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Anthracnose is a fungal disease caused by members of Colletotrichum that affect

a wide range of crop plants. Strategies to improve crop resistance are needed to

reduce the yield losses; and one strategy is to manipulate protein kinases that catalyze

reversible phosphorylation of proteins regulating both plant immune responses and

fungal pathogenesis. Hence, in this review, we present a summary of the current

knowledge of protein kinase signaling pathways in plant-Colletotrichum interaction

as well as the relation to a more general understanding of protein kinases that

contribute to plant immunity and pathogen virulence. We highlight the potential

of combining genomic resources and phosphoproteomics research to unravel the

key molecular components of plant-Colletotrichum interactions. Understanding the

molecular interactions between plants and Colletotrichum would not only facilitate

molecular breeding of resistant cultivars but also help the development of novel strategies

for controlling the anthracnose disease.

Keywords: protein phosphorylation, plant immunity, fungal virulence, Colletotrichum spp., anthracnose

INTRODUCTION

Protein kinases catalyze reversible phosphorylation, thereby modulating protein activity,
conformation, localization, stability and the interacting partners (Cohen, 2000). Multiple protein
kinase pathways often coordinate signaling networks and integrate a variety of external and internal
cues to regulate the key processes of cellular responses. A large body of evidence demonstrates
that phosphorylation is essential for immune responses in plants. In Arabidopsis, more than
1,170 phosphopeptides from 472 phosphoproteins were identified after treatments with flg22 or
xylanase, which are molecules that could trigger immune responses, suggesting a large amount
of phosphorylation events occur during plant immune responses (Benschop et al., 2007; Nühse
et al., 2007). In addition, many phosphorylated proteins are key signal transduction components
of defense responses, such as receptor-like kinases (RLKs), mitogen activated protein kinases
(MAPKs) and calcium-dependent protein kinases (CDPKs) (Couto and Zipfel, 2016; Zhang et al.,
2018; Yip Delormel and Boudsocq, 2019).

Fungal pathogens cause severe diseases on a wide range of crops, resulting in significant losses to
the economy and agriculture. Although different fungal pathogens have evolved diverse infection
and nutrient acquisition strategies, the underlying mechanisms are remarkably conserved; and the
phosphorylation/dephosphorylation cycles are essential for conducting these signaling events in
fungi. Many fungal protein kinases have been demonstrated to play pivotal roles in development
of infection-related structures and for virulence in plant host, and these key protein kinases
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include the components of cyclic adenosine monophosphate
(cAMP)-dependent protein kinases and MAPKs (Turra et al.,
2014).

Colletotrichum species are among the most economically and
scientifically important fungal plant pathogens. The proposed
number of species in the Colletotrichum genus ranges from 29
to over 700, depending on taxonomic interpretation (Dean et al.,
2012). Colletotrichum spp. cause anthracnose disease on many
crops, including fruits, vegetables, ornamentals, and staple foods
in the tropics and subtropics (Dean et al., 2012). Due to the fact
that several Colletotrichum species could be associated with a
single host, disease management is very difficult. Also, a single
Colletotrichum species could also infect multiple hosts, making
anthracnose a severe disease at both preharvest and postharvest
stages (Silva et al., 2020). Moreover, Colletotrichum can be
axenically cultured and genetically manipulated (O’Connell et al.,
2004), making it suitable to serve as a model system for
hemibiotrophic pathogens.

In this review, we present an overview of the known
protein kinase pathways in plant-Colletotrichum interactions.
This article summarizes the protein kinases associated with
the resistance against Colletotrichum pathogens in host plants.
Meanwhile, we also summarize the protein kinases that
govern the infection-related morphogenesis and pathogenesis
in Colletotrichum. Furthermore, we highlight the potential
application of omics techniques to facilitate the understanding of
the interaction process and discovery of novel components in the

TABLE 1 | Summary of kinases of plant host associated with resistance.

Kinase Class Pathosystem Research Reference

BAK1 RLK Arabidopsis-C. higginsianum Genetic analysis, biochemical analysis Yamada et al., 2016; Irieda et al., 2019

BIK1 RLCK Arabidopsis-C. higginsianum Genetic analysis, biochemical analysis Yamada et al., 2016

PEPR1/2 RLK Arabidopsis-C. higginsianum Genetic analysis, biochemical analysis Yamada et al., 2016

CaRLK family RLK Hot pepper-C. truncatum In silico analysis, expression analysis Srideepthi et al., 2020

COK-4-3 RLK Common bean-C. lindemuthianum In silico analysis, expression analysis Oblessuc et al., 2015

FER-like RLK Common bean-C. lindemuthianum In silico analysis, expression analysis Oblessuc et al., 2015

KTR2/3 RLKa Common bean-C. lindemuthianum In silico analysis, population genetics, functional analysis Richard et al., 2014, 2021

MPK3 MAPK Arabidopsis-C. gloeosporioides Genetic analysis, expression analysis of marker genes Gao et al., 2021

MPK6 MAPK Arabidopsis-C. gloeosporioides Genetic analysis, expression analysis of marker genes Gao et al., 2021

CDPK5/6/11 CDPK Arabidopsis-C. gloeosporioides Genetic analysis, expression analysis of marker genes Gao et al., 2021

SIPK MAPK N. benthamiana-C. orbiculare Genetic analysis, biochemical analysis, subcellular

localization

Tanaka et al., 2009; Ishihama et al., 2011

WIPK MAPK N. benthamiana-C. orbiculare Genetic analysis, biochemical analysis, subcellular

localization

Tanaka et al., 2009; Ishihama et al., 2011

NTF4 MAPK N. benthamiana-C. orbiculare Genetic analysis, biochemical analysis, subcellular

localization

Tanaka et al., 2009; Ishihama et al., 2011

MEK2 MAPKK N. benthamiana-C. orbiculare Genetic analysis, biochemical analysis Tanaka et al., 2009; Ishihama et al., 2011

MdMKK4 MAPKK Apple-C. fructicola Genetic analysis, expression analysis, biochemical

analysis, subcellular localization

Shan et al., 2021

MdMPK3 MAPK Apple-C. fructicola Genetic analysis, expression analysis, biochemical

analysis, subcellular localization

Shan et al., 2021

GhMPK7 MAPK N. benthamiana-C. nicotianae In silico analysis, genetic analysis, expression analysis,

subcellular localization

Shi et al., 2010

GhMPK16 MAPK Arabidopsis-C. nicotianae In silico analysis, genetic analysis, expression analysis,

subcellular localization

Shi et al., 2011

aTruncated and chimeric RLK. RLK, receptor-like kinase; RLCK, receptor-like cytoplasmic kinase; CDPK, calcium-dependent protein kinase; MAPK, mitogen activated protein kinase;

MAPKK, MAPK kinase; MAPKKK, MAPK kinase kinase.

pathways and suggest future directions to improve the breeding
of resistant cultivars.

