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Many fungal pathogens invade plants using specialized infection structures called appressoria that differentiate 

from the tips of fungal hyphae contacting the plant surface. We demonstrate a role for a MAP kinase that is 

essential for appressorium formation and infectious growth in Magnaporthe grisea, the fungal pathogen 

responsible for rice blast disease. The PMK1 gene of M. grisea is homologous to the Saccharomyces cererisiae 
MAP kinases FUS3/KSS1, and a GST-Pmkl  fusion protein has kinase activity in vitro, pink1 mutants of M. 

grisea fail to form appressoria and fail to grow invasively in rice plants, pink1 mutants are still responsive to 

cAMP for early stages of appressorium formation, which suggests Pmkl  acts downstream of a cAMP signal for 

infection structure formation. PMK1 is nonessential for vegetative growth and sexual and asexual 

reproduction in culture. Surprisingly, when expressed behind the GALl promoter in yeast, PMK1 can rescue 

the mating defect in a fus3 kssl double mutant. These results demonstrate that PMK1 is part of a highly 

conserved MAP kinase signal transduction pathway that acts cooperatively with a cAMP signaling pathway 

for fungal pathogenesis. 
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The most economically devastating disease of cultivated 
rice, rice blast disease, is caused by the filamentous fun- 
gus Magnaporthe grisea (Ou 1985). In spite of the avail- 
ability of resistant crop genotypes, disease epidemics 
continue to occur worldwide and threaten food supplies 
in many emerging nations (Teng 1994). The blast fungus 
attacks all above-ground parts of the rice plant, and seed- 
lings can be killed during epidemics (Ou 1985). In mature 
plants, the fungus attacks the emerging seed panicle, re- 
sulting in the complete loss of all rice seeds (Ou 1985). 
As rice remains the major food crop for more than a third 
of the world's population, improved methods for control- 
ling this disease are needed (Ford et al. 1994). Molecular 
genetic studies in the blast fungus (Valent 1990) are be- 
ing used to define key steps in attachment, penetration, 
and pathogenic growth as targets for developing new an- 
tifungal chemicals. 

M. grisea infects rice plants in a manner typical of 
other foliar pathogens (see Fig. 1). Asexual spores, called 
conidia, are dispersed in moist air and attach tightly to 
the leaf surface (Hamer et al. 1988). In a drop of water, a 
conidium produces a germ tube that grows and differen- 
tiates a specialized infection structure called an appres- 
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sorium that adheres tightly to the plant surface (Bourett 
and Howard 1990). This specialized cell generates enor- 
mous turgot pressure that is used to penetrate the un- 
derlying plant surface (Howard et al. 1991). Once inside 

the plant, bulbous, lobed infection hyphae grow in and 
between plant cells. Eventually a lesion develops that 
under conditions of high humidity will yield mycelia 
that sporulate and release more conidia to reinitiate the 

infection cycle. 
Fungal pathogens like M. grisea commonly rely on 

thigmotropic sensing mechanisms to decipher surfaces 
appropriate for appressorium formation (Hoch and Sta- 
ples 1991). The rice blast fungus senses the presence of 
hydrophobic surfaces that mimic the rice leaf surface 
(Hamer et al. 1988; Bourett and Howard 1990). On hy- 
drophobic surfaces such as Teflon membranes, appres- 
sofia are formed shortly after conidial germination, 
whereas on hydrophilic surfaces, such as glass or agar 
media, germinating conidia produce long branched hy- 
phae, typical of filamentous fungi (Lee and Dean 1994). 
Although thigmotropic sensing is poorly understood bio- 
chemically, appressorium formation appears to represent 
a form of cellular morphogenesis requiring the synthesis 
of specific gene products (Lee and Dean 1993b; Talbot et 

al. 1993) and cell wall layers (Bourett and Howard 1990). 
Pharmacological studies in a variety of fungal plant and 
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Figure 1. The plant infection cycle of the rice blast fungus. 
Conidia attach to the rice leaf surface and produce germ tubes 
that differentiate into dome-shaped appressoria. The appresso- 
ria penetrate the plant surface and produce infectious hyphae. 
The hyphae within the lesions can sporulate under appropriate 
conditions. 

insect pathogens that form appressoria, including M. 
grisea, suggest that conserved signal transduction path- 

ways such as cAMP signaling are required for infection 
structure formation (St. Leger et al. 1990; Lee and Dean 

1993a). cAMP signaling appears to be important for sur- 
face recognition in M. grisea. Exogenous cAMP stimu- 

lates appressorium formation on hydrophilic surfaces, 

and disruption of a gene related to cAMP-dependent pro- 
tein kinases (CPKA) causes a delay in appressorium for- 
mation (Mitchell and Dean 1995). Pathways acting 

downstream of the cAMP signal remain to be identified. 

Here we show that M. grisea contains a mitogen-acti- 
vated protein (MAP) kinase gene, PMK1 (Pathogenicity 
MAP-Kinase 1), that most closely resembles the yeast 
pheromone signaling MAP kinase genes, FUS3 and 
KSS1. PMK1 can functionally substitute for the Fus3/ 

Kssl kinases in yeast. Gene replacement mutants show 

that PMK1 is essential for appressorium formation and 
pathogenesis but dispensable for all other aspects of the 

M. grisea life cycle. PMK1 is required for later steps in 
appressorium formation and may act downstream of the 

cAMP signaling pathway. Surprisingly, PMK1 is also es- 
sential for survival or growth in rice plants. These results 

show that cooperative signaling between cAMP and a 
conserved MAP kinase pathway regulates key steps in 
fungal pathogenesis. 

