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Production of major diterpenoid phytoalexins, momilactones
and phytocassanes, is induced in rice upon recognition of path-
ogenic invasion as plant defense-related compounds. We
recently showed that biosynthetic genes for momilactones are
clustered on rice chromosome 4 and co-expressed after elicita-
tion, mimicking pathogen attack. Because genes for most meta-
bolic pathways in plants are not organized in gene clusters,
examination of the mechanism(s) regulating the expression of
such clustered genes is needed. Here, we report a chitin oligo-
saccharide elicitor-inducible basic leucine zipper transcription
factor, OsTGAP1, which is essential for momilactone biosyn-
thesis and regulates the expression of the five genes in the clus-
ter. The knock-out mutant for OsTGAPI had almost no expres-
sion of the five clustered genes (OsCPS4, OsKSL4, CYP99A2,
CYP99A3, and OsMAS) or production of momilactones upon
elicitor treatment. Inductive expression of OsKSL7 for phyto-
cassane biosynthesis was also largely affected in the ostgapl
mutant, although phytocassane accumulation still occurred.
Conversely, OsTGAP1-overexpressing lines exhibited en-
hanced expression of the clustered genes and hyperaccumula-
tion of momilactones in response to the elicitor. Furthermore,
enhanced expression of OsKSL7 and hyperaccumulation of phy-
tocassanes was also observed. We also found that OsTGAP1
overexpression can influence transcriptional up-regulation of
OsDXS3 in the methylerythritol phosphate pathway, eventually
leading to inductive production of diterpenoid phytoalexins.
These results indicate that OsTGAP1 functions as a key regula-
tor of the coordinated transcription of genes involved in induc-
tive diterpenoid phytoalexin production in rice and mainly
exerts an essential role on expression of the clustered genes for
momilactone biosynthesis.

Plants attacked by pathogenic microorganisms respond with
a variety of defensive reactions, including the production of
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antimicrobial secondary metabolites known as phytoalexins
(1). These compounds are transiently generated in response to
signal molecules called elicitors, which are usually derived from
pathogens. In rice, 14 diterpenoid phytoalexins have been identi-
fied to date in suspension-cultured cells treated with biotic elici-
tors, such as chitin oligosaccharide, and in leaves infected with the
blast fungus Magnaporthe grisea or irradiated with UV light. Phy-
toalexins can be classified into four groups, based on the structure
of their hydrocarbon precursors: phytocassanes A—E, oryzalexins
A-F, momilactones A and B, and oryzalexin S (2-10).

Geranylgeranyl diphosphate, a common precursor of diter-
penoid phytoalexins, is first cyclized by OsCPS2/OsCyc2 and
OsCPS4/0sCycl to yield ent-copalyl diphosphate and syn-co-
palyl diphosphate (11, 12). Next, OsKSL7/OsDTC1, OsKSL10,
OsKSL4, and OsKSL8/OsDTC2 catalyze the second cyclization
of ent-copalyl diphosphate or syn-copalyl diphosphate to four
distinct diterpene hydrocarbons: ent-cassa-12,15-diene, ent-
sandaracopimaradiene, 9BH-pimara-7,15-diene, and stemar-
13-ene, respectively (13-15). For momilactone biosynthesis,
two cytochrome P450 monooxygenase (P450) genes (CYP99A2
and CYP99A3) and a dehydrogenase gene (OsMAS) are also
involved in the downstream oxidation steps of the diterpene
hydrocarbons. Intriguingly, five genes for momilactone biosyn-
thesis are localized in a narrow region of chromosome 4, creat-
ing a functional gene cluster (Fig. 1) (16).

Genes for most metabolic pathways in plants are not orga-
nized in gene clusters. However, there are some examples of
gene clusters for the biosynthesis of isoprenoids and plant
defense compounds other than momilactones in rice. For
example, the genes responsible for the biosynthesis of thalianol
in Arabidopsis, benzoxazinoids in maize, and avenacins in oat
are all organized in clusters (17-19). The spatial expression of
the avenacin biosynthetic genes is tightly regulated and occurs
only in the root epidermis, the site of accumulation of the end
product (20). In contrast, the rice momilactone biosynthetic
gene cluster exhibits a temporally coordinated expression pat-
tern of mRNAs, peaking at 612 h after elicitor treatment of
rice cell suspension cultures (11, 21). Such coordinated, stress-
inducible clustered gene expression, responsible for the biosyn-
thesis of one particular compound, has not previously been
reported in plants. Thus, it is interesting to examine the mech-
anism(s) regulating the coordinated expression of the momilac-
tone biosynthetic gene cluster. Here, we report the identifica-
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FIGURE 1. A, proposed biosynthetic pathway for the diterpenoid phytoalexins in rice. The enzymes involved in momilactone and phytocassane biosyntheses
are indicated. The dashed arrows show steps required for multiple reactions. B, map of the momilactone biosynthetic gene cluster on rice chromosome 4. The

black boxes indicate the five momilactone biosynthetic genes.