PROTEIN KINASES IN HOST PLANTS

Plants perceive invading pathogens through the recognition of
conserved molecular patterns by receptor proteins at plasma
membrane, then initiating a series of signaling events, including
reactive oxygen species (ROS) production, cellular Ca2+

influx, reversible protein phosphorylation, and transcriptional
reprogramming (Boller and Felix, 2009). Such basal level
resistance is called pattern-triggered immunity (PTI) and plays
important roles to ward off most microbes (Jones and Dangl,
2006). To continue a successful invasion in plants, some adapted
pathogens have evolved effector proteins that target the key
components of PTI and suppress plant resistance. To overcome
effector-triggered susceptibility (ETS), plants have further
developed intracellular receptor proteins called resistance (R)
proteins to monitor effector proteins or their activity and induce
effector-triggered immunity (ETI) (Dodds and Rathjen, 2010).
During both PTI and ETI, a variety of protein phosphorylation
events mediated by protein kinases are important for perception
and transduction of signals. Many functional studies and omics
analyses have revealed the importance of protein kinases in
regulating the plant immunity against Colletotrichum pathogens
(Tables 1, 2).

Frontiers in Plant Science | www.frontiersin.org 2 January 2022 | Volume 12 | Article 829645

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jiang et al. Protein Phosphorylation in Plant-Colletotrichum

TABLE 2 | Summary of omics analyses in plant-Colletotrichum interaction.

Pathosystem Omics analysis Identified protein

kinases/pathways

Reference

Avocado-C. gloeosporioides Transcriptomics analysis (454 sequencing); time-course experiments MAPKs, RLKs and CDPKs Djami-Tchatchou et al., 2012

Maize-C. graminicola Transcriptomics analysis (RNA-seq); comparison of different tissues LRR-RLK, LecRK and AUR3 Miranda et al., 2017

Apple-C. gloeosporioides Proteomics analysis (2D-PAGE combined with MALDI/TOF MS);

time-course experiments; comparison of resistant and susceptible

genotypes

MAPK, CDPK Rockenbach et al., 2015

Sorghum-C. sublineolum Transcriptomics analysis (RNA-seq); time-course experiments;

comparison of resistant and susceptible genotypes

MAPK, RLKs Fu et al., 2020

Walnut-C. gloeosporioides Transcriptomics (RNA-seq) and proteomics (label-free quantitation)

analysis; time-course experiments; comparison of resistant and

susceptible genotypes

SnRK1 Fang et al., 2021

Strawberry-C. gloeosporioides Phosphoproteomics analysis (label-free quantitation); comparison of

resistant and susceptible genotypes

Plant hormone and carbon

fixation pathway

Yu et al., 2019

Banana-C. musae Transcriptomics analysis (RNA-seq); melatonin-treated experiments MAPKs Li et al., 2019b

Mango-C.gloeosporioides Proteomics analysis (iTRAQ); BABA-treated experiments CDPK Li et al., 2019a

Common vetch-C. lentis Transcriptomics analysis (RNA-seq); AM fungus-treated experiments MAPKs Ding et al., 2020

MAPK, mitogen activated protein kinase; RLK, receptor-like kinase; CDPK, calcium-dependent protein kinase; LRR-RLK, leucine-rich repeat receptor-like kinase; LecRK, lectin receptor

kinases; AUR3, serine/threonine protein kinase aurora-3; SnRK1, SNF1-related protein kinase 1.

Receptor Kinases: Perception of
Extracellular Signals
Perception of extracellular stimuli and transduction of signals
across the plasma membrane (PM) is crucial for plants to defend
against pathogens. In plants, PM-localized pattern recognition
receptors (PRRs) are responsible for sensing conserved microbe-
associated molecular patterns (MAMPs) or damage-associated
molecular patterns (DAMPs) to initiate a series of immune
responses (Saijo et al., 2018). Based on different domain
structures, plant PRRs primarily consist of receptor-like kinases
(RLKs) and receptor-like proteins (RLPs). An RLK contains
a variable ectodomain for ligand binding, a single pass
transmembrane domain, and a cytoplasmic kinase domain,
whereas an RLP lacks the cytoplasmic kinase domain (Tang
et al., 2017). Plant RLKs can be further classified based on
the type of ligand-binding ectodomain and the presence or
absence of a conserved arginine preceding to aspartate in the
kinase domain (Couto and Zipfel, 2016). The well-studied RLKs
in Arabidopsis include FLAGELLIN SENSING 2 (FLS2), EF-
TU RECEPTOR (EFR), and PEP RECEPTORs (PEPRs), which
recognize bacterial flagellin, bacterial elongation factor Tu and
plant endogenous peptides, respectively (Zipfel et al., 2004,
2006; Huffaker et al., 2006). After perception of MAMPs or
DAMPs, PRRs form dynamic complexes with regulatory receptor
kinases, which is thought to bring the cytoplasmic kinase
domains into the proximity necessary for transphosphorylation
(Couto and Zipfel, 2016). For instance, Arabidopsis FLS2,
EFR and PEPR1/2 all recruit the co-receptor kinase BRI1-
ASSOCIATED RECEPTOR KINASE 1 (BAK1) upon ligand
perception, which is required for immune activation (Chinchilla
et al., 2007; Heese et al., 2007; Krol et al., 2010; Liang and
Zhou, 2018). A portion of the RLK superfamily possesses the
cytoplasmic kinase domain but lacks both extracellular and
transmembrane domains, which is referred to as receptor-like
cytoplasmic kinases (RLCKs). RLCKs function in concert with

RLKs/RLPs and are localized to plasma membrane through N-
myristoylation or palmitoylation (Liang and Zhou, 2018). For
instance, BOTRYTIS-INDUCED KINASE 1 (BIK1) associates
with FLS2 under resting conditions. Upon flg22 elicitation, BAK1
associates with FLS2 and phosphorylates BIK1. Phosphorylated
BIK1 in turn phosphorylates FLS2 and BAK1, then dissociates
from the FLS2-BAK1 complex (Lu et al., 2010; Zhang et al.,
2010; Couto and Zipfel, 2016) to activate downstream signaling
components such as RBOHD, a plasma membrane-localized
NADPH oxidase, to trigger the ROS burst (Kadota et al., 2014;
Li et al., 2014).