R e s u l t s  

PMK1 encodes a functional protein kinase related to 

MAP kinases 

A PCR-based screen was used to clone putative MAP 
kinase homologs from a wild-type strain of M. grisea 

designated Guy l l .  DNA sequence analysis identified 

PCR clones homologous to the yeast FUS3/KSS1 MAP 
kinases and these clones were used to obtain full-length 

cDNA and genomic clones (see Materials and Methods). 
Five cDNA clones with different 5' and 3' ends but iden- 
tical coding regions (A1, A2, A3, A4, and A5; Fig. 2A) 

were obtained. Sequencing the cognate genomic clone 

confirmed the origin of all cDNAs and revealed the pres- 

ence of two small introns with consensus fungal splice 
sites (Fig. 2A). The open reading frame has the potential 

to encode a 356-amino-acid protein with 60.5% identity 

and 77.9% similarity with yeast (Saccharomyces cerevi- 

siae) Fus3, 63.7% identity and 79.4% similarity with 
yeast Kssl, and 55.9% identity and 72.7% similarity 

with human Erkl MAP kinases (Fig. 2B). Southern blot 
analysis showed that the cDNA and genomic clones de- 

fined a single copy gene (data not shown) that we desig- 
nated PMK1. The PMK1 coding region contains all 11 

conserved protein kinase subdomains and the character- 
istic MAP kinase phosphorylation sites (TEY, residues 

174--176) in front of the YRAPE domain (Nishida and 

Gotoh 1993). 
To demonstrate that PMK1 encodes a protein kinase, 

we constructed glutathione S-transferase (GST)-Pmkl 
fusions and expressed them in Escherichia coli. A GST- 

Pmkl  fusion protein of the expected size of 65 kD was 
produced and purified with glutathione-agarose beads. 
In protein kinase assays, the purified GST-Pmkl  fusion 
protein underwent autophosphorylation and could phos- 

phorylate myelin basic protein (MBP, 20 kD)(Fig. 2C). 

But the extent of the GST-Pmkl  autophosphorylation 
and MBP phosphorylation was lower than that of the 

positive control, mouse GST-Erkl.  We conclude that 

PMK1 encodes a functional protein kinase. 

PMK1 functions in yeast 

The degree of relatedness of PMK1 to the yeast FUS3/ 

KSS1 genes prompted us to test whether PMK1 could 
function in the yeast pheromone signaling pathway as a 

MAP kinase. We placed the PMK1 coding region under 
the control of the yeast GALl promoter in the plasmid 

pYES2, and introduced the resulting construct pYESA3 

into yeast strain yDM300 deleted for the FUS3/KSS1 

kinases. The resulting Ura + transformants (relevant ge- 
notype, URA3 trplA1) containing PMK1 were mated to 

CG219 (relevant genotype, ura3-52 TRP1 +) and tested 
for diploid formation (see Materials and Methods). With- 

out mating, all pYESA3 transformants and control 

strains grew on YPD but not on SD-Ura-Trp medium 
(Fig. 3A). Diploids were only observed on SD-Ura-Trp 
after mating with CG219 on medium containing galac- 
tose (Fig. 3A). We conclude that PMK1 can rescue the 

mating defect of the yeast fus3 kssl  double mutant. 
The mating efficiency of yeast strains expressing 

PMK1 is lower than control strains expressing KSS1 (Fig. 
3A). To confirm that these colonies arose as a result of 

mating, we tested 20 random putative diploid colonies 
from these matings by yeast mating-type PCR (Huxley et 
al. 1990) and found that all twenty were true MATa/a 

diploids and contained the pYESA3 plasmid (Fig. 3B). Be- 

sides mating, yDM300 transformants (MATa) expressing 
PMK1 were capable of forming mating projections in the 

presence of the yeast pheromone oL-factor (data not 
shown). 
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Figure 2. Nucleotide and protein se- 
quences of the PMK1 gene and protein ki- 
nase activity of GST-Pmkl fusion protein. 
(A) Nucleotide sequence and deduced 
amino acid sequence of the PMK1 gene. 
The lowercase letters represent two intron 
regions. Amino acid residues are numbered 
on the left. The different 5' and 3' ends of 
the five PMK1 cDNA clones IA1-AS) are 
labeled on top. The GenBank accession no. 
for the PMK1 sequence is U70134. (B) Se- 
quence alignment of PMK1 with S. cerevi- 

siae FUS3 and KSS1 and human ERK1. 
Identical residues are shown in black 
boxes. Similar residues are shaded. The 11 
protein kinase subdomains are labeled on 
top in roman numerals {Hanks et al. 1988). 
The tyrosine and threonine residues, two 
putative phosphorylation sites for MAP ki- 
nase kinase, are identified by asterisks. (C) 
Kinase activity of GST-Pmkl fusion pro- 
teins. (L) Products of autophosphorylation 
assay separated on 10% SDS-PAGE gel. (R) 
Products of MBP phosphorylation assay 
separated on 15% SDS-PAGE gel. Lanes 
1,2,3, and 4 are mouse GST-Erkl, boiled 
mouse GST-Erkl, GST-Pmkl, and boiled 
GST-Pmkl, respectively. In each lane 0.9 
~g of mouse GST-Erkl or 3.5 ~g of GST- 
Pmk fusion protein was loaded. 

PMK1 is essential for pathogenicity and 

invasive growth 

Molecular genetic techniques can be used to introduce 

recombinant  D N A  molecules into M. grisea. During 

t ransformation D N A  integrates by both homologous and 

apparent nonhomologous,  ectopic integration [Talbot et 

al. 1993}. We used genomic clones from the PMK1 locus 

to construct  a gene-replacement vector (pSSE3; Fig. 4AJ 

to precisely delete PMK1 and replace it with a gene en- 

coding hygromycin  phosphotransferase [HPH). pSSE3 

D N A  was linearized wi th  BamHI and transformed into 

wild-type strain Guy l  1 and transformants  were selected 

on hygromycin containing medium. A spore PCR assay 

[Xu and Hamer  1995) identified 11 out of 104 hygromy- 

cin resistant  (hygR) t ransformants  that  had the PMK1 

gene replaced with  HPH {data not shown). PMK1 knock- 

out t ransformants  were confirmed to have the correct 

gene replacement  events by Southern blot analysis (Fig. 

