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Abstract 

A conserved mitogen-activated protein kinase (MAPK) cascade orthologous to 

the mating/filamentation MAPK pathway in yeast is required for fungal pathogenicity 

on plants. One of the key targets of this signalling pathway is the homeodomain 

transcription factor Ste12. Mutational analysis of ste12 orthologues in a variety of 

plant pathogenic fungi suggests that Ste12 functions as a master regulator of 

invasive growth. In this mini-review we highlight recent progress in understanding the 

role of Ste12 in filamentous fungi and discuss future challenges of unravelling the 

mechanisms by which Ste12 controls fungal virulence downstream of the 

Pathogenicity MAPK cascade.  

 

 

Introduction 

Virulence in plant pathogenic fungi is controlled by a network of cellular pathways 

that respond to signals encountered during host infection. In spite of the broad 

diversity of fungal lifestyles and modes of infection, the signalling components that 

regulate pathogenic development are largely conserved. MAPK cascades have 

attracted considerable attention, because their core elements are essential for 

virulence in a wide array of fungal pathogens of plants and mammals.1-4 

MAPK cascades are characterized by a three-tiered signalling module comprising 

a MAP kinase kinase kinase (MAPKKK), a MAP kinase kinase (MAPKK) and the 

MAPK which is activated by dual phosphorylation of conserved threonine and 

tyrosine residues within the activation loop.5 Fungal MAPK cascades are triggered by 

an array of stimuli and regulate a wide range of processes including cell cycle, 

reproduction, morphogenesis, stress response and virulence.2,6 The model fungus 
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Saccharomyces cerevisiae has five MAPK cascades controlling mating, filamentous 

growth, cell wall integrity, cell adaptation to stress and sporulation.6 Several of these 

MAPK cascades have been associated with virulence in fungal pathogens.4,7 This 

mini-review focuses on the so-called Pathogenicity MAPK (PMK) cascade which has 

a broadly conserved role in plant infection, with particular emphasis on the 

homeodomain transcription factor (TF) Ste12, an emerging key regulator of invasive 

growth in fungi. 

 

Two Saccharomyces cerevisiae MAPK cascades recruit the homeodomain 

transcription factor Ste12  

In S. cerevisiae, mating and filamentous growth are controlled by two structurally 

related MAPKs, Fus3 and Kss1, respectively (Fig. 1).8 Despite sharing many pathway 

components, the two MAPKs have distinct activation mechanisms and signalling 

outputs.6 Fus3 signalling is initiated by pheromone binding to the cognate G protein-

coupled receptors Ste2 and Ste3, triggering dissociation of the G α subunit Gpa1 

from the G βγ subunits Ste4 and Ste18 and allowing signal transmission to the 

guanine nucleotide exchange factor Cdc24.9 The Kss1-mediated filamentation 

response is initiated by the mucin-type protein Msb2 and the tetraspan protein 

Sho110 and propagated through the small GTP-binding protein Ras2.11 Both 

pathways eventually converge on the small Rho-type G protein Cdc42 and the PAK-

like protein kinase Ste20.6 The latter activates the MAPK module composed of 

MAPKKK Ste11, MAPKK Ste7 and MAPKs Fus3 or Kss1.6,9 Correct activation of 

Fus3 by pheromone requires the scaffold protein Ste5 which recruits the Ste11-Ste7-

Fus3 complex to the plasma membrane,12 while activation of Kss1 by Ste7 does not 

require Ste5.13 
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Phosphorylated Fus3 and Kss1 MAPKs stimulate a number of downstream TFs 

that function as regulators of pathway-specific genes (Fig. 1). Among these, the 

homeodomain TF Ste12 acts as a central node in both mating and invasive growth 

response.14 The dual function of this Ste12 has received considerable attention as a 

basic model for understanding how eukaryotic cells maintain signalling specificity by 

discriminating between different inputs, i.e. pheromone and nutrient limitation, to 

generate the appropriate outputs, mating and filamentation, without allowing leakage 

from one pathway into the other.15 These studies revealed that Ste12 is under 

complex regulation involving several regulatory proteins and co-factors that are 

tightly controlled by each MAPK.  

