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Ultrastructural Effects of Magnaporthe grisea Toxin(s) on
Mitochondria of Host and Non-host Plants*

Tamaki UEHARA**, Sakae ARASE**', Yuichi HONDA**,
Pyoyun PARK*** and Mikio NOzZU**

Abstract

Magnaporthe grisea produces a toxin(s) which is important in the establishment of basic compatibility
at the species level between fungus and plant. The effects of the toxin(s) on host (rice and barley) and
non-host (finger millet) plants were examined by ultrastructural observation and morphometric measure-
ment. The first ultrastructural changes observed after 1 hr of toxin(s) treatment were a decrease in the
number of mitochondrial cristae and in the electron density of the mitochondrial matrix in rice leaf cells.
Further, such modifications were observed in both compatible and incompatible inoculated with the
fungal strain used for preparation of the toxin(s). However, morphological and ultrastructural changes
were not observed in other organelles. Such phenomena were observed in all leaf tissues (epidermis,
mesophyll and vascular bundle) of host plants. On the other hand, the effects of toxin(s) were not observed
in leaves of the non-host plant. These results suggested that the mitochondrial modifications induced by
the toxin(s) were a host-specific phenomenon and possibly, on essential event for M. grisea to establish
basic compatibility with host plants at the species level.

(Received November 5, 1996 ; Accepted December 16, 1996)

Key words: ultrastructure, mitochondria, host, non-host, morphometric measurement, Magna-
porthe grisea toxin.
which are host plants of M. grisea. However, A. alter-
INTRODUCTION nata did not infect non-host plants of M. grisea®®. The

The fungus Magnaporthe grisea (Hebert) Barr (imper-
fect stage Pyricularia oryzae Cavara) is known to cause
rice blast disease. In this disease, specificity between
host and parasite is determined by race-cultivar
combinations'®. Further, M. grisea is also pathogenic to
other graminae plants such as barley, Italian ryegrass,
and corn®®. Ongoing research has revealed that plant
fungal pathogens have to establish two levels of specific
compatibility to succeed in colonizing a plant®”. The
first is compatibility at the fungal species-plant species
level (basic compatibility) and the second is compatibil-
ity at the race-cultivar level.

Arase et al.? found that M. grisea produces a toxin(s)
during spore germination which induces susceptibility in
the rice cv. Sekiguchi-asahi (a natural mutant rice de-
rived from cv. Asahi). In the presence of this toxin(s),
nonpathogenic Alternaria alternata infected leaves of
rice, barley, Italian ryegrass and other graminae plants

specificity of this susceptibility-inducing activity of the
toxin(s) corresponded with the host range of M. grisea,
suggesting that the toxin(s) plays an important role in
establishing basic compatibility at the fungal species-
plant species level®®.

In a previous study of an ultrastructural observation,
we reported that the primary site of action of M. grisea
toxin(s) was in mitochondria in the rice cvs. Sekiguchi-
asahi (resistance gene, Pi-a) and Asahi (resistance gene,
Pi-a)*®. In this study, we observed the ultrastructure of
the cellular organelles in host (rice and barley) and
non-host (finger millet) leaves treated with M. grisea
toxin(s) in order to demonstrate the site of action and
the specificity of the toxin(s).

MATERIALS AND METHODS

Fungus and plants Strain Naga 69-150 (race 007)
of M. grisea was used for extracting the toxin(s).
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Rice (cvs. Asahi and Himenomochi) and barley (cv.
Kantochusei) were used as host plants and finger millet
(cv. Iyazairai) as a non-host plant. Rice cvs. Asahi (resis-
tance gene Pi-a) and Himenomochi (resistance gene Pi-k)
are susceptible and resistant to Naga 69-150 (race 007),
respectively. Rice, barley and finger millet seeds were
sown in seedling cases (6 X 10X 15 cm, Fujimoto Kagaku
Co.). Rice plants were grown for about 30 days. and
barley and finger millet plants were grown for 7 days in
a greenhouse. The second leaves of rice plants at the 4-
5 leaf stage, primary leaves of barley and the second
leaves of finger millet plants at the 2 leaf stage were
used.

Toxin preparation Strain Naga 69-150 (race 007)
of M. grisea was cultured on oatmeal agar medium at
26°C for 14-21 days. Synchronization of sporulation and
preparation of spore germination fluid (200 ml) of M.
grisea were carried out by the methods described
previously?. Spore germination fluid was extracted with
ethyl acetate. The extract was then separated by silica
gel column chromatography (Wako gel C-200), by suc-
cessive elution with chloroform and ethyl acetate. The
toxin(s) was successively eluted by the ethyl acetate.
Dry weight of the ethyl acetate fraction was measured
after evaporation.