tion of an elicitor-inducible basic leucine zipper (bZIP)?
transcription factor, OsTGAP1, which is essential for the bio-
synthesis of momilactone in rice and which coordinately regu-
lates the expression of all five genes in the cluster. We also show
that OsTGAPI can influence the expression of a phytocassane
biosynthetic gene and the upstream methylerythritol phos-
phate (MEP) pathway gene, leading to production of phytocas-
sanes. These results indicate that OsTGAP1 functions as a key
regulator of the coordinated transcription of genes involved in
inductive diterpenoid phytoalexins production in rice.

EXPERIMENTAL PROCEDURES

Plant Material and Chemical Treatment—Purified chi-
tooctaose (Yaizu Suisankagaku Industry Co., Ltd., Tokyo,
Japan) was re-N-acetylated to give N-acetylchitooctaose, as
described (22), and used as a chitin oligosaccharide elicitor
throughout this study. Oryza sativa L. cv. Nipponbare was used
as the wild type. Calli of O. sativa L. cv. Nipponbare were cul-
tured as described previously (13). Six days after transfer to
fresh culture medium, the cultured rice cells were used for
assays with a chitin oligosaccharide elicitor treatment (N-ace-

3 The abbreviations used are: bZIP, basic leucine zipper; MEP, methylerythri-
tol phosphate; RT, reverse transcription; gRT, quantitative reverse tran-
scription; GST, glutathione S-transferase; GC, gas chromatography; MS,
mass spectrometry; LC, liquid chromatography; LUC, luciferase; TGA,
TGACG-sequence-specific binding protein.
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tylchitooctaose, 1 ppm) throughout this study. Tos!I7-inserted
mutants of HO155 (for AK073715) and NC0005 (for AK102690)
were obtained from the National Institute of Agrobiological
Sciences of Japan (TosI7 mutant panel project; available on the
World Wide Web). The insertion site of TosI7 is indicated in
supplemental Fig. S2A. The Tos17 homozygous mutants were
selected by PCR genotyping, and generated cultured cells of the
mutant were used for the experiments.

Cloning and Transformation—The OsKSL4 promoter frag-
ments were amplified by PCR, using genomic DNA prepared
from suspension-cultured rice cells (cv. Nipponbare) as tem-
plate. The mutated constructs were generated via a two-step
PCR process (primer overlapping mutagenesis), and the core
TGAC sequence was converted to CCTA. The OsKSL4 pro-
moter deletions and mutated constructs were cloned into the
Kpnl and Xhol sites of the pGL3 basic vector (Promega, Mad-
ison, WI) containing the firefly luciferase gene (LUC).

For transactivation assays, the OsTGAPI coding sequence
was amplified using OsTGAPI cDNA obtained from the Rice
Genome Resource Center. The OsTGAP1 cDNA was fused
to the DNA-binding domain (1-147 amino acids) of the
yeast transcription factor GAL4 (GAL4-DBD) to prepare the
effector construct. LUC, which is under the control of a pro-
moter containing six repeats of the GAL4 binding site (6X
UAS), was used as a reporter (23). For the production of recom-
binant GST-OsTGAP1 protein and the generation of T7-
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OsTGAP1-overexpressing plants, the OsTGAPI coding
sequence was cloned into pENTR/D/Topo (Invitrogen). For
protein purification, the entry clone was confirmed by sequenc-
ing, recombined (with Invitrogen LR GATEWAY recombi-
nase) into pDEST15 (Invitrogen), and introduced into Esche-
richia coli strain Rosetta (DE3). The entry clone was also
recombined into pGWB27 (24) and used for generating trans-
genic rice cells by Agrobacterium-mediated transformation, as
described by Kaku et al. (25). Overexpression of T7-OsTGAP1
was confirmed by qRT-PCR and immunoblot analysis with an
anti-T7 antibody (Chemicon, Temecula, CA).

