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The Fusarium graminearum MAP1 gene is essential for pathogenicity

and development of perithecia
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SUMMARY

Fusarium graminearum is the causal agent of ear blight disease
of cereals. Infection occurs at anthesis when ascospores and/or
conidia directly penetrate exposed anther and ovary tissue. The
hemibiotrophic hyphae colonize floral tissues and developing
grains to cause premature ear senescence. During infection,
Fusarium hyphae can also produce hazardous trichothecene
mycotoxins, thereby posing a threat to human and animal health
and safety. The Fusarium MAP1 gene was identified using a PCR
approach by its homology to a known pathogenicity gene of
Magnaporthe grisea, the mitogen-activated protein kinase gene
PMK1. Gene replacement F. graminearum map! mutants were
non-pathogenic on wheat flowers and roots, and also could not
infect wounded wheat floral tissue or tomato fruits. Unlike the
wild-type strain, map7 mutant inoculations did not compromise
grain yield. Map! mutants lost their ability to form perithecia in
vitro, but their rate of asexual conidiation was unaffected. DON
mycotoxin production in planta was still detected. Collectively,
the observed phenotypes suggest that the Map1 signalling pro-
tein controls multiple events in disease establishment and prop-
agation. Novel approaches to control Fusarium ear blight disease
by blocking perithecial development are discussed.

INTRODUCTION

Fusarium ear blight disease of wheat, barley and rye crops, also
commonly known as head scab, is predominantly caused by the
homothallic fungal species Fusarium graminearum (teleomorph
Gibberella zeae) and F. culmorum (Pugh and Johann, 1933; http:/
www.scabusa.org). Annually, this disease causes considerable
losses to grain quality and safety in numerous geographical
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regions (Ward et al., 2002). Grain safety is compromised because
both Fusarium species can synthesize a range of mycotoxins
during plant infection including the sesquiterpenoid epoxide
trichothecenes, deoxynivalenol (DON), 3-acetyl DON, 15-acetyl
DON and nivalenol (NIV) (O'Donnell et al., 2000). These toxins
are potent inhibitors of protein synthesis in eukaryotic cells
(Sharma and Kim, 1991).

Perithecial development is considered to play an important
role in the disease cycle of F. graminearum. The sexual ascopores
formed in perithecia are proposed to be the primary inoculum for
ear blight disease in the USA (Fernando et al., 1997; Paulitz,
1996). Cereal ear infection only occurs during a short period of
time at flowering (anthesis) (Pugh and Johann, 1933).

Molecular genetic analysis of Fusarium ear infection is highly
fragmentary. Earlier studies focused on the regulation and bio-
synthesis of the DON mycotoxin (Hohn et al., 1998; Proctor et al.,
1995; Tag et al., 2000). However, the role of trichothecene myco-
toxins in plant disease is unclear (Proctor et al., 2002). DON
production has been shown to contribute to the virulence of
F. graminearum towards wheat, but is not an essential patho-
genicity factor (Proctor et al., 1995). Recently, the first targeted
deletion of a homologue of a previously known fungal pathogeni-
city gene was reported for F. graminearum. MVG1 encodes a
mitogen-activated protein kinase and is homologous to the MPS1
gene of the rice blast pathogen Magnaporthe grisea (Hou et al.,
2002). In M. grisea, MPST1 is essential for appressorium penetra-
tion. F. graminearum does not form an appressorium prior to
plant tissue penetration. In contrast to the M. grisea mps1
mutant, the F. graminearum mgv1 mutant is still able to infect
wheat ears, although virulence is reduced. Mgv! mutants pro-
duce DON mycotoxin and conidiate; however, vegetative growth
rates are reduced in vitro and perithecia fail to form. Therefore
the F. graminearum MGV1 gene can be considered to be contri-
buting to virulence but is not essential for pathogenicity.

Signal transduction has recently been shown to play a crucial
role during infection in diverse plant and animal pathogens (Xu,
2000). Fungi must perceive chemical and physical signals from
the host and respond with the appropriate metabolic and mor-
phogenetic changes required for fungal development. Key intra-
cellular signalling components identified for Magnaporthe grisea
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and other plant pathogenic fungi include G proteins, adenylate
cyclase for cAMP signalling and 10 mitogen-activated protein
kinases (reviewed by Idnurm and Howlett, 2001; Xu, 2000). These
proteins were shown to be involved in conidiation, appressorium
formation, penetration and/or invasive growth in host tissue.

Mitogen-activated protein kinases (MAPKSs) are a family of ser-
ine/threonine protein kinases which activate transcription factors
in response to extracellular signals in a variety of eukaryotic
organisms including yeast and human (Herskowitz, 1995; Schaeffer
and Webber, 1999). In the plant pathogen M. grisea, three dif-
ferent and functionally important MAP kinase pathways exist
that contain either the MAP kinase protein PMKT (pathogenicity
MAPK), MPST (MAPK for penetration and sporulation) or OSM1
(osmoregulation MAPK) (see Xu, 2000 for review). These genes
are homologues of S. cerevisiae genes with known regulatory
functions: FUS3/KSST (pheromone response), SLT2 (cell integrity)
and HOGT (growth under high osmolarity conditions (see Gustin
et al., 1998 for review). The M. grisea PMK1 gene is essential for
both infection structure formation and in planta growth (Xu and
Hamer, 1996), whilst MPST is required for appressorial penetra-
tion but not in planta growth (Xu et al., 1998). OSM1 is dispen-
sable for pathogenicity (Dixon et al, 1999). It is an emerging
pattern that homologues of M. grisea PMKT and MPS1 are con-
served in phytopathogenic fungi, where they regulate similar but
distinct pathways (Xu, 2000).

A molecular understanding of the signalling events in F.
graminearum controlling fungal penetration, cereal ear coloniza-
tion and spore formation would be extremely valuable. Myco-
toxin contamination would no longer be an issue if plant
infection could be prevented. Homologues of the M. grisea PMK1
gene, in particular, appear to play an important role in the patho-
genicity of several fungal species with highly diverse infection
biology (Di Pietro et al.,, 2001; Mey et al, 2002b; Ruiz-Roldan
etal., 2001; Xu, 2000).

In this paper we describe the isolation and disruption of the
F. graminearum FUS3/KSS51/PMKT related MAPK gene, designated
MAP1. The diverse roles of MAPT in the fungal life cycle and dur-
ing plant disease are examined.

