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Inhibition of Pathogenicity of the Rice Blast
Fungus by Saccharomyces cerevisiae a-Factor

Janna L. Beckerman, Fred Naider, Daniel J. Ebbole*

Magnaporthe grisea is a fungal pathogen with two mating types, MAT7-1 and MATT1-2,
that forms a specialized cell necessary for pathogenesis, the appressorium. Saccharo-
myces cerevisiae a-factor pheromone blocked appressorium formation in a mating
type-specific manner and protected plants from infection by MAT7-2 strains. Experi-
ments with a-factor analogs suggest that the observed activity is due to a specific
interaction of a-factor with an M. grisea receptor. Culture filtrates of a MAT7-7 strain
contained an activity that inhibited appressorium formation of mating type MAT7-2
strains. These findings provide evidence that a pheromone response pathway exists in

M. grisea that can be exploited for plant protection.

The heterothallic ascomycete Magnaporthe
grisea is a pathogen of a wide variety of
grasses but is best known as the causal agent
of rice blast disease. The costs of controlling
disease with fungicides and the difficulty in
breeding durable and effective resistance
have led to intense interest in understand-
ing the mechanisms governing the patho-
genicity of this fungus (1). Conidia of M.
grisea attach to the plant host with an ad-
hesive that is released from the tip of the
conidium upon hydration (2). After germi-
nation, the fungus responds to contact with
the host surface by producing an appresso-
rium, a specialized cell that uses turgor pres-
sure to aid in penetration of the host cell
(3).

The mating behavior of M. grisea is de-
termined by the mating-type locus, which
contains either MATI-1 or MATI-2 DNA.
One parent of each of the two mating types
participates in a sexual cross. The mating-
type loci of filamentous ascomycetes are
thought to encode master regulators that
control the expression of mating type—spe-
cific genes, such as pheromones and pher-
omone receptors (4). In Saccharomyces cer-
evisiae, a-factor and a-factor pheromones
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are produced by strains with MATa and
MATa mating types. Each pheromone is
recognized by a corresponding heterotri-
meric GTP-binding protein—coupled recep-
tor expressed in the opposite mating type
(5).

Appressorium formation of mating type
MATI-2 strains of M. grisea is inhibited
when conidia are germinated in the pres-
ence of 2% vyeast extract. However, 2%
peptone and 2% tryptone do not inhibit
appressorium formation (6). We found that
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appressorium formation of MAT1-1 strains
was not inhibited by yeast extract to the
same degree as MATI-2 strains (Table 1).
Yeast extract contained an unidentified fac-
tor that could be partially purified by an
organic extraction procedure designed for
purification of small peptides (7). This frac-
tion inhibited appressorium formation in
MAT1I-2 strains, and the active component
appears to be a polypeptide. We found 91 =
7% appressorium formation of strain 4091-
5-8 (MATI-2) with proteinase K-treated
extract and 1 * 1% appressorium formation
with untreated extract (8). The mating
type—specific effect of yeast extract on ap-
pressorium formation suggested that M.
grisea might respond to a pheromone by
suppressing infection-related development.

The a-factor pheromone of S. cerevisiae
has activity in closely related yeast species
(9). We tested the effect of synthetic S.
cerevisiae a-factor on M. grisea and found
that appressorium formation was inhibited
in MATI-2 strains (Table 1 and Fig. 1, A
and B) but not in MATI-] strains (Table 1
and Fig. 1C). The concentration of a-factor
needed to cause >95% inhibition of appres-
sorium formation of all MATI-2 strains
tested was 300 uM. This is 10%-fold higher

than the concentration of a-factor required

Table 1. Mating type—specific inhibition of appressorium formation in M. grisea. Conidia were incubated
in 50 mM potassium phosphate buffer (pH 6.5) (control), 2% yeast extract, a-factor pheromone in 50
mM potassium phosphate buffer (pH 6.5), or extracts of strain CP987 culture filtrate. Appressorium
formation assays were performed as described (6). In each of three experiments, a minimum of 300
conidia were counted. The average number of conidia producing at least cne appressorium is reported.
Variation in appressorium formation between experiments in controls was +10% or less; appressorium
formation in MAT7-7 strains in yeast extract or CP987 extracts varied by =20% or less; for MAT7-1
strains in a-factor, variation was =10% or less; for MAT1-2 strains in yeast extract, a-factor, or CP987,
extract variation was =2% or less.