Expression Analysis—RT-PCR and qRT-PCR were used to
confirm the levels of expression. For the RT reaction, a Super-
Script reverse transcriptase kit (Invitrogen) and Quantitect kit
(Qiagen K.K., Tokyo, Japan) were used. qRT-PCR was per-
formed using SYBR Green technology on an ABI PRISM 7300
real time PCR system (Applied Biosystems, Foster City, CA).
Raw data from qRT-PCR were analyzed using the ACT (differ-
ence in threshold cycles) method, and the results were
expressed as relative mRNA values normalized to the expres-
sion level of UBQ, as described previously (21).

Luciferase Activity Assay—Particle bombardment was car-
ried out with the Biolistic PDS-1000/He particle delivery sys-
tem (Bio-Rad) according to the manufacturer’s protocol. Sus-
pension-cultured rice cells, 6 days after transfer to fresh culture
medium, were used for bombardment. The OsKSL4 promoter-
LUC reporter construct was mixed in a 2:1 molar ratio with the
internal control and precipitated onto gold particles (1.6-um
diameter). Approximately 1 ug of DNA was delivered into the
rice cells per bombardment. Following bombardment, the sam-
ples were incubated in N6 medium with or without N-ace-
tylchitooctaose (1 mg/liter) for 15 h at 25 °C in darkness, col-
lected, and then homogenized in cell lysis buffer (Promega).
The firefly LUC and Renilla LUC luminescence was monitored
using a Centro LB960 plate reader (Berthold Japan, Tokyo,
Japan) according to the manufacturer’s instructions. To nor-
malize the values after each assay, the ratio of LUC activity
(firefly LUC/Renilla LUC) was calculated.

Electrophoretic Mobility Shift Assays—Double-stranded
oligonucleotides spanning the TGACG motif upstream of
OsKSL4 were synthesized, annealed, and digoxigenin-la-
beled. The OsTGAP1 protein was overexpressed in E. coli as a
glutathione S-transferase (GST) fusion protein (GST-Os-
TGAP1). The E. coli Rosetta-gami (DE3), harboring a plasmid
for the expression of GST-OsTGAP1 (pDEST17-OsTGAP1),
was cultured in Overnight Express Instant TB medium (30 °C,
24 h) (Merck). The fusion protein was affinity-purified on glu-
tathione-Sepharose 4B (Amersham Biosciences) and used for
electrophoretic mobility shift assays. Probe fragments were
amplified by PCR using the —1928 construct (for normal
probes) or the m3 construct (for mutated probes) as template.
Electrophoretic mobility shift assays were carried out using a
digoxigenin gel shift kit, second generation (Roche Applied Sci-
ence) according to the manufacturer’s instructions.

Metabolite Analysis—Diterpene hydrocarbons were ex-
tracted from elicitor-induced suspension-cultured rice cells
using ethyl acetate and detected by gas chromatography-mass
spectrometry (GC-MS) as described previously (13). Phytoalex-
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FIGURE 2. A, deletion analysis of the OskSL4 promoter between —1928 and
—414 bp. The promoter fragment located —1928 bp upstream of the tran-
scription start site (TSS) of OskSL4 and the 5’-untranslated region (UTR; 59 bp)
were successively deleted from —1928 to —414, and the resulting fragments
were fused to the firefly LUC gene. A putative TATA box is located at —39 to
—31 bp. B, nucleotide sequence of the region from —1224 to —991 upstream
of the transcription start site of OskKSL4 and known cis-acting elements exist-
ing in this region. C, mutation analysis of candidate cis-acting elements in
the promoter region from —1224 to —991. Positions of mutated TGAC
sequences, in which TGAC was altered to CCTA, are indicated by X. LUC activ-
ity was normalized against that of Renilla LUC. The black and open bars indi-
cate the relative LUC activities of the deletion derivatives after 15 h of incu-
bation of the rice cells with or without the elicitor, respectively. The data are
means = S.D. of three replicates. *, significant differences (p < 0.01) between
the relative LUC activities in the elicited and non-elicited cells.

ins were extracted from suspension-cultured rice cells after
elicitation and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) as described previously (26).

Oligonucleotide Primers—The oligonucleotides used for
genotyping, RT-PCR, qRT-PCR, and cloning are listed in sup-
plemental Table S1.

