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Fig. 2. Effect of light on invagination of plasma membranes in
apple leaves. A, Ultrastructure of vascular bundle sheath cells of
susceptible apple leaf (cv. Red Gold) treated with deionized water
for 24 hr in the dark. (X 6,300). B, Plasma membranes at plasmo-
desmata (PD) in susceptible apple leaf (cv. Red Gold) treatd with
deionized water for 24 hr in the dark. (X 30,000). C, Plasma
membranes at plasmodesmata in susceptible apple leaf (cv. Red Gold)
treated with 1077 M AM-toxin for 24 hr in the dark. The toxin-
treated cells show invaginations of plasma membrane (IP). Extended
desmotubles (ED) were found at invaginated portions. (X 30,000).
D, Resistant apple leaf (cv. Mahe 7) treated with 10-7 M AM-toxin
for 24 hr in the dark. Ultrastructural changes were not observed
in the cells. (X 7,400). E, Plasma membranes at plasmodesmata in
susceptible apple leaf (cv. Red Gold) treated with 107 M AM-toxin
for 24 hr in light (630 wW/cnf). Light-irradiated leaf had the
toxin-induced invagination of plasma membrane. (X 30,000).
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Table 2.

Effect of light irradiation on plasma membrane invagination
at plasmodesmata of apple leaves induced by AM-toxin I*’

Occurrence of invaginated plasma
membrane at plasmodesmata (%)

Time
Cultivar Treatment (hr) Dark Light
Red Gold Toxin 3 6.8 £ 4.8 3.1+ 2.4
Toxin 6 16.2 + 0.4 12.6 ¥ 3.5
Toxin 12 24.5 + 11.4 21.5 + 8.4
Toxin 24 33.9 £ 5.5 28.7 + 4.1
Water 24 0.0 £ 0.0 0.0 + 0.0
Jonathan Toxin 24 0.0 £+ 0.0 0.0 £ 0.0
Water 24 0.0 £ 0.0 0.0 £ 0.0
Mahe 7 Toxin 24 0.0 + 0.0 0.0+ 0.0
Water 24 0.0 + 0.0 0.0 £+ 0.0

a) Apple leaves were treated with 1077 M AM-toxin I, and

the dark or light (630 «W/cm?).
plasmodesmata were observed for each treatment in one
Values represent the means and standard deviations of three
replications.

._15_

At least 100 cells,

incubated in
and 100
experiment.
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Fig. 3. Effect of light on vesiculation of grana lamellae in
chloroplasts of susceptible apple leaves (cv. Red Gold). A,
Chloroplasts of susceptible apple leaf treated with deionized water
for 24 hr in the dark. No ultrastructural changes were observed. (X
18,000). B, Chloroplasts of apple leaf treated with 1077 M

AM-toxin I for 24 hr in the dark. The toxin-treated cell shows
vesiculations of grana lamellae (VG) in the matrix of chloroplasts.
(x 18,000). C, Chloroplast of apple leaf treated with 1077 M
AM-toxin I for 24 hr in light (630 xW/ci). Light-irradiated leaf
had the toxin-induced vesiculation of grana lamellae. (X 18,000).
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Table 3. Effect of light irradiation on vesiculation of grana lamellae
in chloroplasts of apple leaves induced by AM-toxin I%’

Occurrence of vesiculated
chloroplasts (%)

Time

Cultivar Treatment (hr) Dark Light

Red Gold Toxin 3 .2 + 3.6 3.6 + 1.9
Toxin 6 6.7+ 0.6 4,9 + 0.7
Toxin 12 12.0 £+ 3.5 16.2 + 2.9
Toxin 24 53.0 + 7.2 44,7 + 11.2
Water 24 5.3 + 2.6 3.0+ 0.4

Jonathan Toxin 24 4.5 + 3.6 2.4 1+ 0.9
Water 24 4.4 + 2.0 4.6 + 3.5

Mahe 7 Toxin 24 2.1+ 1.0 1.4+ 1.3
Water 24 1.2 + 0.8 3.2 + 2.4

a) Apple leaves were treated with 1077 M AM-toxin I, and incubated in
the dark or light (630 w«W/cm?). At least 100 cells, and 100
chloroplasts were observed for each treatment in one experiment.
Values represent the means and standard deviations of three
replications.
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Effect of light on inhibition of photosynthetic CO:

fixation in apple cvs. Red Gold (A) and Jonathan (B), and Japanese

pear cv. Nijisseiki (C) leaves induced by AM-toxin I.

The leaves

were treated with AM-toxin I solutions, and incubated in light (630

wW/et) (O) or darkness (@).

leaves was measured.

deviations of three experiments.
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Fig. 5. Comparative effects of AM-toxin I on necrosis formation
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with toxin solution or deionized water, and photosynthetic CO.
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Table 4. Effect of AM-toxin I on lesion formation by avirulent

A. alternata on host and non-host leaves

Plant and Inoculation with No. of lesions
cultivar avirulent spores plus? : per cm? leaf®
Apple
Red Gold Toxin (1077 M) 23.7 1+ 2.5
Water 0.0 £ 0.0
Jonathan Toxin (107° M) 38.4 + 23.3
Water 4.3 £+ 7.5
Mahe 7 Toxin (107° M) 0.0+ 0.0
Water 0.0 £ 0.0
Japanese pear
Nijisseiki Toxin (107° M) 32.1 + 18.1
Water 5.3 t+ 3.4
Chojuro Toxin (107° M) 0.0 + 0.0
Water 0.0 £ 0.0
Corn
AZ295 X W64A Toxin (107° M) 0.0+ 0.0
Water 0.0+ 0.0
Tomato
Earlypak 7 Toxin (107° M) 0.0 £ 0.0
Water 0.0 + 0.0
Tobacco
Burley 21 Toxin (107° M) 0.0 + 0.0
Water 0.0+ 0.0
Citrus
Emperor mandarin Toxin (107° M) 0.0 £+ 0.0
Water 0.0 £ 0.0

a) Avirulent spores (0-94) were suspended in deionized water or
AM-toxin I solution and inoculated on leaves by spraying.
b) After incubation for 24 hr at 26 T, lesions on leaves were

counted.

_.35_.

Values represent the means and standard deviations
of three leaves.
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0 oA

Fig. 7. Effect of pretreatment of iodoacetamide on AM-toxin-induced
ultrastructural changes in susceptible apple leaf (cv. Red Gold).
A, Apple leaf pretreated with 0.1 mM iodoacetamide followed by
treatment with deionized water for 24 hr. No ultrastructural
change was observed in the cells. (X 9,400). B, Apple leaf
pretreated with 0.1 nM iodoacetamide followed by treatment with
10-7 M AM-toxin for 24 hr. Vesiculation of grana lamellae but no

invagination of plasma membrane was observed in the cells. (X
13, 000).
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Table 5. Effect of pretreatment of iodoacetamide on plasma
membrane invagination at plasmodesmata of susceptible
apple leaves induced by AM-toxin I®’

Occurrence of invaginated plasma
membrane at plasmodesmata (%)

Post- Time

Treatment (hr) Water iodoacetamide
Toxin 3 10.9 £+ 5.5 2.8 + 2.0
Toxin 6 18.0 + 6.6 1.4 + 1.4
Toxin 12 32.6 + 10.0 2.2 t+ 0.5
Toxin 24 36.1 =+ 7.0 8.4 + 2.9
Water 24 0.0 + 0.0 0.0 £ 0.0

a) Apple leaves (cv. Red Gold) were pretreated with 0.1 mM
iodoacetamide, and then treated with 10°7 M AM-toxin I.
The treated leaves were incubated in the dark. At least
100 cells, and 100 plasmodesmata were observed for each
treatment in one experiment. Values represent the means and
standard deviations of three replications.
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Table 6. Effect of pretreatment with iodoacetamide on
AM-toxin-induced inhibition of photosynthetic C0.
fixation in leaf tissues of susceptible apple cv.

Red Gold
Radioactivity®’ Relative
Pre- Post- incorporation CO. fixation
treatment ®’ treatment®’ (Xx10~* dpm) ¢3)
Water Water 4,3 £ 0.1 100
AM-toxin I (10°° M) 4,3 + 1.4 100
AM-toxin I (10°% M) 2.5 1 0.7 58
Todoacetamide Water 1.4 1+ 0.2 100
AM-toxin I (1079 M) 1.4 + 0.5 100
AM-toxin I (107° M) 0.8 + 0.1 57

a) Leaf disks were vacuum-infiltrated with 0.1 mM iodoaceta-
mide solution or water.

b) Pre-treated leaf disks were incubated in toxin solutions
or water for 30 min at 26 €.

c¢) After incubation for 4 hr in a moist chamber at 26 T, CO»
fixation in the leaves was measured. Values represent the
means and standard deviations of three experiments.
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Table 7. Effect of pretreatment of iodoacetamide on vesicula-
tion of grana lamellae in chloroplasts of susceptible
apple leaves induced by AM-toxin I’

Occurrence of vesiculated
chloroplasts (%)

