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Abstract. Certain fungal pathogens release host-selective (or host-specific) toxins (HST) as a host recognition factor
during spore germination at the infection site on plants. Prior to penetration of the pathogen into its host, the released
toxin specifically binds to a putative receptor on the host cells and initiates signaling mechanisms leading to
pleiotropic effects on cells. Of these, the crucial one negates the general and inducible defense reactions of the cells.
This is accomplished by a signal from the HST, which is transduced through a path way at or near the step of plasma
membrane modulation, which is directly or indirectly triggered by the HST. This mechanism operates even though
the toxin may affect mitochondria or chloroplasts as the primary target organelle. The fungal spore is able to
penetrate the so-called ‘narcotized cell’ and completes the initial colonization of the host. The host recognition process
may take place without necessitating host cell death, even in the case of perthophytic parasites. At the molecular level,
HST-mediated recognition of the host by a pathogen requires strict stereochemical precision like a lock and key.
Key words. Host recognition; host specificity factors; host-specific toxins; host-selective toxins; Alternaria; Coch-
liobolus; plasma membrane; mitochondrion; chloroplast; toxin receptor.

Introduction

In spite of repeated and massive exposure to diverse
fungal parasites, higher plant species actually suffer from
only a very minute fraction of the potential plant patho-
gens they come in contact with. In general, most plants

have evolved ‘non-host’ defense mechanisms which can
act against all but a few specialized parasites'®. Such
‘specificity in parasitism’ or ‘host recognition’ has been
of great interest to plant pathologists for a long time. It
is not an easy task, however, to define ‘recognition’ pre-
cisely. Sequeira’s definition >3, proposed in 1978, is most
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helpful for plant pathologists: ‘host recognition’ can be
considered as ‘an early specific event that triggers a rapid
overt response by the host, either facilitating or impeding
further growth of the pathogen.’ ‘
There are now two different theories about the problem.
As pointed out by Nishimura *!* 42, the question is, does
‘specificity’ result from resistance or susceptibility? Re-
search has long been dominated by the former view, that
the determination of ‘specificity” arises from the activa-
tion of a:mechanism for resistance, e.g. the rélease of
specific or non-specific elicitors from fungal pathogens
which stimulate phytoalexin production and/or the hy-
persensitive reaction of the host plant. The other view is
that the susceptibility reaction is determined by a geno-
type-specific suppression of inducible and general resis-
tance by specificity factors such as host-selective (or host-
specific) toxins (HST) and specific suppressors **, Recent
progress in studies of diseases involving HST strongly
favors the second view of specificity 26+ 40:42:44:45 A
concept for a mechanism that determines specificity en-
visages at least three basic processes*% *!: a) spores of a
fungal parasite release, before penetration, a host recog-
nition factor (for example a highly selective and potent
HST) as a signal, b) the released signal factor selectively
binds to receptor sites in host cells, and c) the signal is
transduced in such a way as to immobilize the host’s
defense reactions and condition the cells to produce an
‘accessible state’ for fungal penetration, prior to cell
death. This hypothetical scheme has been supported by
concrete evidence during the last decade, in consequence
of in-depth research on HSTs, with critical evaluation of
their role in the penetration and initial colonization of
plants by pathogens 24~ 2644,

Our present knowledge of HSTs has mostly been ob-
tained from the so-called saprophytic pathogens such as
some species of Alternaria and Cochliobolus, acting on
highly susceptible genotypes of crop plants. The struc-
tures of many HSTs have been elucidated in the last
decade, with the help of modern analytical techniques
particularly suitable for the purification and characteri-
zation of minute amounts of bioactive natural products.
The growing view that HSTs are primary determinants of
disease has received attention in symposia and work-
shops worldwide, and stimulated the publication of sev-
eral books!* 2% %4 chapters?®-2%4! and review arti-
cles®:23:40.51.61 " These are milestones indicating a
marked advance in research into the molecular basis of
the parasitism mediated by HSTs. In this review we focus
primarily on the roles played by HSTs in host recognition
by toxigenic pathogens.

Definition of HST as the key determinant of disease

The term ‘host-specific toxin’ was coined in 1964 by
Pringle and Scheffer*®->*. As often noted in articles
about diverse HSTs, there are certain diseases in which
the host range of the pathogen coincides with the range
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of plants sensitive to the phytotoxic metabolite of the
pathogen. All isolates of the pathogen that produce such
a toxin are pathogenic to certain plant genotypes; all
1solates that fail to produce the toxin are not pathogenic
to these host plants. In addition, the toxin is released on
germination of the pathogen at the site of infection
(Nishimura and Scheffer)*3, with the consequence that
toxin-exposed host cells allow penetration or initial colo-
nization by the pathogen (Yoder and Scheffer)52. These
classic requisites appear to be reasonable and persuasive
even now. There is no doubt, that genetic analysis of the
involvement of a toxin in pathogenesis offers the most
critical approach ®!, but this requires an extended knowl-
edge of the pathosystem. As the second best approach at
least during the beginning stage of research, we should
carefully examine whether the toxin in question can satis-
fy the above definition before it is classified as an HST.

Structures and host-selective toxicity

About fourteen HSTs have been reported in the literature
so far (table). Most of them are produced by species of
Alternaria and Cochliobolus** 3. For a long time, limit-
ed results, requiring great efforts, were obtained in work
directed towards the isolation and structure-determina- -
tion of HSTs; nowadays, with the availability of ad-
vanced analytical methods, these studies have rapidly
progressed. Figure 1 reports the structures of HSTs so far
elucidated; they belong to various classes of chemical
compounds and are often produced as a mixture of relat-
ed substances.

It is surprising that structurally related toxins are pro-
duced by three distinct pathotypes of A. alternata, i.e.:
1. the cause of the black spot disease of Japanese pear in
Japan; 2. the cause of the black spot disease of strawber-
ry in Japan; and 3. the cause of the brown spot disease
of certain mandarin oranges and tangerines in Australia
and the USA. The toxins have in common an 8-substitut-
ed-9,10-epoxy-9-methyldecatrienoic acid structure.

In the early 1980s Nakashima et al. 3*# isolated two toxins
in crystalline form from culture filtrates of 4. alternata,
the Japanese pear pathotype (called AK-toxins I and II),
and determined their structures by chemical and spectral
analysis, and by X-ray diffraction **. The structures were
further confirmed by total synthesis by three independent
research groups > % 2936, Qut of 36 cultivars of Japanese
pear examined, only 9, such as ‘Nijisseiki’ and related
cultivars, are affected by AK-toxin I at a concentration
as low as 10~° M, whereas the others, in addition to
non-host plants, are insensitive even at 10~* M *”. This
all-or-nothing type of selectivity in toxic action complete-
ly matches the host-or-nonhost response to the pathogen
in pear cultivars. AK-toxin II, a demethyl derivative, has
the same selective toxicity as AK-toxin I but its activity
is reduced to one-fifteenth.