RESULTS

Identification of an Elicitor-inducible cis-Acting Element in
the OsKSL4 Gene Promoter—To identify regulating factors for
momilactone biosynthesis, we first examined a chitin oligosac-
charide elicitor-inducible promoter activity within a 2-kb
region upstream of the OsKSL4 gene, responsible for the first
committed step specific to momilactone biosynthesis, using a
LUC reporter assay. Fig. 24 shows that deletion from —1224
to —991 bp and further deletion to —414 bp rendered the pro-

VOLUME 284 -NUMBER 39-SEPTEMBER 25, 2009


http://www.jbc.org/cgi/content/full/M109.036871/DC1
http://www.jbc.org/cgi/content/full/M109.036871/DC1

A Key Regulator of Inductive Phytoalexin Biosynthesis

x2'1 x1 x2 x22

1st 2nd
2 4 6 8 10 12 24 2 4 6 8

Ac.No.
AK107021
Ako70674 I
AKo65180 NG
AKo65440 I
AK070998 N
AK067919 IINIINEGNGGEGE
AK069575 NN

IAK073715 HE

10 12 24 (h)

AK102690 I
AK106988 I

C green

fluorescence

I O3 TGAfactors

N
n

visible light

-9 AK073715
-8~ AK102690
-» OsKSL4

GFP

GFP-
AKO073715

GFP-
AK102690

FIGURE 3. A, heat map of elicitor-inducible bZIP transcription factor genes
isolated from microarray data after elicitor treatment. The results of two inde-
pendent experiments are shown. The ratio of the level of gene expression at
various time points in untreated cells compared with elicitor-treated cells was
used to compile the heat map, which represents increases (red) and decreases
(green) in expression relative to the untreated levels. The color bar represents
the range of ratios. Three TGA-type transcription factor genes are indicated.
B, transcription profiling of AK073715, AK102690, and OsKSL4 after elicitation,
using qRT-PCR. Values indicate relative mRNA levels of AK073715 (red dia-
mond), AK102690 (blue circles), and OsKSL4 (black box), normalized to the
expression level of the UBQ gene. The maximal value in each experiment
using different primers was arbitrarily set at 1.0. The results are the average of
at least three independent experiments; bars indicate the means + S.D.
C, nuclear localization of the green fluorescent protein (GFP)-fused AK073715
or AK102690 protein in onion epidermal cells. Top, localization of the green
fluorescent protein control. Middle, localization of AK073715 tagged with
green fluorescent protein at its N terminus. Bottom, localization of AK102690
tagged with green fluorescent protein at its N terminus. The pictures repre-
sent green fluorescence (left) or visible light (right). Bars, 100 wm.

moter incapable of responding to the elicitor. A search for
known consensus recognition sites for transcription factors
in the 233-bp region between —1224 and —992 bp revealed
the presence of two TGACG motifs (as-1-like elements,
TGACG(T/G)) that are known to be bound by bZIP transcrip-
tion factors, including TGA factors (27), and two TGAC core-
containing W-box elements, which are putative recognition
sites for WRKY transcription factors (28). These elements were
tentatively designated TGAC-1 to TGAC-4 (Fig. 2B). Subse-
quent mutation analyses of the promoter identified a TGACG
motif in the region from —1045 to —1040 bp, upstream of the
translation start site of OsKSL4 (TGAC-3), as a cis-acting ele-
ment required for the elicitor-inducible expression of OsKSL4
(Fig. 2C). This suggested that a bZIP transcription factor was
probably involved in the regulatory process.

Elicitor-inducible bZIP Transcription Factors Are Candi-
dates for Regulating OsKSL4—W e focused on elicitor-inducible
bZIP transcription factors with expression profiles similar to
that of OsKSL4 or those expressed prior to the OsKSL4 gene by
examining time course microarray data following the elicitor
treatment (21). From more than 100 transcription factors hav-
ing features of bZIP transcription factors, 10 candidate genes
were selected, based on their expression profiles after elicitor
treatment (Fig. 34). Among them, the AK073715, AK102690,
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and AK106988 proteins were TGA-type bZIP transcription fac-
tors, having the typical conserved motifs of TGA factors (sup-
plemental Fig. S1). Arabidopsis TGA factors can bind to the
TGACG motif and are involved in defense responses (29).
Thus, we further analyzed these three TGA-type bZIP tran-
scription factors as promising candidates to regulate OsKSL4
gene expression. Expression analyses of these genes by qRT-
PCR revealed that the AK073715 gene was maximally induced
4 h after elicitor treatment (slightly earlier than OsKSL4),
expression returned to basal levels by 8 h, and the AK102690
gene was induced for 4 — 8 h after treatment, similar to OsKSL4
(Fig. 3B). We could not clearly detect inducible expression of
the AK106988 gene and thus discarded it as a candidate. Phy-
logenetic analysis revealed that the AK073715 product was rel-
atively close to the node containing soybean sTGA1, tobacco
TGA1la, and Arabidopsis TGA1l and TGA4 and that the
AK102690 product was classified in the node containing
AtbZIP21 (supplemental Fig. S1). Tobacco TGA1la is shown to
bind the as-1 element involved in salicylic acid-induced activa-
tion of transcription (30), and TGA4 is involved in defense
responses (31), but the function of AtbZIP21 is still unknown.
Nuclear localization of the AK073715 and AK102690 products
was confirmed using green fluorescent protein as a reporter
(Fig. 3C). Thus, we focused on the AK073715 and AK102690
genes to determine whether they were responsible for the
inducible expression of OsKSL4.