Post- Time

Treatment (hr) Water iodoacetamide
Toxin 3 5.0 + 0.9 4.0 + 2.2
Toxin 6 3.1 + 1.8 4.7 + 1.2
Toxin 12 32.8 + 13.3 27.7 + 10,7
Toxin 24 35.2 + 18.3 34,3 + 15.0
Water 24 0.9 + 0.7 1.3+ 1.1

a) Apple leaves (cv. Red Gold) were pretreated with 0.1 mM
iodoacetamide, and then treated with 10-7 M AM-toxin I.
The treated leaves were incubated in the dark. At least
100 cells, and 100 chloroplasts were observed for each
treatment in one experiment. Values represent the means and
standard deviations of three replications.
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Fig. 8. [Ultrastructure of apple leaves treated with AM-toxin I or
deionized water. The tissues were fixed with 0sOs-potassium
pyroantimonate. A, Susceptible apple leaf (cv. Red Gold) treated
with 10~ M AM-toxin I for 15 min. Coarse precipitates (CP) were
observed on plasma membranes and vacuoles, while fine precipitates
(FP) were found in the cell walls. (x 7,600). B, Enlargement of
fine precipitates in Fig. 8A. The precipitates were found in cell
wall near plasmodesmatal regions and appeared to spread from
plasmodesmata to the neighboring cell wall. (X 45,000). C,
Plasmodesmatal region in susceptible apple leaf cells (cv. Red
Gold) treated with deionized water for § min. Plasmodesmata did
not have precipitates. (X 45,000). D, Resistant apple leaf cells
(cv. Mahe 7) treated with 107" M AM-toxin I for o min. The cell
walls contained no precipitates. (X 25, 000).
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Fig. 9. X-ray spectra of coarse and fine precipitates, and plasmodesmata
in apple leaf cells treated with AM-toxin I or deionized water. A,
Coarse precipitates in susceptible apple leaf cells (cv. Red Gold)
treated with 10°° M AM-toxin I for 15 min. B, Fine precipitates in
susceptible apple leaf cells (cv. Red Gold) treated with 10°° M AM-toxin
I for 15 min. C, Plasmodesmatal region in susceptible apple leaf cells
(cv. Red Gold) treated with deionized water for 5 min. D, Plasmodesmatal
region in resistant apple leaf cells (cv. Mahe 7) treated with 107° M
AM-toxin I for 5 min.
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Table 9. Frequency of appearance of fine precipitates on cell
wall near plasmodesmata in vascular bundle sheath
cells of apple leaves treated with 107° M AM-toxin I or

water

Treatment No. of No. of
Cultivar and time observed plasmodesmata %

(min) plasmodesmata with precipitates

Red Gold Water ( 5) 86 3 4
Red Gold Water (60) 92 2 2
Red Gold Toxin ( 5) 87 73 84
Red Gold Toxin (15) 85 61 72
Red Gold Toxin (30) 89 a7 53
Red Gold Toxin (60) 68 14 21
Jonathan Water ( 5) 62 1 2
Jonathan Toxin ( §5) 61 31 49
Mahe 7 Water ( 5) 78 0 0
Mahe 7 Toxin ( b) 79 3 4
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Fig. 10. Ultrastructure of apple leaves (cv. Red Gold) treated with
Na,V0s or deionized water. The tissues were treated with ATPase
reaction mixture. A, Vascular bundle sheath cells of apple treated
with deionized water for 3 hr. At this magnification, precipitates
were not observed. (X 6,300). B, Enlargement of apple leaf cells
treated with deionized water for 3 hr. The leaf cells showed
deposition of precipitates (arrows) on plasma membrane and
plasmodesmata, indicating ATPase activity. (x 48,000). C, Typical
precipitates in plasmodesmata in apple leaf cells treated with
deionized water for 3 hr. (X 48,000?. D, Plasma membranes and
plasmodesmata in apple leaf cells treated with 200 M NasV0, for 3
hr. The leaf cells did not show precipitates on plasma membrane
and plasmodesmata, indicating inhibition of ATPase activity by
NasV0.. (X 48,000).
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Fig. 11. ATPase activity of susceptible (A) (cv. Red Gold) and
resistant (B) (cv. Mahe 7) apple leaves treated with 107° M
AM-toxin I for 12 hr. A, Susceptible cells showed less precipi-
tates, indicating inhibition of ATPase activity by AM-toxin. (X

48, 000). B, Resistant cells showed massive deposition of precipi-
tates at plasmodesmata, indicating no effect of AM-toxin on ATPase
activity. (X 48,000).
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Fig. 12. Effect of AM-toxin on in situ ATPase activity at plasmo-
desmata of susceptible (A) (cv. Red Gold) and resistant (B) (cv.
Mahe 7) apple leaves. Apple leaves were treated with deionized
water (1 ) or 107% M AM-toxin I ( E® ), and incubated for
indicated times. The specimens were treated according to the
method of Balsamo and Uribe [5]. Rate of plasmodesmata with
precipitates=(No. of plasmodesmata with precipitates / No. of
observed plasmosedesmata) X 100.
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Fig. 13. Electron microscopic profile of plasma membrane fraction
 obtained from apple leaves (cv. Red Gold). The preparation shows

vesicles. (X 40,000).



Table 11. Effects of inhibitors and AM-toxin on ATPase activity of plasma
membranes from apple leaves

ATPase activity® (umol Pi/mg protein/h)

Treatment
Red Gold Jonathan Mahe 7
Control 33.7 + 8.6 (100)» 26.5 1 1.8 (100)» 32.8 t+ 0.4 (100) ¢’
+acetone (1%) 35.4 1+ 8.1 (105) 29.4 1 0.4 (110) 33.7 + 1.8 (103)
+NasV0, (100 wM) 9.2 + 3.2 (27 3.5+ 0.2 (13) 5.7 1 0.1 (C17)
+KNOs (100 mM) 31.3 + 8.9 (93) 25.8 1 0.2 ( 97) 29.1 + 1.2 ( 89)
+NaN,; (1 mM) 35.7 + 9.0 (106) 28.4 + 3.1 (107) 31.7 t 2.1 ( 96)
+AM-toxin (107° M) 35.6 + 9.5 (106) 28.2 + 1.8 (107) 34.5 t 1.9 (105)

a) Assayed in the presence of 3 mM NaATP, 30 mM Tris-Mes (pH 6.5), 3 mM MgS04,
50 mM KC! and 0.03% (v/v) Triton X-100 at 38 T.

b) Per cent of control. Values represent the means and standard deviations of
three replications.
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Two Primary Action Sites for AM-toxin Produced
by Alternaria alternata Apple Pathotype and
Their Pathological Significance*

Norihiro SHIMOMURA**, Hiroshi OTANI**, Hiroki TABIRA**:T,
Motoichiro KopaMa** and Keisuke KoHMOTO**

Abstract

A host-specific toxin (AM-toxin) produced by Alternaria alternata apple pathotype
has two primary action sites: plasma membranes and chloroplasts where the toxin induces
electrolyte loss and inhibition of photosynthetic CO, fixation, respectively. AM-toxin I at a
concentration of 108 M caused an increase in electrolyte loss and an inhibition of CO,
fixation as well as necrosis in susceptible apple leaves. Electrolyte loss and necrosis in
moderately resistant apple and Japanese pear leaves were induced at 10— M, while CO,
fixation was significantly inhibited at 10-"-10-¢ M. Furthermore, CO, fixation was af-
fected at the concentrations of 10-°~10~% M in resistant and some non-host leaves, without
causing electrolyte loss and necrosis. AM-toxin induced infection with avirulent spores
in susceptible and moderately resistant leaves at 10~7 and 10-5 M, respectively. However,
10-* M AM-toxin I did not show the infection-inducing activity in resistant and non-host
leaves. SH-reagents such as iodoacetamide gave a remarkable protection against AM-
toxin-induced electrolyte loss and necrosis formation in susceptible leaves, only when the
leaves were treated before toxin exposure. On the contrary, the inhibition of photosyn-
thetic CO, fixation induced by the toxin was not affected by the reagent. When susceptible
leaves pre-treated with the reagent were inoculated with virulent spores, the spores failed
to invade the tissues. These results indicate that a role of host-specificity factor of AM-
toxin I is dependent on toxin action to plasma membranes rather than chloroplasts, and hence,
an accessibility of cells for invading fungi necessitates the plasma membrane dysfunction
caused by the toxin.

(Received August 24, 1990)

Key words: Alternaria alternata apple pathotype, AM-toxin, electrolyte loss, inhibi-
tion of photosynthetic CO, fixation, induction of fungal infection.

INTRODUCTION

Alternaria blotch of apple (Malus pumila Mill. var. domestica Schneid.) caused by a distinct
pathotype of Alternaria alternata (Fr.) Keissler (previously A4. mali Roberts), is one of the most
serious diseases of apple!. The causal fungus produces multiple host-specific toxins, AM-
toxins I (alternariolide), IT and ITI, which selectively affect apple cultivars®. These toxins were
isolated in crystalline form and their chemical structures were established!®); AM-toxin I is a
four-membered cyclic depsipeptide, and AM-toxins IT and III are derivatives of AM-toxin I.
Of these toxins, AM-toxin I is the major toxin in germination fluids and culture filtrates of the
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pathogen!®.

AM-toxin I causes veinal necrosis on leaves of susceptible cvs. Orei and Red Gold at 10-%
M of moderately resistant cvs. American Summer Pearmain and Jonathan at 10— M; but not
at all on those of resistant cvs. Mahe 7 and Megumi even at 10~* MP. Additionally, certain
cvs. of Japanese pear (Pyrus serotina Rehd.) including Nijisseiki are as sensitive to the toxin
and to attack by the apple pathogen as moderately resistant apple cultivars®?®,

AM-toxin is known to have two primary action sites in host cells based on electron micro-
scopic and physiological studies. One site is at the plasma membrane where the toxin causes
invagination of plasma membranes and cell wall degradation!® which may be associated with
an increase in electrolytes loss?. The other site is in the chloroplast where the toxin induces
detachment and vesiculation of grana lamellae'® which may be associated with a reduction in
photosynthetic CO, fixation®.

AM-toxin is released from germinating spores of virulent isolates, but not from avirulent
isolates®. When avirulent spores were inoculated together with the toxin, however, the spores
could invade into susceptible tissues, as did virulent spores®. Thus, AM-toxin appeared to
play significant roles for the fungal colonization in host tissues and for the induction of disease.

To date, however, it is not clear whether the dysfunctions of plasma membrane and/or
chloroplast by the toxin are responsible for the determination of host specificity and induction
of fungal infection. In this study, we elucidated AM-toxin-action sites, that is, plasma mem-
brane and chloroplast, in relation to the host specificity and the accessibility of cells for invading
fungi by the comparison of the toxin-actions in host and non-host leaves, and by the regulation
of early events of toxin-action when leaf tissues were treated with SH-reagents. Some parts
of this work have been briefly published!®.

MATERIALS AND METHODS

Plants. Apple cvs. susceptible (Red Gold), moderately resistant (Jonathan) and re-
sistant (Mahe 7) to A. alternata apple pathotype were used in this study. Moderately resistant
and resistant Japanese pear cvs., Nijisseiki and Chojuro, respectively, were also used. Tomato
(Lycopersicon esculentum Mill.) cv. Earlypak 7, tobacco (Nicotiana tabacum L.) cv. Burley 21,
corn (Zea mays L.) cv. A295 x W64A, and Emperor mandarin (Citrus reticulata Blanco) were
used as non-host plants. These plants were grown in a greenhouse, and their young leaves
were used.

Toxin. A highly virulent isolate (0-159) of A. alternata apple pathotype was grown
on Richards’ medium for 20 days at 26°C, and AM-toxin I was isolated from the culture filtrates
by Ueno’s method'®. The toxin was dissolved in acetone and adjusted to 10~® M. The toxin
solution was stored at —20°C and diluted to various concentrations with deionized water before
use.

