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Magnaporthe grisea 

 

produces an infection structure called an appressorium, which is used to breach the plant cuticle
by mechanical force. Appressoria generate hydrostatic turgor by accumulating molar concentrations of glycerol. To in-
vestigate the genetic control and biochemical mechanism for turgor generation, we assayed glycerol biosynthetic en-
zymes during appressorium development, and the movement of storage reserves was monitored in developmental
mutants. Enzymatic activities for glycerol generation from carbohydrate sources were present in appressoria but did
not increase during development. In contrast, triacylglycerol lipase activity increased during appressorium maturation.
Rapid glycogen degradation occurred during conidial germination, followed by accumulation in incipient appressoria
and dissolution before turgor generation. Lipid droplets also moved to the incipient appressorium and coalesced into a
central vacuole before degrading at the onset of turgor generation. Glycogen and lipid mobilization did not occur in a

 

D

 

pmk1

 

 mutant, which lacked the mitogen-activated protein kinase (MAPK) required for appressorium differentiation,
and was retarded markedly in a 

 

D

 

cpkA

 

 mutant, which lacks the catalytic subunit of cAMP-dependent protein kinase A
(PKA). Glycogen and lipid degradation were very rapid in a 

 

D

 

mac1 sum1-99 

 

mutant, which carries a mutation in the reg-
ulatory subunit of PKA, occurring before appressorium morphogenesis was complete. Mass transfer of storage carbo-
hydrate and lipid reserves to the appressorium therefore occurs under control of the 

 

PMK1

 

 MAPK pathway. Turgor
generation then proceeds by compartmentalization and rapid degradation of lipid and glycogen reserves under control
of the 

 

CPKA/SUM1

 

-encoded PKA holoenzyme.

INTRODUCTION

 

The first barrier to penetration and proliferation of patho-
genic microorganisms is the plant cuticle. To breach the
plant cuticle, fungi can either utilize coordinately regulated
cell wall–degrading enzymes (Walton, 1994; Tonukari et al.,
2000) or generate enormous invasive forces to break the cu-
ticle mechanically (Bechinger et al., 1999). The rice blast
fungus 

 

Magnaporthe grisea

 

 is amenable to genetic analysis
and has therefore emerged as an excellent model for inves-
tigating plant infection by fungi (Talbot, 1995; Howard and
Valent, 1996). 

 

M. grisea

 

 causes a serious disease of culti-
vated rice and infects rice leaves by producing a specialized
structure called an appressorium. The appressorium, which
is melanin-pigmented in 

 

M. grisea

 

, is a dome-shaped cell
that differentiates from the end of a short germ tube after the
attachment and germination of a spore on the leaf surface.
Penetration of the rice leaf results primarily from the exertion
of mechanical force against the plant cuticle. The appresso-
rium generates enormous cellular turgor, estimated to be as

much as 8 MPa, which allows the fungus to send a narrow
penetration peg through the rice leaf cuticle (Howard et al.,
1991). How such high pressure can be generated within a liv-
ing cell and then translated into mechanical force is an in-
triguing problem. Glycerol accumulates in the appressorium
to very high concentrations, 

 

.

 

3.0 M, and is believed to gener-
ate hydrostatic pressure by drawing water into the cell (de
Jong et al., 1997; Money, 1997). Glycerol is retained in the
appressorium because the melanin layer in the appressorium
wall retards its efflux during turgor generation (de Jong et al.,
1997). Melanin-deficient mutants therefore do not generate
appressorial turgor and are nonpathogenic (Howard and
Ferrari, 1989; Chumley and Valent, 1990).

How glycerol is synthesized in such large amounts in the

 

M. grisea

 

 appressorium is not known, but the process must
involve extensive mobilization of storage reserves from the
conidium and de novo synthesis of the polyol in the appres-
sorium. Appressoria form in water on the leaf surface and do
not require exogenous nutrients to function. The source of
glycerol is therefore present in the spore before it germi-
nates on the leaf surface. The genetic means by which tur-
gor is controlled in 

 

M. grisea

 

 appressoria also remains
unclear. Recently, we showed that the conserved eukaryotic
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mechanism for control of cellular turgor, the high-osmolarity
glycerol pathway, operates in 

 

M. grisea

 

 but does not regulate
appressorium turgor (Dixon et al., 1999). A mitogen-activated
protein kinase (MAPK)–encoding gene, 

 

OSM1

 

, was identi-
fied that could complement yeast 

 

D

 

hog1

 

 mutants and was
required for mycelial growth under hyperosmotic conditions.

 

M. grisea

 

 

 

D

 

osm1

 

 mutants were fully pathogenic, however,
and generated the same turgor pressure as an isogenic
wild-type strain (Dixon et al., 1999). The genetic control of
appressorium turgor is therefore mediated by some other
mechanism, perhaps involving regulatory components that
already have been shown to be required for initial develop-
ment of appressoria.

The formation of appressoria by 

 

M. grisea

 

 involves two
distinct developmental phases. The first is a recognition
phase. The conidium germinates to produce a short germ
tube, which then detects signals that induce appressorium
morphogenesis (Bourett and Howard, 1990; Howard and
Valent, 1996). The second maturation phase of development
involves formation of the appressorium, cell wall differentia-
tion, and deposition of the melanin layer that precedes tur-
gor generation. The regulatory pathway for appressorium
formation in 

 

M. grisea

 

 requires generation of a cAMP signal
(Lee and Dean, 1993). A novel receptor protein has been
identified that takes part in this process (DeZwaan et al.,
1999), and a heterotrimeric G-protein is probably also in-
volved in transmission of inductive signals (Liu and Dean,
1997). Generation of intracellular cAMP is catalyzed by the

 

MAC1

 

-encoded adenylate cyclase (Choi and Dean, 1997;
Adachi and Hamer, 1998); 

 

D

 

mac1

 

 mutants are unable to form
appressoria and are nonpathogenic. The 

 

D

 

mac1

 

 mutation is
unstable in certain strain backgrounds, however, because of
bypass suppressor mutations in the 

 

SUM1

 

 gene that en-
codes the regulatory subunit of cAMP-dependent protein ki-
nase A (PKA). The mutant 

 

D

 

mac1 sum1-99

 

 shows cAMP-
independent PKA activity because of a mutation in one of
the cAMP binding domains of the subunit. This leads to par-
tially constitutive cAMP signaling and restoration of appres-
sorium development. Interestingly, 

 

D

 

mac1 sum1-99

 

 mutants
are still reduced in pathogenicity (Adachi and Hamer, 1998).
PKA signaling may therefore be independently required for
control of appressorium function in a manner that cannot be
restored in 

 

D

 

mac1 sum1-99

 

 mutants. Consistent with this,
mutation of the 

 

CPKA

 

 gene—which encodes a catalytic
subunit of PKA—affects appressorium function, producing
small, nonfunctional infection cells (Mitchell and Dean, 1995;
Xu et al., 1997).

Downstream of the cAMP signal for appressorium forma-
tion, a MAPK cascade operates. 

 

PMK1

 

 encodes a MAPK
that is functionally related to the 

 

FUS3

 

 gene from budding
yeast (Xu and Hamer, 1996). 

 

D

 

pmk1

 

 mutants do not pro-
duce appressoria and are nonpathogenic even when intro-
duced directly into plant tissue by injection. Furthermore,

 

D

 

pmk1

 

 mutants are not complemented by exogenous cAMP
but do undergo the early hooking stages of appressorium
formation in its presence. Components of this cAMP and

MAPK signaling pathway appear to be conserved among di-
verse pathogenic fungi (Gao and Nuss, 1996; Kronstad,
1997; Lev et al., 1999; Takano et al., 2000).