4B). All hygromycin-resis tant  t ransformants  examined 

contained the 1.4-kb SaII fragment encoding the HPH 

gene. Hybridization analysis wi th  the SacI 2.5-kb frag- 

ment  from pSC2.5 {Fig. 4A) showed that  the wild-type 

strain G u y l l  and t ransformant  nn90 contained the 

PMK1 4.5-kb SalI fragment.  Transformant  nn90 also 

contained a 2.7-kb SalI fragment diagnostic for the gene 

replacement cassette. We conclude that nn90 contains 

the gene disruption cassette integrated elsewhere in the 

genome. Transformants  nn26, nn78, nn92, and nn95 do 

not contain the 4.5-kb SalI fragment  from PMK1, but 

contain the 2.7-kb SalI fragment indicative of the gene 

replacement event. Additional restriction digests con- 

firmed the correct gene replacement  event had occurred 

in all 11 PMK1 knockout  t ransformants  (data not 

shown). 

Infection assays on rice cultivar CO39 were used to 

test the pathogenicity of pink1 mutants .  Conidial sus- 

pensions from each of the 11 pink1 mutan ts  and control 

strains were sprayed onto 2-week-old CO39 rice seed- 

lings, and inoculated seedlings were incubated for 5-5 

days prior to scoring disease symptoms.  Both wild-type 

strain Guy l l  and the ectopic insertion t ransformant  

nn90 formed numerous  lesions over the entire inocu- 

lated plant area. Several days later infected leaves from 

these plants wilted and died. In contrast, the pink1 de- 

letion mutan t  nn78 failed to produce any lesions on sus- 

ceptible rice plants (Fig. 5A). Identical results were ob- 

tained for all 11 pink1 strains. Microscopic examinat ion 

of the infected leaves revealed a complete absence of 

hypersensitive lesions, suggesting that  p m k l  strains 

failed to penetrate the plant cuticle. 

M. grisea strain Guy l  1 can also cause lesions on barley 
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Figure 3. PMK1 functions as a MAP kinase in yeast. (A) Yeast 
mating assay. Diploid formation was examined by replica plat- 
ing to SD-Ura-Trp medium following mating with CG219 
(MATs ura3) on galactose (plate A) or glucose (plate B). Without 
mating, all strains grew on YPD (plate C), but not on SD-Ura- 
Trp (plate D). Top and bottom patches were fus3 kssI double 
mutant yDM300 transformed with pBC50 (carrying yeast KSS1 
gene). From left to right, patches in the second row are yPH499 
{MATa trpl ura3), yDM300 (MATa fus3 kssl trpl ura3) and 
XK1-25 (MATa trpl ). All six patches in the third and fourth rows 
were yDM300 transformants (MATa fus3 kssI trpl) containing 
pYESA3 {PMK1 gene controlled by GALl promoter). (B) Test of 
the diploid colonies by PCR with yeast MAT primers (top) and 
PMKI primers (bottom). Lane D is a diploid (MATa/a) control 
strain formed by XK15 and CG219. Lanes I and 2 are haploid 
strains XK15 (MATa) and CG219 (MATs). Lanes 3-10 are ran- 
dom putative diploids formed by mating CG219 with pYESA3 
transformants on galactose medium. Lanes on both sides are the 
1-kb ladder molecular weight marker (BRL). 

cultivar Golden Promise. Inoculation assays on barley 

gave identical results to rice infection assays (data not 

shown), demonstrat ing that  the failure of p m k l  strains 

to infect is not host-specific. To confirm that this phe- 

notype was due to the deletion of the PMK1 gene, we 

crossed p m k l  mutan t  nn78 with  a wild-type tester strain 

4136-4-3 and isolated 45 random ascospore progeny. The 

progeny segregated - 1 : 1  for hygromycin resistance and 

there was complete cosegregation of the nonpathogenic- 

ity phenotype wi th  the hygR phenotype (data not 

shown). 

The ability of M. grisea strains to cause disease and 

grow invasively can be assessed independently of pene- 

tration by inoculating through wounding (Chumley and 

Valent 1990). To test the role of PMK1 in invasive 

growth in plants, mu tan t  and control strains were in- 

jected into leaf sheaths of susceptible rice seedlings (see 

Figure 4. PMK1 gene replacement vector and transformants. 
(A) Physical map of the PMK1 genomic region and the gene 
replacement vector pSSE3. The restriction enzymes are: (Sc) 
SacI; (H) Hi~dIII; (P) PstI; {Rv) EcoRV; (S) SalI; (Sm) SmaI. The 
arrows indicate the directions of PMK1 and HPH genes. (B) 
Southern blot of wild-type (Guyl 1), ectopic integration trans- 
formant (nn90), and PMK1 gene replacement transformants 
(nn26, nn78, nn92, and nn95). All DNA samples were digested 
with SalI. The blot was probed with the HPH gene (top), then 
stripped and reprobed with the SacI 2.5-kb fragment from 

pSC2.5. 