Treatment with SH-reagents. Leaves were vacuum-infiltrated for 30 min with
solution of SH-reagents or deionized water as a control. The leaves were treated with AM-
toxin after air-dried for 30 min at 26°C, and were tested for electrolyte loss assay, necrosis forma-
tion and fungal invasion on the leaves. For the measurement of photosynthetic CO, fixation,
leaves treated with SH-reagent were subsequently incubated in toxin solution for 30 min at
26°C.

Leaf necrosis assay. The lower surface of leaves was slightly wounded crosswise
at the center of laminas with a keen edge of tweezers, and was placed in a moist chamber. These
leaves were applied with one drop (25 ul) of toxin solution at the wounded site and incubated
for 48 hr at 26°C under the dark. After incubation, the area of necrosis on each leaf was mea-
sured.

Electrolyte loss. Ten leaf disks (10 mm in diameter) were vacuum-infiltrated with
toxin solution or deionized water for 30 min, rinsed with deionized water, and incubated in 50-
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ml flask containing 20 ml of deionized water on a reciprocal shaker (100 strokes/min) at 26°C.
The amount of electrolytes in the resulting ambient solution was measured by a conductivity
meter (M&S, CD-MII) using a dip type cell (k=1.0).

Photosynthetic CO, fixation. Activity of photosynthetic CO, fixation in leaves
was measured as previously described unless stated otherwise®.

Infection behavior of A. alternata. Spores of a virulent isolate (O-159) and an
avirulent isolate (0-94) of A. alternata were obtained as described previously®. The spores
were washed thoroughly by centrifugation. Virulent spores were suspended in deionized water,
while avirulent spores were suspended in deionized water or toxin solution. Spore concentra-
tion was adjusted to 5 x 105 spores/ml, using Thoma’s hemacytometer. The lower surface of
leaves was sprayed with 2 ml of the spore suspension. After incubation in a moist chamber
for 24 hr at 26°C, the number of lesions per cm? of leaf area was recorded. The incubated leaves
were then boiled in lactophenol-ethanol solution until chlorophyll was removed. Spores on
the leaves were stained with 0.19 cotton blue in lactophenol, and the fungal behavior was ob-
served under a light microscope.

RESULTS

Comparison of AM-toxin actions to host and non-host leaves

Susceptible apple leaves treated with AM-toxin began to show an increase in electrolyte
loss and a reduction in photosynthetic CO, fixation at 1 hr after the toxin treatment. The both
physiological disorders became evident with time, and were clearly detected at 4 hr after the
toxin treatment.

To investigate the relationship between the action sites for AM-toxin, that is, plasma mem-
branes and/or chloroplasts, and host-specificity, leaves of apple, Japanese pear and non-hosts
were treated with several concentrations of the toxin, and photosynthetic CO, fixation and
electrolyte loss were evaluated 4 hr after the toxin treatment. Necrosis on the leaves was also
examined 48 hr after the toxin treatment.

AM-toxin I at a concentration of 10~® M caused necrosis, an inhibition in photosynthetic
CO, fixation and an increase of electrolyte loss in the susceptible apple leaves (Fig. 1A). These
reactions induced by the toxin became more evident with an increase in the toxin concentration.
Electrolyte loss and necrosis in moderately resistant apple and Japanese pear leaves induced
by AM-toxin were observed at a concentration of 10=® M toxin, while photosynthetic CO, fixa-
tion was significantly inhibited with 10~-10-®* M toxin (Fig. 1B and C). In resistant apple
and Japanese pear, and some non-host leaves, 10—6-10—% M toxin affected the photosynthetic
CO, fixation without causing electrolyte loss and necrosis (Fig. 1D, E, F and G). Tobacco
and Emperor mandarin leaves were not affected by the toxin (Fig. 1H and I).

Infection-inducing activity of AM-toxin on host and non-host leaves

Infection-inducing activity of AM-toxin on host and non-host leaves was examined using
lesion formation by fungal infection as a marker. AM-toxin I induced infection of avirulent
A. alternata (0-94) at 10~ M on the susceptible leaves, and at 10~® M on the moderately re-
sistant apple and Japanese pear leaves (Table 1). No infection was observed on the resistant
apple and Japanese pear, and non-hosts leaves treated with the toxin at 10~ M (Table 1).

Effect of SH-reagents on AM-toxin actions to susceptible apple leaves

1) Effect on AM-toxin-induced necrosis. Various SH-reagents were treated
on apple leaves before toxin exposure, and their counteractive effect on toxin-induced
necrosis was evaluated. AM-toxin-induced veinal necrosis on susceptible apple leaves was
protected by pre-treatment with SH-reagents (Table 2). Especially, an inhibition rate of more
than 809, was evident when the apple leaves were pre-treated with 1 mM bromoacetic acid,
0.5 mM iodoacetamide, 0.5 mM iodoacetic acid or 0.05%, iodomethane. On the other hand,
these reagents gave no protection on AM-toxin-induced necrosis on moderately resistant apple
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Fig. 1. Comparative effects of AM-toxin I on necrosis formation (A), rate of electrolyte loss
(0O) and rate of photosynthetic CO, fixation (e) in host and non-host leaves. Leaves
were treated with toxin solution or water, and photosynthetic CQO, fixation and elec-
trolyte loss were measured 4 hr-incubation in the dark. Relative rates of CO, fixation
and electrolyte loss of toxin-treated leaves were calculated as compared to net values
of untreated leaves. A, apple cv. Red Gold; B, apple cv. Jonathan; C, Japanese pear
cv. Nijisseiki; D, apple cv. Mahe 7; E, Japanese pear cv. Chojuro; F, corn cv. A295 x
W64A; G, tomato cv. Earlypak 7; H, tobacco cv. Burley 21; I, Emperor mandarin.
Each point is the mean of two or three experiments.

(Table 2).

2) Effect on AM-toxin-induced electrolyte loss. The susceptible apple leaves
pre-treated with iodoacetamide were examined for toxin-induced electrolyte loss. Iodoacetamide
(0.1 mM) gave a remarkable suppression against the electrolyte loss (Fig. 2A). In the case of
simultaneous treatment, the suppressive effect of the reagent was not detected (Fig. 2B).

3) Effect on AM-toxin-induced inhibition of photosynthetic CO, fixation. To
avoid tissue damages due to double infiltrations with SH-reagent and toxin, apple leaf disks
were vacuum-infiltrated with iodoacetamide or deionized water, and then shaken in AM-toxin
solution or deionized water. After incubation for 4 hr in a moist chamber at 26°C, activity
of photosynthetic CO, fixation of the leaf disks was measured. Iodoacetamide itself inhibited
photosynthetic CO, fixation of the leaves (Table 3). The activity of photosynthetic CO, fixation
was further inhibited by the treatment with 10~3 M toxin. The relative inhibition rate was almost
the same between the reagent-treated leaves and non-treated ones.

4) Effect on infection of pathogen. Susceptible "apple leaves were treated with
iodoacetamide prior to inoculation with spores of A. alternata apple pathotype (0-159), and
infection behavior and lesion formation on the leaves were evaluated 24 hr after inoculation.
Treatment of iodoacetamide did not affect spore germination and appressorium formation of
the fungus, but greatly reduced the rates of infection hypha and lesion formation (Table 4).
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Table 1. Effect of AM-toxin on lesion formation by avirulent A. alternata on host and non-host leaves

Plant and Inoculation with No. of lesions
cultivar avirulent spores plus 2>: per cm? leaf®?
Apple
Red Gold Toxin (10-7 M) 23.74 2.5
Water ) 0.0+ 0.0
Jonathan Toxin (10-5 M) 38.4423.3
Water 4.3+ 7.5
Mahe 7 Toxin (10-5 M) 0.0£ 0.0
Water 0.0+ 0.0
Japanese pear
Nijisseiki Toxin (105 M) 32.1+18.1
Water 5.3+ 3.4
Chojuro Toxin (10-5 M) 0.0+ 0.0
Water 0.0+ 0.0
Corn
A295 X W64A Toxin (105 M) 0.0+ 0.0
Water 0.0+ 0.0
Tomato
Earlypak 7 Toxin (105 M) 0.0£ 0.0
Water 0.0+ 0.0
Tobacco
Burley 21 Toxin (10-5 M) 0.0+ 0.0
Water 0.0+ 0.0
Citrus
Emperor mandarin Toxin (10-5 M) 0.0+ 0.0
Water 0.0+ 0,0

a) Avirulent spores (0-94) were suspended in deionized water or AM-toxin solution and inoculated on

leaves by spraying.
b) After incubation for 24 hr at 26°C, lesions on leaves were counted. Values represent the means and

standard deviations of three leaves.

Table 2. Effect of pre-treatment with SH-reagents on AM-toxin-induced veinal necrosis on sus-
ceptible (cv. Red Gold) and moderately resistant (cv. Jonathan) apple leaves &>

Inhibition rate (%) »?

Chemical Concentration
cv. Red Gold cv. Jonathan
Bromoacetic acid 1.0 mM 91.7+13.2 7.9+ 4.3
0.5 mM 77.8+12.1 —5.44+ 9.7
0.1 mM —5.2+13.5 —5.54+ 9.2
Todoacetamide 0.5 mM 94.6+ 1.2 1.6+ 4.2
0.1 mM 75.7+16.2 0.5+12.3
0.05 mM 30.5+15.2 —11.54+33.3
Iodoacetic acid 0.5 mM 85.1+13.4 2.8+ 8.6
0.1 mM 26.7+24.4 1.6+ 4.6
0.05 mM 19.1+16.2 —7.94 8.7
Todomethane 0.1 % 91.5+ 9.6 —13.8+22.6
0.05%; 75.6+27.6 —~7.5+13.3
0.01%; 43,.5+21.1 3.1+15.8

a) Leaves were vacuum-infiltrated with reagent solutions, and were treated with AM-toxin I at 10* M
for Red Gold and at 5x10-5 M for Jonathan.

b) Expressed as inhibition rate to AM-toxin-induced leaf necrosis on leaves pre-treated with water.
Values represent the means and standard deviations of five leaves.
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Fig. 2. Effect of pre- (A) and simultaneous (B) treatments with iodoacetamide on AM-toxin-
induced electrolyte loss from susceptible leaf tissues. Treatments are as follows:
— e——, iodoacetamide (0.1 mM) and toxin (10~* M); O——, toxin (10~% M);
-c== @ ----, iodoacetamide (0.1 mM); ----O--~-, water. Each point is the mean of

two experiments.

