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Effects of N-cyanomethyl-2-chloroisonicotinamide (NCI) on respiration, lipid metabo-
lism, polyamine biosynthetic enzymes, and activities of lipoxigenase (LOX) and peroxidase
(POX) in rice plants were investigated in terms of resistance against rice blast disease. The
respiration in glycolytic process which supplies NADPH was stimulated by submerged appli-
cation of NCI in compatible plants inoculated with P. oryzae, whereas the respiration related
to TCA cycle which is represented by oxidation of acetate was not affected. Incorporation
of [2-14CJacetate into lipids was enhanced remarkably in the NCI-treated, inoculated plants
at 36 hr after infection. Activities of ornithine decarboxylase (ODC) and S-adenosyl-methio-
nine decarboxylase (SAMDC) were suppressed about 50%, in inoculated plants, whereas such
suppression was not observed in NCI treated plants. No remarkable change in ODC and
SAMDC activities may account for steady resistance of the plants against the invading patho-
gens. The activities of LOX and POX were significantly augmented by infection of NCI-
treated plants, which appeared to be shifted to an incompatible variety. These results indi-
cate that NCI has a priming effect related to the resistant reaction of rice plants to the
pathogen.

mechanism necessary for resistance, it is con-
sidered to be not activated to a sufficient
magnitude and speed to restrict the infection.®

INTRODUCTION

N - Cyanomethyl - 2 - chloroisonicotinamide

(NCI) is a nonfungicidal anti-rice blast agent.”
Irrespective of the non-antifungal activity
against P. oryzae in vitro, NCI was good in
controlling rice blast disease when applied to
rice plants via roots.” In rice plants treated
with NCI, extension of invading mycelia was
inhibited, and typical minute brownish lesions
were formed.” The lesion-type rice blast ap-
peared to be closely involved in the resistance
of rice plants against infection with P. oryzae.®
Such action of NCI on the host plants implied
induction or enhancement of defence reaction
of the plants against the disease. In general,
plants respond to pathogen infection by pro-
ducing physical and chemical barriers.” Al-
though even susceptible plants possess such a

We have studied the action mechanism of
NCI in terms of host-parasite reaction. This
paper deals with effects of NCI on some bio-
chemical responses associated with disease
resistance of rice plants, ¢.c., respiration, lipid
metabolism, polyamine biosynthesis, and ac-
tivities of lipoxigenase (LOX) and peroxidase
(POX).

MATERIALS AND METHODS

1. Rice Plant and Fungus

Two rice cultivars, Musashikogane and
Aichiasahi, were used in this experiment.
Rice seedlings were raised with soil mixture
in plastic pots. The isolates of Pyricularia
oryzae Cav. used were P 2 (race 003) and Hoku
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1 (race 007). Both strains were compatible
with Musashikogane and Aichiasahi.

2. Treatment with NCI

Method 1: Potted rice seedlings (Musashi-
kogane) in the 3.5th leaf stage were sub-
mergedly treated with granulated NCI at a
rate of 240g a.i./l10a and cultivated in a
greenhouse for 10 days.

Method 2: Seedlings in the 2nd leaf stage in
a pot (90 ml in volume) were placed in a plastic
cup (150 ml in volume) containing 50 ml of
NCI (2.5 mg) suspension and cultivated for
5 days.

3. Inoculation

The pathogen was inoculated by spraying
spore suspension of P. oryzae to the plants.
The plants were incubated at 25 °C for 17 hr
in a moist chamber and transferred to the
greenhouse.

4. Respiration

Rice plants prepared by Method 1 were
washed with water to remove soil particles
and inoculated with P 2 (race 003, compatible).
Twelve hours after inoculation, three rice
plants were transferred to culture solution
(30 ml) containing 37 kBq of [1-**Clacetate
(0.1 mm) or 4-[U-**Clglucose (0.1 mm) in a
glass jar and kept in the dark. The glass jar
was continuously ventilated with air, and
#CO: was trapped in 0.5 N NaOH solution
(100 ml). Radioactivity in aliquots of the
trapping solution was determined by liquid
scintillation counting (LSC).