RESULTS

Isolation and features of the MAP1 gene

A ligation-mediated inverse PCR experiment was undertaken to
recover the complete genomic gene sequence of an F. gramine-
arum MAP kinase with a high degree of identity to M. grisea
PMK1 (see Experimental procedures). Sequence analysis revealed
an open reading frame which was predicted to encode a 355-
amino acid protein with features of typical MAP kinases, includ-
ing 11 protein kinase domains and the double phosphorylation
sites TEY (Fig. 1a). Three introns of 58, 55 and 62 bp were identified

on the basis of alignment with other MAP kinases and the pre-
sence of conserved splice-site consensus sequences character-
istic of filamentous fungi (Bruchez et al,, 1993). No obvious promoter
elements could be identified, with the exception of a putative
CAAT consensus sequence at position —110.

A comparison of the deduced protein sequence from the iso-
lated F. graminearum gene with MAPK Pmk1 from the closely
related Ascomycete Magnaporthe grisea and Ubc3 from the more
distantly related Heterobasidiomycete Ustilago maydis gave
identity scores of 97% and 76%, respectively, using the Buast
algorithms (Altschul et al., 1997). We designated the F. gramine-
arum gene as MAP1. The deduced Map1 protein is also highly
homologous to two other protein kinases isolated from different
phytopathogenic Fusarium species, namely Fmk1 from F. oxyspo-
rum (98%) (Di Pietro et al., 2001) and FsSMAPK from Nectria hae-
matococca (98%) (Li et al, 1997). A phylogenetic analysis of
related proteins indicate that Map1 is more closely related to
M. grisea Pmk1 than to MAP kinases belonging to the slt2 and
Hog1 clades (Fig. 1b). Map1 is only 47% identical to F. gramine-
arum Mgv1 (Hou et al., 2002). We conclude that MAP1 is the
F. graminearum homologue of PMKT.

Low stringency gel blot hybridization analysis of F. gramine-
arum genomic DNA digested with Bg/ll and EcoRV using the
gene probe U-1 (shown in Fig. 2a) produced a hybridization
pattern with single bands (data not shown). This data suggests
that the identified sequence is a single-copy gene.

Disruption of the MAP1 gene

We analysed the function of the MAPT gene in F. graminearum
by gene replacement (Fig. 2a). The MAPT gene replacement
vector, pAMAP1, was constructed by removing 563 bp of the C-
terminal region containing the kinase domains VIII to XI (Nishida
and Gotoh, 1993) and inserting the gene encoding hygromycin
phosphotransferase (HPH) (Carroll et al., 1994). The vector con-
tained a total of 1.8 kb of flanking and MAPT gene F. gramine-
arum DNA to facilitate homologous recombination (Fig. 2a).
Transformants were selected on hygromycin-containing medium.
Twenty-two out of 29 hygromycin-resistant transformants that
had the MAPT gene replaced with the AmapT allele were identi-
fied in a preliminary PCR screen (data not shown). This indicates
a 76% efficiency in gene replacement. Six of the isolated MAP1
deletion transformants and two ectopic Amap1 allele gene inser-
tions were confirmed by DNA gel blot analysis (Fig. 2b and data
not shown). Hybridization analysis of selected transformants and
the progenitor strain 16A using probe U-1 (Fig. 2a) revealed that
the strain 16A and transformant CAM8 contain the wild-type
MAPT 1.2 kb EcoRV fragment (Fig. 2b). In addition CAM8 con-
tained a 2.0 kb EcoRV DNA fragment characteristic of the Amap1
allele, indicating an integration of the gene replacement vector
elsewhere in the genome. Transformants CAM1 and CAM2 show

MOLECULAR PLANT PATHOLOGY (2003) 4(5), 347-359 © 2003 BLACKWELL PUBLISHING LTD



Fmkl
Mapl
Ubal
Fmkl
Hapl
Uba3
Fig. 1 Alignment showing the homology of Map'1
to other MAP kinases from phytopathogenic and Pmkl
. . Mapl
non-phytopathogenic Ascomycete fungi and one Ubail
Heterobasidiomycete fungus. (a) Amino acid
sequence alignment of Map1 with Pmk1 from the i

Ascomycete fungus M. grisea and Ubc3 from the Ubs3
Heterobasidiomycete fungus U. maydis. Identical

amino acids are highlighted on a black background, ::;i
while similar amino acids are shown on a grey A
background. Gaps in the alignment are indicated suse
by dots. The inverted triangles above the three Hapl
sequences indicate the locations of the three introns vees
in the MAP1 sequence. The 11 protein kinase

domains are labelled at the top in Roman numerals (b}
(Hanks et al., 1988). The GenBank accession no. for

the MAPT sequence is AF448230. (b) Phylogenetic

tree based on amino acid sequence alignments of

selected fungal MAP kinase homologues. The

dendrogram was prepared with the CLustalW

alignment program <http://clustalw.genome.ad.jp>.

F. graminearum MAP1 gene required for pathogenicity 349

1

DLALDLLEELLAF
E DLALDLLEKLLAFNPVE

REH LS LHERN AN P A A 1T

——

Fus3 (S.c.)

The DNA GenBank accession numbers are: M31132
for FUS3, A33297 for KSS1, AF170532 for UBC3,
AF205375 for BMP1, AF272831 for PTK1, U70134
for PMK1, AF258529 for GMK1, AJ318517 for MK, =
U52963 for FsSMAPK, AF286533 for FMKT,
AF020316 for MPS1, AF492766 for MGV,
AJ320496 for MK2, S43737 for SLT2, and L06279
for HOG1. Fungal species abbreviations are: B.c. for
Botrytis cinerea, C. p.for Claviceps purpurea, F.g. for
Fusarium graminearum, F.s. for Fusarium solani,
F.o.l. for Fusarium oxysporum f. sp. lycopersici,

Kss1 (S.c.)
Ubc3 (U.m.)

E Bmp1 (B.c.)
Ptk1 (P.t.)

E Pmk1 (M.g.)

Gmk1 (G.g.)
Mk1 (C.p.)

FSMAPK (F.s.)
Fmk1 (F.o.l.)

.

Mps1 (M.g.) ]
Mgvi (F.g.)