In the context of Arabidopsis-C. higginsianum interactions,

BAK1 and BIK1 have been shown to be required for resistance.
Quantitative assays of lesion sizes and fungal entry rates revealed

that C. higginsianum displayed enhanced virulence on bak1-5,

bik1 and bik1 pbl1 mutants (PBL1 shares partially functional
redundancy with BIK1) (Irieda et al., 2019). As they are

critical for immunity, BAK1 and BIK1 are targeted by a highly
conserved fungal effector, necrosis-inducing secreted protein 1
(NIS1) (Irieda et al., 2019). NIS1 directly interacts with the
cytoplasmic region of BAK1 and BIK1, thereby inhibiting their
kinase activities. The interaction between NIS1 and BIK1 also
blocks the BIK1-RBOHD interaction, thus suppressing PAMP-
triggered ROS burst (Irieda et al., 2019). In addition to PTI,
BIK1 also contributes to the PEPR-mediated defense against
C. higginsianum (Yamada et al., 2016). Interestingly, BAK1
is depleted during C. higginsianum infection, while PEPR1
accumulates. Consistently, enhanced Pep response and resistance
against C. higginsianum was observed in bak1 knockout
mutant (Yamada et al., 2016). These results suggest that the
PEPR-mediated DAMP signaling ensures the basal resistance
when PTI is compromised by BAK1 depletion, revealing a
mechanism bywhich the interaction ofMAMP receptors regulate
host resistance when PTI is suppressed by virulence effectors
(Figure 1A).
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FIGURE 1 | Protein kinase-mediated signaling pathways in plant hosts. (A) Receptor kinases associated with resistance against C. higginsianum in Arabidopsis.

Perception of microbe-/damage-associated molecular patterns (MAPMs/DAMPs) by cognate receptors (MAMP receptors, PEPR1/2) leads to the association of

co-receptors (BAK1, SERK) and receptor-like cytoplasmic kinases (RLCKs, BIK1), and transphosphorylation within the complex. The phosphorylated BIK1 dissociates

from the complex and phosphorylates RBOHD, triggering the production of ROS. Pathogen delivers the effector protein (NIS1) that inhibits the kinase activity of BAK1

and BIK1 and blocks the interaction of BIK1-RBOHD. BAK1 contributes to invasion resistance and is targeted by unknown effector(s) for degradation. BAK1 depletion

results in increased release of PROPEP-derived DMAPs, activating the PEPR-mediated pathway that is required for post-invasion resistance. (B) MAPK-mediated

defense responses in N. benthamiana and apple. Left: in N. benthamiana, pathogen recognition leads to activation of NtMEK2 by unidentified MAP3K(s). Activated

NtMEK2 phosphorylates and activates downstream NtSIPK, NtNTF4, and NtWIPK, which interact with and phosphorylate transcription factor NtWRKY8. NtWRKY8

binds to the promoter of its target genes-related to resistance against C. orbiculare. Right: in apple, the MdMEK4-MdMPK3 cascade phosphorylates MdWRKY17 in

response to C. fructicola. The phosphorylation of MdWRKY17 increases its binding to the promoter of MdDMR6, which promotes SA degradation and increases

susceptibility to C. fructicola.
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Due to the large genome size and difficulties in genetic
transformation of crop plants, plant-Colletotrichum interactions
in non-model plants are not extensively studied. Co-x has been
identified to be a resistance gene of common bean (Phaseolus
vulgaris), which confers total resistance to the extremely virulent
C. lindemuthianum strain 100 (Richard et al., 2014, 2021).
The resistance trait segregates as a single dominant gene in
the recombinant inbred lines derived from the cross from
JaloEEP558 (resistant) and BAT93 (susceptible) (Richard et al.,
2014). Sequence comparison of Co-x loci between JaloEEP558
and BAT93 revealed that JaloEEP558 contained a unique gene
referred to as PvKTR2/3, indicating PvKTR2/3 is a strong
candidate gene for C. lindemuthianum resistance (Richard et al.,
2021). Further studies showed that the presence of PvKTR2/3 is
strictly correlated with resistance in a diverse panel composed of
192 cultivated andwild common beans; and PvKTR2/3 is induced
in response to pathogen inoculation (Richard et al., 2021).
Moreover, transient expression of PvKTR2/3 in a susceptible
genotype confirmed the role for KTR2/3 in C. lindemuthianum
resistance (Richard et al., 2021). Notably, PvKTR2/3 encodes
a truncated and chimeric CRINKLY4 RLK, which lacks
the extracellular and transmembrane domain, suggesting that
PvKTR2/3 could be a decoy that mimics a virulence target.
Furthermore, PvKTR2/3 lacks the residues required for catalytic
activity, suggesting that PvKTR2/3 is a non-functional kinase,
which agrees with the hypothesis that PvKTR2/3 is a decoy.
Together, these studies showed that Co-x is a non-canonical
resistance gene, which is interesting for both agronomy and basic
research. To further test the decoy model, it would be necessary
to generate PvKRT2/3 loss-of-function mutants by CRISPR and
to identify the guard R protein of PvKRT2/3.

In hot pepper (Capsicum annuum), 26 non-arginine-aspartate
(non-RD) RLKs were identified by an in silico approach.
By analyzing their expression patterns in both resistant and
susceptible cultivars, CaRLK1, CaRLK15, CaRLK16 were found
as candidate genes for resistance againstC. truncatum (Srideepthi
et al., 2020). A similar study has also been performed in
common bean, which identified an anthracnose-resistant locus
Co-4 by utilizing the genome information of Phaseolus vulgaris
and molecular markers (Oblessuc et al., 2015). The Co-4 locus
encodes 24 putative RLKs; and two of them, PvCOK-4-3 and
PvFER-like, are responsive to PAMP treatment and pathogen
infection (Oblessuc et al., 2015). These studies take advantage
of genome data and experimental validation to narrow down
candidate RLKs that might contribute to the PAMP signaling and
resistance. Precision targeting these candidates is still required to
confirm of their roles.

Mitogen Activated Protein Kinases: From
Extracellular Signals to Intracellular
Immune Responses
Mitogen-activated protein kinase (MAPK) cascades are highly
conserved signaling modules that play important roles in plant
growth and defense (Zhang et al., 2018). The cascade is minimally
composed of a MAPKKK (MAPK kinase kinase) or MEK kinase
(MEKK), a MAPKK (MAPK kinase) or MAPK and ERK kinase

(MEK), and a MAPK, linking the signals from upstream RLKs,
RLPs or RLCKs to downstream targets via a phosphorylation
relay (Pitzschke et al., 2009). The MAPK is the final player in the
cascade and is activated by phosphorylation of the conserved Thr
and Tyr residues at the activation loop (Meng and Zhang, 2013).
Based on sequence similarities, plant MAPKs can be classified
into four groups (A, B, C and D). MAPKs in group A, B and C
contain a Thr-Glu-Tyr (TEY) activation motif, whereas group D
have a Thr-Asp-Tyr (TDY) motif (Meng and Zhang, 2013).