5. Lipid Metabolism

Inoculated rice plants prepared by Method
1 were cultivated in culture solution (30 ml)
containing 37 kBq of [1-"*Clacetate (0.1 mm).
The leaves were harvested at designated inter-
vals, and incorporation of [l1-!*CJacetate into
lipids was measured. The lipids were ex-
tracted according to the method of Bligh.®

6. Measurement of Enzyme Activities

Inoculated leaves prepared by Method 1
or Method 2 were harvested at indicated times,
and enzyme activity in the leaves was deter-
mined.

Lipoxygenase (LOX) activity was assayed as
the initial rate of peroxidation of a fatty acid
substrate by a procedure developed by Namai
et al.:® Leaves were homogenized with a 10
times volume (w/v) of Macllvaine buffer (pH
6.4), and the homogenate was centrifuged at
3000 < g for 20 min. Then 2 ml of the super-
natant was added to 2 mg of sodium linolenate
in 2 ml of 0.1 M Tris-HCI buffer (pH 7.5), and
the mixture was incubated at 22 °C for 1 hr.
After incubation, 1 ml of 0.1 x HCI was added
to stop the reaction, and the mixture was
extracted with 2ml of diethyl ether. One
milliliter of the ether extract was diluted with
9 ml of ethanol, and ultraviolet absorption of
the solution was monitored with a spectro-
photometer at 234 nm.

Activities of arginine decarboxylase (ADC),
ornithine decarboxylase (ODC) and S-adeno-
sylmethionine decarboxylase (SAMDC) were
determined by measuring the *CQO. released
from indicated substrates according to a meth-
od modified from Akiva Apelbaum’s:” Leaves
were homogenized with a 4 times volume (w/v)
of 0.25 M Tris-HCl (pH 8.0) containing 25 gm
pyridoxal phosphate and 10 mm DTT. The
homogenate was centrifuged at 10,000 x g for
20 min at 4 °C. One hundred microliters of the
supernatant was added to a reaction mixture
containing one of the indicated substrates, 8 n
moles pyridoxal phosphate and 0.32 umoles
DTT in 0.2 ml of 125 mm Tris-HCl (pH 8.0).
The labelled substrates used were 3.7 kBq /-[1-
*CJ-arginine monohydrochloride (12.7 GBq/mwm;
Amersham Chemical Co., U.K.) and /-[1-*C]-
ornithine hydrochloride (2.18 GBq/mMm; Amer-
sham Chemical Co., U.K.) for assay of ADC
and ODC activity, respectively. They were
diluted with unlabelled arginine or ornithin to
give a final concentration of 1 mm. For assay
of SAMDC activity, 3.7 kBq I-[1-**C]-S-adeno-
sylmethionine  (2.04 GBq/mv;  Amersham
Chemical Co., U.K.) was used as a substrate
without dilution with any unlabelled sub-
strate. Each reaction was carried out in test
tubes sealed with plastic caps fitted with a
filter paper disc impregnated with 0.5 ml of
109 NaOH aq. The tubes were incubated at
45 °C for 30 min. The paper discs were then
transferred to scintillation vials containing 20
ml of scintillation liquid (Aquazol-2, New
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England Nuclear Co., U.S.A.), and their radio-
activity was determined with an Aloka LSC-
1000 scintillation counter.

Peroxidase (POX) activity was assayed by
the increase of absorption at 420 nm using
guaiacol as a substrate.” Leaves were homoge-
nized with a 40 times volume (w/v) of 0.1 M
acetate buffer (pH 5.0), and the homogenate
was centrifuged at 13,000 x ¢ for 20 min. The
supernatant (enzyme extract: 0.2ml) was
mixed with 3 ml of 0.1 M acetate buffer (pH
5.0) containing 0.039%, of guaiacol. Enzyme
reaction was started by adding 0.1 ml of
0.08%, H:0:, and absorbance at 420 nm was
recorded for 2 min at 30 °C.

RESULTS AND DISCUSSION

1. Respiration of Rice Plants Infected with
Rice Blast Fungus
The *CO: evolution rate from [1-**C]acetate
or d-[U-"*Clglucose in rice cultivar Musashi-
kogane in the 3.5th leaf stage inoculated with
Pyricularia oryzae P-2 (race 003, compatible) is
respectively shown in Fig. 1 or 2. (B) in these
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Fig. 1 Time-course of CO, evolution from