Table 3. Effect of pre-treatment with iodoacetamide on AM-toxin-induced inhibition of photo-
synthetic CO, fixation in leaf tissues of susceptible apple cv. Red Gold

Radioactivity ¢? Relative
Pre-treatment 82 Post-treatment »? incorporation CO, fixation
(x10~® dpm) (%)
Water Water 4.3+0.1 100
AM-toxin I (10-% M) 4.3+1.4 100
AM-toxin T (1073 M) 2.5+0.7 58
Todoacetamide Water 1.4+0.2 100
AM-toxin I (10-¢ M) 1.4+0.5 100
AM-toxin I (10-° M) 0.8+0.1 57

a) Leaf disks were vacuum-infiltrated with jodoacetamide solution (0.1 mM) or water.

b) Pre-treated leaf disks were incubated in toxin solutions or water for 30 min at 26°C.

¢) After incubation for 4 hr in a moist chamber at 26°C, CO, fixation in the leaves was measured.
Values represent the means and standard deviations of three experiments.

Table 4. Effect of pre-treatment with iodoacetamide on infection behavior of A. alternata apple
pathotype and lesion formation on susceptible apple cv. Red Gold®?

Concentration of ‘ Spore Appressorium Infection hypha No. of lesions

jodoacetamide (mM) germination (%) formation (7) © formed (%)) @ per cm? leaf
0 89.5+8.6 36.2+4.3 35.2+5.6 27.3+8.6
0.1 88.9+7.4 31.5+4.0 17.3+3.3 9.8+4.4
0.25 90.5+2.4 39.0+3.5 12.8+5.3 9.3+1.8

a) Leaves were vacuum-infiltrated with jodoacetamide solution, and were inoculated with virulent spores
(0-159) by spraying. After incubation for 24 hr at 26°C, infection behavior of the spores and
number of lesions were observed. Values represent the means and standard deviations of three
leaves.

b) (No. of germinating spores/Total no. of spores) X 100.

¢) (No. of appressoria/No. of germ tubes) X 100.

d) (No. of infection hyphae/No. of appressoria) X 100.



Ann. Phytopath. Soc. Japan 57 (2). April, 1991 253

DISCUSSION

The action spectrum of AM-toxin I for electrolyte loss from host and non-host leaves was
coordinated with that for necrosis formation.. On the contrary, the toxin-induced inhibition
of photosynthetic CO, fixation was somewhat different. AM-toxin I at 10-8 M inhibited photo-
synthetic CO, fixation and caused an increase in electrolyte loss as well as necrosis in susceptible
apple leaves. However, AM-toxin I at concentrations of 10-"-10—% M inhibited the CO, fixa-
tion in moderately resistant leaves, but did not induce an increase in electrolyte loss and necrosis.
Furthermore, an inhibition of CO, fixation was observed even in resistant and some non-host
leaves treated with 10-6-10-% M toxin.

Susceptible leaves pre-treated with SH-reagents such as iodoacetamide, were protected
from AM-toxin-induced electrolyte loss as well as necrosis formation. The protective effects
were not observed by the simultaneous treatment with SH-reagent and toxin. On the contrary,
the toxin-induced inhibition of photosynthetic CO, fixation was not protected by the pre-treat-
ment with iodoacetamide. Besides, these reagents did not affect the toxin actions to moderately
resistant leaves. These results suggest that the expression of host-specificity by AM-toxin is
closely associated with toxin-induced dysfunction of plasma membranes rather than that of
chloroplasts in host cells, and suggest that the modes of action of AM-toxin to susceptible and
moderately resistant cvs. are different.

HYV-toxin produced by Helminthosporium victoriae® and AK-toxin produced by A. alternata
Japanese pear pathotype® have a target site on plasma membrane. Farly works on these
toxins®® showed that SH-reagents gave a protection against toxin-induced electrolyte loss and
necrosis formation. The induced insensitivity of host leaves to these toxins has been explained
by the hypothesis that SH-containing molecules on plasma membranes are denatured by the
reagents. The present results are consistent with those of HV- and AK-toxins. Therefore,
the action of AM-toxin on plasma membrane in susceptible apple leaves may be basically iden-
tical with those of HV- and AK-toxins.

Susceptible apple cultivars have a marked tissue specificity in relation to AM-toxin action®.
No detectable reactions are noted in susceptible non-green tissues such as petals, whereas green
tissues such as leaf are sensitive to the toxin. On the other hand, non-green tissues of moder-
ately resistant apple have the same sensitivity as green tissues. Recently, Shimomura et al.®
showed that white calli derived from susceptible leaf and petal were insensitive to the toxin,
while those from moderately resistant cultivar were sensitive to the toxin. These results suggest
that chloroplasts in susceptible apple might contribute toward signal transduction from toxin
recognition on plasma membrane to next step. Thus, complicated mode of action of AM-toxin
is still unclear.

Pathologically, AM-toxin plays a role as an inducing factor for infection by pathogen®.
When avirulent spores were inoculated in the concomitant presence of AM-toxin on host and
non-host leaves, the spores could invade the susceptible leaves with 10-7 M toxin, and the mod-
crately resistant leaves with 10~ M toxin. However, the toxin at 10—® M did not induce infection on
resistant apple and Japanese pear, and non-host leaves, where the toxin caused chloroplast
dysfunction. On the other hand, the pathogen failed to invade iodoacetamidc-pretreated leaves,
which were protected from AM-toxin-induced electrolyte loss and necrosis. Recently, Tabira
et al.*® reported that light had an inhibitory effect on AM-toxin-induced necrosis in susceptible
leaves, but did not affect toxin-induced inhibition of CO, fixation and an increase in electrolyte
loss. However, when the leaves were inoculated with the pathogen, light had no protective effect
on fungal invasion. These results lead to the conclusion that disorder of plasma membranes,
but not chloroplasts, induces the accessibility of the host cells for the invading fungi, without
necessitating necrosis.

The importance of plasma membrane dysfunction by host-specific toxins for fungal invasion
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has been demonstrated in the studies with AK-toxin, ACR-toxin produced by A. alternata rough
lemon pathotype and HMT-toxin produced by H. maydis race T. Treatments of susceptible
pear leaves with SH-reagents, that protect from the AK-toxin-induced electrolyte loss, inhibited
also infection of the pathogen®. Copper- and iron-chelating agents such as salicylaldoxime
and sodium sulfide, which suppress the toxin-induced necrosis but not electrolyte loss, did not
affect the infection. On the other hand, ACR-toxin whose primary target is mitochondria
induced a rapid electrolyte loss and eventually necrosis on susceptible rough lemon leaves®.
Both toxin-induced electrolyte loss and necrosis were markedly suppressed by light, while the
toxin action on mitochondria was not influenced by light. When the susceptible leaves were
inoculated with avirulent spore suspension including ACR-toxin, light significantly decreased
the fungal invasion®. The same results as observed with ACR-toxin were also obtained in the
study with HMT-toxin which primarily affects mitochondria®. Thus, these results strongly
support the hypothesis that plasma membrane disorders, directly or indirectly caused by toxins,
are key and central events in early pathogenesis.

In the case of infection of A. alternata Japanese pear pathotype, it has been recently postulated
that the host tissues possess a potential resistance mechanism to fungal invasion, and dysfunc-
tion of plasma membranes by AK-toxin results in abolishing the induction of a resistance mech-
anism in susceptible pear tissues®. Therefore, the mechanism of such a series of reactions re-
mains to be elucidated.
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A distinct pathotype of Alternaria alternata (Fr.) Keissler (formerly, A.
mali Roberts), the causal fungus of Altcrnaria leal blolch of apple (Malus

pumila Mill. var. domestica Schneid. )™, produces mulliple host-specilic

toxins: AM Loxin T (alternariolide), W and W™ "™ Two aclion sites lor
AM-toxins in susceplible apple leal cells have been suggested [rom cleclron
microscopic and physiological studics. Plasma membrane invagination® and
increase in clectrolytes loss" caused by the toxin showed that the plasma
membrane may be one ol the action sites. The other site may be located in the
chloroplast, because the toxin induced both vesiculation of grana lamellac®
and decrease in photosynthetic C0, fixalion activily® .

Recently, the process ol host cell damage caused by AM-toxin was
characterized by examining counteraclive clfects of light and Sll-rcagents. In
light, toxin induced necrosis was inhibited, but the Toss of clectrolytes and
the reduction in photosynthelic CO» fixalion were nol alfecled” . I'rom Lhese
reéults, it can be concluded that light inhibits the process of dysfunctions of
primary action site(s) to cell death.  On the other hand, Sl-reagents
inhibited necrosis formation and clectrolyte loss, but not rceduction in
photosynthetic C0, fixation in the toxin-trecated leaves® .  These results
indicate that nccrosis comes of the plasma membranc disorders brought about by
the toxin rather than the chloroplast damages. To clarify relationships among
early cellular events induced by AM-toxin, we examined cffects of light and an
SHl-rcagent on the ultrastructural changes, invagination of plasma membrancs and
vesiculation of chloroplasts, in apple leal cells.

Ten-day-old lecaves of apple were injured slightly with a razor blade.
A drop of 1077 M AM-toxin I or distilled water was placed on the wounded site,

and the lcaves were incubated in a moist chamber at 26 U for 3, 6,12 and 24 hr
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in the dark or light (daylight-color lamp, 630 /LW/ém”). The procedures [for
preparing thin sections for electron microscopy were Lhe same as those
described previously by Park et al”’.  The scctions were stained with uranyl
acclale and lead citrate, and observed under a JEOL 100 CX cleclron microscope.
In the dark, necrosis appcarcd al vein of young lcaves ol susceplible
apple (cv. Red Gold) 12 hr after the toxin Lreatment, and then cxpanded Lo
mesophyll cells in 24 hr alter the treatment. At such concentration of the
toxin, necrosis was not induced in moderately resistant (cv. Jonathan) and
resistant (cv. Mahe 7) lecaves. The carlicst changes were delected as
modilications ol both plasma membrancs and chloroplasts in susceptible cells
under an electron microscope at 3 hr alter the toxin trcatment. The toxin
caused plasma membranc invaginations at plasmodesmata, and mombrano [ragments
and extended desmolubles were observed in invaginated sites (Fig. 1). The
Ltoxin also causcd partial disorganization ol chloroplasts, where grana
lamel la-fragments were found in stroma (Fig. 2). However, no changes appearcd
in susceptible control and the toxin-treated resistant leaves (Figs. 3 and 4).
Though necrosis was markedly inhibited by light-irradiation, invaginations
of plasma membrancs were obscrved in toxin-trealed susceplible lcaves cven
under 24 hr-illumination (Fig. 5). The number of plasmodesmata with
invaginations werc counted al a high magnification (X 94,000). The
invaginations around plasmodesmata were obscrved in the susceptible apple
Jeaves trealed with the Loxin both in the light and dark. Lighl gave no
significant inhibition of the invagination of plasma membranes (Table 1).  On
the other hand, the invaginalions werc not delected in the moderately resistant
and resistant apple leaves treated wilh the toxin.

