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The well-known neurotransmitter 5-hydroxytryptamine (serotonin) not only regulates sleep and mood in hu-
mans and animals but may also play important roles in modulating growth, development, and defense responses,
such as seed germination, flowering, and abiotic stress tolerance, in plants. Serotonin inhibits primary root (PR)
growth; however, the physiological and molecular mechanisms underlying serotonin-mediated PR growth in-
hibition remain largely unclear. Here, we investigate the effects of serotonin on root growth and development in
Arabidopsis. Serotonin inhibits PR elongation by affecting both the meristem and elongation zones. In the
meristem zone, serotonin represses both meristem cell division potential and stem cell niche activity. Serotonin
induces H,0, overaccumulation in the elongation zone and reduces O»- accumulation in the meristem zone by a
UPB1 pathway, thereby disrupting reactive oxygen species (ROS) equilibrium in root tips, thus resulting in PR
growth inhibition. Serotonin also regulates auxin distribution in root tips by decreasing auxin-related gene
expression and repressing auxin transport through modulation of AUX1 and PIN2 abundances in root tips. Taken
together, our data indicate that high concentrations of serotonin result in stress responses in plants by inhibiting
PR elongation through the regulation of H,O, and O,- distribution in PR tips and through an auxin pathway via

the repression of auxin biosynthesis and transport.

1. Introduction

Serotonin (5-hydroxytryptamine) is a well-known neurotransmitter,
hormone, and mitogenic factor that mediates a series of physiological
activities in humans and animals (Kang et al., 2009; Ramakrishna et al.,
2012). Since the first report of the phytoserotonin in cowhage (Mucuna
pruriens) fruit (Bowden et al., 1954), serotonin has been found in at
least 40 plant species (Kang et al., 2009; Pelagio-Flores et al., 2011,
2016). Similar to melatonin, serotonin may play an important role in
modulating plant growth, development, morphogenesis, and defense
responses (Murch et al., 2009; Kang et al., 2007; Zhang et al., 2013;
Pelagio-Flores et al., 2016; Erland et al., 2017). Significant increases in
de novo shoot formation have been shown to be correlated with in-
creased endogenous serotonin levels (Murch et al., 2009). Both patho-
genic infection and senescence induce serotonin accumulation in plants;
however, the physiological roles of serotonin in delaying senescence
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and improving pathogen tolerance are different (Kang et al., 2009).
Serotonin was found to accumulate in in senescence-induced tissues of
vascular parenchyma cells, and the senescence-retarding activity of
serotonin is associated with its high antioxidant activity. Nutrient re-
cycling from senescing leaves to sink tissues was maintained during
senescence, while pathogenic infection-induced serotonin accumulation
was found to function in the strengthening of the cell wall (Kang et al.,
2009).

A sequence of two enzymatic reactions regulates serotonin bio-
synthesis in plants. The first reaction is the catalytic turnover of tryp-
tophan to tryptamine by tryptophan decarboxylase (TDC), and the
second reaction catalytically converts tryptamine into serotonin by
tryptamine 5-hydroxylase (T5H). The T5H gene is constitutively ex-
pressed, whereas TDC gene expression is significantly induced by se-
nescence signals; as a result, TDC is the bottleneck for serotonin bio-
synthesis in rice (Kang et al., 2007). The serotonin level is very low in

Received 12 April 2018; Received in revised form 16 July 2018; Accepted 16 July 2018

Available online 18 July 2018
0176-1617/ © 2018 Elsevier GmbH. All rights reserved.


http://www.sciencedirect.com/science/journal/01761617
https://www.elsevier.com/locate/jplph
https://doi.org/10.1016/j.jplph.2018.07.004
https://doi.org/10.1016/j.jplph.2018.07.004
mailto:xujin@xtbg.ac.cn
https://doi.org/10.1016/j.jplph.2018.07.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2018.07.004&domain=pdf

J. Wan et al.

Journal of Plant Physiology 229 (2018) 89-99

control  Serotonin
A 60 - B 60 - C ' 2d
’é‘ — ——control
50 £ ——180uM ST

E £ 50 - H

£ 40 <

2 540 1

2 30 S

° ® 30 -

e 20 S

> 3‘20 1

g 10

E < 10 4

= E

o 0 a 0

0d 1d 2d 3d 4d 5d
o

500 - ®control 750 - & trol 100 -
’g =180uM ST E ::(r)‘pﬁ ST F H control
2 < _ = 180 yM ST ]
= 400 - 5 600 - € 80
© W 2
= S *
2300 { , « o 450 - I 5, 60
2 SE kS
N 200 - 55300A %40
L = 3
g S 150 20
3 100 - 5
g w
(] 0 - 0 - 0
E 2d 5d 2d 5d cell 1 cell 2cell 3cell 4cell Scell 6