figures shows the change of the **CO: evolution
rate in plants treated with N-cyanomethyl-2-
chloroisonicotinamide (NCI) by granular ap-
plication 10 days before inoculation and (C)
that in those treated with probenazole.
Evolution of ™CO: derived from [1-'*C]-
acetate reached a maximum at 20 hr after
inoculation, and thereafter decreased gradually
(Fig. 1). The *CO. evolution rate obviously
differed between inoculated and non-inoculated
plants 20 hr after inoculation: the rates from
the former were about 2.1 and 1.2 fold higher
than those of the latter at 16 and 20 hr after
inoculation, respectively. There was no sig-
nificant difference between the NCI- or pro.
benazole-treated plants and the control in the
augmentation of respiration after inoculation.
Evolution of *CO: derived from d-[U-"*C]-
glucose in plants treated with NCI or pro-
benazole increased temporarily, reaching a
maximum at 24 hr after inoculation (Fig. 2).
Then it quickly decreased to under the level of
non-inoculated controls at 28 hr after inocula-
tion. In untreated plants, the time-course
changes in the rates were similar regardless of
inoculation. This transient augmentation of
respiration rate of NCI- or probenazole-treated

[1-14Clacetate in rice plants.

Rice plants were inoculated by spraying a coni-
dial suspension of blast fungus. After incuba-
tion in a moist chamber for 12 hr, the plants
were transferred to cultured solution containing
0.1 mM !4C-acetate and kept in the dark.
Cultivar: Musashikogane. Inocula: P 2 (race
003).

@, Inoculated; O, Non-inoculated.

plants at 24 hr after inoculation was observed
in three separate experiments. Sekizawa®
observed that the time of maximum rate and
the half-life time of respiration burst shifted
as in an incompatible combination even in a
compatible infection by the application of
probenazole. In incompatible combination,
rice plants showed a rapid but transient aug-
mentation of respiration by being infected with
rice blast fungus.'® Although the increased
rate of respiration at 24 hr was not so sig-
nificant in the above experiment, these results
indicate that the metabolic turnover of gly-
colytic pathway in the infected plants was
affected by the application of NCI or pro-
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benazole. Plants appeared to react to in-
oculation with an increased biosynthetic ac-
tivity and eventually cause changes in the rate
of respiration.

In many cases an increase in the respiration
rate has been observed at an earlier stage after
inoculation in resistant than in susceptible
plants.''»** It suggests that disease resistance
based on incompatibility between host plant
and pathogen may be associated with energy-
requiring processes. It should be noted that
our present data indicates that the rice plant
respiration in glycolytic process which can
supply NADPH was stimulated by fungal in-
0t— ! ' ' . . fection in compatible plants treated with NCI
or probenazole, while respiration related to

30 - (A) Untreated

M €02 / g fresh weight / hr

30 ¢ TCA cycle, which is represented by oxidation
of acetic acid, was not affected.
20 |
2. Effect of NCI on Lipid Metabolism in Rice
or Plants Infected with Rice Blast Fungus
Quantitative changes in [l-'*Clacetate in-
¢ ' ' ' ' corporation into the total lipids in rice plants
6 20 2 2 36 " are shown in Table 1. In response to infection
Tine after Inoculation (hr) incorporation of [1-'*Clacetate into the total
Fig. 2 Time-course of #CO, evolution from d- lipids decreased to about 579, of the control
[U-t“Clglucose in rice plants. after 12 hr of inoculation in each experimental
Cultured solution contained 0.1 mm 4C-glucose. section. This decrease could be, at least in
Other conditions were the same as in Fig. 1. part, due to the enhanced utilization of [1-'*C]-
Cultivar: Musashikogane. Inocula: P 2 (race acetate for respiration. At 36 hr after in-
003).

) oculation, incorporation in untreated plants
®, Inoculated; O, Non-inoculated.

Table 1 Incorporation of [1-14Clacetate into lipids in rice leaves.

ug HC-acetate Eq/g fresh weight
Time after

Incorpo-

inoc(uhl?)tion ration Untreated NCI Probenazole

Non-IRL IRL Non-IRL IRL Non-IRL IRL

12 Lipids 1.11 0.57 0.90 0.62 1.11 0.57
Others 5.46 5.64 6.85 5.62 5.94 5.90

Total 6.57 6.21 7.75 6.24 7.05 6.47

36 Lipids 1.08 1.10 1.09 1.62 0.86 1.64
Others 6.26 6.22 6.32 7.52 5.90 6.78

Total 7.34 7.32 7.41 9.14 6.76 8.42

Conditions of inoculation and incubation were the same as in Fig. 3. Plants were transferred to
cultured solution containing 0.1 mm !4C-acetate after 12 or 36 hr of inoculation and kept in the
greenhouse for 7 hr.

