t')

Check for
updates

Zeyi Wang, Xue Zhang, Cong Jiang, and Jin-Rong Xu

Abstract

Plant pathogenic fungi use the well-conserved
MAP kinase (MAPK) pathways to mediate
responses to external stimuli and regulate vari-
ous infection and developmental processes.
Most ascomycetous fungal pathogens have
three MAPK cascades. In general, the Pmk1/
Kss1 invasive growth (IG) pathway is essen-
tial for pathogenesis by regulating infection-
related morphogenesis, such as formation of
appressoria or hyphopodia, penetration, and
invasive growth in infected plant tissues. The
cell wall integrity (CWI) MAPK pathway is
also normally important for plant infection by
regulating species-specific infection processes,
cell wall integrity, infectious growth, and
responses to cell wall stress. Unlike the IG
and CWI pathways, the HOG (high osmolarity
glycerol) pathway is dispensable for virulence
in some fungal pathogens such as
Magnaporthe oryzae but plays a critical role
in pathogenesis in many others. Besides its
conserved role in osmoregulation, the HOG
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pathway is usually important for responses to
oxidative and other environmental stresses.
Overall, both conserved and species-specific
functions have been identified for individual
MAP kinase cascades in plant pathogenic
fungi, likely due to variations in upstream sig-
naling and downstream transcriptional regula-
tion. Limited studies in a few fungal pathogens
have also shown that there is crosstalk among
three MAPK pathways to regulate various
infection processes and responses to biotic
and abiotic stresses, indicating the complex
regulatory networks associated with these
MAP kinase pathways.
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8.1 Introduction

In fungi and other eukaryotic organisms,
mitogen-activated  protein  (MAP)  kinase
pathways play critical roles in regulating
responses to various extracellular cues. A typical
MAP kinase cascade consists of a MAP kinase
(MAPK), a MAPK kinase (MEK), and a MEK
kinase (MEKK). The sequential activation of
these protein kinases results in the dual phosphor-
ylation of MAPKs at the T-X-Y activation motif,
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which then phosphorylates downstream targets to
regulate transcriptional changes and cellular
responses. The model organism Saccharomyces
cerevisiae has five MAPK genes due to its whole
genome duplication event. Fus3 and Kssl1 are two
paralogous MAPKs that have overlapping
functions in pheromone response but only Kssl
is involved in regulating filamentation and inva-
sive growth into agar (Schwartz and Madhani
2004; Chen et al. 2012). From Ste2 and Ste3
pheromone receptors to transcription factors
such as Stel2 and Dig1, the pheromone response
pathway is the best characterized MAPK pathway
in eukaryotic organisms. Slt2 and Hogl MAPKs
mainly regulate cell wall integrity and osmoregu-
lation, respectively, although they are also
involved in responses to other stresses. Smkl1 is
a meiosis-specific MAPK regulating ascospore
wall assembly. Unlike other yeast MAPKs,
Smkl lacks upstream MEK or MEKK and it is
activated by autophosphorylation and phosphory-
lation by Cakl (Schwartz and Madhani 2004;
Chen et al. 2012).

Whereas orthologs of Fus3/Kssl, SlIt2, and
Hogl are well-conserved in plant pathogenic
ascomycetes, Smkl appears to be unique to
S. cerevisiae. In fact, most plant pathogenic
ascomycetes have only three MAPKSs, three
MEKSs, and three MEKKs that are orthologous
to the key components of the yeast Fus3/Kssl,
Slt2, and Hogl MAP kinase cascades, with a few
exceptions such as two MAPKs homologous to
yeast Hogl in Verticillium dahliae and two
MEKKSs functioning upstream from the cell wall
integrity MAPK in Fusarium oxysporum. Vari-
ous components of these three well-conserved
MAPK pathways have been characterized in dif-
ferent plant pathogenic ascomycetes for their
functions in pathogenesis, sexual and asexual
reproduction, mycotoxin production, and stress
responses (Jiang et al. 2018). To date, all three
MAPK cascades have been characterized in the
rice blast fungus Magnaporthe oryzae, wheat
scab fungus Fusarium graminearum, and several
other plant pathogenic fungi. Whereas only two
MAPKs are important for pathogenesis in
M. oryzae, a model for studying fungal-plant
interactions, all three MAPKSs play critical roles
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in pathogenesis of F. graminearum, indicating
variations in the functions of individual MAPKs
among different fungal pathogens.

8.2 The Pmk1/Kss1 Invasive

Growth (IG) Pathway

In general, plant pathogenic ascomycetes have
only one MAPK that is orthologous to Fus3 and
Kss1, which are activated by upstream MEK Ste7
and MEKK Stel1 in yeast. Studies in a number of
fungal pathogens have showed that this MAPK
pathway is important for regulating infection-
related morphogenesis and invasive growth in
plant tissues (Li et al. 2012; Turra et al. 2014).
Although they share similar amino acid sequence
identity with yeast Fus3 and Kss1, the IG MAPKs
from plant pathogens are considered to be more
closely related to the latter because of the role of
Kssl in agar invasion in S. cerevisiae.

