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Stimulated by Blast Fungus Elicitor II.
Participation of Calcium Modulated Protein™
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The effects of molecular probes on the dynamic behaviours of OF generation and a-
linolenate release from rice (Oryza sativa) blade tissue preparations with press-injured spot
(2 mm), pre-treated with the molecular probes and post-stimulated with blast fungus (Pyri-
culavia oryzae) elicitor, were further surveyed. Compound W-7 or ophiobolin A, potent in-
hibitors on the function of CaM (calmodulin), strongly inhibited both OF generation at 10 um
and a-linolenate release at 500 um after the elicitor stimulation. The comparative coupled-
enzymic analysis on the behaviour of free CaM in the healthy or infected rice blades with blast
fungus conidia revealed an immediate decrease of free CaMl by the infection. TPA (10 pm),
an agonist of diacylglycerol for proteinkinase C, did not activate both parameters with the
elicitor stimulation, although TPA (10 gm) markedly activated the c-linolenate release at
the later phase with the stimulation. The application of H-7 (1 mm) or staurosporin (10 pena),
unspecific inhibitors on proteinkinases, inhibited the Oj generation, but staurosporin (50 um)
activated the a-linolenate release at the later phase and H-7 (1 mu) inhibited the a-linolenate
release after the elicitor stimulation. The application of 1,2-benzisothiazol-3(2H)-one 1,1-
dioxide (I mm) with the elicitor stimulation further activated the O7 generation and markedly
activated the o-linolenate release at the later phase. The lines of evidence strongly bore out
the suggestion that the formations of Ca?MPs (Ca?+-calcium modulated proteins), which
signal-coupled with the operation of phospholipase C system, play an indispensable role in

activating rice blade OF forming redox system and phospholipase As.

INTRODUCTION

In the previous paper,” it was postulated
that the signal-activated phospholipase C
system as a transmembrane signalling system

*1 Causal Analysis of Reaction Cascades in the
Induced Defense Mechanisms of Rice Plants
(Part XIII). For Part XII, see Ref. 1).

The outline of this work was given at the
Annual Meeting of Pesticide Science Society
of Japan, Machida, Tokyo, March 1990.

#2 Present address: Yokohama Research Center,
Chisso Corp., Kanazawa-ku, Yokohama 236,
Japan.

*3 To whom correspondence should be addressed.

is operating at rice (Oryza sativa) blade cells
stimulated by blast fungus (Pyricularia oryzae)
elicitor, and that the O generation and a-linole-
nate release, the two earlier biochemical events
activated by the elicitor stimulation, reveal a
strong dependency on the mobilization of Ca**
from Ca?* stores by IPs (inositol 1,4,5-tri-
sphosphate). It has been established in animal
cells that diacylglycerol, one of the products
from plasma membrane PIP: (phosphatidyl-
inositol 4,5-bisphosphate) by the signal-ac-
tivated phospholipase C, plays an indispens-
able role in activating proteinkinase C as an
agonist of Ca?* and that the phosphorylation
of proteinic regulatory factors by proteinkinase
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C activates O forming redox system and
phospholipase A:** In this study, we at-
tempted to survey the relationships between
Ca®™ as a second messenger and the two pa-
rameters, OF generation and o-linolenate
release from rice blade tissue stimulated by
blast fungus elicitor, using several molecular
probes as in the previous paper.?

MATERIALS AND METHODS

1.  Reagents '

W-7; N-(6-aminohexyl)-5-chloro-1-naph-
thalenesulfonamide HCI, ophiobolin A and
staurosporine were purchased from Sigma.
TPA; 12-0-tetradecanoylphorbol-13-acetate,
was purchased from LC Services Co./Funakoshi
Chemical Co., Ltd. (Tokyo). H-7; 1-(5-iso-
quinolinesulfonyl) - 2 - methylpiperazine ~2HCI
was purchased from Seikagaku Kogyo Corp.
(Tokyo). CaM (calmodulin) dependent phos-
phodiesterase (bovine heart muscle), alkaline
phosphatase (calf intestine), adenosine de-
aminase (calf intestine), authentic CaM
(porcine brain) and cyclic adenosine-3’,5'-
monophosphate were purchased from Boehring-
er Mannheim Yamanouchi Co., Ltd. (Tokyo).
SAC-Na (1,2-benzisothiazol-3(2H)-one  1,1-
dioxide sodium salt) was obtained from Wako-
junyaku Co., Ltd. (Tokyo). Other reagents
used were the highest grade commercially
available.

