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Phytoalexin production by amino acid conjugates of jasmonic acid
through induction of naringenin-7-O-methyltransferase, a key enzyme on
phytoalexin biosynthesis in rice (Oryza sativa L.)
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Abstract Amino acid conjugates of jasmonic acid are found to
elicit production of the flavonoid phytoalexin, sakuranetin in rice
leaves. The elicitation is shown to arise from induction of
naringenin 7-O-methyltransferase, a key enzyme of sakuranetin
biosynthesis. The (—)-phenylalanine conjugate, one of the active
compounds, is characterized by high activity for both sakuranetin
and enzyme induction and low phytotoxicity against rice growth.
Both (+)-enantiomers of the conjugates and free amino acids do
not show any activity. The amino acid conjugate of jasmonic acid
is speculated to be the later component in the signaling
transduction chain in stressed rice plants.
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1. Introduction

Jasmonic acid (JA, 1) has been shown to be a signaling
compound which elicits the production of second metabolites
including defensive metabolites in plants [1,2]. One of the
most important defensive metabolites synthesized in plants
against pathogen attack is the accumulation of antimicrobial
compounds called phytoalexins. We have been studying rice
plant phytoalexins and have characterized some antimicrobial
compounds including oryzalexins [3] and sakuranetin (10) [4].
Among these rice plant phytoalexins, the flavonoid compound
sakuranetin (10) is considered to be the most important be-
cause of its high antimicrobial activity and large accumulation
in and around infection sites [4]. Our recent results show that
this phytoalexin production is mediated by an endogenous
production of JA (1), and that the phytoalexin production is
strongly elicited by exogenously applied JA (1) in rice leaves
[5].

Up to now, many JA related compounds have been isolated
from various plants, for example dihydro-JA (DHJA, 2), 7-
iso-cucurbic acid (7-iso-CA, 3), tuberonic acid, 12-oxo-phyto-
dienoic acid (12-oxo-PDA), JA amino acid conjugates and JA
glucosyl ether [6]. Recent results [7,8] show that 12-0x0-PDA,
an important biosynthetic precursor of JA, is also active in
second metabolite production in cell suspension cultures, and
that JA amino acid conjugates are implied to work as inter-
mediates in the octadecanoid signaling pathway leading to
production of volatile [9].

These results indicate that the elicitation process is not only
controlled by JA (1) and emphasize the importance of the
activity by JA related compounds.

Although the role of JA (1) in secondary metabolite pro-
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Fig. 1. Structures of JA (1) and its related compounds, DHJA (2),
7-iso-CA (3), alcohol derivative of JA (4), (—)-isoleucine conjugate
(5), (—)-phenylalanine conjugate (6), (—)-leucine conjugate (7) and
(—)-tryptophan conjugate (8).

duction including phytoalexin accumulation has been estab-
lished, there is relatively less information on events after the
rapid release of JA (1) in the stressed plant. To investigate the
true component that concerns most closely the rice phytoalex-
in production among JA related compounds including its me-
tabolites, is one of the most important subjects for a deeper
understanding of rice plant defense mechanisms.

Here, we describe the activities of JA related compounds
including JA amino acid conjugates (Figs. 1 and 2) on phy-
toalexin production in rice leaves, and also describe the induc-
ing activity of these compounds for the naringenin 7-O-
methyltransferase (NOMT), a key enzyme of phytoalexin bio-
synthesis in rice plants [10].

2. Materials and methods

2.1. Chemicals

JA (1) was prepared by de-esterification of methyl jasmonate (Har-
mann and Reimer, Holzminden, Germany) and successive enantio-
meric separation was done as described [11]. DHJA (2) was synthe-
sized from 2-pentyl-2-cyclopenten-1-one according to a previously
described method [12]. 7-Iso-CA (3) was prepared from JA as de-
scribed [13]. The alcohol derivative (4) [14] was prepared from methyl
jasmonate in three steps. Amino acid conjugates of JA, N-[(—)-jasmo-

OH
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Fig. 2. Structures of naringenin (9) and sakuranetin (10).
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Fig. 3. Sakuranetin (10) production in rice leaves by JA (1) and its related compounds at 72 h after treatment. Sakuranetin production is calcu-
lated as relative activity to JA (1) (JA=100). (A) Activities of JA (1) and its analogues DHJA (2), 7-iso-CA (3), alcohol derivative of JA (4).
Compounds tested are racemic mixtures. (B) Activities of (—)-JA (1) and amino acid conjugates of JA [(—)-isoleucine conjugate (5), (—)-phenyl-
alanine conjugate (6), (—)-leucine conjugate (7) and (—)-tryptophan conjugate (8)]. Compounds in A and B were tested at 500 uM.

noyl}-S-isoleucine (5), N-[(—)-jasmonoyl]-S-phenylalanine (6), N-[(—)-
jasmonoyl]-S-leucine (7), N-[(—)-jasmonoyl]-S-tryptophan (8) and cor-
responding (+)-enantiomers were synthesized according to a pre-
viously described method [15]. Sakuranetin (10) was obtained by the
selective methylation of naringenin (9, Aldrich) as described [16].