S. cerevisiae Ste12 is a 688-amino acid protein characterised by a helix-turn-helix 

DNA-binding homeodomain at the N terminal region. Depending on the interaction 

partner, the Ste12 homeodomain binds either to pheromone response elements 

(PREs; TGAAACR) in mating gene promoters16 or to filamentation response 

elements (FREs) on filamentous growth-specific target genes.14 The homeodomain 

of Ste12 is also required for binding to the regulatory protein Dig2 and the cofactor 

Tec1.17,18 No functional domain was described so far in the central and C terminal 

regions of Ste12, although the latter was found to promote formation of the Ste12 

homodimer, as well as binding to cofactors such as the TF Mcm1 or the negative 

regulator Dig1.18,19 S. cerevisiae Ste12 is a target of several protein kinases including 

the MAPKs Fus3 and Kss1, as well as the cyclin-dependent kinase Srb10.15,20 

Although phosphorylation is not essential for transcriptional activity of Ste12, it 

impacts on its regulation by controlling protein stability.19-21  

Ste12 was recently shown to be present in two protein complexes composed of 

Ste12, Dig1 and either Dig2 or Tec1.17 The Dig2/Ste12/Dig1 complex mainly binds to 
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the PRE motif, whereas the Tec1/Ste12/Dig1 complex preferentially targets the FRE 

motif.17 In the absence of stimulating signal, both complexes remain inactive by 

means of the repressors Dig1 and Dig2.17 Upon pheromone stimulation, Fus3 MAPK 

phosphorylates members of the Ste12 complex as well as the Far115 protein, leading 

to dissociation and/or conformational change of the complex and to relief of Ste12 

repression.22 Fus3-mediated phosphorylation also promotes Tec1 degradation, thus 

ensuring that only mating-specific genes are transcribed in this context.22 Activated 

Ste12 binds to mating gene-specific promoters either as a homodimer or as a 

heterodimer with Mcm1, stimulating transcription of mating genes and of FAR1 which 

in turn induces cell cycle arrest in G1, essential for mating. Under prolonged 

pheromone stimulation, phosphorylation of Ste12 by Fus3 can accelerate Ste12 

turnover in a Far1-dependent manner by targeting ubiquitination and degradation of 

Ste12, providing an additional layer of control.21  

Kss1 MAPK, activated through nutrient limitation, also can phosphorylate Ste12, 

Dig1 and Dig2, but not Far1 or Tec1. This results in the activation of the protein 

complex by dissociation of the inhibitor Dig2, leading to transcription of filamentation 

genes such as TEC1, itself. The increase in cellular Tec1 levels favours the formation 

of a Tec1/Ste12 heterodimer,17 resulting in even higher transcript levels of 

filamentous growth genes. Intriguingly, transcriptional activation of filamentation-

specific genes by Ste12 is also controlled by the nutrient-sensing cyclin-dependent 

kinase Srb10. Cellular levels of Srb10 were depleted under nutrient-limiting 

conditions but increased under nutrient-rich conditions. Accumulating Srb10 

phosphorylates two serine residue of Ste12 (Ser261 and Ser451), leading to 

destabilization and inactivation of Ste12 under nutrient rich conditions.20    
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Conserved role of the Pathogenicity MAPK cascade in plant pathogenic fungi 

The Fus3/Kss1 MAPK cascade is highly conserved in filamentous fungi. A recent 

comparative genomic analysis in nine fungal species with different lifestyles ranging 

from saprophytic to pathogenic on human or plants, and including both asco- and 

basidiomycetes, revealed structural conservation of all Fus3/Kss1 pathway 

components of S. cerevisiae, except Ste5, Dig1 and Dig2.3 One of the major 

differences between filamentous fungi and yeast is the presence of a single MAPK 

instead of the two MAPKs Fus3 and Kss1. At present it is not clear how a single 

MAPK integrates the different signalling functions carried out by Fus3 and Kss1 in S. 

cerevisiae.  

