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ABSTRACT

Plants naturally accommodate a diversity microorganisms ranging from beneficial
endophytes to harmful pathogens. Beneficial endophytes provide the host with fitness
benefits such as biotic/abiotic stress tolerance or plant growth promotion (PGP). In contrast,
pathogen infection causes detrimental effects that result in plant diseases. Notably,
otherwise mutualistic microbes can also negatively influence plant health, depending on the
environmental conditions and/or host genetic backgrounds. This indicates the existence of
virulence mechanisms in mutualistic microbes, and also their suppression as a key step in
beneficial interactions. However, the mechanisms by which mutualistic microbes infect the
host, with or without expressing potential virulence, remain poorly understood compared to
pathogens.

The genus Colletotrichum represents a large group of phytopathogens causing
anthracnose diseases on a diverse range of economically important crops as well as the
model plant Arabidopsis thaliana. A root fungal endophyte Colletotrichum tofieldiae (Ct)
promotes plant growth in A. thaliana under phosphate limiting conditions via transferring
phosphorus to the hosts. In Brassicaceae, tryptophan (Trp)-derived secondary metabolites
such as camalexin and indole glucosinolates play critical roles in restricting growth of both
pathogenic and beneficial microbes. In cyp79B2 cyp79B3 plants devoid of Trp-derived
secondary metabolites, Ct overgrows and turns to be a pathogen, suggesting a critical role
for metabolite-based fungal growth control in beneficial interactions with Ct. Little is
known, however, about the mechanisms by which Ct overgrowth and pathogenesis are
prevented in the presence of Trp-derived plant metabolites, or otherwise Ct displays
pathogenesis in their absence.

I first examined the possible involvement of different Trp-derived metabolites in
suppression of Ct overgrowth, by directly applying synthesized metabolites to A. thaliana
during Ct colonization. Ct overgrowth in cyp79B2 cyp79B3 was specifically attenuated
with exogenous application of camalexin and 4-methoxyindol-3-ylmethyl amine (4MI3A).
Interestingly, 4MI3A, an as-yet-uncharacterized indole glucosinolate-related metabolite,
inhibits fungal growth specifically in planta but not in culture, suggesting that 4AMI3A
and/or its derivatives effectively suppress Ct growth specifically within the host tissues.

Pathogenic and beneficial microbes employ secreted effector proteins to promote host
infection. To investigate whether Ct has infection-promoting effectors and if so how they




contribute to Ct infection, or whether they are suppressed during beneficial interactions by
the aforementioned host metabolites, we put a particular focus on candidate secreted
effector proteins (CSEPs) that are de-repressed in cyp79B2 cyp79B3 plants. Transcriptome
analysis of Ct-inoculated plants revealed 11 CSEP genes in Ct, which are silenced in the
wild type (WT) but up-regulated in cyp79B2 cyp79B3 plants. To assess possible roles for
these CSEPs in Ct root colonization, | determined Ct fungal biomass in transgenic A.
thaliana plants constitutively expressing individual CSEPs. Of them, introduction of
CSEP2 and CSEP9, without the signal peptide sequences permitted enhanced Ct growth,
providing evidence that CSEP2 and CSEP9 contribute to Ct infection in roots. CSEP2
orthologues are conserved across diverse Colletotrichum species, while in contrast CSEP9
seems to be specific to Ct. The results suggest that CSEP2 is likely to play a common role
as an infection-promoting factor in the Colletotrichum genus. Notably, in planta
overexpression of CSEP2 significantly impaired callose deposition in response to
microbe-associated molecular patterns (MAMPs), elicitor-active structures typical of
microbes, suggesting that CSEP2 serves to suppress MAMP-induced cell wall defense.

It has been reported that the Trp-derived indole glucosinolate pathway is also required
for MAMP-induced callose deposition in A. thaliana. | thus tested the possible relationship
between CSEP2 and the host indole glucosinolate pathway in CSEP2 suppression of
MAMP-induced callose deposition. Exogenous application of 4MI3A, a predicted indole
glucosinolate hydrolytic product, rescued MAMP-induced callose deposition in
CSEP2-expressing plants, whereas Indole-3-ylmethyl-glucosinolate (13G), produced
upstream of 4MI3A, did not. The results imply that the reinforcement of indole
glucosinolate metabolism can counteract CSEP2-mediated callose suppression, and that
CSEP2 interferes with some step upstream of 4MI3A but downstream of 13G in the indole
glucosinolate pathway. Consistently, in pmr4 lacking the callose synthase responsible for
defense-associated callose deposition, Ct growth was increased compared to WT. This
suggests that Ct colonization is restricted by PMR4-mediated callose deposition, and that Ct
can counteract the cell wall-based defense with CSEP2.

In summary, my study successfully reveals an endophytic fungal effector, CSEP2,
which is silenced during beneficial interactions but can attenuate a cell wall-based defense
to promote fungal infection. The results also suggest CSEP2 suppression with the host
Trp-derived metabolites as a critical step in preventing overgrowth and pathogenesis of
endophytic fungi. This seems to be achieved at both the levels of the effector expression
and functioning. Furthermore, this study indicates 4MI3A application as an effective means
to control Ct growth for obtaining its benefits. This work illuminates an important balance
between a fungal effector and host Trp-derived metabolites, over MAMP-induced callose
deposition, which controls the outcome of plant interactions with beneficial endophytic
fungi.
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ABBREVIATIONS

1IMI3A 1-Methoxyindol-3-ylmethylamine
1MI3G 1-Methoxyindol-3-ylmethyl glucosinolate
10HI3G 1-Hydroxy-indole-3-ylmethyl glucosinolate
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4AMI3G 4-Methoxyindol-3-ylmethyl glucosinolate
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CDPK Calcium-dependent protein kinases
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Ci Colletotrichum incanum

CSEPs Candidate secreted effector proteins

Ct Colletotrichum tofieldiae

CYP79B2 CYTOCHROME P450, FAMILY 79, SUBFAMILY B, POLYPEPTIDE 2
CYP79B3 CYTOCHROME P450, FAMILY 79, SUBFAMILY B, POLYPEPTIDE 3
Cys Cysteine

DMSO Dimethyl Sulfoxide

dpi Days post inoculation

ET Ethylene

ETI Effector-triggered immunity
EWCAs Effectors with chitinase activity
FLS2 FLAGELLIN-SENSITIVE 2

hpi Hours post inoculation

I3A Indol-3-ylmethylamine

13C Indole-3-carbinol

13G Indole-3-ylmethyl-glucosinolate

IAA Indole-3-acetic acid

IAN Indole-3-acetonitrile

IAOx Indole-3-acetaldoxime

ICA Indole-3-carboxylic acid

ICN Indole-3-carbonyl nitrile

IGs Indole-glucosinolate derivatives

JA Jasmonic Acid

LC/MS Liquid chromatography-mass spectrometry
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MAMPs
MAPK
MS
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PAMPs
PCR
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PGP
PMR4
PGNs
PRRs
PTI
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ROS
SA
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SP
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Lysin motif receptor kinase 5
Microbe-Associated Molecular Patterns
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Receptor Like Kinases
Reactive Oxygen Species
Salicylic Acid
SALICYLIC ACID INDUCTION DEFICIENT 2
Signal Peptide
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INTRODUCTION

Plant-microbe interactions range from beneficial to pathogenic modes

Plants are continually exposed to a vast diversity of microbes ranging from beneficial
endophytes to harmful pathogens. Plants interact with beneficial microbes in a synergistic
way or interact with pathogens in an antagonistic manner (Binyamin et al., 2019). From
commensal to mutualistic or pathogenic relationships between plants and microbes are
influenced by plant immune responses, including antimicrobial metabolites and
phytohormones, and also by environmental parameters (Hacquard et al., 2017). Bacteria and
fungi that colonize living plant tissues without causing apparent disease symptoms, at least
during parts of their life-styles, are called endophytes. By contrast, microbes that cause
diseases are called pathogens. Importantly, however, endophytes and pathogens cannot be
seen as static dichotomy. It has been well documented that infectious microbes dynamically
change their lifestyles depending on the surrounding environments. For example, B.
amyloliquefaciens GB03 is a plant growth-promoting rhizobacterium  under
phosphate-sufficient conditions, but turns to be a pathogen under phosphate-deficient
conditions (Morcillo et al., 2020).

Under abiotic stress conditions, especially under limited nutrition, some endophytes
show plant growth promotion (PGP) effects (Hiruma et al., 2018). Inorganic phosphate (Pi)
limitation often occurs in soil and profoundly constrains plant growth. In fact, in over 60% of
global arable land, low-phosphate availability limits crop yield (Lynch, 2011). Pi-solubilizing
microbes increase soil phosphorus availability for the plant by mobilizing insoluble phosphate
into soluble, plant-accessible phosphate (Antoun, 2012). Arbuscular mycorrhizal fungi (AMF)
are among the best-documented beneficial fungi colonizing more than 70% of land plant
species. AMF absorb and supply soil nutrients to plants, thereby increasing in particular Pi
uptake efficiency to promote plant growth, but do not colonize Brassicaceae plants, including
Arabidopsis thaliana (Bonfante and Genre, 2010; Habte, 2006; Manjunath et al, 1989;
\Vosatka and Albrechtova, 2009). Colletotrichum tofieldiae (Ct) colonizes Arabidopsis
thaliana roots to mobilize insoluble soil phosphate such as calcium phosphate to bioavailable
Pi, and thereby transfers this macronutrient phosphorus to the host specifically under
Pi-deficient conditions. By contrast, Ct does not show PGP in Pi-replete conditions,
suggesting that Ct beneficial effects are phosphate status dependent (Hiruma et al., 2016). By
contrast, Colletotrichum incanum (Ci), a close pathogenic relative of Ct, does not translocate
enough Pi into the host plant for growth promotion, and causes plant necrosis (Hacquard et al.,
2016; Hiruma et al., 2016).

A large number of plant metabolites have roles in pathogen resistance (Rojas et al., 2014;
Zaynab et al.,, 2018). For example, the aliphatic glucosinolate derivative sulforaphane
covalently modifies the 209™ Cys (Cys209) of HrpS, one of the major components of



bacterial Type 111 secretion system (T3SS) to inhibit Psedomonas syringae virulence effector
delivery to plants (Wang et al., 2020). Plant Trp-derived secondary metabolites play a critical
role in fungal resistance, and are also required for beneficial interactions between A. thaliana
and endophytic microbes (Hiruma et al., 2016; Lahrmann et al., 2015; Nongbri et al., 2012). A.
thaliana mutant cyp79B2 cyp79B3, disrupted with an initial rate-limiting step in Trp-derived
metabolic pathways, fails to prevent overgrowth and pathogenesis of Ct (Hiruma et al., 2016).
Ct also excessively colonizes A. thaliana relatives Capsella rubella, which inherently lacks
indole glucosinolates, to strongly inhibit plant growth (Bednarek et al., 2011; Hiruma et al.,
2016). However, what in Ct promotes fungal infection in the absence of host Trp metabolism
and what is suppressed in its presence, and their functional significance remain largely
unknown.

Plant Trp-derived secondary metabolites in plant defense

To adapt to different abiotic and biotic stresses in nature, plants have evolved intricate
mechanisms including involving a wide array of secondary metabolites, thereby thriving in a
given ecological niche (Dixon, 2001). Brassicaceae plant species are characterized by a
multitude of secondary metabolites, including terpenes, phenolics, alkaloids and glycosides,
promoting their stress adaptation. In particular, Trp-derived secondary metabolites play
critical roles in plant defense against pathogenic microorganisms and pests (Hiruma et al.,
2013).