Materials and Methods). Injections wi th  Guy l  1 caused 

lesions in and around the wound sites caused by the 

injection (Fig. 5B). Similar results were obtained for 

strains containing ectopic integration events (data not 

shown). Injections with  a 0.2% gelatin solution resulted 

in predominant ly white  wound sites wi th  little or no 

plant cell necrosis (Fig. 5B). Injections wi th  p m k l  mu- 

tants resulted in small areas of necrosis at the site of 

injection but a complete absence of spreading lesions 

outside of the wound sites (Fig. 5B). To test whether  

p m k l  strains were still alive in these wound sites, we 

excised 50 wound sites from plants injected wi th  either 

wild-type or mutan t  strains. Excised leaf sections were 

placed on water  agar plates and incubated with  direct 

light and high humidi ty  for 2-3 days. Under  these con- 

ditions, wound sites inoculated wi th  wild-type strain 

Guy l  1 produced abundant  conidia and mycel ia  (Fig. 5C). 

Buf-  mutants  of M. grisea, which can not penetrate 

heal thy leaf surfaces because of a defective melanin  wall 

layer in the appressoria (Chumley and Valent 1990), also 

served as a positive control. When wound sites inocu- 

lated with  Buf-  mutan t s  were excised and incubated un- 

der the same conditions, mycelial  growth and conidia- 

tion were observed. However, no mycelia  or conidia ever 
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Figure 5. PMK1 is required for pathogenicity on rice. (A) Seed- 
lings from rice cultivar CO39 were spray-inoculated with either 
wild-type (Guyll), ectopic integration transformant (nngO), 
pmkl (nn78), or 0.25% gelatin solution {Gelatin). Typical leaves 
are shown following 1 week of symptom development. (B) From 
left to right are leaves from CO39 plants wound-inoculated with 
nn78, gelatin solution, and Guyll.  {C) Lesions from wound- 
inoculated rice plants were incubated with light and humidity 
for 2 days. Sites inoculated with Guyl 1 {left) produced a gray 
mycelium, conidiophores and conidia on the leaf surface, but 
sites inoculated with nn78 {right) did not have any fungal 
growth or sporulation. 

emerged from wounds inoculated with pmkl  mutants  

IFig. 5C). We conclude that  PMK1 is required for both 

penetrat ion and invasive growth or viability in plants. 

PMK1 is required for infection-related morphogenesis 

pmkl  strains could fail to penetrate  plant leaves as a 

result of an inability of spores to germinate, to form ap- 

pressoria, and/or  to generate sufficient turgor pressure to 

penetrate the plant cuticle. Infection-related morphogen- 

esis can be followed by observing germinating conidia 

in distilled water  on hydrophobic Teflon membranes  

(Hamer et al. 1988). All pmkl  strains germinated effi- 

ciently but failed to form appressoria (Table 1 ). To define 

this defect more precisely we followed infection-related 

morphogenesis in wild-type strain G u y l l  and pmkl  

strain nn78. At various t ime intervals, cells germinating 

on membranes  were fixed and stained with  a combina- 

tion of Calcofluor (to stain cell walls) and Hoechst  33258 

(to stain nuclei) and observed wi th  fluorescence and/or  

differential interference contrast  microscopy (Fig. 6). 

Both Guyl  1 and nn78 produced abundant  conidia with 

a characteristic pyriform shape containing three uninu- 

cleate cells delimited by two septa (Fig. 6A; 0.5 hr). The 

tapered tip of the conidia releases a Calcofluor bright 

staining adhesive called spore tip mucilage (STM; Hamer  

et al. 1988) that at taches the conidium to hydrophobic 

surfaces (Fig. 6A). Wild-type conidia germinated by pro- 

ducing a thin germ tube within  30 min. By 2 hr, - 2 0 %  of 

the germ tubes underwent  tip swelling and differentia- 

tion and by 8 hr the majority of the wild-type cells had 

formed appressoria (Table 1). In wild-type cells appres- 

sorium formation is accompanied by a single round of 

nuclear division followed by the formation of a septum 

at the base of the appressorium (Fig. 6A; Bourett and 

Howard 1990). By 24 hr >90% of the germinated wild- 

type conidia had formed mature  appressoria. Following 

appressorium formation, no further  tip growth or nuclear 

division occurs, and the germ tube and spore cells be- 

come vacuolated and collapsed (Fig. 6A, 24 hr; Bourett 

and Howard 1990; Howard 1994). 

In pmkl  mutan t  nn78, conidia at tached to the surface 

and started germination within  30 min. Less than 5% of 

the germ-tube tips started swelling or differentiation at 2 

hr (Fig. 6A, Table 1). However, by 8 hr a majori ty of the 

germ-tube tips were hooking, swelling, and becoming 

highly deformed (Fig. 6A, Table 1). By 24 hr, >90% of the 

germ tubes underwent  hooking and subapical swelling 

T a b l e  1. Thigmotropic response in wild type strain Guyll and pmkl mutant nn78 

Guyll  nn78 

conidia germ tube appressorium conidia germ tube appressorium 
germination a deformation b formation c germination deformation formation 

2 hr 95.8 --- 1.9 19.8 _+ 8.1 0 70.4 + 16.1 2.9 + 2.7 0 
4 hr 97.8 + 0.9 55.7 + 6.5 15.5 --- 5.7 79.9 +- 13.7 35.7 +- 15.3 0 
8 hr 98.0 + 1.6 90.4 _ 4.8 61.0 --- 23.4 97.5 + 1.5 72.8 --- 8.9 0 

24 hr 99.2 + 0.3 98.5 _+ 0.6 97.6 -+ 1.7 98.1 -+ 0.9 91.7 + 2.7 0 

aFor each time point, at least 100 conidia were examined to calculate the percentage of germination. The mean and standard deviation 
were calculated from at least three independent trials. 
bGerm tube deformation: the percentage of germ tubes with hooking and subapical swollen structures [Fig. 4A). 
CAppressorium formation: the percentage of all germ tubes that formed appressoria. Of the nn78 germ tubes examined at 24 and 48 
hours (n > 1000), no appressoria were observed. 
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pmkl  strains fail to infect plants because of an inabil i ty 

to complete infection-related morphogenesis.  