The chloroplast modilicalions induced by the toxin were also detected in
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lighL—irradiatoq susceplible leaves (Fig. 6).  The modification in the
toxin-treated sﬁscoptible leaves increasced both in the light and dark with time
(Table 1).  The modification of chloroplasts was rarcly obscerved 24 hir alter
Ltoxin treatmenl in the moderately resistant and resistant apple leaves.  These
results coincide with the physiological data reported by Tabira et al.”, and
confirm the previous conclusion that carly cvents in the toxin actions in
plasma membrane and chloroplasts arc not affccted by light. lHowever, the
mechanism in inhibition of the toxigenic necrosis by illumination has been
unknown yet.

To examine the effect of an Sli-reagent on toxin-induced ultrastructural
changes, 0.1 mM iodoacctamide solution was infiltrated into susceptible leaves
under reduced pressure for 30 min. The leaves were treated with 1077 M AM-toxin
and incubated in a moisl chamber at 26 U in Lhe dark. lodoacetamide
apparently inhilbited toxin-induced veinal necrosis in Lhe susceptible Jeaves.
The treated lecaves were prepared [or observalion by electron microscopy.
Treatment of the chemical alone did nol cause any apparcnt ullrastructural
changes in apple leaves (Fig. 7). The {requency of plasma membranc
invaginations in the susceplible leaves withoul the chemical pretreatment
reached to approximately 30% at 12 hr after the toxin trealment (Table 2). In
contrast, only a few invaginalions were induced by the toxin in the
chemical-pretreated leaves. On the other hand, the chemical did not inhibit

chloroplast modilication induced by the toxin (Table 2). Thus, iodoacclamide

suppressed the plasma membranc modification, bul not chloroplast onc (Fig. 8)./4. &
BRILIAR

!

We reported previously that an Sli-reagent inhibited AM-toxin-induced
electrolyle loss as well as nccrosis lormation, but failed Lo reduce the

toxigenic inhibition of photosynthetlic €0, [ixation™.  We suggested that

o dadle L

IS



Shimomura, N. ct al. -5 - &

plasma mombrano‘dysfunctions causcd by Lthe loxin may.bo closely correlated with
necrosis™.  The protection was detected only when leaves were treated with
Sll-reagent before toxin exposurc, indicaling that SH containing molecules may
be involved in an early recognilion belween AM-toxin and susceplible apple
cells. This view® is additionally supported by thie present ultrastructural
study because the Sll-reagent inhibited the plasma membranc modifications but
not chloroplast oncs.

We reported previously that AM-toxin aflects chloroplasts in host and
non-host leaves, butl docs nol induce ncerosis and [ungal infeclion on such
non-host leaves, indicating that the Loxin may have a non-seleclive elfect on
chloroplasts® . Howover, there is a differential toxin sensitivity 1in
chloroplasts between susceptible apple and others®.  In the case of
susceptible apple, the effect of the toxin appcars on both plasma membranes and
chloroplasts at 107" M. On the contrary, Lhe toxin at 10 °-10"" M aflccts
plasma membranes and chloroplasts of moderately resistant apple, while at the
same concentration, the toxin causes chloroplast disfunctions of resistant
apple and some non-hosts withoul inducing plasma membranc lesion. The results
imply that chloroplast dysfunctions in susceptible apple may coutribute for
host-speciflic action of AM-toxin. Therefore, [urther studies of the mechanism

of AM-toxin actions using isolated chloroplasts remain to be donc.
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Table 1. Effect of light irradiation on plasma membrane invagination at plasmodesmata and
vesiculation of grana lamellae in chloroplasts of apple leaves induced by AM-toxin I*’

Occurrence of invaginated plasma Occurrence of vesiculated
membrane at plasmodesmata (%) chloroplasts (%)
Time
Cultivar Treatment (hr) Dark Light Dark Light
Red Gold Toxin 3 6.8 - 4.8 3.1 = 2.4 5.2 = 3.6 3.6 - 1.9
Toxin 6 16.2 = 0.4 12.6 = 3.5 6.7 = 0.6 4,9 - 0.7
Toxin 2 24.5 - 11.4 21.5 = 8.4 12.0 = 3.5 16.2 = 2.9
Toxin 24 33.9 = 4.5 28.7 = 4.1 53.0 = 7.2 44,7 - 11.2
Water 24 0.0 = 0.0 0.0 - 0.0 5.3 = 2.6 3.0 - 0.4
Jonmathan Toxin 24 0.0 - 0.0 0.0 - 0.0 £,5 z 3.6 2.4 - 0.9
Water 24 0.0 = 0.0 0.0 - 0.0 4,4 = 2.0 L6 = 8.5
Mahe 7 Toxin 24 0.0 - 0.0 0.6 - 0.0 2.1z 1.0 .4 - 1.8
Water 24 0.0 - 0.0 0.0 - 0.0 1.2 =z 0.8 3.2 = 2.t

a) Apple leaves were ireated with 107 ¥ AM-toxin I. and incubated in the dark or light (830 z¥%/cm?).
At least 100 cells, and 100 plasmodesmata or chloropliasts were observed for each treatment in one
experiment. Values represent the means and standard deviations of three replications.
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Table 2. Effect of pretreatment of iodoacetamide on plasma membrane invagination at plasmodesmata
and vesiculation of grana lamellae in chloroplasts of susceptible apple leaves induced by
A¥-toxin I¥

Occurrence of invaginated rplasma Occurrence of vesiculated
membrane at plasmodesmata (%) chloroplasts (%)
Post- . Time
Treatment (hr) Fater Iodoacetamide Water Iodoacetamide
Toxin 3 10.8 = 5.3 2.8 = 2.0 5.0 = 0.8 4.0 = 2.2
Toxin 6 18.0 = 6.8 1.4 - 1.4 3.1 - 1.8 4.7 = 1.2
Toxin 12 32.6 = 10.0 2.2 - 0.5 32.8 - 13.3 27.7 = 10.7
Toxin 24 36.1 = 7.0 8.4 - 2.9 35.2 = 18.3 34,3 = 15.0
Water 24 0.0 - 0.0 0.0 - 0.0 0.9 = 0.7 1.3 -+ 1.1

a) hpple leaves (cv. Red Gold) were pretreated with 0.1 mM iodoacetamide, and then treated with
1077 B AM-toxin I. The treated leaves were 1ncubated in the dark.
At least 100 cells, and 100 plasmodesmata or chloroplasts were observed for each treatmen: in one
experiment. Values represent the means and standard deviations of three replications.
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Plate L

Figs. 1 and 2. Susceplible apple lcaves treated with 1077 M AM-toxin, and
incubated for 24 hr in the dark.

Fig. 1. A slightly modilication of plasma membranc in susceptible apple.
Vesicles and cxtended desmotubles werc observed in the space between
invaginated plasma membranes and ccll walls. (X 34,000).

Tig. 2. Marked vesiculation of grana lamellac in the matrix of
chloroplasts. Membrane [ragments were present the matrix. (x 18,000).

Fig. 3. Susceptible apple leaves treated with water. Leaves were
incubated Tor 24 hr in the dark. No ultrastructural change were observed
in plasma membranes, cell walls, vacuoles, mitochondria and chloroplasts.
(X 17,200).

Fig. 4. Resistant apple leaves trealed with 1077 M AM-toxin, and incubated
for 24 hr in the dark. No ultrastruclural change was obscrved in the
cells. (X 9,200).

Figs. 5 and 6. Susceptible apple leaves treated with 1077 M AM-toxin.
Leaves were incubated for 24 hr in the light (630 pmw/cm?).

Fig. 5. Invagination of plasma membrancs. Invagination of plasma
membranes was induced by the toxin in light-irradiated lcaves. (x 34,000).

Fig. 6. The vesicles derived from grana lamellae. Vesiculation ol grana
lamellac was induced by the toxin in light-irradiated lcaves. (X 16,000).

Fig. 7. Susceptible applc leaves pretreated with 0.1 mM iodoacetamide

[ollowed by treatment with water for 24 hr. No ultrastructural change was

observed in the cells. (X 8,700).
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Fig. 8. Susceptible apple leaves pretreated with 0.1 mM iodoacetamide,
followed by treatment with 1077 M AM-toxin for 24 hr. Vesiculation of
grana lamellae but no invagination of plasma membranes was observed in

the cells. (X 8,700).

ions used in plates: ED, Extended desmotuble; IP, Invaginated plasma

putan, T v bbenlvi

membrane; VG, Vesiculated grana lamella.
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Light-Induced Insensitivity of Apple and Japanese
Pear Leaves to AM-toxin from Alternaria
alternata Apple Pathotype®

Hiroki Tasira®**:1 Hiroshi Orani®*, Northiro SHIMOMURA®*_
Motoichiro Kopama**, Keisuke KolMoTo** and Syoyo NISHIMURA***

Abstract

Effect of light on sensitivity of apple and Japanese pear leaves to AM-toxin from
Alternaria alternata apple pathotype was investigated. Continuous irradiation of
light to leaves immediately after toxin exposure inhibited toxin-induced necrosis on
susceptible apple and moderately resistant apple and pear leaves. When light irradi-
ation was interrupted by inserting with darkness for specified times immediately after
toxin exposure, a period of darkness longer than 5 hr was required for necrosis de-
velopment. . However, the required period became shortened to about 3 hr if light-
cut-off started later than 2 hr after toxin exposure. The action spectrum for the photo-
protection was estimated to be 570-680 nm; the most effective wavelength was near
602 nm. The effective light was very specific to the necrosis induced by AM-loxin,
and was not affected by treatment with photosynthetic inhibitors. Moreover, light
did not afTect toxin-induced electrolyte loss and reduction of photosynthetic CO, fixa-
tion, early events in toxin action. When the leaves were inoculated with virulent spores
or avirulent spores plus AM-toxin, light had no protective effect on fungal invasion,
but inhibited the lesion development.