8.2.1 Regulation of Appressorium
Formation by the PMK1

Pathway in M. oryzae

Like many other foliar pathogens, M. oryzae
forms melanized, dome-shaped appressoria for
plant penetration. As the first MAPK gene
characterized in plant pathogens, PMK]I (patho-
genicity MAP kinase 1) is essential for appresso-
rium formation and pathogenesis in the rice blast
fungus. Germ tubes of the pmkl deletion mutant
form subapical swollen bodies instead of
appressoria on artificial hydrophobic surfaces
and rice leaves. Deletion of PMKI blocks the
formation of appressoria but not surface recogni-
tion, which is regulated by the cAMP-PKA path-
way in M. oryzae (Xu and Hamer 1996). Pmkl is
activated by the Mst7 MEK, which is in turn
activated by Mstl1 MEKK (Fig. 8.1). The mst7
and mst/] mutants have the same defects in
appressorium formation and plant infection as
the pmkl mutant. Although the Mstl1-Mst7-
Pmk1 MAPK cascade lacks a scaffold protein,
Mst7 directly interacts with Pmk1 via its MAPK
docking site and both Mstl1 and Mst7 interact
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Fig. 8.1 Distinct and overlapping functions of the Pmk1
and Mps1 MAPK pathways in Magnaporthe oryzae. The
Mstl1-Mst7-Pmkl  MAPK cascade is involved in
regulating appressorium formation, penetration, and inva-
sive growth (moving from cell to cell) in infected plant
tissues. Both trimeric G-proteins and small GTPase Ras2
have been implicated in activating the Pmk1 pathway via
Msb2 and Cbpl mucins, Shol, and possibly GPCRs as the
receptors for physical and chemical cues such as surface
hydrophobicity and hardness, cutin monomers, and pri-
mary alcohols. Thioredoxin Trx2 affects the activation of
Mst7 but the role of Mst20 and Chml PAK kinases in
Mstl1 activation is not clear. Known downstream tran-
scription factors of Pmk1 include Mst12, Mcml, and Sfil

with the adaptor protein Mst50 (Zhao and Xu
2007; Park et al. 2006). The Trx2 thioredoxin is
involved in the activation of Pmkl1 by affecting
the folding or intra—/inter-molecular interaction
of Mst7 (Zhang et al. 2016). One of the down-
stream targets of the Pmk1 pathway is Mstl2, a
Stel12 ortholog that is essential for appressorium
penetration and pathogenicity. MST12 is dispens-
able for appressorium formation but regulates

but none of them is essential for appressorium formation,
indicating the existence of other Pmk1 targets. The Bck1-
Mkk2-Mps1 cascade is involved in regulating appresso-
rium penetration, invasive growth, disease development,
and conidiation. M. oryzae has orthologs of Wscl-3 and
Midl that may function as the cell wall stress sensors.
Based on its conserved functions, this CWI MAPK path-
way likely functions downstream from PKC and Rhol.
Transcription factors known to function downstream from
Mpsl MAPK include Gtil, Swil, and Migl. Adaptor
protein Mst50 is involved in both Pmkl MAPK and
Mpsl MAPK pathways. Mipl1 functions as a RACK
protein that interacts with both Mst50 and Mck1

septin-mediated cytoskeleton reorganizations in
mature appressoria (Park et al. 2002, 2004;
Dagdas et al. 2012). MoMcm1 and MoSfll are
the other two transcription factors that likely
function downstream from the Pmk1 MAPK cas-
cade for appressorium penetration and invasive
growth (Li et al. 2011; Zhou et al. 2011). MoSfl1
is identified as one of the proteins phosphorylated
by Pmkl in vitro (Li et al. 2011). Deletion of
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MOoSFLI rescues the defect of the cpkl cpk2
mutant in vegetative growth by relieving tran-
scriptional suppression of the Cyc8-Tupl
co-suppressor (Li et al. 2017b), suggesting that
it may be functionally related to both Pmk1 and
cAMP-PKA pathways.

In yeast, the PAK kinase STE20 functions
upstream from the pheromone response pathway.
In M. oryzae, deletion of the STE20 ortholog does
not block appressorium formation or plant infec-
tion. Deletion of the only other PAK kinase gene,
CHM], results in pleiotropic defects in growth,
conidiation, and plant infection but the chml
mutant still forms melanized appressoria
(Li et al. 2004). Both Mst50 and Mst11 have the
Ras-associating domain and Mst50 physically
interacts with Rasl and Ras2 in yeast
two-hybrid assays (Park et al. 2006). In
M. oryzae, RAS2 is an essential gene and
functions upstream of both the cAMP-PKA and
MAPK pathways. Expressing the dominant
RAS2P* allele in the wild type, but not in the
mst50 mutant, results in the formation of
melanized appressoria in liquid droplets,
indicating the bypass of the requirement of sur-
face attachment and recognition (Zhou et al.
2012; Qi et al. 2015). Besides Ras2, trimeric
G-proteins also are involved in regulating appres-
sorium formation and pathogenesis in M. oryzae
and Mst50 interacts with Mgbl Gf subunit
(Nishimura et al. 2003; Park et al. 2006). For
upstream receptors, the M. oryzae genome has
over 40 putative G protein-coupled receptor
(GPCR) genes, including two pheromone
receptors. However, deletion of MoSTE?2 and/or
MoSTE3 has no effect on appressorium
formation. Although the CFEM (conserved
fungal-specific extracellular ~membrane-span-
ning)-domain containing GPCR encoded by
PTHI1 is important for surface recognition, and
plant infection, treatments with cAMP suppress
the defects of pthll mutant in plant infection,
indicating that PTHII mainly functions via
cAMP signaling in M. oryzae (DeZwaan et al.
1999; Nishimura et al. 2003). In contrast, the
orthologs of yeast Shol and Msb2 mucin have
overlapping roles in acting as the sensors for plant
surface chemicals such as primary alcohols to
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activate the Pmk1 pathway for regulating appres-
sorium formation (Liu et al. 2011). In addition,
the CBPI gene encoding a putative extracellular
chitin-binding protein appears to be involved in
sensing hydrophobic surfaces in M. oryzae
(Kamakura et al. 2002).