Appressorium formation (%)

) Mating
Strain type Control Yeast a-Factor CcPos?
extract (300 pM) extract
Guy11 1-2 92 0.0 0.8 2.2
4091-5-8 1-2 95 0.0 0.5 0.7
4360-R-12 1-2 92 0.0 0.4 2.2
4375-R-6 1-2 97 0.0 0.0 1.0
CP9o87 1-1 98 43 91 56
4360-17-1 1-1 96 26 94 44
4136-4-3 1-1 92 50 86 51
4375-R-26 1-1 88 47 91 44
CP2738 1-1 95 45 96 91
CP2735 1-2 93 0.2 0.2 0.2

SCIENCE e VOL. 276 ¢ 16 MAY 1997 » www.sciencemag.org



to induce morphological changes in S. cer-
evisize (10). Because it does not contain
a-factor (7), we conclude that yeast extract
contains a distinct peptide that has a spe-
cific biological effect on M. grisea.

We tested segregation of mating type
and sensitivity to a-factor by examining the
progeny of a cross between strains CP987
and 4091-5-8. In the 31 progeny examined,
inhibition of appressorium formation by
a-factor cosegregated with the MATI-2
mating type. As a further test that the
mating type—specific response was tightly
linked to the mating-type locus, we exam-
ined strains in which mating types had been
switched by transformation with cosmid
clones containing the mating-type loci
(11). Strain CP2738 was derived from
strain 4091-5-8 (MATI-2) by transforma-
tion with MATI-1 mating-type DNA. The
genome of CP2738 does not contain
MATI-2 DNA, but does contain MATI-1
DNA (I1). Likewise, CP2735 is derived
from the MATI-1 strain 4136-4-3. These
strains are switched in mating behavior
(11) and exhibit a corresponding switch in
the response to a-factor (Table 1).

Appressorium formation is induced by cy-
clic adenosine 3',5'-monophosphate (cAMP)
(12). The inhibitory activity of a-factor to-
ward MATI-2 strains can be overridden by
cAMP. For strain 4091-5-8, we found 79 *
10% appressorium formation with a-factor
and 10 mM cAMP, and 0.7 = 0.3% appres-
sorium formation with a-factor alone. Al-
though, the appressoria often appeared to be
immature or delayed in formation (Fig. 1D),
this suggests that a-factor acts at an early
stage in the pathway that signals appressorium
formation and that the block can be reversed
or bypassed by cAMP.

We examined a series of a-factor analogs
to test the specificity of a-factor in inhib-
iting appressorium formation (Table 2).
Analogs that retained high activity toward
S. cerevisiae also retained the ability to in-
hibit appressorium formation. No effect on
growth or appressorium formation of either
mating type of M. grisea was observed with
the a-factor pheromone of S. cerevisiae (13).

To determine whether an activity could
be identified from M. grisea that inhibited
appressorium formation, we prepared ex-
tracts from culture filtrates of both mating
types (14). The extract from the MATI-1
strain inhibited appressorium formation in
MATI-2 strains but had little effect on
MAT -1 strains (Table 1 and Fig. 1, E and
F). The extract derived from strain 4091-
5-8 (MATI-2) did not significantly inhibit
appressorium formation in any strain.