In Japan, the strawberry pathotype of 4. alternata affects
only the susceptible strawberry cv. Morioka-16 in the
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field. However, in laboratory tests, it also affects certain
cultivars. of Japanese pear, showing the same host range
as the Japanese pear pathotype (AK-toxin producer) of
A. alternata®!. This host range coincides with the sensi-
tivity spectrum of Japanese pear to AF-toxins of the
strawberry pathotype. In 1986 Nakatsuka et al. *® isolat-
ed AF-toxins I, II and III from culture filtrates of the
pathogen and elucidated their structures by spectral anal-
ysis and total synthesis. AF-toxin I causes leaf necrosis of
both strawberry and Japanese pear, while AF-toxin Il
causes necrosis of pear only*!. AF-toxin IiI is toxic for
strawberry and less toxic for pear>®. The decatrienoic
acid moiety in the major AF-toxins has a 2E,4F,6Z ge-
ometry, while that of the AK-toxins 1s 2E,4Z,6F. In ad-
dition, the strawberry pathogen produces small amounts
of stereoisomers which are different with respect to the
trienoic acid structure. Among the three isomers of AF-
toxin I examined for toxicity, that with the 2E4E.6Z
configuration showed the highest toxicity to strawberry
leaves. The three isomers of AF-toxin II, characterized
by a free hydroxy group at the 2'-position of the 8-acyl
moiety, showed no toxicity to strawberry but were still
toxic to pear. Moreover, some 2-O-acyl derivatives
(acetyl, propionyl and isovaleryl) prepared from AF-tox-
in II by acylation were as toxic as AF-toxin I or III, on
both strawberry and pear leaves. Nishimura et al. *? sug-
gested that the 2'-hydroxy group represents a feature of
the molecule essential only for toxicity to pear. Its role
may be the same as that played by the amide NH at the
2'-position of AK-toxin. Interestingly, the 2E,4Z.6F iso-
mer of AF-toxin I isolated from culture filtrates exhibit-
ed high toxicity to pear, comparable to that of AK-tox-
in I, which has the same stereochemistry. The free w-
epoxy-decatrienoic acid itself had no toxicity for any of
the plants tested.

The tangerine pathotype of 4. alternata produces multi-
ple toxins that are highly active against citrus hosts such
as ‘Dancy’ tangerine, ‘Emperor’ mandarin and ‘Murcott’
tangor 2!+ 2%, Several selective toxins, named ACTG-tox-
ins, were isolated and characterized by Kono et al. 28 2%,
ACTG-toxins A and B are toxic to susceptible plants at
a concentration of 0.1 ug/ml. Recently, we have found
that this pathotype also produces a group of HSTs desig-
nated as ACT-toxins, which are quite different chemical-
ly from the ACTG-toxins and more closely related to
AK- and AF-toxins (fig. 1)2!'37. The ACT-toxins are
produced during spore germination, while no informa-
tion is as yet available about whether ACTG-toxins are
released during this phase. This is an important point for
the pathological evaluation of toxins, as noted in the
preceding section. Among 65 citrus plants examined, the
major HST, named ACT-toxin Ib, was toxic at a concen-
tration of 10 ng/ml only to species, cultivars and hybrid
lines susceptible to the 4. alternata tangerine pathotype.
Resistant citrus and non-host plants were not affected by
the toxin even at a concentration of 20 pg/ml. There was
a close correlation between disease susceptibility and tox-
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in sensitivity. The w-epoxydecatrienoic moiety of ACT-
toxin Ib has the same stereochemistry (2E,4Z,6F) as that
of AK-toxin. ACT-toxin Ic, which is produced in minor
amounts, contains the 2E 4E 6 E isomer and is less active.
Surprisingly, in laboratory tests, ACT-toxin Ib is toxic to
certain Japanese pears that are not known to be affected
by the pathogen in the field.

The tangerine pathotype of 4. alternata produces anoth-
er HST, ACT-toxin [ib, which is the 5”-deoxy derivative
of ACT-toxin Ib. Interestingly, this subtle change in the
structure of Ib causes a 2000-fold reduction in toxicity to
tangerines while it increases the toxicity to Japanese
pears up to 10-fold, thus reaching a potency comparable
to that of AK-toxin. Moreover, the sensitivity spectrum
in Japanese pear cultivars to toxins Ib and IIb is the same
as to AK-toxin. AK-toxin, however, is not toxic to tan-
gerines and mandarins. A comparative study of struc-
ture-activity relations among these three structurally re-
lated HST groups (AK, AF and ACT) suggests that the
susceptible Japanese pear is less specific in recognizing
signal molecules at putative receptor sites than the sus-
ceptible strawberry, tangerine and mandarin are.

A. alternata pathogenic strains appear to have developed
as highly specialized parasites with distinct pathotypes
through elaboration of different HSTs via a common
biosynthetic pathway*?. It is of great interest that in
countries very distant from one other, different strains of
A. alternata produce toxic metabolites which are closely
related in their structures, but differ in their specific tox-
icity towards plant genotypes which are hosts of the
pathogen. Thus, a molecular basis is provided for the
concept of a pathotype system*' in which mutations
result in the production of a new metabolite which makes
a potentially saprophytic pathogen virulent for a new
host: a new pathogenicity follows the acquisition of the
ability to produce a toxin or a recognition factor which
is genotype-specifically active in a potential host.
Another memorable achievement in the structural eluci-
dation of HSTs has come from the transnational research
conducted by Macko’s team (Ithaca, N.Y., USA) and
Arigoni’s team in Zurich, Switzerland, on HV-toxin(vic-
torin) produced by Cochliobolus vicioriae>°-°°. The
structure of this toxin was in fact determined nearly 40
years after it was first discovered in Victoria blight of
oats in the USA. As shown in figure 1, the major toxin,
victorin C, is composed of an acyclic combination of
glyoxylic acid and five unusual amino acids, some of
them containing chlorine. Structure-activity studies re-
vealed that an essential component for the toxicity of
victorin is the hydrated aldehyde group of the glyoxylic
acid residue®*®. Removal of glyoxylic acid completely
abolishes toxic activity; toxicity was also lost on reduc-
tion of the aldehyde group, but the reduced compoind
prevents or reduces the effects of subsequent additions of
native, biologically active victorin C*°. Acylation of the
w-amino group of the f-hydroxylysine residue causes a
nearly 100-fold reduction in the toxicity of victorin C,



