.org/10.1093/jxb/eru373 PMID: 25225478

Li C, Liang BW, Chang C, Wei ZW, Zhou SS, Ma FW. Exogenous melatonin improved potassium con-
tent in Malus under different stress conditions, Journal of Pineal Research, 2016; 61: 218-229. https://
doi.org/10.1111/jpi. 12342 PMID: 27145234

Overvoorde P, Fukaki H, Beeckman T. Auxin Control of Root Development, Cold Spring Harbor Per-
spectives in Biology, 2010; 2.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 16/19


https://doi.org/10.1093/jxb/eru336
http://www.ncbi.nlm.nih.gov/pubmed/25124318
https://doi.org/10.1111/j.1600-079X.2012.00996.x
http://www.ncbi.nlm.nih.gov/pubmed/22507071
https://doi.org/10.1111/jpi.12095
http://www.ncbi.nlm.nih.gov/pubmed/24102657
https://doi.org/10.4161/psb.1.3.2640
http://www.ncbi.nlm.nih.gov/pubmed/19521488
https://doi.org/10.3390/molecules201018886
https://doi.org/10.3390/molecules201018886
http://www.ncbi.nlm.nih.gov/pubmed/26501252
https://doi.org/10.1111/jpi.12364
https://doi.org/10.1111/jpi.12364
http://www.ncbi.nlm.nih.gov/pubmed/27600803
https://doi.org/10.1093/mp/ssr104
http://www.ncbi.nlm.nih.gov/pubmed/22155950
https://doi.org/10.1093/aob/mcx114
http://www.ncbi.nlm.nih.gov/pubmed/29069281
https://doi.org/10.1111/j.1600-079X.2006.00396.x
https://doi.org/10.1111/j.1600-079X.2006.00396.x
http://www.ncbi.nlm.nih.gov/pubmed/17286746
https://doi.org/10.3389/fpls.2016.01882
https://doi.org/10.3389/fpls.2016.01882
http://www.ncbi.nlm.nih.gov/pubmed/28018411
https://doi.org/10.1111/ppl.12218
http://www.ncbi.nlm.nih.gov/pubmed/24799301
https://doi.org/10.1016/j.jplph.2015.11.009
https://doi.org/10.1016/j.jplph.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26681269
https://doi.org/10.1111/jpi.12115
http://www.ncbi.nlm.nih.gov/pubmed/24350934
https://doi.org/10.1093/jxb/eru373
http://www.ncbi.nlm.nih.gov/pubmed/25225478
https://doi.org/10.1111/jpi.12342
https://doi.org/10.1111/jpi.12342
http://www.ncbi.nlm.nih.gov/pubmed/27145234
https://doi.org/10.1371/journal.pone.0221687

@ PLOS|ONE

Synergistic action between melatonin and auxin regulates lateral root development

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zhang N, Zhao B, Zhang H, Weeda S, Yang C, Yang Z, et al. Melatonin promotes water-stress toler-
ance, lateral root formation, and seed germination in cucumber (Cucumis sativus L.), Journal of Pineal
Research, 2013; 54: 15-23. https://doi.org/10.1111/].1600-079X.2012.01015.x PMID: 22747917

Sarrou E, Therios |, Dimassi-Theriou K. Melatonin and other factors that promote rooting and sprouting
of shoot cuttings in Punica granatum cv. Wonderful, Turkish Journal of Botany, 2014; 38: 293-301.