Fig. 1. Serotonin inhibits PR growth by reducing the length of the meristem and elongation zones. (A) Five-day-old seedlings were transferred to 1/4 MS medium
containing 0-450 uM serotonin for 5 d. The PR elongation was determined. (B-F) Five-day-old seedlings were transferred to 1/4 MS medium containing
180 uM serotonin for 1-5 d. (B) The length of PRs, (C, D) the length of the meristem zone, (E) the length of the elongation zone, and (F) the cell length of six
consecutive cells in the transition zone were determined. ST, serotonin. Error bars represent the SE. Asterisks indicate a significant difference from the control
(Student’s t test, P < 0.05). Different letters indicate that values were significantly different at P < 0.05 according to Tukey’s test.

young leaves and seeds; however, nutrient deficiency, leaf detachment,
and senescence markedly induce the accumulation of serotonin in
plants. Overexpression of two rice TDC genes, OsTDC-1 and OsTDC-3,
resulted in increased serotonin levels (peaking at approximately
3,500 ug g' FW) and repressed growth and fertility in transgenic rice
and Arabidopsis plants (Kanjanaphachoat et al. 2012). However, the
physiology and molecular mechanisms underlying serotonin-mediated
growth inhibition in plants remain largely unclear. Although Arabi-
dopsis has no known functional TDC and T5H ortholog, many studies
have indicated that Arabidopsis exhibits TS5H activity that produces
serotonin to regulate plant growth (Kanjanaphachoat et al. 2012).

Primary root (PR) growth is tightly regulated by the differential
accumulation of reactive oxygen species (ROS) in root tips (Tsukagoshi
et al., 2010; Silva-Navas et al., 2016). The UPBEAT1 (UPBI) tran-
scription factor regulates the distribution of H,O, and O»- in elongation
and meristem zones of roots by repressing the gene expression of per-
oxidases in roots independent of the auxin pathway (Tsukagoshi et al.,
2010). Recently, Pelagio-Flores et al. (2016) found that serotonin reg-
ulates ROS distribution in roots by jasmonic acid/ethylene signaling
pathways. However, how serotonin induces ROS accumulation and the
elevated ROS levels regulate PR growth in serotonin-treated seedlings
requires further investigation.

In addition to the ROS pathway, auxin plays a vital role in mod-
ulating root system development (Mihonen et al., 2014; Silva-Navas
et al., 2016). Maintaining a steep auxin gradient in the meristem zone
and maximal auxin accumulation in the quiescent center (QC) is critical
for normal meristem cell activity and root growth (Liu et al., 2016).
PLETHORA (PLT) controls meristem cell activity and root development
in a dose-dependent manner (Sabatini et al., 1999; Liu et al., 2016;
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Silva-Navas et al., 2016). Auxin modulates root stem cell niche activity
by affecting PLTs accumulation in root tips (Aida et al., 2004; Mahonen
et al., 2014; Silva-Navas et al., 2016).

Plasma membrane-localized auxin carriers, including the auxin in-
flux carriers AUXIN1/LIKE AUX1 (AUX1/LAX) and auxin efflux carriers
PIN-FORMEDs (PINs), also play important roles in establishing and
maintaining auxin gradients in root tips (De Smet et al., 2007). Dif-
ferent auxin carriers can regulate a common physiological process (Liu
et al., 2016). For example, PIN4 is required for root exudate methyl 3-
(4-hydroxyphenyl) propionate (MHPP)-mediated root system archi-
tecture (RSA) remodeling (Liu et al., 2016). AUX1 and PIN2 are in-
volved in alkaline stress adaptation (Li et al., 2015). Serotonin, derived
from the common substrate L-tryptophan with auxin, may act as a
competitive inhibitor of auxin-regulated gene expression (Pelagio-
Flores et al., 2011). However, the exact role for serotonin-mediated root
development by the auxin pathway remains to be elucidated.

In this study, we investigated the involvement of ROS and auxin in
serotonin-regulated root system development in Arabidopsis. Our results
indicate that serotonin disrupts ROS distribution in root tips; serotonin
also affects auxin distribution in root tips by decreasing auxin bio-
synthesis and repressing AUX1 and PIN2 abundances. Potential me-
chanisms involved in this process are discussed.