Figure 6. PMK1 is required for infection structure formation. 
(A) Conidia germinated on Teflon membrane at 25~ were re- 
moved at indicated times and stained with Calcofluor to visu- 
alize cell walls and Hoechst 33258 to visualize nuclei 
(560x magnification). The panels depict typical stages of infec- 
tion-related morphogenesis in Guyll  (wild-type) or nn78 
(pmkl). Nuclear staining in the three celled conidia from both 
wild-type and mutants gave variable staining after 4 hr. At 24 
hr, wild-type conidial cells were vacuolated. (A) Appressorium; 
(G) germ tube; (N) nucleus; (S) septum; (C) collapsed conidial 
cells. (B) Subapical swollen structures in strain nn78. Both pho- 
tos are conidia germinated on Teflon membranes and photo- 
graphed after 24 hr with Nomarski microscopy (560x magnifi- 
cation). Arrows indicate the subapical swollen structures. 

(Fig. 6B), but no appressoria were formed (Table 1). Even 

after 48 hr, none of the nn78 germ tubes (>1000) exam- 

ined formed any appressoria. The subapical swollen 

structures were much  smaller  than appressoria and 

lacked thickened melanized cell walls. These pheno- 

types suggest that these structures arose as a conse- 

quence of continuous growth of the swelling germ tube 

and a failure to form new cell wall  layers or generate high 

levels of turgor pressure. Some of these swollen struc- 

tures contained nuclei  (Fig. 6A, 24 hr). However, unl ike 

wild-type strains, nn78 strains often underwent  two or 

more rounds of nuclear division and formed septa along 

the germ tubes and near the subapical swollen structures 

(Fig. 6A). Furthermore, after 24 hr, few of the nn78 spores 

underwent  collapse and vacuolization. We conclude that 

PMK1 may function downstream of a 
cAMP-depen den t sign al 

Although hydrophobic surfaces are favored for appres- 

sorium formation in M. grisea, high extracellular con- 

centrations of cAMP (10 mM) will  induce appressorium 

formation on noninducible  hydrophil ic  surfaces such as 

glass (Lee and Dean 1993a; Fig. 7). Similar results have 

been obtained wi th  other surface sensing pathogenic 

fungi, suggesting that a conserved cAMP signaling path- 

way may be involved in thigmotropic sensing (Epstein et 

al. 1989). We tested the effects of hydrophil ic  surfaces 

and exogenous 10 mM cAMP on appressorium formation 

of pmkl  mutants.  On a hydrophil ic  glass surface in the 

absence of cAMP, the majori ty of wild-type and pmkl  
conidia produced undifferentiated hyphae. These results 

strongly suggest that PMK1 is not involved in thigmo- 

tropic sensing per se. The addition of exogenous cAMP 

did not rescue the appressorium defective phenotype in 

pmkl  strains; however, it did elevate the level of germ- 

tube hooking and swelling, on a hydrophil ic  glass surface 

(Fig. 7). The internal  swollen structures, germ tube tip 

swelling, and deformation closely resembled the behav- 

ior of pmkl  strains on Teflon membranes  (see Fig. 6A). 

Thus pmkl  mutants  can respond to both thigmotropic 

surface signals and a cAMP inducible signal; however, 

pmkl  mutants  fail to complete the formation of mature 

appressoria. 

0% I 

"a 40% 

"6 2O% 
g 

_ I L _  _ 

0 mM 10 mM 0 mM 10 mM 

Guy11 Guy11 nn78 nn78 

Concentration of cAMP 

Figure 7. pink1 mutants retain cAMP responsiveness. Wild- 
type Guyl 1 and pink1 mutant nn78 conidia were germinated on 
a hydrophilic glass surface in the presence or absence of cAMP. 
cAMP induced appressorium formation in Guyl l  and germ- 
tube swelling and hooking in nn78. Germ-tube tip differentia- 
tion was counted as the percentage of appressorium formation 
in Guyl 1 or germ-tube swelling and hooking in nn78 on germi- 
nated conidia. Standard deviations of five assays are indicated 
above the bars. 
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PMK1 is dispensable for growth in culture 

M. grisea is heterothallic and contains a single mating- 

type locus (MAT1) with two alleles. Although little is 

known about mating processes such as protoperithecia 

formation and fertilization in M. grisea, all 11 pmkl  

knockout mutants (mating type MAT1-2) were able to 

mate with 4136-4-3 (MATI-1) and produce fertile perith- 

ecia as efficiently as the ectopic transformants. Among 

the 31 asci examined from one cross, 28 had more than 

four ascospores. Thus pmkl  strains appear to have no 
defect in ascospore delimitation. 

To identify other roles for PMK1 we searched for pos- 

sible defects in pmkl  mutants during vegetative growth 

in culture. Growth rates were very similar, about 3 mm 

per day for strains nn78, Guyl 1, and nn90 in race tube 

culture, and hyphal morphologies and the extent of asex- 

ual spore production (conidiation) were indistinguish- 

able (data not shown). We did not detect differential sen- 

sitivities to growth at high temperature or in complete 

medium containing 0.7 M KC1. We conclude that PMK1, 

just like FUS3 and KSS1 in yeast, does not play any role 
in vegetative growth. 

Discussion 

In many fungi-plant interactions, physical properties of 
the plant surface including surface hydrophobicity and 

architecture are sufficient to elicit fungal recognition 

(Hoch and Staples 1991). This recognition involves a se- 
ries of morphological changes in the germinating fungal 

spore that ultimately results in the attachment and pen- 

etration of the plant surface. The invading fungal patho- 

gen must then overcome the host defense system and 

proliferate by using the host as a substrate. PMK1, a 

MAP kinase gene isolated from the rice blast fungus, is 

specifically involved in signaling infection structure for- 

mation in response to a thigmotropic surface signal and 

is also necessary for invasive growth or viability in rice 
plants. 