Two ArabidopsisMAPKs in group A (AtMPK3 and AtMPK6)
were identified to be involved in disease resistance against C.
gloeosporioides (Gao et al., 2021). Genetic studies have shown
that mpk3-1, mpk6-2 mutants are more susceptible to both
weak and aggressive isolates of C. gloeosporioides. In addition,
marker genes of MAPK pathways, AtWRKY33 and AtWRKY40,
are significantly up-regulated in response to C. gloeosporioides
pathogens, and the less virulent isolates trigger even higher
induction of marker genes (Gao et al., 2021). These results
suggest a positive role of AtMPK3/6 in regulating resistance
against Colletotrichum. Upstream kinases and downstream
targets of AtMPK3/6 remain to be identified for revealing the
resistance mechanisms.

The roles of AtMPK3/6 orthologs in Nicotiana benthamiana
and apple (Malus domestica Borkh.) have been more thoroughly
studied. In Nicotiana benthamiana, wound-induced protein
kinase (NtWIPK) and salicylic acid-induced protein kinase
(NtSIPK) have been reported to participate in PTI against the
fungal pathogen C. orbiculare (Tanaka et al., 2009). Studies have
shown that knocking out CoSSD1 gene reduces the pathogenicity
of C. orbiculare fungi on N. benthamiana. Interestingly, silencing
of MAP Kinase Kinase2 (NtMEK2, the common upstream
kinase of NtWIPK and NtSIPK) or simultaneously silencing
of both NtWIPK and NtSIPK could allow the full infection
of the CoSSD1 knockout mutant pathogen (Tanaka et al.,
2009). These results indicate that NtMEK2-NtWIPK/NtSIPK
module-mediated defenses contribute to the basal resistance
restricting the infection of C. orbiculare. In addition, studies have
identified the transcription factor NtWRKY8 as the substrate of
NtWIPK, NtSIPK and NtNTF4 (aMAPK that shares functionally
redundancy with NtSIPK in defense) (Ren et al., 2006; Ishihama
et al., 2011). NtWRKY8 can be phosphorylated by all three
MAPKs both in vitro and in vivo, and the phosphorylation
increases the DNA binding capacity of NtWRKY8 to its target
genes (Ishihama et al., 2011). Ectopic expression of NtWRKY8
phospho-mimicking mutant induced defense-related genes,
whereas silencing of NtWRKY8 decreased the expression of
defense genes and resistance to pathogen C. orbiculare (Ishihama
et al., 2011). These results indicate that MAPK-mediated
phosphorylation of NtWRKY8 contributes to resistance through
activation of downstream defense genes. However, the direct
downstream target genes and specific pathways mediated by
NtWRKY8 remain to be identified.

In contrast to the results in Arabidopsis and N. benthamiana,
MPK3 in apple (MdMPK3) has been reported to mediate a
pathway leading to the susceptibility to C. fructicola (Shan et al.,
2021). It is shown that MdMPK3 interacts with upstream kinase
MdMKK4 on the plasma membrane and in the nucleus, and
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interacts with downstream transcription factor MdWRKY17 in
the nucleus (Shan et al., 2021). In vitro kinase assays have
shown that the MdMKK4-MdMPK3 cascade phosphorylates
MdWRKY17; and the phosphorylation of MdWRKY17 regulates
the activation of its target gene Downy Mildew Resistant 6
(MdDMR6), which contributes to the degradation of SA (Shan
et al., 2021). Interestingly, the expression levels of MdWRKY17
are significantly higher in six susceptible germplasms compared
to six tolerant germplasms post infection, which correlates well
with lower SA accumulation (Shan et al., 2021). Therefore, the
MdMKK4-MdMPK3-MdWRKY17-MdDMR6 pathway reduces
the SA levels and increases the susceptibility to C. fructicola
(Figure 1B). It will be interesting to further investigate the
promoter sequences of MdWRKY17 in different germplasms to
identify the SNPs or other variations contributing to different
expression levels of MdWRKY17. Compared to the positive roles
in Arabidopsis and N. benthamiana, the differential contribution
of MKK4-MPK3 cascades in distinct pathosystems might be
resulted from the differentiation of downstream targets.

Several primary studies in cotton (Gossypium hirsutum) have
indicated positive roles of MAPKs in regulating resistance.
In silico and localization analysis revealed that GhMPK7 and
GhMPK16 are localized in the nucleus, and the expression of
both MAPKs are induced in response to pathogen infection
(Shi et al., 2010, 2011). Overexpression of GhMPK7 in N.
benthamiana and GhMPK16 in Arabidopsis enhanced the
resistance against C. nicotianae, which was associated with the
increased induction of SA- and ROS-related genes (Shi et al.,
2010, 2011). As GhMPK7 and GhMPK16 were localized in
nucleus, they might regulate the activity of transcription factors
through phosphorylation. In addition, GhMPK7 and GhMPK16
seem to function redundantly based on current studies. It will
be interesting to see if they share any functional redundancy
by performing the genetic studies using CRISPR system
in cotton.

Omics-Aided Analyses Implicate the Roles
of Protein Kinases in Defense Responses
Advances in genomics, transcriptomics, proteomics and
metabolomics studies have facilitated the elucidation of
cellular processes during host-pathogen interactions. Following
sequencing of the reference genome of the hosts and members of
Colletotrichum spp., many omics-aided studies have inferred the
roles of protein kinases in the defense responses against pathogen
(Table 2). For instance, the transcriptomes of unharvested
and harvested avocado fruit tissues post-inoculation of C.
gloeosporioides at early stages (1, 4 and 24 h post inoculation)
and late stages (3, 4, 7 days post inoculation) were analyzed.
The results showed that MAPK and leucine-rich repeat (LRR)
RLKs were expressed in all infected samples, whereas CDPKs
were expressed in both unharvested and harvested samples
during early stages but only in the harvested samples during late
stages, suggesting that different protein kinases may function at
different stages of pathogen infection (Djami-Tchatchou et al.,
2012). In the study of maize-C. graminicola interaction, changes
in global gene expression were studied in root, male and female

inflorescences of maize under local and systemic fungal infection
treatments. The results revealed that LRR RLKs, lectin receptor
kinases (LecRKs) and serine/threonine protein kinase aurora-3
(AUR3) were significantly induced in the roots during local
infection (Miranda et al., 2017).

In addition to time-course analyses, comparative studies of
resistant and susceptible genotypes also indicate that protein
kinases might be involved in regulating the resistance against
pathogens. Proteomics approaches based on 2-dimensional
polyacrylamide gel combined with MALDI/TOF mass
spectrometry were applied to study the differentially expressed
proteins of apple cv. Fuji (resistant) and cv. Gala (susceptible)
in response to C. gloeosporioides infection. The analysis showed
that a MAPK protein was uniquely expressed in cv. Gala,
whereas a CDPK was in cv. Fuji (Rockenbach et al., 2015).
Genome-wide mRNA and microRNA profiles of resistant and
susceptible sorghum genotypes showed that genes encoding
RLKs and MAPKs were specifically induced in the resistant
genotype (Fu et al., 2020). Phosphoproteomics analysis of
resistant and susceptible strawberry cultivars in response to C.
gloeosporioides identified two specific phosphorylation motifs of
differentially expressed phosphopeptides in resistant cultivars,
and the phosphorylated peptides were highly enriched in the
plant hormone signaling and carbon fixation pathways (Yu et al.,
2019). The co-expression network analysis of transcriptomic
profiles in resistant and susceptible walnut fruit bracts infected
by C. gloeosporioides at various lifestyles identified nine hub
genes, and one of them encodes the α-subunit of SNF1-related
protein kinase 1 (SnRK1) (Fang et al., 2021).