Fus3/Kss1 clade

G.g. for Gaeumannomyces graminis, M.g. for
Magnaporthe grisea, P.t. for Pyrenophora teres,
S.c. for Saccharomyces cerevisiae, U.m. for Ustilago

Mk2 (C.p.) Slt2 clade

— SIt2 (S.cC.) A

maydis.

only the 2.0 kb EcoRV fragment as expected for a double hom-
ologous recombination event to create the Amap1 allele.

MAP1 is essential for root colonization

F. graminearum causes a blight disease at the stem/root interface
on young cereal seedlings (Cook, 1968; Nicholson et al., 2002;
Proctor et al., 1995). Root invasion was examined using a con-
tainer assay in which the sown wheat seeds germinate into
vermiculite inoculated with a mixture of fungal mycelium and
conidia (see Experimental procedures). The wild-type strain 16A
and the ectopic strain CAM8 caused brown lesions to form on the

Hog1(S.c.)

wheat roots within 2 weeks of inoculation. The infected seedlings
either failed to emerge above the surface of the growing media,
or they exhibited a severely stunted phenotype compared to the
uninoculated seedlings. When the entire root system was exam-
ined at 21 days post-inoculation, all seedlings inoculated with
either the wild-type strain 16A or the ectopic strain CAM8 had a
stunted primary root and lacked secondary root branching
(Fig. 3a). This phenotype resulted in a severe reduction in total
above ground wheat seedling biomass, 5.5-fold for strain 16A
and 3-fold for CAM8 compared to the control SNA only inocu-
lated seedlings (Table 1). In contrast, Amap? mutant strains
CAM1 and CAM2 did not inhibit wheat seed germination, root
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Fig. 2 Strategy used and evidence for the F. graminearum MAPT gene
replacement with a disrupted allele. (a) MAP1 locus and gene-replacement
vector pAMAP1. U-1-indicates a 540 bp PCR fragment (nucleotides 771-1310
in AF448230) used as the hybridization probe. Recombination events between
the MAPTlocus (top row) and gene replacement vector pAMAP1 (middle row)
are indicated by large crosses and result in the creation of a Amap1 allele
(bottom row). Restriction enzyme sites: B, Bg/ll, R, EcoRV. (b) DNA gel blot
analysis of EcoRV digested genomic DNA from wild-type strain 16A (lane 1),
ectopic integration transformant CAM8 (lane 2) and Amap 7 mutants CAM1,
CAM2 (lanes 3 and 4, respectively). The blot was hybridized with probe U-1
(Fig. 2a). The integration of the deletion vector pAMAP1 causes a band shift
from 1.2 to 2.0 kb.

formation and above ground biomass development (Fig. 3a and
Table 1).

Epifluorescence microscopy of stained wheat roots 21 days
after inoculation revealed fungal growth in all root tissues for
wild-type strain 16A, but not for the mutant strains (data not
shown). We conclude that the Amap7 mutants cannot colonize
root tissue.

MAP1 is essential for wheat ear colonization

To determine whether the wild-type MAPT gene is essential for
pathogenicity on wheat ears, wheat plants of the susceptible
cultivar Bobwhite were point-inoculated at anthesis with agar

plugs containing F. graminearum hyphae (Fig. 3b). The six
independently obtained Amap7 mutant strains were each non-
pathogenic and did not show any disease spread 20 days after
inoculation (Fig. 3b and data not shown). In contrast, wild-type
strain 16A and the ectopic mutants CAM7 and CAM8 invaded the
whole wheat ear and caused the typical bleached disease pheno-
type. Point-inoculations with each isolate were repeated on at
least three separate occasions. A closer inspection of the CAM1
strain during the disease assay revealed that the Amap? mutants
were still able to form small amounts of aerial mycelium on
dehiscing anther and anther filament tissue (Fig. 3c). However,
disease symptoms did not spread into the adjacent lemma, palea
and glume tissues. To test the role of MAPT in invasive growth in
planta, wheat ears were wound-inoculated. A spikelet row and
rachis close to the top of the ear were cut, and wound sites were
then overlaid with a conidial suspension. While the mutant
strains did not produce disease symptoms after 20 days, the wild-
type strain 16A colonized the whole wheat ear (data not shown).

When wheat plants at anthesis were spray inoculated using a
high-density conidial inoculum (5 x 10° conidia/mL), again the
Amap1 mutant strains only colonized anthers (data not shown).
In contrast, strain 16A and the ectopic strain CAM7 and CAM8
invaded the whole wheat ear within 8 days and caused the typi-
cal bleached disease phenotype.

To elucidate the biological events occurring post-inoculation of
the Amap1 and wild-type 16A strains, we used bright field and
epifluorescent microscopy to study the infection process. Wheat
flowers consist of a range of diverse tissues. Lemma and palea
tissue can be infected within 36 h by using a detached tissue
assay (Pritsch et al,, 2000, 2001). The infection process in palea
tissue was investigated after 2, 4 and 6 days post-inoculation.
Infected samples were processed by autoclaving tissue samples
in potassium hydroxide and staining with Aniline Blue prior to
microscope observation (Hood and Shew, 1996). The wild-type
strain 16A had successfully invaded and colonized all the tissue
layers after 4 and 6 days (Fig. 3d). In contrast, the Amap1 mutant
CAM1 was unable to invade the palea tissue and could not be
detected within plant cells (Fig. 3e). All experiments were done
with five replicates and repeated once.

We conclude that hyphae of the Amap7 mutants were unable to
penetrate and spread into the various tissues comprising the spikelet
to cause the typical ear bleached symptoms. However, the ability
of the Amap1 mutants to colonize anther tissue was not affected.