A MAP kinase pathway for appressorium formation 
and pathogenic growth 

PMK1 encodes a polypeptide with subdomains charac- 
teristic of MAP kinases (Nishida and Gotoh 1993). PMK1 

is most similar to yeast FUS3 and KSS1 MAP kinase 

genes, and a GST-Pmkl fusion protein demonstrated 

protein kinase activity in vitro. Induced expression of 

PMK1 was capable of rescuing the phenotype of yeast 

fus3 kssl double mutants in mating assays. In order to 
function in place of the Fus3/Kssl kinases in yeast, 

Pmkl must be activated by the yeast MAP kinase kinase 

(MAPKK) Ste7 (Errede et al. 1993). We have not identi- 

fied other components of the M. grisea MAP kinase path- 

way, but the function of Pmkl in yeast suggests that 

Pmkl may be part of a MAP kinase module (Herskowitz 
1995) in M. grisea. Although the upstream kinases in the 

Pmkl pathway await identification, a distinct possibility 

is that they will be related to the Ste7 and Stel 1 (Rhodes 

et al. 1990) kinases from yeast. 

Our studies show that Pmkl is a MAP kinase that ap- 

pears to be specific for signaling events in fungal patho- 

genesis. Pmkl can function in the yeast pheromone 

MAP kinase pathway but is dispensable for vegetative 

growth and sexual reproduction in M. grisea. Impor- 

tantly, a deletion of PMK1 completely abolishes patho- 

genicity toward rice by blocking the morphogenesis of 

infection structures important for plant penetration and 

by abolishing the ability of M. grisea to grow and com- 

plete its disease cycle in rice plants. In the distantly re- 

lated corn smut pathogen, Ustilago maydis, pheromones 

and their receptors are required for cell fusion and the 

formation of a filamentous dikaryon (Banuett 1992; 

Hartmann et al. 1996). The filamentous dikaryon is 

pathogenic to maize plants where it grows and produces 

tumors. A U. maydis gene related to the yeast MAPKK 

STE7, called Fuz7, is required for the pheromone-in- 

duced formation of the filamentous dikaryon and tumor 

formation in maize plants (Banuett and Herskowitz 

1994). We speculate that although pathogenic processes 

in fungi may be distinct, a conserved signaling pathway 

involving an Pmkl-like MAP kinase and upstream ki- 

nases related to the yeast Ste7 and Stel 1 kinases may be 

utilized widely by pathogenic fungi to signal the pres- 

ence of a suitable host and induce fungal growth pro- 

cesses necessary for pathogenesis. 

Like many other fungi where mating is controlled by 

mating-type genes, the mating response in M. grisea is 

likely to involve mating pheromones, receptors, and a 

signal transduction pathway (Staben 1995). Thus one ex- 

planation for the specific role of Pmkl in pathogenesis is 

that a related MAP kinase may exist that regulates the 

mating response in M. grisea (analogous to yeast FUS3/ 

KSS1). Our screen thus far has failed to identify such a 

MAP kinase, even though genes homologous to the yeast 

SLT2 (Lee et al. 1993) and HOG1 (Brewster et al. 1993) 

MAP kinases have been recovered (J.R. Xu and J.E. 

Hamer, unpubl.). Interestingly, mating and sexual repro- 
duction is dispensable for M. grisea in nature (Leung and 

Williams 1985; Levy et al. 1991; Notteghem and Silue 

1991). The hypothesis that the fungal mating response 

and pathogenesis signal transduction pathways share 

components may help to explain why some pathogenic 

fungi like M. grisea retain a vestigial sexual cycle, even 

though its sexual cycle is dispensable for pathogenesis. 

cAMP and MAP kinase pathways for pathogenesis in 

M. grisea 

cAMP signaling appears to be essential for appressorium 

formation in M. grisea. Exogenous cAMP stimulates ap- 

pressorium formation on hydrophilic surfaces, and a de- 

letion of the single-copy CPKA gene results in a delay in 

appressorium (Mitchell and Dean 1995; our unpubl. 
data). Although pmkl  strains fail to form appressoria on 

Teflon membranes, they are able to undergo germ-tube 
swelling and hooking in response to exogenous cAMP on 
hydrophilic surfaces. The phenotypes of pmkl  mutants 
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suggest that P m k l  may  be necessary for arresting nu- 

clear division and growth following appressorium forma- 

tion. PMK1 may also be necessary for signaling down- 

stream events such as the formation of new wall  layers 

or turgor pressure in the appressorium. These findings 

suggest that  P m k l  kinase may act downstream of a 

cAMP-dependent signal, and it is possible that high in- 

tracellular levels of cAMP may activate the PMK1 MAP 

kinase pathway. Alternatively, related or different thig- 

motropic signaling events may  activate the CPKA and 

PMK1 kinases independently.  Ultimately,  coordination 

between these signaling pathways is essential for patho- 
genesis. 