8.2.2 Regulating the Formation
of Various Infection Structures

in Fungal Pathogens

The Pmk1/Kss1 MAPK pathway also has been
functionally characterized in several other plant
pathogenic fungi that form appressoria for plant
penetration, including Bipolaris sorokiniana,
Cochliobolus  heterostrophus, Colletotrichum
gloeosporioides, Colletotrichum fructicola, and
Colletotrichum lagenarium. In all of them, this
MAPK pathway is required for appressorium for-
mation (Leng and Zhong 2015; Li et al. 2012;
Liang et al. 2019). Furthermore, transforming the
CMKI1 gene of C. lagenarium into the pmkl
mutant rescues its defect in appressorium forma-
tion. Expression of CPMKI from Claviceps
purpurea, a non-appressorium-forming ascomy-
cete, or PsMAPK] from the wheat stripe rust
Puccinia striiformis f. sp. tritici, a basidiomycete,
also complements the pmkl mutant for appresso-
rium formation and pathogenesis (Mey et al.
2002; Guo et al. 2011a), indicating that this
MAPK is well-conserved in sequence and func-
tion among different fungal pathogens.

Similar to appressoria formed by foliar
pathogens, hyphopodia are formed by root
pathogens for plant invasion. Under laboratory
conditions, M. oryzae also forms hyphopodia for
infection of rice roots. The Pmk1 MAPK cascade,
but not the cAMP-PKA pathway, is essential for
hyphopodium formation in M. oryzae and likely
other root pathogens (Kong et al. 2013; Sesma
and Osbourn 2004). On rice leaves or artificial
hydrophobic surfaces, hyphal tips of M. oryzae
also form melanized, swollen apical structures
that are morphologically similar to appressoria
formed by germ tubes. PMKI is also essential
for the formation of appressorium-like structures
at hyphal tips (Kong et al. 2013). In the gray mold
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fungus Botrytis cinerea, the formation of infec-
tion cushions or compound appressoria by
hyphae attached to plant surface is blocked in
the msb2 and bmkl mutants (Leroch et al.
2015). In F. graminearum, the GIVI GPCR
gene that appears to function upstream of
Gpmkl is important for infection cushion forma-
tion (Jiang et al. 2019). In Sclerotinia
sclerotiorum, SMK1 is characterized for its func-
tion in regulating sclerotium formation but has
not been examined for its role in infection cushion
formation (Chen et al. 2004). Nevertheless, the
smkl mutant is reduced in the expression of the
RGBI type 2A protein phosphatase gene and
silencing of RGBI results in a significant reduc-
tion in infection cushion formation (Erental et al.
2007). Although the functions of two PMKI
orthologs in the rice sheath blight fungus Rhizoc-
tonia solani, a basidiomycetous pathogen, have
not be directly characterized, expression of the
RNA interference (RNAi) construct targeting
both RPMK1-1 and RPMK1-2 in transgenic rice
plants significantly reduces infection cushion for-
mation and disease severity (Tiwari et al. 2017).
Therefore, it is likely that the Pmk1/Kssl IG
MAPK pathway has a conserved role in
regulating infection structure formation in plant
pathogenic fungi.

8.2.3 Invasive Growth After

Penetration

In M. oryzae, Pmkl is important for invasive
growth after penetration as well, and the pmkl
mutant fails to infect rice leaves through wound
sites (Fig. 8.1). As a hemibiotrophic pathogen,
invasive hyphae of M. oryzae spread from the
initial  colonized cell to  neighboring
compartments before killing plant cells. Pmkl
plays a critical role in cell-to-cell spread of inva-
sive hyphae in infected rice tissues (Sakulkoo
et al. 2018). Its orthologs have a conserved role
in invasive growth after penetration in other
appressorium-forming plant pathogens (Jiang
et al. 2018).

PMK1 orthologs also are important for plant
infection in various plant pathogenic fungi that do
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not form appressoria, including the biotrophic
pathogen, Claviceps purpurea, vascular wilt
pathogens, F. oxysporum and V. dahliae, canker
pathogens, Cryphonectria parasitica and Valsa
mali, corn stalk and ear rot pathogen, Fusarium
verticillioides, wheat pathogens, Zymoseptoria
tritici and Parastagonospora nodorum, and the
banana pathogen, Mpycosphaerella fijiensis
(Hamel et al. 2012; Jiang et al. 2018; Li et al.
2012). In Z. tritici and P. nodorum, the Pmkl
ortholog is important for infectious growth in
mesophyll tissues after invasion through stomata
(Solomon et al. 2005; Cousin et al. 2006). This IG
MAPK pathway regulates the expression of vari-
ous cell wall-degrading enzyme (CWDE) genes
in F. oxysporum, F. graminearum, V. mali, and
C. parasitica (Jiang et al. 2018). In
F. graminearum, the gpmkl (fimkl) mutant is
non-pathogenic and fails to cause disease
symptoms on drop-inoculated wheat kernels.
Deletion of its upstream MEK and MEKK genes
results in the same defects in plant infection and
all the mutants disrupted in this MAPK cascade
are defective in the production of deoxynivalenol
(DON), a potent inhibitor of eukaryotic protein
synthesis (Wang et al. 2011). DON is an impor-
tant virulence factor required for the spread of
invasive hyphae from inoculated sites to neigh-
boring spikelets through rachis tissues in
F. graminearum. In F. verticillioides, FYMKI
regulates the biosynthesis of fumonisins that are
also toxic to plant cells (Zhang et al. 2011).