758 Experientia 47 (1991), Birkhduser Verlag, CH-4010 Basel/Switzerland
ACR-toxin HC-toxin
\\ — N\ /CH3
CHy H N
Cy . \
NI NH
D '€ (Cltg ) = C—Cli—CH
0=\ H C/ 2)s g N3 2
. f ~y—5 o
ACT-toxin éuy | O
\ /CHZ
CH
H 2
CHSWH HMT-toxin
CH3 ¢H3 OH
cH H OH 0 OHQ H H
cH3 CH3
Ib: R=OH BAND 1 (C41)
Ilb: R=H HOH o H H Ot H
ACTG-toxin A ity
BAND 2 (C41)
A
HOH H H H
chiy CHj
BAND 3 (C3g)
H
3 HOH Q H HOH H
B ch CHj
3 CH3 CHj
" BAND 1'{C39)
CH .
) 3 PM-toxin
AF-toxin H H H H
c3 CHy
CcH PM-toxin A (C33)
H i H H OH
. CH3 Chj
0 PM-toxin B (C33)
m
H H H H OH OH
-toxil
AK-toxin A g
PM-toxin C (C3g)
H OH OH H H H
cH CH3
PM-toxin D (C33)
HS-toxin
AL-toxin
R} H OH
NH)
CH3)
CH30RCH3 R3
R} R; Ry
aH A ]
Ta oH ]
DA H OH a: _c/\(\cozn
rgdH H H COzH H
Bpa a H 2
Cli3
. "
AM-toxin Y 3
CH3 CH3 RO R H
Wi "
CH CHaH
Q B H 13 c '3
N~ €~
C” H O OR
14 \C/,O OR
ook i HV-toxin
R.@(cu;n—cu L L CH—CH3 H
\ / CH(OH) 2
oZ5 NIt l
Nt - H3
\C/(i\ o 0Ll
I s H3 NH CH NI
1 : R=0CH3 ciy j\)\f
CHCYS \g/g}
I : R=H
Il : R=OH HCL

Figure 1. Chemical structures of host-selective toxins.

NH
H

Reviews



Reviews

Host-specific toxins known to date (1990)
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Pathogen Host
Disease Species/Pathotype Toxin Host range Genetic background Target site
(previous name) (synonymous (susceptible (dominance)
designation) cultivar)
Alternaria blotch of  Alternaria alternara/ AM-toxin I, I, & HI Apple Multiple genes Chloroplast and
apple Apple pathotype : (Red Gold, Starking) (susceptible) plasma membrane
(A. mali)
Alternaria leaf spot  A. tenuissima ATC-toxin Pigeonpea - -
of pigeonpea
Alternaria stem A. alternataf AL (or AAL)-toxin Tomato Single (homo) gene  Mitochondrion?

canker of tomato

Black leaf spot
of strawberry

Black spot of
Japanese pear

Brown spot of
rough lemon

Brown spot of
tangerine

Brown spot of
tobacco

Eye spot of
sugarcane

Milo disease of
sorghum

Northern leaf spot
of maize

Southern leaf spot
of maize

Target leaf spot
of tomato

Victoria blight
of oats

Yellow leaf blight
of maize

Tomato pathotype
(A. alternata f. sp.
Iycopersici)

A. alternata/
Strawberry pathotype
A. alternata/
Japanese pear pathotype
(A. kikuchiana)

A. alternata/

Rough lemon pathotype
(A. citri)

A. alternata/
Tangerine pathotype
(A. citri)

A. alternata/

Tabacco pathotype
(A. longipes)
Bipolaris sacchari
(Helminthosporium
sacchari)

Periconia circinata

Cochliobolus carbonum
(B. carbonum) race 1
C. heterostrophus

(B. maydis) race T
Corynespora cassiicola

Cochliobolus victoriae
(B. victoriae)
Phyllosticta maydis

(I & I or Ta & Tb}

AF-toxin I, I, & I

AK-toxin I & II
ACR(L)-toxin I
ACT-toxin I & 1T

ACTG-toxin A & B

AT-toxin

HS-toxin A, B, & C

PC-toxin
(Peritoxin A & B)
HC-toxin I, 11, & IIT

HMT-toxin

band 1, 2,3, & 1
CC-toxin

HV-toxin (victorin C)

PM-toxin A, B, C, & D

(Earlypak 7, First)

Strawberry
(Morioka-16)
Japanese pear
(Nijisseiki)

Rough lemon

Tangerine
(Dancy)

Tobacco

Sugarcane
(51-NG97)

Grain sorghum
(Giant milo)
Maize

(K-44, K-61)
Maize

(Tms cytoplasm)
Tomato

(ffe no. 1)

Oats

(Victoria)

Maize

(Tms cytoplasm)

(susceptible)

Single (hetero) gene
(susceptible)
Single (hetero) gene
(susceptible)

Single gene
(susceptible)
Multiple genes
(resistant)
Cytoplasmic

Single (hetero) gene
(susceptible)
Cytoplasmic

ACTase?

Plasma membrane

Plasma membrane

Mitochondrion

Plasma membrane

Mitochondrion

Plasma membrane

Plasma membrane
Plasma membrane

Mitochondrion

Plasma membrane

Mitochondrion

but the derivative still retains host selectivity, indicating
the possibility that the toxin could be radioactively la-
belled to a high specific activity using '?°I, as will be
described later.

Multiple structural forms have been found for other
HSTs such as ACR-12, AL-*3, AM-4°, HC-°°, HS-3°,
HMT- %% and PM-toxins ° 28 (table). However, chemical
multiplicity is not necessarily required for host recogni-
tion by the producing pathogen; it is only at the infection
site on spore germination that ‘released toxin species’ can
play a role in recognition, and others might be surplus for
pathogenicity 4° ~ 42,

Primary action sites for HST

Investigations of the primary sites of action of HSTs have
dominated the field of toxin studies for a long time,
because information about the signalling mechanism ini-
tiated by the HST is fundamental to understanding host
recognition. Three approaches have mostly been em-
ployed: physiological, biochemical, and ultrastructural.
It has been suggested that the primary actions can be

associated with three target organelles: plasma mem-
brane, mitochondrion and chioroplast 2°,

Dysfunction in the plasma membranes of susceptible
genotypes results instantaneously from the application of
most HSTs. A rapid and dose-dependent increase in elec-
trolyte loss from the cells, and the concurrent invagina-
tion of their membranes, is 4 common syndrome caused
by ACT-, AF-, AK-, AM-, HS-, HV-, and PC-toxins. An
exception is HC-toxin, which enhances the uptake of
ions. Electrophysiological studies?® *® 32 showed that
AF-, AK-, HV-, and HS-toxins depolarized the mem-
brane of susceptible genotypes but had little effect on the
membrane potential of resistant genotypes, whereas HC-
toxin hyperpolarized the membrane of susceptibie maize.
Decrease in polarization occurred mostly in the respira-
tion-dependent component of the membrane potential,
which is sustained by a H*-pump; there was little effect
on the diffusion potential component. Do HSTs directly
affect the plasma membrane H*-ATPase? In studies of
HS-toxin °2, it appeared to be unlikely that the electro-
genic H* -pump of susceptible sugarcane is the primary
site of action of the toxin, since this pump can be activat-
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Figure 2. Susceptible Japanese pear leaves treated with AK-toxin for
15 min. The leaves were fixed with OsQO -potassium antimonate fixative.
A The precipitates of sodium antimonate and magnesium antimonate
were located in the cell walls near plasma membrane invagination at
plasmodesmata. x 22,000. B An X-ray spectrum from the precipitate-
laden cell walls showing peaks for Na, Mg, Os, Cl, Sb, and Ni.

ed by light and fusicoccin. AK-toxin had no direct effect
on ATPase activity in the isolated plasma membrane
fraction of a susceptible pear genotype 2+ #5. No AK-tox-
in effect was observed with inside-out vesicles and solubi-
lized membrane preparations. AF-toxin causes rapid and
irreversible reduction of the light-dependent and inde-
pendent components of the membrane potential >, Nev-
ertheless, AF-toxin also did not affect ATPase activity in
the plasma membrane fraction of a susceptible strawber-
ry (Lee et al., unpublished data).