MAP1 mutants do not compromise final grain yield

The influence of F. graminearum infections on final grain yield was
explored, because wheat ear regions not invaded by fungal hyphae
can also exhibit compromised grain set, through various postulated
mechanisms (Mesterhazy, 2002). Following point-inoculation at
anthesis, the Amap?1 strains did not reduce the total grain weight
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Fig. 3 The various wild-type and map mutant F. graminearum phenotypes associated with plant infections and in vitro cultures. (a) Wheat roots of cv. Bobwhite,
21 days after inoculations. 1. Control, SNA only inoculated; 2, wild-type strain 16A; 3, Amap! mutant, CAM1 and 4, ectopic strain CAM8. Root infected by both
the wild-type (2) and ectopic (4) strains are severely stunted and have no lateral roots. In contrast, control SNA only inoculated (1) and CAM1 (3) inoculated seeds
have produced very extensive root systems of comparable size. Typical roots from inoculated plants are shown. (b) Wheat ears of cv. Bobwhite, 20 days after point-
inoculations. Numbers 1—4 indicate the same F. graminearum strains as described for panel (a). Both the wild-type and ectopic CAM8 inoculated ears are completely
infected and have senesced prematurely. (c) Close up of a wheat ear after inoculation with Amap7 mutant strain CAM1. A small amount of aerial mycelium is
associated with the extruded anthers (arrow). Inoculated spikelets were marked using a black fibre tip pen. Photograph taken 20 days after inoculation. (d, €)
Photomicrographs of F. graminearum inoculated wheat palea tissue stained with aniline blue and viewed by epifluorescence microscopy. (d) Hyphae (h) of the
wild-type strain 16A growing both inter- and intracellular. cw, plant cell wall. b, basal hair cell. (€) No hyphae of the mutant strain Amap 1 are visible in the silicanized
palea cells. The tissue samples were taken 4 days after inoculation. (f, g) Asexual conidia developing on SNA agar plates. (f) a wild-type colony containing numerous
sporodochia (conidial aggregates) (sp.). (g) a CAM1 mutant colony with an occasional sporodochia (sp.). h, hyphae. (h, i, j, k) Sexual perithecia formation on carrot
agar. The black circular perithecia have only formed in the cultures of the (h) wild-type and (k) ectopic strains. No perithecia are formed in cultures of Amap7 mutants

(i) CAM1 and (j) CAM2. Bars = 120 um in (d), (e); 250 um in (f)—(k).

recovered from the inoculated ear compared to the control treat-
ment (Table 2). In contrast, infection by wild-type strains 16A and
CAM8 resulted in significant reduction in the weight of wheat
grain recovered (= 73%). However, the ovaries directly in contact
with the agar plugs containing the Amap1 strain failed to develop

and turned brown. The ovary tissue did not appear to have been
penetrated by fungal hyphae and we therefore concluded that
grain abortion was caused by compounds/molecules released
from either the hyphae saprophytically colonizing the surface or
the ovary, or from the continuous presence of the inoculum.
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Table 1 The effect of F. graminearum infection

F. graminearum strains . . )
g by various Amap 1 mutant and wild-type strains

Parameter measured CAM1T* CAM2 CAM8 16A Controlt on wheat seedling emergence and aerial biomass
of the emerged wheat seedlings.

Per cent seed emergencet  100.0 100.0 38.1 14.3 100.0

Biomass§ (g) 0.33(100%)1 0.30(91%) 0.11(33%) 0.06(18%)  0.33(100%)

*CAM1 and CAM2 (2 independent Amap 7 mutants), CAM8 (ectopic mutant), 16A (wild-type).

tControl inoculated only with plugs of SNA.

tPer cent seed emergence: assessment 14 days after inoculation, where 100% = 21 seeds.

§Biomass (g): mean above ground biomass for 21 germinated seedlings assessed 21 days after inoculation.
9IPer cent (%) of the control seedling biomass. The experiment was repeated twice with the same results.

F. graminearum strains

Table 2 Comparison of various in vitro and in
planta parameters for the two Amap ! mutant and

Parameter measured CAM1T* CAM2 CAM8 16A Control two wild-type F. graminearum strains.
Spore productiont 1319 16+ 13 nt¥ 207 nag§
(x10* conidia/mL)
Grain weightf] (g) 1.3£0.6 7+0.6 0402 0.5+0.2 1.7£04
DON production in 0.6+£0.2 03+0.2 nt +0.1 <0.25**

wheat earstt (p.p.m)

*See legend to Table 1 for strain identity.

tNumber + standard deviation (n = 5) of conidia produced in vitro after 17 growth days on SNA media.

Numbers are not significantly different (P < 0.479).
#Not tested.
§Not applicable.

Threshed weight of dry grain recovered from each mature wheat ear * standard deviation (n = 5). Grain
weights are significantly higher in CAM1, CAM2 and mock control than in 16A or CAM8 inoculations

(P<0.001).
**Samples below detection limit of 0.25 p.p.m.

t1DON content of whole wheat ears (grain and chaff) assessed 40 days after point-inoculation of wheat cv.
Bobwhite by competitive ELISA are significantly reduced in CAM1 and CAM2 compared to 16A (P<0.01).

Colony morphology, growth rates and other in vitro
phenotypes

Colonies of the two independent Amap! mutants grown in vitro
showed various morphological phenotypes. Close inspection
revealed that the Amap1 strains CAM1 and CAM2 both have
poorly developed aerial hyphae, in contrast to strains 16A and
CAMB after 7 days incubation on SNA minimal agar plates (data
not shown). No obvious reduction or delay in conidial germina-
tion was observed when vegetative conidia were collected from
two independent Amap1 mutants, resuspended in medium, and
examined quantitatively for conidial germination on glass slides
for 48 h (data not shown). However, both CAM1 and CAM2 were
20-30% reduced in growth rates compared to wild-type 16A and
the ectopic mutant CAM8 on SNA agar plates (Table 3). Further
growth tests on V8 and oatmeal agar medium confirmed these
results (data not shown) indicating that this reduction in fungal
growth was medium independent.

On SNA agar plates, wild-type strain 16A forms the vast major-
ity of its asexual conidia together in discrete locations called
sporodochia (Fig. 3f). However, the two Amap! mutants rarely

Table 3 /n vitro growth of the two Amap ! mutant and two wild-type
F. graminearum strains on SNA media

F. graminearum strains

Incubation time  CAM1* CAM2 CAMS8 16A

48 h 13.7+06t 113+£15 183+15 18017
72h 233%1.2 200+£17 300£17 300+17
120 h 58.7+15 533+25 81.0£20 787x1.2

*See legend to Table 1 for strain identity.

tValues are mean colony diameters in mm + standard deviation. The mean and
standard deviation were calculated from two independent trials with three
replicates each. At all time points growth rates in CAM1 and CAM2 are
significantly reduced compared to CAM8 and 16A (P < 0.001).

formed sporodochia. Instead, their conidia were spread evenly
across the surface of the agar plate (Fig. 3g). The failure to form
sporodochia, however, was not accompanied by a quantitative
reduction in asexual sporulation. The spore production of CAM1
and CAM2 was found to be equivalent to wild-type strain 16A in
five independent experiments when harvested from fully devel-
oped fungal mycelium (Table 2).
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These data suggest that, while MAPT is not essential for coni-
dial germination or conidiation, it is involved in the formation of
sporodochia, the establishment of aerial mycelium in vitro and in
the maintenance of optimal mycelial growth rates.