Appressorium formation is a complex morphological 

process involving changes in the fungal cytoskeleton 

(Kwon et al. 1991) and the synthesis of new cell wall 

layers (Bourett and Howard 1990). In M. grisea, the ap- 

pressorium is also a terminal ly  differentiated cell type, 

and further cell growth and nuclear division is inhibi ted 

unless the appressorium can penetrate the underlying 

surface (Bourett and Howard 1990; our unpubl, data). In 

order to penetrate the underlying plant surface, the ap- 

pressorium generates turgor pressure most l ikely 

through the synthesis of a compatible solute such as 

glycerol from stored carbohydrate reserves (Howard 

1994). These biochemical  changes suggest possible roles 

for the protein kinase signaling pathways necessary for 

pathogenesis in M. grisea (Fig. 8). CPKA may be required 

for the mobi l iza t ion of stored glycogen and trehalose re- 

Figure 8. A model for MAP kinase and cAMP signaling for 
plant pathogenesis by the rice blast fungus. Contact with an 
inducible hydrophobic surface increases intracellular levels of 
cAMP presumably by activation of adenylate cyclase (AC). 
cAMP activates the cAMP-dependent protein kinase(s) that 
may promote the mobilization of storage carbohydrates and tur- 
gor generation in appressoria. Because cpkA mutants are still 
able to form appressoria and are responsive to exogenous cAMP, 
additional catalytic subunit(s) of cAMP dependent protein ki- 
nase (cpkX) may exist and stimulate the initiation of appres- 
sorium formation. Later events in appressorium formation in- 
clude arrest of germ-tube tip growth, synthesis of specific cell- 
wall layers, and turgor pressure generation. These later 
appressorium maturation events are stimulated by the MAP 
kinase PMKI, presumably through a MAP kinase module that 
may respond to the cAMP signal. Pmkl signaling is also neces- 
sary for invasive growth in rice plants. 

serves in the spore (Howard et al. 1991; Howard 1994). 

cAMP and protein kinase A (PKA) in yeast (van der Plaat 

1974; Thevelein 1994) are known to play critical roles in 

mobil izat ion of stored carbohydrates. Downstream of 

CPKA, we speculated that P m k l  may  signal a growth 

arrest and the activation of appressorial specific genes for 

new cell wall  biosynthesis and turgor generation (Fig. 8). 

In conclusion, infection structure formation in M. grisea 

requires cooperative signaling between cAMP and MAP 

kinase-dependent pathways. We speculate that this co- 

operative signaling may be a common feature in fungal 

pathogens that form infection structures. 

Finally, PMK1 is also necessary for invasive fungal 

growth or viabil i ty in rice plants (Fig. 8). Although lit t le 

is known about this growth stage in M. grisea, genes 

expressed during pathogenic growth and putative regu- 

lators of these genes have been identified in M. grisea 

(Talbot et al. 1993; Lau and Hamer  1996). The specific 

roles of PMK1 in infection-related morphogenesis and 

invasive growth suggest that conserved fungal signal 

transduction pathways will  present useful targets for the 

future design of antifungal molecules.  

Mater ia l s  and m e t h o d s  

PCR cloning of the PMK1 gene 

Three degenerate primers, GG(C/T)TT(A/C/G/T)A(A/C/G/ 

T)(A/G)TC(A/C/G/T)C(G/T)(A/G)TG (MEK3), GT(A/C/G/ 
T)GC(A/C/G/T)AT(A/G)AA(A/G)AA(A/G)AT (MAK2), and 
TC(A/C/G/T) GG(A/C/G/T)GC(A/C/G/T)C(G/T)(A/G)TA(A/ 
C/G)(C/T)A (MAK4), were designed according to the conserved 
amino acid residues in yeast MAP kinases FUS3, KSS1, HOG1, 
and SMK1 (Krisak et al. 1994). The primary PCR reaction was 
conducted with primers MAK2 and MAK4 using first-strand 
cDNA generated from polyadenylated RNA prepared from ni- 
trogen-starved mycelial culture. Nested PCR was performed 
with primers MAK2 and MEK3 using the diluted primary PCR 
product. The PCR reaction involved 30 cycles (1 min, 94~ 2 
min, 52~ 2 min, 72~ followed by 5 min at 72~ The nested 
PCR products were cloned in pGEM-T (Promega) and se- 
quenced. PCR clones having homology with yeast FUS3 and 
KSSI were used to screen cDNA clones from a ~,ZAPII (Strata- 
gene) cDNA library constructed with RNA isolated from nitro- 
gen-starved Guyl 1 mycelial culture and genomic clones from a 
Guyl 1 KGEM-11 genomic library (Talbot et al. 1993). 

DNA/RNA manipulations and sequence analysis 

Total RNA was prepared from fungal mycelia using the method 
described by Timberlake {1980). Polyadenylated RNA was iso- 
lated with the PolyATract mRNA isolation kit (Promega). Stan- 
dard molecular biology procedures were followed for the first 
strand cDNA and DNA manipulations (Sambrook et al. 1989). 
Fungal DNA was extracted with the CTAB protocol (Xu and 
Leslie 1996). DNA samples were sequenced using Sequenase 
V2.0 DNA sequencing kit (U.S. Biochemicals). Homolog search 
of DNA/protein sequence data bases was performed with the 
BLAST programs (Altschul et al. 1990). Amino acid sequence 
comparison and alignments were made with the BESTFIT, 
PILEUP, and BOXSHADE programs in GCG software package 
(University of Wisconsin). 
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Magnaporthe culture, transformation, and crossing 

Wild-type strains Guyl l ,  4136-4-3, and 4375-R-26 were cul- 

tured at 25~ on oatmeal plates under fluorescent light for 

conidiation (Romao and Hamer 1992). Growth conditions for 

nitrogen starvation and normal complete media cultures were 

as described previously (Talbot et al. 1993). Guyl l  protoplast 

preparation and transformation was performed as described 

(Sweigard et al. 1992). Putative hygromycin resistant transfor- 

mants were confirmed by spore-PCR (Xu and Hamer 1995) with 

HPH primers GTCCGTCAGGACATTGTT (H850) and ACT- 

CACCGCGACGTCTGT (H852). All true transformants were 

purified by monoconidial isolation. Genetic crosses and prog- 

eny isolations were performed as described (Crawford et al. 