Recently Park et al. *® have identified ultrastructural sites
for leakage of Na* and Mg* * in susceptible Japanese
pear leaves treated with AK-toxin by using a Na- and
Mg-precipitation method and analytical electron micros-
copy. The earliest two effects of AK-toxin, namely plas-
ma membrane modification and precipitation of sodium
and magnesium antimonates, appear in the plasmodes-
matal regions within 5 min after toxin exposure. The
precipitates first occur at a site on the cell wall near the
plasmodesmata. Shortly after, the plasma membrane be-
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comes invaginated at both ends of the extended plasmo-
desmata (fig. 2). As the modification develops, the pre-
cipitate spreads from the original site to both neighbor-
ing and/or remote areas. There is no lag time between
physiological and ultrastructural changes in toxin-treat-
ed susceptible tissues, which strongly supports the hy-
pothesis that the primary site for AK-toxin action is at
the plasma membranes of susceptible cells as previously
suggested 254041,

Mitochondria in susceptible host cells are affected by
ACR-, AL-, AT-, HMT-, and PM-toxins - 7> 2732, Inten-
sive' studies have been focused on understanding the
mechanisms of action of HMT-toxins. HMT-toxin at a
concentration of 10~ ° M immediately causes the follow-
ing symptoms in mitochondria of Texas male-sterile
(Tms) but not male-fertile (N) cytoplasm maize:
a) swelling, reduction in numbers and vesiculation of the
cristae, b) a decrease in electron density of the matrix,
¢) an increase in the rate of NADH oxidation, and
d) an inhibition of malate oxidation. Matthews et al, 32
reported that the toxin increased the permeability to
NAD" of the inner mitochondrial membrane in Tms, but
not N, cytoplasm. This resulted in a depletion of the
intramitochondrial pool of NAD* which caused inhibi-
tion in the oxidation of NAD*-linked substrates such as
malate. Additionally, Holden et al. 17> '® examined direct
effects of HMT- and PM-toxins on the membrane poten-
tial (6y) formed in isolated mitochondria, by continuous-
ly monitoring the absorbance change of a cationic dye.
Both toxins dissipated Ay very rapidly (within a few
seconds) as did the protonophore CCCP, supporting the
idea that these toxins increase H* permeability. The re-
sponses of susceptible rough lemon mitochondria to
ACR-toxin appear to be similar to those of Tms mito-
chondria to HMT-toxin ** 27, although each toxin retains
its host-specificity.

In contrast to these HSTs, AT-toxin and AL-toxin in-
duced ultrastructural damage to mitochondria in suscep-
tible cultivars in 24 h. This delay in response does not
necessarily rule out the mitochondrion as the target of
the toxin. MTT-colorimetric assays indicated that the
viability of root cells and cultured leaf cells of a suscepti-
ble tomato treated with AL-toxin was markedly de-
creased. However, no reduction in viability was observed
in toxin-treated resistant tomato cultivars. Also, AL-tox-
in did not affect the respiration of isolated mitochondria
(unpublished data), which might be a secondary target of
the toxin. Our experiment showed that the toxin caused
a significant increase of ethanolamine and phosphoryl-
ethanolamine in susceptible, but not in resistant, tomato
leaves (Kawaguchi et al., unpublished data). On the oth-
er hand, the activity of aspartate carbamyltransferase
from susceptible tomato was inhibited by the toxin under
certain conditions '®. Recently, Witsenboer et al.?% 3’
indicated that inhibition by the toxin was demonstrable
at the cellular level in protoplasts, calli, leaves, shoots,
roots and pollen of susceptible and resistant cultivars,
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Figure 3. Susceptible apple leaves treated with AM-toxinI for 3 h.
Marked fragmentation of grana lamellae (arrowheads) in the stroma of
a chloroplast of a mesophyll cell. x 24,000.

but not in resistant leaves. These conflicting data imply
that AL-toxin has multiple and non-specific targets in
tomato plants, and that the susceptible genotypes may
have high-affinity toxin receptors that are functionally
expressed in leaves. Thus the primary action site of AL-
toxin is still obscure.

Chloroplasts appear to contain additional action sites for
AM-toxin, a cyclic depsipeptide, similar to tentoxin,
from the leaf blotch pathogen of apple. A typical modifi-
cation of chloroplasts in AM-toxin-treated susceptible
apple leaves is the fragmentation and vesiculation of
grana lamellae (fig. 3)2°. This damage is comparable
with the physiological alteration observed in susceptible
leaf tissues: photosynthetic CO,-fixation is inhibited by
10~®¥ M AM-toxin. Isolated chloroplasts also seem to
have a site sensitive to AM-toxin. However, further bio-
chemical studies of the mechanism of action using intact
chloroplasts from apple leaves remain to be done.

HST receptor model as a model for molecular recognition
in parasitism

The most fascinating hypothesis for understanding the
strict host-specificty of toxigenic fungal parasites of
plants at the molecular level has been the HST-receptor
model that Pringle and Scheffer first proposed in 1964 +°.
Many lines of circumstantial evidence support the pres-
ence of HST-receptors in susceptible host tissues. For
example, a study on the structure-activity relationships
of AM-toxin revealed that no toxicity was exhibited by
retroenantio-AM-toxin I, in which the peptide sequence
is reversed and the configuration of each residue is invert-
ed, and by enantio-AM-toxin I, an antipode of AM-
toxin I, which has the same conformation as AM-
toxin 12233, This implies that the initial interaction be-
tween AM-toxin I and its putative receptor site on the
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plasma membrane and/or chloroplast of susceptible ap-
ple cells most likely involves a biological reaction, such as
ligand binding to a receptor that can recognize the chiral-
ity of the toxin, rather than a simple physicochemical
reaction such as peptide-lipid interaction. A very strict
precision in stereochemistry appears to be required for
recognizing the signal carried by the toxin in cells. Ago-
nist-antagonist relations were observed in the interac-
tions between HS-toxin and sugarcane °. HV-toxin and
oats °8, and AF-toxin and strawberry 3%, where pretreat-
ment of susceptible tissues with each toxoid prevented
the toxicity of the corresponding native toxin.