OsTGAPI Is Essential for Elicitor-inducible OsKSL4 Gene
Expression and Production of Momilactones—W e used the rice
Tos17 insertion mutants HO155 (for AK073715) and NC0005
(for AK102690) to examine their physiological functions. Two
mutants obtained from the Rice Genome Research Program
contained the Tos17 insertion in the first intron of AK073715
and the fifth intron of AK102690 (supplemental Fig. S2A4) (32—
34). They were both shown to be null mutants, lacking expres-
sion in response to elicitation (supplemental Fig. S2B).

LC-MS/MS of phytoalexins accumulated in the culture
medium 0, 48, and 72 h after elicitor treatment revealed that the
level of momilactones in HO155 mutant cells severely decreased
to less than 20% of that in wild-type cells (Fig. 44), whereas the
phytocassanes levels were almost the same between the mutant
and wild-type cells at 48 h; thereafter, the phytocassanes levels
were somewhat higher than that in wild-type cells at 72 h in the
HO0155 mutant (Fig. 4B). The inductive expression of OsKSL4
after elicitation was severely suppressed in the H0155 mutant
compared with wild-type cells (Fig. 4C). The inductive expres-
sion of OsKSL?7 after the elicitation seen in wild-type cells was
also weakened in the HO155 mutant, but the expression levels at
0 h (basal level) and 24 h after the elicitation were rather higher
than that of wild-type cells (Fig. 4D). In addition to expression
analysis of specific genes for phytoalexin biosynthesis, the
upstream gene expression responsible for plastidial gera-
nylgeranyl diphosphate substrate production was also analyzed
in the HO155 cells. The elicitor-induced expression of OsDXS3
in rice, which encodes deoxyxylulose phosphate synthase
involved in the first committed step in the MEP pathway in
plastids, was significantly suppressed in the H0155 mutant (Fig.
4E). GC-MS of diterpene hydrocarbons accumulated after elic-
itation revealed that significant accumulation of 98H-pimara-
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FIGURE 4. Physiological function of AK073715 in momilactone biosynthesis. A, accumulation of momilactones in wild-type and H0O155 mutant cells after
elicitor treatment. B, accumulation of phytocassanes in wild-type and H0155 mutant cells after elicitor treatment. Phytoalexin levels in the culture medium
collected 0, 48, and 72 h after elicitor treatment were determined by LC-MS/MS. The results are the average of at least three independent experiments. Bars,
mean = S.D. C, expression analysis of OsKSL4 in elicitor-treated cells, by gRT-PCR. Total RNA was prepared 0, 6, 12, and 24 h after elicitor treatment. The results
are the average of at least three independent experiments, and values for OsKSL4 mRNA expression were normalized to the expression of the UBQ gene. Bars,
means = S.D. D, expression analysis of OsKSL7 in elicitor-treated cells after qRT-PCR as in C. E, expression analysis of OsDXS3 in elicitor-treated cells after qRT-PCR
as in C. F, GC-MS analysis of accumulated diterpene hydrocarbons in the mutant and wild-type cells after elicitation. Selected ion chromatograms at a
mass/charge ratio of 272 showing 98H-pimara-7,15-diene and ent-cassa-12,15-diene are indicated.

7,15-diene, a precursor for momilactones, was observed only in
the wild-type cells, whereas accumulation of ent-cassa-12,15-
diene, a precursor for phytocassanes, was detected to the same
extent in both the H0155 mutant and wild-type cells (Fig. 4F).
These results suggest that AK073715 is essential for the elicitor-
inductive momilactone biosynthesis through the up-regulation
of OsKSL4 gene expression and has a role in regulation of
OsKSL7 and OsDXS3 expression induced by elicitor treatment,