2. Materials and methods
2.1. Plant materials and growth conditions

Seeds of the wild-type col-0 and transgenic and mutant Arabidopsis
lines were sterilized with 50 % bleach for 5 min, washed five times with
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Fig. 2. Serotonin affects cell cycle progression. Images of GUS staining of five-day-old CYCLINA3;1-GUS (A), CYCLINB1;1-GUS (C), and CYCLINB3;1-GUS (E)
seedlings exposed to 180 pM serotonin for 2 and 5 d and the relative GUS activity of CYCLINA3;1-GUS (B), CYCLINB1;1-GUS (D), and CYCLINB3;1-GUS (F) seedlings
treated as in (A, C, and E). The level of GUS activity in untreated roots was set to 1. ST, serotonin. Error bars represent the SE. Asterisks indicate a significant

difference from the control (Student’s t test, P < 0.05).

sterile water, and then germinated on vertical 1/4 MS medium (Sigma-
Aldrich, St. Louis, MO, USA) containing 1.5 % sucrose and 1 % agar (pH
5.7) with a 16-h light/8-h dark cycle. Five-day-old seedlings were
transferred to fresh 1/4 MS medium supplemented with various com-
ponents and subsequently grown for two to five days. The chemicals 5-
hydroxytryptamine (serotonin, 0-450 uM) and catalase (CAT, 1-2 uM)
were purchased from TCI (Tokyo, Japan). After 2 or 5 d of treatment,
images of them were digitized using a scanner (Epson Perfection V500
Photo, Japan), and the PR growth, length of their meristem and elon-
gation zones, and cell length of their elongation zone were measured
using ImageJ software (version 1.51j8).
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2.2. GUS staining

The treated seedlings of pCYCLIN A3;1:CYCLIN A3;1-GUS,
pCYCLINBI1;1:CYCLINBI1;1-GUS, and pCYCLINB3;1:CYCLINB3;1-GUS
were incubated in GUS buffer containing 1 mM X-Gluc (5-bromo-4-
chloro-3-indolyl-b-D-glucuronic acid cyclohexyl-ammonium, Sigma-
Aldrich) at 37 °C for 1-5h in the dark. At least 30 seedlings were used in
each experiment. After the samples were washed, photos were taken
using a Carl Zeiss imaging system.
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Fig. 3. Serotonin affects stem cell niche activity. (A-D) GFP fluorescence in the roots of five-day-old pPLT1:PLT1-GFP (A) and pPLT2:PLT2-GFP (C) exposed to
180 uM serotonin for 2 and 5 d and quantification of the pPLT1:PLT1-GFP (B) and pPLT2:PLT2-GFP (D) fluorescence intensity in plants treated as in (A and C). Error
bars represent the SE. Asterisks indicate a significant difference from the control (Student’s t test, P <0.05). ST, serotonin.

2.3. Measurement of ROS levels

Endogenous H,0, and O»- production in the root tips was detected
using the H,0,-specific fluorescence probe BES-H,0,-AC (WAKO,
Japan) and O,-specific fluorescence probe dihydroethidium (DHE)
according to the manufacturer’s instructions. Fluorescence was ob-
served using a confocal laser scanning microscope (Zeiss, excitation
wavelength of 488 nm and emission wavelength of 520 nm for H5O,,
excitation wavelength of 514 nm and emission wavelength of 610 nm
for Oy-). For localizing H,O, production, roots were immersed in
1mg ml™! 3-diaminobenzidine (DAB)-HCl (pH 5.5) for 5h. For loca-
lizing O,- production, the roots were immersed in a solution of 2 mM
nitroblue tetrazolium (NBT) in 20 mM phosphate buffer (pH 6.1) for
20 min. After the samples were washed, photos were taken using a Carl
Zeiss imaging system. Fresh roots (0.5g) were ground in potassium
phosphate buffer (50 mM, pH 7.0), and the H,0O, content was then
measured according to the method of Maksymiec and Krupa (2006).
The absorbance was recorded at 600 nm. The H,O,content was calcu-
lated with an absorbance coefficient of 19.8 x 10° M~ *cm 1.