The essential role of a Fus3/Kss1 MAPK orthologue in plant infection was first 

described in the rice blast fungus Magnaporthe oryzae. Mutants lacking the PMK1 

MAPK failed to cause disease symptoms on rice leaves.7 PMK orthologues were 

subsequently found to be required for virulence in a large number of biologically and 

taxonomically diverse plant pathogens, suggesting an ancient evolutionary role of 

this MAPK cascade in fungal pathogenicity on plants.4 Loss of PMK orthologues 

invariably leads either to a drastic reduction or complete loss of pathogenicity, 

associated with a strong defect in penetration and invasive growth.4 The penetration 

defect was initially attributed to the inability of the MAPK mutants to differentiate 

specialized infection structures called appressoria.4 However, M. oryzae pmk1 

mutants were unable to colonize rice plant tissue even when inoculated through 

wound sites,7 suggesting that the role of this MAPK in pathogenicity extends beyond 

appressorium differentiation. Even in non-appressorium-forming pathogens such as 

the soilborne vascular wilt fungus Fusarium oxysporum, deletion of the PMK 
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orthologue Fmk1 leads to complete loss of pathogenicity and defects in virulence-

related functions such as adhesion to tomato roots, secretion of pectinolytic 

enzymes, invasive growth and production of wilt symptoms.23,24 

 

 

Ste12 is a regulator of fungal mating and virulence 

Ste12 proteins from filamentous fungi share structural features with their 

orthologue in S. cerevisiae. Similar to yeast Ste12, they are around 700 amino acids 

in length and contain a homeodomain at the N terminus.3 Indeed, the ste12 gene 

from the plant pathogen Colletotrichum lindemuthianum was able to restore invasive 

growth when expressed in a yeast ste12 mutant.25 

Similar to S. cerevisiae, Ste12 orthologues of filamentous fungi are required for 

mating. Loss of Ste12 led to defects in the sexual cycle of the plant pathogens 

Cryphonectria parasitica26 and Botrytis cinerea27, the human pathogens Candida 

albicans28 and Cryptococcus neoformans,29 as well as the saprophytes Neurospora 

crassa,30 Aspergillus nidulans31 and Sordaria macrospora.32 By contrast, ste12 

mutants were generally not affected in vegetative growth and conidiation, except for 

B. cinerea, N. crassa and Mycosphaerella graminicola.27,30,33,34 These results suggest 

that the essential role of Ste12 in mating is conserved between S. cerevisiae and 

filamentous fungi. 

The structural conservation of MAPK cascades between S. cerevisiae and 

filamentous fungal pathogens suggested a possible role of Ste12 as a downstream 

target of the Pathogenicity MAPK. In support of this idea, mutants lacking Ste12 were 

either non-pathogenic25,35-37 or strongly attenuated in virulence26,27,33,38 in all plant 

pathogens studied so far. Similarly to deletion of PMK, loss of Ste12 led to defects in 
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penetration and invasive growth.25,36,37,39 Collectively, the results from these studies 

provide strong circumstantial evidence suggesting that Ste12 is a direct downstream 

target of the PMK MAPK pathway. However, this hypothesis has not been confirmed 

yet experimentally. 

Phenotypes of ste12 mutants are generally less pleiotropic than those of the 

MAPK mutants, suggesting that Ste12 only regulates a subset of the MAPK-

dependent virulence functions. For example, MAPK-deficient strains of the airborne 

plant pathogens M. oryzae35, C. lagenarium37, C. lindemuthianum25 and B. cinerea27 

were unable to differentiate appressoria, whereas ste12 mutants still produced these 

infection structures. However, ste12 mutant appressoria failed to develop penetration 

pegs and to invade the host tissue, suggesting a role of Ste12 in polarity 

establishment during invasive growth.37,39 Similarly, Δste12 mutants of F. oxysporum 

were still able to undergo vegetative hyphal fusion, adhere to host roots or secrete 

pectinolytic cell-wall degrading enzymes, a set of virulence-related functions 

controlled by the MAPK Fmk1. However, both Δste12 and Δfmk1 mutants failed to 

penetrate cellophane membranes, colonize living plant tissue and kill tomato plants.36 

