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Serotonin is a well known neurotransmitter in mammals and
plays an important role in various mental functions in humans.
In plants, the serotonin biosynthesis pathway and its function
are not well understood. The rice sekiguchi lesion (s/) mutants
accumulate tryptamine, a candidate substrate for serotonin bio-
synthesis. We isolated the SL gene by map-based cloning and
found thatit encodes CYP71P1 in a cytochrome P450 monooxy-
genase family. A recombinant SL protein exhibited tryptamine
5-hydroxylase enzyme activity and catalyzed the conversion of
tryptamine to serotonin. This pathway is novel and has not been
reported in mammals. Expression of SL was induced by the
N-acetylchitooligosaccharide (chitin) elicitor and by infection
with Magnaporthe grisea, a causal agent for rice blast disease.
Exogenously applied serotonin induced defense gene expres-
sion and cell death in rice suspension cultures and increased
resistance to rice blast infection in plants. We also found that
serotonin-induced defense gene expression is mediated by the
RacGTPase pathway and by the Ga subunit of the heterotrimer-
ic G protein. These results suggest that serotonin plays an
important role in rice innate immunity.

Plants have developed various immune responses to pro-
tect themselves from pathogen attack (1). One of them is the
hypersensitive response, which is often accompanied by
programmed cell death, and is effective to prevent the
growth of biotrophic pathogens (2). The hypersensitive
response is induced coordinately with production of reactive
oxygen species, lignification, production of phytoalexins,
and expression of defense-related genes.

To understand the roles of hypersensitive response cell death
in immune responses, a large number of lesion mimic mutants,
in which cell death is spontaneously induced, have been inves-
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tigated in many plant species, including rice, Arabidopsis, and
maize (3). Most of lesion mimic mutants are known to activate
immune responses in the absence of pathogens (2). A rice lesion
mimic mutant, Sekiguchi lesion (s/), exhibits unique orange
colored lesions that are induced by inoculation of pathogens,
including Magnaporthe grisea (4, 5). In the s/ mutants, in-
creased activities of tryptophan decarboxylase and monoamine
oxidase are correlated with lesion formation (5). However, the
identity of the SL gene and its function in cell death and disease
resistance remain to be studied.

Plant Rac/Rop GTPases constitute a unique subfamily of the
Rho family of small GTPases and are highly conserved in plant
species. In rice, OsRacl regulates a series of immune responses,
including cell death, reactive oxygen species production, acti-
vation of pathogenesis-related genes, liginification, and phyto-
alexin production (6). Recently, it was found that OsRacl forms
a complex with RAR1, HSP90, HSP70, OsMAPK®6, OsrbohB,
Stil/Hop, and RACK1 (7-10), which play important roles in
rice innate immunity. Heterotrimeric G protein is also involved
in innate immunity through OsRacl. In fact, rice dwarfl (dI)
mutants lacking a Ga subunit of heterotrimeric G protein
reduces elicitor-induced defense gene expression and resis-
tance to M. grisea (11).

Serotonin is known as neurotransmitter in mammals, which
regulates mood, sleep, and anxiety in human (12). Although
serotonin was found in many plant species (13), the serotonin
biosynthesis and its function are unclear. Recently, serotonin
has been reported to be accumulated in rice during senescence
and defense response (14, 15). In addition, serotonin is incor-
porated into the cell wall at disease lesions infected with Bipo-
laris oryzae and M. grisea, suggesting that serotonin plays an
important role in control of the strength of the cell wall for the
mechanical barrier against pathogens (15).

To understand how the SL gene regulates cell death and disease
resistance in rice, we have isolated the SL gene by a map-based
approach. We found that the SL gene encodes cytochrome P450
monooxygenase, which catalyzes 5-hydroxylation of tryptamine
to synthesize serotonin. In addition, our results suggest that sero-
tonin contributes to innate immunity by activating intracellular
signaling of immune responses.