2.4. qRT-PCR analysis

After the samples were treated, total RNAs were isolated using an
RNAiso Plus kit (TaKaRa) according to the manufacturer’s instructions.
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Reverse transcription was performed using the PrimeScript™ RT
Reagent Kit with gDNA FEraser (TaKaRa). Quantitative reverse tran-
scription (QRT)-PCRs were performed using Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen). ACTIN2 (AT3G18780) was used as an in-
ternal control for qRT-PCR normalization (Czechowski et al., 2005; Liu
et al., 2016). The specific primers that were used are shown in Sup-
plemental Table S1. All primer pairs exhibited only one peak in DNA
melting curves. qRT-PCR analysis was performed on three biological
replicates with three technical repetitions.

2.5. Statistical Analysis

At least 30 roots were analyzed in each treatment, and each ex-
periment was repeated at least three times. The data are presented as
the means = SE. For statistical analysis, Student’s t test,one-way
ANOVA and Tukey’s test were used to determined statistical sig-
nificance(P < 0.05).

3. Results
3.1. Effects of serotonin on root growth and development

Although Arabidopsis has no known functional TDC and T5H or-
tholog, the overexpression of rice OsTDC-1 and OsTDC-3 led to marked
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Fig. 4. Serotonin induces ROS imbalance in root tips. (A-D) Detection of endogenous H,0, (A) and O,- (C) production in the roots of five-day-old wild-type seedlings
exposed to 180 puM serotonin for 2 and 5 d using the H,O,-specific fluorescence probe BES-H,0,-AC and the O,—specific fluorescence probe DHE, respectively, and
quantification of BES-H,0,-AC fluorescence intensity (B) and DHE fluorescence intensity (D) in plants treated as in (A and C). (E, F) Image of DAB staining of five-
day-old seedlings exposed to 180 uM serotonin for 2 and 5 d (E) and the relative staining intensity of DAB (F) in plants treated as in (E). (G, H) Image of NBT staining
of five-day-old seedlings exposed to 180 uM serotonin for 2 and 5 d (G) and the relative staining intensity of NBT (H) in plants treated as in (G). (I) Primary root
length of col-0 seedlings treated with or without 180 uM serotonin in the presence or absence of CAT (1 or 2 uM) for 2 d. ST, serotonin. Error bars represent the SE.
Asterisks indicate a significant difference from the control (Student’s t test, P < 0.05). Different letters indicate that values were significantly different at P < 0.05

according to Tukey’s test.

increases in serotonin levels in Arabidopsis seedlings (Kanjanaphachoat
et al., 2012). Unfortunately, the growth of these transgenic seedlings
was severely inhibited and they could not form the siliques and seeds.
Therefore, we analyzed the effects of serotonin on root growth and
development by using exogenous serotonin.

Five-day-old Col-0 seedlings were transferred into fresh 1/4 MS
medium containing 0, 120, 180, 240, or 450 uM serotonin. After 5 d of
treatment, the PR length were measured. The PR growth was unaffected
in 120 uM serotonin but was inhibited by 24.5 % in 180 uM serotonin,
49.2 % in 240 uM serotonin, and 64.3 % in 450 uM serotonin (Fig. 1A),
implying that high concentrations of serotonin result in stress response
in seedlings. To further examine serotonin-inhibited PR growth in de-
tail, we measured the length of the meristem and elongation zones in
180 uM serotonin-treated roots (Fig. 1B-1E). With the extension of
treatment time, both PR length and meristem zones were shorter in
serotonin-treated seedlings than in the control. We also analyzed the
cell length in the transition zone and found that the cells in the tran-
sition zone of 180 uM serotonin-treated roots elongated more slowly
than those in the transition zone of control roots after 5 d of treatment
(Fig. 1F).
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3.2. Serotonin represses meristem size by decreasing root meristematic cell
division potential and stem cell niche activity

We next analyzed whether the serotonin-repressed meristem sizes
are due to decreased meristematic cell division potential or stem cell
niche activity in roots. For this purpose, we used the
PCYCLINA3;1:CYCLINA3;1-GUS, pCYCLINB1;1:CYCLINB1;1-GUS, and
PpCYCLINBI1;1:CYCLINB3;1-GUS transgenic lines to monitor the cell
cycle (Colon-Carmona et al., 1999) and the pPLT1:PLT1-GFP and
PPLT2:PLT2-GFP transgenic lines to monitor the stem cell niche activity
(Sabatini et al. 2003) in roots. Our results showed that GUS staining of
all three cell cycle marker lines was significantly reduced in the roots of
seedlings that were treated with 180 uM serotonin for 2 or 5 d (Fig. 2A-
2F). These results indicated that serotonin inhibits PR growth by re-
pressing the meristematic cell division potential. The PLT pathway
controls meristem homeostasis in roots (Sabatini et al., 1999). The ex-
pression abundances of both PLT1 and PLT2 proteins in the roots of
seedlings that were treated with 180 uM serotonin for 2 d were the same
as those in control roots; however, they were significantly lower in the
roots of seedlings that had been treated with 180 uM serotonin for 5 d,
as indicated by pPLT1:PLT1-GFP and pPLT2:PLT2-GFP fluorescence
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(Fig. 3A-3D).