Sarropoulou V, Dimassi-Theriou K, Therios |, Koukourikou-Petridou M. Melatonin enhances root regen-
eration, photosynthetic pigments, biomass, total carbohydrates and proline content in the cherry root-
stock PHL-C (Prunus avium x Prunus cerasus), Plant Physiology and Biochemistry, 2012; 61: 162—
168. https://doi.org/10.1016/j.plaphy.2012.10.001 PMID: 23127522

Sarropoulou VN, Therios I, Dimassi-Theriou K. 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 x P. canescens), and MxM 60 (P. avium x P. mahaleb), Journal of Pineal Research, 2012;
52: 38—46. https://doi.org/10.1111/j.1600-079X.2011.00914.x PMID: 21749439

Koyama FC, Carvalho TLJ, Alves E, da Silva HB, de Azevedo MF, Hemerly AS, et al. The Structurally
Related Auxin and Melatonin Tryptophan-Derivatives and their Roles in Arabidopsis thaliana and in the
Human Malaria Parasite Plasmodium falciparum, Journal of Eukaryotic Microbiology, 2013; 60: 646—
651. https://doi.org/10.1111/jeu.12080 PMID: 24102716

Park S., and Back K. (2012). Melatonin promotes seminal root elongation and root growth in transgenic
rice after germination, Journal of Pineal Research, 53: 385—89. https://doi.org/10.1111/j.1600-079X.
2012.01008.x PMID: 22640001

Zuo BX, Zheng X, He P, Wang L, Lei Q, Feng C, et al. Overexpression of MzASMT improves melatonin
production and enhances drought tolerance in transgenic Arabidopsis thaliana plants, Journal of Pineal
Research, 2014; 57: 408—417. https://doi.org/10.1111/jpi. 12180 PMID: 25250844

Chen Q, Qi WB, Reiter RJ, Wei W, Wang BM. Exogenously applied melatonin stimulates root growth
and raises endogenous indoleacetic acid in roots of etiolated seedlings of Brassica juncea, Journal of
Plant Physiology, 2009; 166: 324—328. https://doi.org/10.1016/}.jplph.2008.06.002 PMID: 18706737

WangL, Zhao Y, Reiter RJ, He C, Liu G, Lei Q, et al. Changes in melatonin levels in transgenic ‘Micro-
Tom’ tomato overexpressing ovine AANAT and ovine HIOMT genes, Journal of Pineal Research, 2014;
56: 134—142. https://doi.org/10.1111/jpi.12105 PMID: 24138427

Liang C, Li A, Yu H, LiW, Liang C, Guo S, et al. Melatonin Regulates Root Architecture by Modulating
Auxin Response in Rice, Front Plant Sci, 2017; 8: 134. https://doi.org/10.3389/fpls.2017.00134 PMID:
28223997

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(T)(-Delta Delta C) method, Methods, 2001; 25: 402—408. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

Ren S, Johnston J, Shippen DE, McKnight TD. TELOMERASE ACTIVATOR1 induces telomerase
activity and potentiates responses to auxin in Arabidopsis, Plant Cell, 2004; 16: 2910-2922. https://doi.
org/10.1105/tpc.104.025072 PMID: 15486103

Lavenus J, Goh T, Roberts I, Guyomarch S, Lucas M, De Smet |, et al. Lateral root development in Ara-
bidopsis: fifty shades of auxin, Trends in Plant Science, 2013; 18: 455—463.

Krecek P, Skupa P, Libus J, Naramoto S, Tejos R, Friml J, et al. The PIN-FORMED (PIN) protein family
of auxin transporters, Genome Biology, 2009; 10.

Mravec J, Skupa P, Bailly A, Hoyerova K, Krecek P, Bielach A, et al. Subcellular homeostasis of phyto-
hormone auxin is mediated by the ER-localized PIN5 transporter, Nature, 2009; 459: 1136-1140.
https://doi.org/10.1038/nature08066 PMID: 19506555

Cain CC, Saslowsky DE, Walker RA, Shirley BW. Expression of chalcone synthase and chalcone isom-
erase proteins in Arabidopsis seedlings, Plant Mol Biol, 1997; 35: 377-381. PMID: 9349261

Shirley BW, Hanley S, Goodman H. Effects of ionizing radiation on a plant genome: analysis of two Ara-
bidopsis transparent testa mutations, Plant Cell, 1992; 4: 333—-347. https://doi.org/10.1105/tpc.4.3.333
PMID: 1354004