EXPERIMENTAL PROCEDURES

Plant Materials and Genetic Mapping—The wild type japo-
nica rice cv. Kinmaze and four s/ mutants (CM265, CM998,
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FIGURE 1. SL gene encodes a cytochrome P450 monooxygenase. A, struc-
ture of the SL gene. Arrows indicate the locations of mutations found in the s/
mutants. Arrowheads indicate locations of primers used in B. aa, amino acids.
B, expression of SL in the s/ mutants. Reverse transcription-PCR was per-
formed using specific primers for SL and ubiquitin. WT, wild type. C, subcellu-
lar localization of SL-GFP. GFP (upper panel) and SL-GFP (lower panel) were
transiently expressed in rice protoplasts with ER-localized SECFP. Left panel,
GFP image; middle panel, SECFP image; right panel, merged images of GFP
and SECFP. Bars, 10 wm. D, expression of SL after elicitor treatment. Total RNAs

asEve

APRIL 9, 2010-VOLUME 285-NUMBER 15

Serotonin Biosynthesis in Plant

CM1019, and CM2229), induced by N-methyl-N-nitrosourea
in the Kinmaze background, were provided by the Japanese
National BioResource Project of Rice. The CM265 mutant
was used in a cross with a substitution line (SL239) carrying
a segment of chromosome 12 from an indica rice (cv. Kasal-
ath) in a japonica rice background (cv. Koshihikari). The F,
and F; plants were analyzed using a sequence-tagged site and
cleaved amplified polymorphic sequence markers to con-
struct a physical map of the region containing the SL gene
(supplemental Fig. S1). Details of the mapping are provided
in the supplemental “Experimental Procedures”.

Plasmid Constructs and Rice Transformation—The SL
c¢DNA was cloned into the p2K1 vector containing the maize
Ubql promoter (16). For the RNA interference construct of
Stila/Hop, a 350-bp 3'-untranslated region of the Stila cDNA
was PCR-amplified and cloned in the reverse orientation
behind the Ubpl promoter in the pANDA vector (16). The
RNA interference construct of OsRacl was described previ-
ously (10). Details of plasmid construction are provided in
supplemental “Experimental Procedures”. Transgenic plants
were generated from Agrobacterium-transformed rice calli
(17).

Reverse Transcription-PCR and Real Time PCR—Total
RNAs were isolated from leaves and suspension cultures using
TRIzol reagent (Invitrogen) and treated with DNase I (Invitro-
gen). cDNA was synthesized using SuperScriptll reverse tran-
scriptase (Invitrogen) and used for reverse transcription-PCR
and real time PCR with gene-specific primers (see supple-
mental Table S1).

Rice Blast Infection—Rice seedlings were inoculated at the
four- to six-leaf stage by spraying with aqueous spore sus-
pensions containing 10° spores/ml of the compatible rice
blast races 003 and 007. Inoculated seedlings were kept in
a dark chamber with a moisture-saturated atmosphere at
24 °C for 20 h and then maintained in a greenhouse. Inocu-
lated leaves were harvested at the indicated time points and
used for real time PCR. To examine the effect of serotonin on
rice blast resistance, rice seedlings were watered with 400
png/ml serotonin for 22 h and then inoculated with race 007
as described above. Lesion development was scored on rice
leaves at 6 days after inoculation by measuring lesion length
with a ruler.

Chitin, Serotonin, and Tryptamine Treatments—Rice sus-
pension cultures were treated with 2 ug/ml N-acetylchitooligo-
saccharide elicitor, 400 ug/ml (1.88 mMm) serotonin (5-hy-
droxytryptamine hydrochloride (M, 212.68)), or 400 ug/ml
(2.03 mm) tryptamine (tryptamine hydrochloride (M, 196.68)),
and then incubated for various lengths of time. As reported
previously (15), less than 30% of applied serotonin is considered
to be incorporated by the feeding experiment. Total RNAs were
extracted from each sample and subjected to real time PCR. For

were purified from rice suspension cultured cells either mock-treated or
treated with 2 pug/ml N-acetylchitooligosaccharide elicitor and used for real
time PCR. Ubiquitin (Ubq) was used as an internal control. Error bars indicate
standard deviations. E, expression of SL in seedlings after mock inoculation or
inoculation with compatible rice blast fungus (race 003 and 007). Real time
PCR was carried out using total RNAs prepared from the seedlings. Ubg was
used as an internal control. Error bars indicate S.D.

JOURNAL OF BIOLOGICAL CHEMISTRY 11309


http://www.jbc.org/cgi/content/full/M109.091371/DC1
http://www.jbc.org/cgi/content/full/M109.091371/DC1
http://www.jbc.org/cgi/content/full/M109.091371/DC1
http://www.jbc.org/cgi/content/full/M109.091371/DC1
http://www.jbc.org/cgi/content/full/M109.091371/DC1

Serotonin Biosynthesis in Plant

the detection of cell death, suspension-cultured cells were
treated with serotonin or tryptamine for 24 h, stained for 10
min with 0.05% (w/v) Evans Blue, and then washed four times
with distilled water (18). Dye bound to dead cells was dissolved
in a solution of 50% methanol and 1% SDS for 30 min at 50 °C
and quantified by absorbance at 595 nm.