MAP1 and DON mycotoxin synthesis

The production of trichothecene mycotoxins is an important
aspect of Fusarium ear blight infections because of its impact on
grain safety (Scholten et al.,, 2001). It has also been reported that
F. graminearum strains can spread within infected wheat tissue
without causing visible disease symptoms (Jones and Clifford,
1978). The effect of the Amap1 allele on mycotoxin production
in mature wheat ears was therefore quantified by competitive
ELISA. Total 3-acetyl DON and DON mycotoxin content in whole
ears following F. graminearum inoculation were found to be sig-
nificantly reduced in CAM1 (1.7-fold) and CAM2 (3.3-fold), com-
pared to wild-type strain 16A (Table 2). We conclude that Amap1
strains, although unable to cause typical wheat ear blight symp-
toms, were still capable of producing DON mycotoxin at the site
of initial inoculation.

MAP1 is required for perithecia formation

F. graminearum is a homothallic Ascomycete fungus. Ascospores
are produced within perithecia without the prerequisite for a
compatible mating partner under conducive conditions (Pugh
and Johann, 1933; Trail and Common, 2000). To determine
whether the two Amap1 mutants were altered in their ability to
form perithecia and/or ascospores, the various F. graminearum
strains were grown on carrot agar plates (Proctor et al., 1997).
The wild-type strain 16A and the ectopic strain CAM8 produced
abundant black perithecia containing viable ascospores within
2 weeks. In contrast, the two Amap1 mutants CAM1 and CAM2
did not produce any perithecia, even after a 2-month incubation
period (Fig. 3h—k). Instead, both mutant strains produced white
aerial hyphae, which frequently collapsed on to the surface of the
carrot agar plates. There was no evidence of ascospore formation
within the mycelium on the surface of the carrot agar, or within
the aerial hyphae. The perithecial/ascospore formation assay was
performed for four other independently derived Amap1 strains
and gave identical results to those described above (data not
shown). MAPT is therefore essential for perithecia and hence
ascospore formation in F. graminearum.

MAPT1 is essential to cause tomato fruit rot

Although F. graminearum is primarily known to cause disease
symptoms on cereal plant species, earlier studies indicated that
this fungus causes a rot when introduced into green and red
tomato fruits (Crozier and Boothroyd, 1959). To test whether the
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Fig. 4 Superficially wounded tomato fruits, 6 days after inoculation with
various . graminearum strains. Both the (1) wild-type and (4) ectopic strain
have formed abundant mycelium both inside and on the surface of the tomato
fruit. The two Amap T mutant strains (2) CAM1 and (3) CAM2 only form a small
mycelial colony on the fruit's surface.

two Amap]1 strains were able to cause disease on other hosts,
each was inoculated on to superficially wounded ripe tomato
fruits. Both mutants did not colonize the tomato fruits (Fig. 4).
Microscope analysis revealed that the inoculated CAM1 and
CAM?2 conidia had germinated and formed a small mycelial net-
work exclusively at the wound surface. In contrast, strains 16A
and CAM8 colonized the pericarp tissue and formed abundant
masses of white aerial mycelium on its surface (Fig.4). This
experiment was repeated in triplicate.

DISCUSSION

Molecular genetic analyses of mitogen activated protein kinases
(MAPK) have recently identified two signal transduction cas-
cades which are important for pathogenicity in a range of phy-
topathogenic fungi. The two MAPK mutants originally shown to
be impaired in plant pathogenicity were generated for the rice
blast fungus M. grisea. In M. grisea, the PMK1 gene, which is
homologous to the S. cerevisiae FUS3/KSS1 genes, is essential for
appressoria formation, penetration and invasive growth (Xu and
Hamer, 1996). In contrast, the M. grisea MPS1 gene, homologous
to the S. cerevisiae SLT2 gene, is essential for penetration but is
not required for invasive growth (Xu et al., 1998). Both pathways
are thought to relay external signals and to modulate patho-
genicity gene expression. In other plant pathogenic fungi,
mutants generated in either the Fus3/Kss1 or SIt2 pathways are
frequently impaired in pathogenicity (reviewed by Idnurm and
Howlett, 2001; Mey et al., 2002a,b). These mutants also display
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a range of distinct phenotypes which are likely to be important
for the specific infection strategies of each species.

In this study we used a PCR and bioinformatic strategy to
identify the F. graminearum MAP1 gene as the homologue of the
M. grisea PMK1 gene. The phylogenetic analysis shows that the
MAPT gene, together with the M. grisea PMKT gene, is predicted
to encode a serine/threonine related MAP kinase belonging to
the clade of FUS3/KSS1 related kinases (Fig. 1).

Pathogenicity phenotypes of MAP1 mutants

Six independent map? deletion mutant strains were obtained
using a gene replacement strategy (Fig. 2). Inactivation of the
Map1 dependent signalling pathway inhibited pathogenicity in
F. graminearum.The map1 mutants were not able to infect either
point- or spray-inoculated wheat florets. Mycotoxin production in
wheat ears was twofold reduced. In addition, map? mutant inoc-
ulations did not cause a reduction in grain yield, seed germina-
tion or seedling growth rates. Interestingly, however, the map?
mutants were still able to colonize senescing anther and anther
filaments and to form aerial hyphae on these tissues (Fig. 3c). The
pathogenicity defect did not seem to be host or tissue specific,
because the map? mutants also did not cause tomato fruit rot.
The ability of the map? mutants to infect other cereal and non-
cereal host species has not yet been determined.

Post-penetration, F. graminearum map1 mutants have severely
impaired hyphal growth. Like M. grisea pmk1 mutants, map1
hyphae lack the ability to colonize host tissue from a wound
site. The finding that drop-inoculated map7 mutants are unable
to penetrate intact palea tissue in vitro (Fig. 3e) confirms the
result that Map1 protein is required during the early stages of
the infection process. The palea and lemma tissues are the
least silicanized of all the other plant tissues surrounding the
developing grain, i.e. glume and rachis tissues. There are at least
three possible explanations why in planta F. graminearum colo-
nization rates are reduced. Firstly, an alteration in the expression
profile of cell wall-degrading enzymes could compromise both
the inter- and intracellular colonization routes. Secondly, the
map1 mutants may lack an ability to overcome both pre-formed
and induced plant defence responses. Thirdly, the map? mutation
may cause gross changes in fungal metabolism and this now ena-
bles plant cells to more effectively recognize new signals coming
from the invading Fusarium hyphae and thereby to activate a
stronger defence response.