Brown DE, Rashotte AM, Murphy AS, Normanly J, Tague BW, Peer WA, et al. Flavonoids act as nega-
tive regulators of auxin transport in vivo in Arabidopsis, Plant Physiol, 2001; 126: 524—535. https://doi.
org/10.1104/pp.126.2.524 PMID: 11402184

Buer CS, Muday GK. The transparent testa4 mutation prevents flavonoid synthesis and alters auxin
transport and the response of Arabidopsis roots to gravity and light, Plant Cell, 2004; 16: 1191-1205.
https://doi.org/10.1105/tpc.020313 PMID: 15100399

Peer WA, Bandyopadhyay A, Blakeslee J, Makam S, Chen R, Masson P, et al. Variation in expression
and protein localization of the PIN family of auxin efflux facilitator proteins in flavonoid mutants with

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 17/19


https://doi.org/10.1111/j.1600-079X.2012.01015.x
http://www.ncbi.nlm.nih.gov/pubmed/22747917
https://doi.org/10.1016/j.plaphy.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23127522
https://doi.org/10.1111/j.1600-079X.2011.00914.x
http://www.ncbi.nlm.nih.gov/pubmed/21749439
https://doi.org/10.1111/jeu.12080
http://www.ncbi.nlm.nih.gov/pubmed/24102716
https://doi.org/10.1111/j.1600-079X.2012.01008.x
https://doi.org/10.1111/j.1600-079X.2012.01008.x
http://www.ncbi.nlm.nih.gov/pubmed/22640001
https://doi.org/10.1111/jpi.12180
http://www.ncbi.nlm.nih.gov/pubmed/25250844
https://doi.org/10.1016/j.jplph.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18706737
https://doi.org/10.1111/jpi.12105
http://www.ncbi.nlm.nih.gov/pubmed/24138427
https://doi.org/10.3389/fpls.2017.00134
http://www.ncbi.nlm.nih.gov/pubmed/28223997
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1105/tpc.104.025072
https://doi.org/10.1105/tpc.104.025072
http://www.ncbi.nlm.nih.gov/pubmed/15486103
https://doi.org/10.1038/nature08066
http://www.ncbi.nlm.nih.gov/pubmed/19506555
http://www.ncbi.nlm.nih.gov/pubmed/9349261
https://doi.org/10.1105/tpc.4.3.333
http://www.ncbi.nlm.nih.gov/pubmed/1354004
https://doi.org/10.1104/pp.126.2.524
https://doi.org/10.1104/pp.126.2.524
http://www.ncbi.nlm.nih.gov/pubmed/11402184
https://doi.org/10.1105/tpc.020313
http://www.ncbi.nlm.nih.gov/pubmed/15100399
https://doi.org/10.1371/journal.pone.0221687

@ PLOS|ONE

Synergistic action between melatonin and auxin regulates lateral root development

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

altered auxin transport in Arabidopsis thaliana, Plant Cell, 2004; 16: 1898—1911. https://doi.org/10.
1105/tpc.021501 PMID: 15208397

Maloney GS, DiNapoli K, Muday GK. The anthocyanin reduced tomato mutant demonstrates the role of
flavonols in tomato lateral root and root hair development, Plant Physiol, 2014; 166: 614—631. https:/
doi.org/10.1104/pp.114.240507 PMID: 25006027

Buer CS, Djordjevic MA. Architectural phenotypes in the transparent testa mutants of Arabidopsis thali-
ana, Journal of Experimental Botany, 2009; 60: 751-763. https://doi.org/10.1093/jxb/ern323 PMID:
19129166

Hernandez-Ruiz J, Cano A, Arnao MB. Melatonin acts as a growth-stimulating compound in some
monocot species, Journal of Pineal Research, 2005; 39: 137-142. https://doi.org/10.1111/j.1600-
079X.2005.00226.x PMID: 16098090