In summary, the Pmk1/Kss1 IG MAPK path-
way is conserved for regulating penetration-
related morphogenesis and invasive growth in
fungal pathogens. It may regulate the expression
of various stage-specific genes during disease
development, likely in response to plant signals
recognized at different infection stages. In
M. oryzae, genes of diverse functions are
regulated by the IG MAPK pathway, including
PTHII  GPCR, GAS2/GAS2 hypothetical
proteins, and MoHOX7 homeobox transcription
factor (Jiang et al. 2018; Zhang et al. 2021). For
plant signals, ethylene, wheat floral tissue extract,
and secreted class III peroxidases are known to
activate the IG MAPK cascade in
C. gloeosporioides, F. graminearum, and
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F. oxysporum, respectively (Jiang et al. 2019;
Turra et al. 2015; Kim et al. 2000).

8.2.4  Sexual Reproduction
Sexual reproduction is important to increase
genetic variation in plant pathogenic fungi. In
S. cerevisiae that forms naked asci, mating occurs
between two regular yeast cells of compatible
mating types. Fus3 and Kss1 have overlapping
functions in pheromone response and the fus3
kss! double mutant is sterile. In contrast, most
ascomycetous crop pathogens form asci and
ascospores inside ascocarps such as perithecia
and pseudothecia and often involve the develop-
ment of female-specific mating structures know
as ascogonia. In M. oryzae, a heterothallic fungus,
the pmkl mutant is fertile when mated as the male
but sterile when mated as the female. The PMK]
ortholog is also essential for female fertility but
dispensable for male fertility in
C. heterostrophus, F. verticillioides, and
F. graminearum (Jenczmionka et al. 2003;
Zhang et al. 2011; Takano et al. 2000).
However, many other genes are known to be
essential for female fertility in M. oryzae and
other fungal pathogens. In fact, deletion of the
CWI MPAK MPS]I also results in the loss of
female  fertility in M. oryzae. In
F. graminearum, a homothallic fungus that can
be forced to outcross, mutants deleted of the other
two MAPKSs also are female sterile in outcrosses.
In C. heterostrophus, the mpsl and hogl MAPK
deletion mutants are female fertile although
pseudothecia are not developed in the mpsl x
mpsl cross (Igbaria et al. 2008). Nevertheless,
all these MAPK mutants retain male fertility.
Therefore, it appears that none of the MAPKSs is
essential for male fertility in ascomycetous fungal
pathogens but the Pmk1/Kssl IG pathway has a
conserved role in female fertility. The IG MAPK
may also play a role in ascus development and
ascospore formation because expressing a domi-
nant active FS77 MEK allele rescues the defect of
a mutant blocked in ascus/ascospore formation
but not perithecium development (Jiang and Xu,
unpublished). Overall, in comparison with
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S. cerevisiae, the regulation of sexual reproduc-
tion is much more complex in filamentous
ascomycetes that form sexual fruiting bodies.
Unlike in yeast, deletion of the individual phero-
mone or pheromone receptor genes does not
block perithecium formation in F. graminearum
(Lee et al. 2008).

8.3 The Cell Wall Integrity (CWI)

MAPK Pathway

In the budding yeast, the CWI pathway consisting
of the Bck1-Mkk1/Mkk22-S1t2 MAPK cascade is
activated by Rhol and Pkcl to regulate gene
expression changes via transcription factors
Rlm1 and Swi6 (Jiménez-Gutiérrez et al. 2020).
It is required for remodeling of the fungal cell
wall during growth, development, and for
responding to environmental stimuli. The key
components of this CWI MAPK pathway are
conserved in ascomycetous phytopathogens and
have been shown to play important roles in
regulating various infection and developmental
processes besides responses to cell wall stress.