Two redundant Arabidopsis cytochrome P450s, CYP79B2 and CYP79B3, which convert
Trp to indole-3-acetaldoxime (IAOx), an important intermediate of Trp-derived secondary
metabolites, are critical for Trp metabolism associated with biotic stress adaptation (Zhao et
al., 2002; Bohinc et al., 2012; Hiruma., 2019) (Figure 1). Downstream of 1AOXx, different
metabolic branches mediate biosynthesis of indole glucosinolate (IG), the indolic phytoalexin
camalexin, indole-3-carboxylic acid (ICA), indole-3-carbonyl nitrile (ICN) and
indole-3-acetic acid (IAA), which have been implicated in immune responses (Glawischnig et
al., 2004; Hagemeier et al., 2001; Pastorczyk and Bednarek, 2016; Pastorczyk et al., 2020;
Rajniak et al., 2015) (Figure 1B). Genetic studies have revealed that the IG and camalexin
pathways contribute to antifungal defense (Hiruma et al., 2010; Schlaeppi et al., 2010).
Camalexin is synthesized via indole-3-acetonitrile (IAN) downstream of IAOx (Glawischnig
et al., 2004). The cytochrome P450 monooxygenase, CYP71B15 (PAD3), catalyzes the
biosynthesis of camalexin, and plays a critical role in pathogen resistance (Glawischnig, 2007;
Schuhegger et al., 2006; Zhou et al., 1999). Two CYP71A12 and CYP71A13 monooxygenases
are responsible for ICA biosynthesis, and contribute to resistance against pathogens of two
different lifestyles, Plectosphaerella cucumerina and Colletotrichum tropicale (Pastorczyk et
al., 2020). A pathogen-induced cytochrome P450, CYF82C2, mediates the conversion from
ICN to 4-hydroxyindole-3-carbonyl nitrile (4OHICN), and plays a crucial role in plant



defense against bacterial pathogen Pseudomonas syringae (Rajniak et al., 2015).
Indole-3-carbinol (13C) is a breakdown product from indole-3-ylmethyl-glucosinolate (13G)
in crucifer species and involved in plant defense (Agerbirk et al., 2009; Clay et al., 2009;
Fahey et al., 2001) (Figure 1).

The gene subfamilies of cytochrome P450 monooxygenases, CYP81Fs, have the
biochemical capacity to modify Indole-3-ylmethyl-glucosinolate (I3G) to produce partially
overlapping spectra of metabolites. CYP81F4 catalyzes the conversion of I13G to
1-methoxyindol-3-ylmethyl glucosinolate (1MI3G), whereas an unstable intermediate
1-hydroxy-indole-3-ylmethyl glucosinolate (LOHI3G) has not been reported yet (Pfalz et al.,
2011). CYP81F2 and CYP81F3 are responsible for the hydroxylation of [3G to
4-hydroxy-indole-3-ylmethyl glucosinolate (40HI3G), which is essential for the
pathogen-induced accumulation of 4-methoxyindol-3-ylmethyl glucosinolate (4MI3G)
(Bednarek et al., 2009; Pfalz et al., 2009; Pfalz et al., 2011). 4MI3G is activated by the
atypical PEN2 myrosinase for antifungal defense. PEN2 glycosyl hydrolase is localized to the
peroxisomes, and participates in inducible pre-invasion resistance (Lipka et al., 2005). 4MI3G
is a biologically relevant substrate of PEN2 and cleavage of 4MI3G is essential for plant
defense (Bednarek et al., 2009). 4-Methoxyindol-3-ylmethylamine (4MI3A), a predicted
product derived from 4MI3G by PEN2, has not been detected in planta by liquid
chromatography-mass spectrometry (LC/MS) (Bednarek et al., 2009) (Figure 1).
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Figure 1. A scheme for Trp-derived secondary metabolism in A. thaliana.

The enzymes discussed in this study are highlighted by blue. Key intermediates and
breakdown products used in this study are highlighted in red. The indole glucosinolate (I1G)
and camalexin pathways are shadowed in orange and green, respectively. RA, raphanusamic
acid.

Plant defenses and effectors

Plants have evolved a multilayered immune system to halt pathogen growth and disease.
A first layer of plant innate immunity is generally initiated upon perception of
pathogen-associated molecular patterns (PAMPS) or microbe-associated molecular patterns
(MAMPs) (Cook et al., 2015), such as bacterial flagellin, fungal oligosaccharide chitin,
lipopolysaccharides, and peptidoglycans (PGNSs) (Boller et al., 2009; Saijo et al., 2018). These
PAMPs/MAMPs are perceived by pattern recognition receptors (PRRs) at cell surfaces,
thereby, leading to an enhanced state of immunity, termed pattern-triggered immunity (PTI).
An N-terminal 22-amino-acid epitope of flagellin, flg22, is perceived by the leucine-rich
repeat (LRR) domains of the receptor-like kinase FLAGELLIN-SENSING 2 (FLS2) in plants
(Felix et al., 1999; Gdmez et al., 2000; Millet et al., 2010). Fungal chitin, a sugar polymer of
N-acetylglucosamine which is a major component of the fungal cell wall, triggers immune
responses (Millet et al., 2010), upon perception by the lysin motif receptor kinase 5 (LYKS5)
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and co-receptor CERK1 in A. thaliana (Miya et al., 2007; Shinya et al., 2015). Pathogens
produce and secrete effector proteins to inhibit host PTI. Plants typically detect effectors with
an additional class of cytoplasmic-resident receptors, predominantly nucleotide-binding LRR
receptors (NB-LRR), to activate a potent form of plant immunity termed effector-triggered
immunity (ETI) (Boller et al, 2009; Jones et al, 2006) (Figure 2A).

PRR-mediated MAMP recognition triggers an array of defense responses, including
Ca®*- and reactive oxygen species (ROS)-bursts, ethylene production, mitogen-activated
protein kinase (MAPK) cascade activation and extensive reprogramming of transcriptome,
proteome and metabolome. MAMP recognition also triggers biosynthesis of callose,
high-molecular-weight B (1-3)-glucan polymers, which are frequently deposited in the cell
wall appositions (papillae) at the site of pathogen contact to provide a physical barrier to
pathogen invasion (Aist, 1976; Aist and Bushnell, 1991; Meyer et al., 2009; Millet et al., 2010;
Nishimura et al., 2003) (Figure 2A and B). Defense-associated callose deposition occurs
through the callose synthase PMR4, which has been identified as the causative gene mutated
in a powdery mildew-resistant A. thaliana mutant, called pmr4 (Mogel et al., 2000). Loss of
PMR4 results in de-repression of SA-based defense and strong pathogen resistance, coincident
with a great decrease in callose deposition at the papillae and wounded sites under biotic and
abiotic stresses (Nishimura et al., 2003; Vogel et al., 2000). Conversely, overexpression of
PMR4 in A. thaliana lowers the penetration rate of powdery mildew fungi (Ellinger et al.,
2013), with PMR4-dependent callose-rich papillae formed at the sites of pathogen penetration
(Aist, 1976; Voigt, 2014). These apparent discrepancies can be explained in a model in which
callose deposition defects during PTI are linked to strong activation of SA-dependent backup
defense.

Interestingly, the biosynthesis and hydrolysis of IGs are also required for flg22-induced
callose deposition under sterile conditions (Clay et al., 2009; Millet et al., 2010). IG
biosynthetic and hydrolytic mutants, cyp79B2 cyp79B3, cyp81F2 and pen2, show defects in
flg22-induced callose deposition in leaves and roots (Clay et al., 2009; Millet et al., 2010).
4MI3G restores callose formation in the IG biosynthetic mutants, whereas it fails to do so in
pen2 (Clay et al., 2009). The metabolites derived from 4MI3G regulating flg22-induced
callose deposition remain to be described in the IG pathway.

In co-evolution with the host plants, pathogenic microbes have evolved sophisticated
mechanisms to avoid or counteract the host PTI, represented by a wide array of effectors.
Pathogenic microbes secrete distinct classes of effector proteins into the apoplasm or
cytoplasm of the host to suppress immune responses (Wu et al., 2003; Tintor et al., 2020),
thereby promoting pathogen infection. Bacterial effectors, injected predominantly via T3SS,
generally target PTI signaling components (Dou et al., 2012; Grant et al., 2006). Fungal
effectors also interfere with MAMP perception (Wawra et al., 2016), and repress intracellular
PTI signaling as well (Di et al., 2017; Irieda et al., 2019; Tintor et al., 2020). However, the
molecular mechanisms by which fungal effectors manipulate their host immunity remain less
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understood, compared to bacterial effectors.

Fungal effectors are typically small secreted proteins, most of which have < 300
amino-acid length and carry an N-terminal signal peptide (SP, usually 16-30 amino acids) that
allows effector secretion from fungal cells (Presti et al., 2015; Schmidt et al., 2013). Moreover,
they are typically specific to related fungal species, and orthologous proteins are often absent
outside the genus. Most of fungal effectors are Cys rich, a feature that is assumed to enhance
effector stability in the host apoplasm (Wang et al., 2020). Although much has been described
for pathogen effectors, little is known about host targets and functional roles of effectors in

endophytic fungi.

A Effector B
CSEPs) ; " . :
Pattern-recognition Pathogen induced callose deposition at papillae site
receptors (PRR)
Callose PAMPs/MAMPs
deposition (e.g., flg22, chitin) Pathogen
t ) .Q\Pathogen ou penetration
PMR4
\__/ /
* NB-LRR Cell wall
P b = =((] '
;:f . R proteins
ector .
(CSEPs) l Papillae ~Callose deposition
Pattern-triggered immunity Effector-triggered immunity
(PTI) (ETI) Meyer et al., The Plant Journal (2009); modified

Figure 2. The principles of pathogen triggered plant immunity in A. thaliana.

(A) Schematic view of PAMP/MAMP and effector-triggered immunity in plants. Apoplastic
pathogen-associated molecular patterns (PAMPs) are perceived by pattern recognition
receptors (PRRS) at the cell surface, resulting in the activation of pattern-triggered immunity
(PTI). Flagellin (flg22) and chitin have been identified as bacterial and fungal PAMPS,
respectively. Pathogens secrete effectors in the apoplast or inject them into the cytoplasm for
the suppressing PTI. When cytoplasmic effectors are directly or indirectly recognized by
nucleotide-binding LRR receptors (NB-LRR), effector-triggered immunity (ETI) is mounted
to terminate pathogen growth. One PTI output involves PMR4 callose synthase to induce
callose deposition.

(B) Pathogen-induced callose deposition in the cell wall papillae at pathogen penetration sites
increases resistance to pathogen invasion.

Colletotrichum species and Candidate Secreted Effector Proteins (CSEPS)

Colletotrichum is an economically important fungal genus known as pathogenic fungi
worldwide, but also includes endophytic species (Jayawardena et al., 2016). The genus
comprises more than 189 species geographically distributed throughout the world
(Jayawardena et al., 2016; Khodadadi et al., 2020). Many of the species in this genus are
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primarily described as pathogens causing anthracnose diseases on a diverse range of
economically important crops (Cai et al., 2009; Cannon et al., 2012; Jayawardena et al., 2016).
A recent study has described an endophytic Colletotrichum fungus, C. tofieldiae (Ct), which
can alter the infection strategies ranging from beneficial to pathogenic in a context-dependent
manner (Hiruma et al., 2016). Ct has been discovered as an endophyte that grows in the
natural population of A. thaliana in central Spain. Ct can promote plant growth in A. thaliana
under Pi limiting conditions (Hiruma et al., 2016). Ct colonization also improves yield in
tomato and maize under optimal nutritional conditions (D Bz-Gonzdez et al., 2020). However,
its pathogenic relative C. incanum (Ci), isolated from radish leaves in Japan, can strongly
inhibit A. thaliana growth and cause diseases following root infection (Hiruma et al., 2016).
Ct and Ci both colonize root epidermal cells in the differentiation zones, but Ci infects the
host more extensively (Hacquard et al., 2016). Genomes of Colletotrichum species have more
than 100 genes encoding Candidate Secreted Proteins (CSEPSs), defined as extracellular
secreted proteins with no significant BLAST similarity (e value < 1 x 10®) to sequences
outside the genus Colletotrichum in the UniProt database (Hacquard et al., 2016).
Comparative genomics between Ct and Ci point out an increased number of CSEPs in Ci
compared to Ct (189 in Ci versus 133 in Ct). In-planta activation of CSEP expression is more
pronounced in Ci (55/189) compared with endophytic Ct (18/133) (Figure 3) (Hacquard et al.,
2016). This suggests that CSEP gene expression is associated with fungal pathogenesis, and
that a majority of CSEPs are silenced during Ct colonization under low Pi conditions.
Conceivably, these CSEPs, if expressed, may act as virulence-promoting factors to switch Ct
lifestyle from the endophytic to pathogenic mode.