2. Plant Material and Blast Fungus Elicitor
Those were the same as described in the
previous paper.?’

3. Application of Chemicals, Stimulation by
Blast Fungus Elicitor and Determination of

05 Generation and o-Linolenate Release
Those were also the same as described in the
previous paper.” The aqueous solution of
staurosporine was prepared by diluting 20 mm
staurosporine dimethylsulfoxide solution with
deionized water. The application of 0.5%
dimethylsulfoxide aqueous solution (5 ul) onto
the 2 mm press-injured spot did not interfere
with the both parameters. The aqueous solu-
tion of TPA was prepared by diluting 10 mm
TPA ethanol solution with deionized water.
The aqueous solution of ophiobolin A was
prepared by diluting 50 mM ophiobolin A

ethanol solution with deionized water. The
application of 19, ethanol aqueous solution (5
#1) onto a 2 mm press-injured spot did not
interfere with the both parameters.

4. Determination of CaM in Rice Blade

Rice seedlings at four-leaf stage were inocu-
lated by spraying of blast fungus conidial
suspension (3 X 10° conidia/ml) for the infected
run, and were sprayed with sterile water for
control run. The sample was respectively
taken in time-course schedule. The total
CaM was extracted in the presence of 5 mm
EDTA and 5mM EGTA to dissociate com-
plexes of Ca**-CaM and proteins using 50 mm
Tris-HCI buffer solution (pH 7.5) under homog-
enizing with Biotron (BT 10/20-3500, Switzer-
land). The free CaM was extracted in the
absence of EDTA and EGTA using the same
buffer under homogenizing. After the re-
moval of accompanied proteins by treatment
with 59, trichloroacetic acid® and Bond Elut
DEAE cartrige (Analitychem International
Co.), CaM was quantitatively determined by
coupled-enzymic assay using CaM dependent
phosphodiesterase (bovine heart muscle).” The
coupled-enzymic assay system consisted of
three species of enzymes, CaM dependent
phosphodiesterase, alkaline phosphatase and
adenosine deaminase. And the decrease of
absorbance at 265 nm, which corresponded to
the decrease of adenosine, was consistent with
phosphodiesterase activity depending on the
amount of CaM. The amount of rice blade
CaM, equal to 1 pg of the authentic CaM, was
defined to 1 unit.

RESULTS

1. Effects of W-7 and Ophiobolin A on Both of
the Parameters
The effects of W-7 or ophiobolin A, inhibitors
on the function of CaM,!® on both the
parameters, O; generation and a-linolenate
release, are respectively shown in Figs. 1 and
2. It was observed that W-7 (10 gm) and
ophiobolin A (10 gm) strongly inhibited the-
O7 generation after the elicitor stimulation and
that W-7 (500 gm) and ophiobolin A (500 )
inhibited the «-linolenate release after the
elicitor stimulation. It was noted that the
signal-coupled activation of O forming redox
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Fig. 1 Effects of W-7 on O generation and o-
linolenate release from 2 mm press-injured rice
blade tissue stimulated by blast fungus elicitor.
O5 FS activity; activity of O forming redox
system in terms of O.D.s nm-ml-l.min—!.mg
fresh weight—!. PLA, activity; activity of
phospholipase A; in terms of relative fluorescence
intensity at 540 nm.min—t.mg ifresh weight-!.
Refer to the previous report? regarding the de-
tails of determinations on two parameters and
control runs without the application of chemical.
0: 2 mm press-injury with application of 5-ul of
10 um or 500 pm W-7 (control), @: application of
‘W-7 and additional stimulation by blast fungus
elicitor. The arrow indicates the time of stimula-
tion. The similar patterns were observed in
duplicated measurements.

system was more sensitive to both W-7 and
ophiobolin A than the activation of phospho-
lipase A..