MAPKs and CDPKs have also been implicated in the induced
resistance against C. musae, C. gloeosporioides and C. lentis.
Banana anthracnose is caused by C. musae, and exogenous
melatonin treatment could significantly reduce the incidence of
anthracnose. Transcriptomic analysis of banana peels showed
that the MAPK signaling pathway was significantly enhanced
after melatonin treatment, which might be involved in the
enhanced fruit resistance (Li et al., 2019b). β-aminobutryric
acid (BABA) is an environmentally friendly agent used to
induce resistance by priming of defense in plants. Priming is an
important inducible defense mechanism in plants, which could
put plants in a standby state and help plants respondmore rapidly
and efficiently once affected by pathogens (Li et al., 2019a).
Investigation of primingmechanism of BABA-induced resistance
was performed on mango-C. gloeosporioides interaction using
iTRAQ-based proteomic approach. The proteomics analysis
showed specific upregulation of CDPKs in the fruit treated by
BABA post inoculation, which might lead to more rapid and
robust fight against pathogen (Li et al., 2019a). The arbuscular
mycorrhizal (AM) fungus Sieverdingia tortuosa could reduce
anthracnose severity of common vetch caused by C. lentis.
Transcriptomics analysis showed enhanced expression of genes
in MAPK signaling pathways in response to AM fungi treatment,
suggesting that AM fungi might increase the defense pathways
and decrease the severity of anthracnose (Ding et al., 2020).

These omics-aided studies have provided a large pool of
potential protein kinases that might regulate the plant resistance
against Colletotrichum pathogens. The following studies could
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focus on demonstrating their functions by genetic studies and
biochemical analysis.

PROTEIN KINASES IN COLLETOTRICHUM

Most Collotrichum spp. are hemibiotrophic fungal pathogens
and develop a set of specialized infection structures in host
plants, including germ tubes, appressoria, biotrophic hyphae, and
necrotrophic hyphae (O’Connell et al., 2012). In Collotrichum
spp., reversible protein phosphorylation by protein kinases is
involved in the regulation of various growth and developmental
processes associated with pathogenesis and responding to
plant-surface signals. Key components of the MAPK cascade,
cyclic AMP-dependent Protein Kinase A (cAMP-PKA) pathway,
morphogenesis-related NDR kinase network (MOR) and two-
component system have been reported to play important and
conserved roles in the infection of Colletotrichum pathogens
(Table 3, Figure 2).

Fungal MAPK Cascades
Fungal MAPK cascades function in succession to transmit
a variety of extracellular stimuli to pathogenicity responses
(Widmann et al., 1999). The model yeast Saccharomyces
cerevisiae genome encodes five MAPKs, namely Fus3, Kss1, Slt2,
Hog1, and Smk1 (Xu, 2000). However, filamentous fungi usually
have three MAPKs that are orthologs of S. cerevisiae Fus3/Kss1,
Slt2, and Hog1. These three MAPK pathways mediate signaling
cascades to regulate infection-related morphogenesis, cell wall
remodeling, and high osmolarity response, all contributing to the
virulence on plants (Turra et al., 2014).

Fus3/Kss1 orthologs were shown to be essential for plant
infection in Colletotrichum spp., including CoMk1 in C.
orbiculare (Takano et al., 2000; Kojima et al., 2002), CtPmk1 in
C. truncatum (Xiong et al., 2015), ChMk1 in C. higginsianum
(Wei et al., 2016), CgMk1 in C. gloeosporioides (He et al., 2017),
and CfPmk1 in C. fructicola (Liang et al., 2019). Studies in
these Colletotrichum species have shown that Fus3/Kss1-related
MAPKs are required for both differentiation of penetration
structures (conidiation, appressorium formation, hyphal growth
and melanization) and pathogenic growth in planta, suggesting
conserved roles of Fus3/Kss1 MAPKs in regulating the fungal
development and pathogenesis (Takano et al., 2000; Kojima et al.,
2002; Xiong et al., 2015; Wei et al., 2016; He et al., 2017; Liang
et al., 2019). However, the role of Fus3/Kss1 type of MAPKs
varies among different Colletotrichum species. For instance, the
deletion mutant of CoMk1 in C. orbiculare failed to germinate
on both host plants and glass surfaces, demonstrating that the
CoMk1 regulates conidial germination (Takano et al., 2000). In
contrast to CoMk1, the conidia from the Ctpmk1 mutant of
C. truncatum germinated normally on glass slides and onion
epidermal surfaces (Xiong et al., 2015). Moreover, the deletion
mutants of CtPmk1, ChMk1, CgMk1 and CfMk1 showed an
attenuated growth rate, whereas the mutant of CoMk1 did not
(Xiong et al., 2015;Wei et al., 2016; Liang et al., 2019). In addition
to the roles in pathogenesis, some members of the Fus3/Kss1

type MAPK have been shown to participate in responding to
high osmosis and cell wall stresses. For instance, the deletion
of CoMk1, CgMk1 and CfPmk1 resulted in hypersensitivity to
high osmotic treatment, and the deletionmutants ofChMk1were
sensitive to cell wall inhibitors (Sakaguchi et al., 2010; Xiong et al.,
2015; Wei et al., 2016; He et al., 2017). Overall, current studies
have indicated that Fus3/Kss1 type MAPKs are central regulators
of infectious growth in host plants and other stress responses.