Toxin treatment After measurement of the dry
weight of the ethyl acetate fraction, the extract was
dissolved in 1 ml of acetone, then 2 ml of distilled water
were added. This solution was evaporated in vacuo to
remove the acetone and used as the toxin solution. The
susceptibility-inducing activity of the toxin(s) estimated
by lesion formation by nonpathogenic A. alternata in
rice plants was first detectable at a concentration of 0.25
mg/ml, and became significant at the concentration of 1
mg/ml. The final concentration of the toxin solution,
therefore, was adjusted to 1 mg/ml by the addition of
distilled water. Five u! of the toxin solution was placed
on the wounded site of detached leaves of rice, barley,
and finger millet. Distilled water was used as the control.
The treated leaves were incubated in moist plastic cases
at 26°C for 1, 6 and 12 hr.

Table 1.

Electron microscopy The tissues in the vicinity
of toxin- and water-treated sites on the leaves were cut
into small pieces (about 0.5X3 mm) with a razor blade.
The pieces were prefixed with 39§ glutaraldehyde in 0.1
M phosphate buffer (pH 7.4) for 3 hr at room tempera-
ture. After rinsing with the buffer, specimens were
postfixed with 29§ buffered osmium tetroxide for 2 hr at
room temperature. After rinsing with distilled water
overnight, the specimens were dehydrated in ethanol and
embedded in Spurr resin. Thin sections from the resin
blocks were made using a Porter-Blum MT2-B, ultrami-
crotome, then stained with uranyl acetate for 1 hr and
with lead citrate for 10 min. They were observed with a
Hitachi HU-12A transmission electron microscope.
Mitochondrial modifications were examined at a magni-
fication of X30,000. Invaginations of the plasmalemma
in the vicinity of plasmodesmata were examined at a
magnification of X10,000 in epidermal, mesophyll and
vascular bundle cells of toxin-treated or water-treated
leaves. The disappearance of cristae and the loss of
matrix were used as ultrastructural markers for
modified mitochondria. Invaginations of the plasmalem-
ma in the vicinity of plasmodesmata served as ultra-
structural markers for plasmalemma modifications.

Ultrastructural morphometry Vascular bundle
cells and mesophyll cells adjacent to the bundle sheath
of leaves were examined for ultrastructural mor-
phometry. Electron micrographs were taken randomly
at a magnification of X5,000 or X 15,000 in the vascular
bundle and the mesophyll cells adjacent to the bundle
sheath of toxin- and water-treated leaves. The negatives
were enlarged to a magnification of X20,000 or X60,000
for printing for morphometrical analysis. The area
ratios of cristae to mitochondria and of starch grains to
chloroplasts were calculated by computer analysis with
an NIH Image and Adobe Photoshop 2.5] system. The
numbers of Golgi vesicles, osmiophilic globules and
starch grains were counted on electron micrographs.
The lengths of plasmalemma were measured with a
Curvimeter. The cellular organelles measured are sum-
marized in Table 1.

Cellular components examined, parameters used, expression of values measured, observation sites, and

magnification in leaves treated with partially purified toxin(s) or water

Cellular components

Expression of values

. Parameters Observation sites Magnification
examined measured
1. Osmiophilic globules® number No. of osmiophilic globules/a  mesophyll cells adjacent to  X20,000
chroloplast © vascular bundle
2. Starch grains® area starch grains/a chroloplast mesophyll cells adjacent X 20,000
to vascular bundle
3. Starch grains® number starch grains/a chroloplast mesophyll cells adjacent X 20,000
to vascular bundle
4. Golgi vesicles® number No. of Golgi vesicles/0-0.5 um  vascular bundle X 60,000
inner part of cytoplasm from
plasmalemma
5. Crista area crista/mitochondrion vascular bundle X 60,000

a) These components were examined in only rice leaves.
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Table 2. Comparative frequency of modified mitochondria in rice, barley and finger millet leaves treated with partially