Measurement of SL Activities—The SL and SL-G455D
(CM265) cDNAs were cloned as Spel-PstI fragments in the
pFastBacl vector (Invitrogen) and used to transform E. coli
strain DH10Bac (Invitrogen). Preparation of the cDNA-
containing recombinant baculovirus DNAs and transfection
of Spodoptera frugiperda 9 (Sf9) cells were carried out
according to the manufacturer’s instructions (Invitrogen).
Heterologous expression in Sf9 cells and spectrophotomet-
ric analysis of P450s were carried out as described previously
(19).

Microsomal fractions of insect cells expressing either SL
or SL-G455D were obtained as follows. Infected suspension-
cultured cells (300 ml) were washed with phosphate-buff-
ered saline buffer and suspended in buffer A, consisting of 20
mM potassium phosphate (pH 7.25), 20% (v/v) glycerol, 1 mm
EDTA, and 1 mm dithiothreitol. The cells were sonicated,
and cell debris was removed by centrifugation at 10,000 X g
for 15 min. The supernatant was further centrifuged at
100,000 X g for 1 h, and the pellet was homogenized with
buffer A to provide the microsomal fractions. The microso-
mal fractions were stored at —80 °C before the enzyme
assays were performed.

SL activity was reconstituted by mixing the microsomes
with purified Arabidopsis NADPH-P450 reductase (20). The
reaction mixture consisted of 20 mMm potassium phosphate
(pH 7.25), 50 pmol/ml recombinant P450 protein, 0.1
unit/ml NADPH-P450 reductase, 1 mm NADPH, and 100 um
tryptamine. Reactions were initiated by the addition of
NADPH, and were carried out at 30 °C for 30 min. The sam-
ples were diluted with 20 mMm phosphate (pH 2.5) and sub-
jected to HPLC* as follows: column, COSMOSIL 5C,4-PAQ
column (150 mm length X 4.6 mm inner diameter; Nacalai
Tesque); solvent, 20 mMm phosphate (pH 2.5); flow rate, 1.0
ml/min; detection, a fluorescence detector with an excita-
tion wavelength at 285 nm and an emission wavelength at
340 nm. Retention times of authentic samples were 6.5 min
for serotonin and 14.5 min for tryptamine. The identity of
the reaction product with tryptamine was examined using
HPLC equipped with an API-3000 triple stage quadrupole
mass spectrometer (Applied Biosystems) as described previ-
ously (15). For kinetic analysis, SL activity was assayed using
the substrate tryptamine at concentrations ranging from 1 to
40 uM. Reactions were initiated by the addition of NADPH
and carried out at 30 °C for 10 min. The kinetic constants
were calculated from triplicate data sets. K, and k_,, values
were calculated from a double-reciprocal plot of the initial
velocity (v,) versus substrate concentration.

“The abbreviations used are: HPLC, high pressure liquid chromatography;
TDC, tryptophan decarboxylase; ER, endoplasmic reticulum; GFP, green
fluorescent protein; SECFP, super enhanced cyan fluorescent protein.
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Immunoblotting—Microsomal fractions of the insect cells,
expressing either SL or SL-G455D, were subjected to immuno-
blotting using a purified anti-SL antibody as described in
supplemental “Experimental Procedures.”

RESULTS

Isolation of SL Gene by Map-based Cloning—To identify a
gene responsible for the s/ phenotype, we used four s/ mutants
(CM265, CM2229, CM998, and CM1019; supplemental Fig.
S1), which were generated by mutagenesis using N-methyl-N-
nitrosourea (21). The s/ locus was mapped to a 350-kb genomic
region on chromosome 12, where 7 candidate genes are located
(supplemental Fig. S1). PCR experiments indicated that the
CM998 mutant has a 30-kb deletion containing genes for a
P450 and a zinc finger protein.” Sequence analyses in the other
mutants revealed that SL encodes a P450 monooxygenase (Fig.
1A). SL gene expression levels were significantly reduced in
CM2229. CM998 showed no SL expression because of the dele-
tion of the entire P450 gene. CM1019 had two altered tran-
scripts as follows: an unspliced transcript resulting from a point
mutation at the 3’ splice site of the single intron, and another
generated by cryptic splicing at a site near the 3’ splice site (Fig.
1B). Overexpression of the P450 mRNA complemented the s/
phenotype (supplemental Fig. S2).