3.3. Serotonin represses PR growth by modulating ROS accumulation in
root tips

ROS play important roles in modulating root system development
(Xu et al., 2010; Tsukagoshi et al., 2010). Pelagio-Flores et al. (2016)
found that high concentrations of serotonin induced ROS over-
accumulation in roots, thereby inhibiting PR growth. To further study
the function of ROS in serotonin-mediated root growth, we first ex-
amined ROS levels in serotonin-treated roots. We analyzed the accu-
mulation of O,- and H,0, in root tips using the O,-specific fluorescence
probe dihydroethidium (DHE) and the H,0,-specific fluorescence probe
BES-H,0,-AC. Interestingly, we found that serotonin markedly induced
H,0, accumulation in both the meristem and elongation zones (Fig. 4A
and 4B), whereas it reduced O,- accumulation in the root meristem
zone (Fig. 4C and 4D). Similarly, DAB staining also indicated that ser-
otonin induced H>0, accumulation in the roots of seedlings (Fig. 4E and
4F), while NBT staining indicated that serotonin reduced O,- accu-
mulation in root tips (Fig. 4G and 4 H). Quantification of H,O, content
in roots further confirmed that serotonin markedly induced H,O, ac-
cumulation (Fig. S1). We then examined the effects of serotonin-in-
duced H,0, accumulation on PR growth by applying the H,O, sca-
venger catalase (CAT) (Chen and Schopfer, 1999). Supplementation
with CAT alleviated serotonin-induced PR growth inhibition (Fig. 41).

To further investigate the source of ROS in root tips, we also in-
vestigated the gene expression of RBOHD and RBOHF, the two NADPH
oxidase subunits that are expressed throughout the plant for O,- and
ROS accumulation (Sagi and Fluhr, 2006), using qRT-PCR. Supple-
mentation with serotonin markedly induced the expression of RBOHD
and RBOHF genes (Fig. 5A). To test the biological functions of the two
NADPH oxidase subunits, we examined the rbohD, rbohF, and rbohD/F
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mutants (Torres et al., 2002). All three mutants were inhibited more by
exogenous serotonin than wild type (Fig. 5B). The result is discussed
below.

3.4. UPBI is involved in serotonin-mediated ROS accumulation in root tips

The above results showed that serotonin increases H,O, accumu-
lation, whereas it reduces O,- accumulation in root tips. Tsukagoshi
et al. (2010) found that UPBEAT1 (UPBI1) regulates the differential
distribution of O,- and H,0, in root tips to control the transition from
proliferation to differentiation by directly repressing a set of perox-
idases and thereby affecting root elongation. We thus wondered whe-
ther UPBI is involved in serotonin-mediated ROS accumulation in
roots. For this purpose, we used pUPB1:GFP transgenic line (Tsukagoshi
et al., 2010) to examine the effect of serotonin on UPBI expression in
root tips. GFP fluorescence showed that exposing roots to serotonin
markedly improved the expression levels of pUPB1:GFP (Fig. 6A and
6B). We then investigated the roles of UPBI in the serotonin-induced
inhibition of PR growth using a upbl-1 (SALK_115536) mutant
(Tsukagoshi et al., 2010) and found that the PR growth in the presence
of serotonin is less inhibited in the upbl-1 mutant than the wild type
(Fig. 6C). These data indicate that UPBI is involved in serotonin-
mediated PR growth inhibition.

UPBI inhibits POD activity and thereby induces H,0, accumulation
in root tips (Tsukagoshi et al., 2010). We thus examined the POD ac-
tivity in serotonin-treated roots and found that exogenous serotonin
inhibited POD activity (Fig. 6D). Taken together, these results indicate
that serotonin modulates ROS distribution in root tips through the
UPB1 pathway.