Ct-mediated growth promotion

Mock Ct

CSEP expression during fungal infection
(Expressed CSEPs / Total CSEPs)

{C. incanum (Ci) 55/189 Pathogen
C. tofieldiae (Ct) 18 /133 Endophyte

Figure 3. Comparative analysis of lifestyles of endophytic Ct and pathogenic Ci.
Colletotrichum fungi Colletotrichum tofieldiae (Ct) is an endophyte, and its closely relative
species C. incanum (Ci) is a pathogen. Endophytic fungus Ct can promote Arabidopsis growth
under low Pi conditions (50 uM KH,PO,). Ci has 189 CSEP genes and Ct has 133 CSEP
genes annotated in the genomes. A greater number of CSEPs are activated in pathogenic Ci
(55/189) compared with endophytic Ct (18/133) during root colonization of WT plants
(Hacquard et al., 2016).
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Aims of this study

In this study, | aim to examine whether Ct endophyte has effectors to promote its
infection, and if so, to identify their functional roles and host targets. Moreover, | also aim to
elucidate how plant Trp-derived metabolites suppress Ct overgrowth and investigate the
possible regulation of the identified fungal effector(s) by these metabolites. For this purpose, |
pursued the hypothesis that CSEP genes in Ct suppressed by host Trp-derived metabolites
during beneficial interactions have the ability to promote fungal infection, with an assumption
that their effects on the host, if expressed, can be readily detectable and amenable to
functional studies. | have identified two Ct CSEPs that are highly expressed along fungal
pathogenesis in cyp79B2 cyp79B3 mutant plants, and contribute to fungal growth in roots. |
have further shown a role for CSEP2 in suppressing a PTI output, callose deposition.
Moreover, | have revealed an as-yet-uncharacterized Trp-derived metabolite, which
effectively suppresses the expression of CSEP genes and Ct overgrowth when applied in
cyp79B2 cyp79B3 mutants. This work provides important insight into the molecular basis for
endophytic fungal infection and for the plant control of endophytic fungi toward beneficial
interactions.
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MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis thaliana accession Col-0 was used as the wild type (WT). Seeds were
surface sterilized with 6% sodium hypochlorite plus 0.1% Triton X-10 for 15 minutes, and
then rinsed with autoclaved distilled water 3 times. The seeds were sown on a half strength
Skoog-Murashige (MS) agar medium with 25 mM sucrose. After incubation at 4<C for 2 days,
the plates were placed vertically in a plant growth chamber under 16 h light/ 8 h dark at 22<C.
Plant materials used were listed below.

Genotype Background | References

Col-0

cyp79B2 cyp79B3 Col-0 Zhao et al., 2002
cyp81F2 cyp81F3-2 Col-0

cyp81F2 (SALK 123882) Col-0 Pfalz et al., 2009
cyp81F3-2 (CS838408) Col-0

cyp81F4 (SALK _024438) Col-0 Pfalz et al., 2011
cyp82C2 (GABI_261D12) Col-0 Rajniak et al., 2015
pmr4 Col-0 Nishimura et al., 2003
sid2-2 Col-0 Wildermuth et al., 2002
pmr4 sid2-2 Col-0

pad3-1 Col-0 Zhou et al., 1999
pen2-2 (GABI_134C04) Col-0 Lipka et al., 2005
pen2-1 pad3-1 Col-0 Bednarek et al., 2009
cerkl-2 (GABI_096F09) Col-0 Miya et al., 2007
fls2-1 (SALK_062054C) Col-0 Zipfel et al., 2004

Construction of CSEPs transgenic lines

Arabidopsis Col-0 plants individually expressing candidate CSEPs with or without SP
were generated by floral dip transformation with agrobacteria containing Gateway destination
vectors for the indicated genes. Transformants were selected on media containing 50 ug/mL
carbenicillin and 50 pg/mL hygromycin.

Fungal inoculation assay

For fungal inoculation, 7 days-old seedlings grown in half MS with 25 mM sucrose were
dip-inoculated with 1.0<10>° spores/mL of Ct or Ci spores for a few seconds. Plants were
then transferred to Pi-deficient (50 uM KH;PO,) half-strength MS medium without sucrose.
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Plates were placed vertically in a plant growth chamber under 16 h light/ 8 h dark at 22<C.
Biomass of Ct or Ci was determined by qRT-PCR analyses for fungal ACTIN genes at 3 dpi.

The Pi-deficient (50 uM KH,PO,4) media contents are shown below.

Regent Final Concentration
KH,PO, 50 uM

KNO; 9.4 mM
NH;NO; 10.3mM

CaCl; « 2H,0 1.5 mM

MgSQO, * 7H,0 750 uM
EDTA-Na-Fe(III)Salt 75 uM

CoCl; « 6H,0 55 uM

MnClI; « 4H,0 50 uM

H3BO;3 50 uM

ZnCl, 15 uM

Kl 2.5 uM
Na;MoO, « H,0O 0.52 yMm

KCI 575 uM

MES 1 mM

HCI Adjust pH to 5.1
BBL Agar, Grade A (BD, #212304) | 1%

Fungal growth assay in planta with Trp-derived secondary metabolites

Seven days-old seedlings grown in half MS with 25 mM sucrose were dip inoculated
with 1.0<10° spores/mL of Ct spores for a few seconds. Plants were then transferred to the
Pi-deficient (50 uM KH,PO,) half-strength MS media without sucrose, containing individual
Trp-derived metabolites at 50 uM. Plates were placed vertically in a plant growth chamber
under 16 h light/ 8 h dark at 22<C, and fungal biomass was determined at 3 dpi as described
above. Metabolites used were listed as table below.
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Metabolite name Abbreviation | Provider

Kyoto University, Graduate School

Indole-3-acetaldoxime IAOX .

of Engineering, Nakao Lab
Indole-3-acetonitrile IAN Tokyo Chemical Industry Co., Ltd.
Indole-3-acetic acid IAA Tokyo Chemical Industry Co., Ltd.
Indole-3-carboxylic acid ICA Tokyo Chemical Industry Co., Ltd.

Kyoto University, Graduate School

4-hydroxyindole-3-carbonyl nitrile 40HICN . )
of Engineering, Nakao Lab

Camalexin CAM SIGMA-ALDRICH
Indol-3-ylmethylamine I3A Nacalai
. . Kyoto University, Graduate School
4-Methoxyindol-3-ylmethylamine AMI3A . )
of Engineering, Nakao Lab
Indole-3-carbinol 13C Tokyo Chemical Industry Co., Ltd.

Fungal growth assay in vitro with Trp-derived secondary metabolites

Spores of Ct or Ci were dropped into Pi-deficient (50 uM KH,PO,) half-strength MS
media without sucrose containing individual Trp-derived metabolites at 50 uM. Each droplet
contained 3 uL of Ct or Ci spores at 1.0x10° spores/mL. Media with Dimethyl Sulfoxide
(DMSO) were used as a negative control. Plates were placed horizontally in a plant growth
chamber under 16 h light/ 8 h dark at 22<C. Colony diameter of fungi was determined at 5
days after inoculation.

Plant growth promotion (PGP) assay with Ct

A. thaliana seeds were placed on Pi-deficient (50 uM KH,PO,) half-strength MS media
without sucrose. Three uL of Ct spores (5.0<10° spores/mL) were inoculated onto the media
at a distance of 3.2 cm from the seeds. Plates were placed vertically in a plant growth chamber
under 10 h light/ 14 h dark at 22 <C. Shoot fresh weight (SFW) was determined at 24 dpi.

Quantitative Real-Time PCR (gRT-PCR) Analysis

Total RNA was extracted using the Sepazol-RNA | Super G (Nacalai), following by
chloroform purification and isopropanol precipitation. cONA was reversely transcribed from
500 ng total RNA wusing Primescript™ reverse transcriptase (Takara). qRT-PCR was
performed with Power SYBR Green PCR Master Mix (Applied Biosystems, Japan) using the
Thermal Cycler Dice RealTime TP870 (Takara, Japan). Expression values were normalized to
that of plant ACTIN. Ct or Ci ACTIN mRNA levels were determined as an indicator for fungal
biomass. The relative expression level of each gene was calculated by the 2"*“* method. The
primers used were listed as table below.
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Gene Forward primer Reverse Primer

Plant Actin CGGTGGTTCCATTCTTGCTTC TGTGAACGATTCCTGGACCTG

Ct/Ci Actin | AGCGTGAAATCGTTCGTGAC AAGCTCGTAGGACTTCTCCAAG

CSEP2 TGCCAAGCTCGAGGAGAA GTCCTCCTCCGCGCTCAA
CSEP9 ACGACGAAGCTGGAGAAGAAG | ACCCGACCTCGTTTTTCTCTAC
FRK1 ATCTTCGCTTGGAGCTTCTC TGCAGCGCAAGGACTAGAG
NHL10 TTCCTGTCCGTAACCCAAAC CCCTCGTAGTAGGCATGAGC

CYP79B2 ACGAACAAGGCAACCCATTG ACGGCGTTTGATGGATTGTC

CYP83B1 ACGAGACGCAAGCACTTTTG TCTTGAGACGTGCACTGAGAC

CYP81F2 TGTCCTGGTGCGACTTTAGG TGCACGAGTTTACGCATAGC

IGMT1 AAGTGTGGTAAGGCCTTATCC | ACCACATCTTTCAACTGTGCC

Callose Staining

Eight days-old seedlings grown in Petri dishes with liquid half MS with sucrose were
treated with 10 pM flg22, 5 mg/mL chitin (NA-COS-Y), or simultaneously treated with 10
uM flg22 and 100 pM 4MI3A or 100 uM I13A or 100 uM IAOx or 100 uM 13G (Sigma) for
24 h. Seedlings were fixed, and then destained in 3:1 ethanol/acetic acid solution overnight.
The fixative was changed one time. Callose staining with aniline-blue was conducted as
described previously (Millet et al., 2010). Seedlings were rehydrated in 70% ethanol for 2 h,
and then 50% ethanol for an additional 2 h. They were rinsed and washed overnight with
water, and then treated with 10% NaOH at 37°C for 1 h to make plant tissues transparent.
After washing with water three times and 150mM K;HPQO, once, plant tissues were incubated
for at least 2 h in 150 mM K;HPO, and 0.1% aniline blue (staining solution), under
aluminium foil. Callose depositions were determined in a fluorescence microscope with UV
lamp and DAPI filter (excitation filter 390 nm; dichroic mirror 420 nm; emission filter 460
nm). Quantification of the aniline blue-emitted fluorescence of callose deposits was
conducted with ImagelJ. Elicitors used were listed below.