Other components of the Fus3/Kss1 MAPK module, such
as the upstream MAPKK Ste7, the MAPKKK Ste11, and the
adaptor protein Ste50, were also essential for appressorium
formation, penetration of the cellophane membrane, invasive
growth and pathogenecity in C. gloeosporioides (Wang et al.,
2021). Furthermore, the study showed that CgSte50, CgSte11,
and CgSte7 positively regulate the phosphorylation of CgMk1,
which is involved in ROS accumulation during conidial
germination and osmotic stress response (Wang et al., 2021)
(Figure 2A). The function of the Ste11 ortholog in C. orbiculare,
CoMEKK1, has been also characterized. The disrupted mutants
of CoMekk1 and CoMk1 were sensitive to osmotic stress; and
the nuclear localization of CoMk1 induced by salt stress was
diminished in Comekk1 mutant, placing CoMekk1 upstream
of CoMk1 (Sakaguchi et al., 2010) (Figure 2B). Interestingly,
overexpression of constitutively active form of the CoMekk1
in wild type and Comekk1 mutant showed slower hyphal
growth and abnormal appressorium (Sakaguchi et al., 2010).
This suggests that precise regulation of MAPK phosphorylation
is essential for vegetative growth and appressorium formation.
Consistently, the ChSte7 disruption mutants showed extremely
decreased growth rates and defects in appressorium formation in
C. higginsianum; and the mutants even failed to cause lesions on
wounded leaves of Arabidopsis, suggesting the function of fungal
MAPKs in pathogenicity reaches beyond the differentiation
of penetration structures (Yuan et al., 2016) (Figure 2C).
Collectively, these studies have offered a body of evidence for
a conserved role of the Ste11-Ste7-Fus3/Kss1 MAPK module
in different Colletotrichum species during invasive growth and
infection on plants.

The Slt2 MAPK in S. cerevisiae regulates cell wall remodeling
during cell cycle and various stress responses by regulating cell
wall biosynthesis and actin organization to maintain the cell
wall integrity (CWI) (Levin, 2005). The core components of
CWI module includes MAPKKK protein Bck1/Mck1, MAPKK
protein Mkk1/2 and MAPK protein Slt2/Mps1. Studies have
shown that CWI pathway genes are involved to regulate invasive
structures development and virulence to plant hosts in C.
gloeosporioides and C. orbiculare. Slt2 orthologs are required
for the developmental process of conidiation and appressorium
formation. Due to the higher amount of bipolar germination
of conidia, appressorium formation was greatly reduced in C.
gloeosporioides slt2mutants and C. orbiculare maf1mutants, and
thus reduced in virulence (Kojima et al., 2002; Yong et al., 2013)
(Figures 2A,B). Disruption of the upstream MAPKK CgMkk1
and MAPKKK CgMck1 resulted in a similar phenotype as slt2
mutants (Kim et al., 2000; Fang et al., 2018). In addition, the
CgMck1-CgMkk1-CgSlt2 pathway has been shown to regulate
the cell wall integrity as the mutants are hypersensitive to cell
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TABLE 3 | Summary of protein kinases regulating morphogenesis and pathogenesis of Colletotrichum.

Kinase Class Pathway Pathosystem Function Reference

Ct-PKAC PKA catalytic

subunit

cAMP-PKA

signaling

C. trifolii-alfalfa Vegetative growth, conidiation, appressorium

formation, pathogenicity

Yang and Dickman,

1999

Co-Rpk1 PKA regulatory

subunit

cAMP-PKA

signaling

C. orbiculare-cucumber Vegetative growth, conidiation, pathogenicity Takano et al., 2001

Co-Cpk1 PKA catalytic

subunit

cAMP-PKA

signaling

C. orbiculare-cucumber Conidial germination, appressorium function,

pathogenicity

Yamauchi et al., 2004

Cg-PKAC PKA catalytic

subunit

cAMP-PKA

signaling

C. gloeosporioides-mango Conidial germination, appressorium function,

pathogenicity

Priyatno et al., 2012

Ch-PKA1 PKA catalytic

subunit

cAMP-PKA

signaling

C. higginsianum-Arabidopsis Hyphal growth, conidiation, appressorium

formation, stress responses (cell wall, elevated

temperatures and exogenous H2O2),

pathogenicity

Zhu et al., 2017

Co-Mk1 MAPK MAPK signaling C. orbiculare-cucumber Conidiation, conidial germination,

appressorium maturation (on host plants and

glass), melanization, pathogenicity

Takano et al., 2000;

Kojima et al., 2002

Ct-Pmk1 MAPK MAPK signaling C. truncatum-soybean Vegetative growth, conidiation, melanization,

appressorium formation, pathogenicity

Xiong et al., 2015

Ch-Mk1 MAPK MAPK signaling C. higginsianum-Arabidopsis Cell wall integrity, growth rate, conidiation,

appressorium formation, melanization,

pathogenicity

Wei et al., 2016

Cg-Mk1 MAPK MAPK signaling C. gloeosporioides-polar Hyphal growth, appressorium formation,

melanization, osmotic stress, pathogenicity

He et al., 2017

Cf-Pmk1 MAPK MAPK signaling C. fructicola-apple/pear Growth rate, conidiation, appressorium

formation, melanization, pathogenicity

Liang et al., 2019

Cg-Slt2/Mps1 MAPK MAPK signaling C. gloeosporioides-mango Conidiation, polarized growth, appressorium

formation, pathogenicity

Yong et al., 2013

Co-Maf1 MAPK MAPK signaling C. orbiculare-cucumber Conidiation, early differentiation of

appressorium formation (on host plants and

glass), pathogenicity

Kojima et al., 2002

Cg-Ste11 MAPKKK MAPK signaling C. gloeosporioides-polar Appressorium formation, conidial germination,

vegetative growth, melanization, ROS

accumulation, abiotic stress resistance

(nitrogen and osmotic stress), pathogenicity

Wang et al., 2021

Co-Mekk1 MAPKK MAPK signaling C. orbiculare-cucumber Conidiation, conidial germiantion, appressorium

formation, pathogenicity, osmotic stress

Sakaguchi et al., 2010

Cg-Ste7 MAPKK MAPK signaling C. gloeosporioides-polar Appressorium formation, conidial germination,

vegetative growth, melanization, ROS

accumulation, abiotic stress resistance

(nitrogen and osmotic stress), pathogenicity

Wang et al., 2021

Ch-Ste7 MAPKK MAPK signaling C. higginsianum-Arabidopsis Vegetative growth, melanization, appressorium

formation, pathogenicity

Yuan et al., 2016

Cg-Mck1 MAPKKK MAPK signaling C. gloeosporioides-polar/Chinese fir Vegetative growth, cell wall integrity,

conidiation, appressorium formation,

pathogenicity

Fang et al., 2018

Cg-Mek1/Mkk1 MAPKK MAPK signaling C. gloeosporioides-avacodo Cell division, germination, and appressorium

formation of conidia induced by hard surface

contact and host signals

Kim et al., 2000

Cg-Hog1 MAPK MAPK signaling C. gloeosporioides-polar Osmotic stress and fludioxonil resistance Li et al., 2020

Co-Cbk1 NDR MOR pathway C. orbiculare-cucumber Appressorium formation, infection-related gene

expression triggered by plant-derived signals,

pathogenicity

Kodama et al., 2017

Ch-Cbk1 NDR MOR pathway C. higginsianum-Arabidopsis Conidiation and pathogenicity Schmidpeter et al.,