2. Dynawmic Behaviowr of CaM in Rice Blade
Tissue Infected by Blast Fungus Conidia

The content of total CaM in healthy or
infected rice blades was approximately 0.4
units/g fresh weight, and did not respectively
undergo an appreciable change by the infec-
tion in time-course experiments (data not
shown). It seemed likely that the contents of

Time after

press—injury (h)

Fig. 2 Effects of ophiobolin A on Oj generation
and «-linolenate release from the press-injured
rice blade tissue.

O: 2 mm press-injury with application of 5 ul
of 10 um or 500 um ophiobolin A (control), @:
application of ophiobolin A and additional
stimulation by blast fungus elicitor. The arrow
indicates the time of stimulation. The similar
patterns were also observed in duplicated
measurements.

total CaM in rice blade tissue might be lesser
than in other plants and animal tissues. It
has been reported that the content is about
4 units/g in spinach leaf tissue'* and 400-600
units/g in rat brain tissue.® The dynamic
behaviour of free CaM in healthy or infected
rice blade with a compatible race (HOKU
373)V is shown in Fig. 3. It was observed
that the behaviour of free CaM in healthy
rice blades might reveal a pattern in normal
growth and that the behaviour of free CaM
in infected rice blade revealed the immediate
decrease of free CaM down to about 0.05
units/g fresh weight 1 day after spray inocula-
tion of blast fungus conidia.

3. Effects of TPA on Both of the Pavameters
The effects of TPA, potent activator on
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Fig. 3 Dynamic behaviour of free CaM in rice
blade tissue inoculated with blast fungus conidia.
The conidia of compatible blast fungus race
(HOKU 373) was inoculated by usual spray-
method. As for coupled enzymatic analysis of
CaM, see MATERIALS AND METHODS. O: healthy
run, @: infected run. The similar behaviours
were observed in duplicated experiments.
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Tig. 4 Effects of TPA on O generation and o-
linolenate release from the press-injured rice
blade tissue.

0O: 2 mm press-injury with application of 5 pl of
10 pm TPA (control), @: application of TPA and
additional stimulation by blast fungus elicitor.
The arrow indicates the time of stimulation. The
similar patterns were observed in duplicated
measurements.

proteinkinase C,"”***> on both the parameters
are shown in Fig. 4. It was observed that
TPA (10 gm) did not activate the O; genera-
tion even after elicitor stimulation and that
TPA (10 pm) inhibited a-linolenate release at
the earlier phase but markedly activated o-
linolenate release at the later phase with
elicitor stimulation.

4. Effects of H-7 and Stawrosporine on Both
of the Parameters

The effects of H-7 or staurosporine, un-
specific inhibitors on proteinkinases,**® on
both the parameters are respectively shown in
Figs. 5 and 6. It was observed that H-7 (I mm)
and staurosporine (100 pMm) inhibited Os gen-
eration after elicitor stimulation, that stauro-
sporine (50 M) rather activated a-linolenate
release at the later phase after elicitor stimula-
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Fig. 5 Effects of H-7 on OF generation and a-
linolenate release from the press-injured rice
blade tissue.

0: 2 mm press-injury with application of 5 ul of
1 mm H-7 (control), @: application of H-7 and
additional stimulation by blast fungus elicitor.
The arrow indicates the time of stimulation. The
similar patterns were observed in duplicated
measurements.
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Fig. 6 Effects of staurosporine on Oj genera-
tion and o-linolenate release from the press-
injured rice blade tissue.

0: 2 mm press-injury with application of 5 ul of
100 um or 50 M saturosporine (control), @:
application of staurosporine and additional stim-
ulation by blast fungus elicitor. The arrow
indicates the time of stimulation. The similar

patterns were also observed in duplicated
measurements.
tion, and that H-7 (1 mwm) inhibited o-

linolenate release after elicitor stimulation.