Elicitor Concentration | Manufacturer
flg22 10 uM PepMic Co. Ltd. (China)
Chitin (NA-COS-Y) | 5 mg/mL Yaizu Suisankagaku Industry CO (Yaizu, Japan)

Confocal Microscopy

Seven days-old seedlings inoculated with 1.0x10° spores/mL of Ct or Ci spores were
further growth in Pi-deficient (50 uM KH,PO,) half-strength MS media without sucrose for
two days. Plant seedlings were treated by MA fixative (50% methanol / 10% Acetic acid / 40 %
water) and then degassed once. After overnight storage at 4°C, MA fixative was removed and
then washed twice with water. Periodic acid (1%) was added and degassed once, and then
kept at room temperature for 20 min. Periodic acid was removed and then washed twice with
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water. Schiffs reagent (100 mM Na,S,0s, 0.15N HCI) were added and then kept at room
temperature for 20 min. After removing Schiffs reagent and washing twice with water, plant
cell and fungal hyphae were stained with Propidium lodide (10 pug/mL) for 20 min. After
removing PI, plant material was incubated for at least 2 h in a Glycine-NaOH buffer (Glycine
1.875 g and NaOH 0.64 g per L, pH9.5-10) and then with 0.1% aniline blue for callose
staining under aluminium. Root samples were captured using the LSM710 confocal
laser-scanning microscope (Zeiss). The plant cell and fungal hyphae were stained with
Propidium lodide, and excited at 561 nm by using a diode-pumped solid-state laser. Callose
stained with aniline blue was excited and observed at 405 nm by using a diode laser and
DAPI filter.
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RESULTS

4AMI3A and CAM restrict Ct overgrowth in cyp79B2 cyp79B3 plants

I examined what Trp-derived metabolites have suppressive effects on Ct colonization by
applying synthesized metabolites to the plants in fungal inoculation assays. Following
inoculation with Ct spores, WT and cyp79B2 cyp79B3 seedlings were grown for 3 days in low
Pi (50 uM) media containing individual Trp-derived metabolites (50 uM). Ct biomass in roots
was assessed by gRT-PCR analysis, which determined Ct ACTIN levels relative to plant
ACTIN levels. In the absence of Trp-derived metabolites, Ct growth was dramatically
increased in cyp79B2 cyp79B3 mutants, as described previously (Hiruma et al., 2016). Ct
overgrowth in cyp79B2 cyp79B3 was significantly alleviated either by exogenous application
of camalexin (CAM) or an IG breakdown product 4-methoxyindol-3-ylmethyl amine (4MI3A)
(Figure 4). IAOx and IAN produced upstream of 4MI3A and/or CAM, respectively, in the
Trp metabolic pathways, also significantly reduced Ct growth in cyp79B2 cyp79B3. These
results suggest that CAM and 4MI3A, and/or their derivatives, effectively suppress Ct
overgrowth in A. thaliana.

Ct biomass
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Figure 4. AMI3A and CAM restrict Ct overgrowth in cyp79B2 cyp79B3 plants.

gRT-PCR analysis for Ct biomass in 7 days-old WT and cyp79B2 cyp79B3 seedlings at 3
days after application of Trp-derived metabolites at 50uM. The mean from 3 biological
replicates (N = 14 per replicate) in 2 independent experiments is shown +SE. Letters above
bars indicate significantly different statistical groups, calculated with Tukey-HSD, p < 0.05.

21



4MI3A did not directly inhibit Ct growth in the absence of host plants.

Plant secondary metabolites often display antimicrobial activities under axenic
conditions (Kliebenstein et al., 2005; Rogers et al., 1996; Sanchez-Vallet et al., 2010; Sellam
et al., 2007; Wang et al., 2020). To assess whether Trp-derived metabolites have
antimicrobial activity, | tested Ct and Ci growth in low Pi (50 uM) media containing
Trp-derived metabolites individually. In the presence of Indole-3-acetic acid (IAA) and
CAM, the medium growth of Ct and Ci was significantly suppressed, indicated by the
colony diameter (Figure 5A, B and C). Indole-3-carbinol (I3C) showed a moderate
inhibitory effect on Ct growth, but only a weak effect on Ci (Figure 5A, B and C),
suggesting that Ci is more resistant to 13C compared with Ct. Collectively, these results
suggest that IAA and CAM effectively suppress Ct and Ci growth in culture.

Interestingly, exogenous application of 4MI3A did not influence Ct growth under axenic
conditions (Figure 5). In addition, 4MI3A did not significantly influence plant growth in the
absence of fungal inoculation in low Pi (50 uM) media (Figure 6). These results suggest that
AMI3A does not directly influence Ct or plant growth. Importantly, 4MI3A shows an
inhibitory effect of Ct growth only in the presence of the plant, but not on its own,
suggesting that host components are required for antifungal activity of 4MI3A and/or its
derivatives (Figure 4 and Figure 5). By contrast, CAM effectively inhibited Ct and Ci
growth even in the absence of plants, indicating that CAM functions as an antifungal
compound (Figure 5).
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Figure 5. Effects of Trp-derived synthesized metabolites on Ct and Ci culture growth.
(A) Morphology of 5 days-old Ct and Ci colonies cultured on low Pi agar media
supplemented with the indicated Trp-derived metabolites. Three puL Ct (1.0<10° spores/mL)
spores were dropped onto low Pi (50 uM) media containing the indicated Trp-derived
metabolites at 50 uM, and incubated for 5 days. Nine colonies were used to determine colony
diameters, in two independent experiments each. Scale bars, 5 mm.

(B), (C) Diameters of Ct (B) and Ci (C) colonies with and without exogenous application of
the indicated Trp-derived metabolites. Error bars indicate standard errors. Letters above bars
indicate significantly different statistical groups, calculated using Tukey-HSD, p < 0.05.
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Figure 6. 4MI3A does not directly influence plant growth under low Pi conditions.
Morphology of WT plants on low Pi media with the indicated Trp-derived metabolites in the
absence of fungal inoculation. Seven days-old seedlings were transferred to low Pi media (50
uM) containing 50 uM indicated Trp-derived metabolites, and further growth for 10 days.
Scale bars indicate 2 cm.

CYP81F2 and CYP81F3 in the indole glucosinolate pathway redundantly contribute to
suppression of Ct overgrowth.

| further investigated the possible involvement of Trp-derived metabolites produced
downstream of those tested above in Ct growth suppression. IAOx enters different metabolite
pathways, which include the IG pathway that plays a role in plant defense against diverse
pathogens. CYP81F2, CYP81F3 and CYP81F4 are key enzymes that mediate the hydrolysis
of 1G metabolite 13G (Pfalz et al., 2011). PEN2 enzyme acts downstream of the 1G pathway,
and PEN2-dependent defense restricts growth of a broader spectrum of pathogens, including
the nonadapted oomycete Phytophthora infestans, the adapted powdery mildew fungi
Golovinomyces orontii and G. cichoracearum, and the necrotrophic fungus Plectosphaerella
cucumerina (Bednarek et al., 2009; Lipka et al., 2005). PAD3 is required for the biosynthesis
of the phytoalexin camalexin (Zhou et al., 1999). CYP82C2 encoding a cytochrome p450 and
the metabolite 4-hydroxyindole-3-carbonyl nitrile (4OHICN) have been reported to enhance
pathogen defense (Rajniak et al., 2015).

To gain insight into the host metabolites effectively suppressing Ct growth, | tested A.
thaliana mutant lines impaired in the generation of particular subclasses of Trp-derived
metabolites. Determination of fungal biomass at 3 dpi showed that Ct growth was
significantly increased in cyp81F2 cyp81F3 mutants, which are unable to convert 13G to
40HI3G, compared to WT (Figure 7A), whereas there was no increase in Ct biomass in the
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cyp81F2 or cyp81F3 single mutants (Figure 7B). These results indicate that CYP81F2 and
CYP81F3 redundantly contribute to suppressing Ct growth.

In an 1G hydrolysis-defective pen2 mutant, Ct biomass was not significantly affected
under low Pi conditions (Figure 7B), consistent with previous studies under high Pi conditions
(Hiruma et al., 2016). In the 4OHICN-defective mutant cyp82C2, camalexin biosynthesis
mutant pad3, and 13G-10OHI3G conversion mutant cyp81F4, Ct growth was again not affected
compared to WT (Figure 7A), suggesting that these pathways are not required for the control
of Ct colonization under low Pi conditions.

In WT plants, 4MI3G accumulation was dramatically increased following Ct inoculation
(Supplementary Figure 1). The results suggest that the CYP81F2/CYP81F3-mediated IG
pathway is induced in response to fungal challenge, thereby restricting Ct colonization in
roots.
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Figure 7. CYP81F2 and CYP81F3 redundantly restrict root colonization by Ct.

(A), (B) gRT-PCR analysis for Ct biomass in 7 days-old WT and Trp metabolite biosynthesis
defective mutants at 3 dpi with Ct. Fungal ACTIN values were normalized with plant Actin
values in 3 independent experiments of 3 biological replicates (14 seedlings per replicate)
each. Error bars indicate standard errors. Asterisks indicate significant differences in the
means between WT and cyp81F2 cyp81F3 (Two-tailed t-test, p < 0.01). N.S. means not
significant.

Ct CSEPs up-regulated in cyp79B2 cyp79B3 plants

It is conceivable that suppression of Ct pathogenesis by host Trp-derived metabolites is
related to the expression or function of CSEPs. To pursue this hypothesis, | mined the
transcriptome data in the host lab of WT and cyp79B2 cyp79B3 plants at 1 and 3 days after Ct
inoculation. Eleven CSEPs were highly induced during Ct colonization in cyp79B2 cyp79B3
plants compared to WT (Figure 8), suggesting that these 11 CSEPs are candidate effectors that
render Ct pathogenic in cyp79b2 cyp79b3 plants. Figure 9 shows a schematic representation
of these CSEPs, whose sizes range from 62 to 436 amino acid length. All these CSEPs carry a
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predicted signal peptide of 16-23 amino acids in their N-termini. Three CSEPs carry Cys
residues, and CSEP3 (CT04_01355) is Cys-rich (14 Cys residues in 133 amino acid residues),
whereas the others lack Cys (Figure 9).

15 0 15

Row Z-score 1 dpi 3 dpi

cypr79B82 cyp79B2
cyp79B83 cyp79B3

CSEP
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CSEP11

Figure 8. 11 Ct CSEPs were highly induced in cyp79B2 cyp79B3 plants.

Transcriptome data analysis for WT and cyp79B2 cyp79B3 plants at 1 and 3 days after Ct
inoculation. Eleven Ct CSEPs were highly induced at either time in cyp79B2 cyp79B3 plants
compared to WT. dpi, days post inoculation.
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== Signal peptide (SP) FH——50AA

CSEPI 223 AA (0 Cys)
1-20
CSEP2 = 106 AA (0 Cys)
Qoccecooaxrcace
CSEP3 = bbbl 133 AA (14 Cys)
CSEP4 224 AA (0 Cys)
1-20
CSEPs ~ 247 AA (0 Cys)
CSEP6 - 62 AA (0 Cys)
C
CSEP7 : '18 209 AA (1 Cys)
CSEPS - 237 AA (0 Cys)
CcC C C Cc CcC C C CcCC CcC
CSEP9 : 2'1 ' b ' | bl 436 AA (12 Cys)
CSEP]() e g] AA (0 C
123 (0 Cys)
CSEPII - 385 AA (0 Cys)

Figure 9. Schematic representation of CSEPs of Ct.

Schematic representation of CSEPs structures in figure 1. Coloured boxes indicate: signal
peptide (red) and mature effector protein (blue). Cysteine residues (C) and the total number of
amino acids (AA) are indicated.

CSEP2 and CSEP9 contribute to Ct root colonization

To gain insight into functional roles for CSEPs, we generated transgenic Arabidopsis
plants individually expressing these 11 CSEPs with or without signal peptide (SP)
(Tsurukawa, 2020 Master thesis), as typically loss or gain of individual CSEP functions in
fungi does not significantly affect fungal phenotypes. Two of them without SP showed
increased fungal growth (Supplementary Figure 2). Ct biomass was significantly increased in
several independent lines of the pro35S::CSEP2ASP and pro35S::CSEP9ASP (Figure 10A, B
and Figure 11). | verified that CSEP2 and CSEP9 were highly expressed in these
pro35S::CSEP24SP and pro35S::CSEP94SP lines, respectively (Figure 10C and D). These
results suggest that the two CSEPs contribute to Ct root colonization.
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Figure 10. Two CSEPs contribute to Ct root colonization.