The MAP1T sequence is highly related to MAPK genes isolated
from two other Fusarium species, namely FsMAPK from Nectria
haematococca (Fusarium solani) (Li et al., 1997) and Fmk1 from
F. oxysporum f.sp. lycopersici (Di Pietro et al., 2001). The genera-
tion and phenotype of an FSMAPK mutant has not been reported.
The fmk1 mutant is non-pathogenic on tomato roots and
wounded tomato fruits. Although the root pathogen F. oxysporum

and ear invading F. graminearum have contrasting modes of infec-
tion, the Fus3/Kss1 signalling pathway is required for penetration
in both species.

The phenotype reported for the F. graminearum mgv1 mutant
(Hou etal, 2002), affected in the SIt2 signalling pathway,
appears to be less severe than that of the F. graminearum map1
mutant analysed in this study. However, this comparison should
be treated cautiously. The map1 and mgv1 mutations were made
in two related but different strains of USA origin, 16A and PH-1,
respectively. Point-inoculations with mgv1 mutants caused typi-
cal disease symptoms and frequently spread into the adjacent
spikelets. A bleaching phenotype, i.e. the typical field symptom,
was never observed following map? mutant inoculations. This
suggests that mgv1 mutants are attenuated in their ability to
spread through developed wheat tissue, while map7 mutants are
inhibited at an earlier infection stage.

Mutants in phytopathogenic Ascomycetes for both the Fus3/
Kss1 and SIt2 MAPK pathways exist only in M. grisea, F. gramine-
arum and C. purpurea. Similar to M. grisea, in the cereal floral
pathogen Claviceps purpurea, a cpmk1 mutant (FUS3/KSS1
homologue) appears to be completely non-pathogenic on rye
ears (Mey et al., 2002b), while a ¢pmk2 mutant (SLT2 homo-
logue) retains a limited ability to colonize rye pistils (Mey et al.,
2002a). These interspecies comparisons suggest that the lack of
the yeast Fus3/Kss1 MAPK pathway compromises plant patho-
genicity more severely than a lack of the homologous SIt2 MAPK
pathway.

Trichothecene production

Various trichothecene mycotoxins are produced by F. gramine-
arum hyphae (Ueno et al, 1975; Ward et al,, 2002) and are
hypothesized to interfere with plant defence induction (Kang and
Buchenauer, 1999). DON has been shown to enhance virulence
towards some wheat cultivars but not in others (Proctor et al.,
1995). Map1 mutants are still able to produce DON mycotoxin on
superficially infected wheat ears. However, the combined amount
of DON and 3-acetyl DON mycotoxin was twofold lower than the
amounts recovered from fully diseased wheat ears inoculated
with the wild-type strain 16A (Table 2). Thus, the inability of
map1 mutants to spread within wheat ear tissue is unlikely to be
caused by a deficiency to produce DON mycotoxin.

In vitro changes to mycelial morphology and asexual
spore formation

Several subtle phenotype changes were identified for the map1
mutants CAM1 and CAM2 when grown in vitro, even though
spore germination rates and the ability to form conidia were the
same as the wild-type (Table 2). These changes included a small
delay in radial mycelial growth rate (25%) (Table 3), reduced
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aerial hyphae formation on various artificial substrates, and a
clear reduction in the development of sporodochia (conidial
aggregations) on minimal medium (Fig. 3). The observed growth
rate reduction clearly cannot explain the pathogenicity defect.
Growth rate reductions have also been reported for three of the
nine fungal species harbouring disruptions of the homologous
PMK1 gene. Deletion of the FMKT gene in Fusarium oxysporum
(Di Pietro et al., 2001) and the CHKT gene in Cochliobulus heter-
ostrophus (Lev et al., 1999) causes a slight growth reduction,
while growth rates in the Botrytis cinerea bmp1 mutant were
more severely reduced (= 65%) (Zheng et al., 2000). Reduced
aerial hyphae formation on artificial substrates was observed for
the F. oxysporum fmk1 mutant (Di Pietro et al,, 2001). However, the
reduction of sporodochia development on minimal agar plates is
likely to be specific for F. graminearum map1 mutants. Sporodo-
chia are cushion-shaped compact masses of hyphae (stroma)
containing conidiophores formed under inducive conditions,
which only form in Ascomycete Fusarium species (Agrios, 1997).

Perithecia formation

F. graminearum produces ascospores enclosed within dark mor-
phological structures, called perithecia. Plant infections by
ascospores are known to contribute significantly to the severity
of F. graminearum ear blight epidemics (Fernando et al., 1997;
Parry et al., 1995). Wild-type strains of this homothallic fungus
readily form perithecia and viable ascospores within 2-3 weeks
in vitro. On infected stubble, the same process takes several
months (Pugh and Johann, 1933). Six independent map?
mutants each did not produce perithecia in vitro. Studies on
perithecial development in Fusarium species indicate that
perithecia are frequently formed in stroma (Hawksworth et al.,
1995; Trail and Common, 2000). It is possible that the map?
mutation blocks an early phase in hyphal stroma development,
causing the defects in both perithecia and sporodochia forma-
tion. Alternatively, the Map1 MAP kinase may also regulate
mating and cell fusion events, similar to the Fus3/Kss1 proteins
in S. cerevisiae (Sprague and Thorner, 1992).