The first attempt to demonstrate directly the existence of
a putative receptor was focused on the HS-toxin binding
protein in sugarcane leaves. For experiments on the bind-
ing of highly bio-active toxins to receptor sites, however,
alabeled HST with a high specific radioactivity is usually
required; as pointed out by Daly’, a toxin with low
specific radioactivity could hardly be measured in biolog-
ical preparations at physiological concentrations. Re-
cently Frantzen et al. *! examined the binding to mito-
chondria of *H-labeled HMT- and PM-toxin analogs
which had a high specific radioactivity and the same high
selective toxicity as the native toxins. They found no
significant difference in the binding to mitochondria of
susceptible and normal Tms-cytoplasm maize. Further-
more, it was observed that HMT-toxin acts as an
ionophore in an artificial membrane system. It was sug-
gested that a possible interaction between the toxin and
a membrane component(s) of normal mitochondria pre-
vents the toxin from forming an ion channel. Tms-mito-
chondria would lack such a component(s).

In contrast, molecular genetic studies of HMT-toxin sen-
sitivity in maize appear to disagree with this hypothesis.
The mitochondrial gene, T-urf13, from the Texas cyto-
plasm is responsible for the sensitivity to HMT- and
PM-toxins, because the gene product, a 13 kDa protein
(T-URF13) was shown to confer toxin sensitivity on Es-
cherichia coli cells: the toxins inhibited cellular respira-
tion and caused an immediate ion leakage > * '°. Does
HMT-toxin ever bind to this polypeptide in vivo and in
vitro? Or does the toxin, without binding directly to a site
on this specific protein, interfere with electron transfer by
insertion into the membrane in the vicinity of the
protein?

These questions seem to be answered by experiments on
the binding of *H-PM-toxin to the URF13 protein in
maize mitochondria and E. coli expressing the T-urf13
gene. Braun et al.® demonstrated in early 1990 that the
toxin binds reversibly and competes with methomyl for
the same, or overlapping, binding sites in . coli, through
competition and displacement studies.

Most recently, Haung et al.'® constructed a chimeric
gene coding for T-URF13 fused to the mitochondrial
targeting peptide of the Neurospora crassa ATP synthase
subunit 9 precursor. It was demonstrated that the expres-
sion of the gene in yeast (Saccharomyces cerevisiae) yields
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a protein which is translocated into the mitochondrial
membrane and processed to give a protein of the same
size as maize T-URF13. This protein confers sensitivity
to HMT- and PM-toxins; no sensitivity to the toxins is
observed when T-URF13 protein is expressed without a
targeting peptide. This strongly suggests that the mito-
chondrial localization of T-URF13 protein is crucial for
the Tms-cytoplasm-specific toxins. This success in the
introduction of the susceptibility gene into eukaryotic
fungal cells will extensively promote the study of the
expression of mitochondrial genes in heterologous higher
plant systems.

More direct evidence for toxin binding has come from
intensive studies by Macko’s group on the structure-ac-
tivity relations of HV-toxin *°. Bolton-Hunter victorin C
is a 100-fold less active derivative of the native toxin
which nevertheless retains its host-specificity. It can be
labeled with '2°] to a high specific activity. Elec-
trophoretic analysis of leaf proteins from isogenic sus-
ceptible and resistant oat genotypes after treatment with
the 12°I-labeled victorin derivative indicated that this
binds in a covalent and genotype-specific manner to a
100 kDa protein only in susceptible leaves. This in vivo
binding was competitively displaced by reduced victorin,
a nontoxic protective compound, which indicated that
the binding of the ligand was specific. However, in vitro
binding required an exogenous reducing agent and was
not genotype-specific. The hypothesis was proposed that
the difference between susceptible and resistant geno-
types is due to the presence of a reducing group, either in
the 100 kDa protein or in associated molecules. The
100 kDa protein appears to be a probable candidate for
the HV-toxin receptor. The search for toxin receptors
involved in other toxigenic diseases is now under way: a
putative receptor for AK-toxin seems to be a protein with
SH-groups 2445,

Process of HST action in cells and induction of accessibil-
ity

From the point of view of studying the pathology of HST
action, more efforts should be centered upon determin-
ing the key event(s) necessary for successful penetration
of the pathogen and initial colonization in host cells, even
if each HST has a different, primary target organelle.
Generally, an HST produces diverse physiological and
biochemical effects on susceptible plants. Such effects
have various timetables, and the reactions may develop
as independent or coupled events. Consequently, the
question can be posed as to how an HST triggers a series
of reactions that finally leads to the induction of accessi-
bility to fungal penetration and colonization. For dissect-
ing such diverse effects of a toxin, and determining the
essential component(s) among them, the use of metabolic
inhibitors, modifying reagents, nitrogen gas to obtain
anaerobic conditions, mild heat, and light may all be

helpful, as already reported in several reviews and pa-
pers 18,25,26,45, 55‘
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In the combinations of AK-toxin/Japanese pear 2%, AM-
toxin/highly susceptible apple (unpublished data), and
HV-toxin/oats **, pretreatment of susceptible tissues
with SH-alkylating reagents such as iodoacetamide or
iodomethane protected the tissues from toxin action. But
simultaneous or post-treatment did not. The pretreat-
ment cancelled not only the induction of toxigenic tissue
necrosis and successful infection of avirulent spores as
the final events, but also the dysfunction of plasma mem-
branes, i.e. very early electrolyte leakage and invagina-
tion of membranes. This type of protection agreed with
the data showing that the binding of HV-toxin requires
SH-groups close to the receptor site in vivo, and certain
SH-substances in vitro *°.

Recently, light was also found to suppress the early
stages of toxin action in AM-toxin/apple, ACR-toxin/
rough lemon and HMT-toxin/maize systems?5:%°. In
susceptible apple leaves, light inhibited leaf necrosis
caused by AM-toxin, during a specified period from
about 2 h (the time necessary for completing the first
light-independent phase) through about 5 h after toxin
application. In ACR-toxin/rough lemon and HMT-tox-
in/maize combinations, however, light inhibition seemed
to occur shortly after toxin treatment. In apple leaves,
light did not suppress an AM-toxin-induced increase in
electrolyte loss?®, invagination of plasma membranes
and vesiculation in chloroplasts 3%,

Light had no effect on the formation of the infection
hypha and development of the lesion induced by the
pathogen, or by a saprophytic strain of 4. alternata com-
bined with a small amount of AM-toxin. These fungi
were able to penetrate apple tissues exposed to the toxin,
but necrosis was suppressed under continuous illumina-
tion; vital staining demonstrated that the toxin-treated
cells were still alive at least for 4 days after the beginning
of the experiment. This means that fungal penetration is
successful, independently of toxin-induced plant cell
death, even with necrotrophic or perthophytic parasites,
which are believed to kill the host cells prior to invasion.
By contrast with the situation with apple, light protected
rough lemon and maize leaves from ACR- or HMT-
toxin-induced dysfunction of plasma membranes and
prevented the formation of infection hyphae and necrosis
induced by these toxins2®, However, light provided no
protection against the first effect of these HST, which was
on mitochondria. These results have led to the suggestion
that there is a close association between early functional
modification of plasma membranes, caused directly or
indirectly by HST, and a predisposition of plant cells to
be penetrated by the pathogen, or induction of suscepti-
bility caused by HST. The ‘HST signal’ may be relayed
by a signaling process which branches off at or around
the step at which plasma membrane disorder occurs,
and acts upon an initiation-point for the negation of
those inducible general defense mechanisms !> 23 26
which would otherwise be effective at the penetration
phase. A recent review discusses resistance to 4. alternata
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in Japanese pear leaves and its suppression by AK-tox-
in*%.