(A), (B) qRT-PCR analysis for Ct biomass in 7 days-old WT, pro35S::CSEP24SP (A) and
pro35S::CSEP94SP (B) transgenic plants (T3 generation) at 3 dpi with Ct. Three or two
independent CSEP transgenic lines were tested, respectively. Four independent
experiments in (A) and 2 independent experiments in (B) were conducted with 3
biological replicates (14 seedlings per replicate) each. Error bars indicate standard errors.
Asterisks indicate significant differences in the means between WT and CSEP transgenic
plants (Two-tailed t-test, p < 0.05).

(C), (D) gRT-PCR analysis of CSEP2 (C) and CSEP9 (D) expression in 7 days-old WT,
pro35S::CSEP24SP (C) and pro35S::CSEP94SP (D) seedlings 3 days after Ct inoculation.
Three or two independent CSEP transgenic lines were tested, respectively. The data were
obtained with 3 biological replicates (14 seedlings per replicate) each. Error bars indicate
standard errors. Letters above bars indicate significantly different statistical groups,
calculated using Tukey-HSD, p < 0.05.
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pro35S::CSEP2ASP-5 pro35S::CSEP2ASP-7

Figure 11. pro35S::CSEP24SP and pro35S::CSEP94SP transgenic plants following Ct
inoculation.

Morphology of WT, pro35S::CSEP24SP and pro35S::CSEP94SP transgenic plants growth in
low Pi media at 3 days after Ct inoculation. Seven days-old seedlings were dip inoculated
with Ct spores and then further grown in low Pi media (50 uM) for 3 days. Scale bars indicate
2cm.

CSEP2 orthologs are present in many Colletotrichum species

I searched homologous genes for the two CSEPs in different Colletotrichum fungi, with
BLASTP searches using Ct CSEP2 and CSEP9 as the query sequences. In a phylogenetic tree
(Gan et al., 2019), CSEP2 homologs are widely distributed across the Colletotrichum genus,
including C. acutatum, C. spaethianum, and C. destructivum (Supplementary Figure 3). In

29



these Colletotrichum species, CSEP2 homologs show protein sequence identity ranging from
33.01% ~ 78.3%, compared to Ct CSEP2 (Table 1). However, CSEP9 homologs are not
discernible in other Colletotrichum species, implying that CSEP9 is specific to Ct. The results
suggest that CSEP2 is a common infection-promoting factor of Colletotrichum species.

Table 1. CSEP2 orthologs in Colletotrichum species.

Colletotrichum species

Host plants

CSEP2 Identity
compared to Ct

Colletotrichum tofieldiae
Colletotrichum incanum
Colletotrichum shisoi
Colletotrichum higginsianum
Colletotrichum higginsianum IMI 349063
Colletotrichum tanaceti
Colletotrichum salicis
Colletotrichum simmondsii
Colletotrichum nymphaeae SA-01
Colletotrichum fioriniae PJ7
Colletotrichum orchidophilum
Colletotrichum camelliae
Colletotrichum fructicola
Colletotrichum plurivorum
Colletotrichum sublineola
Colletotrichum musicola

Colletotrichum sojae

Arabidopsis thaliana

Radish

Perilla frutescens, Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana

Pyrethrum, Tomato, Soybean, Fabaceae
Salix sp.(Willow), Apple

Safflower

Strawberries, Olives

Strawberry

Vanilla (orchid)

Tea plant

Avocado, Apple, Tea plant

Sugarcane, Papaya, Chilli pepper, Okra
Wild rice, Sorghum

Soybean, Taro

Soybean

100%
78.30%
60%
60%
60%
56.47%
41.59%
39.82%
39.82%
38.94%
39.45%
39.22%
38.24%
34.95%
34.88%
33.98%
33.01%
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CSEP?2 protein sequences are highly similar between Ct and Ci

Ct CSEP2 contains 106 amino acids without Cys, whereas Ci CSEP2 of the same amino
acid length has a Cys in the signal peptide region (Figure 12). CSEP2 protein sequences are
highly similar between Ct and Ci, with 78.3% identity at the amino acid level (Figure 12).

Signal peptide

Ct CSEP2 1 MRFNNLLAVFSFVTGALAAKYILVLNASTDVDDFSAKLEEKDIDVLAKFPFFK 53
CiCSEP2 1 MRFTNLFTVFSCVAGALAAKYILVLDPSTDIDGF IAKLEENEIDVLTKFPLFK 353

Ct CSEP2 54 ILVVETDSHDVAALEAYDEVLSAEEDQDSSIGPLPTSSEPLPVDTPFPLPGWS 106
Ci CSEP2 54 ILVVETNSHDIAALESYDEVLSAEEDQISSIDPPPSSPEPLPVETPFPLPGWS 106

Figure 12. CSEP2 protein sequences are highly similar between Ct and Ci.

Protein sequences of CSEP2 in Ct and Ci. The predicted signal peptide of both Ct and Ci
contain 18 amino acid sequences. Black letters indicate conserved amino acid sequences. Red
letters denote variations between Ct and Ci. Ct CSEP2 and Ci CSEP2 display 78.3% identity
at the protein sequence level.

Expression of Ci CSEP2 ortholog in Ci is correlated with increased fungal biomass

To test possible correlation of CSEP2 expression with fungal pathogenesis in Ci, |
compared CSEP2 expression in Ct and Ci when inoculated onto WT plants. | confirmed that
Ci biomass was greater than that of Ct in all the tested time points (Figure 13A). CSEP2
expression was also dramatically increased in Ci compared to Ct at the tested time points
(Figure 13B). These results suggest that CSEP2 expression in Ci is correlated with fungal
growth in plants.
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Figure 13. Expression of CSEP2 ortholog in pathogenic Ci is associated with increased
fungal biomass in WT plants.

(A), (B) gRT-PCR analysis of fungal biomass (A) and CSEP2 expression (B) in 7 days-old
WT seedlings at the indicated times after Ct or Ci inoculation. The data were obtained with 3
biological replicates (14 seedlings per replicate) each. dpi, day after inoculation. Error bars
indicate standard errors.
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4AMI3A and CAM suppress CSEP2 expression in cyp79B2 cyp79B3 plants

Exogenous application of Trp-derived metabolites 4MI3A and CAM, restricting Ct
overgrowth, also effectively suppressed Ct CSEP2 expression in cyp79B2 cyp79B3 plants
(Figure 4 and Figure 14), pointing to correlation between CSEP2 expression and fungal
overgrowth and pathogenesis.

In addition, introduction of CSEP2 did not influence plant growth in the absence of Ct
(Figure 15).
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Figure 14. 4AMI3A and CAM application suppresses CSEP2 expression in cyp79B2
cyp79B3 plants.

gRT-PCR analysis for Ct CSEP2 expression in 7 days-old WT and cyp79B2 cyp79B3
seedlings, applied with the indicated Trp-derived metabolites (50uM) at 3 days after Ct
inoculation. Relative expression values were calculated with fungal ACTIN values as the
standard, with 3 biological replicates (14 seedlings per replicate). Error bars indicate standard
errors. Letters above bars indicate significantly different statistical groups, calculated with
Tukey-HSD, p < 0.05.
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pro35S::CSEP2ASP

Figure 15. Introduction of CSEP2 does not influence plant growth in the absence of Ct.
Morphology of 15-day-old WT and pro35S::CSEP2ASP transgenic plants grown in half MS
media with sucrose in the absence of Ct. Scale bars indicate 5 mm.

Overexpression of CSEP2 in Arabidopsis does not influence MAMP induction of
defense-related genes

Putative CSEP2 orthologues are present in many Colletotrichum species and Ct CSEP2
contributes to Ct root colonization. This prompted me to test whether CSEP2 targets plant
immune responses that restrict potential pathogenesis or growth of Ct. First, | tested the
expression level of FRK1 and NHL10, two MAMP-inducible defense-related genes, at 3 h
after treatment with chitin (200 ug/mL, Sigma) or flg22 (1 uM). FRK1 and NHL10 induction
was not significantly altered in pro35S::CSEP24SP plants compared to WT plants in
response to either MAMP (Figure 16A and B), implying a minor effect of CSEP2 on MAMP
induction of defense-related genes.
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Figure 16. Overexpression of CSEP2 in Arabidopsis does not influence MAMP-induced
expression of defense-related genes.

(A), (B) gRT-PCR analysis for FRK1 and NHL10 in 7 days-old WT and pro35S::CSEP24SP
transgenic plants treated with 200 pg/mL chitin (A) and 1 uM flg22 (B). Seven days-old
seedlings from half MS agar medium were transferred to half MS liquid medium for 1 day,
followed with MAMPs treatments for 3 h. FRK1 and NHL10 were MAMP-triggered
PTl-associated marker genes. The data were obtained in 3 biological replicates (10 seedlings
per replicate) each. Error bars indicate standard errors.

CSEP2 suppressed MAMP-induced callose deposition in Arabidopsis roots

Next, | tested possible CSEP2 effects on another representative PTI output, callose
deposition. Callose deposition is induced in leaves and roots in response to different MAMPSs,
and is thought to strengthen cell wall-based defense (Luna et al., 2011). In A. thaliana roots,
flg22-induced callose deposition occurs in the epidermal layer in the elongation zone,
whereas chitin-elicited callose deposition occurs throughout the entire mature zone (Millet et
al., 2010).

Here, | compared MAMP-triggered callose deposition between WT and
pro35S::CSEP24SP transgenic plants. pro35S::CSEP24SP showed decreased flg22-induced
callose deposition relative to WT plants at the root differentiation zone (Figure 17A and C).
Callose deposition was completely abolished in fls2, an flg22 receptor mutant, confirming the
specificity of the observed flg22 responses (Figure 17A and C). Chitin-elicited callose
deposition was also decreased in pro35S::CSEP24SP roots compared to WT, and was
abolished in the cerkl mutant that is insensitive to chitin (Figure 17B and D). These results
indicated that overexpression of CSEP2 in A. thaliana attenuated MAMP-induced callose
deposition in roots. By contrast, an introduction of Ct-specific CSEP9 did not influence
flg22-induced callose deposition in roots (Figure 18A and B). These results suggested that
CSEP2, which is conserved in many Colletotrichum species, but not Ct specific CSEP9,
specifically attenuates callose deposition in roots during PTI.
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Figure 17. Introduction of CSEP2 diminished MAMP-induced callose deposition in
Arabidopsis roots.
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(A), (B) MAMP-induced callose deposition in 8 days-old WT, pro35S::CSEP24SP, fls2 and
cerkl seedlings. Eight days-old seedlings were treated with 10 uM flg22 (A) and 5 mg/mL
chitin (B) for 24h. Three independent CSEP2 transgenic lines were used. fls2, flg22 receptor
mutant. cerkl, chitin receptor mutant. Four independent experiments in (A) and two
independent experiments in (B) were repeated with the same conclusions, and representative
results are shown. Scale bar, 200 um. The same conclusions were obtained with 1 uM or 5
uM flg22, or 10 mg/mL chitin (not shown).

(C), (D) Number of callose deposits in WT, pro35S::CSEP24SP, fls2 and cerkl roots
response to flg22 (C) and chitin (D) presented in (A) and (B), respectively. Number of callose
deposits was quantified as the number of fluorescent callose in a 1.5 mm differentiation zone
(C) and 1.5 mm mature zone (D) of roots, using Image J. Results of four independent
experiments in (C, N = 43-50) and two independent experiments in (D, N = 20-23) were
combined. Error bars indicate standard errors. Asterisks indicate significant differences in the
means between WT and pro35S::CSEP24SP transgenic plants (Two-tailed t-test, p < 0.001).
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Figure 18. Introduction of CSEP9 does not influence flg22-induced callose deposition in
Arabidopsis roots.