purified toxin(s) or water®

Epidermis Mesophyll Vascular bundle
Plant Treatment No. of No. of No. of
. Treatment .
(cultivar) a time (hr) II:I/I(}T?”f modified o I\IIV(;'I,;f modified o I\II\Zi’I?f modified o
MIT ° MIT ° MIT 0
1 102 6 5.9 138 1 0.7 204 15 7.4
Water 6 157 12 76 345 7 2.0 261 25 9.6
Rice 12 97 8 8.3 324 8 2.5 208 11 5.3
(cv. Asahi) 1 87 6 6.9 139 17 12.2 159 41 25.8
Toxin 6 66 10 152 183 24 131 141 35 248
12 85 21 247 137 18 131 232 58 25.0
1 118 12 10.2 227 12 5.3 251 31 12.4
Water 6 205 22 107 284 11 3.9 202 12 5.9
Rice 12 166 10 6.0 250 4 16 235 32 13.6
(cv. Himenomochi) 1 146 32 219 253 33 13.0 160 37 231
Toxin 6 123. 25 203 403 48 119 199 43 216
12 123 30 244 267 32 120 177 57 322
1 114 11 9.7 137 13 95 296 28 95
Water 6 114 7 6.1 216 23 10.6 265 24 9.1
Barley 12 97 7 7.2 272 11 4.0 330 49 148
(cv. Kantochusei) 1 73 0 137 141 20 142 237 23 9.7
Toxin 6 111 30 27.0 145 32 221 179 44 246
12 69 13 188 177 35 198 305 83 272
1 69 3 43 266 5 19 270 9 3.3
Water 6 53 5 9.4 227 11 48 211 12 5.7
Finger millet 12 93 3 3.2 326 5 15 221 5 2.3
(cv. Iyazairai) 1 78 6 77 387 13 3.4 277 18 6.5
Toxin 6 131 15 115 290 18 6.2 332 24 7.2
12 92 4 43 311 5 16 235 9 38

a) Mitochondria were examined at a magnification of X 30,000 with transmission electron microscopy.

b) The abbreviation MIT denotes mitochondria.

RESULTS

Ultrastructural changes in leaves of toxin-

treated host and non-host plants

M. grisea toxin(s) was applied to rice, barley and
finger millet leaves, and mitochondrial modifications and
invaginations of plasmalemma in the vicinity of plas-
modesmata in epidermal, mesophyll and vascular bundle
cells were investigated. The cristae and electron density
of the matrix in water-treated leaves of rice cvs. Asahi
and Himenomochi did not differ from controls (Plate I-1
and 3). Modification of mitochondria was observed in all
three experimental sites (epidermal, mesophyll and vas-
cular bundle cells) of the leaves of rice cvs. Asahi and
Himenomochi treated with the toxin(s) for 1 hr (Table
2). In modified mitochondria, both the number of the
cristae and the electron density of matrix had decreased
(Plate I-2 and 4). ,

In barley host leaves, mitochondrial modifications in
epidermal, mesophyll and vascular bundle cells were
also observed after 1 hr of the toxin treatment. How-
ever, the modifications in barley leaves became more

pronounced after a 6 hr toxin treatment (Table 2). The
mitochondrial modifications in toxin-treated barley
leaves were similar to that observed in toxin-treated
rice leaves (Plate II-1 and 2). On the other hand, ultra-
structural changes were not observed in other organelles
such as the plasmalemma and chloroplasts.

In leaves of non-host finger millet, the frequency of
modified mitochondria in toxin-treated and water-
treated leaves did not differ (Table 2, Plate II-3 and 4).

The frequency of plasmalemma invaginations in the
vicinity of plasmodesmata did not differ between toxin-
treated and water-treated leaves of rice, barley and
finger millet (Table 3).

Ultrastructural morphometric analysis »

In rice cvs. Asahi and Himenomochi, the area ratio of
cristae to mitochondria in vascular bundle cells of leaves
treated with the toxin(s) for 1, 6 and 12 hr was sig-
nificantly lower than that in water-treated leaves. The
area-ratio of cristae to mitochondria did not change
with the length of toxin treatment (Fig. 1).