Cultivar: Musashikogane. Inocula: P 2 (race 003). IRL: Inoculated rice leaves.

Others denote water-soluble substances.
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recovered to the level in uninfected plants. In
contrast, a marked increase was observed in
NCI- or probenazole-treated plants (1509, for
NCI and about 1909, for probenazole). It has
been reported that total lipid or free-sterol
concentrations increased in diseased or dam-
aged tissues of higher plants, although the
lipid or sterol content in different varieties of
plants was not related to their susceptibility or
resistance to the pathogens.'®!'¥ In sweet
potatoes, incorporation of [1-'*Clacetate into
lipids was enhanced several fold during the
first 4 hr after cutting.’® Kué described that
the rapid synthesis of fatty acid and their
incorporation into new membranes may be a
key factor of the repair mechanism to return
the tissue normal.'® Accelerated fatty acid
metabolism was observed by Ohata in a re-
sistant cultivar of rice plants infected with
Cochliobolus miyabeanus.*™ The increase of
1#C-lipid accumulation in NCI-treated rice
plants at 36 hr after inoculation may be cor-
related to resistant reaction of the plants
against blast infection.

3. Enzymes Activity

Time-course determination of lipoxigenase
(LOX) activity in rice leaves (3.5th leaf stage,
Musashikogane) treated with NCI or inoculated
with strain P-2 is shown in Fig. 3. In the
leaves from plants treated with NCI, LOX
activity was remarkable within 24 hr after
inoculation and gradually declined, while the
activity continued to increase until 7 days in
the inoculated, untreated leaves.

LOX, which is active in wounded tissues,®'®
may be one of the primary defence factors
functioning in most plants, and its products
can act as direct antimicrobial agents'™ or
elicitors of disease resistance mechanisms.*®
The activity of LOX in rice leaves was en-
hanced by infection of blast fungus and ac-
celerated by treatment with NCI.

Figure 4 indicates changes in arginine
decarboxylase (ADC), ornithine decarboxylase
(ODC) and S-adenosylmethionine decarbo-
xylase (SAMDC) activities in NCI-treated and
untreated leaves (3.5th leaf stage, Musashi-
kogane) after inoculation. ADC activity did not
change significantly during infection to leaves.
Changes in ODC activity in both NCI-treated

Rate to the control

1.4¢

1.3+

1.2+

1.1F

1.0 F

1 3 5 7
Days after inoculation
Fig. 3 Time-course determination of lipoxy-
genase activity in blast-infected rice leaves.

Rice plants were inoculated by spraying a coni-
dial suspension of blast fungus. After incuba-
tion in a moist chamber for 17 hr, the plants were
transferred to a greenhouse. LOX activity was
indicated as the ratio to the standard activity in
NCI-untreated leaves with no inoculation.
Cultivar: Musashikogane. Inocula: P 2 (race
003).

O, NCI treated; @, NCI untreated; A, NCI treat-
ed, non-inoculated.
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Fig. 4 Changes in the specific activity of various
enzymes involved in polyamine synthesis in
blast-infected rice leaves.

Conditions of inoculation and incubation were the
same as in Fig. 3. Enzyme activity was shown
by the amount of 14CO; production.

Cultivar: Musashikogane. Inocula: P 2 (race
003).

O, NCI treated; @, NCI untreated.
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and untreated leaves were very similar to those
in SAMDC activity. ODC activity in un-
treated leaves began to decrease at 14 hr after
inoculation, reaching the lowest level (about
509, of that in non-treated ones) at 48 hr. In
contrast, the activity in NCI-treated leaves
only slightly decreased during 72 hr. The
significance of this with regard to resistance or
susceptibility to infection is unknown, but it
has shown that polyamine metabolism is ex-
tremely sensitive to changes in the external
environment.?” The putrescine content of oat-
leaf cells and protoplasts increases within 6 hr
of exposure to osmotic stress.?”> Increased
ADC activity parallels the rise in putrescine,
whereas ODC activity remains unchanged.?®
The decrease of ODC and SAMDC activity in
blast-infected leaves without treatment is
possibly the reflection of physiological disorder
or inhibition of metabolism in host cells caused
by infection of pathogen. No remarkable
change of such activity caused by NCI may
account for steady resistance of the plants
against the invading pathogens in our experi-
ment.