(A) flg22-induced callose deposition in 8 days-old WT, pro35S::CSEP94SP, and fls2
seedlings treated with flg22 before aniline blue staining. 8 days-old seedlings from half MS
liquid medium were treated with 10 uM flg22 for 24h. Two independent CSEP9 transgenic
lines were detected. fls2, flg22 receptor mutant. Two independent experiments were
conducted. Scale bar, 200 pm.

(B) Number of callose deposits in WT, pro35S::CSEP94SP, and fls2 roots presented in (A).
Number of callose deposits was determined by counting the number of fluorescent callose per
root. 1.5 mm differentiation zone of per root was calculated using Image J. Results of two
independent experiments (N = 21-26) were combined. Error bars indicate standard errors. N.S.
indicates no significant differences in the means between WT and pro35S::CSEP94SP
transgenic plants (Two-tailed t-test).
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IG biosynthesis and hydrolysis are required for flg22-induced callose in Arabidopsis
roots

I confirmed that flg22-induced callose deposition in root differentiation zones was
reduced in the IG biosynthesis mutants cyp79B2 cyp79B3 and cyp81F2 cyp81F3, as well as in
pen2 (Figure 19A and B), which is consistent with previous works (Clay et al., 2009; Millet et
al., 2010).
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Figure 19. IG biosynthesis and hydrolysis are required for flg22-induced callose
formation in Arabidopsis roots.

(A) flg22-induced callose deposition in 8 days-old WT, cyp79B2 cyp79B3, cyp81F2 cyp81F3,
pen2, fls2 and pmr4 seedlings. Representative images of three independent experiments are
shown. Scale bar, 200 um.

(B) Number of callose deposits in (A). 1.5 mm differentiation zone of the roots, determined
using Image J. Results of three independent experiments (N = 27-34) were combined. Error
bars indicate standard errors. Asterisks indicate significant differences in the means between
WT and IG-related mutant plants (Two-tailed t-test, p < 0.001).

(C) A model for MAMP-induced callose deposition in Arabidopsis (Clay et al., 2009; Millet
et al., 2010, modified).
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AMI3A restores flg22-induced callose formation in pro35S::CSEP24S8P and 1G
biosynthesis mutants

flg22 perception is expected to induce CYP81F2-dependent 4MI3G production, followed
by 4MI3G hydrolysis to produce callose-eliciting compounds(s) (Figure 19C) (Clay et al.,
2009; Millet et al., 2010). 4MI3G application restores flg22-induced callose formation in
leaves of cyp79B2 cyp79B3 and cyp81F2, albeit not in pen2 (Clay et al., 2009). However, a
presumed IG hydrolytic product 4-methoxy-indole-3-acetonitrile (4MI3A), purified from
Chinese cabbage, and IG hydrolytic products, 4-methoxy-indole-3-carboxylate and
methyl-4-methoxy-indole-3-carboxylate, failed to rescue these mutants (Clay et al., 2009).

AMI3A is predicted to be derived from 4MI3G, through hydrolysis via PEN2 myrosinase
(Bednarek et al., 2009; Clay et al., 2009). | tested whether exogenous 4MI3A application
restores callose deposition in roots of IG biosynthetic and hydrolytic mutants. Simultaneous
application of 100 uM 4MI3A with 10 uM f1g22, recovered callose deposition in cyp79B2
cyp79B3 and cyp81F2 cyp81F3, but not in pen2, fls2, or pmr4 (Figure 20A and C). 4AMI3A
per se did not induce callose formation in the absence of flg22 (Figure 21). The results
indicate that 4MI3A is required for flg22-induced callose deposition in roots. The failure for
AMI3A to rescue pen2 implies the requirement for another critical metabolite(s) produced by
PEN2 myrosinase in callose formation (See Figure 1).

Remarkably, 4MI3A application restored flg22-induced callose formation in
pro35S::CSEP24SP plants (Figure 20A and B). However, I3A, a metabolite produced in a
parallel 1G branch with the 4MI3A branch, did not recover flg22-induced callose formation in
pro35S::CSEP2ASP plants (Figure 22A). This implies that CSEP2 negatively influences some
step upstream of 4MI3A production in this IG biosynthesis branch, and that this CSEP2
function but not CSEP2 expression is attenuated by 4MI3A application. | am currently testing
possible 4MI3A effects on CSEP2 expression in pro35S::CSEP2ASP plants.

By contrast, I1AOx application did not restore flg22-induced callose formation in
pro35S::CSEP2ASP transgenic plants (Figure 23), implying the existence of a CSEP2 target
step downstream of IAOx production. To further narrow down the target step of CSEP2 in the
IG pathway, | tested the possible effects of 13G, an intermediate located downstream of IAOX
and upstream of 4MI3A, on flg22-induced callose deposition in pro35S::CSEP24ASP and
IG-related mutants. 13G restores flg22-induced callose deposition in cyp79B2 cyp79B3, but
not in pro35S::CSEP2ASP, cyp81F2 cyp81F3 and pen2 (Figure 24), suggesting that CSEP2
interferes some step downstream of 13G production. Overall, It seems likely that CESP2
interferes with some step downstream of 13G but upstream of 4MI3A production in the 1G
pathway, for suppressing MAMP-induced callose deposition.
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Figure 20. 4MI3A restores flg22-induced callose formation in pro35S::CSEP24SP and

IG biosynthetic mutants.

(A) Callose deposition in 8 days-old WT, pro35S::CSEP24SP, fls2, cyp79B2 cyp79B3,
cyp81F2 cyp81F3, pen2, and pmr4 seedlings exposed to 10 M flg22 with or without 100 M
4MI3A before aniline blue staining. Two independent experiments were conducted. Scale bar,

200 pm.

(B), (C) Number of callose deposits in WT, pro35S::CSEP24SP, cyp79B2 cyp79B3, cyp81F2



cyp81F3, pen2, fls2 and pmr4 roots presented in (A). Number of callose deposits was
determined as the number of fluorescent callose in each root in 1.5 mm differentiation zone,
using Image J. Results of two independent experiments (N = 17-26) were combined. Error
bars indicate standard errors. Asterisks indicate significant differences in the means between
flg22 and flg22 + 4MI3A treated plants (Two-tailed t-test, p < 0.001). N.S. means not
significant.

41



flg22 /WT flg22 + 4MI3A /WT 4MI3A /WT

flg22 /WT flg22 + 4MI3A /WT AMI3A /WT

4MI3A / pro35S::CSEP24SP-3 4MI3A / pro35S:: CSEP24SP-5 4MI3A / pro35S.::CSEP2ASP-1

4MI3A / pro35S::CSEP2ASP-3 4AMI3A / pro35S::CSEP24SP-5 4AMI3A / pro35S::CSEP2ASP-7

Figure 21. 4MI3A does not induce callose in non-elicited roots.

(A) flg22-induced callose deposition in 8 days-old WT and pro35S::CSEP24SP transgenic
plant roots treated with flg22, 4MI3A, or both for 24 h before aniline blue staining. N = 8-12.
Scale bar, 200 pum.
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Figure 22. 13A does not rescue flg22-induced callose formation in pro358::CSEP2ASP
transgenic plants.

(A) flg22-induced callose deposition in 8 days-old WT, pro35S::CSEP24SP and fls2
seedlings exposed to 10 pM flg22 with or without 100 M I3A for 24h, before aniline blue
staining. fls2, flg22 receptor mutant. Two independent experiments were conducted. Scale bar,
200 pm.

(B) Number of callose deposits in WT, pro35S::CSEP24SP and fls2 roots presented in (A).
Number of callose deposits per root was determined in a 1.5 mm differentiation zone, with
Image J. Results of two independent experiments (N = 18-28) were combined. Error bars
indicate standard errors. N.S. indicates no significant differences in the means between
I3A-treated and untreated plants (Two-tailed t-test).
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Figure 23. IAOx does not rescue flg22-induced callose formation in pro358::CSEP2ASP

transgenic plants.

(A) flg22-induced callose deposition in 8 days-old WT, pro35S::CSEP24SP and fls2
seedlings exposed to 10 pM flg22 with or without 100 M 1AOX for 24h, before aniline blue

staining. Scale bar, 200 um.

(B) Number of callose deposits in WT, pro35S::CSEP24SP and fls2 roots presented in (A).
Number of callose deposits was determined by counting the number of fluorescent callose per
roots under microscopy, in 1.5 mm differentiation zone of the root, using Image J. N = 12-21.
Error bars indicate standard errors. N.S. indicates no significant differences between 1AOXx-

treated and untreated plants (Two-tailed t-test).
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Figure 24. 13G restores flg22-induced callose formation in cyp79B2 cyp79B3, but not in
pro358::CSEP24ASP and cyp81F2 cyp81F3.

(A) Callose deposition in 8 days-old WT, pro35S::CSEP24SP, fls2, cyp79B2 cyp79B3,
cyp81F2 cyp81F3, and pen2 seedlings exposed to 10 M flg22 with or without 100 UM 13G
before aniline blue staining. Scale bar, 200 um.

(B), (C) Number of callose deposits in WT, pro35S::CSEP24SP, fls2, cyp79B2 cyp79B3,
cyp81F2 cyp81F3 and pen2 roots presented in (A). Number of callose deposits per root was
determined in a 1.5 mm differentiation zone, using Image J. N = 20-26. Error bars indicate
standard errors. Asterisks indicate significant differences in the means between flg22 and
flg22 + 13G treated plants (Two-tailed t-test, p < 0.001). N.S. means not significant.
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CSEP2 does not influence 1G-related genes expression in response to flg22

I next assessed whether CSEP2 suppresses expression of 1G-related genes, by examining
CYP79B2, CYP83B1, CYP81F2 and IGMT1 expression in WT and pro35S::CSEP24SP
plants in response to flg22. None of these genes exhibited significant differences in flg22
induction between the two genotypes at the tested time points (Figure 25). These results
suggest that CSEP2 does not prominently influence flg22 induction of IG-related genes.
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Figure 25. Expression of IG-related genes is not significantly affected by transgenic
CSEP2 introduction in Arabidopsis seedlings.

gRT-PCR analysis for 1G-related gene expression in 8 days-old WT and pro35S::CSEP24SP
seedlings when exposed to 1 uM flg22 for the indicated times. Relative expression values
were determined with ACTIN as the standard, and means from 3 biological replicates (n = 12)
shown. Error bars indicate standard errors.

PMR4-dependent callose deposition is induced at Ct penetration sites

Callose papillae typically appear around the penetration sites in leaves when challenged
with powdery mildew fungi, but are dramatically reduced or absent in pmr4 (Nishimura et al.,
2003). By contrast, elevated callose deposition in PMR4-overexpression plants is associated
with penetration defects of powdery mildew fungi (Ellinger et al., 2013). This is consistent
with the notion that PMR4-dependent callose-rich papillae contributes to fungal penetration
resistance. However, loss of PMR4 function also results in strong powdery mildew resistance,
presumably as a consequence of backup defense activation (Aist, 1976; Ellinger et al., 2013;
Nishimura et al., 2003; Voigt, 2014).

I examined whether Ct and Ci infection induces callose deposition at the penetration
sites in roots. In WT plants, Ct and Ci penetration both results in callose deposition around
their penetration sites (Figure 26A and C). Ct-induced callose deposition was absent in pmr4
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(Figure 26B), validating that this callose deposition in roots is also PMR4 dependent.