In this study, we have investigated the genetic control and
biochemical mechanism for appressorium turgor generation
by 

 

M. grisea

 

. Using a combination of cell biological and bio-
chemical analyses, we have studied appressorium function
and storage carbohydrate mobilization in regulatory mutants
blocked at different stages of appressorium development.
We present evidence indicating that transfer of storage car-
bohydrate and lipid reserves to the appressorium occurs un-
der control of the 

 

PMK1

 

 MAPK pathway. Appressorium
turgor generation then proceeds and appears to depend on
breakdown of lipid and glycogen under control of the 

 

CPKA/
SUM1

 

-encoded PKA.

 

RESULTS

Glycerol Biosynthesis in the Appressorium of 

 

M. grisea

 

The synthesis of glycerol in eukaryotic cells can occur via
several routes. We set out to explore the potential pathway
for glycerol synthesis in 

 

M. grisea

 

 appressoria by identifying
enzymatic activities likely to be involved in its production.
Glycerol production from carbohydrate sources in yeast
involves glycerol-3-phosphate dehydrogenase (GPD; EC
1.1.1.8) activity. This enzyme catalyzes reduction of the gly-
colytic intermediate dihydroxyacetone phosphate to glyc-
erol-3-phosphate in an NADH-dependent reaction (Ansell et
al., 1997). GPD is then converted to glycerol by two specific
glycerol-3-phosphatases encoded by the genes 

 

HOR1

 

 and

 

HOR2

 

 (Hirayama et al., 1995; Norbeck et al., 1996). GPD ex-
ists in three forms in 

 

Saccharomyces cerevisiae

 

. Two are cy-
tosolic enzymes encoded by 

 

GPD1

 

 and 

 

GPD2 

 

(Ansell et al.,
1997) and provide alternate routes for cytosolic glycerol pro-
duction in yeast. The third GPD is found in the inner mito-
chondrial membrane and is encoded by the 

 

GUT2

 

 gene.
This enzyme catalyzes an FAD-dependent oxidation of glyc-
erol-3-phosphate for subsequent metabolism through gly-
colysis (Rönnow and Kiellanbrandt, 1993). Glycerol can
also be produced from dihydroxyacetone by an NADPH-
dependent dihydroxyacetone reductase and from glyceral-
dehyde by an NADPH-dependent glyceraldehyde reductase
(EC 1.1.1.77). In the filamentous fungus 

 

Aspergillus nidulans

 

,
both reactions are catalyzed by a single enzyme, an
NADPH-dependent glycerol dehydrogenase (GD) (Redkar et
al., 1995); this enzyme may also exist in budding yeast
(Norbeck and Blomberg, 1997).

We decided to assay each of the glycerol-generating en-
zyme activities in 

 

M. grisea

 

. To do this, we first subjected

 

M. grisea

 

 mycelium to hyperosmotic stress. Previously, we
had shown that 

 

M. grisea

 

 responds to osmotic stress by
accumulating a number of polyols, including glycerol (Dixon
et al., 1999). We reasoned that enzymes involved in glycerol
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synthesis would therefore be readily detectable in this tis-
sue. In parallel experiments, we also assayed each enzyme
in protein extracts made directly from germinated conidia
undergoing appressorium development. The results are
shown in Table 1. We found that only a little GPD activity
was present in 

 

M. grisea

 

 mycelium and that it did not alter in
magnitude in response to hyperosmotic stress. Similar
amounts of the enzyme were found in developing appresso-
ria. Dihydroxyacetone reductase and glyceraldehyde reduc-
tase activities were also found in 

 

M. grisea 

 

mycelium and
were induced (by approximately threefold) during hyperos-
motic stress. In developing appressoria, both of these latter
enzyme activities were present and remained active even af-
ter 48 hr, when appressoria were fully mature. We conclude
that glycerol synthesis from carbohydrate sources is probably
mediated in 

 

M. grisea

 

 appressoria not only by NADH-depen-
dent GPD activity but also by NADPH-dependent reduction
of dihydroxyacetone and glyceraldehyde.

 

Glycogen Degradation Occurs before Appressorium 
Turgor Generation

 

Having established that biosynthetic activities for glycerol
generation were present in appressoria, we decided to inves-
tigate the likely carbohydrate sources for glycerol production.

 

M. grisea

 

 conidia contain several storage carbohydrates, in-
cluding mannitol, trehalose, and glycogen (Dixon et al.,
1999). Previous ultrastructural studies of 

 

M. grisea

 

 have
shown that glycogen rosettes are abundant in the appresso-
rial cytoplasm (Bourett and Howard, 1990), but their num-
bers decrease rapidly during cell maturation. We therefore
examined the cellular distribution of glycogen during ap-

pressorium formation, as shown in Figure 1. In the wild-type

 

M. grisea

 

 isolate Guy11, glycogen was present in abundance
in conidia but was rapidly degraded during germination of
spores on a hydrophobic surface. By 4 hr after germination,
glycogen was largely absent from the conidium, germ tube,
and incipient appressorium. During development of appres-
soria, glycogen was deposited within the appressorium and
then rapidly degraded at the onset of melanization. The cellu-
lar localization and mobilization of glycogen are therefore
consistent with a role for the carbohydrate in appressorium
function. Consequently, we decided to examine the distribu-
tion of glycogen in regulatory mutants of 

 

M. grisea

 

 that are
known to affect the formation and function of appressoria.
The mutants selected allowed us to assess the relative impor-
tance of the cAMP signaling pathway and MAPK cascades—
previously implicated in appressorium morphogenesis—
in carbohydrate reserve mobilization. Full descriptions of
all mutant strains used in the study are given in Table 2.
Conidia from the 

 

D

 

pmk1

 

 MAPK mutant nn95, the 

 

D

 

cpkA

 

 mu-
tant DH51, and the 

 

D

 

mac1 sum1-99

 

 mutant DA-99 were incu-
bated on hydrophobic surfaces to allow infection-related
development and then were examined cytologically for glyco-
gen deposition. The results are shown in Figure 2; a quantita-
tive analysis of our observations is given in Table 3. Glycogen
was abundant in conidia of the 

 

D

 

pmk1

 

 mutant nn95 but was
not degraded effectively during germination. After 8 hr, large
amounts of glycogen were still present in conidia (Figure 2A),
and even after 12 hr, 85.3 

 

6

 

 4.7% of conidia contained glyco-
gen compared with 2.0 

 

6

 

 1.0% of conidia from the isogenic
wild-type strain Guy11 (Table 3). Glycogen degradation dur-
ing germination and subsequent deposition in differentiating
germ tubes therefore do not occur in the absence of the

 

PMK1

 

-encoded MAPK.

 

Table 1.