3.5. Auxin is involved in serotonin-induced PR growth inhibition

Auxin is another important regulator of root system development
(Liu et al., 2016). A previous study has indicated that serotonin reduces
auxin accumulation in root tips, as indicated by DR5:GUS and BA3:GUS
expression, but it does not affect auxin perception in roots, as indicated
by HS:AXR3NT-GUS expression (Pelagio-Flores et al., 2011). However,
how serotonin reduces auxin accumulation in roots remains unclear. To
address this question, we first examined auxin accumulation in root tips
using the auxin-sensitive Aux/IAA-auxin interaction domain II (DII-
VENUS) (Brunoud et al., 2012) and DR5:GFP transgenic marker lines.
Treatment with 180 uM serotonin reduced auxin accumulation in root
tips as indicated by DII-VENUS and DR5:GFP fluorescence (Fig. 7A and
7B). Then, we determined the transcript levels of auxin-related genes in
serotonin-treated seedlings using qRT-PCR. We found that serotonin
significantly decreased the transcript levels of many indole-3-acetic
acid (IAA)-related genes, including those of TRYPTOPHAN AMINOTR-
ANSFERASE OF ARABIDOPSIS1 (TAA1) (Stepanova et al., 2008), ABS-
CISIC ALDEHYDE OXIDASE3 (AAO1), AAO3 (Seo et al., 1998), ATP
SULFURYLASE ARABIDOPSIS1 (ASA1) (Logan et al., 1996), AMIDASE-
LIKE PROTEIN 1 (AMI1) (Pollmann et al., 2003), SUPERROOT 1 (SUR1I)
(Boerjan et al., 1995), PHOSPHORIBOSYLANTHRANILATE TRANSFE-
RASE 1 (PATI) (Rose and Last, 1997), YUCCA2 (YUC2), YUC3, and
YUC9 (Cheng et al., 2006), in Arabidopsis seedlings (Fig. 7C). These
results suggest that serotonin depresses the expression of auxin bio-
synthesis-related genes, which influences auxin content in seedlings.

We next tested whether the reduced auxin accumulation is re-
sponsible for serotonin-induced PR growth inhibition. Five-day-old
seedlings were transferred to 1/4 MS medium containing
180 uM serotonin and 0.5 or 1nM IAA, and the PR length and LR
number were measured 2 d after treatment. Treatment with 0.5 or 1 nM
IAA alone did not affect either PR growth or LR number; however,
supplementation with 0.5 or 1 nM IAA markedly alleviated serotonin-
induced PR growth inhibition and further promoted LR formation
(Fig. 8A and 8B). These results indicate that the reduced auxin accu-
mulation in root tips is responsible for reduced PR growth.
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different at P < 0.01 according to Tukey’s test.

A serotonin serotonin Fig. 7. Serotonin reduces auxin accumulation in root tips. (A, B)

YFP/GFP fluorescence in the roots of five-day-old DII-VENUS (A)

control _2d Sd control 2d 5d and DR5:GFP (B) seedlings exposed to 180 uM serotonin for 2 and

5 d. (C) gqRT-PCR analysis of auxin biosynthesis-related gene ex-

pression in col-0 seedlings treated with 180 uM serotonin for 2 d.

The expression levels of the indicated genes in untreated roots

were set to 1. ST, serotonin. Error bars represent the SE. Asterisks

indicate a significant difference from the control (Student’s t test,
P <0.05).
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serotonin. Error bars represent the SE. Different letters indicate that values were
significantly different at P < 0.05 according to Tukey’s test.

3.6. Serotonin affects auxin transport by regulating AUX1 and PIN2 levels
in root tips

The above results showed that serotonin reduces auxin accumula-
tion in root tips. Auxin distribution is mediated by the auxin influx
carriers AUX/LAX and the PIN2 auxin efflux carrier proteins (Péret
et al., 2012). We thus investigated the effects of serotonin on the
abundance of auxin carriers using AUX1:YFP and PIN1/2/4/7:GFP
transgenic marker lines. The expression of AUX1 (Fig. 9A and 9B) and
PIN2 (Fig. 9C and 9D) was markedly reduced after 5 d of serotonin
treatment; however, the abundances of PIN1, PIN4, and PIN7 were
unaffected (Fig. S2).

We then investigated the roles of AUX1 and PIN2 in serotonin-in-
duced PR growth inhibition using aux1-21 and pin2 mutants. PR growth
was more inhibited in the aux1-21 mutant (Fig. 10A and 10B) and less
inhibited in the pin2 mutant (Fig. 10C and 10D) than in the controls.
The result is discussed below.