Although, starch accumulation and an increase of
osmiophilic globules in chloroplasts is well known to
occur after fungal infection, toxin treatment and
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Table 3. Comparative frequency of invaginations of plasmalemma in the vicinity of plasmodesmata in rice, barley and
finger millet leaves treated with partially purified toxin(s) or water?®
Epidermis Mesophyll Vascular bundle
Plant Treatment
: Treatment - n o. of No. (.)f Pd No. of No. 9f Pd No. of No. ?f Pd
(cultivar) time (hr) with with with
Pd» .. % Pd . .. % Pd . .. %
invaginations invaginations invaginations
1 0 0 0.0 30 0 0.0 84 2 2.4
Water 6 28 0 0.0 97 2 2.1 84 0 0.0
Rice 12 27 0 0.0 132 2 15 67 1 1.5
(cv. Asahi) 1 5 0 00 70 0 00 41 0 0.0
Toxin 6 12 1 8.3 47 0 0.0 64 0 0.0
12 21 0 0.0 38 1 2.6 53 1 1.9
1 26 0 0.0 124 1 0.8 52 1 1.9
Water 6 43 0 0.0 145 2 1.4 42 0 0.0
Rice 12 20 0 0.0 111 2 1.8 74 1 14
(cv. Himénomochi) 1 16 0 0.0 134 0 0.0 53 0 0.0
Toxin 6 19 1 5.3 84 1 1.2 42 3 7.1
12 31 0 0.0 121 1 0.8 53 3 5.7
1 13 0 0.0 86 3 35 120 7 5.8
Water 6 30 0 0.0 137 0 0.0 170 0 0.0
Barley 12 30 1 33 110 0 0.0 73 1 14
(cv. Kantochusei) 1 20 0 0.0 117 1 17 117 2 5.1
Toxin 6 29 0 0.0 126 0 0.0 143 0 0.0
12 36 0 0.0 103 0 0.0 126 0 0.0
1 13 0 0.0 177 2 1.1 118 2 1.7
Water 6 21 0 0.0 138 1 0.7 85 3 35
Finger millet 12 22 0 0.0 141 0 0.0 79 1 1.3
(cv. Iyazairai) 1 23 0 0.0 177 0 0.0 80 0 0.0
Toxin 6 25 0 0.0 209 2 1.0 91 1 1.1
12 21 0 0.0 106 0 0.0 30 1 13

a) Plasmodesmata were examined at a magnification of X 10,000 with transmission electron microscopy.

b) The abbreviation Pd denotes plasmodesmata.

senescence'?, we did not observe significant differences
in the area ratio of starch grains to chloroplasts or the
number of osmiophilic globules and starch grains per
chloroplast, nor did we observe a change in the fre-
quency as Golgi vesicles reported by Park et al.'® for
host cells treated with AK-toxin (A. alternata Japanese
pear pathotype) (Tables 4 and 5).

In barley leaves, the area-ratio of cristae to mitochon-
dria in vascular bundle cells of leaves treated with the
toxin(s) decreased significantly for 1, 6 and 12 hr as
compared to that of water-treated leaves. In finger
millet leaves, however, the area-ratio of cristae to
mitochondria did not change after the toxin treatment
(Fig. 1).

DISCUSSION

In a previous report'?, we showed that the toxin(s)
initially induced modifications of mitochondria in rice
leaf cells 1 hr after treatment. Such modifications were
observed regardless of tissue type in this study. Further,
mitochondrial modifications by the toxin(s) were in-
duced regardless of compatibility of rice cultivars to the

tested fungal strain. Other organelles, including plas-
malemma, chloroplasts and Golgi vesicles were not
affected. These results suggest that the primary site of
action of the toxin(s) in rice leaf cells is mitochondria,
and that its mode of action is not cultivar-specific.

In a previous report®, we demonstrated that M. grisea
toxin(s) has a susceptibility-inducing activity which was
involved in establishing basic compatibility at the fungal
species-plant species level. The ultrastructural results in
this paper support this previous data. The modification
in mitochondria was observed in leaf tissues of barley
which is a host of M. grisea, but not in those of non-host
finger millet. These results showed that mitochondrial
modifications induced by the toxin(s) are a host-specific
phenomenon, corresponding to the specificity of the
susceptibility-inducing activity of the toxin(s). This
again suggests that mitochondrial modifications induced
by the toxin(s) is an essential event for M. grisea to
establish basic compatibility with host plants.

In this study, the effect of M. grisea toxin(s) was
specific only to host mitochondria. Further, decreases in
area-ratio of cristae and in matrix density were not
conspicuous even 12 hr after toxin treatment. These
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Table 4.
partially purified toxin(s) or water

Results of ultrastructural observations and measurements made in chloroplasts of rice leaves treated with

No. of Starch grains
Number of osmiophilic Area-ratio of
Rice cultivar Treatment iir;fl&ir;t chloroplasts globules/ starch grains to Eumber/
examined chloroplast chloroplasts (%) chloroplast
(mean £ SE) (mean +SE) (meant SE)
1 36 9.39+5.81 1.66+1.61 2.50+2.52
Water 6 36 8.58+4.96 1.84+1.86 1.56+1.56
. 12 39 9.79+7.61 1.60+2.16 1.72+1.96
Asahi
1 37 8.14+5.74 1.43+1.80 2.08+1.69
Toxin 6 34 9.68+7.11 2.03+2.66 1.15+1.31
12 36 6.44+4.69 1.37+1.54 1.31+£1.37
1 37 5.924+4.85 2.09£2.51 2.03+2.05
Water 6 32 6.91+4.91 0.24+0.49 0.38+0.61
. . 12 24 5.83+4.47 5.62+5.44% 2.50+2.21
Himenomochi
1 30 9.03+5.01 3.84+3.40 2.67+1.97
Toxin 6 45 4.96+4.06 0.08+0.28 0.18+0.65
12 30 6.73+3.92 10.38 +£6.56% 3.33+2.26

a) Indicated differences of each treatment were significant at p <0.01 according to ¢-test.