 

Glycerol Biosynthetic Activities in Mycelium and Developing Appressoria of 

 

M. grisea

 

Substrate

Specific Activity (mU mg

 

2

 

1

 

 Protein)

Enzyme Activity

Mycelium

 

a

 

Developing Appressoria

 

b

 

CM OS (24 hr) OS (48 hr) 24 hr 48 hr

DHAP 

 

1

 

 NADH 5.71 

 

6

 

 2.14 4.93 

 

6

 

 1.7 6.60 

 

6

 

 4.3 6.13 

 

6

 

 2.33 5.77 

 

6

 

 2.54 NAD-dependent glycerol-3-phosphate
dehydrogenase

DHA 

 

1

 

 NADPH 9.20 

 

6

 

 4.3 34.00 

 

6

 

 4.3 21.90 

 

6

 

 5.63 9.53 

 

6

 

 3.27 11.20 

 

6

 

 4.13 NADPH-dependent dihydroxyacetone
reductase

 

c

 

GAD 

 

1

 

 NADPH 18.70 

 

6

 

 6.22 50.00 

 

6

 

 9.67 32.40 

 

6

 

 9.85 15.40 

 

6

 

 4.88 13.30 

 

6

 

 6.67 NADPH-dependent glyceraldehyde
reductase

 

c

a

 

M. grisea

 

 mycelium was grown in complete medium and subjected to hyperosmotic stress (OS) by transfer to 0.4 M NaCl for 24 or 48 hr. Total
protein was extracted and enzymatic assays were performed as described in Methods.

 

b

 

Conidia were allowed to germinate in hydrophobic plastic Petri dishes and form appressoria. Total protein was extracted at 24- and 48-hr time
points.

 

c

 

In 

 

A. nidulans

 

, both dihydroxyacetone reductase and glyceraldehyde reductase activities are the result of the action of a single enzyme NADP-
dependent glycerol dehydrogenase (Redkar et al., 1995).
CM, complete medium; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; GAD, glyceraldehyde.
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The role of the cAMP signaling pathway was examined by
observing conidia from the 

 

D

 

cpkA

 

 mutant DH51 and the

 

D

 

mac1 sum1-99

 

 mutant DA-99. In the 

 

D

 

cpkA

 

 mutant DH51,
glycogen degradation during germination was delayed (Figure
2B), and 47.7% 

 

6

 

 12.1% of conidia contained glycogen af-
ter 8 hr compared with 25.7% 

 

6

 

 9.6% from Guy11. The
strains are not isogenic, but similar results were found when a

Figure 1. Cellular Distribution of Glycogen during Appressorium Morphogenesis by M. grisea.

Conidia from the wild-type M. grisea strain Guy11 were allowed to germinate in water on hydrophobic plastic cover slips (see Methods) and form
appressoria. Sample cover slips were removed every 2 hr and incubated in a glycogen staining solution containing 60 mg of KI and 10 mg of I2
per milliliter of distilled water (Weber et al., 1998). Yellowish-brown glycogen deposits became visible immediately in bright-field optics with a Ni-
kon Optiphot-2 microscope.
(A) to (H) Dense deposits of glycogen were visible in ungerminated conidia (0 hr) (A) but were greatly reduced in the germinating conidial cell and
its germ tube after 2 hr (B) and in the nascent appressorium after 4 hr (C). After formation of the basal septum, iodine staining reappeared for a
time after 6 (D) and 8 hr (E). Glycogen disappeared again during appressorium maturation after 12 (F), 24 (G), and 48 hr (H).
Note that the process of appressorium formation in M. grisea occurs considerably faster on plastic cover slips than on onion epidermis (see Fig-
ure 4). Bar in (H) 5 20 mm for (A) to (H).

4091-5-8 wild-type strain of M. grisea (isogenic to DF51) was
examined (data not shown). In the Dmac1 sum1-99 mutant
DA-99, glycogen degradation during germination was ex-
tremely rapid, and conidia were often depleted of glycogen
even at the initial harvest. Glycogen degradation was effec-
tively complete in conidia from DA-99 after 6 hr (only 5.0% 6
2.6% of conidia retained any glycogen at this time). The cata-
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lytic subunit of PKA is thus required for effective glycogen
degradation during conidial germination and appressorium
maturation. In contrast, activating this holoenzyme by muta-
tion of the regulatory subunit accelerates glycogen degrada-
tion so that it precedes completion of appressorium formation.

Triacylglycerol Lipase Activity Is Induced during 
Appressorium Maturation

Our cytological studies clearly implicated glycogen break-
down in glycerol synthesis, but we were surprised that GPD
and GD enzyme activities were not more markedly induced
during appressorium maturation. We therefore decided to
investigate alternative sources for glycerol synthesis that
might be used in addition to glycogen. The most efficient
mechanism for producing glycerol is from triacylglycerol be-
cause that allows ATP generation by fatty acid oxidation af-
ter lipolysis; moreover, whether glycerol could be produced
solely from carbohydrate sources has been questioned
(Davis et al., 2000). To determine whether triacylglycerol is a
potential source for appressorial glycerol, we first assayed
protein extracts from developing appressoria for the pres-
ence of triacylglycerol lipase (EC 3.1.1.3) activity. Such
activity was abundant in developing appressoria, as shown
in Figure 3A. Importantly, the triacylglycerol lipase activity
was rapidly induced at the onset of appressorium formation
and remained high throughout maturation and generation of
turgor.

To understand the potential role of triacylglycerol stores in
appressorium function, we examined the distribution of lipid
bodies in infection structures by Nile Red staining and epiflu-
orescence microscopy. Lipid droplets were abundant in
conidia of the wild-type M. grisea strain Guy11, as shown in
Figure 4. Importantly, their abundance was identical whether

Table 2. M. grisea Strains Used in This Study

Strain Genotype Mutant Phenotype Reference

Guy11 Wild-type rice pathogen Silué et al., 1992
nn95 Dpmk1 Unable to elaborate appressoria. Non-pathogenic, even when

introduced into plant tissue by infiltration. PMK1 encodes
a MAP kinase that can act as a functional homolog of FUS3
from budding yeast

Xu and Hamer, 1996

DF51 DcpkA Non-pathogenic. Makes small non-functional appressoria.
CPKA encodes a catalytic subunit of cAMP-dependent
protein kinase A.

Mitchell and Dean, 1995
Xu et al., 1997

DA-99 Dmac1 sum1-99 Bypass suppressor of Dmac1 adenylate cyclase mutant.
Restores appressorium formation, but not full pathogenicity.
Carries mutation in a cAMP-binding site of SUM1-encoded
regulatory subunit of PKA

Adachi and Hamer, 1998

6-R-10 buf1 Melanin biosynthesis mutant. Unable to penetrate rice cuticle.
BUF1 encodes polyhydroxynaphthalene reductase

Chumley and Valent, 1990
Howard and Valent, 1996

the conidia were harvested from plants or from plate cultures,
indicating that their presence was not merely a consequence
of artificial axenic culture on rich media (data not shown). We
examined both a Guy11 strain and a buf1 mutant, 6-R-10
(Chumley and Valent, 1990; Romao and Hamer, 1992), by mi-
croscopy. The buf1 mutant was added because the presence
of lipid was sometimes masked by the thick melanin layer in
the appressorium wall of wild-type M. grisea. Buf1 mutants
appear to synthesize glycerol normally but do not develop
turgor because they lack this melanin layer, which normally
retards the efflux of appressorial glycerol (Howard et al.,
1991; de Jong et al., 1997; Money, 1997). Conidia from either
Guy11 or the buf1 mutant were inoculated onto onion epider-
mal strips, and appressoria were allowed to form. The plant
surface was used because the appressoria can penetrate it
readily, which allows the process of appressorium-mediated in-
fection to be viewed to completion (Chida and Sisler, 1987).
In both Guy11 and the buf1 mutant, lipid droplets were trans-
located into the nascent appressorium within 4 hr. When this
process was complete, the appressorial cytoplasm became
isolated from that of the germ tube by the formation of a basal
septum (Figure 4, 12 hr). Soon afterward, the lipid droplets
within the developing appressorium began to enlarge. At the
onset of appressorium formation, large lipid deposits were
observed within appressoria, where they coalesced and were
taken up into large vacuoles. Lipid degradation then occurred
rapidly during appressorium maturation, and fully melanized
appressoria (formed 24 to 48 hr after germination) were al-
most entirely devoid of lipid droplets.