Interactions between fungi producing HMT-toxin and
AL-toxin and their host plants present an intricate story
in this respect; their specificity appears to be expressed
not only during host penetration and subsequent initial
colonization, but also during the later phases of patho-
genesis. When avirulent spores of A. alternata or Coch-
liobolus heterostrophus were inoculated on leaves of Tms-
cytoplasm maize along with a trace of HMT-toxin, the
rate of formation of infection hyphae greatly increased
and necrosis developed *°. Race O and race T of C. het-
erostrophus could invade Tms-cytoplasm maize leaves
and cause the development of symptoms: race O caused
smaller, parallel-sided lesions, whereas race T caused
long, spindle-shaped lesions. Both races caused small,
parallel-sided lesions on leaves of normal cytoplasm
maize. HMT- and AL-toxins may play at least two roles:
1. as an inducer for accessibility to fungal penetration,
and 2. as a selective virulence factor. Such a virulence
factor may have regulatory effects on a series of defense
reactions against hyphal spreading in the host tissues
after initial colonization, in addition to affecting the
severity of the toxigenic symptom development.

Conclusions

There is growing evidence that certain fungal pathogens
secrete a host recognition factor and/or a specific sup-
pressor, such as an HST, during germination. This signal
HST can predispose the cells of potential hosts to being
in a susceptible state in advance of penetration of the
pathogen, by specifically negating the plant’s defense re-
actions. This scheme appears to be compatible with Se-
queira’s definition of host recognition.

As knowledge about the structures of HSTs accumulates,
it will provide clues for elucidating the nature of the
stereochemical interface between the recognition factor
and its receptor. In the not-far-distant future, research
should be aimed at completely understanding the modes
of signal reception and transduction in plant cells at the
molecular level: How does the HST signal interfere with
the mobilization of the host plant’s defense mechanisms?
What is the key event in signaling which allows fungal
penetration and initial colonization? Such studies will
stimulate an extensive search for diverse types of patho-
genicity determinants produced by fungal pathogens of
plants.

Note added in proof:

After this review article was submitted for publication, a
paper appeared reporting direct evidence with immuno-
labeling that T-URF13 is specifically localized in the
mitochondrial inner membranes of Tms cells. [Hack, E.,
Lin, C, Yang, H., and Horner, H., T-URF13 protein
from mitochondria of Texas male-sterile maize (Zea
mays L.). Plant Physiol. 95 (1991) 861-870.]

Acknowledgments. This review is respectfully dedicated to the late Pro-
fessor Syoyo Nishimura, who initiated many of the current lines of re-

Experientia 47 (1991), Birkhiduser Verlag, CH-4010 Basel/Switzerland 763

search on host-selective toxins, We would like to express our heartfelt

gratitude to him for his continuing interest, encouragement, and guidance

throughout the experiments conducted in Tottori University. We thank

Dr R. D. Durbin for advice and critical reading of the manuscript. Re-

search in our laboratory has been supported in part by grants from the

Japanese Ministry of Education, Science and Culture (Nos. 63440010,

01304014 & 02304019), and by a grant from CIBA-GEIGY Foundation.

1 Akimitsu, K., Kohmoto, K., Otani, H., and Nishimura, S., Host-

specific effects of toxin from the rough lemon pathotype of Alternaria

alternata on mitochondria. Plant Physiol. 89 (1989) 925-931.

Braun, C. I, Siedow, J. N_, and Levings [II, C. S., The T-urf13 gene is

responsible for toxin sensitivity in maize and E. coli, in: The Molecu-

lar Basis of Plant Development, New Series, vol. 92, pp. 79-85. Ed.

R. Goldberg. Alan R. Liss, New York 1989.

Braun, C. I, Siedow, J. N., and Levings III, C. S., Fungal toxins bind

to the URF13 protein in maize mitochondria and Escherichia coli.

Plant Cell 2 (1990) 153-161.

4 Braun, C.J., Siedow, J. N., Williams, M. E., and Levings I1I, C. S.,

Mutations in the maize mitochondrial T-urf13 gene eliminate sensitiv-

ity to a fungal pathotoxin. Proc. natl Acad. Sci. USA 86 (1989)

4435-4439.

Crombie, L., and Jarrett, S. R. M., Synthesis of the host-selective

plant toxins AF Ila, AF Ilc and AK II employing sharpless chiral

epoxidation under kinetic control. Tetrahedron Lett. 30 (1989) 4303 -

4306.

Crombie, L., Horsham, M. A_, and Jarrett, S. R. M., Synthesis of the

(2E,4Z 6F)- and (2E,4E,6Z)-tetraenol stems of the host-selective AK

and AF toxins by hydrometallation. Tetrahedron Lett. 30 (1989)

4299 -4302.

Daly, J. M., Mechanisms of action, in: Toxins in Plant Disease,

pp. 331--394, Ed. R. D. Durbin. Academic Press, New York 1981.

Daly, J. M., The role of recognition in plant disease. A. Rev. Phyto-

path. 22 (1984) 273-307.

9 Danko, S.J., Kono, Y., Daly, J. M., Suzuki, Y., Takeuchi, S., and
McCrey, D. A., Structure and biological activity of a host-specific
toxin produced by the fungal corn pathogen Phyllosticta maydis.
Biochemistry 23 (1984) 759 -766.

10 Dewey, R. E., Siedow, J. N., Timothy, C. S., and Levings 1], C. S.,
A 13-kilodalton maize mitochondrial protein in E. coli confers sensi-
tivity to Bipolaris maydis toxin. Science 239 (1988) 293-295.

11 Frantzen, K. A, Daly, J M., and Knoche, H. W., The binding of
host-selective toxin analogs to mitochondria from normal and ‘Texas’
male sterile cytoplasm maize. Plant Physiol. 83 (1987) 863 -868.

12 Gardner, I. M., Kono, Y., Tatum, J. H., Suzuki, Y., and Takeuchi, S.,
Structure of the major component of ACRL-toxins, host-specific
pathotoxic compounds produced by Alternaria citri. Agric. Biol.
Chem. 49 (1985) 1235-1238.