(Received March 16, 1989)

Key words: AM-toxin, light-induced toxin insensitivity, toxin-induced necrosis.

INTRODUCTION

A distinct pathotype of Alternaria alternata (Fr.) Keissler (previously called 4. mali Roberts),
the causal fungus of Alternaria leaf blotch of apple (Malus pumila Mill. var. domestica Schneid.)'?,
produces multiple host-specific toxins, AM-toxin | (Alternariolide), 11 and 11, which are es-
sential for the fungal colonization in host tissues and for the induction of disease®?. These
toxins were jsolated in crystalline form, and their chemical structures were established as closely
related cyclic depsipeptides, by analyzing spectral data and chemical synthesis®".

Based on varietal differences in susceptibility to the pathogen, apple cultivars are classified
into 3 groups: susceptible, moderately resistant and resistant®. This classification is in har-
mony with the varietal differences in sensitivity of apple to AM-toxins”. Susceptible cultivars
such as Orei and Red Gold are affected by AM-toxin I at 10-® M, and a typical vein necrosis
is induced on leaves 48 hr after toxin treatment. Leaves ol moderately resistant cultivars such

* This work was supported in part by Rescarch Grant No. 61480047, No. 62304015 and No.
6344-0010 from the Ministry of Education, Science and Culture of Japan.
-** Faculty of Agriculture, Tottori University, Tottori 680, Japan TSRS P
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as American Summer Pearmain and Jonathan are sensitive to the toxin at 10 M. In contrast,
resistant cultivars such as Mahe 7 and Megumi exhibit no visible reaction to the toxin even at
10-* M. On the other hand, some cultivars of Japanese pear (Pyrus serotina Rehd.) including
Nijisseiki are also sensitive to the toxin and to the attack by the apple pathogen as moderately
resistant apple cultivars® !,

Strangely enough, susceptible apple cultivars have a marked tissue-specificity in relation
to AM-toxin action’”. No detectable reactions were noted in susceptible non-green tissues,
e.g., filaments, petals, styles and flesh cells. while green and non-green tissues of: moderately
resistant apple cultivars had almost the same sensitivity to the toxin.

Two primary sites for AM-toxin action in host cells have been suggested by electron micro-
scopic and physiological studies. One site is in the chloroplast where the toxin induces de-
tachment and vesiculation of grana lamellae'®, and a decrease in photosynthetic CO, fixation
activity®. The other is in the plasma membrane where the toxin causes invagination of mem-
branes!® and loss of electrolytes®. However, the mechanism of AM-toxin action in host cells
has not yet been elucidated clearly.

Recently, we found out an interesting fact that the leaf necrosis induced by AM-toxin is
significantly inhibited under light irradiation. In this paper, we report on light-induced in-
sensitivity of apple and Japanese pear leaves to AM-toxin as an approach to the possible mech-
anism of AM-toxin action. Some parts of this work have been briefly published'®=29,

MATERIALS AND METHODS

Plants. Apple cultivars susceptible (Red Gold), moderately resistant (Jonathan) and
resistant (Mahe 7) to A. alternata apple pathotype were used in this study. Moderately re-
sistant and resistant Japanese pear cultivars, Nijisseiki and Chojuro, respectively, were also
used. These plants were grown in a greenhouse and young leaves were harvested. Petals were
also used in an experiment of tissue-specificity to AM-toxin.

Toxins. AM-toxin 1 was purified from culture filtrates of a virulent isolate (O-159),
according to the procedures described previously®®. The toxin was dissolved in acetone and
adjusted to 10~* M with deionized water. The toxin solution containing 59%, acetone was
diluted to various concentrations with deionized water. AK-toxin 1'®) citrinin'®, phenylacetic
acid'® and tenuazonic acid® were also isolated as reported previously.

Light irradiation. A daylight-color lamp whose spectrum is similar to that of the
sun, was used as a light source in almost all experiments. The lamp was suspended above leaves
in a moist transparent chamber. Light intensity at leaf surface was measured with a thermo-
couple radiometer (Eko, MS-41), and adjusted to give 630 ©W/cm? by controlling the distance
between the leaves and the lamp.

A series of interference filters was used to obtain monochromatic radiation with a halogen
lamp as a light source. Detached leaves in a moist chamber were exposed to light beam passed
through interference filters. Spectral energy distribution, median wavelength and haif-band
width of the monochromatic light passed through the filter were measured by a spectro multi-
channel photodetector (Union Giken, MCPD-110A). Intensity of the monochromatic radia-
tion was measured by an optical powermeter with a silicon photodiode sensor (Photodyne,
44XLA), and adjusted to 80 #W/cm?® at leaf surface.

In order to obtain a continuous spectrum for irradiation, the beam from a halogen lamp
was dispersed by a prism (60°) and the continuous spectrum was directed to leaves. Light
intensity (285 ;4 W/cm?) at the point of prism was measured by the optical powermeter, and wave-
length of the spectrum on the leaves was determined by using interference filters under the prism.

Treatment with photosynthetic inhibitors. Carbonylcyanide-m-chlorophenylhydra-
zone (CCCP), 2-chloro-4,6-bis(ethylamino)-s-triazine (CAT), 3.4-dichlorophenyldimethylurea
(DCMU), 3-(3.4-dich]orophenyl)-l-methoxy—l-m'ethylurea (linuron), isopropyl-N-(3,4-dichloro-
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phenyl)-carbamate (3,4-DCIPC) and o-phenanthroline were used as photosynthetic inhibitors.
Leaves were vacuum-infiltrated with the inhibitor solution for 30 min, rinsed with deionized
water and air-dried for 20 min at 26 C.

Leaf-necrosis assay. Two methods were used for toxin treatment of leaves to ana-
lyze the effect of light on the toxin-induced necrosis.”

(1) Leaves were slightly wounded at the center of their laminas with a glass capillary,
and applied with one drop (10 u1) of toxin solution at the wounded site.

(2) Leaf disks (1.2 cm in diameter) were cut out from leaves with a leaf punch, and vacuum-
infiltrated with toxin solution for 30 min. After rinsing with deionized water, the disks were
air-dried for 20 min at 26 C.

These toxin-treated leaves were placed in moist transparent chambers, and incubated at
26 C under light and dark conditions. After incubation for specified times, necrotic area ap-
peared on the leaves was measured. :

Electrolyte loss. Twenty leaf disks (1.2 cm in diameter) were vacuum-infiltrated
with toxin solution or deionized water for 30 min. After rinsing with deionized water, the leaf
disks were placed in flasks containing 10 mi deionized water, and incubated at 26 C on a shaker
in light (500 #W/cm?®) and darkness. Conductance of each ambient solution was measured
at specific intervals by a conductivity meter (M&S, CD-MIl) using a dip type cell (k=1.0).

Photosynthetic CO, fixation. Leaf disks (7 mm in diameter) were vacuum-in-
filtrated with toxin solution or deionized water for 30 min, and incubated in light (630 ;W/cm?)
and darkness at 26 C for 4 hr. The leaf disks were transferred into a transparent chamber, and
a small petri dish containing 1 ml of 2 N HCI was placed on the center in the chamber. Gas
of “CO, was released by injecting 20 ul NaH¥COj; solution (50 «Ci/ml) in the petri dish by a
microsyringe through a silicon cap. The leaf disks were illuminated with a photoreflector lamp
(10 mW/cm?) through a water phase containing 1%, CuSO, for 15 min at room temperature.
Unfixed MCO, gas was trapped with 3 N KOH. The leaf disks were transferred to a scintil-
lation-counting vial containing 0.5 ml of digestion mixture (607 HCI0,/30% H,0,, 1:2, v/v),
and then incubated for 6 hr at 60 C. After cooling, the digested aqueous samples were mixed
with 10 ml of scintillation fluid consisted of one part of Triton X-100 and two parts of toluene
containing 4 g of PPO and 100 mg of POPOP per liter. Radioactivity was measured on a liquid
scintillation spectrometer (Aloka, LSC-700).

Cell viability. The toxin-treated leaves were separated into lower epidermal and
mesophyll layers mildly using with adhesive cellophane tape. The epidermal layer was stained
with 0.01 % fluorescein diacetate (FDA) solution, and observed under a fluorescence microscope
(Nikon, EFD2) with the excitation filter (EX 450—490) and barrier filter (BA 520). Cell via-
bility was assessed by the ability to stain with FDA.

Infection behavior of A. alternata. Spores of two virulent isolates (M-71 and
0-159) and a saprophytic isolate (0-94) of A. alternata were obtained as described previously®,
The spores were washed thoroughly by centrifugation, and suspended in deionized water. The
saprophytic spores were also suspended in toxin solution. Spore concentration was adjusted
to 5x 10° spores/ml, using Thoma’s hemacytometer. The spore suspensions were sprayed on
the lower surface of the leaves, and the leaves were placed in moist transparent chambers and
incubated for 18 hr at 26 C in light (1 mW/cm?) and darknéss. The number and size of visible
lesions appeared on the leaves were measured. The leaves were then immersed in 0.1 9 cotton
biue in lactophenol for 2 hr, and boiled in lactophenol-ethanol solution until the chlorophyll
was removed. After rinsing with fresh lactophenol-ethanol, infection behavior of the spores
on the leaves was observed microscopically.
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RESULTS

Effect of light on AM-toxin-induced-necrosis

1) Light irradiation before toxin treatment. Apple and pear leaves were pre-
incubated in light and darkness for 48 hr, and treated with AM-toxin I solutions by drop method.
Then, the leaves were incubated under dark condition for 48 hr, and the toxin-induced necrosis
was examined. No difference was observed in the sensitivity of the leaves to the toxin regardless
of the pre-treatment.

2) Light irradiation after toxin treatment. AM-toxin I solutions were dropped
on apple and pear leaves, and the leaves were incubated in light and darkness. After incubation
for 50 hr, necrosis on the leaves was examined.. Under dark condition, AM-toxin I induced
necrosis on susceptible apple leaves at 10~® M, and on moderately resistant apple and pear leaves
at 5x 10~¢ M (Fig. 1A), while leaves incubated under light irradiation were remarkably protected
from the toxin-induced necrosis (Fig. 1A). When these necrosis-inhibited leaves were kept
in the darkness for 50 hr, necrosis developed on the susceptible leaves, but not on the moderately
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Fig. 1. Effect of light on leafl necrosis of apple cvs. Red Gold and Jonathan. and Japanese -
pear cv. Nijisseiki induced by AM-toxin 1. The leaves were treated with AM-toxin
1 solutions, and incubated in light (630 «W/cm?) (O—) or darkness (@ —). After 50
hr, necrotic area on the leaves was measured (A). The leaves held in light for 50 hr
were incubated further for 50 hr in darkness (A—), and necrotic area was measured
(B). Necrotic area on the leaves incubated continuously for 100 hr in light (C---)
or darkness ( @ ---) after toxin treatment is also shown (B). The vertical bars represent
the standard deviations of six experiments.