The movement of lipid bodies during appressorium matu-
ration was confirmed by ultrastructural analysis (Figure 5).
Appressorium sections were prepared by freeze-substi-
tution fixation 24 hr after inoculation, by which time the
appressoria had formed their basal septum and begun to
deposit an electron-dense melanin layer (Figure 5A). The
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cytoplasm of maturing appressoria contained several small
vacuoles, lipid droplets, and numerous glycogen granules in
addition to other organelles, such as mitochondria (Figure
5B). Lipid droplets were typically electron translucent, pre-
sumably from leaching of lipid material during the prolonged
substitution phase (Howard and Aist, 1979). Glycogen gran-
ules (Bourett and Howard, 1990) were often located close to
the lipid droplets (Figure 5).

PMK1-Dependent Mobilization and CPKA-Dependent 
Degradation of Triacylglycerol during
Appressorium Development

To determine whether lipid mobilization and degradation
were subject to genetic control by the cAMP and MAPK sig-
naling pathways, the translocation and degradation of lipid
droplets were observed in each mutant background. The re-
sults are given in Figure 6, and a quantitative analysis of lipid
translocation in each mutant is presented in Figure 7. The
Dpmk1 mutant nn95 fails to form appressoria (Xu and
Hamer, 1996) and instead forms an undifferentiated germ
tube on onion epidermis. Its conidia contained amounts of
lipid droplets similar to those of the isogenic wild-type strain
Guy11 and these degraded slowly during germination. Lipid
droplets translocated from the conidium more slowly than in
Guy11 (Figure 6) and became evenly distributed throughout
the conidium and germ tube. Within 48 hr, the germ tube tip
of Dpmk1 mutants became highly vacuolated, indicating

Figure 2. Cellular Distribution of Glycogen in Developmental Mu-
tants of M. grisea.

Conidia from the regulatory mutants of M. grisea were allowed to
germinate in water on hydrophobic plastic cover slips and form ap-
pressoria. Sample cover slips were removed every 2 hr and stained
for the presence of glycogen (see Methods and legend to Figure 1).
Conidia and developing appressoria are shown at 0 and 8 hr.
(A) and (D) Dpmk1 mutant nn95.
(B) and (E) DcpkA mutant DF51.
(C) and (F) Dmac1 sum1-99 mutant DA-99.
The mobilization of glycogen was severely impaired in the Dpmk1
mutant with substantial amounts of glycogen still present in conidia
after 8 hr. In the DcpkA mutant, glycogen mobilization was retarded
and glycogen was not accumulated in the developing appressorium
after 8 hr. The Dmac1 sum1-99 mutant produced conidia with de-
pleted glycogen contents, particularly when harvested from cultures
.10 days old. Glycogen degradation in the appressorium occurred
more rapidly than in Guy11 and was complete in 8 to 10 hr. Bar in (F) 5
10 mm for (A) to (F).

Table 3. Translocation of Glycogen from Conidia during Infection-
Related Development by M. grisea

Strain Time
Conidia Containing
Glycogena (%)

Guy11 0 95.33 6 2.08
2 90.67 6 5.13
4 83.00 6 3.61
6 76.67 6 9.29
8 25.67 6 9.64

12 2.00 6 1.00

Dmac-1 sum1-99 (DA-99) 0 87.67 6 3.51
2 85.67 6 5.51
4 24.67 6 12.50
6 5.00 6 2.65
8 2.33 6 0.58

12 1.33 6 1.53

DcpkA (DF51) 0 94.00 6 2.65
2 92.67 6 4.62
4 87.00 6 4.36
6 73.00 6 10.54
8 47.67 6 12.06

12 17.00 6 9.17

Dpmk1 (nn95) 0 93.00 6 5.00
2 90.33 6 1.53
4 88.33 6 3.79
6 89.00 6 3.46
8 86.00 6 4.58

12 85.33 6 4.73

a Conidia were allowed to germinate on hydrophobic plastic cover
slips and form appressoria. Samples were removed at intervals and
stained for the presence of glycogen, as described in Methods. The
value recorded is the mean 6SD from observing a sample of 300 ter-
minating conidia each in three independent replications of the exper-
iments.
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that apical extension growth had stalled. We conclude that
the translocation of lipid droplets to the germ tube tip before
appressorium differentiation cannot occur in the absence of
the PMK1-encoded MAPK.

The role of cAMP signaling in lipid metabolism was stud-
ied in two ways. First, we measured triacylglycerol lipase ac-
tivity in appressoria from both the DcpkA mutant and the
Dmac1 sum1-99 mutant. Triacylglycerol lipase activity in the
DcpkA mutant DF51 was only 50% of that of the wild-type
strain Guy11 (Figure 3B). The induction of enzyme activity
was also delayed, such that maximal enzyme activity was
not reached until 12 hr after inoculation, compared with 4 hr
after inoculation in Guy11. In contrast, the Dmac1 sum1-99
mutant DA-99 showed some triacylglycerol lipase activity
even in ungerminated conidia, and the enzyme was rapidly
induced to the same amounts as in the wild-type Guy11
(Figure 3B). These contrasting effects on lipase induction
were consistent with the distribution of lipid bodies in each

mutant. In the Dcpka mutant, appressorium formation was
delayed until 12 hr after inoculation (Figure 6), and the ap-
pressoria formed were smaller than those of Guy 11 (Mitchell
and Dean, 1995; Xu et al., 1997). Lipid droplets translocated
to the germ tube tip and the developing appressorium nor-
mally, but in contrast to Guy11, lipid degradation did not oc-
cur during maturation, and several large lipid droplets were
observed in each appressorium even after 96 hr (Figure 6).
The translocation of lipid and its deposition were substan-
tially retarded in DcpkA compared with the wild type, as
shown in Figure 7C. Less than 30% of DcpkA appressoria,
for example, contained lipid after 8 hr, whereas .80% of
those in Guy11 did (Figure 7).

Lipid droplets in conidia of the Dmac1 sum1-99 mutant
DA-99 rapidly translocated to the germ tube within 4 hr of
germination (Figures 7B and 8A). Lipid droplets coalesced to
form large lipid bodies and vacuolar structures within 8 hr
(Figure 8B) and were completely degraded before melaniza-
tion and maturation of the appressorium (Figure 8C). Lipid
degradation in the Dmac1 sum1-99 mutant was uniformly
completed before 12 hr after inoculation (Figure 7B). We
conclude that the catalytic subunit of PKA is required for ef-
fective lipolysis during appressorium generation of turgor
and that in a Dmac1 sum1-99 mutant, partially constitutive
PKA activity results in completion of lipolysis before com-
plete cellular differentiation.