Wei J, Li D, Zhang J, Shan C, Rengel Z, Song Z, et al. Phytomelatonin receptor PMTR1-mediated sig-
naling regulates stomatal closure in Arabidopsis thaliana, Journal of Pineal Research, 2018; 65:
e12500. https://doi.org/10.1111/jpi.12500 PMID: 29702752

Arnao MB, Hernandez-Ruiz J. Melatonin: A New Plant Hormone and/or a Plant Master Regulator?
Trends Plant Sci, 2019; 24: 38—48. hitps://doi.org/10.1016/j.tplants.2018.10.010 PMID: 30446305

Inukai Y, Sakamoto T, Ueguchi-Tanaka M, Shibata Y, Gomi K, Umemura |, et al. Crown rootless1, which
is essential for crown root formation in rice, is a target of an AUXIN RESPONSE FACTOR in auxin signal-
ing, Plant Cell, 2005; 17: 1387—1396. https://doi.org/10.1105/tpc.105.030981 PMID: 15829602

LiuH, Wang S, Yu X, YuJ, He X, Zhang S, et al. ARL1, a LOB-domain protein required for adventitious
root formation in rice, Plant J, 2005; 43: 47-56. https://doi.org/10.1111/j.1365-313X.2005.02434.x
PMID: 15960615

Liu S, Wang J, Wang L, Wang X, Xue Y, Wu P, et al. Adventitious root formation in rice requires OsG-
NOM1 and is mediated by the OsPINs family, Cell Res, 2009; 19: 1110-1119. https://doi.org/10.1038/
¢r.2009.70 PMID: 19546891

Gao S, Fang J, Xu F, Wang W, Sun X, Chu J, et al. CYTOKININ OXIDASE/DEHYDROGENASE4 Inte-
grates Cytokinin and Auxin Signaling to Control Rice Crown Root Formation, Plant Physiol, 2014; 165:
1035—-1046. https://doi.org/10.1104/pp.114.238584 PMID: 24808099

Yang X, Lee S, So J, Dharmasiri S, Dharmasiri N, Ge L, et al. The IAA1 protein is encoded by AXR5
and is a substrate of SCF(TIR1), Plant J, 2004; 40: 772-782. https://doi.org/10.1111/j.1365-313X.
2004.02254.x PMID: 15546359

Tian Q, Reed J. Control of auxin-regulated root development by the Arabidopsis thaliana SHY2/IAA3
gene, Development, 1999; 126: 711-721. PMID: 9895319

Fukaki H, Tameda S, Masuda H, Tasaka M. Lateral root formation is blocked by a gain-of-function
mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis, Plant J, 2002; 29: 153—-168. PMID:
11862947

Uehara T, Okushima Y, Mimura T, Tasaka M, Fukaki H. Domain Il mutations in CRANE/IAA18 sup-
press lateral root formation and affect shoot development in Arabidopsis thaliana, Plant Cell Physiol,
2008; 49: 1025—-1038. https://doi.org/10.1093/pcp/pcn079 PMID: 18505759

Tatematsu K, Kumagai S, Muto H, Sato A, Watahiki M, Harper RM, et al. MASSUGU2 encodes Aux/
IAA19, an auxin-regulated protein that functions together with the transcriptional activator NPH4/ARF7
to regulate differential growth responses of hypocotyl and formation of lateral roots in Arabidopsis thali-
ana, Plant Cell, 2004; 16: 379-393. https://doi.org/10.1105/tpc.018630 PMID: 14729917

Rogg LE, Lasswell J, Bartel B. A gain-of-function mutation in IAA28 suppresses lateral root develop-
ment, Plant Cell, 2001; 13: 465—480. https://doi.org/10.1105/tpc.13.3.465 PMID: 11251090

Wei X, Henke V, Strubing C, Brown C, Clapham D. Real-time imaging of nuclear permeation by EGFP
in single intact cells, Biophys J, 2001; 84: 1317-1327.