Penetration and Infectious
Growth

8.3.1

In M. oryzae, the MPSI MAP kinase gene is
important for appressorial penetration and infec-
tious growth. The mpsl deletion mutant forms
melanized appressoria, but its appressoria are
defective in penetration and it fails to infect
through wounds (Xu et al. 1998). Deletion of
the MoMCKI MEKK gene results in similar
defects with the mps/ mutant in plant infection
(Jeon et al. 2008). Interestingly, Mst50 also
interacts with MoMck1l and MoMkk2, and both
Mst50 and MoMckl1 interact with RACK1 pro-
tein Mip1 (Li et al. 2017a). Deletion of MST50 or
MIPI reduces the phosphorylation level of Mpsl
under stress conditions and results in cell wall
integrity defects, indicating the involvement of
Mst50 and Mipl1 for tethering the CWI MAPK
cascade together in M. oryzae (Fig. 8.1). In
S. cerevisiae, cell wall stressors or damages are
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recognized by sensor proteins Mid2, Wsc1-Wsc3,
Shol, and Hkrl. Their orthologs are conserved in
M. oryzae and other fungal pathogens, and some
of them may function as the sensors for the CWI
MAPK pathway (Carb6 and Pérez-Martin 2010;
Xu et al. 2019). For downstream targets, MIG1
and MoSWI6 encode transcription factors
orthologous to yeast Rlml and Swi6. Like the
mpsl mutant, the mig/ mutant still forms
appressoria, but is defective in the differentiation
and growth of invasive hyphae, likely due to
defects in overcoming plant defense responses
(Mehrabi et al. 2008). Whereas the mps/ and
migl mutants are non-pathogenic, the Moswi6
mutant causes small specks but not typical blast
lesions on infected rice leaves (Qi et al. 2012).
Appressoria formed by the Moswi6 mutant are
defective in appressorium turgor generation.
Another likely downstream target of the Mpsl
pathway is the MoGtil transcription factor that
is important for penetration peg formation and
invasive growth in M. oryzae (Li et al. 2016).
Although it forms melanized appressoria with
normal turgor pressure, the Mogtil deletion
mutant is non-pathogenic because MoGtil
regulates the expression of many effector genes,
including BASI, BAS2, and PWLI (Li et al.
2016). Interestingly, expression of the bacterial
effector HopAI with the infection-specific MIR!
promoter (Li et al. 2007) significantly reduces the
phosphorylation of Mps1 and results in defects in
invasive growth and lesion development (Zhang
et al. 2017).

The CWI MAPK pathway also is important for
plant infection in other fungal pathogens with
different  tissue specificity or infection
mechanisms, such as B. cinerea, C. parasitica,
C. purpurea, F. graminearum, Z. tritici,
M. fijiensis, and S. sclerotiorum (Sanz et al.
2017; Jiang et al. 2018). However, although it
has a conserved role in pathogenesis, this
MAPK pathway varies in the actual infection
processes under its regulation among different
plant pathogenic fungi. Whereas Mps1 is dispens-
able for appressorium formation in M. oryzae, its
ortholog is important for appressorium develop-
ment in C. lagenarium and C. gloeosporioides
(Yong et al. 2013; Kojima et al. 2002). In
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S. sclerotiorum, SMK3 is important for infection
cushion formation and initial infection but it is not
essential for lesion expansion (Bashi et al. 2016).
In F. graminearum, the Mgvl and Gpmkl
MAPKSs are involved in regulating basal resis-
tance to plant defensin MsDefl (Ramamoorthy
et al. 2007). Similarly, both CWI and HOG
pathways are important for responding to cell
wall stresses caused by the phytoalexins
camalexin and brassinin in  Alternaria
brassicicola (Joubert et al. 2011). In Z. tritici,
the MgSIt2 mutant is normal in stomata penetra-
tion but defective in developing invasive hyphae
in wheat leaves (Mehrabi et al. 2006). In Asper-
gillus flavus and F. verticillioides, deletion of the
BCKI MEKK gene results in a significant reduc-
tion in virulence. However, the Afbckl deletion
mutant is increased in aflatoxin production but the
Fvbckl mutant is increased in fumonisin produc-
tion (Zhang et al. 2020). In F. graminearum,
mutants deleted of any component of the CWI
MAPK cascade are significantly reduced in DON
production (Wang et al. 2011). In A. alternata,
deletion of AaSLT2 results in failure to produce
host-selective toxins and loss of pathogenicity
(Yago et al. 2011). In B. sorokiniana, the Bsslt2
mutant is normal in appressorium formation and
root infection but has a reduced virulence on
leaves (Leng and Zhong 2015). These
observations show that the CWI MAPK pathway
has species-specific roles in fungal pathogenesis
and secondary metabolism.

8.3.2  Cell Wall Integrity and Hyphal

Growth

Like in S. cerevisiae, in all the plant pathogenic
fungi that have been studied, mutants disrupted in
the CWI MAPK pathway by targeted deletion of
its key components are hypersensitive to cell wall
lytic enzymes and cell wall stressors such as
Congo Red (CR) or Calcofluor White (CFW)
(Jiang et al. 2018; Hamel et al. 2012). In
M. oryzae, the mpsl mutant is normal in growth
rate on oatmeal agar but produces only limited
aerial hyphae, conidiophores, and conidia. In
cultures older than 1 week, autolysis of aerial
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hyphae can be observed in the center of mps/ and
Mobckl colonies (Xu et al. 1998; Jeon et al.
2008). Autolysis of aerial hyphae in aging
cultures also has been observed in mutants
deleted of key components of the CWI MAPK
pathway in other fungi, including Sordaria
macrospora and Coniothyrium minitans (Zhang
et al. 2020).

Whereas MPSI orthologs also are dispensable
for normal growth rate in Colletotrichum species,
mutants disrupted in the CWI MAPK pathway
have severe growth defects in other fungal
pathogens, including A. flavus, B.
F. graminearum, and F. verticillioides (So et al.
2017; Hou et al. 2002; Rui and Hahn 2007; Zhang
et al. 2020). In F. graminearum, C. parasitica,
and B. cinerea, mutants deleted of the CWI
MAPK form compact colonies with limited whit-
ish aerial hyphae. In S. sclerotiorum, the smk3
mutant is reduced in growth rate, blocked in scle-
rotium formation, but increased in aerial hyphal
growth (Bashi et al. 2016). In fungal pathogens,
reduced growth rate and increased sensitivity to
cell wall stresses may directly contribute the
defects of CWI mutants in plant infection. Never-
theless, a functional CWI MAPK pathway may
be necessary for masking cell wall components to
avoid being degraded or recognized by the host to
trigger immunity response.