Virulence of Dmac1 sum1-99 Is Related to the Age and 
Storage Reserves of Conidia

The regulatory PKA subunit mutant Dmac1 sum1-99 was
originally isolated as a bypass suppressor of Dmac1 that re-
stored its ability to make appressoria. The pathogenicity of
Dmac1 sum1-99 mutants was not restored completely,
however, thus indicating that the mutant was still defective
in pathogenicity-related functions (Adachi and Hamer,
1998). In view of the marked effects of the Dmac1 sum1-99
mutations on glycogen and lipid mobilization, and because
of the triacylglycerol lipase activity found in ungerminated
conidia, we decided to analyze the pathogenicity phenotype
of this mutant in more detail. Plate cultures of the Dmac1
sum1-99 mutant DA-99 were therefore produced, and
conidia were harvested at various times after the initial inoc-
ulation. Conidial suspensions were adjusted to a uniform
concentration of 104 conidia mL–1 and sprayed onto seed-
lings of the susceptible rice cultivar CO-39. Disease symp-
toms were scored after 96 hr; representative leaves are
shown in Figure 9. The number of disease lesions per in-
fected leaf decreased from 44.33 6 7.37 for seedlings
sprayed with conidia from 7-day-old cultures to 4.33 6 1.53
when conidia from a 15-day-old plate were used (results are
for a sample size of 40 plants and three independent experi-
ments). The concentrations of glycogen and lipid in conidia
were severely depleted in conidia from older cultures (the
conidia shown in Figure 2C, for example, were taken from

Figure 3. Triacylglycerol Lipase Activity in Conidia and Developing
Appressoria of M. grisea.

Conidia were allowed to form appressoria on the hydrophobic sur-
face of Petri dishes, and protein was extracted as described in
Methods. Triacylglycerol lipase activity was assayed by measuring
the liberation of oleic acid from the substrate triolein, which was
determined by densitometric analysis of the liberated oleic acid
resolved by thin-layer chromatography. Enzymatic activity is ex-
pressed as relative lipase activity compared with the activity ex-
pressed by 2.5 units of purified triacylglycerol lipase from Rhizopus
arrhizus (Roche Molecular Biochemicals). Each data point is the
mean activity determined from three independent replications of the
experiment. The error bars show the standard deviation. Triacylglyc-
erol lipase activity is shown from the wild-type M. grisea strain
Guy11 (diamonds), from the DcpkA mutant DF51 (squares), and the
Dmac1 sum1-99 mutant DA-99 (circles with dotted line).
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12-day-old plate cultures), indicating that breakdown of re-
serve carbohydrates and lipid occurs prematurely in Dmac1
sum1-99, attenuating its ability to carry out appressorium-
mediated infection.

DISCUSSION

Our aim in this investigation was to define the key enzymatic
steps required for glycerol production in appressoria and to

determine how the process of turgor generation is geneti-
cally controlled. The major enzymatic activity for glycerol ac-
cumulation in budding yeast during hyperosmotic stress is
NADH-dependent GPD encoded by the GPD1 gene (Albertyn
et al., 1994). GPD activity in yeast is also generated by activ-
ity of the GPD2 gene, which appears to be responsible for
redox regulation in the cytosol (Ansell et al., 1997). The
enzymatic conversion of dihydroxyacetone phosphate to
glycerol-3-phosphate is coupled to the reoxidation of NADH
and therefore provides a route for replenishing NAD1. GPD1
is transcriptionally activated during hyperosmotic stress and

Figure 4. Cellular Distribution of Lipid Droplets during Appressorium Morphogenesis by M. grisea.

Conidia were allowed to germinate on onion epidermis in water drops and form appressoria. Sample preparations were removed at various in-
tervals during a 96-hr period and stained for the presence of triacylglycerol by using Nile Red, as described in Methods. Photographs were taken
at 0, 4, 12, 24, 48, and 96 hr after inoculation; for each time, a Hoffman modulation contrast image (left panel) and an epifluorescence image of
Nile Red–stained material (right panel) are presented. Shown are the results for preparations of the wild-type strain Guy 11 and the buf1 mutant
6-R-10. Because melanin masked the epifluorescence somewhat, a nonmelanized mutant was examined for better quality resolution of lipid
bodies. In both strains, numerous small lipid droplets were seen in ungerminated conidia (0 hr) and in nascent appressoria (4 hr), whereas later
(12, 24, and 48 hr), fewer but larger lipid droplets were observed coalescing into vacuolar structures. Lipid bodies were degraded at the onset of
turgor generation and cuticle penetration (24 to 96 hr after inoculation). Bar 5 20 mm for all images.
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is under control of the high-osmolarity glycerol pathway
(Albertyn et al., 1994; Gustin et al., 1998). We found GPD
activity in M. grisea mycelium, but it was not induced by
hyperosmotic stress. Instead, the activities of NADPH-
dependent dihydroxyacetone reductase and glyceraldehyde
reductase were increased, suggesting that glycerol produc-
tion during hyperosmotic stress in M. grisea may be more
similar mechanistically to the process in A. nidulans than
that in yeast (Redkar et al., 1995). This is consistent with our
previous findings that hyperosmotic stress in M. grisea leads
predominantly to arabitol generation, which is regulated by
the OSM1 MAPK, and OSM1-independent production of
smaller amounts of glycerol (Dixon et al., 1999). In A. nidu-

lans, dihydroxyacetone reductase and glyceraldehyde re-
ductase activities are the result of a single NADPH-
dependent GD (Schuurink et al., 1990). We found similar ac-
tivities of both dihydroxyacetone reductase and glyceralde-
hyde reductase in crude protein extracts of M. grisea
mycelium, indicating that a single enzyme might be present
in the rice blast fungus. At this stage, however, we cannot
preclude that our crude extract contains more than one ke-
tose or aldose reductase enzyme capable of catalyzing
these reactions, or that conditions for assaying the GPD2-
type isoform of GPD (Ansell et al., 1997) were achieved in
our assay. In appressorium extracts, GPD and both GD ac-
tivities were present and sustained during appressorium tur-
gor generation. Enzymatic activities for the generation of
glycerol from carbohydrate sources are thus present in ap-
pressoria at amounts similar to those in mycelium. These
enzyme activities are, however, also likely to be involved in
glycerol production for lipid biosynthesis and membrane
biogenesis and therefore might not be the principal route for
generating the osmotically active glycerol required for turgor
generation.

Triacylglycerol lipase activity was found in protein ex-
tracts taken from conidia undergoing appressorium differ-
entiation and was induced markedly during their formation
and maturation. Triacylglycerol lipases previously have
been characterized in fungi for commercial purposes, but
investigations have concentrated almost exclusively on ex-
tracellular lipases (Toida et al., 1998). The breakdown of fat
is an efficient means of producing glycerol rapidly and
would also lead to production of fatty acids for oxidation
and ATP generation. Production of acetyl CoA from b-oxi-
dation of fatty acids would provide another route for glyc-
erol production by way of the glyoxylate cycle and
gluconeogenesis, resulting in glycerol production catalyzed
by GD or GPD. A pathogenicity gene PTH2 recently de-
scribed encodes an M. grisea homolog of carnitine acetyl-
tranferase, an enzyme required for activated fatty acids
to traverse the mitochondrial membrane for oxidation
(Sweigard et al., 1998). Perhaps the lack of pathogenicity of
this mutant is due to an inability to process fatty acids gen-
erated by lipolysis during appressorium formation, resulting
in either glycerol depletion or toxic accumulation of fatty
acids. Another consequence of triacylglycerol degradation
is the probable release of secondary messengers such as
diacylglycerol. Diacylglycerol is known to stimulate appres-
sorium formation in M. grisea on noninductive (hydrophilic)
surfaces (Thines et al., 1997) and can also restore appres-
sorium formation to a Dpth11 mutant (DeZwaan et al.,
1999). The PTH11-encoded receptor is thought to react to
surface hydrophobicity; generation of cAMP downstream of
PTH11 therefore might stimulate not only morphogenesis
but also lipid degradation and release of diacylglycerol to
further stimulate cellular differentiation.