Middleton AM, Dal Bosco C, Chlap P, Bensch R, Harz H, Ren F, et al. Data-Driven Modeling of Intracel-
lular Auxin Fluxes Indicates a Dominant Role of the ER in Controlling Nuclear Auxin Uptake, Cell Rep,
2018; 22: 3044—-3057. https://doi.org/10.1016/j.celrep.2018.02.074 PMID: 29539430

Michniewicz M, Zago MK, Abas L, Weijers D, Schweighofer A, Meskiene I, et al. Antagonistic regulation
of PIN phosphorylation by PP2A and PINOID directs auxin flux, Cell, 2007; 130: 1044—1056. https://
doi.org/10.1016/j.cell.2007.07.033 PMID: 17889649

Santner AA, Watson J. The WAG1 and WAG2 protein kinases negatively regulate root waving in Arabi-
dopsis, Plant J, 2006; 45: 752—764. https://doi.org/10.1111/j.1365-313X.2005.02641.x PMID:
16460509

Zourelidou M, Absmanner B, Weller B, Barbosa |, Willige B, Fastner A, et al. Auxin efflux by PIN-
FORMED proteins is activated by two different protein kinases, D6 PROTEIN KINASE and PINOID,
Elife, 2014; 3.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 18/19


https://doi.org/10.1105/tpc.021501
https://doi.org/10.1105/tpc.021501
http://www.ncbi.nlm.nih.gov/pubmed/15208397
https://doi.org/10.1104/pp.114.240507
https://doi.org/10.1104/pp.114.240507
http://www.ncbi.nlm.nih.gov/pubmed/25006027
https://doi.org/10.1093/jxb/ern323
http://www.ncbi.nlm.nih.gov/pubmed/19129166
https://doi.org/10.1111/j.1600-079X.2005.00226.x
https://doi.org/10.1111/j.1600-079X.2005.00226.x
http://www.ncbi.nlm.nih.gov/pubmed/16098090
https://doi.org/10.1111/jpi.12500
http://www.ncbi.nlm.nih.gov/pubmed/29702752
https://doi.org/10.1016/j.tplants.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30446305
https://doi.org/10.1105/tpc.105.030981
http://www.ncbi.nlm.nih.gov/pubmed/15829602
https://doi.org/10.1111/j.1365-313X.2005.02434.x
http://www.ncbi.nlm.nih.gov/pubmed/15960615
https://doi.org/10.1038/cr.2009.70
https://doi.org/10.1038/cr.2009.70
http://www.ncbi.nlm.nih.gov/pubmed/19546891
https://doi.org/10.1104/pp.114.238584
http://www.ncbi.nlm.nih.gov/pubmed/24808099
https://doi.org/10.1111/j.1365-313X.2004.02254.x
https://doi.org/10.1111/j.1365-313X.2004.02254.x
http://www.ncbi.nlm.nih.gov/pubmed/15546359
http://www.ncbi.nlm.nih.gov/pubmed/9895319
http://www.ncbi.nlm.nih.gov/pubmed/11862947
https://doi.org/10.1093/pcp/pcn079
http://www.ncbi.nlm.nih.gov/pubmed/18505759
https://doi.org/10.1105/tpc.018630
http://www.ncbi.nlm.nih.gov/pubmed/14729917
https://doi.org/10.1105/tpc.13.3.465
http://www.ncbi.nlm.nih.gov/pubmed/11251090
https://doi.org/10.1016/j.celrep.2018.02.074
http://www.ncbi.nlm.nih.gov/pubmed/29539430
https://doi.org/10.1016/j.cell.2007.07.033
https://doi.org/10.1016/j.cell.2007.07.033
http://www.ncbi.nlm.nih.gov/pubmed/17889649
https://doi.org/10.1111/j.1365-313X.2005.02641.x
http://www.ncbi.nlm.nih.gov/pubmed/16460509
https://doi.org/10.1371/journal.pone.0221687

@ PLOS|ONE

Synergistic action between melatonin and auxin regulates lateral root development