2.2. Plant material
Rice plants (Oryza sativa L. Nipponbare) were cultivated and used
as described previously [5].

2.3. Elicitation for sakuranetin and induction of NOMT

Droplets (20 pl) of a test solution were applied to press injured
spots on rice leaves. After an appropriate incubation period, sakur-
anetin was extracted as described [5]. After purifying by Sep-Pak
Light Silica Cartridge (Waters), sakuranetin was analyzed by HPLC
(column, LichroCART, RP-C18, Merck; solvent, methanol:
water = 6:4; detection, UV at 285 nm). The retention time of sakur-
anetin (10) was 8.0 min as elutant at a flow rate of 1.0 ml/min. The
NOMT assay was performed as described previously [10].

2.4. Bioassay for phytotoxic activity against shoot elongation of rice
Samples in acetone were put on filter paper (5.5 cm diameter) in a
petri dish. After the acetone had evaporated, 3 ml of water was added.
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Four germinated seeds of rice (Oryza sativa L. Nipponbare) were
placed on the filter paper and kept at 25°C under fluorescent light.
After 7 days, the shoot lengths of the rice plant were measured and
the inhibition percentages were calculated against control.

3. Results

3.1. Induction of sakuranetin and NOMT with JA related
compounds.

The amounts of sakuranetin (10) in rice leaves treated with
JA (1) and JA related compounds, are summarized in Fig. 3A.
Other than JA, only DHJA (2) elicits sakuranetin production,
i.e. the carboxylic acid group and carbonyl group turn out to
be crucial for the activity and the olefinic double bond in the
side chain is needed for high activity in JA (1). These results
lead to the conclusion that structural variation is strictly lim-
ited in JA (7). In contrast to these low activities of JA related
compounds (2—4), the amino acid conjugates (5-7) show very
high activities (Fig. 3B). It is notable that the phenylalanine
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Fig. 4. Time (A) and dose (B) dependent production of sakuranetin (10) in rice leaves by (—)-JA (1) (0) and (—)-phenylalanine conjugate (6)

(®). In A, compounds were tested at 500 uM.
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Fig. 5. Induction of NOMT in rice leaves by (—)-JA (1) and amino
acid conjugates of JA [(—)-isoleucine conjugate (5), (—)-phenylala-
nine conjugate (6), (—)-leucine conjugate (7) and (—)-tryptophan
conjugate (8)]. Compounds were tested at 500 uM.

conjugate (6) and leucine conjugate (7) show significantly
higher activities (about 35% increase) in sakuranetin (10) pro-
duction than JA (1). The production of sakuranetin (10) by
the phenylalanine conjugate (6) is time and dose dependent,
and its increasing curve of phenylalanine conjugate (6) is al-
most identical with that of JA (1) as previously observed [5]
(Fig. 4), and the phenylalanine conjugate (6) shows higher
activity than JA (1). The threshold concentration was ca. 20
pM for the production of sakuranetin (10) (44 ng/wound,
3 times as much as control) and the accumulation can be
identified about 24 h after elicitation. The (+)-enantiomers
of the conjugates of JA and free amino acids (Phe, Ile, Leu
and Trp) do not show activities (data not shown).

We have already shown that NOMT is a key enzyme in the
biosynthesis of sakuranetin (10), because this enzyme cata-
lyzes the conversion of the non-antifungal naringenin (9)
into the highly antifungal sakuranetin (10) [4,10]. As shown
in Fig. 5, the isoleucine (5), phenylalanine (6) and leucine (7)
conjugates result in an increase of NOMT induction as by JA
(1), while the tryptophan conjugate (8) results in a consider-
ably lower induction. It is emphasized that these conjugates,
especially the phenylalanine conjugate (6), induce NOMT
more strongly than JA. This observation on NOMT induction
is in agreement with that of sakuranetin (10) production. This
accordance clearly suggests that these amino acid conjugates
exhibit the same abilities as signaling compound in the elicita-
tion process as shown by JA (1).