Rice Rice

cv. Asahi cv. Himenomochi

50

Barley
cv. Kantochusei

Finger millet
cv. Iyazairai
50

Relative area-ratio of cristae to mitochondria (%)

Treatment time (hr)

Fig. 1. Comparative area-ratio of cristae to mitochondria
in rice (cvs. Asahi and Himenomochi), barley and
finger millet leaves treated with the toxin(s) (1 mg/
ml) () or water (N). The bars are standard errors,
and asterisks indicate significant differences at p <

0.01 according to ¢-test.

slight changes of leaf mitochondria were also observed
12 hr after inoculation with M. grisea in rice leaf epider-
mal cells (data not shown). On the other hand, necrosis
was not induced by M. grisea toxin(s) on rice (cvs. Asahi
and Himenomochi) and barley (cv. Kantochusei) leaves.
These results support the previous study® that the

Table 5. Comparative number of Golgi vesicles in cyto-
plasm within 0.5 um of the plasmalemma of
rice leaves treated with partially purified

toxin(s) or water

No. of Golgi vesicles in cyto-

Ri It Treatment Pplasm within 0.5 gm of plas-
ice cultivar time (hr) malemma
Toxin Water

1 5.23 3.98
Asahi 6 459 4.31
12 5.28 4.35
1 3.85 3.10
Himenomochi 6 3.25 3.53
12 471 4.77

pathologically important susceptibility-inducing activity
of the toxin(s) is exerted non-phytotoxically.

Host-specific toxins (HSTs) from Helminthosporium
maydis race T, A. alternata rough lemon pathotype and
A. alternata tobacco pathotype are also known to attack
mitochondria of host plants, as demonstrated by mor-
phological analysis®®®. These HSTs caused mitochon-
dria swelling, reduction of cristae and a decrease in
electron density of the matrix. Further, the degree of
mitochondrial damage by the HSTs increased with the
time after treatment. Ultrastructural changes in rice
mitochondria induced by the M. grisea toxin(s) were
similar to those induced by A. alternata HSTs. How-
ever, the degree of mitochondrial damage by M. grisea
toxin(s) did not increase with the time after treatment.
Physiological and biochemical studies using isolated
mitochondria are necessary to elucidate further the
mode of actions of M. grisea toxin(s) and to compare M.
grisea toxin(s) with HSTs.
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Explanation of plates

Plate 1
1. Normal mitochondria in vascular bundle cells of Asahi leaves treated with water for 12 hr. Mitochondrial matrix

existed. Scale bar=0.5 gm.

2. Modified mitochondria (arrowheads) in a vascular bundle cell of Asahi leaves treated with the toxin(s) for 12 hr. A
decrease in number of cristae and in electron density of matrix were observed. Scale bar=0.5 xm.

3. Normal mitochondria (arrowheads) in a vascular bundle cell of Himenomochi leaves treated with water for 6 hr.
Mitochondrial matrix existed. Scale bar=0.5 gm.

4.  Modified mitochondria (arrowheads) in vascular bundle cells of Himenomochi leaves treated with the toxin(s) for 1 hr.
Modified mitochondria were observed. Scale bar=0.5 gm.

Plate 11
1. Normal mitochondria in vascular bundle cells of barley leaves treated with water for 6 hr. Scale bar=0.5 gm.

2.  Modified mitochondria (arrowheads) in vascular bundle cells of barley leaves treated with the toxin(s) for 6 hr. A
decrease in number of cristae and in electron density of matrix were observed. Scale bar=0.5 xm.

3. Normal mitochondria (arrowheads) in vascular bundle cells of finger millet leaves treated with water for 12 hr. Scale
bar=0.5 um.

4. Normal mitochondria (arrowheads) in vascular bundle cells of finger millet leaves treated with the toxin(s) for 12 hr.
Mitochondrial matrix existed. Scale bar=0.5 gm.

Abbreviations : M, mitochondrion ; N, nucleus; Pd, plasmodesmata.
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Plate 11
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