These results suggest that Ste12 controls a major pathogenicity function, invasive 

growth, while additional TFs regulate other MAPK-dependent processes such as 

appressorium differentiation, hyphal fusion or root adhesion.36 Besides its major role 

downstream of the Pathogenicity MAPK, Ste12 may also be targeted by additional 

upstream pathways. For example, F. oxysporum Δfmk1Δste12 double mutants 

showed a partly restored capacity to secrete pectinases compared to Δfmk1 single 

mutants, suggesting a possible repressing role of Ste12.36 
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Future challenges: Understanding the role of Ste12 in plant pathogenicity 

Increasing evidence suggests that the homeodomain TF Ste12 controls two 

complex developmental processes in filamentous fungi, mating and invasive growth. 

This role parallels that in S. cerevisiae where Ste12 functions as the key TF 

downstream of the mating and filamentous growth MAPK pathways.8 However, 

beyond this apparent analogy many open questions remain. S. cerevisiae Ste12 

receives and processes specific signalling inputs from two different upstream 

MAPKs, Fus3 and Kss1, whereas only one orthologous MAPK is present in 

filamentous fungi. How does this a single MAPK integrate the different upstream 

signal inputs through Ste12 in a way that ensures specificity of the transcriptional 

readouts? In yeast, a key mechanism ensuring specificity between mating and 

invasive growth responses involves selective interaction of Ste12 with different 

cofactors such as Mcm1, Far1 or Tec1. Some of these cofactors, such as the MADS 

box TF Mcm1, are conserved in filamentous fungi.3 Indeed, Mcm1 was shown to 

interact with the Ste12 homeodomain in S. macrospore.32 By contrast, most 

filamentous fungi, including plant pathogens, lack structural orthologues of Tec1, the 

key interaction partner of Ste12 for filamentous growth in yeast. Similarly, Dig1 and 

Dig2, two negative regulators of Ste12 activity in S. cerevisiae were not found in the 

genomes of filamentous fungi.3 It remains to be determined if other TFs or regulatory 

partners have taken the role of these proteins in mediating Ste12 activity during 

invasive growth in fungal plant pathogens.  

In yeast Ste12 activity is largely controlled at the post-translational level via 

phosphorylation, protein stability and interaction with other partner proteins. It is likely 

that regulation of Ste12 functions in a similar way in filamentous fungi, yet there are 

currently few experimental data available. Ste12 proteins from yeast and filamentous 
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fungi display a number of structural discrepancies that may affect the regulatory 

mechanisms. For example, Ste12 proteins from filamentous fungi contain two C2H2 

zinc fingers in the C terminal region, which are lacking in yeast. The exact role of the 

zinc finger domain is still unclear. In the Ste12 orthologue of M. oryzae, this region 

was essential for virulence.39 However, the zinc finger domain appears to be 

dispensable for DNA binding, in contrast to the homeodomain which mediates both 

DNA binding and interaction with other TFs such as MCM1.32 The central region of 

Ste12 proteins from filamentous fungi is also divergent from yeast, since it contains 

several stretches of highly conserved amino acid residues that are absent in S. 

cerevisiae Ste12.34 

Phosphorylation provides an important mechanism for regulation of Ste12. 