SL Belongs to the CYP71 Family—The SL protein possesses
motifs conserved in P450 proteins, including the heme-bind-
ing motif, the EXXR motif, and the proline-rich motif
(supplemental Fig. S3). The G455D mutation in CM265 is in
the heme-binding motif and is likely to disturb the heme
coordination structure. The threonine residue at position
314, which is mutated in CM2229, is important for the
oxygen activation process in the P450 catalytic cycle
(supplemental Fig. S3). The SL protein shares 41% identity
with CYP71A1 from avocado fruit (GenBank™ accession
number AAA32913). In rice there are 90 genes and 28 pseu-
dogenes in the CYP71 family; however, the SL protein shows
less than 45% identity with any other members of the family.
Hence, the SL protein is a unique member of the CYP71
family and is designated CYP71P1.

The intracellular location of the SL protein was investigated
using the transient expression of a GFP-fused protein in rice
protoplasts (Fig. 1C). The SL protein, with GFP fused to the C
terminus, co-localized with a marker protein that was designed
to localize to the endoplasmic reticulum (ER). The marker pro-
tein was constructed by adding the N-terminal signal peptide of
pro-2S albumin, which localizes to the ER (22), and the C-ter-
minal HDEL ER retention sequence, to SECFP (23). The results
indicate that SL localizes to the ER.

SL Gene Is Expressed during Innate Immune Responses—Ex-
pression of the SL gene in rice suspension cultures was analyzed
after treatment with a chitin elicitor that is known to induce a
series of defense responses in rice (Fig. 1D) (24). A clear
increase in SL mRNA levels was observed at 1 h after chitin
treatment (Fig. 1D). We also analyzed SL expression after infec-
tion with M. grisea. Infection by two races of compatible blast
fungus caused the activation of SL gene expression in rice plants

> M. Isshiki, unpublished results.
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at 48 h after infection, and expression was further increased at
72 h (Fig. 1E). These results suggest that SL has a role in rice
innate immunity.

SL Protein Possesses Tryptamine 5-Hydroxylase Activity—It
was shown previously that tryptamine levels were higher in an s/
mutant than in wild type plants and that serotonin levels were
very low (4, 5, 15). These results suggest that SL converts
tryptamine to serotonin. To test this possibility, we generated
recombinant SL protein with or without the G455D mutation
found in the CM265 allele, using a baculovirus expression sys-
tem in insect cells. The presence of the recombinant SL and
SL-G455D proteins in the microsomal fractions was confirmed
by immunoblot analysis (Fig. 24). Fractions containing the wild
type SL protein had a cytochrome P450-specific reduced CO
difference spectrum with a clear absorption peak at 450 nm
(Fig. 2B). In contrast, the fractions containing the SL-G455D
protein exhibited no reduced CO difference spectrum (Fig. 2B).
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These results indicate that SL protein is indeed a cytochrome
P450 enzyme. The microsomal fractions from insect cells ex-
pressing the recombinant SL proteins were used in enzyme
assays with tryptamine as the potential substrate. HPLC analy-
sis of the reaction products showed a specific peak at the same
retention time as that of serotonin when fractions containing
the wild type SL protein, but not the SL-G455D mutant protein,
were used (Fig. 2C). The SL protein catalyzed the 5-hydroxyla-
tion of tryptamine with a high affinity and efficiency (K, =
7.3 + 0.8 um and k_,, = 45 * 1.5 min"'), although the SL
protein did not metabolize tryptophan, indole 3-acetic acid, or
tyramine. Thus, it is likely that the SL protein is tryptamine
5-hydroxylase that catalyzes the conversion of tryptamine to
serotonin.

Serotonin Plays a Role in Innate Immune Responses—Sero-
tonin has been reported to be accumulated at a high level (1.9
mM) in disease lesions infected with B. oryzae and M. grisea (15),
whereas the high accumulation of
serotonin is abolished in the s/
mutant. In addition, the s/ mutant is
Tryptamine more susceptible to infection of B.

A oryzae as compared with wild type,
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FIGURE 2. SL is a tryptamine 5-hydroxylase. A, production of recombinant SL proteins in insect cells using a
baculovirus expression system. Microsomal fractions from the insect cells expressing the recombinant SL
proteins were separated by SDS-PAGE and analyzed on an immunoblot using the anti-SL antibody. CBB, Coo-
massie Brilliant Blue. B, CO difference spectrum of the microsomal fractions expressing SL proteins. C, HPLC
analysis of reaction products after the microsomal SL proteins were assayed for enzyme activity using

tryptamine as a substrate.