In C. parasitica, the Cpslt2 and Cpbckl dele-
tion mutants often produce spontaneous
suppressors with faster growth rate although
these suppressor strains still grow slower than
the wild type and are similar to the original
mutants in virulence (So et al. 2017). Therefore,
only the defects of the CWI mutants in growth,
but not their defects in plant infection, are par-
tially rescued by spontaneous mutations that
remain to be identified in these suppressor strains.
In F. graminearum, the mgvl mutant also is
unstable and produces spontaneous suppressors
with faster growth rate that have nonsense or
frameshift mutations in FgHOG, an ortholog of
yeast HOGI MAPK (Ren et al. 2019). Deletion of
FgHOGI is confirmed to partially rescue the
growth defect of the mgv/ mutant but not its
defect in pathogenesis. One possible explanation
is that deletion of MGVI results in the

cinerea,
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overstimulation of the HOG pathway, which is
detrimental to hyphal growth (see below) but can
be suppressed by nonsense or frameshift
mutations in the FgHOGI! ortholog (Ren et al.
2019). Similar suppressor mutations may occur in
the suppressor strains of Cpslt2 and Cpbckl
mutants in C. parasitica and other fungi.

8.3.3  Hyphal Fusion and Parasexual

Reproduction

Hyphal fusion between hyphae of different strains
can lead to heterokaryon formation and parasex-
ual reproduction that are unique to fungi and
contribute to genetic variations in many asexual
fungal pathogens (Clutterbuck 1996; Daskalov
et al. 2017). The first fungal MAPK gene found
to be essential for hyphal fusion and heterokaryon
formation is MGVI of F. graminearum (Hou
et al. 2002). Anastomosis is not observed in the
mgvl mutant and the mgvl nit] mutant fails to
form heterokaryons with a nitM mutant (Hou
et al. 2002). In the model filamentous fungus
Neurospora crassa, Mak-1 (S1t2) and Mak-2
(Kss1) MAPKSs interact with Cot-1 to regulate
hyphal fusion. Further studies showed that the
Mak-1 and Mak-2 MAPK pathways crosstalk to
regulate hyphal fusion together with the striatin-
interacting protein phosphatase and kinase
(STRIPAK) complex (Dettmann et al. 2014;
Fischer and Glass 2019). In N. crassa, the So
protein functions as a scaffold for the upstream
components of the CWI MAPK pathway. Inter-
estingly, So is one of the proteins phosphorylated
by Mak-2. However, unlike the N. crassa so and
mak-2 mutants, hyphal fusion still occurs in the
Fgso (Fgsoftf) and Gpmkl deletion mutants in
F. graminearum (Zheng et al. 2013). Therefore,
the functions of So and other components of
STRIPAK in hyphal fusion may be not conserved
in all the phytopathogenic ascomycetous species.
Furthermore, the roles of MAPKs in steps of
parasexual reproduction after hyphal fusion and
heterokaryon formation, such as fate and stability
of heterokaryons, diploidization, and somatic
recombination, remain to be characterized.



8 Regulation of Plant Infection Processes by MAP Kinase Pathways in Ascomycetous Pathogens

8.4  The High-Osmolarity Glycerol

(HOG) Pathway

Whereas the other two fungal MAPKs have the
TEY dual phosphorylation site, Hogl and its
orthologs have the TGY motif, which is similar
to p38 stress activated MAP kinases (SAPKSs) in
animals. In yeast, the Ssk2/Ssk22-Pbs2-Hogl
MAPK cascade mainly regulates responses to
hyperosmotic stress. In plant pathogenic fungi,
besides its conserved role in osmoregulation, the
HOG pathway in general is important for
regulating responses to other environmental
stresses, including antifungal chemicals, reactive
oxygen species (ROS), and plant defense
compounds (Dunayevich et al. 2018; Lee et al.
2017; Yang et al. 2020a, b).

8.4.1 Species-Specific Roles

in Pathogenesis

In M. oryzae, the osm1 deletion mutant is normal
in appressorium formation and plant infection
(Dixon et al. 1999). Although deletion of OSM1
affects glycerol accumulation in vegetative
hyphae under hyperosmotic conditions, the
osmlI mutant has no defects in appressorium tur-
gor generation (Fig. 8.2), indicating that glycerol
accumulation in appressoria is not regulated by
OSM1I. TIts upstream sensor histidine kinases
MoSInl and MoHikl, phosphotransfer protein
MoYpdlp, and MoSskl MEKK also are impor-
tant for osmoregulation during vegetative growth
but dispensable for pathogenesis (Jacob et al.
2016).