To determine whether the appresso-
rium-inhibiting activity of MATI-1 culture
filtrates might be a polypeptide, we tested
the sensitivity of the extract to protease

digestion. Because chymotrypsin recognizes
bulky hydrophobic residues in polypeptides,
we used chymotrypsin linked to acrylic
beads (Sigma) to examine whether the ap-
pressorium-inhibiting activity of MATI-1
culture filtrates might be a polypeptide.
Chymotrypsin eliminated the activity in
MATI-I culture filtrates (90 + 4% appres-
sorium formation for strain 4091-5-8), but
heat-inactivated chymotrypsin did not af-
fect the activity (0.5 * 0.1% appressorium
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formation). Chymotrypsin treatment of
a-factor destroyed activity toward strain
4091-5-8 and the ability to arrest growth in
S. cerevisiae RC629; activity was retained
when heat-treated protease was used.

As with the artificial substrates, we not-
ed that appressorium formation by strain
4091-5-8 (MATI-2) was inhibited when
conidia germinated on the surface of barley
leaves in the presence of 300 pM a-factor.
To determine whether inhibition of appres-

Fig. 1. Mating type-specific inhibition of appressorium formation. Conidial suspensions (1 X 104 conidia
per ml) were inoculated onto Teflon film (DuPont). Conidia are indicated by arrowheads. Appressoria are
spherical cells indicated by arrows. (A) Germlings of strain 4091-5-8 (MAT7-2) in 50 mM phosphate
buffer. Addition of 300 uM a-factor inhibits appressorium formation of strain 4091-5-8 (B) but not strain
CP987 (MAT1-1) (C) or strain 4091-5-8 germinated in the presence of 300 uM a-factor and 10 mM
CAMP (D). Extract of strain CP987 culture filtrate blocks appressorium formation in strain 4091-5-8 (E)
but not in strain CP987 (F). Samples were incubated for 16 hours and the Teflon sheet was placed on
a microscope slide before examination by bright-field microscopy. Bar, 30 um.

Table 2. Biological activity of a-factor analogs. Appressorium assays were performed as described in
the legend of Table 1. a-Factor is H,N-WHWLQLKPGQPMY-COOH (77). Asparagine substituted for
glutamine at position 5 is designated [Asn®]. The removal of tryptophan at position 1 is designated
des-Trp'. Other substitutions are norleucine (Nle), cyclohexylalanine (Cha), and 3,4-dehydro-L-proline
(DHP). The previously reported (70) concentration of analog required to induce mating projections in
50% of yeast a cells (bar7-1) is shown for comparison.

Appressorium

formation in strain S. cerevisiae

Appressorium

formation in strain morphological
4091-5-8 (MAT1-2)
Peptide (%) CP987 (MAT1-1) response
Peptide Peptide Peptide Peptide .
(30uM)  (300pM)  @OuM)  (@00uM) (M peptide)
a-Factor 36 0.3 97 96 1.7
[Asn®, Arg”] 59 0.5 96 73 1.7
[Nle'?) 56 0.0 90 90 1.7
[DHP8, DHP'?, Nle'?] 37 11 93 94 1.7
[Phe?] 16 0.2 90 90 3.4
des-Trp' 90 91 84 79 550
des-Trp'-[Ala%] 95 93 93 95 >35,000
des-Trp'-[Cha3] 92 87 96 1 1,100
des-Trp'-[Chas, Ala%) 94 95 92 95 >35,000
des-Trp'-[Cha8, D-Ala®) 95 89 90 89 1,100
www.sciencemag.org ¢ SCIENCE ¢ VOL. 276 ¢ 16 MAY 1997 1117



sorium formation could be correlated with
reduced pathogenicity, we inoculated barley
plants with conidia of strain 4091-5-8 and
the corresponding switched mating-type
strain CP2738 in the presence or absence
of a-factor with norleucine substituted at
position 12 (15). Significant protection
against the MATI-2 strain 4091-5-8 was
observed (Fig. 2). Mean lesion densities for
strain 4091-5-8 were 50 lesions per 12.5-cm
leaf segment for the control and 2.3 lesions
per 12.5-cm leaf segment for the a-factor—
treated plants (¢ = 11.16, P < 0.0001, df =
22). a-Factor treatment did not significant-
ly protect plants against strain CP2738
(MATI-1) (t=0.82,P =0.43,df = 22). A
similar result was obtained with the second
switched mating-type pair. Strain 4136-4-3
(MATI1-1) was unaffected by a-factor, but