2017

Cl-Sln1 Histidine kinase Two component

system

C. lindemuthianum-common bean Appressorium formation, melanization,

pathogenicity

Nogueira et al., 2019

PKA, protein kinase A; cAMP, cyclic adenosine monophosphate; MAPK, mitogen activated protein kinase; MAPKK, MAPK kinase; MAPKKK, MAPK kinase kinase; NDR, Dbf2-related

protein kinase; MOR, morphogenesis-related NDR kinase.
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FIGURE 2 | Protein kinase pathways in Colletotrichum pathogens. (B) cAMP signaling pathway, MAPK cascades and MOR pathway in C. orbiculare. cAMP-PKA

signaling pathway (adenylate cyclase Cac1, PKA regulatory unit Rpk1, PKA catalytic unit Cpk1) is involved in conidial germination, appressorium penetration and

invasive growth. The CoMekk1-CoMk1 module is involved in conidial germination, appressorium formation and penetration. CoMaf1 is involved in appressorium

(Continued)
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FIGURE 2 | formation. The MOR pathway (scaffold proteins CoPag1 and CoHym1, NDR kinase CoCbk1 and transcription factor MTF4) is involved in appressorium

penetration and invasive growth. GTPase-activating protein CoIra1 and GTPase CoRas2 function upstream of cAMP and MAPK signaling pathways. CoIra1 inhibits

the activity of CoRas2, and CoRas2 positively regulates cAMP and MAPK pathways. (A) cAMP signaling pathway and MAPK cascades in C. gloeosporioides. GTPase

protein RhoB downregulates cAMP levels and controls the development of infection-related structures and pathogenicity. CgMck1-CgMek1/CgMkk1-CgSlt2/CgMps1

and CgSte11-CgSte7-CgMk1 cascade regulate infection-related morphogenesis and pathogenesis. CgMck1-CgMek1/CgMkk1-CgSlt2/CgMps1 cascade regulates

cell wall remodeling and stress responses. CgSte11-CgSte7-CgMk1 and CgHog1-mediated cascades contribute to osmotic responses. (C) cAMP, MAPK and MOR

pathway in C. higginsianum. All three pathways regulate the differentiation of infection-related morphogenesis and pathogenicity. Guanine exchange factors ChRgf

and ChCdc25 activate Ras2 and positively regulate cAMP levels. C. higginsianum MAPK pathway is composed of MAPKK ChSte7 and MAPK ChMk1. In MOR

pathway, ChMob2 binds to ChCbk1, forming an active complex, which potentially regulates transcription factors ChSsd1 and ChAce2.

wall stress, antifungal bacterium agent and osmotic stress (Fang
et al., 2018) (Figure 2A). These results suggest that Stl2-mediated
cascades might play a protective role for fungi against cell wall-
degrading enzymes and against other components of immune
responses, such as plant antimicrobial peptides.

The Hog MAPK pathway governs adaptive responses to
hyperosmotic stress (Saito and Posas, 2012). Studies in C.
gloeosporioides showed that the deletion of CgHog1 resulted in
enhanced sensitivity to osmotic stress and increased resistance
to fludioxonil. Further transcriptomic profiles of wild type and
Cghog1 mutant in response to sorbitol and fludioxonil indicate
that CgHog1 may regulate the adaption to osmotic stress by
controlling the synthesis and accumulation of osmolytes; and
the growth defect caused by fludioxonil in Cghog1 mutants may
be associated with disruption of endocytosis (Li et al., 2020)
(Figure 2A). Although studies in other plant-pathogenic fungi
have shown that Hog1 is important for virulence (Turra et al.,
2014), its contribution to pathogenicity in Colletotrichum species
still need to be elucidated.

Molecular mechanisms that modulate the activity of the
MAPK pathways during Colletotrichum infection have not
been extensively characterized. Two GTP-binding proteins,
Ras and Rac, function oppositely upstream of the C. trifolii

MAPK pathway to regulate hyphal growth and development
(Truesdell et al., 1999; Chen and Dickman, 2004). A dominant
active mutation of Ras (DARas) inhibits MAPK pathway and
causes abnormal hyphal morphogenesis (Truesdell et al., 1999).
However, co-expression of a dominant active Rac1, DARac, in
the DARas mutant background induces MAPK activation and
restores the wild-type phenotype. In addition, Ct-Ras directly
interacts with Ct-Rac1, and DARas inhibits the expression of
Ct-Rac1 (Chen and Dickman, 2004). This suggests that Ct-Rac1
functions downstream of CtRas, and RasRac form a complex to
fine-tune the activity of MAPKs. In C. orbiculare, expression of
DA CoMEKK1 restores the appressorium formation in Coras2
mutant, but expression of DA CoRas2 in Comekk1 mutant
could not reverse the phenotype, suggesting that CoRas2 is an
upstream regulator of the MAPK signaling pathway (Harata and
Kubo, 2014). In addition, downstream MAPK CoMk1 is highly
phosphorylated by the expression of DA CoRas2, suggesting
that CoRas2 positively regulates the phosphorylation of CoMk1
(Harata and Kubo, 2014). However, these studies have not
demonstrated whether null or DA alleles of Ras and/or Rac
would affect plant infection. Thus, the direct connection of Ras
or Rac proteins to MAPK-mediated regulation of pathogenicity
still needs to be further investigated.

Fungal cAMP-PKA Signaling Pathways
The cAMP signaling pathway has been shown to play pivotal
roles in fungal pathogenesis (Kronstad et al., 2011). cAMP is
produced from ATP by adenylate cyclase (AC) and controls the
activity of PKA, which is a tetrameric holoenzyme composed of
two regulatory subunits (RPK) and two catalytic subunits (CPK).
Binding of cAMP to the regulatory subunits of PKA enables
the catalytic subunits to phosphorylate target proteins in the
cAMP-regulated processes (Robertson and Fink, 1998).

Molecular characterization of AC, RPK, and CPK have
confirmed the crucial role of cAMP-PKA signaling in regulating
pathogenesis-related developmental processes. For instance,
mutants lacking the catalytic subunit or regulatory subunit of
PKA of C. trifolii, C. gloeosporioides, C. orbiculare, and C.
higginsianum all showed defects in morphogenesis of infection
structures and reduced pathogenesis in host plants (Yang and
Dickman, 1999; Takano et al., 2001; Yamauchi et al., 2004;
Priyatno et al., 2012; Zhu et al., 2017) (Table 3, Figure 2).