13 Gilchrist, D. G., Molecular mode of action, in: Toxins and Plant
Pathogenesis, pp. 81--136. Eds J M. Daly and B. l. Deverall. Aca-
demic Press, Sydney, Australia 1983.

14 Graniti, A., Durbin, R. D., and Ballio, A. (Eds), Phytotoxins and
Plant Pathogenesis. Springer-Verlag, Berlin 1989.

15 Hayami, C., Otani, H., Nishimura, S., and Kohmoto, K., Induced
resistance in pear leaves by spore germination fluids of nonpathogens
to Alternaria alternata, Japanese pear pathotype and suppression of
the induction by AK-toxin. J. Fac. Agric. Tottori Univ. 17 (1982)
9-18.

16 Heath, M. C., A generalized concept of host-parasite specificity. Phy-
topathology 77 (1981) 1121-1123.

17 Holden, M. J., and Sze, H., Dissipation of the membrane potential in
susceptible corn mitochondria by the toxin of Helminthosporium may-
dis, race T, and toxin analogs. Plant Physiol. 84 (1987) 670-676.

18 Holden, M. J., and Sze, H., Effects of Helminthosporium maydis
race T toxin on electron transport in susceptible corn mitochondria
and prevention of toxin actions by dicyclohexylcarbodiimide. Plant
Physiol. 97 (1989) 1296—-1302.

19 Huang, I, Lee, S.-H., Lin, C., Medici, R., Hack, E., and Myers,
A. M., Expression in yeast of the T-URF13 protein from Texas male-
sterile maize mitochondria confers sensitivity to methomy! and to
Texas-cytoplasm-specific fungal toxins. EMBO . 9 (1990) 339-347.

20 Irie, H,, Igarashi, J, Matsumoto, K., Yanagawa, Y., Nakashima, T,,

Ueno, T., and Fukami, H., An approach to a synthesis of the host-

specific toxins AK-toxin I and II, starting from vitamin C as a chiral.

Chem. pharm. Bull. 33 (1985) 1313-1315.

Itoh, Y., Kohmoto, K., Otani, H., Kodama, M., Nishimura, S.,

Nakatsuka, S., and Goto, T., Isolation and biological activities of

host-specific toxins, ACT-toxins produced by the tangerine pathotype

of Alternaria alternata. Ann. phytopath. Soc. Japan. 55 (1989) 482.

™o

w

w

N

~J

oo

2

—_



764

22

23

24

25

26

27

2

o0

29

3

—_

32

33

34

35

36

37

38

39

40

Kato, T., Yamada, M., and Ueno, T., Synthesis of enantio AM-tox-
inI. Agric. Biol. Chem 51(1987) 1707 1709.

Kohmoto, K., Recent advances in studies of host-specific toxms -
with special referencc to Alternaria toxins. Korean J. Plant Path. 3
(1987) 43-53.

Kohmoto, K., and Durbin, R. D. (Eds), Host-Specific Toxins: Recog-
nition and Specificity Factors in Plant Disease. Tottori Univ. Press,
Tottori 1989.

Kohmoto, K., Otani, H., and Nishimura, S., Primary action sites for
host-specific toxins produced by Alternaria species, in: Molecular
Determinants of Plant Diseases, pp. 127-143. Eds S. Nishimura,
C.P. Vance and N. Doke. Japan Sci. Soc. Press/Springer-Verlag,
Tokyo 1987.

Kohmoto, K., Otani, H., Kodama, M., and Nishimura, S., Host
recognition: Can accessibility to fungal invasion be induced by host-
specific toxins without necessitating necrotic cell death? in: Phytotox-
ins and Plant Pathogenesis, pp.249-265. Eds A. Graniti, R. D.
Durbin and A. Ballio. Springer-Verlag, Heidelberg 1989.

Kohmoto, K., Kondoh, Y., Kohguchi, T., Otani, H., Nishimura, S.,
and Scheffer, R. P., Ultrastructural changes in host leaf cells caused
by host-selective toxin of Alternaria alternata from rough lemon.
Canad. J. Bot. 62 (1984) 2485-2492.

Kono, Y., Structural studies on host-specific pathotoxins in corn
blight and citrus brown spot diseases, in: Phytotoxins and Plant
Pathogenesis, pp. 7-21. Eds A. Graniti, R. D. Durbin and A. Ballio.
Springer-Verlag, Heidelberg 1985.

Kono, Y., Gardner, J. M., Suzuki, Y., and Takeuchi, S., Studies on
host-selective toxins produced by a pathotype of Alternaria citri caus-
ing brown spot disease of mandarins. Agric. Biol. Chem. 50 (1986)
1597-1606.

Livingston, R. S., and Scheffer, R. P., Toxic and protective effects of
analogues of Helminthosporium sacchari toxin on sugarcane tissues.
Physiol. Plant Path. 24 (1984) 133-142.

Maekawa, N., Yamamoto, M., Nishimura, S., Kohmoto, K., Kuwata,
M., and Watanabe, Y., Studies on host-specific AF-toxins produced
by Alternaria alternata strawberry pathotype causing Alternaria black
spot of strawberry. 1. Production of host-specific toxins and their
biological activities. Ann. Phytopath. Soc. Japan 50 (1984) 600-609.
Matthews, D. E., Gregory, P., and Gracen, V. E., Helminthosporium
maydis race T toxin induces leakage of NAD™ from T cytoplasm corn
mitochondria. Plant Physiol. 63 (1979) 1149-1153.

Mihara, H., Aoyagi, H., Ueno, T., Kato, T, and [zumiya, N., Cyclic
peptides. XXIII. Synthesis of retro-enantio-AM-toxin I. Bull chem.
Soc. Japan 59 (1986) 2651 -2653.

Nakashima, T., Ueno, T., and Fukami, H., Structure elucidation of
AK-toxins, host-specific phytotoxic metabolites, produced by Al-
ternaria kikuchiana Tanaka. Tetrahedron Lett. 23 (1982) 4469-4472.
Nakashima, T., Ueno, T., Fukami, H., Taga, T., Masuda, H., Osaki,
K., Otani, H., Kohmoto, K., and Nishimura, S., Isolation and struc-
tures of AK-toxin I and 11, host-specific phytotoxic metabolites pro-
duced by Alternaria alternata Japanese pear pathotype. Agric. Biok.
Chem. 49 (1985) 807-815.

Nakatsuka, S., Ueda, K., Goto, T., Yamanioto, M., Nishimura, S.,
and Kohmoto, K., Structure of AF-toxin II, one of the host-specific
toxins produced by Alternaria alternata strawberry pathotype. Tetra-
hedron Lett. 27 (1986) 2753-2756.

Nakatsuka, S., Goto, T, Itoh, Y., Kohmoto, K., Otani, H., Kodama,
K., and Nishimura, S., Chemical studies on structures and host-
specificities of ACT-toxins produced by Alternaria alternata tangetine
pathotype causing citrus brown spot disease. Papers of 31st Sympo-
sium on the Chemistry of Natural Products, Nagoya 1989, pp. 671~
676.