Pl + Aniline blue Aniline blue

—  |Ct/ pmrd

Figure 26. Ct/Ci-induced callose deposition at fungal papillae sites in Arabidopsis roots.
(A), (B) Callose deposition at fungal papillae sites at 2 days after Ct (A) and Ci (B)
inoculation in Col-0 roots under low Pi conditions (50 uM). (C) Callose deposition at papillae
sites at 2 days after Ct inoculation in pmr4 under low Pi conditions (50 uM). (A-C) Callose (c,
stained with aniline blue) at Ct penetration sites is not seen in pmr4. Plant cells and fungal
hyphae (h) were stained with propidium iodide (red fluorescence). Penetration sites (ps) are
indicated by arrows. Callose deposits are indicated by arrowhead. Scale bar, 20 um.

Ct, but not Ci, increased fungal growth in pmr4 callose synthase mutants

To assess possible roles for PMR4-mediated callose deposition in interactions with
endophytic and pathogenic fungi, | examined Ct and Ci growth in WT and pmr4 plants. In
pmr4, Ct biomass was increased compared with WT under low Pi conditions, whereas it was
not affected in sid2 lacking a major branch of defense-inducible SA biosynthesis (Figure
27A). By contrast, Ci biomass was not affected in pmr4 or sid2 (Figure 27B). It should also
be noted that pmr4 mutants did not exhibit increased resistance to Ct or Ci, in contrast to the
previously described, SA-dependent resistance to leaf-infecting fungal pathogens (Nishimura
et al., 2003). Consistently, increased Ct growth in pmr4 was not affected by simultaneous
disruption of SID2, indicated by the increased fungal biomass in pmr4 sid2 compared to sid2
(Figure 27A). Thus, SA is unlikely to play a major role in the control of endophytic or
pathogenic fungal growth in roots. These results suggest that callose deposition specifically
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limits Ct growth in roots in a manner independent of SA.
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Figure 27. Callose synthase mutant pmr4 showed increased Ct biomass.

(A), (B) gRT-PCR analysis for Ct (A) and Ci (B) biomass in 7 days-old WT, pmr4, sid2 and
pmr4 sid2 seedlings at 3 days after inoculation under low Pi conditions (50 uM). Relative
expression levels of fungal ACTIN to plant ACTIN were determined in 3 independent
experiments with 3 biological replicates (N = 14) each. Error bars indicate standard errors.
Asterisks indicate significantly different statistical groups, calculated with two-tailed t-test, p
< 0.05.

CSEP2 overexpression alone is not sufficient to impair plant growth promotion by Ct

Having shown that CSEP2 suppresses MAMP-induced callose deposition and promotes
Ct infection in roots (Figures 10 and 17), | tested whether CSEP2 influences Ct-mediated
plant growth promotion under low Pi conditions. At 24 dpi, Ct-mediated plant growth
promotion was retained in pro35S::CSEP2ASP transgenic plants as well as in WT plants
(Figure 28 A). Shoot fresh weight (SFW) with or without Ct was similar between
pro35S::CSEP2ASP transgenic plants and WT (Figure 28 B). The results indicate that CSEP2
alone is not sufficient to impair plant growth promotion by Ct.
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Figure 28. Ct-mediated plant growth promotion is retained in CSEP2-expressing plants.
(A) A representative image of WT and pro35S::CSEP2ASP transgenic plants growth under
low Pi conditions (50 uM) with and without Ct inoculation for 24 d. Two independent
experiments were conducted. Scale bars indicate 1 cm.
(B) Quantitative analysis of shoot fresh weight (SFW) in WT and pro35S::CSEP2ASP
transgenic plants under low Pi conditions. SFW was determined at 24 dpi. N = 22-30.
Two-tailed t-test was conducted to evaluate significantly differences between Ct-inoculated
and uninoculated plants (calculated as SFW + Ct/- Ct, *p < 0.001).

CSEP2 alone was not sufficient to impair Ct-mediated plant growth promotion (Figure
28) and CSEP2 attenuated cell wall-based defense by interfering with 1G metabolic pathway.
It is thus conceivable that another branch(es) in Trp-derived plant metabolism also contributes
to Ct-mediated plant growth promotion, and/or that another effector(s) suppressed by
Trp-derived metabolites is required for Ct pathogenesis. 4MI3A and CAM application
effectively suppresses Ct overgrowth in cyp79B2 cyp79B3 (Figure 4), implying that the IG
and CAM pathways both contribute to Ct-mediated plant growth promotion. To test this idea,
| examined Ct-mediated plant growth promotion in the mutants lacking these two branches,
cyp81F2 cyp81F3 and pad3, which are unable to generate 4MI3A or CAM, respectively.
Ct-mediated plant growth promotion was not affected in cyp81F2 cyp81F3 or pad3 plants
(Figure 29). Notably however, Ct-mediated shoot growth promotion was impaired in cyp81F2
cyp81F3 pad3 triple mutants, compared to WT (Figure 29). These suggest that the 4AMI3A
and CAM pathways both, redundantly contribute to Ct-mediated growth promotion.
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Figure 29. 4MI3A pathway and CAM pathway both contribute to Ct-mediated plant
growth promotion.

(A) A representative image of WT, cyp81F2 cyp81F3, pad3 and cyp81F2 cyp8lF3 pad3
plants under low Pi conditions (50 uM) with and without Ct inoculation for 24 d. Two
independent experiments were conducted. Scale bars indicate 1 cm.

(B) Quantitative analysis of shoot fresh weight (SFW) of WT cyp81F2 cyp81F3, pad3 and
cyp81F2 cyp81F3 pad3 plants in low Pi conditions. SFW was determined at 24 dpi. N =
22-30. Two-tailed t-test was conducted to evaluate statistical differences between
Ct-inoculated and uninoculated plants (calculated as SFW + Ct/- Ct, *p < 0.01).
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DISCUSSION

In this study, | show that two CSEPs act as fungal infection-promoting factors in Ct, and
that their expression is repressed during beneficial interactions by a subset of plant
Trp-derived metabolites (Figure 10 and 14). This is consistent with previous studies that
fungal overgrowth is associated with the loss of Ct benefits in A. thaliana mutants
compromised in the host Trp metabolism (Hiruma et al., 2016). This work gains important
insight into the mechanisms by which Ct expresses pathogenesis in the absence of host
Trp-derived metabolites. Pathogens typically employ a wide array of effectors to suppress PTI
for promoting infection (Cui et al., 2015; Irieda et al., 2019; Jones et al., 2006). This work
demonstrates that endophytic fungi also have infection-promoting effectors, including CSEP2
that attenuates MAMP-induced callose deposition. The significance of this defense
suppression is underscored by increased Ct colonization when PTIl-associated callose
deposition is lost or reduced in pmr4 or CSEP2-transgenic plants, respectively (Figures 10
and 27). Beneficial mycorrhizal fungi and rhizobia have also been reported to secrete
effectors to counteract host PTI, thereby promoting colonization, to facilitate their symbiotic
processes (Deakin et al., 2009; Plett et al., 2020; Vof3et al., 2018; Zeng et al., 2020). Together
with these studies, this study extends the view to non-mycorrhizal beneficial fungi that fungal
infection is limited by host PTI, yet fungi have evolved effectors to counteract and overcome
PTI.

This study for the first time reveals an effector in non-mycorrhizal beneficial fungi,
CtCSEP2, which attenuates MAMP-induced callose deposition. This extends a repertoire of
host targets in mutualistic microbes (Deakin et al., 2009; Plett et al., 2020; Vol3et al., 2018;
Zeng et al., 2020). Although effectors suppressing callose deposition have been described in
different pathogen, e.g. through interfering with defense signaling within or proximal to the
PRR complexes (Gdare et al., 2008; Hauck et al., 2003; Kim et al., 2005; Tomczynska et al.,
2020; Wang et al., 2021), this study indicates the existence of a novel mechanism for callose
inhibition by plant-infecting microbes, i.e. interfering with the host IG metabolism.

Trp-derived plant metabolites suppress fungal overgrowth during beneficial interactions
with Ct in A. thaliana

Cruciferous plants including A. thaliana are characterized by family-specific evolution
and diversification of antimicrobial metabolites derived from Trp, such as glucosinolates and
their breakdown products, isothiocyanates, thiocyanates and nitriles (Halkier and Gershenzon,
2006). In particular, the IG biosynthesis pathway mediates broad-spectrum resistance against
a wide range of plant pathogens (Bednarek et al., 2009).

The significance of these metabolites in beneficial Ct interactions is evident with the
pathogenesis displayed by Ct in cyp79B2 cyp79B3 plants, which are impaired at the initial,
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critical step of Trp metabolism for producing IAOx (Hiruma et al., 2016). As IAOX provides a
common precursor for multifurcating metabolic branches, it is important to elucidate what
IAOx derivatives serve in suppressing potential Ct pathogenesis during beneficial interactions.
Downstream of 1AOx, the immunity function of IGs is dependent on CYP81F2 P450
monooxygenase that hydroxylates 13G to produce 40HI3G, a precursor for 4MI3G (Figure 1,
Bednarek et al., 2009; Clay et al., 2009). This work has unveiled a significant increase in Ct
growth at an early infection stage in cyp81F2 cyp81F3 plants, but not in plants that are
defective in downstream branches (Figure 7). It is possible that redundant myrosinases
mediate 4MI3G hydrolysis. Notably, however, CYP81F2 and PEN2 both contribute to leaf
resistance against different fungal pathogens such as Blumeria graminis f.sp. hordei, Erysiphe
pisi and Plectosphaerella cucumerina (Bednarek et al., 2009). It has been also reported that Ct
growth is increased in pen2 at a late colonization stage, possibly under different inoculation
conditions from ours (Frerigmann et al., 2020). Trp-derived diverse metabolites may
differentially suppress fungal growth at different infection modes and/or steps. Determination
of bioactive forms of these metabolites and precise understanding of their functions and
regulations require further in-depth studies.

This work shows that an as-yet-undetected IG metabolite 4MI3A, presumably derived
from PEN2-mediated hydrolysis of 4MI3G, inhibits Ct growth specifically in planta. The
failure for 4MI3A to inhibit fungal growth in vitro implies that 4MI3A suppression of Ct
overgrowth is dependent on its conversion to an active anti-microbial compound(s) or its
stimulation of plant immunity. My data suggest that at least some Trp-derived metabolites
serve to strengthen MAMP-induced callose deposition against its perturbation during fungal
infection. Therefore, Trp-derived metabolites seem to suppress fungal growth in roots not
only as antimicrobial compounds but also at least through the reinforcement of cell
wall-based defense, thereby contributing to beneficial interactions with Ct.

In this study, the effects of Trp-derived metabolites on Ct fungal growth and plant growth
promotion were tested under low Pi conditions. However, Pi levels also affect the infection
modes of Ct. Ct promotes plant growth only under Pi-deficient conditions, but not under
Pi-sufficient conditions (Hiruma et al., 2016)), implying that, in addition to Trp-derived
metabolies, phosphate status plays a role in the transition from pathogenic to beneficial
lifestyles. Transcriptome analyses on Pi-depleted and Pi-supplied roots in response to Ct
indicate a greater activation of ‘defense response’ and ‘indole glucosinolate metabolic
processes’ in Ct-colonized roots under Pi-sufficient compared to Pi-deficient conditions
(Hacquard et al., 2016). Further studies on Trp-derived plant metabolites controlling fungal
growth under Pi-sufficient conditions is also valuable for exploring the molecular basis for the
Pi status dependence and its possible links to Trp metabolism in Ct-plant interactions.
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Ct CSEPs promote fungal colonization in A. thaliana roots

Plant pathogens have typically adapted their infection-promoting strategies and effectors
to the host plants (Alfano et al., 2004; De Wit et al., 2009; Kamoun, 2006; Rehman et al.,
2016). This study has exploited the root endophyte and pathogen models Ct and Ci,
respectively, which are closely related to each other (Hacquard et al., 2016), to compare and
investigate into the molecular mechanisms underlying their contrasting infection modes. A
smaller repertoire of CSEP genes in Ct compared to Ci, at both the genome and transcriptome
levels (Hacquard et al., 2016), suggests that restriction of CSEP activities is a key to establish
beneficial interactions with endophytic fungi. Indeed, endophytic Ct turns to be a pathogen in
cyp79B2 cyp79B3 plants, in which fungal virulence is de-repressed in the absence of
Trp-derived metabolites (Hiruma, et al., 2016). A comparative fungal transcriptome analysis
has revealed 11 CSEPs, which were highly induced during colonization in cyp79B2 cyp79B3
plants compared to WT (Figure 8). Here | pursued the hypothesis that these CSEPs facilitate
Ct growth and/or its transition from beneficial to pathogenic infection modes. Of these CSEPs,
two CSEPs promote Ct colonization when individually introduced as transgenes without SP
sequences into A. thaliana. To test the physiological relevance of these findings, Ct mutants
disrupted with and constitutively expressing these CSEPs, currently being generated, need to
be examined in this context. Nevertheless, my results indicate that two CSEPs have the ability
to promote Ct infection through some functions in the host cytoplasm.