In C. gloeosporioides, intracellular levels of cAMP are
modulated by CgRhoB, a Rho-GTPase protein. Disruption of
CgRhoB results in intracellular cAMP accumulation, causing
the lower conidial germination and abnormal appressorium
formation. In addition, these mutants also showed defects in cell
wall integrity and pathogenicity (Xu et al., 2016) (Figure 2A).
C. higginsianum mutants lacking guanine exchange factors
(GEF), ChRgf or ChCdc25, exhibit reduced intracellular cAMP
levels and defects in vegetative growth, conidial germination
and virulence, which could be restored by exogenous cAMP
treatment (Gu et al., 2017; Yan et al., 2020). Importantly, ChRgf
and ChCdc25 may interact with Ras2 and affect Ras2 protein
abundance in C. higginsianum, suggesting that Ras2 may be a
downstream target of ChRgf and ChCdc25 (Gu et al., 2017;
Yan et al., 2020) (Figure 2C). Taken together, these results
indicate that the precise regulation of cAMP levels is required for
proper development of infection-related structure and pathogen
virulence. These studies also highlight a regulatory role of RhoB,
GEF and Ras proteins upstream of the cAMP-PKA pathway.

Cross-talk between cAMP-PKA pathway and MAPK pathway
has been reported in C. orbiculare. The Ras GTPase-activating
protein CoIra1 and Ras protein CoRas2 orchestrates conidial
germination, appressoirum penetration and invasive growth of
C. orbiculare upstream of cAMP-PKA and Mk1 MAPK pathway.
CoIra1 interacts with and negatively regulates CoRas2. CoRas2
positively regulates the cAMP levels and Mk1 activation as
evidenced by the increased cAMP level and Mk1 activity in DA
mutants (Harata and Kubo, 2014). As CoIra1-CoRas2 regulates
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the same process through both cAMP-PKA andMAPKpathways,
it would be interesting to see if these two pathways control
the downstream responses through common or different targets.
Collectively, these studies above support a notion that the cAMP-
PKA pathway functions as a conserved regulator and cooperates
with the MAPK cascade in controlling the fungal development of
penetration structure and invasive growth in plant.

Fungal MOR Pathways
The nuclear Dbf2-related (NDR) protein kinases are core
members of the morphogenesis-related NDR kinase pathway
(MOR), and control the cell polarity, which is crucial for plant cell
invasion, the production of specialized penetration structures,
and the spread of the fungi through the host tissues (Hergovich
et al., 2006; Turra et al., 2014). In C. orbiculare, inhibition of the
NDR kinase CoCbk1 results in bilateral germination of conidia,
abnormal appressoriummorphology, and reduced pathogenicity,
suggesting that CoCbk1 activity is essential for morphological
differentiation of infection structures and pathogenesis (Kodama
et al., 2017). Two scaffold proteins, CoPag1 and CoHym1,
directly interact with CoCbk1 and regulate the phosphorylation
of CoCbk1 (Kodama et al., 2017). The C. orbiculare MOR
pathway, CoPag1-CoHym1-CoCbk1, functions in sensing the
cutin monomer, n-octadecanal, released from the host cuticle by
conidial esterases, thus activating the plant-signal-induced genes
to potentially facilitate infection (Kodama et al., 2017). CoCbk1
interacts with a Zn(II)2Cys6 transcription factor CoMTF4 and
regulates its expression. Loss of CoMTF4 causes phenotypes
similar to that of the MOR pathway mutants; and epistasis
analysis with DA CoMTF4 confirms that CoMTF4 functions
downstream ofMOR pathway (Kodama et al., 2017) (Figure 2B).
Meanwhile, ChCbk1 and ChMob2 in C. higginsianum are
also found to be essential for the conidiation, appressorium
formation and pathogenicity (Schmidpeter et al., 2017). Deletion
of ChSSD1 and ChACE2, two transcription factors, leads to
the similar phenotypes as ChCbk1 mutants, placing them as
potential downstream targets of ChCbk1 (Schmidpeter et al.,
2017) (Figure 2C). Taken together, these findings highlight a role
for MOR pathway in mediating recognition of plant signals and
stimulating infection-related infection.

Fungal Two-Component Phosphorelay
System
Histidine kinases (HKs) function at the head of two-component
phosphorelay systems (TCSs), a conserved signaling module in
both prokaryotes and eukaryotes (Turra et al., 2014). Fungal
TCSs consist of an upstream hybrid HK containing an HK
domain and a C-terminal response regulator (RR) domain,
an intermediate histidine-containing phospho-transfer (HPt)
protein, and a downstream RR protein (Li et al., 2010). In
S. cerevisiae and M. oryzae, the HK Sln1 (class VI) has been
reported to be required for osmotic stress resistance and function
upstream of the Hog1 MAPK pathway. In Colletotrichum
species, the HK family orthologous to Sln1 has only been
examined in C. lindemuthianum. ClSln1 contains a N-terminal
transmembrane domain, five typical domains of HKs, and a
C-terminal RR domain. Loss of ClSln1 causes a deficiency
in the production and melanization of appressoria, as well

as complete loss of pathogenicity on bean leaves (Nogueira
et al., 2019). It appears that ClSln1 contributes to the virulence
mainly by controlling the formation of penetration structure.
Future studies on the biological role of ClSln1 could investigate
whether ClSln1 function through MAPK pathway like that in
S. cerevisiae and M. oryzae or through other novel pathways in
Colletotrichum species.

CONCLUSIONS AND PERSPECTIVES

The plant-Colletotrichum interaction is an economically
important pathosystem. However, little is known about
the molecular aspects of these interaction processes.
Understanding the function of key players would facilitate
the improvement of the crop’s resistance against pathogens in
the genus Colletotrichum.

In plant hosts, several receptor kinases and MAPK
modules have been functionally characterized to be critical
for anthracnose resistance. These defense-related genes could
either be transferred into elite crop materials for resistance
improvement or serve as biomarkers for identification of
resistance sources. Advances in sequencing technologies, data
processing tools and bioinformatics software make omics studies
possible in investigating plant-Colletotrichum interactions.
Multiple omics-aided studies have indicated roles of proteins
kinases in the defense responses and resistance mechanisms;
however, functional validation of these protein kinases are
largely delayed. Most omics studies so far are limited to the
transcriptomics and the proteomics of total proteins, and
few phosphoproteomics studies have been performed in
plant-Colletotrichum pathosystem. Combined with genome
information of diverse germplasms, phosphoproteomics could
facilitate the discovery of novel components of signaling
networks and the evolution of signaling pathways.

In Colletotrichum spp., several conserved PK-based signaling
pathways have been shown to govern the infection-related
morphogenesis and pathogenesis. Thus, targeting these pathways
could potentially be a good strategy to control the anthracnose
diseases. Although multiple key components of these pathway
have been characterized, some important gaps remain to be filled.
One important area is the characterization of host-derived signals
and understanding sensing mechanisms by fungi. In line with
such idea, downstream targets of these pathways are also worth
to be identified. Another interesting area for future studies is
the elucidation of how signal separation and integration between
PK cascades is accomplished. Moreover, the genomic resources
and omics studies of Colletotrichum spp. could promote the
identification of other novel components of pathogen virulence
and understanding of their interaction with plant hosts.
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