Fig. 2. Effect of a-factor pheromone on M. grisea
pathogenicity. Fourteen-day-old barley seedlings
were spray inoculated with 3 ml of 1% gelatin in 50
mM potassium phosphate buffer (pH 6.5) (A), 1%
gelatin containing 10* conidia per mi of strain
4091-5-8 (B}, strain 4091-5-8 with 300 uM a-fac-
tor (C), 1% gelatin containing 10* conidia per mi of
strain CP2738 (D), and strain CP2739 with 300
wM a-factor (E). The conidial suspensions (2 X
10* conidia per mi) were mixed with equal vol-
umes of 1% gelatin in 50 mM potassium phos-
phate (pH 6.5) or 1% gelatin in 50 mM potassium
phosphate containing 600 M [Nle'?] a-factor to
give a final suspension containing 1 X 10* conidia
per ml.
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infection of plants with strain CP2735
(MATI1-2) was significantly reduced by
a-factor treatment.

The ability of a-factor to block appres-
sorium formation in M. grisea can be ex-
plained if a-factor is similar in sequence to
an M. grisea pheromone and can interact
with a corresponding receptor. In this mod-
el, binding of pheromone to receptor inter-
feres with signaling of appressorium devel-
opment. Because cAMP induces appresso-
rium formation in the presence of a-factor,
pheromone-receptor interaction may in-
hibit appressorium formation by preventing
cAMP accumulation. The correlation of in-
hibition of appressorium formation by
a-factor analogs with biological activity in
yeast argues for a specific recognition of
a-factor by MAT -2 strains. Structural and
functional similarities of peptide hormones
have been recognized previously. a-Factor
has limited sequence similarity to gonado-
tropin-releasing hormone and stimulates
the release of luteinizing hormone from cul-
tured gonadotrophs, although a-factor is
less active than the authentic hormone by a
factor of 10* (16). a-Factor pheromones of
three Saccharomyces species that differ from
each other at four of 13 positions have
similar interspecies activity in causing
growth arrest (9).

Our results suggest that stimulation of
the pheromone receptor of M. grisea blocks
pathogenic development. Field isolates of
M. grisea that infect rice are usually found
to be infertile, although the cause of this
infertility is not known. Thus, examination
of the activity of a-factor against typical
MATI-2 field isolates is needed to evaluate
the use of pheromones for disease control.
However, our results demonstrate the po-
tential for fungal pheromones to control
plant disease. Presumably, the authentic
mating factors from M. grisea have biologi-
cal activity at low concentrations, as is ob-
served in the pheromone response in S.
cerevisiae. As peptides, fungal pheromones
are amenable to chemical modification to
optimize their activity and to control their
persistence in the environment.
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Effectiveness of Anthracycline Against
Experimental Prion Disease in Syrian Hamsters

F. Tagliavini,* R. A. McArthur, B. Canciani, G. Giaccone,
M. Porro, M. Bugiani, P. M.-J. Lievens, O. Bugiani, E. Peri,
P. Dall’Ara, M. Rocchi, G. Poli, G. Forloni, T. Bandiera,
M. Varasi, A. Suarato, P. Cassutti, M. A. Cervini, J. Lansen,
M. Salmona, C. Post

Prion diseases are transmissible neurodegenerative conditions characterized by the
accumulation of protease-resistant forms of the prion protein (PrP), termed PrPres, in the
brain. Insoluble PrPres tends to aggregate into amyloid fibrils. The anthracycline 4’-
iodo-4'-deoxy-doxorubicin (IDX) binds to amyloid fibrils and induces amyloid resorption
in patients with systemic amyloidosis. To test IDX in an experimental model of prion
disease, Syrian hamsters were inoculated intracerebrally either with scrapie-infected
brain homogenate or with infected homogenate coincubated with IDX. In IDX-treated
hamsters, clinical signs of disease were delayed and survival time was prolonged.
Neuropathological examination showed a parallel delay in the appearance of brain
changes and in the accumulation of PrPres and PrP amyloid.