CSEP2 homologs are widely distributed within the Colletotrichum genus. Interestingly,
Colletotrichum species, carrying Ct CSEP2 homologs of high similarity, such as C. incanum,
C. higginsianum and C. shisoi, ranging from 78.3% to 60% (Table 1), as well as C. tofieldiae,
colonize Brassicaceae plants. The IG biosynthesis pathway emanating from Trp has evolved
and diversified extensively in Brassicales. These CSEP2 homologs in the Brassicaceae
-adapted Colletotrichum species, may play a common role in promoting fungal infection
against 1G-mediated host defense characteristic of Brassicaceae plants. It is conceivable that
attenuation of PMR4-medaited cell wall-based defense is a conserved function for CSEP2
homologs. Motif-domain searching program, including InterPro and PROSITE, have not
revealed discernible functional domains or motifs in CSEP2 protein sequences, as is usual
with microbial effectors. The mechanisms by which Ct-CSEP2 attenuates callose deposition
and whether it also has another host target(s) require further investigation.

Notably, CSEP2 expression is silenced in Ct during beneficial interactions, whereas it is
induced during pathogenesis in the absence of host Trp metabolism. It is important to explore
the molecular basis for differential CSEP expression between endophytic and pathogenic
infection modes in Colletotrichum species. This regulation seems in contrast to the
aforementioned defense-attenuating effectors in mycorrhizal fungi and symbiotic bacteria,
which are expressed to promote colonization and symbiosis. Whether their effector
over-activation leads to pathogenesis, and if so how it is prevented during symbioses,
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represents an interesting topic for future studies.

CSEP2 suppresses MAMP-triggered callose deposition dependent on 1Gs

CSEP2 conserved in Colletotrichum species, but not Ct-specific CSEP9, specifically
suppresses MAMP-induced callose deposition. In leaves, the loss of PMR4 callose synthase
leads to enhanced fungal resistance in an SA dependent manner (Nishimura et al., 2003). By
contrast, PMR4-dependent callose deposition contributes to flg22-induced resistance against
hrcC mutant strain of the bacterial pathogen Pseudomomas syringae DC3000, which lacks
T3SS delivering virulence effectors into the host cell (Kim et al., 2005). These findings
suggest that PMR4 contributes to PTI, and that its loss leads to enhanced immunity in leaves
in the presence of pathogen effectors, presumably via ETI-like backup resistance mounted on
effector recognition. Enhanced Ct growth in pmr4 (Figure 27) indeed points to a critical role
for callose deposition in limiting Ct colonization.

It is thus remarkable that the suppression of callose deposition by CSEP2 or pmr4 is not
accompanied by backup resistance in roots (Figures 17 and 10). This can be explained by the
scarcity of effector expression during beneficial interactions with Ct, which is reminiscent of
the aforementioned T3SS-deficient bacteria.

Ci also infects pmr4 roots without encountering strong resistance, despite extensive
induction of callose deposition at the cell wall papillae (Figure 26 and Figure 27). In the case
of Ci, loss of PMR4-dependent callose deposition does not further increase fungal growth or
lead to backup resistance activation. This may be attributed to effective suppression of callose
deposition and/or backup resistance activation, enabled by a rich repertoire of CSEP-encoding
effectors expressed in Ci. It is also conceivable that the lack of chloroplasts hampers active
SA biosynthesis and backup resistance activation upon fungal perturbation of callose
deposition in roots.

Despite the evident requirement for the 1G pathway in MAMP-induced callose
deposition (Clay et al., 2009; Millet et al., 2010), the mechanisms by which IG derivatives
including 4MI3A regulate callose deposition are still obscure. Detecting and tracing 4MI3A
with an isotope label in planta may help identify a bioactive form(s) toward the elucidation of
how it regulates callose deposition. In this context, Ct CSEP2 may provide a useful probe to
reveal an “Achilles heel” in the host defense regulation. Screening for CtCSEP2 interacting
plant proteins may help reveal a critical step in the plant-fungus competition over the Trp
metabolic pathway.

Trp-derived plant metabolites control Ct infection in various ways during beneficial
interactions
Ct CSEP2 is likely to interfere with some steps in the 4MI3A branch to attenuate callose

deposition, thereby promoting fungal growth, but Ct-mediated plant growth promotion under
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low Pi conditions is not affected in transgenic plants overexpressing CtCSEP2 (Figure 28). In
pmr4, suppression of MAMP-induced callose deposition is associated with increased Ct
growth (Figure 27) and also apparently with defects in Ct-mediated plant growth promotion
(Preliminary data not shown). This may be correlated with possible differences in fungal
growth and/or behavior between the two host genotypes. It is important to determine a
threshold for fungal growth levels, beyond which Ct growth negatively influences plant
growth, and what is needed in addition to CSEP2 for Ct to exceed this threshold.

In the absence of 4MI3A or camalexin in cyp8l1F2 cyp81F3 and pad3 mutants,
respectively, Ct also displays WT-like plant growth promotion (Figure 29). MAMP-induced
callose deposition is reduced in cyp81F2 cyp81F3 (Figure 19) but is retained in pad3 (Clay et
al, Science 2009). Strikingly however, the simultaneous disruption of the two pathways
results in the loss of Ct-mediated plant growth promotion in cyp81F2 cyp81F3 pad3, albeit
without discernible disease symptoms (Figure 29). This suggests that an array of Trp-derived
metabolites collectively contribute to the proper control of Ct growth and benefits, possibly in
callose-dependent and -independent manners. The obvious differences in Ct infection modes
and Ct effects on plant growth between cyp81F2 cyp81F3 pad3 and cyp79B2 cyp79B3 plants
(Figure 29; Hiruma et al., 2016) imply the existence of another Trp-derived metabolite(s)
controlling Ct growth and plant growth promotion, which is largely retained in the former
mutant but lost in the latter mutant. The precise mechanisms by which these metabolites
influence Ct infection modes and growth require further exploration, but the present data
point to the existence of various roles played by different Trp-derived plant metabolites
(Figure 30).

My findings suggest that Ct growth is restricted by Ct-induced callose-rich papillae at
fungal contact sites, and that Ct has CSEP2, if expressed, which can effectively attenuate
MAMP-induced callose deposition. Importantly, the host employs a subset of Trp metabolites
not only to repress CSEP2 expression but also to counteract its callose-suppressing function,
indicated by the restoration of flg22-induced callose deposition in pro35S::CSEP2ASP plants
with 4MI3A (Figure 20). My study has discovered a competition between effector-mediated
suppression and Trp metabolite-mediated reinforcement of cell wall-based defense, which
plays a critical role in fungal growth control during plant interactions with beneficial
endophytes.

Conclusions

Currently, many pathogen effectors have been reported to promote host infection of the
pathogen. However, the colonization strategies of endophytes, and host control of their
colonization during beneficial interactions are still largely unknown. | revealed an infection
promoting effector, CSEP2, in the root endophytic fungus Ct, which possibly interferes with
some steps in the IG pathway to attenuate cell wall-based defense conferred by
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MAMP-induced callose deposition, thereby promoting Ct infection. Host Trp-derived
metabolites suppress CSEP2 expression and function, thereby strengthening MAMP-induced
callose deposition, to counteract Ct infection strategies. A competition between fungal
effectors and host Trp metabolism over MAMP-induced callose deposition provides a critical
step in beneficial plant-fungus interactions.
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Figure 30. A competition between fungal effectors and host tryptophan metabolism
controls interactions with endophytic fungi in A. thaliana.

The endophytic fungus Ct secretes infection-promoting effectors, such as CSEP2, into the
cytoplasm of root cells during colonization in A. thaliana. In WT plants, a subset of
Trp-derived metabolites suppresses CSEP2 expression, while 1G-dependent MAMP-induced
callose deposition at fungal penetration sites in the plant cell wall restricted Ct invasion.
Studies on CSEP2-expressing transgenic plants or Trp metabolism-deficient mutants point to
a model in which CSEP2, if expressed, can interfere with certain step(s) upstream of 4MI3A
but downstream of 13G in the IG pathway to attenuate MAMP-induced callose deposition,
thereby promoting Ct infection. Exogenous application of 4MI3A strengthens
MAMP-induced callose deposition, and thereby counteracts CSEP2-mediated
callose-suppression. In addition, camalexin and some unknown metabolite(s) also contribute
to suppressing Ct overgrowth and pathogenesis, likely through a mechanism(s) different than
callose deposition, during beneficial interactions.
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Supplementary Figure 1. 4MI3G production is induced during Ct colonization.

(A) A scheme for 1G biosynthesis in Arabidopsis.

(B) Accumulation of 13G, 1MI3G and 4MI3G in roots at 3 days after Ct inoculation in 7
days-old WT plants. Metabolites contents were determined with liquid
chromatography/mass spectrometry (LC/MS). 3 biological replicates for each sample.
Error bars indicate standard errors. This experiment was conducted by Shigetaka Yasuda.
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Supplementary Table 1. CSEP genes highly induced during Ct colonization in cyp79B2
cyp79B3 plants.

FPKM

1 dpi 3 dpi
CSEP Gene ID WT cyp79B2 WT cyp79B2

cyp79B3 cyp79B3

CSEP1 CT04_00229 106.395 1054.75 216.565 858.209
CSEP2 CT04_01302 O 350.139 O 0
CSEP3 CT04_01355 0 279579 0 0
CSEP4 CT04_02592 0 73871 0 460.086
CSEP5 CT04_07149 0 311.892 0 152.486
CSEP6 CT04_08933 0 128.424 0 0
CSEP7 CT04_ 10528 0 457223 0 0
CSEP8 CT04_10683 61.1864 3218.14 O 0
CSEP9 CT04 11124 16.3921 105525 O 0
CSEP10 CT04_11158 0 0 553.919 1523.78
CSEP11 CT04_ 11194 0 0 249601 96.1132

Total of predicted Ct CSEPs = 133

Transcriptome analysis was conducted by Kei Hiruma.
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Supplementary Figure 2. Two CSEPs contribute to Ct root colonization.

gRT-PCR analysis for Ct biomass in 7 days-old WT and pro35S::CSEPASP transgenic plants
(T2 generation) at 3 dpi with Ct. Error bars indicate standard errors. Asterisks indicate
significant differences in the means between WT and CSEP transgenic plants (Two-tailed
t-test, p* < 0.05, p** < 0.001). This experiment was conducted by Tsurukawa (Tsurukawa,
2020 Master thesis).
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Supplementary Figure 3. Orthologs of two CSEPs in selected Colletotrichum species.

In a phylogenetic tree of Colletotrichum species (Gan et al., 2019), the presence of CSEP2
and CSEP9 orthologs is indicated by the colored circles on the right. Gray circle, CSEP2.
White circle, CSEP9.
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