5. Effects of SAC-Na on Both of the Pa-
rameters

The effects of SAC-Na, an activator on the
O; generation from rice blade tissue infected
by blast fungus,*>* on both the parameters
are shown in Fig. 7. It was observed that
SAC-Na (1 mM) alone gave an moderate ac-
tivation on OF generation at earlier phase
when applied to the press-injured spots, and
that elicitor stimulation further activated and
shifted the O; generation towards the earlier
phase. It was also observed that SAC-Na
(1 mm) alone might slightly activated that «-
linolenate release, and that the elicitor stimula-
tion markedly activated the release at the
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Fig. 7 Effects of SAC.Na on OF generation and
a-linolenate release from the press-injured rice
blade tissue.

O: 2 mm press-injury with application of 5 gl of
1 mm SAC-Na (control), ®: application of SAC.
Na and additional stimulation. The similar
patterns were observed in duplicated measure-
ments.

later phase (Fig. 1A and 1B in Part XII?V).
DISCUSSION

Using press-injured rice blade tissue stim-
ulated by purified blast fungus elicitor,”
the relationships between Ca®** as the second
messenger and the activation of two parame-
ters, the Oj generation and «a-linolenate
release, were surveyed.

Both W-7 (10 uM) and ophiobolin A (10 um),
potent inhibitors on a function of CaM,**®
strongly inhibited the signal-coupled O; gen-
neration (Figs. 1 and 2). The free CaM (0.03
units/g fresh weight; 7.59% of total CaM) of
rice blade tissue decreased 1 day after spray
inoculation of blast fungus conidia (Fig. 3).
This revealed that free CaM was mobilized to
form Ca*-CaM by blast fungus infection.
Both W-7 (500 um) and ophiobolin A (500 xm)
also strongly inhibited the signal-coupled «-
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linolenate release (Figs. 1 and 2). The pres-
ence of plant CaM®*® and Ca*"-CaM dependent
proteinkinase linked with the activation of
phospholipase in potato leaves have been re-
ported.?” * The lines of evidence indicated that
both activation of O; forming redox system
and phospholipase A: in elicitor-stimulated
rice blade cells are strongly dependent on the
formation of Ca?*-MP (Ca**-calcium modulated
protein), which includes Ca**-CaM and/or Ca®**-
CDPK (Ca** dependent proteinkinase).?®

TPA (10 pM) potent activator on protein
kinase C,'**® inhibited both the O7 genera-
tion and a-linolenate release at earlier phase
after elicitor stimulation (Fig. 4), suggesting
that proteinkinase C might not participate in
the activation of rice blade OF forming redox
system and phospholipase A: at earlier phase
after elicitor stimulation. And both H-7 (1
mm) and staurosporine (100 pMm), unspecific
inhibitors on proteinkinase,***® inhibited the
O7 generation. And H-7 (1 mm) markedly
inhibited «-linolenate release, and stauro-
sporine (50 M) moderately inhibited o-lino-
lenate release at earlier phase implying that
the phosphorylation reactions might be in-
volved in the activation of Oy forming redox
system and phospholipase A. (Figs. 5 and 6).
The lines of evidence revealed that both the
activations of OF forming redox system and
phospholipase A: of elicitor-stimulated rice
blade cells are strongly dependent on Ca**-
CaM dependent proteinkinase andfor Ca**-
CDPK.?2» It has been reported that the
activity of Dunaliella-CDPK is inhibited by
relatively higher doses of CaM-inhibitors®’ and
that soybean-CDPK has a regulatory domain
which is 409, identical to plant calmo-
dulin. 2627

It was noted in this study that elicitor-
stimulated activation of phospholipase A: in
rice blade cells was relatively insensitive to
Ca?* channel blockers (Fig. 7 in Part XII?) and
also to inhibitors on the formation of Ca**-
CaM (Figs. 1 and 2). It has been known that
the formation of Ca**-CDPK is relatively
insensitive to inhibitors on the formation of
Ca?*-CaM.? This bears out a hypothesis
that the signal transduction system from
opening of Ca? channel to activation of
phospholipase A: might utilize a molecular

species of Ca**-CDPK. As previously re-
ported,” the presence of Ca®* channel in rice
blade cells, that was relatively insensitive to
three blockers, was also indicated (Fig. 7 in
Part XIIP). Further studies are required to
elucidate the presence and characteristics of
Ca** channels and Ca**-MPs participating in
the coupling between the transmembrane
signalling system and two intracellular sig-
nalling systems, which are thought to in-
dividually activate the two parameters used
in this study, OF generation and phospholipase
A,