sion of four defense genes, probena-
zol 1 (PBZ1I), phenylalanine ammo-
nia-lyase 1 (PALI), chitinase 1 (Cht1),
and chitinase 3 (Cht3) in rice cell
suspension cultures. These four
genes are induced by chitin elicitor
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FIGURE 3. Serotonin induces defense gene expression and cell death in rice suspension cell cultures. Total RNAs were prepared from rice suspension cells
either mock-treated or treated with 400 wg/ml serotonin or tryptamine. The samples were subjected to real time PCR to analyze expression of PBZ1 (A), PAL1
(B), Cht1 (C), and Cht3 (D). Ubiquitin (Ubqg) was used as an internal control. Error bars indicate S.D. E, rice suspension cultured cells were treated with 400 wg/ml
serotonin or tryptamine. The levels of cell death were measured using Evans Blue staining.
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FIGURE 5. Induction of rice blast resistance by serotonin treatment. Rice
seedlings were inoculated with the compatible blast fungus race 007. Disease
lesion development was scored at 6 days after inoculation by measuring
lesion length. Error bars indicate standard error (n = 78). An asterisk indicates
a significant difference by the t test at p < 0.01.

from fungal pathogens (25).° Expression of these defense genes
was clearly induced at 12 h after serotonin treatment, but no
induction was found with tryptamine (Fig. 3, A—D). Serotonin
also induced cell death in cultured rice cells, as shown by Evans
Blue staining (Fig. 3E), although reduced levels of cell death
occurred after tryptamine treatment.

6 S. H. Kim, unpublished results.
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serotonin treatment of rice seed-
lings (~1 month old) had any effect
on infection with a compatible race
of M. grisea. The results indicate
that seedlings treated with sero-
tonin are significantly more resistant to fungal infection than
mock-treated seedlings (Fig. 5), suggesting that serotonin has
the ability to induce resistance against rice blast infection.

DISCUSSION

Serotonin is a well known neurotransmitter in mammals and
plays an important role in various mental functions in humans
(27). In mammals, serotonin is synthesized from tryptophan in
two steps involving L-tryptophan 5-hydroxylase and aromatic
L-amino acid decarboxylase (Fig. 6) (28). Tryptophan hydrox-
ylase belongs to a family of aromatic amino acid hydroxylases
and requires iron and the coenzyme tetrahydropterin for cata-
lytic activity (29). It is interesting that the SL gene encodes
CYP71P1 in the P450 superfamily, which is different from the
tetrahydropterin-dependent hydroxylase family in mammals
(Fig. 6). Serotonin has been found in more than 42 plant species
(13), suggesting that enzymes for serotonin biosynthesis are
conserved in plants. However, the SL orthologs have not been
found in other plants, including Arabidopsis. Among the Ara-
bidopsis P450s, CYP83B1/SUR2 shows the highest identity
(39%) with the SL protein. CYP83B1/SUR2 catalyzes the N-hy-
droxylation of indole-3-acetaldoxime to synthesize indole glu-
cosinolate (30).

It has been reported that some serotonin derivatives such as
coumaroylserotonin and feruloylserotonin, which are hydroxy-
cinnamic acid amides, are involved in plant defense responses
against pathogen infection (31). The accumulation of hydroxy-
cinnamic acid amides in the cell wall could provide an unde-
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gradable mechanical barrier for pathogens (31, 32). In fact, it was
shown that serotonin itself is polymerized and incorporated into
cell walls in rice, leading to the suppression of growth of the fungus
B. oryzae (15). It was also shown that hydroxycinnamic acid
amides possess anti-fungal activity (33). These studies suggest that
serotonin may act as a phytoalexin, an antimicrobial compound
that is produced by plant cells in response to pathogen infection.
However, we found no effect of serotonin on the germination of M.
grisea spores (supplemental Table S2). In this study, we found that
serotonin induces immune responses including defense gene
expression and cell death through the pathway involved in Ga,
OsRacl, and Stil. Taken together, it is suggested that serotonin
may have dual functions that regulate the strength of the cell wall
for the physical barrier against pathogens as well as activate intra-
cellular signaling for immune responses.

We have identified SL as tryptamine 5-hydroxylase enzyme
for serotonin biosynthesis, and we showed that in rice, sero-
tonin is synthesized in different pathways found in animals.
Recently, it was reported that serotonin is accumulated during
senescence in rice (14). However, whether SL is involved in
senescence response remains to be analyzed. Two genes, tryp-
tophan decarboxylase and SL, required for serotonin synthesis
from tryptophan have now been identified in plants. It is there-
fore possible to control the serotonin levels in plants by manip-
ulating the expression of these genes.
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