26514 JOURNAL OF BIOLOGICAL CHEMISTRY

which normally leads to transient production of phytocassanes
after the elicitor recognition. Hence, the AK073715 gene was
designated OsTGAPI (Oryza sativa TGA factor for phytoalexin
production 1). In the NC0005 mutant, both diterpenoid phy-
toalexin production and the biosynthetic gene expression
(OsKSL4) were comparable with that in wild-type cells (supple-
mental Fig. S3), suggesting that AK102690 is unlikely to be
involved in regulating phytoalexin biosynthesis.
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FIGURE 5. A, sequence-specific DNA-binding activity of OsTGAP1. Electro-
phoretic mobility shift assays show the binding of recombinant OsTGAP1
protein to probes (P) containing the TGACG motif (TGACGT), but not to the
mutated probe (Pm, with the TGAC sequence mutated to CCTA). For the
assay, 240 ng of GST-OsTGAP1 were loaded with the probes. Nonlabeled
probe was added in a 250-fold molar excess. B, transactivation activity of
OsTGAP1.The scheme represents effector constructs fused to the GAL4 DNA-
binding domain (GAL4-DBD) and reporter construct. A non-fused construct
was used as a negative control. LUC activity was normalized against that of
Renilla LUC. The bar represents relative LUC activity after 15 h of incubation of
the rice cells with or without elicitor. The data are means = S.D. of three
replicates.

OsTGAPI Requires the TGACG Motif to Bind to the OsKLS4
Promoter and Has Transactivation Capacity—Gel mobility
shift assays revealed that GST-tagged OsTGAP1 could bind the
DNA fragment containing the TGAC-3 region (TGACG motif)
in the OsKSL4 promoter, in a TGACG motif-dependent man-
ner (Fig. 54). We also found that OsTGAP1 functioned as a
transcriptional activator, using a transient assay system in
which the GAL4 binding sequence is fused to LUC as a reporter
and the GAL4 DNA-binding domain is fused to OsTGAP1 as
an effector (Fig. 5B). On the basis of these data, we concluded
that OsTGAP1 regulates momilactone biosynthesis through
positive control of OsKSL4 expression, apparently by directly
binding to the cis-element in the OsKSL4 promoter.

Overexpression of OsTGAPI Enhances Elicitor-inducible Pro-
duction of Phytoalexins—To address the manner in which Os-
TGAP1 regulates expression of phytoalexin biosynthetic genes,
transformed rice plants constitutively expressing OsTGAP1
(fused to a T7 epitope tag) were generated (Fig. 6A). In calli
overexpressing T7-OsTGAP1, low but significant accumula-
tion of momilactones was observed by LC-MS/MS analysis,
without any elicitation (Fig. 6B, inset). Furthermore, Os-
TGAP1-overexpressing lines had enhanced accumulation of
momilactones compared with wild-type cells after treatment
with elicitor (Fig. 6B). Similarly, accumulation of phytocassanes
in the overexpressing line was detected without elicitation (Fig.
6C, inset). When the overexpressing line was treated with the
elicitor, enhanced accumulation of phytocassanes was also evi-
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dent in the overexpressing lines as in hyperaccumulation of
momilactones (Fig. 6C). The level of accumulated phytoalexins
correlated well with the expression level of the T7-OsTGAP1
protein (data not shown). OsKSL4, OsKSL7, and OsDXS3
expression in the OsTGAP1-overexpressing lines was assessed
by qRT-PCR. Although the T7-OsTGAP1-overexpressing lines
exhibited slightly induced expression of these genes without
elicitation (Fig. 6, D—F, inset), a striking induction of expression
was detected in the overexpressing cells compared with wild-
type cells 6 h after elicitation, consistent with the hyperaccu-
mulation of momilactones and phytocassanes in elicitor-
treated T7-OsTGAPL-overexpressing lines. High levels of
mRNA expression of these genes were maintained for at least
24 h after elicitation in the overexpressing lines (Fig. 6, D-F).
These results suggest that OsTGAP1 can influence the biosyn-
thetic pathway for diterpenoid phytoalexins, including the
upstream MEP pathway, at a transcriptional level, eventually
leading to production of a large amount of the elicitor-inductive
diterpenoid phytoalexins.

OsTGAPI Coordinately Regulates the Clustered Genes for
Momilactone Biosynthesis—As previously discussed, the
momilactone biosynthetic genes are organized in a gene
cluster, exhibiting coordinated, inducible expression upon
elicitor treatment. OsTGAP1 overexpression led to consti-
tutive production of momilactones even without elicitation,
indicating that the five momilactone biosynthetic genes,
including OsKSL4, may be coordinately regulated by Os-
TGAP1. To verify this, we analyzed expression of the genes in
the momilactone biosynthetic gene cluster (with neighboring
genes) in both the ostgap1 mutant and the T7-OsTGAP1-over-
expressing lines. Elicited expression of the five momilactone
biosynthetic genes (OsCPS4, OsKSL4, CYP99A2, CYP99A3,
and OsMAS) was severely suppressed in ostgapl cells, whereas
expression of the Os04g0177600 gene (encoding actin protein)
and the Os04g0180900 gene (unknown function), both of which
are located outside the cluster, were virtually unaffected (Fig. 7).
The clustered genes, but not the neighboring genes, were
hyperinductively expressed in the overexpressing cells stimu-
lated by an elicitor (Fig. 7). The results indicate that clustered
genes for momilactone biosynthesis are coordinately regulated
by OsTGAP1.