It was also noted in this study that TPA
(10 pM), an agonist of diacylglycerol, marked-
ly activated the o-linolenate release at the
later phase after the elicitor stimulation (Fig.
4). The similar tendencies to the later activa-
tion were observed by the application of neo-
mycin (1 mm),” an inhibitor on PI (phosphati-
dylinositol) turnover, or staurosporine (50 pm),
an inhibitor on proteinkinases (Fig. 6). Inter-
estingly, the single applications of these three
molecular probes also gave similar tendencies
to the later activation (Fig. 2 in Part XII* and
Figs. 4 and 6 in this report), although the correct
explanation of these phenomena is not availa-
ble at present. It has been reported that the
activities of PI kinase and PIP (phosphatidyl-
inositol 4-phosphate) kinase at plasma mem-
brane of tobacco suspension culture cells are
regulated by a negative feedback inhibition
due to the increasing of cytosolic Ca?*+.2® It
has been reported that the signal-coupled ac-
tivation of phospholipase C in animal cells is
also indirectly regulated by a negative feed-
back inhibition due to the increase of diacyl-
glycerol,*®*> and that the presence of alterna-
tively signal-activated phospholipase A: sys-
tem, which was positively regulated by the
increase of diacylglycerol, is postulated.2®%
When the presence of similar signal-activated
phospholipase A. system in rice blade cells,
which was positively regulated by the negative
feedback inhibition on PI turnover is hypo-
thesized, the activation of phospholipase A, at
later phase without the operation of signal-
activated phospholipase C system could be
explainable, but a detail analysis concerned
remains for future exploration.

SAC-Na (I mmM) enhanced both the activa-
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tions of O5 forming redox system and phospho-
lipase A. (Fig. 7). Probenazole, 3-allyloxy-
1,2-benzisothiazole 1,1-dioxide, is a prodrug of
SAC, and is practically used as a priming
effector to give a state of long-lasting systemic
acquired-resistance against rice blast disease.®?
It is noted that SAC-Na activates Oy forming
redox system at very early phase and that it
activates the rice blade phospholipase A: at
the later phase after elicitor stimulation. This
implies that the activation of phospholipase Az
at later phase is effective for the establish-
ment of systemic acquired-resistance. The
lines of evidence suggest that an action site of
SAC exists within the transmembrane signal-
ling and intracellular signalling systems to
activate the two parameters and that the
systemic distribution of SAC in rice blade
cells give a state of systemic acquired resist-
ance enhancing the signal-coupled activations
of O7 forming redox system and phospholipase
As, which are subsequently linked to induc-
tion of a whole set of effective resistant reac-
tions, immediately after blast fungus infec-
tion.2®  Very recently, it has been reported
that a novel compound, N-cyanomethyl-2-
chloroisonicotinamide (NCI), has the similar
priming effect on probenazole enhancing the
induction of lipoxygenase and peroxidase,
when rice seedlings are treated with NCI via
root system.*?> Both chemical structures of
NCI and SAC®*® have common functional
moieties, carbonylimide with individual elec-
tron drawing group such as 2-chloropyridinyl
or sulfonyl group. An interesting evidence,
which was obtained using NCI, is that NCI
clearly activated PI turnover in elicitor-
stimulated rice-embryo culture cells.** This
evidence and lines of evidence regarding signal
transduction system of rice blade cells, which
were described in the previous” and this
report, bear out the suggestion that an action-
site of priming effectors like NCI and SAC, to
give a state of long-lasting systemic acquired
resistance, duly resides in the signal-activated
phospholipase C system, although the detail
regulatory mechanisms as for the activation
of phospholipase C are still a matter of con-
trovercy related to a signal-activated PIP
kinase system andjor inhibitory constraint
factor of phospholipase C.**%>
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