Glycerol production from solely carbohydrate or lipid
sources is theoretically possible in the M. grisea appresso-
rium, although whether sufficient reserves of each type are

Figure 5. Ultrastructure of an Appressorium of M. grisea.

Appressoria from the wild-type strain Guy11 were fixed by freeze-
substitution 24 hr after inoculation of conidia onto onion epidermis.
(A) Median section of a whole appressorium formed on the surface
of onion epidermis. The basal septum (arrow) is visible.
(B) Ultrastructural detail of another appressorium. Several electron-
light lipid droplets (L), dark crystalline glycogen granules (arrow-
heads), and vacuoles with heterogenous contents (V) are visible, in
addition to a nucleus (N) and mitochondria (M).
Bar in (A) 5 2 mm; bar in (B) 5 1 mm.
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present is unclear and will await more precise quantification.
Perhaps, however, both glycogen and lipid contribute to
glycerol production, given the enormous concentrations re-
quired and the need to ensure redox balance within the cell.
The potential for the glyoxylate cycle to contribute to glyc-
erol production also highlights why lipase, GPD, and GD ac-
tivities might all be present in the appressorium.

In our microscopy studies, transport and compartmental-
ization of glycogen and triacylglycerol to the developing ap-

pressorium were observed, followed by rapid dissolution of
these reserves during cell maturation. Glycogen degraded
rapidly during germination and thus is probably one of the
principal energy sources during germ tube extension—in
addition to the mannitol and trehalose also present within M.
grisea conidia (Talbot, 1995; Dixon et al., 1999; A.J. Foster
and N.J. Talbot, unpublished observations). Ultrastructural
studies confirmed that glycogen was present as rosettes in
the cytoplasm and disappeared rapidly preceding turgor

Figure 6. Cellular Distribution of Lipid Droplets during Infection-Related Development by DcpkA and Dpmk1 Mutants of M. grisea.

Conidia were allowed to germinate on onion epidermis in water drops and were removed at intervals during a 96-hr period and stained with Nile
Red for the presence of triacylglycerol (see Methods). Photographs were taken 0, 4, 12, 24, 48, and 96 hr after inoculation; for each time, a
Hoffman modulation contrast image (left panel) and an epifluorescence image of Nile Red–stained material (right panel) are presented. In the
DcpkA mutant DF51, lipid mobilization to the developing appressorium occurred as in wild-type strains of M. grisea except that appressorium
formation was delayed until 12 hr after inoculation. The appressoria of DcpkA were small and sometimes misshapen. Lipid droplets enlarged
during appressorium development (at 48 and 96 hr), but no degradation was observed during this experiment. In the Dpmk1 mutant nn95, no
appressoria were formed; instead, lipid droplets were found evenly distributed into the developing germ tubes, which ultimately developed vac-
uolates (at 48 and 96 hr) and stopped growing. Bar 5 20 mm for all images.
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vestigating the role of cAMP signaling in appressorium
turgor. This mutant is a bypass suppressor of Dmac1 (Adachi
and Hamer, 1998), the result of a mutation that changes a
leucine to an arginine residue in one of the cAMP binding
sites of the regulatory subunit of PKA. The result of this mu-
tation is that PKA activity is partially constitutive; consistent
with this, cAMP-independent PKA activity has been re-
corded in mycelial extracts (Adachi and Hamer, 1998). We
found that glycogen breakdown and lipolysis were greatly
accelerated in the Dmac1 sum1-99 mutant, indicating a
PKA-mediated activation of glycogen-degrading enzymes
(glycogen phosphorylase, for example) in the mutant in the
absence of a cAMP signal. Similarly, triacylglycerol lipase
activity was accelerated and could be found in conidia of the
Dmac1 sum1-99 mutant even before germination. Adachi
and Hamer (1998), however, reported that CPKA-encoded
PKA activity could not be measured in conidial germlings of
the Dmac1 sum1-99 mutant. They concluded that although
the Dmac1 sum1-99 mutation leads to cAMP-independent
PKA activity in mycelium, it may inhibit PKA activity in conid-
ial germlings. The assay they used to measure PKA activity,
however, utilized the synthetic PKA substrate kemptide,
which raises the possibility that the lack of PKA activity
measured in conidial germlings is the result of competitive
inhibition of the assay by the natural substrates for CPKA-
encoded PKA—which are likely to be present in abundance
during appressorium development. We think that scenario
more likely than an inhibition of PKA in this mutant, based
on the converse effects on storage carbohydrates and lipids
observed in the DcpkA and Dmac1 sum1-99 mutants. This
does not alter the major conclusion of Adachi and Hamer
(1998) that additional cAMP-Sum1–regulated activities are
probably required for appressorium morphogenesis; in-
stead, it proposes a role for the SUM1/CPKA-encoded PKA
holoenzyme in appressorium function and an explanation for
the reduced pathogenicity of Dmac1 sum1-99.

We investigated the pathogenicity phenotype of the
Dmac1 sum1-99 mutant after noticing the rapid lipolysis and
glycogen breakdown in conidia. The triacylglycerol lipase
activity in ungerminated conidia suggested to us that conid-
ial age might affect the ability to complete appressorium-
mediated infection in Dmac1 sum1-99 mutants. The re-
duced pathogenicity phenotype of the Dmac1 sum1-99 mu-
tant DA-99 was identical to that previously reported by
Adachi and Hamer (1998) when mature 12- to 14-day-old
conidia were used in infections (z40% of the normal num-
bers of lesions). But inoculating rice seedlings with younger
conidia caused more severe disease symptoms, and conidia
from 6-day-old plate cultures caused symptoms that were
almost indistinguishable from the wild type. These results in-
dicate that the correct spatial and temporal regulation of
glycogen mobilization and lipolysis is essential for appres-
sorium-mediated infection of rice plants by M. grisea. It also
highlights the potential for investigating glycogen and lipid
metabolic pathways for selecting new targets for disease
control.

generation, as previously reported (Bourett and Howard,
1990). Movement of lipid droplets to the developing appres-
sorium, meanwhile, was also striking, the larger fat globules
coalescing before being taken up for degradation into a
large central vacuole. The site of lipid degradation corre-
sponded to large vacuoles found within appressoria, which
could be readily visualized with the vacuolar stain Neutral
Red and the lytic marker enzyme acid phosphatase (R.W.S.
Weber, E. Thines, and N.J. Talbot, unpublished observa-
tions). We think it likely, therefore, that lipolysis occurs
within the central appressorial vacuole, which is prominent
in mature appressoria that have elaborated penetration pegs
(Bourett and Howard, 1990). Transport of lipid reserves and
their vacuolar degradation have been reported in the maize
pathogen Colletotrichum graminicola during conidial germi-
nation (Schadeck et al., 1998a, 1998b). Because C. gramini-
cola uses a mechanical infection mechanism similar to that
of M. grisea (Bechinger et al., 1999), perhaps the consider-
able invasive forces generated by appressoria of C. gramini-
cola are also produced by a glycerol-dependent mechanism.

Genetic Regulation of Appressorium Turgor in M. grisea

Because mobilization of conidial glycogen and triacylglyc-
erol during appressorium formation depended on the pres-
ence of the PMK1-encoded MAPK, we conclude that the
mass transfer of these reserves is part of the appressorium
differentiation process. The lack of glycogen degradation
during conidial germination observed in a Dpmk1 mutant in-
dicates that even the initial stages of germination are af-
fected by the absence of PMK1, so that the developmental
sequence for appressorium morphogenesis must be trig-
gered early during germ tube extension.