Like MAP1, the SLT2 related F. graminearum MAPK, MGV1
(Hou et al., 2002), is essential for perithecial formation. There-
fore, at least two different MAPK pathway functions exist in
F. graminearum to control perithecial development. In two other
phytopathogenic Ascomycetes, ascospore formation is reported
to be controlled by the Fus3/Kss1 signalling cascade, namely the
fungal species M. grisea and Cochliobulus heterostrophus caus-
ing Southern corn leaf blight (Lev et al,, 1999; Xu and Hamer,
1996). The SIt2 MAPK signalling cascade has only been shown to
be required for perithecial formation in M. grisea and F. gramine-
arum. In C. purpurea the effect of the PMK1 and SLT2 homo-
logue, CPMKT and CPMK2, on sexual structure formation has not
been determined.
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A comparison of Map1 function between different
F. graminearum strains

MAPT gene function was recently analysed in two other F.
graminearum strains, the American isolate PH-1 and the German
isolate 8/1. In both strains the loss of wheat pathogencity and
perithecia development was confirmed. In strain PH-1, a com-
plete gene deletion was generated (Xu and Kistler, pers. com.). In
strain 8/1, a gene insertion mutation was phenotypically charac-
terized (Jenczmionka et al.,, 2003). However, no sequence data or
data on the impact of the map? mutation on DON mycotoxin pro-
duction, root infection, infection of another plant species and
quantitative data on wheat grain yield were reported. Jenczmionka
et al. (2003) observed reduced conidiation on map? mutant
mycelium grown for 7 days on minimal medium. In our study,
conidiation assessed at 17 days was not significantly different to
wild-type conidiation. This discrepancy may be explained by the
differences in genetic background of the two strains, the experi-
mental conditions used, or subtle temporal differences in spore
formation. For example in M. grisea, gene deletion of the CPKA
gene leads to a delay in infection structure formation (Xu et al.,
1997). Side-by-side comparisons of the three different F.
graminearum map1 mutant and their respective wild-type strains
may resolve whether other genetic differences between the three
strains influence Map1 protein function.

Prospects

The elimination of perithecial formation is particularly attractive
for the control of Fusarium graminearum (Gibberella zeae) on cereals.
The disease epidemic is primarily monocyclic, with infections by
ascospores timed to crop anthesis and silk emergence for maize
(Fernando et al., 1997; Paulitz, 1996). The growing of highly
susceptible maize crops into traditional wheat growing areas is
predicted to increase the incidence of wheat ear blight disease
(Fernando et al., 1997). Perithecia formation only occurs on exposed
crop residues in previously infected fields. Therefore, specific disease
control measures can be targeted to these high-risk fields.

The assumption that MAP kinase pathways can be suitable
drug targets was recently confirmed by the finding that phe-
nylpyrrole fungicides in Neurospora crassa target the os-2 MAP
kinase (S. cerevisiae Hog1 homologue) signalling cascade (Zhang
et al., 2002). Phenylpyrrole fungicides are proposed to hyper acti-
vate the 0s-2 MAP kinase pathway and cause N. crassa conidia
and hyphal cells to swell and burst.

Map1 and wild-type strain gene expression can be compared
in microarray experiments. Recently, large collections of ESTs
were prepared from developing perithecia and from conditions
that mimic in planta growth (Trail et al., 2003; http://cogeme.ex.ac.uk).
In addition, 10X sequence coverage of the F. graminearum genome
is now available (http://www-genome.wi.mit.edu/annotation/fungi/
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fusarium/index.html). The availability of three different map?
mutant and wild-type strain pair combinations will permit a com-
prehensive comparative transcriptome analysis to be undertaken.
This approach will identify MAPT responsive gene sets that are likely
to encode signal receptors, regulatory proteins and enzymes/
structural proteins. We speculate that several of the MAPI1-
regulated proteins may be novel fungicide targets that are suitable
for the control of F. graminearum perithecial development, ear
infection and mycotoxin contamination of cereal grains.

EXPERIMENTAL PROCEDURES

Origin and maintenance of F. graminearum strains

The trichothecene-producing wild-type strain 16A (Urban et al.,
2002) has been deposited at the Fungal Genetics Stock Center as
FGSC#8733. All Fusarium strains were routinely cultured as
described (Urban et al, 2002). Experiments involving the F.
graminearum strain 16A were conducted in a biological contain-
ment facility under DEFRA licences PHL 39B/3819 (5/2001) and
PHL 39 A/3493 (01/2001).

Nucleic acid manipulations

Fungal genomic DNA was extracted using the CTAB protocol (Xu
and Leslie, 1996). Standard molecular biology procedures were
performed as previously described (Sambrook et al., 1989). Homology
searches of DNA/protein sequence databases were performed
with the BLast algorithm (Altschul et al,, 1997). Amino acid sequence
comparison and alignments were made using the Bestrr, PiLeup, and
Boxskape programs in GCG Wisconsin software package (Accelrys).

Cloning and sequence analysis of MAP1

A polymerase chain reaction (PCR) was conducted to amplify
MAP kinase homologues using degenerate primers as previously
described (Xu and Hamer, 1996) using genomic DNA of F.
graminearum strain 16A. A major band of 0.5 kb amplified with
the degenerate primers GT(A/C/G/T)GC(A/C/GIT)AT(A/G)AA(A/
G)AA(A/G)AT and CCA(A/C/GIT)C(G/T)(AIC/IGIT)GT(AIC/G/
T)GC(A/C/G/T)AC(A/G)TA(C/T)TC. PCR fragments were cloned
into the Invitrogen pCR2.1 Topo/TA vector. One PCR clone,
pCA14, was found to be 97% identical to the M. grisea PMK1
gene. From the recovered sequence, primers were designed for
use in ligation-mediated inverse PCR (Thomas etal, 1994),
namely U20, GCAGCTTCATCTCTCGCAGAGT and U21, CCT-
CAACGCCAACTGTGATCTC. 1 ug of genomic F. graminearum
DNA was cut with different restriction enzymes and the products
re-ligated. The subsequent PCR was performed using the Expand
Long PCR kit (Roche). Cycling conditions were 93 °C for 2 min for
pre-denaturation, cycles 2-11 at 93 °C for 155, 60 °C for 15,

and 68 °C for 3 min, cycles 12-36 at 93 °C for 155,60 °C for 15 s
and 68 °C for 3 min with a 5 s extension per cycle. Reactions
were held at 4 °C after a final extension at 68 °C for 3 min. The
recovered PCR fragment from EcoRl digested and ligated Fusarium
DNA (size 10 kb) was cloned into the Invitrogen pCR2.1 TOPO/TA
vector and sequenced on both strands by primer walking.