Like in M. oryzae, the Hogl ortholog is dis-
pensable for plant infection in some fungal
pathogens, such as Cochliobolus orbiculare and
Bipolaris oryzae (Jiang et al. 2018; Moriwaki
et al. 2006). However, the HOG MAPK pathway
is important for plant infection in many other
plant pathogenic fungi. For example, Sakl is
important for appressorium development and
penetration of epidermal cells in B. cinerea (Liu
et al. 2008). Silencing of Hogl and Pbs2 reduces
infectious growth and virulence in F. oxysporum
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(Pareek and Rajam 2017). In F. graminearum
(Fig. 8.2), the Fghogl mutant is defective in
DON production and fails to spread through
rachis tissues in wheat heads after the initial infec-
tion (Zheng et al. 2012). In Ustilaginoidea virens,
UvHogl regulates the production of secondary
metabolites that are toxic to plant cells (Zheng
et al. 2016). Therefore, the HOG pathway likely
has species-specific roles during plant infection in
fungal pathogens.

The best characterized downstream target of
the HOG MAPK in plant pathogenic fungi is the
Atfl bZIP transcription factor. In
F. graminearum, Atfl interacts with FgOs2
(FgHogl) in the nucleus under osmotic stress
and constitutive expression of FgATFI
suppresses the defects of Fgos2 mutant in osmo-
regulation and pathogenesis (Van Nguyen et al.
2013). Atfl orthologs also are important for viru-
lence in M. oryzae, F. verticillioides, V. dahliae,
and other fungal pathogens (Jiang et al. 2018;
Szabé et al. 2020; Tang et al. 2020). However,
the ATF1 ortholog mainly regulates responses to
oxidative stress instead of osmoregulation in
these plant pathogenic fungi. For orthologs of
yeast Skn7, a response regulator of the HOG
pathway, they are important for plant infection
in a number of fungi, but MoSKN7 is dispensable
for virulence in M. oryzae (Motoyama et al.
2008), further indicating the differences among
various plant pathogenic fungi in the roles of
HOG pathway during plant infection.

8.4.2 Osmoregulation and Survival

Although the importance of the HOG pathway for
plant infection varies, its function in regulating
adaptive responses to hyperosmotic stress is well-
conserved in fungal pathogens. Deletion of the
HOG]1 ortholog results in increased sensitivity to
hyperosmotic stress in all the plant pathogenic
fungi studied, including Z.  tritici and
F. graminearum. Like in yeast, Hogl orthologs
are rapidly phosphorylated in response to
hyperosmotic stress in fungal pathogens such as
C. heterostrophus (Yoshimi et al. 2005). In
M. oryzae, the osml deletion mutant is
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Magnaporthe oryzae (Mo)

Histidine kinase
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Transcription factor MoAtf1

Resistance to desiccation

Specific function in Mo

Fig. 8.2 The HOG MAPK pathway in Magnaporthe
oryzae and Fusarium graminearum. All of the key
components of HOG pathway, including the three-tiered
protein kinase cascade and upstream phosphorelay and
sensor proteins, are conserved in M. oryzae (Mo) and
F. Graminearum (Fg). Besides its conserved function in
osmoadaptation, the Hogl MAPK pathway also has

hypersensitive to osmotic stress and desiccation
(Dixon et al. 1999). Although it is normal in plant
infection under laboratory conditions, the osml
mutant will face problems to survive in desiccated
plant tissues in the field. In fact, the HOG path-
way may be important for survival in nature in
many other plant pathogens because of its essen-
tial role in adaptive responses to hyperosmotic
stress associated with desiccation.

Interestingly,  phenylpyrrole  fungicides,
fludioxonil and fenpiclonil, overstimulate the
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Fusarium graminearum (Fg)

FgOs-1/FgSIn1

FgHpt-1

FgRrg-1

FgOs-4/FgSsk2

FgOs-5/FgPbs2
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Sexual development
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species-specific roles in these two important plant
pathogens. Although this pathway is dispensable for path-
ogenesis in M. oryzae, it is important for plant infection in
F. graminearum. In F. graminearum, the FgHog1l MAPK
is also important for sexual development and secondary
metabolism

HOG pathway and result in the accumulation of
intracellular glycerol and cell burst. Mutants
deleted for key components of the HOG MAPK
pathway are resistant to these fungicides in
N. crassa, C. lagenarium, and other fungi
(Brandhorst et al. 2019; Jiang et al. 2018).
Remarkably, fludioxonil and fenpiclonil have
been applied to control foliar pathogens for over
30 years, but field isolates with complete resis-
tance against these phenylpyrrole fungicides have
not emerged and spread widely in crop fields
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(Kilani and Fillinger 2016), which may be related
to the defects of HOG mutants in stress response
and survival in nature. Resistance against
dicarboximide fungicides also has been observed
in HOG pathway mutants in N. crassa and fungal
pathogens (Zhang et al. 2002; Fujimura et al.
2003). For example, the hogl/ mutant has
increased tolerance to vinclozolin in A. alternata
(Yu et al. 2016). However, the direct targets of
these fungicides are not key components of the
HOG pathway and remain to be identified in plant
pathogenic fungi.