4. Discussion

Pelagio-Flores et al. (2011, 2016) found that exogenous serotonin
inhibits PR growth and induces LR formation by reducing auxin accu-
mulation in root tips and inducing ROS overaccumulation in roots.
These studies indicate that serotonin regulates root morphogenesis and
growth by auxin-dependent and auxin-independent mechanisms
(Murch et al., 2009; Pelagio-Flores et al., 2011, 2016). However, how
serotonin modulates the accumulation of auxin and ROS in root tips is
still largely unclear. In this study, we found that low concentrations of
serotonin have no effect on the PR growth, whereas high concentrations
of serotonin result in PR growth inhibition by reducing the length of the
meristem and elongation zones, suggesting that high concentrations of
serotonin result in stress responses in plants. Further study indicates
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that high concentrations of serotonin inhibit PR elongation by mod-
ulating the differential distribution of O,- and H,O, via the UPBI
pathway, repressing auxin biosynthesis and affecting auxin transport
via modulation of AUX1 and PIN2 abundances in root tips.

4.1. UPBI-mediated H,O, accumulation in root tips is responsible for
serotonin-induced PR growth inhibition

ROS are important signal molecules that modulate plant growth and
development (Liu et al., 2016). However, high levels of ROS inhibit root
growth. Serotonin induces H;O, overaccumulation in root tips, thereby
inhibiting PR growth. Pharmacological analysis provided further evi-
dence for the involvement of H,O5 in serotonin-mediated root growth.
Supplementation with H,O, scavenger CAT partially recovered PR
growth from serotonin-induced inhibition, indicating that H,O, over-
accumulation is involved in serotonin-induced PR growth inhibition.

H,0, induces quiescence in mouse cells, whereas O,- regulates
proliferation (Sarsour et al., 2008). Similarly, Tsukagoshi et al. (2010)
found that ROS levels control the transition from proliferation to dif-
ferentiation in root tips. The authors proposed that O,- accumulation in
the meristematic zone is required for maintaining meristem zone ac-
tivity, whereas H,0, accumulation in the elongation zone induces dif-
ferentiation. UPBI regulates the differential distribution of O,- and
H,0, in roots by repressing the expression of peroxidase genes. Inter-
estingly, we found that serotonin reduces O,- accumulation in the
meristematic zone but increases H,O, accumulation in both the mer-
istem and elongation zones. These results imply that UPBI is involved
in serotonin-mediated root growth. Indeed, we found that serotonin
markedly induced UPB1 expression in root tips. The loss-of-function
upbl-1 mutant showed less PR growth inhibition than the Col-0 seed-
lings. These data indicate serotonin modulates root growth by reg-
ulating the accumulation of O,- and H,0, by the UPB1 pathway.

In this study, we found that exogenous serotonin significantly in-
duced the gene expression of RBOHD and RBOHEF in roots, thereby in-
creasing ROS accumulation. The PR growth of loss of function rbohD,
rbohF, and rbohD/F mutants was inhibited more than that of Col-0
plants, implying that reduced O,- accumulation inhibited PR growth
more in serotonin-treated plants than in controls and that maintaining
the balance between O,- and H,0, is important in modulating root
growth. These results support Tsukagoshi et al.’s opinion (2010) and
indicate that serotonin inhibits PR growth by inducing an ROS im-
balance in root tips through the induction of UPBI1 expression.
However, how serotonin reduces O,- accumulation still needs to be
elucidated in future studies.

4.2. Decreased expression of auxin biosynthesis-related genes and auxin
transport are responsible for serotonin-mediated PR growth inhibition

Pelagio-Flores et al. (2011) found that serotonin can act as a com-
petitive inhibitor of auxin-regulated gene expression; however, it could
not affect auxin perception. In this study, we found that serotonin
markedly repressed the expression of auxin biosynthesis-related genes
and that exogenous IAA alleviated serotonin-mediated PR growth in-
hibition. These results indicate that the reduced auxin accumulation in
root tips that resulted from the decreased expression of auxin bio-
synthesis-related genes is responsible for reduced PR growth.