Figure 5 shows changes in peroxidase (POX)
activity after inoculation with Hoku 1 in the
top leaves of plants treated or non-treated
with NCI. In the NCI-treated plant leaves,
POX activity increased rapidly after inocula-
tion, reached an maximum within 24 hr, and

NCI NC1
Untreated Treated
1.0
=
J_—’/\
hole>
5.8
e
N
O E
o =
(g
a:
ST 0.5
Za
X o r
o
[Flss}
o L
5= f
0-~--- o
D\_ -
GL‘Q,’ 9
SO

01 2 3 45 1 0 1 2 3 45 7
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Fig. 5 Time-course determination of peroxidase
activity in blast-infected rice leaves.

Conditions of inoculation and incubation were the
same as in Fig. 3. POX activity was shown by
the increase of absorption at 420 nm per minute.
Cultivar: Aichiasahi. Inocula: Hoku 1 (race 007).

®, Inoculated; O, Non-inoculated.

declined thereafter. In the NCI-untreated
leaves, increase of the activity delayed but
continued up to 7 days. It has been reported
that POX activity rapidly increased in rice
leaves within 24 hr after inoculation in an
incompatible combination of rice cultivar and
blast fungus race, while it increased slightly or
did not increase in a compatible combination
at the early stage of infection, but gradual
increased 3-5 days after inoculation, eventual-
ly exceeding that of an incompatible combina-
tion.?® By NCI treatment, the pattern of
enzyme activity in Aichiasahi leaves inoculated
with a compatible race appeared to be con-
verted to that in cultivar leaves in incom-
patible combination. The enhancement of
POX activity is reported to be closely related
to the resistant reaction of the host plant to a
pathogen,* with POX acting as a catalyst of
lignin biosynthesis. Kué and co-workers have
showed that resistant cucumbers were rapidly
lignified when infected by C. cucumerinum,
particularly in cells adjacent to the site of
invasion. Lignification was also observed in
susceptible cucumbers, but the reaction was
delayed until after the pathogen had ramified
into the tissue.?®?® Thus timing of increase in
POX activity appeared critical to resist the de-
velopment of the pathogen in the host plants,

When rice plants were treated with NCI by
submerged application and subsequently in-
oculated with P. oryzae, the respiration and
jipid metabolism in the host plants were en-
hanced and the activities of LOX and POX
were accelerated or increased. These facts
suggest that the mode of action of NCI in rice
plants is similar to that of probenazole, which
is known as an anti-rice blast agent that
induces the resistance in host plants.??®
However, NCI and probenazole have no
similarity in their chemical structures (Fig. 6).
Further study to elucidate the action mechan-
ism is in progress.

¢ OCH,CH=Cli,
)_ /&
NQ N~ CONHCH ., CN N
~5
00
NCI Probenazole

Fig. 6 Chemical structures of NCI and pro-
benazole.
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N-Cyanomethyl-2-chloroisonicotinamide (NCI)
IEREEED 4 2 WL BRMBRbEEMTH D, T AF
v 7 Ay MCER L 3.5 o 1 21 NCI Z/KEHE
AL, 1320 bRESERTLERT S & 16 FEK
Mo A FEOREMN LR Lz, “C-EfyEE & Lo
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e gific NCI B X c—Riy7e “CO: o A RENRE
Hhit., i, MEEE~D “CORD AR, BRE
36 By NCI B X ciEinaislld bhis. KUY 7
I UAESRICES T TF S P RER BEE R
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L7chs, Fuv=F v BRBEREE & S-7 77 vz
F = v HRBEFEEE X NCI MBR TIRZ LA LR
e, SELBEXTREBEDSLL. IhbofERiE NCL
I Lo THEREED 4 2RI 5 REER & e ERB#NE
HEERTHDZEEZRRBL WD, Fie, BY7 v
RBTA P L 2T LTBERC G T 5 T &2k, NCI
WUE A 2RI BT DBREBEOAEY 7 3 v AESRBEERE
EHERSOBEEL, 4 FAEOBYUC X DML 4 — O
WHIERHTNBZ EERRLTWD. VRF T F—EE
b oL F L F - ISR NCLALEIC X » TEDE
BREFEZ D Hh, FEEEOMELTROAS X578
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