Namiki, F., Yamamoto, M., Nishimura, S., Nakatsuka, S., Goto, T.,
Kohmote, K., and Otani, H., Studies on host-specific AF-toxins pro-
duced by Alternaria alternata strawberry pathotype causing Alternar-
ia black spot of strawberry. 4. Protective effect of AF-toxinIl on
AF-toxin I-induced toxic action and fungal infection. Ann. phyto-
path. Soc. Japan 52 (1986) 428 -436.

Namiki, F., Okamoto, H., Katou, K., Yamamoto, M., Nishimura, S.,
Nakatsuka, S., Goto, T., Kohmoto, K., Otani, H., and Novacky, A,
Studies on host-specific AF-toxins produced by Alternaria alternata
strawberry pathotype causing Alternaria black spot of strawberry. 5.
Effect of toxins on membrane potential of susceptible plants as as-
sessed by electrophysiological method. Ann. Phytopath. Soc. Japan
52 (1986) 610-619.

Nishimura, S., and Kohmoto, K., Host-specific toxins and chemical
structures from Alternaria species. A. Rev. Phytopath. 21 (1983) 87—
116.

Experientia 47 (1991), Birkhduser Vertag, CH-4010 Basel/Switzerland

41

4

43

44

4

w

46

47

48

49

50

5

—

52

5

w

54

5

W

56

57

58

59

60

61

62

Reviews

Nishimura, S., and Kohmoto, K., Roles of toxins in pathogenesis, in:
Toxins and Plant Pathogenesis, pp. 137-157. Eds J. M. Daly and
B. J. Deverall. Academic Press, Sydney, New York 1983.
Nishimura, S., and Nakatsuka, S., Trends in host-selective toxin re-
search in Japan, in: Host-Specific Toxins: Recognition and Specificity
Factors in Plant Disease, pp. 19—-31. Eds K. Kohmoto and R. D.
Durbin. Tottori Univ. Press, Tottori 1989.

Nishimura, S., and Scheffer, R.P., Interactions between
Helminthosporium victoriae spores and oat tissue. Phytopathology 55
(1965) 629-634.

Nishimura, S., Vance, C. P., and Doke, N., Molecular Determinants
of Plant Diseases. Japan Sci. Soc. Press/Springer-Verlag, Tokyo,
Berlin 1987.

Otani, H., Kohmoto, K., Kodama, M., and Nishimura, S., Role of
host-specific toxins in pathogenesis of Alternaria alternata, in: Molec-
ular Strategies of Pathogens and Host Plants, pp. 139-148. Eds S. S.
Patil, S. Ouchi, D. I. Mills and C. P. Vance. Springer-Verlag, Berlin,
New York 1991. '

Otani, H., Tomiyama, K., Okamoto, H., Nishimura, S., and Kohmo-
to, K., Effect of AK-toxin produced by Alternaria alternata Japanese
pear pathotype on membrane potential of pear cell. Ann. phytopath.
Soc. Japan 55 (1989) 466—-468.

Otani, H., Kohmoto, K., Nishimura, S., Nakashima, S., Ueno, T., and
Fukami, H., Biological activities of AK-toxins I and II, host-specific
toxins from Alternaria alternata Japanese pear pathotype. Ann. phy-
topath. Soc. Japan 5/ (1985) 285-293.

Park, P., Ohno, T., Nishimura, S., Kohmoto, K., and Otani, H.,
Leakage of sodium ions from plasma membrane modification, associ-
ated with permeability change, in host cells treated with a host-specific
toxin from a Japanese pear pathotype of Alternaria alternata. Canad.
J. Bot. 65 (1987) 330-339.

Pringle, R. B., and Scheffer, R. P., Host-specific plant toxins. A. Rev.
Plant Path. 2 (1964) 133-156.

Rasmussen, J. B., and Scheffer, R. P., Isolation and bioloical activities
of four selective toxins from Helminthosporium carbonum. Plant Phys-
iol. 86 (1988) 187-191.

Scheffer, R. P., and Livingston, R. S., Host-selective toxins and their
role in plant diseases. Science 223 (1984) 17-21.

Schroter, H., Novacky, A., and Macko, V., Effect of Helminthospori-
um sacchari-toxin on cell membrane potential susceptible sugarcane.
Physiol. Plant Path. 26 (1985) 165—174.

Sequeira, L., Recognition and specificity between plants and patho-
gens, in: Challenging Problems in Plant Health, pp. 301-310. Eds
T. Kommendahl and P. M. Williams. Am. Phytopath. Soc., St. Paul
1983.

Shimomura, N., Otani. H., Park, P., Kodama, M., Kohmoto, K., and
Nishimura, S., Effect of light on AM-toxin action to chloroplasts in
apple leaves. Ann. phytopath. Soc. Japan 55 (1989) 95.

Tabira, H., Otani, H., Shimomura, N., Kodama, M., Kohmoto, K.,
and Nishimura, S., Light-induced insensitivity of apple and Japanese
pear leaves to AM-toxin from Aliernaria alternata apple pathotype.
Ann. phytopath. Soc. Japan 55 (1989) 567-578.

Witsenboer, H. M. A., Griend, E. G. van, Tiersma, J. B., Nijkamp,
H.J. J.. and Hille, J., Tomato resistance to Alternaria stem canker:
localization in host genotypes and functional expression compared to
non-host resistance. Theor. appl. Genet. 78 (1989) 457-462.
Witsenboer, H.M. A., Schaik, C.E. van, Bino, R.J, Lbffler,
H.J M., Nijkamp, H. I I, and Hille, J., Effects of Alternaria alrernata
f. sp. [ycopersici toxins at different levels of tomato plant cell develop-
ment. Plant Sci. 56 (1988) 253-260.

Wolpert, T. J., and Macko, V., Specific binding of victorin to a 100-
kDa protein from oats. Proc. natl Acad. Sci. USA 86 (1989) 4092-
4096.

Wolpert, T. J, Macko, V., Acklin, W., and Arigoni, D., Molecular
features affecting the biological activity of the host-selective toxins
from Cochliobolus victoriae. Plant Physiol. 88 (1988) 37-41.
Wolpert, T. J., Macko, V., Acklin, W, Jaun, B., Seibl, J., Meili, ], and
Arigoni, D., Structure of victorin C, the major host-selective toxin
from Cochliobolus victoriae. Experientia 41 (1985) 1524—-1529.
Yoder, O. C., Toxins in pathogenesis. A. Rev. Phytopath. /8 (1980)
103-129.

Yoder, O. C., and Scheffer, R. P., Role of toxin in early interactions
of Helminthosporium vicroriae with susceptible and resistant oat tis-
sues. Phytopathology 59 (1969) 1954-1959.

0014-4754/91/080755-10%1.50 + 0.20/0
(© Birkhduser Verlag Basel, 1991