Auxin transport plays vital roles in modulating auxin accumulation
in root tips. Auxin levels could also affect the abundance of auxin
carriers. High concentrations of serotonin reduced auxin accumulation
in roots by repressing the expression of auxin biosynthesis-related
genes, thereby maybe leading to reduced abundance of auxin carriers in
roots. In this study, we indeed found that serotonin also repressed the
abundance of AUX1 and PIN2 in root tips. However, we thought that
the reduced abundance of AUX1 and PIN2 was a direct effect of ser-
otonin, because only AUX1 and PIN2 abundance were reduced in roots,
while other auxin carriers, including PIN1, PIN4, and PIN7, were not
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Fig. 9. Serotonin represses the expression abundances of auxin carriers AUX1 and PIN2. (A-D) GFP/YFP fluorescences in the roots of five-day-old AUX1:YFP (A) and
PIN2:GFP (C) seedlings exposed to 180 uM serotonin for 2 and 5 d and quantification of the AUX1:YFP (B) and PIN2:GFP (D) fluorescence intensity in plants treated as
in (A and Q). ST, serotonin. Error bars represent the SE. Asterisks indicate a significant difference from the control (Student’s t test, P <0.05).

affected. A genetic analysis found that although serotonin inhibits both
AUX1 and PIN2 protein production in root tips, PR growth of the pin2
mutant showed reduced sensitivity to serotonin and that of the aux1-21
mutant showed increased sensitivity. These results suggest that PIN2
and AUX1 are at least partly involved in serotonin-mediated auxin
distribution to regulate PR growth. Both auxin efflux carrier PIN2 and
auxin influx carrier AUX1 regulate auxin levels and gradients in root
tips; a pin2 mutant accumulates more auxin, whereas an auxI mutant
accumulates less auxin in root tips (Yuan et al., 2013). These results
partly explain why pin2 and auxI mutants exhibit contrary phenotypes:
serotonin represses AUX1 abundance, thereby leading to reduced auxin
accumulation in root tips; meanwhile, serotonin also represses PIN2
abundance, and the reduced PIN2 abundance disrupts auxin transport,
thereby resulting in increased auxin accumulation in root tips. Com-
pared with wild-type col-0 seedlings, the aux1 mutant therefore showed
less PR growth in response to serotonin, whereas the pin2 mutant
showed more PR growth. These results indicate that serotonin-re-
pressed AUX1 abundance resulted in reduced auxin accumulation in
root tips, thereby inhibiting PR growth; however, serotonin-repressed
PIN2 abundance might be an adaptive response to serotonin for
maintaining auxin levels in root tips and PR growth. However, the
manner by which AUX1 and PIN2 are involved in serotonin-mediated
PR growth inhibition remains to be explored.

4.3. Exogenous serotonin inhibits PR growth by reducing stem cell niche
activity in root tips through an auxin-dependent PLT pathway

Maintaining the meristematic cell division potential is an important
factor for root meristem size and root growth. Our study showed that
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serotonin markedly represses root meristematic cell division potential
by using three cell-cycle marker lines, pCYCLINA3;1:CYCLIN A3;1-GUS,
pCYCLINBI1;1:CYCLINBI1;1-GUS, and pCYCLINB3;1:CYCLINB3;1-GUS
(Colén-Carmona et al., 1999). The PLT pathway modulates auxin-de-
pendent maintenance of stem cell niche activity (Sabatini et al., 1999;
Sabatini et al., 2003; Aida et al., 2004; Mahonen et al., 2014; Liu et al.,
2016; Silva-Navas et al., 2016). Consistent with the reduced auxin ac-
cumulation in roots, the abundances of both the PLT1 and PLT2 pro-
teins were reduced in serotonin-treated roots, indicating that serotonin
reduces root stem cell niche activity by an auxin-dependent PLT
pathway.

In conclusion, based on previous studies (Pelagio-Flores et al., 2011,
2016) and our results, high concentrations of serotonin result in stress
responses by inhibiting PR growth through regulation of the accumu-
lation and distribution of O,- and H,O, via the UPB1 pathway and
auxin biosynthesis and transport, consequently reducing root stem cell
niche activity and meristematic cell division potential in root tips.
Serotonin induces H,O, accumulation in roots and represses O,- accu-
mulation in the meristematic zone, thereby reducing elongation zone
growth and meristem zone activity. Serotonin also reduces auxin ac-
cumulation in root tips by decreasing the expression of auxin bio-
synthesis-related genes and disrupting auxin transport in root tips,
thereby reducing PLTs abundances and subsequently reducing stem cell
niche activity, finally resulting in PR growth inhibition (Fig. S3). These
findings provide new insight into how serotonin regulates root growth
through modulation of ROS signaling and auxin signaling.
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