Ann. Phytopath. Soc. Japan 55 (5). December, 1989 571

resistant leaves (Fig. 1B). Resistant apple and pear leaves under both conditions were com-
pletely insensitive to AM-toxin I even at 10—¢ M.

Cell viability in the photo-protected leaves was determined by FDA staining. The cells
of toxin-treated leaves kept in the light as well as non-treated control leaves were stained fully
with FDA, indicating that the leaves were viable.

To investigate effect of light on tissue-specific response of host to AM-toxin, apple and
pear petals were dropped with AM-toxin 1 solutions, and incubated in light and darkness for
24 hr. Although the toxin at 5x 10~ M caused necrosis only on moderately resistant apple
petals, there was no difference between light and dark treatments.

3) Relationship between the irradiation period and the leaf necrosis. Sus-
ceptible apple leaf disks were vacuum-infiltrated with AM-toxin I at 10-¢ M, and incubated
in light. During the 24 hr of incubation under light, increasing periods of darkness were in-
serted at 0, 1, 2, 3, 6 and 12 hr after toxin treatments, as shown in Fig. 2. When the disks were
kept in the darkness immediately after toxin treatment, a period of darkness longer than 5 hr
was required for necrosis development (Fig. 2). The required dark period, however, reduced
to about 3 hr when the light was turned off later than 2 hr after toxin treatment (Fig. 2).

4) Action spectrum for the photo-protection of leaf necrosis. The action
spectrum for the photo-protection to AM-toxin-induced necrosis on susceptible and moderately
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Fig. 2. Relationship between irradiation period of light and inhibition in leaf necrosis of apple
cv. Red Gold induced by AM-toxin 1. Leaf disks were vacuum-infiltrated with 10-*
M AM-toxin I, and incubated in light (630 #W/cm®) ([__]). During the incubation
period for 24 hr, darkness (JEll)- was inserted for time period indicated. Necrotic
area on the disks was measured and calculated as percent of total leaf area. An aver-
age (@) and its standard deviation (horizontal bar) are based on reading with forty
disks.
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Table 1. Effect of monochromatic radiation on leaf necrosis of apple and Japanese pear induced by

AM-toxin 12
Monochromatic radiation ®> Inhibition rate of necrosis (%{) © -
= ——_

wl‘ﬁé‘i‘ﬁg"m < Apple Apple Pear
(nm) (nm) cv. Red Gold cv. Jonathan cv. Nijisseiki

T 499 11 1.8+ 5.2 1.3+ 6.9 3.9+ 7.6
553 14 13.2+ 5.0 29.3+18.3 10.5+10.0
602 16 79.7+ 8.0 85.8+ 8.3 87.3+ 8.2
646 13 38.3+16.0 57.7+18.0 76.6+ 9.4
703 12 6.6+ 9.0 18.2+£12.2 16.8+ 8.7
776 11 2.3+ 5.3 3.7+ 4.8 2.3+ 5.6

a) Leaf disks were treated with AM-toxin 1 at 10-* M for Red Gold and at 5x 10~ M for Jonathan and
Nijisseiki, and were incubated under monochromatic radiation passed through interference filters for
36 hr at 26 C.

b) Intensity of the radiation was adjusted to 80 ;W/cm? at leaf surface.

¢) Expressed as inhibition rate to AM-toxin-induced leaf necrosis in darkness. Values represent the
means and standard deviations of twelve leaves.

Table 2. Effect of photosynthetic inhibitors on photo-protection to AM-toxin-induced leaf necrosis
of apple cv. Red Gold

Treatment 2> Necrotic area (cm?) Inhibition
=t o rate of
Inhibitor Concentration (1M) Light Dark “‘“-(%j‘;sc‘f
CAT 10 0.89+40.59 4.43+1.03 79.9
1 1.19+0.51 4.38+1.10 72.8
0 (Water) 0.934+0.24 5.00+£0.94 81.4
CCcCp 10 0.54+0.24 4.45+1.51 87.9
1 0.674+0.41 3.88+1.26 82.7
0 (Water) 0.99+0.52 4,584+1.47 78.4
3.4-DCIPC 10 0.934+0.38 3.72+1. 18 75.0
| 1.10x0. 46 4.4441,20 75.2
0 (Water) 1.28+0.41 3.81+1.36 66. 4
DCMU 1 0.52+0.67 3.58+0.59 . 85.3
0.1 0.69+0.31 4.134+0.99 83.3
0 (Waler) 0.2740.10 3.56+0.51 92.4
Linuron 10 0.40+0.13 3.20+1.00 87.5
1 0.52+0.14 3.23+0.77 83.9
0 (Wate,) 0.60+0.15 3.70+0.84 83.8
o-Phenanthroline 10 0.89+0.26 3.36+1.22 73.5
1 0.91+0. 26 3.8240.80 76.2
0 (Water) 0.80+0.19 3.1240.69 74. 4

a) The leaves were pre-treated with inhibitors, and then treated with AM-toxin I at 10— M.

b) The leaves were incubated in light (630 «W/cm?) and darkness for 48 hr, and necrotic area on the
leaves was measured. Values represent the means of twenty leaves and their standard deviations.

¢) Inhibition rate was calculated on the basis of necrotic areas on leaves in light and those incubated in
darkness.

resistant leaves was studied by using monochromatic radiation passed through various inter-
ference filters. In the three cultivars tested, the most effective wavelength was estimated to
be near 602 nm, followed by 646 nm; no effect was seen at 499 and 776 nm, and little at 553
and 703 nm (Table 1).

To test photo-spectral range effective for inhibiting necrosis, susceptible apple leaves were
vacuum-infiltrated with AM-toxin [ at 10~* M, and irradiated with continuous spectral light
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Fig. 3. Effect of irradiation with continuous spectral light on leaf necrosis of apple cv. Red
Gold induced by AM-toxin I. The leaf was vacuum-infiltrated with AM-toxin I at
10~% M, irradiated with spectral light dispersed by a prism (60°) (A), and incubated
for 36 hr at 26 C (B). Light intensity was 285 uW/cm? at the point of prism.

(Fig. 3A). The toxin-induced leaf necrosis was completely inhibited on the portion irradiated
with spectral light of 570-680 nm (Fig. 3B). Similar reproducible results were obtained in
moderately resistant apple and pear leaves.

5) Effect of photosynthetic inhibitors on the photo-protection of leaf necrosis.
To investigate whether the counteractive effect of light to AM-toxin-induced necrosis is asso-
ciated with photosynthetic reaction in chloroplasts, susceptible apple leaves were treated with
photosynthetic inhibitors before toxin exposure, and incubated in light and darkness. The
results (Table 2) showed that all chemicals tested had no effect on the photo-protection.

Effect of light on AM-toxin-induced electrolyte loss

Electrolyte loss from susceptible and moderately resistant leaves treated with AM-toxin
I at 10-* M and 5x 10=® M, respectively, was monitored under light and dark conditions. Un-
like the case of leaf necrosis, light gave no significant inhibition of the toxin-induced electrolyte
loss from the leaves (Fig. 4).

Effect of light on AM-toxin-induced inhibition of photosynthetic CO, fixation

Susceptible and moderately resistant leaves were incubated in light and darkness for 4 hr

after treatments with AM-toxin I solutions, and tested for photosynthetic CO. fixation. In
both conditions, CO, fixation was significantly inhibited at concentrations of AM-toxin I of
10-®* M for susceptible leaves and 10--10~¢ M for moderately resistant leaves, and the inhibi-
tion rate gradually increased in parallel with an increase in toxin concentrations (Fig. 5).

Effect of light on infection behavior of A. alternata

Infection behavior of the pathogens (M-71 and O-159) and saprophytic A. alternata (0-94)
with or without AM-toxin I on susceptible and moderately resistant leaves was investigated
in light and darkness. Light had no effect on penetration into host tissues of spores of the patho-
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Fig. 4. Effect of light on electrolyte loss from apple cvs. Red Gold (A) and Jonathan (B), and
Japanese pear cv. Nijisseiki (C) leaves induced by AM-toxin I. The leaf disks were
treated with AM-toxin I at 10~ M for Red Gold and at 5x 10— M for Jonathan and
Nijisseiki, leached in deionized water in light (500 uW/cm®) (O—) or darkness (e—),
and monitored at intervals for electrolyte loss. Leakages from contro! leaves without
toxin in light (O---) and darkness (@---) are also shown. The vertical bars represent
the standard deviations of five experiments.
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Fig. 5. Effect of light on inhibition of photosynthetic CO. fixation in apple cvs. Red Gold
(A) and Jonathan (B), and Japanese pear cv. Nijisseiki (C) leaves induced by AM-toxin
1. The leaves were treated with AM-toxin 1 solutions, and incubated in light (630
uW/em?) (O) or darkness (@). After 4 hr, CO, fixation in the leaves was measured.
The vertical bars represent the standard deviations of three experiments. '

gens (Table 3). Similarly, the toxin-induced penetration of the saprophytic spores was not
affected by light. On leaves incubated with pathogen or saprophyte with the toxin, the numbers
of necrotic spots were almost the same in both conditions, although size of the spots significantly
reduced in the light (Table 3).

We reported previously that heat-treated leaves became susceptible to A. alternata inde-
pendent of the pathogenicity’®. To investigate effect of light on infection and lesion develop-
ment without involving AM-toxin, leaves were pre-treated with mild heat (for 3 sec in 55 C water),
inoculated with saprophytic spores, and incubated in light and darkness. Results (Table 3)



December, 1989 575

Ann. Phytopath. Soc. Japan 55 (5).

sueaw oY) juasaidal 9[qe} Y Ul SANjBA "D 9T 1B I 8} 10J SSOUNIEP puk ((LUD AW |) YT Ui pare
suoisuadsns 210ds 3im pale[naoul 31am ISSSIIN A2 l1ead

SIT
86
L6
$6
S8
pit
10¢
1447
0tl
gLl
(434
0¢l1
SLY
SLy

Jed

011
96
¥6
06
s8
(48!
611
0€I
66
98
Pl
Y4
(44
14!

s

(L) suols9)
Jo 1apwelg

1£-A) Juonaia Jo (jw/satods 0 X §)

¢tl
AN
£'S¢C
0
00
[0
6°¢ -
S°L
£°9¢
L0

3B ¢
SUOoIS?