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Peer WA, Murphy AS. Flavonoids and auxin transport: modulators or regulators?, Trends Plant Sci,
2007; 12: 556-563. PMID: 18198522

Rashotte AM, DelLong A, Muday G. Genetic and chemical reductions in protein phosphatase activity
alter auxin transport, gravity response, and lateral root growth, Plant Cell, 2001; 13: 1683-1697. https://
doi.org/10.1105/TPC.010158 PMID: 11449059

Delong A, Mockaitis K, Christensen S. Protein phosphorylation in the delivery of and response to auxin
signals, Plant Mol Biol, 2002; 49: 285-303. PMID: 12036255

Christensen SK, Dagenais N, Chory J, Weigel D. Regulation of auxin response by the protein kinase
PINOID, Cell, 2000; 100: 469—-478. https://doi.org/10.1016/s0092-8674(00)80682-0 PMID: 10693763

Wasson AP, Pellerone F, Mathesius U. Silencing the flavonoid pathway in Medicago truncatula inhibits
root nodule formation and prevents auxin transport regulation by rhizobia, Plant Cell, 2006; 18: 1617—
1629. https://doi.org/10.1105/tpc.105.038232 PMID: 16751348

Armengot L, Caldarella E, Marques-Bueno M, Martinez MC, The Protein Kinase CK2 Mediates Cross-
Talk between Auxin- and Salicylic Acid-Signaling Pathways in the Regulation of PINOID Transcription,
Plos One, 2016; 11: e0157168. https://doi.org/10.1371/journal.pone.0157168 PMID: 27275924

Dindas J, Scherzer S, Roelfsema MRG, von Meyer K, Muller HM, Al-Rasheid KAS, et al. AUX1-
mediated root hair auxin influx governs SCFTIR1/AFB-type Ca2+ signaling, Nature Communications,
2018; 9.

Barbez E, Kubes M, Rolcik J, Beziat C, Pencik A, Wang BJ, et al. A novel putative auxin carrier family
regulates intracellular auxin homeostasis in plants, Nature, 2012; 485: 119-122. https://doi.org/10.
1038/nature11001 PMID: 22504182

Tan DX, Manchester LC, Rosales-Corral SA, Castroviejo DA, Reiter RJ. Mitochondria and chloroplasts
as the original sites of melatonin synthesis: a hypothesis related to melatonin’s primary function and
evolution in eukaryotes, J. Pineal Res., 2013; 54: 127—-138. https://doi.org/10.1111/jpi.12026 PMID:
23137057

Wang L, Feng C, Zheng X, Guo Y, Zhou F, Shan D, et al. Plant mitochondria synthesize melatonin and
enhance the tolerance of plants to drought stress, J. Pineal Res., 2017; 63: e12429.

Tan DX, Reiter RJ. Mitochondria: the birth place, battle ground and the site of melatonin metabolism in
cells, Melatonin Res., 2019; 2: 44—66.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221687  August 28, 2019 19/19


http://www.ncbi.nlm.nih.gov/pubmed/18198522
https://doi.org/10.1105/TPC.010158
https://doi.org/10.1105/TPC.010158
http://www.ncbi.nlm.nih.gov/pubmed/11449059
http://www.ncbi.nlm.nih.gov/pubmed/12036255
https://doi.org/10.1016/s0092-8674(00)80682-0
http://www.ncbi.nlm.nih.gov/pubmed/10693763
https://doi.org/10.1105/tpc.105.038232
http://www.ncbi.nlm.nih.gov/pubmed/16751348
https://doi.org/10.1371/journal.pone.0157168
http://www.ncbi.nlm.nih.gov/pubmed/27275924
https://doi.org/10.1038/nature11001
https://doi.org/10.1038/nature11001
http://www.ncbi.nlm.nih.gov/pubmed/22504182
https://doi.org/10.1111/jpi.12026
http://www.ncbi.nlm.nih.gov/pubmed/23137057
https://doi.org/10.1371/journal.pone.0221687