3.2. Phytotoxicities of amino acid conjugates of JA

It is well known that exogenously applied JA (1) causes not
only phytoalexin production but also a variety of physiologi-
cal reactions, e.g. growth inhibition [17]. Among the JA ami-
no acid conjugates, the isoleucine (5) and phenylalanine con-
jugates (6) turned out to be less toxic as compared to JA (1),
but the leucine conjugate (7) is as toxic as JA (1) against rice
shoot growth (Fig. 6). Considering the results on sakuranetin
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production, conjugates 5 and 6 prove to be selective only for
the elicitation activity.

4. Discussion

Although the release and increase of JA (1) occurs early
and rapidly in the stressed plant, its observed defense reac-
tions were relatively late, suggesting that further metabolism
for the conversion of JA (1) was needed to furnish the signal
transduction pathway [1,7,9,18,19]. A similar time lag between
the rapid increase of JA (1) and the following slow reaction
was observed in phytoalexin production in rice leaves, i.e. a
rapid increase of JA (1) within 6 h after the addition of an
elicitor, followed by accumulation of sakuranetin (10) after 24
h [5,20]. The observation that JA (1) returns to normal levels
after a rapid increase indicates that JA (1) is either rapidly
metabolized to an inactivated form or converted to the other
functional compounds in the signal transduction chain. Up to
now, some metabolites of JA have been found in plants, e.g.
amino acid conjugates and glucosyl ether, but their physiolog-
ical importance has been explored less [6]. Thus we synthe-
sized four varieties of JA amino acid conjugates which are
found in plants [6], and investigated their abilities on the
elicitation mechanism in rice plants.

Our present results reveal the importance of amino acid
conjugates of JA on phytoalexin production in rice plants,
and demonstrated that these conjugates induce NOMT, a
key enzyme in phytoalexin biosynthesis. Besides the induction
of NOMT, more than 10 proteins are induced by JA (1) which
are also induced by the phenylalanine conjugate (6) in rice
leaves, which indicates the potential of the amino acid con-
jugates in regulating gene expression (Rakwal et al., in prep-
aration). These results are consistent with the recent specula-
tion that JA amino acid conjugates may work as important
intermediates in the signaling pathway on the production of
volatiles [9]. In contrast to these active conjugates, the trypto-
phan conjugate (8) shows less activity for sakuranetin produc-
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Fig. 6. Phytotoxic activities of (—)-JA (1) (0) and amino acid con-
jugates of JA [(—)-isoleucine conjugate (5) (m), (—)-phenylalanine
conjugate (6) (@), (—)-leucine conjugate (7) (O)] against rice shoot
growth.
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tion and NOMT induction, suggesting that conjugate 8 may
be an inactivated or stored form of JA (1) in rice plants.

From the results on the inhibitory activities of amino acid
conjugates on rice plant growth, phytotoxicity turns out to be
dependent on the variety of amino acid. The phytotoxicity of
the isoleucine (5) and phenylalanine conjugates (6) is very
small and this result contrasts with the high elicitation activity
in sakuranetin production of these conjugates. As JA (1) is a
small and highly flexible molecule, it will interact with more
than one receptor and produce a variety of biological re-
sponses, i.e. phytotoxicity, when it is applied exogenously to
the plant. In contrast, the isoleucine (5) and phenylalanine
conjugates (6) may fix their shape into a more rigid and suit-
able conformation to fit only the target receptor site that leads
to the sakuranetin production more readily.

Although the phenylalanine conjugate (6) is even more po-
lar than JA (1) [15] and seems less absorbable into the plant
cell by crossing the fatty cell membranes than JA (1), it shows
significantly higher activity for NOMT induction than JA (1)
and leads to sakuranetin production as early as JA (1) after
the treatment. These results strongly suggest that amino acid
conjugates of JA have to be taken into consideration as the
next functional compounds in the signal transduction chain in
rice plants, although JA (1) is an exact signaling compound in
the early transduction chain in plants.

Our recent results and previous results [8,9] which suggest
the importance of the precursors and metabolites of JA enable
us to propose an inclusive understanding that these JA related
compounds may be working as a cluster of functional com-
pounds in the signal transduction chain in plants. Further
synthesis and physiological investigations on the amino acid
conjugates of JA will give not only compounds with higher
elicitation activity, but also information about their integral
role in the signal transduction chain in plants.

In conclusion, our results demonstrate that (i) amino acid
conjugates of JA (1) are able to elicit phytoalexin accumula-
tion, (ii) these conjugates are also able to induce NOMT, a
key enzyme in phytoalexin production, (iii) especially the
phenylalanine conjugate (6) shows considerably higher activity
than JA on NOMT induction, (iv) the variety of amino acid
is highly specific to these activities, and suggest that these
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conjugates may play an important role in the signaling trans-
duction system in stressed rice plants.
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