1986). Asci were stained with 0.1% lacto-phenol cotton blue to 
examine ascospores. 

Construction of the gene replacement vector pSSE3 

Plasmid pSA21 was constructed by cloning the SalI-HindIII 2.7- 

kb fragment (3' end of PMK1 ) in pBluescript KS + (Stratagene) as 

pSA21. The PstI 4.5-kb fragment (upstream of PMK1) was 

cloned in pBC SK- (Stratagene} as pPl2. This 4.5-kb insert 

fragment was released from pP12 with EcoRI and SacI, and then 

ligated into pSA21 (Fig. 4A) to make plasmid pSE1. The gene 

replacement vector pSSE3 was constructed by inserting the 

modified hygromycin phosphor transferase (HPH) gene (Carroll 

et al. 1994) into the EcoRI site on pSE1 to create pSSE3, pSSE3 

was linearized with BamHI and transformed into Guyl 1. 

Rice infection assays 

Conidia were collected from 10- to 14-day-old oatmeal agar cul- 

tures and resuspended to 5 x l0 s conidia per ml in 0.25% gel- 

atin. Two-week-old seedlings of rice cultivar CO39 or barley 

cultivar Golden Promise were used for infection assays. Plant 

incubation and spray inoculation were as described (Valent et al. 

1991). Lesions were examined 5-6 days after inoculation. For 

injection inoculation, conidial suspensions were injected into 

leaf sheaths of rice seedlings with 26G1/2 needles. Lesion forma- 

tion and necrosis around the inoculation sites were examined 

when the injection-wounded leaves unfolded 4-7 days after in- 

jection. Wound inoculation sites were excised, surface-steril- 

ized with 70% ethanol for 1 min and incubated on 2% water 

agar with fluorescent light and high humidity for sporulation 
assays. 

techniques described by Smith and Johnson (1988). The mouse 

GST-Erkl fusion protein was a gift of Curtis Ashendel (Purdue 

University). Protein kinase assays were performed as described 

by Crews et al. (1991). Boiled GST-Pmkl and GST-Erkl pro- 

teins were used as negative controls. Autophosphorylation and 

myelin basic protein phosphorylation were examined by auto- 

radiography after electrophoresis on 10% and 15% SDS-PAGE 

gel. 

Yeast mating assay 

Yeast strains XK1-25 (MATa trpl-289) and CG219 (MATc~ ura3- 

52) were obtained from Dr. Gunter Kohlhaw (Purdue Univer- 

sity). Strains yPH499 (MATa ade2-101 ~ his3-A200 leu2-A1 

lys2-801 am trpl A1 ura3-52) and yDM300 (MATa fus3-6::LEU2 

kssl ::HIS3 trplAl ura3-52; Ma et al. 1995) were kindly provided 

by Dr. Duane Jenness (University of Massachusetts Medical 

Center). Plasmid pYESA3 with PMK1 under yeast GALl pro- 

moter control was constructed by cloning the XhoI and BamHI 

fragment of PMK1 cDNA clone A3 into XhoI/BamHI double- 

digested pYES2 vector (InVitrogen). pYESA3 was transformed 

into yDM300 by electroporation, and the resulting Ura + trans- 

formants were mated with CG219 as described by Sprague 

(1991). Strains XK1-25 and yDM300 transformed with pBC50 

(Courchesne et al. 1989) carrying yeast KSS1 gene behind GALl 

promoter were used as positive controls for mating. The two 

negative controls were yPH499 (Ura- and Trp-) and yDM300. 

The master plate was prepared by applying small patches of 

pYESA3 transformants and control strains onto YP-raffinose 

(YPR) medium (1% yeast extract, 2% peptone, 2% raffinose). 

After overnight incubation at 30~ the master plate was repli- 

cated onto a YP-galactose (YPG) plate spread with 106 CG219 

cells, a YP-dextrose (YPD) plate spread with CG219 cells, and a 

YPD control plate with no CG219 cells. A separate velvet was 

used for each plate. After overnight incubation at 30~ all three 

plates were replicated onto SD-Ura-Trp and YPD plates. The 

presence of prototrophic diploids resulting from mating were 

scored as yeast growth at the position of a patch after 24-hr 

incubation. The putative diploid colonies were assayed by col- 

ony PCR with yeast MAT primers (Huxley et al. 1990) for the 

presence of MATa and MATa alleles. The existence of pYESA3 

in the diploid colonies were confirmed by PCR with MKK1 

primers ACAAGCCAATGACCATG (A5R3) and CCATC- 

GATATCTGGCTGAAATGCTCAGC (MAKF3). The PCR 

products are 404 bp for MAT~, 544 bp for MATa, and 460 bp for 

PMKI. 

Assays for infection structure formation 

Conidia were prepared and assayed for appressoria formation as 

described previously (Hamer et al. 1988). After incubation at 

25~ for specific times, germinating conidia were stained with 

10 ~g/ml Calcofluor and 100 ng/ml Hoechst 33258 as described 

(Harris et al. 1994) and examined by epifluorescence micros- 

copy. Photographs were taken with Kodak Technical-Pan films. 

Conidia were resuspended in 10 mM cAMP and tested for cAMP 
responsiveness as described (Lee and Dean 1993a). 

GST-Pmkl  fusion protein and phosphorylation assay 

The full-length PMK1 open reading frame was amplified with 

primers MK15 (GGAATTCTCATGTCTCGCGCCAATCCA} 
and MMK3X (CCGCTCGAGCCGCATAATTTCCTGGTA- 
GAT). The PCR product was digested with EcoRI and XhoI, and 

cloned in-frame into pGEX-KG (Guan and Dixon 1991 ). Expres- 

sion and purification of GST-Pmk 1 fusion proteins followed the 
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