However, a number of key phosphorylation sites identified in S. cerevisiae Ste12 are 

not conserved in filamentous fungi.20,31,35,40 Inspection of the Ste12 amino acid 

sequences in filamentous fungi showed the presence of predicted phosphorylation 

sites for different kinases, including cAMP- and cGMP-dependent kinases, PKC and 

casein II protein kinase. Several of these putative phosphorylation sites were 

conserved among Ste12 orthologues of plant pathogenic ascomycetes suggesting 

that they may be involved in regulation of Ste12 activity.3,34 So far, however, site 

directed mutagenesis of predicted phosphorylation sites in M. oryzae indicated that 

they were dispensable for virulence.39 Clearly, more studies are needed to define the 

role of phosphorylation, either by the MAPK or by other protein kinases, as a 

mechanism of controlling Ste12 activity in filamentous fungi.  

Alternatively, regulation of Ste12 activity may also occur at the post-transcriptional 

level. In C. lindemuthianum and B. cinerea, the presence of an alternative splicing 

form of ste12 was described, in which the third exon is skipped leading to a truncated 
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version of the protein that lacks the second zinc finger domain.25,27 While this 

truncated version was able to complement ste12-deficient mutants,27 its 

overexpression in a wild type strain led to reduced virulence indicating a possible 

repressing function of the truncated Ste12 version.25,27 Interestingly, the exon/intron 

structure in this region of the ste12 gene is highly conserved between filamentous 

fungi, suggesting that the mode of control by alternative splicing might also be 

functional in other species. Presence of both the full length and the truncated 

transcript version of F. oxysporum ste12 was detected during growth in vitro and in 

planta (Lopez-Berges et al., unpublished). However, only the full length transcript 

form was so far detected in M. oryzae and Mycosphaerella graminicola despite the 

fact that M. oryzae has the potential to produce an alternatively spliced transcript 

according to its DNA intron/exon structure.33 The relevance of alternative splicing as 

a major mechanism for controlling Ste12 activity needs to be corroborated by further 

studies.  

In S. cerevisiae a large number of Ste12 target genes, were identified by different 

genome-wide approaches, transcriptomics41 and chromatin-immunoprecipitation.42 

These include both mating-specific and filamentation-specific targets.42 By contrast, 

only few Ste12 target genes have so far been identified in plant pathogens. A recent 

microarray analysis in C. parasitica identified 152 genes that were either down- or 

upregulated in a ste12 deletion mutant, but their role in plant infection is not known. 

Interestingly, a significant number of Ste12-regulated genes were also responsive to 

hypovirus infection, suggesting that Ste12 may be one of the hypovirus targets26. In 

C. lindemuthianum, a comparative analysis of cell surface proteins in the wild type 

and the ste12 mutant led to the identification of a major protein of unknown function 

which was absent in the mutant25. The availability of genome-wide arrays for an 
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increasing number of fungal phytopathogens will contribute to the identification of 

new transcriptional targets controlled by Ste12 during plant infection. 

 

 

Outlook 

 Plant pathogenic fungi have evolved a stunning variety of infection mechanisms to 

achieve colonization of their hosts. Strikingly, these diverse plant pathogens all 

require a highly conserved MAPK pathway, whose terminal component is the TF 

Ste12, making this signalling cascade an attractive target for antifungal control 

strategies. While Ste12 has emerged as a master switch of fungal virulence, little is 

known on the regulatory mechanisms and the transcriptional targets of this TF in 

filamentous fungi. The complexity of its regulation and its conserved role as a key 

regulator of pathogenicity will undoubtedly attract further research efforts. Unravelling 

Ste12 function in invasive growth should significantly advance our understanding on 

how fungal pathogens cause disease on plants. 
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Figure Legends: 

 

Figure 1. Schematic view of the Fus3/Kss1 MAPK cascade in S. cerevisiae (A) and 

of the orthologous Pathogenicity MAPK cascade in plant pathogenic fungi (B). 

 

Figure 2. Model for the role of Ste12 in fungal plant pathogens. Ste12 regulates  

mating, penetration and invasive growth downstream of PMK, whereas the 

remaining PMK-controlled functions are mediated by other unknown transcriptional 

regulators. Additional pathways may also regulate Ste12 activity. Invasive growth 

and penetration functions mediated by Ste12 play key roles in fungal virulence on 

plants. 
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Figure 2. Greyscale version
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