The importance of cAMP signaling to appressorium func-
tion is clarified by the observation that dissolution of glyco-
gen and triacylglycerol is retarded markedly in a DcpkA
mutant that lacks a catalytic subunit of PKA. The regulation
of lipases and glycogen-degrading enzymes by direct PKA
phosphorylation is known in mammalian systems (Severson
et al., 1981; Stralfors and Belfrage, 1983; Carling and Hardie,
1989; Palmer et al., 1990), and PKA is a central regulator of
carbohydrate mobilization in yeast (Thevelein, 1994). In M.
grisea, cAMP signaling apparently has been adapted to
break down storage reserves within the correct cellular
compartment and at the precise time required for the ap-
pressorium-mediated plant infection process, as shown in
Figure 10. This implies that DcpkA mutants are nonpatho-
genic primarily because of insufficient or retarded turgor
generation, which prevents cuticle penetration. To test this,
incipient cytorrhysis experiments have measured appresso-
rium turgor (Howard et al., 1991) in a DcpkA mutant; prelimi-
nary observations show a retardation and measurable
reduction in turgor compared with an isogenic wild-type
strain (P.V. Balhadère and N.J. Talbot, unpublished obser-
vations). The Dmac1 sum1-99 mutant has been useful in in-
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METHODS

Strains of Magnaporthe grisea

Wild-type and mutant strains of M. grisea are stored in the laboratory
of N.J. Talbot at the University of Exeter. The Dcpka strain DF51, the
Dpmk1 mutant nn95, and the Dmac1 sum1-99 mutant DA-99 were
kindly donated by Dr. J.E. Hamer (Purdue University, West Lafayette,
IN). Long-term storage of the strains was performed by growing the
fungus through sterile filter-paper discs, followed by desiccation for
48 hr and storage at 2208C.

Assays for Infection-Related Morphogenesis and Pathogenicity

M. grisea conidia were obtained by harvesting plate cultures of the
fungus grown on complete medium (Talbot et al., 1993) in a 14-hr-light
and 10-hr-dark cycle at 248C for 10 to 12 days. Conidia were har-
vested by scraping sporulating cultures with a glass rod in sterile dis-
tilled water, followed by centrifugation at 1000g for 10 min and
resuspension in distilled water to a concentration of z105 spores
mL21. For biochemical studies, drops of this standard inoculum were
applied to the bottom of plastic Petri dishes and incubated at 278C
for as long as 48 hr. Formation of abundant appressoria was stimu-
lated under these conditions by surface hydrophobicity (Hamer et al.,
1988; Lee and Dean, 1994). Similarly, for light microscopy, individual
drops of standard inoculum were placed on plastic microscope
cover slips (PGC Scientific, Frederick, MD) and incubated in a damp
chamber at 248C. Alternatively, individual drops of inoculum suspen-
sion were placed on 1-cm2 sections of adaxial onion epidermis ex-
cised from the outer fleshy leaves of onion bulbs and supported by a
glass slide (Chida and Sisler, 1987). As before, incubation was at
248C in a damp chamber, and samples were removed at intervals for
observation. For pathogenicity assays, 14-day-old rice seedlings
were infected with suspensions of M. grisea conidia prepared in
0.2% gelatin at a concentration of 104 conidia mL21. Two-week-old
seedlings of the susceptible rice cultivar CO-39 were sprayed with
the suspension by using an artist’s airbrush (Badger Co., Franklin
Park, IL). Plants were incubated in plastic bags for 48 hr to maintain
high humidity and then transferred to controlled environment cham-
bers at 248C and 84% relative humidity, with 900 mE m22 sec21 tung-
sten illumination and 14-hr light periods. Plants were incubated for
96 to 144 hr for full disease symptoms to become apparent. The first
disease symptoms were observed 96 hr after seedling inoculation.

Figure 7. Quantitative Analysis of Lipid Distribution during Infection-
Related Development by M. grisea.

Conidia were allowed to germinate in water drops on the surface of
onion epidermis and to undergo infection-related development.
Samples were removed at intervals over a 12-hr period and stained
for the presence of triacylglycerol by using Nile Red. The percentage
of fungal structures that contained lipid bodies at a given time was
recorded from a sample of 300 germinated conidia. The bar charts
show the mean and standard deviation from three independent rep-
lications of the experiment. Solid black bars represent conidia, open
bars represent germ tubes, and gray bars represent appressoria.
(A) Wild-type M. grisea strain Guy11.
(B) Dmac1 sum1-99 mutant DA-99.
(C) DcpkA mutant DF51.
(D) Dpmk1 mutant nn95.
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Preparation of Protein Extracts from M. grisea Appressoria

To extract protein from ungerminated conidia, we placed drops of
conidial suspension at 105 conidia mL21 directly into liquid nitrogen
and ground them to a fine powder with a mortar and pestle. The ma-
terial was resuspended in extraction buffer (final concentration 20
mM Tris-HCl, pH 7.5, and 2 mM EDTA), and an aliquot of protease in-
hibitor cocktail CompleteTM (Roche Diagnostics, Lewes, East Sus-
sex, UK) was added according to the manufacturer’s instructions.
For protein extractions from developing appressoria, conidia were
applied to the hydrophobic surface of Petri dishes and incubated at
248C for as long as 48 hr. After the attached structures were washed

three times with double-distilled water, liquid nitrogen was added to
the Petri dishes, and the germinating conidia, germ tubes, and ap-
pressoria were harvested by scraping the surface of the Petri dish
with a plastic cover slip. The harvested material was then transferred
to a pestle and mortar and ground to a fine powder in the presence of
liquid N2 before being resuspended in extraction buffer, as described
above. Cellular debris was then removed by centrifugation at
13,000g for 15 min at 48C. The protein concentration of extracts was
determined by using a Pierce BCA protein assay kit (Pierce Chemical
Co., Rockford, IL) with BSA as the standard.

Enzyme Assays

Glycerol-3-phosphate dehydrogenase (GPD) was assayed at room
temperature by an adaptation of the method of Redkar et al. (1995).
Briefly, the 1-mL reaction reagent contained 20 mM imidazole-HCl,
pH 7.0, 1 mM DTT, 1 mM MgCl2, 0.67 mM dihydroxyacetone phos-
phate, and either 0.09 or 0.2 mM NADH. Glycerol dehydrogenase
(GD) was assayed at room temperature in a 1-mL reaction reagent
containing 50 mM glycine/NaOH, pH 9.6, 5 mM of either dihydroxy-
actone or DL-glyceraldehyde, and either 0.09 or 0.2 mM NADPH. Ox-
idation of NADH or NADPH was monitored with an Ultraspec 200
spectrophotometer (Pharmacia Biotechnology) at 340 nm for 2 min.
Enzyme determinations were conducted with at least three protein
concentrations, and the rate of product formation was shown to be
proportional to the amount of enzyme added to the reaction. The re-
actions were performed at alkaline pH to avoid oxidation of NADH/
NADPH by any oxidase present in crude appressorial extracts. An
absorptivity of 6.3 3 103 M21 cm21 for NADH/NADPH was used in
calculating the enzyme activity. One unit of enzyme is defined as the
amount required to form 1 mmol of NAD1/NADP1 per minute.

Figure 9. Pathogenicity of the Dmac1 sum1-99 Mutant DA-99 Is
Related to the Age and Storage Reserve Status of Conidia.