To verify the genomic sequence containing the MAPT gene,
two additional sets of primers situated either just 5 of the start
codon or just 3 of the stop codon were used to amplify a PCR
product of 1.25 kb that was directly sequenced on both strands
by primer walking. All sequencing was performed using a Big Dye
Terminator Cycle Sequencing Ready Reaction kit (Prism), on a
modified ABI 373 DNA sequencer (Applied Biosystems, USA).
DNA sequencing data were analysed using the GCG Wisconsin
Sequence Analysis Package. Genetic nomenclature in this article
follows the guidelines for plant pathogenic fungi (Yoder et al.,
1986). The wild-type gene is MAPI1, which encodes the protein
Map1. The recessive mutant allele is map1.

Disruption of the MAP1 gene

To generate the MAPT gene replacement vector pAMAP1, a
884 bp 5’ fragment encompassing positions +42 to +926 and
a 2 kb 3’ fragment encompassing positions +1459 to +3585 in
AF448230 were amplified by PCR using the oligonucleotides
U17, GGGGTACCGACTGGTCCTCTATTGAC, U18, GGGGTACCT-
CAACATGATCTCAGGCG with flanking Kpnl sites and U13,
GTAAACGTGGTGCCTCTGTA, U14, TAGCCAGAGTCCATAGTGTC,
respectively. Both fragments were cloned into pCR2.1-TOPQ™
(Invitrogen) and sequenced. The 884 bp 5" and 2 kb 3’ fragments
were then inserted as EcoRIl and Kpnl fragments, respectively,
into pBS-Hyg to generate pAMAP1. The orientations of subcloned
fragments in pAMAP1 were confirmed by sequencing. To con-
struct pBS-Hyg, the modified HPH gene from pCB1004 (Carroll
et al.,, 1994) was introduced as a 1.4 kb Hpal fragment into the
EcoRV site of pBluescriptll SK+ (Stratagene). For the F. gramine-
arum transformation, pAMAP1 was linearized with Notl and
transformed into F. graminearum strain 16A as previously
described (Hohn and Desjardins, 1992; Proctor et al., 1997). Sin-
gle hygromycin resistant transformants were pre-screened by
PCR analysis of crude DNA extracts (Wu et al., 1997) with MAP1
primers U9, CGCCTGAGATCATGTTGACT, and U8, GAGCTTCCTC-
CACAGTA, to determine the presence or absence of a 401 bp
MAP1 fragment.

Phenotypic analysis of Amap1 mutant and wild-type
strains

To assay germination rates, 1 x 10° conidia were used to inocu-
late 20 mL of GYEP medium (Hohn et al., 1995). Conidial GYEP
suspensions were incubated for 2 days in a shaking incubator at
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26 °C at 100 r.p.m. Aliquots were taken after 14, 24 and 48 h and
germination rates determined using a haemocytometer. To meas-
ure fungal growth rates on different solid media, mycelium plugs
were transferred on to fresh agar plates of SNA agar, V8 juice
agar (36% V8 juice, 0.5% CaCOs, 1.4% Bacto-agar) and Oatmeal
agar (Crawford et al., 1986) using a 5 mm cork borer. Fungal
growth was recorded as colony diameter in daily intervals during
5 days. To quantify spore production, fungal strains were grown
for 17 days on SNA agar plates and quantified as previously
described (Urban et al., 2002). Perithecia formation was assayed
on carrot agar (Proctor et al., 1997).

Wheat infection assays

For the wheat inoculation experiments, plants with ears at anthe-
sis BBCH growth scale 65 (Stauss, 1994) were grown as previ-
ously described (Urban etal, 2002). For point-inoculations,
fungal strains were grown on SNA agar plates for 10 days. Agar
plugs with fungal mycelium were then transferred with a Pasteur
pipette tip into a single wheat floret. Each wheat ear was ino-
culated with agar plugs placed in four individual florets of two
adjacent spikelets close to the top of the wheat ear. Spray
inoculations were conducted as described (Urban et al., 2002).
The point- and spray-inoculated plants were kept at 100% rela-
tive humidity for the next 4 days. For the first day the chambers
were shaded to exclude light. Individual plants were scored for
disease symptoms from day 4 onwards in 2—4 day intervals with
the final disease score taken at day 20 post-inoculation. Disease
progress was recorded as the number of visibly diseased spikelets
per wheat ear. All experiments were performed at least twice and
at different times. For wound inoculation, wheat ears at anthesis
were cut with scissors through the middle of a spikelet row close
to the top of the ear. The spikelet and rachis wound sites were
droplet inoculated with conidial suspension (5 x 10° spore/mL)
until run off. Experiments were performed in triplicate.

For the in vitro agar plate assays, spikelets were taken from the
middle of a wheat ear at anthesis using forceps. The palea tissues
of the two external flowers were separated at the spikelet base
and mounted on water agar plates (1.5% Bacto agar). The inner
surface of the boat shaped palea tissue was drop inoculated
using 20 pL conidial suspensions (5 x 10* spores/mL) and kept at
high humidity in the dark at 20 °C. Disease development was
monitored by aniline blue fluorescence (Hood and Shew, 1996) of
the samples over 6 days.

For the wheat root infection assays, a plant container test
developed for the takeall fungus Gaeumanomyces graminis was
employed (Dufresne and Oshourn, 2001). Seedling emergence
and aerial growth was recorded after 2 weeks. Plants were
destructively harvested after 3 weeks. Fresh weight measure-
ments were taken of the shoot biomass, and root disease symp-
toms assessed.

F. graminearum MAP1 gene required for pathogenicity 357

For the mycotoxin analysis, whole wheat ears were harvested
40 days after inoculation and ground to a fine powder. One gram
of each sample was resuspended in 5 g of water and thoroughly
mixed using a polytron (PT 3100 Kinematica AG, Switzerland).
The mixture was then incubated for 30 min at 30 °C in a water
bath and all solid parts were removed by centrifugation. The
supernatants were analysed quantitatively for DON and 3-acetyl
DON content using a Veratox 5/5 kit competitive ELISA kit (Adgen,
Ayr, Scotland) according to the manufacturer’s instructions. Each
biological sample was quantified twice. Statistical analyses were
conducted as described previously (Urban et al., 2002).

Infection assay on tomato fruits

To assay the colonization of F. graminearum strains on wounded
tomato fruits, ripe tomatoes of cultivar Moneymaker (Cf-0) were
surface sterilized by wiping with 95% ethanol. A 5 mm? region of
the epidermis was carefully removed and the wound site was
overlaid with a 15 pL spore solution containing 2 x 10° conidia/
mL. Fruits were incubated at room temperature under conditions
of 100% relative humidity.
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