L1l

L0
[l
(U 4%
80
el
£°1¢

wo Jad
| JO 'ON

1°8¢
9°8¢
66t
V6

8y

0°¢

L°81
761
8°6¢
L0l
011
£6¢
L1
1°8

981

jieq

T9t
[°Le
8°8¢
68
0§
1L
961
T4
8°8C
L'8
£°6
L¥E
8l
So1
b6l
s

(%) uonew.o)

rydAy u01)29ju]

€°¢¢
6°9¢
S 6€
6°1%
8 °f¢
6°SE
1°8¢
1°9¢
8°LE
£°LE
L°6€
S €h
8°7¢
1°€¢

I've

yieq

L°S¢
8'vt
¥ 6t
8°8¢
£t
S8t
LSt
80t
S 6t
¢ bt
1°¢y
0°Ty
£°6C
8°1¢

a1

() uoijew.oj
wnizossaiddy

1°St

asauede[ pue ‘uey®e

606

1706

e

“1aJem D) GC UI 23S ¢ J0j paleall-aid a1am saaeaT (9
‘D{IBSSIIN PUB UBYIBUOS 10J A - (] 1® pue p[oyy pay 10) A -0l & Uolnjos [ UIXo}-NY Ul papuadsns a1am sa10d§ (q

[°€6
L°S6
9°¥6
958
L°L8
£°6
£°76
0°%6
1°%6
6°76
9°06
6°L8
LL8
0°06
9v8
Lrll

(") uoneuIwLId

a10dg

PIEESTIINGS) o
ueyieuof JH
PIOD PN o 1H

*S2ABY] PIAAIASQO IAY Jo

qnoul pue ‘sa)e[osi ($6-O) dnAydoides pue (651-O PUE
uo[ pue p|on pay sad s|dde jo saAea (B

76-O

DjassiiN
ueyjeuof

plooH poY
PassiliN

$6-O

ugyieuof

pPioD pay
RIESSIIN

@ [ UIXOI-WV 1 ¥6-0

uryjeuor

PIOD PO
RIEESTIIN

651-0

uwvyjvuor .

pIoD pay

1eAnn)

1L~

uol}eINd0U|

(v saAea] 1ead dsaueder pue sjdde U0 sU0ISa] JO JUDWAO[ARD PUB BINIIG)D DIIBIIAI]Y JO 10IABYDG UOHOIJUL UO 1S Jo 199yd € ?qel



576 ) AAMYREYER #5555 H55 TPRIEIA

Table 4. Effect of light on leaf necrosis of apple and Japanese pear induced by toxic fungal metabolites 2?

Necrotic area {(mm?)

;?t(all%olite Concentration Apple cv. Red Gold Apple cv. Jonathan Pear cv. Nijisseiki
Light Dark °/b> Light. Dark °/b> Light Dark %0 b
AK-toxin I 10-6 M 0.0 0.0 0.0 0.0 236.5 216.3 —17.3
10-8 0.0 0.0 0.0 0.0 7.0 8.3 16.6
Citrinin 103 M 1.0 1.0 0.0 2.0 1.8 —11.1 194.5 240.3 19.1
104 0.0 0.0 0.0 0.0 56.0 65.0 13.8
Phenylacetic 1000 zeg/ml 9.5 8.5 —11.8 5.0 4,0 —4.0 6.0 5.5 =7.1
acid 500 3.0 2.8 —17.1 1.0 1.0 0.0 1.0 1.0 0.0
Tenuazonic 1000 wg/ml 4.0 4.5 11.1 6.0 7.0 14.3 13.5 16.5 18.2
acid 500 0.0 0.0 1.0 1.3 23.1 4.8 5.3 9.4

a) Leaves were treated with fungal toxins, and incubated in light (1 mW/cm?) or darkness at 26 C.  After
48 hr, necrotic area was measured. Values in the table represent the means of twenty leaves.
b) Inhibition rate to dark treatment.

showed that no photo-protection was observed on the heated leaves.

Effect of light on some fungal toxin-induced necroses

AK-toxin 1, a host-specific toxin produced by A. wlternata Japanese pear pathotype causes
veinal necrosis on susceptible pear cv. Nijisseiki leaves'. Citrinin, which is produced by Pen-
jcillium citrinum, also induces similar necrosis on Nijisseiki leaves'. Since A. alternata is
known to produce some non-specific fungal toxins, such as phenylacetic acid'® and tenuazonic
acid®, an experiment was made to determine whether or not light has protective effect on the
necrosis induced by these fungal toxins. When susceptible and moderately resistant leaves
were incubated for 48 hr in light and darkness after treated with these toxins, no difference in
necrosis was observed between light and darkness (Table 4).

DISCUSSION

Susceptible apple, and moderately resistant apple and pear leaves incubated in light im-
mediately after AM-toxin exposure were protected from toxin-induced necrosis. When the
leaves were kept in darkness for specified times immediately after toxin exposure and then trans-
ferred in light, a period of darkness longer than 5 hr was required for necrosis development.
The time required for necrosis development, however, reduced to about 3 hr when darkness
started later than 2 hr after toxin exposure. The toxin-induced electrolyte loss from leaves
and reduction of photosynthetic CO, fixation in leaves, early events in the toxin action, were
not affected by light. These results indicate that there are at least two phases in the effect of
light during the action process of AM-toxin: one is a light-independent phase that starts im-
mediately after toxin exposure and causes dysfunction of plasma membranes and chloroplasts,
and the other is a light-inhibited phase, that begins about 2 hr after toxin exposure and continues
for about 3 hr.

Susceptible apple cultivars have a striking tissue-specificity with respect to the action of
AM-toxin!V; the leaves are sensitive, but the petals are insensitive, to the toxin. On the con-
trary, leaves and petals of moderately resistant apple cultivars have almost the same sensitivity
to the toxin'. When the petals of moderately resistant apple were incubated in light after
toxin exposure, light gave no protection on the toxin-induced necrosis. The protective effect
of light on leaf necrosis was very specific to AM-toxin. No such effect was observed on the
necrosis caused by non-specific phytotoxins. Moreover, pear leaf necrosis induced by AK-
toxin™ and citrinin», which have action sites on plasma membranes, was not affected by light.
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These results suggest that the protective effect of light may be closely associated with AM-toxin
action to chloroplasts in host cells.

The importance of light in the action of host-specific toxin has been reported in the com-
bination of Tms-cytoplasm corn and HMT-toxin produced by Helminthosporium maydis race
T. Bhullar er al.V demonstrated that the toxin induced chlorotic lesions on corn leaves in light,
whereas leaves kept in darkness retained chlorophyll. Daly and Barna® observed that the
toxin inhibited both dark CO, and photosynthetic CO, fixations of corn leaf slices, but the in-
hibition in photosynthetic CO, fixation was light-dependent. On the other hand, protective
effect of light on the toxin action have been also reported. Earle ¢¢ al.V showed that collapse
of the toxin-treated leaf protoplasts was protected in light, although the mitochondria, the action
site of the toxin, were damaged severely. MacRae and Yoder'® indicated that the protoplasts
exposed to light before toxin treatment became insensitive to the toxin. Walton et a/.*» found
that the toxin-induced reduction in ATP level of protoplasts incubated in darkness was pro-
tected in light, but the light effect was abolished by the presence of DCMU, an inhibitor of photo-
synthetic electron transport. These effects of light have been explained by the proposal that
light-driven photophosphorylation compensates for toxin-induced inactivation of oxidative
phosphorylation®®.,

The results with AM-toxin are different from those with HMT-toxin in many ways. i)
AM-toxin-treated leaves did not show chlorosis in light condition; rather, the result with FDA-
staining indicated that the leaves were viable. ii) AM-toxin action to photosynthetic CO, fixa-
tion was not light-dependent during pre-incubation with toxin. iii) The protective effect of
light was detectable only at early stages (2-5 hr) of toxin action process. iv) Some photosyn-
thetic inhibitors containing DCMU did not affect the light effect on AM-toxin action. 1In ad-
dition to these observations, the action spectrum for photo-protection from AM-toxin was 570~
630 nm, and the most effective wavelength was 602 nm. The spectrum, however, seems to be
different from that for photosynthesis in higher plants®. Thus, the mechanism of light effect
on AM-toxin action is still unclear,

Apple cultivars are divided into three groups, susceptible, moderately resistant and resistant
cultivars, on the basis of responses to AM-toxin and pathogen®. Some cultivars of Japanese
pear also have the same toxin-sensitivity as moderately resistant apple cultivars®!?. When
leaves of these cultivars were incubated in light for 50 hr after toxin exposure and then kept
in darkness for an additional 50 hr, necrosis developed on the susceptible leaves, but not on
moderately resistant apple and pear leaves. This result suggests that there exists a reversible
mechanism from toxin damages in moderately resistant cultivars. The different effects of light
may offer an interesting experimental system for elucidating differences in toxin sensitivity be-
tween susceptible and moderately resistant cultivars.

We have pointed out the importance of AM-toxin released from germinating spores of
the pathogen®™. The toxin is released from germinating spores of virulent isolate, but not
by avirulent ones®. When avirulent spores were inoculated with AM-toxin, the spores invaded
host tissues, just like virulent spores”. Thus, AM-toxin is considered to be an initiation factor
for successful pathogenesis. 1In the present experiments, light did not affect toxin-induced fungal
invasion and lesion formation. The lesion size, however, significantly reduced in light. This
suggests that host cell death induced by AM-toxin is not a prerequisite for the colonization of
the pathogen, but necessary for lesion development. In infection of A. alternata Japanese pear
pathotype which produces AK-toxin, it has been postulated recently that the key role of AK-
toxin in pathogenesis is in the suppression of resistant mechanisms in pear plants®. Therefore,
AM-toxin action as a suppressor for the resistant mechanism remains to be elucidated.

We are grateful to Dr. Y. Honda, Faculty of Agriculture, Shimane University for his valuable sug-
gestion on this work, and to Mr. E. Iri, Mitsubishi Cable Industries Ltd. for the use of spectro multi-
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Y v BEAHIEE O AM #E TR LS Y v, O PRUEIEIE Y v = e X TR AR S T
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