Prion diseases, such as scrapie of sheep,
spongiform encephalopathy of cattle, and
Creutzfeldt-Jakob disease of humans, are
transmissible neurodegenerative conditions
characterized by the accumulation of pro-
tease-resistant forms of the prion protein
(PrP), termed PrPres, in the brain (1). Un-
like the normal PrP, PrPres has a large
amount of B-sheet secondary structure and
a strong tendency to aggregate into amyloid
fibrils (2). Deposition of PrPres and PrP
amyloid is accompanied by nerve cell de-
generation and glial cell proliferation, lead-
ing to the clinical signs of disease (3). In
scrapie-infected hamsters, survival time is
prolonged by the amyloid-binding dye Con-
go red (4). Congo red inhibits the accumu-
lation of PrPres in scrapie-infected neuro-
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blastoma cells without affecting the metab-
olism of normal PrP (5).

The anthracycline 4'-iodo-4'-deoxy-
doxorubicin (IDX) (Fig. 1A) is a recently
developed derivative of doxorubicin, a
drug of proven efficacy in a large number
of malignancies (6). The administration of
IDX to eight patients with plasma cell
dyscrasias complicated by immunoglobu-
lin light-chain amyloidosis resulted in the
partial resorption of amyloid deposits in
three cases. In addition, four of the eight
patients exhibited discernible clinical im-
provement, two patients showed reduced
symptoms of the disease, and the other
two patients were rendered stable (7).
This unexpected activity of the compound
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was confirmed by further studies showing
that IDX binds strongly to amyloid fibrils
of different chemical composition, inhib-
its in vitro assembly of insulin into amy-
loid fibrils, and reduces amyloid deposits
in a murine model of reactive amyloidosis
(8). Thus, IDX can be regarded as a pro-
totype of a class of drugs that are able to
inhibit amyloidogenesis, reverse tissue
deposition of amyloid fibrils, or both.

To examine this activity of IDX, we first
investigated the ability of the compound to
bind to PrP amyloid. Serial sections of the
cerebral cortex and cerebellum from
scrapie-infected hamsters and patients with
Creutzfeldt-Jakob disease were incubated
with 107 M aqueous solution of IDX or
with the amyloid-binding fluorochrome
thioflavine S and were analyzed by fluores-
cence microscopy (9). The comparison of
adjacent sections showed that all amyloid
deposits revealed by thioflavine S exhibited
the characteristic fluorescence of IDX (Fig.
1, B and C).

We then investigated the effects of
IDX on experimental scrapie, which is
regarded as a model for prion diseases (I).
Three groups of female Syrian hamsters
(10 animals per group) were used for the
study. The infected controls were injected
intracerebrally with 30 wl of 1% (w/v)
brain homogenate obtained from hamsters
infected with the 263K strain of scrapie
that were in the terminal stage of the
disease. The IDX-treated hamsters were
injected with the same inoculum, coincu-
bated for 1 hour at room temperature with
2.9 mM IDX before intracerebral inocula-
tion. The uninfected controls were inject-
ed with 30 pl of 1% suspension of normal
hamster brain. Hamsters infected with
scrapie agent coincubated with 1DX lived
significantly longer than those infected
with scrapie alone (Fig. 2A). Thus, al-
though all scrapie-infected hamsters had
died by 94 days after infection {mean *
SEM = 88.5 * 1.9 days), IDX-treated
hamsters lived up to 128 days [mean *
SEM = 116 = 5.6 days; P < 0.01, one-way
analysis of variance (ANOVA)].

Next, separate groups of hamsters {12

i c

Fig. 1. (A) Chemical structure of IDX. (B) Binding of IDX and
(C) thioflavine S to PrP amyloid in brain sections from a
patient with Creutzfeldt-Jakob disease. Scale bar, 50 um.
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