DISCUSSION

In this study, we identified an elicitor-inducible rice bZIP
transcription factor, OsTGAPI, which is essential for elici-
tor-inducible production of momilactones and which coor-
dinately regulates the expression of all five genes in the
momilactone biosynthetic gene cluster. OsTGAP1 was also
shown to be involved in the transcriptional regulation of
OsKSL7 for phytocassane biosynthesis and OsDXS3 in the
MEP pathway. Overexpression analysis clearly demon-
strated that OsTGAP1 can influence both momilactone and
phytocassane production through up-regulation of both the
biosynthetic genes and the upstream MEP pathway gene
under the elicitor treatment. Since OsTGAP1 expression
itself is induced by treatment with a chitin oligosaccharide
elicitor, OsTGAP1 would be a crucial master regulator that
controls the inducible expression of biosynthetic genes and
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FIGURE 6. Phytoalexin accumulation in T7-OsTGAP1-overexpressing lines. A, immunoblot analysis of T7-OsTGAP1-overexpressing lines using an anti-T7
antibody. Two overexpressing lines with different expression levels are indicated. Shown is LC-MS/MS analysis of momilactone (B) and phytocassane (C)
production in T7-OsTGAP1-overexpressing lines after elicitation. Phytoalexin accumulation before elicitation is indicated in the inset. qRT-PCR analyses
indicate constitutive expression of the OsKSL4 gene (D) and OsKSL7 (E) in the overexpressing lines without elicitation (inset). Hyperinduction of OskSL4 and
OsKSL7 expression is observed in the overexpressing lines after elicitation. F, expression of OsDXS3 involved in production of the geranylgeranyl diphosphate
substrate through the MEP pathway, which is located upstream of the momilactone biosynthetic pathway in plastids. The expression profiles at the indicated
time points after elicitation in wild-type and T7-OsTGAP1-overexpressing lines were determined by gRT-PCR. Expression levels are shown relative to the levels
of the UBQ gene (n > 3).
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Phylogenetic analysis showed that OsTGAP1 is located close
to the node, including Arabidopsis OBF4/TGA4 (sharing 58%
amino acid identity), which has been shown to positively regu-
late basal resistance in Arabidopsis (31). The similarity sug-
gested that OsTGAP1 may function in the defensive response
in rice. As a result of a homology search using the RICE cDNA
data base and the Knowledge-based Oryza Molecular Biological
Encyclopedia (KOME; available on the World Wide Web), at
least 13 TGA-type transcription factor genes are expressed in
rice. Of these 13, only three genes, including OsTGAPI, were
selected as having elicitor responsiveness by our microarray
analysis. Thus, our attempt to narrow down the candidate elic-
itor-inducible TGA factors regulating the OsKSL4 expression
using the microarray data was apparently valid in this case.

We used the rice Tos17 insertion mutant H0155 for physio-
logical analysis of OsTGAPI. Although a genetic complemen-
tation test of HO155 has not yet been carried out, the phenotype
of the mutant is most likely linked to a mutation of the Os-
TGAPI locus, because four ostgapl/ostgapl homozygous
plants that we tested, segregated by self-pollination of a het-
erozygous OsTGAPI/ostgapl plant, all exhibited the momilac-
tone phenotype. Loss-of-function analyses showed that Os-
TGAP1 was responsible for elicitor-inducible production of
momilactones and the expression of the biosynthetic gene.
Because accumulation of momilactones 48 h after the elicita-
tion, but not phytocassanes, was affected by the OsTGAPI
mutation, OsTGAPI was shown to exert a strong influence on
momilactone biosynthetic gene expression; in fact, OsKSL4
gene expression was severely suppressed up to 24 h after elici-
tation in the ostgap1 mutant, whereas OsKSL7 expression in the
mutant was still observed 6 h after the elicitation, which was
about 50% suppression compared with the expression level in
wild-type cells. Moreover, the basal level of OsKSL7 expression
was detected in the mutant without elicitation. Although why
the basal level of OsKSL7 expression in the ostgapl mutant
increases is unknown at present, this constitutive OsKSL7
expression with slight up-regulation is consistent with the
accumulation of phytocassanes in the ostgapl mutant (Fig. 4, B
and D). With regard to expression of OsDXS3 in the upstream
MEP pathway, significant but incomplete suppression of
OsDXS3 gene expression was detected in the ostgapl mutant
after elicitation. Thus, the inductive expression of momilactone
biosynthetic genes appears to be regulated by OsTGAP1 in a
manner different from that of OsKLS7 and OsDXS3 gene
expression.