8.4.3  Oxidative Stress
In fungal pathogens, the HOG pathway plays a
critical role in regulating responses to oxidative
stress caused by oxidants produced by plant cells
or present in the environment. Mutants deleted of
the Hogl MAPK or other key components of this
pathway have increased sensitivity to oxidative
stress, which may be related to defects in plant
infection observed in some fungal HOG mutants
as described above. In pathogens where the HOG
MAPK is dispensable for virulence, they may use
effector proteins to effectively suppress the oxi-
dative burst in infected plant tissues. In general,
the Atf1 ortholog is one major transcription factor
functioning downstream from the HOG MAPK to
regulate the expression of genes important for
oxidative responses in fungal pathogens (Guo
et al. 2011b; Tang et al. 2020). In contrast, the
role of the Skn7 ortholog in oxidative stress
response differs significantly among different
pathogens, such as being dispensable in
M. oryzae but critical in A. alternata (Motoyama
et al. 2008; Chen et al. 2012). AP1 is another
transcription factor known to be involved in
regulating oxidative stress-related genes in fungi
but its relationship with the HOG MAPK path-
way is not clear. In yeast, YAP! is not known to
be related to the HOG pathway. In M. oryzae,
whereas the osm mutant is normal in pathogene-
sis, the MoAPI deletion mutant is defective in
plant infection (Guo et al. 2011b).

In some fungal pathogens, the Hogl MAPK
pathway also has been implicated in regulating
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responses to other environmental stresses, such as
UV irradiation, hypoxia-inducing NaNO,-treat-
ment, and heavy metals (for reviews, see Zhang
et al. 2021). However, although Hogl MAPK
plays a major role, the other two MAPK pathways
often are involved in stress responses by directly
regulating downstream targets or crosstalk with
the HOG pathway. For example, mutants deleted
of key components of the CWI MAPK pathway
have increased sensitivities to oxidative stress in
B. cinerea (Yin et al. 2018) and F. verticillioides
(Zhang et al. 2015). In F. graminearum, the
Gpmkl mgvl Fghogl mutant, the only triple
MAPK mutant that has been reported in plant
pathogenic fungi, is viable but hypersensitive to
various environmental stresses (Ren et al. 2022).

8.5 Concluding Remarks

The well-conserved MAPK pathways regulate
various plant infection and developmental pro-
cesses in ascomycetous plant pathogens. Most
of them have three linear MAPK cascades with-
out redundancy at the MAPK, MEK, or MEKK
level. In different plant pathogenic ascomycetes,
individual MAPK pathways have both conserved
and species-specific functions, such as the regula-
tion of invasive growth and DON biosynthesis by
the IG MAPK pathway in F. graminearum
(Hamel et al. 2012; Jiang et al. 2018). MAPK
signaling also has been characterized in basidio-
mycetous plant pathogens but mainly limited to
U. maydis, in which two Kssl-like MAPKs,
Kpp2 and Kpp6, have overlapping functions in
plant infection (Brachmann et al. 2003; Di Stasio
et al. 2009). For the diverse roles of MAPKSs that
have been observed, fungal pathogens must be
able to recognize various plant and environmental
signals with upstream sensors or receptors.
Among the predicted sensor or receptor genes,
only GPCRs are significantly expanded in fungal
pathogens in comparison with the budding yeast.
For example, M. oryzae and F. graminearum
have over 40 and 100 putative GPCRs, respec-
tively, which is more than 10 times the three
GPCRs found in yeast. Some of these GPCRs
may be responsible for sensing host and
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environmental signals to regulate plant infection
processes, such as PTHI1 in M. oryzae and GIVI
in F. graminearum (Jiang et al. 2019; Kulkarni
et al. 2005).

Unlike their roles in pathogenesis and stress
response, the functions of fungal MAPK
pathways in defense against mycoviruses, bacte-
ria, and other fungi have not been well
characterized although limited studies indicate
their involvement in fungal-fungal/bacterial/
viral  interactions. = Ascomycetous  fungal
pathogens lack receptor kinases or receptor-like
kinases but have putative nucleotide-binding and
leucine-rich repeat domain-containing (NLR)
immune receptors (Uehling et al. 2017). Like in
plants and animals, these NLRs may recognize
certain microbe-associated molecular patterns
(MAMPs) and function upstream from MAPK
cascades in fungal pathogens to regulate the
expression of genes related to defense or antago-
nistic interactions with bacteria or other fungi.
Plant pathogenic fungi are known to produce
various anti-microbial/fungal compounds and
secrete various hydrolytic enzymes such as
chitinases and glucanases. Therefore, it is not
only interesting to characterize the possible func-
tional relationships between MAMP recognition
by NLRs and MAPK signaling to regulate anti-
microbial/fungal activities but also helpful to
improve biocontrol agents.

In yeast, MAPKs are hubs of protein—protein
interaction networks and they influence each
other as part of the interconnected signaling
networks to ensure appropriate cellular responses
to external cues (Saito 2010; Van Drogen et al.
2020). Plant pathogenic fungi have much more
complex developmental and infection processes
and they likely use these three MAPK pathways
to coordinately regulate responses to host and
environmental signals. To date, most of the
MAPK studies in plant pathogenic fungi deal
with individual MAPKs or MAPK pathways.
There are only a few reports on mutants disrupted
in two MAPK pathways, such as the mpsI hogl
mutant of C. heterostrophus and mgvl Fghogl
mutant of F. graminearum (Ren et al. 2019;
Igbaria et al. 2008). To better understand the
crosstalk among these MAPKSs, systematic
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transcript profiling with mutants disrupted in mul-
tiple MAPK pathways and different components
of MAPK pathways is needed to establish the
regulatory networks involving these MAPKSs in
fungal pathogens. Similarly, systematic proteo-
mics analysis is needed to establish protein—pro-
tein interaction networks and determine the
positions and links of individual MAPKs in
M. oryzae or other plant pathogenic fungi.
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