Conidia from the Dmac1 sum1-99 mutant DA-99 were harvested
from plate cultures that had been incubated for 6, 7, 9, 11, 13, and
15 days. Conidial suspensions were diluted to a uniform concentra-
tion of 104 mL–1 and sprayed onto 14-day-old rice seedlings of the
blast-susceptible cultivar CO-39. The disease was allowed to
progress for 96 hr, when disease lesions had not yet coalesced, and
representative leaves were removed and photographed. An identical
conidial suspension from the wild-type strain Guy11 was used in the
positive control experiment. The severity of disease lesions de-
creased with increasing conidial age in the Dmac1 sum1-99 mutant.

Figure 8. Cellular Distribution of Lipid Droplets during Infection-
Related Development by the Dmac1 sum1-99 Mutant DA-99.

Conidia were allowed to germinate in water drops on the surface of
plastic cover slips and undergo infection-related development. Sam-
ples were removed at intervals over a 12-hr period and stained for
the presence of triacylglycerol with Nile Red; for each interval, a
Hoffman modulation contrast image (left panel) and an epifluores-
cence image of Nile Red–stained material are presented.
(A) and (D) At 4 hr after inoculation of conidia, lipid droplets have al-
ready migrated to the incipient appressorium and begun to coa-
lesce.
(B) and (E) At 8 hr after inoculation of conidia, lipid droplets are be-
ginning to be degraded, before melanization of the appressorium.
(C) and (F) At 12 hr after inoculation of conidia, lipid droplets have
been almost completely degraded.
Bar in (C) 5 10 mm for (A) to (F).
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Triacylglycerol lipase activity was analyzed by thin-layer chroma-
tography (TLC), with triolein (1,2,3,-tri[cis-9-octadecanoyl] glycerol;
Sigma) as a substrate. A 25-mg aliquot of triolein was added to 3 mL
of sodium acetate buffer, pH 5.5, and 50 mg of appressorium protein
extract. The mixture was incubated at 378C for 30 min with constant
stirring at 200 rpm. A 2-mL aliquot of cyclohexane (Sigma) was then
added to the mixture, followed by another 5 min of incubation at
378C. A 1-mL aliquot of the upper, organic phase was removed,
dried under vacuum, and resuspended in 100 mL of methanol. Tria-

cylglycerol lipase activity was monitored by measuring the liberation
of oleic acid from the glyceryl trioleate substrate, as determined by
the size of the oleic acid spots resolved by TLC. A 10-mL aliquot of
the methanol suspension was applied to silica gel 60 F254 plates
(Riedel de Haen, Seelze, Germany). The chromatograms were devel-
oped in hexane:ethyl acetate:acetic acid (80:20:1), and spots were
visualized by incubation in I2 vapor. As a positive control, 1, 2.5, and
10 units of an extracellular lipase from the fungus Rhizopus arrhizus
(Roche Molecular Biochemicals, Mannheim, Germany) were used in
independent assays under identical reaction conditions. Densitomet-
ric analysis of TLC separations was performed by using the public
domain NIH Image program developed at the U.S. National Institutes
of Health and available on the Internet at http://rsb.info.nih.gov/nih-
image/.

Cytological Analysis

Lipid droplets in germinating conidia and appressoria were visual-
ized by staining with a Nile Red solution (Greenspan et al., 1985;
Weber et al., 1999) consisting of 50 mM Tris/maleate buffer, pH 7.5,
with 20 mg mL21 polyvinylpyrrolidone and 2.5 mg mL21 Nile Red Ox-
azone (9-diethylamino-5H-benzo[a]phenoxazine-5-one; Sigma). Cy-
tological analysis was performed with freshly harvested conidia,
conidia incubated on strips of onion epidermis, or conidia incubated
on plastic cover slips. Guy11 conidia were also harvested directly
from infected rice plants for analysis. In all cases, suitable material
was mounted directly in the Nile Red staining solution. Within a few
seconds, lipid droplets began to fluoresce when viewed with a Nikon
Optiphot-2 microscope with the EFD-3 episcopic fluorescence at-
tachment and the B-2A filter (excitation at 450 to 490 nm, 505 nm
dichroic mirror, 520 nm barrier filter). No fluorescence was observed
when Nile Red was omitted from the staining solution. Glycogen
staining was achieved by mounting plastic cover slips with conidial
inoculum directly in a staining solution consisting of 60 mg of KI and
10 mg of I2 per milliliter in distilled water (Weber et al., 1998). Yellow-
ish-brown glycogen deposits became visible immediately in bright-
field optics with a Nikon Optiphot-2 microscope. No blue starch de-
posits were observed in M. grisea, and no glycogen deposits were
visible when I2 was omitted from the staining solution.

Transmission Electron Microscopy

For ultrastructural investigations by transmission electron micros-
copy, material was prepared by freeze-substitution fixation. Conidia
of Guy11 were inoculated onto onion epidermis and allowed to form
appressoria, as described above. After 24 hr, small squares (2 to 3
mm2) of epidermis bearing appressoria of M. grisea were frozen by
plunging into Freon-23 cooled to 21808C with liquid nitrogen and
then were transferred to the substitution fluid consisting of 1% (w/v)
OsO4 in anhydrous acetone (Howard and O’Donnell, 1987). The sam-
ples were incubated in the substitution fluid for 48 hr at 2808C and
then for 1 hr each at 2208C and 08C, followed by three washes in an-
hydrous acetone at room temperature and infiltration in Spurr’s resin
(Spurr, 1969) for 24 hr each in four- and twofold dilutions in acetone
and in pure resin. Samples were then polymerized by heating to 708C
for 7 hr. Thin sections were contrasted for 10 min in 1% (w/v) uranyl
acetate in ethanol and for 3 min in lead citrate (Reynolds, 1963) and
were viewed at 80 kV with a transmission electron microscope
(model JFM 100-S; JEOL, Tokyo, Japan).

Figure 10. Outline Model for the Genetic Control of Appressorium
Turgor Generation by the Rice Blast Fungus M. grisea.

In this model, the mobilization of glycogen and triacylglycerol re-
serves to the developing appressorium occurs under control of the
PMK1 MAPK pathway. Glycerol generation is achieved by degrada-
tion of triacylglycerol by triacylglycerol lipase, which is regulated by
CPKA/SUM1-encoded PKA. Fatty acids are processed by b-oxida-
tion and may be used to produce glycerol by way of the glyoxylate
cycle and gluconeogenesis. Glycogen degradation, which is simi-
larly regulated within the appressorium at the onset of turgor gener-
ation, is used to fuel glycolysis during glycerol accumulation and
may contribute to glycerol production by the metabolism of dihy-
droxyacetone 3-phosphate (DHAP), dihydroxyacetone (DHA), or
glyceraldehyde (GAD). Glycerol accumulation results in hydrostatic
turgor and is translated into the force required for cuticle penetration
by reorientation of the cytoskeleton, localized dissolution of the cell
wall, and formation of penetration pegs. These processes are likely
to be regulated by the action of PKA and stimulation of a signal
transduction pathway involving the MPS1 MAPK (Xu et al., 1998). In
the model shown, genetic control points are shown in blue and pu-
tative enzymatic activities are given in green. GPH, glycogen phos-
phorylase (EC 2.4.1.1); TGL, triacylglycerol lipase (EC 3.1.1.3); GPD,
NADH-dependent glycerol-3-phosphate dehydrogenase (EC 1.1.1.8);
GD, NADPH-dependent glycerol dehydrogenase (EC 1.1.1.77). Mul-
tiple arrows indicate several intermediate steps in pathway not
shown.
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