The ostgapl mutant also showed that all five genes for momi-
lactone biosynthesis in the cluster were regulated by OsTGAP1
upon elicitor treatment, whereas expression of genes located
outside of the cluster (Os04g0177600 and Os04g0180900) was
virtually unaffected. Coordinated regulation of the clustered
genes for momilactone biosynthesis by OsTGAP1 was also
shown using T7-OsTGAP1-overexpressing lines. These results
imply that the OsTGAP1 has a profound effect on regulating
the gene cluster for momilactone biosynthesis.

We found that OsTGAP1 overexpression can also influence
transcriptional up-regulation of the phytocassane biosynthetic
gene (OsKSL?7) and the MEP pathway gene (OsDXS3) under
elicitation, eventually leading to diterpene phytoalexin produc-
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tion. Since OsTGAP1 was shown to function as a transcrip-
tional activator (Fig. 5B), OsTGAP1 may be able to influence
expression of these genes by binding to their regulatory ele-
ments. In fact, several TGACG motifs can be found in the pos-
sible promoter regions of OsKSL7 and OsDXS3 (supplemental
Fig. S4). Although the physical binding of OsTGAP1 to the
regulatory elements remains to be demonstrated, our data sup-
port the idea that OsTGAP1 could be the master regulator for
the production of diterpenoid phytoalexins and transcription-
ally controls both phytoalexin biosynthetic genes and the
upstream MEP pathway gene responsible for supplying gera-
nylgeranyl diphosphate, the precursor of diterpene phytoalex-
ins, after elicitor recognition.

Determining how OsTGAP1 synchronously controls expres-
sion of the clustered genes for momilactone biosynthesis will
also be important. A survey of TGACG motifs existing in the
broad region encompassing the clustered genes revealed more
than 100 possible TGACG motifs that could be occupied by
OsTGAPI1. However, we also found that a large number of
TGACG motifs exist in other regions extending from the
momilactone cluster in both directions, indicating that the pos-
sible promoter regions (~3 kb) of not only the five momilac-
tone biosynthetic genes but also non-elicitor-inducible genes
contain TGACG-motifs (supplemental Fig. S4). Therefore,
OsTGAP1 may bind to the putative promoter regions of all
clustered genes to regulate their expression, but it is also possi-
ble that OsTGAP1 regulates expression of the clustered genes
for momilactone biosynthesis by unknown mechanisms other
than binding to all TGACG motifs existing in promoter
regions of the clustered genes. Confirmation of OsTGAP-
binding sites on the momilactone biosynthetic gene cluster
would be the next step leading to understanding of the reg-
ulation mechanism.

Overexpression of T7-OsTGAP1 also revealed that Os-
TGAP1 itself was not sufficient to fully activate the expres-
sion of genes for diterpenoid phytoalexin biosynthesis. This
may suggest that a posttranslational modification of Os-
TGAP1 and/or the involvement of an unknown protein fac-
tor that synergistically functions with OsTGAP1 upon elici-
tor treatment can explain the elevated activation of
biosynthetic gene expression (Fig. 6, D—F). Redox regulation
of Arabidopsis TGA1 has been shown to modify the activity
of this protein (37) and might also represent a way to modify
OsTGAP1 activity. However, cysteine residues that are
involved in TGA1 redox control are not conserved in Os-
TGAP1 (supplemental Fig. S1), suggesting that this is not the
case for OsTGAP1 modification. Identification of unknown
factors, which are required to modulate gene expression for
diterpenoid phytoalexin biosynthesis with OsTGAP1, would
provide potential clues for understanding the mechanisms of
OsTGAPI1-based regulation. Although the way in which
OsTGAP1 coordinately transactivates all genes involved in
diterpenoid phytoalexin production, including the momilac-
tone biosynthetic gene cluster, is currently unknown, our
results provide evidence for the presence of an effective
coordinated regulation system by OsTGAP1 to produce
defensive compounds in rice.
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