How eukaryotic filamentous pathogens evade plant recognition
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Abstract

Plant pathogenic fungi and oomycetes employ sophisticated mechanisms for evading host
recognition. After host penetration, many fungi and oomycetes establish a biotrophic interaction.
It is assumed that different strategies employed by these pathogens to avoid triggering host
defence responses, including establishment of biotrophic interfacial layers between the pathogen
and host, masking of invading hyphae and active suppression of host defence mechanisms, are
essential for a biotrophic parasitic lifestyle. During the infection process, filamentous plant
pathogens secrete various effectors, which are hypothesized to be involved in facilitating
effective host infection. Live-cell imaging of fungi and oomycetes secreting fluorescently-
labelled effector proteins and functional characterization of the components of biotrophic
interfaces have led to recent progress in understanding how eukaryotic filamentous pathogens

evade plant recognition.

Introduction

Eukaryotic filamentous plant pathogens, e.g., fungi and oomycetes, cause extensive losses to
annual yields of main agricultural crops worldwide [1,2]. In order to control these plant diseases,

the broad spectrum of mechanisms that filamentous pathogens use to colonize host plants needs
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to be elucidated. The first layer of the plant immune system involves basal defence responses
that are triggered by the detection of pathogen-associated molecular patterns (PAMPs, e.g.,
chitin, glucan, ergosterol, flagelin). PAMP-triggered immunity (PTI) involves plant pattern
recognition receptors (PRRs, e.g., chitin, glucan, ergosterol recognition receptors), which are
extracellular transmembrane receptor proteins in the host—pathogen interface. A second layer of
defence involves recognition of specific avirulence (AVR)-effectors secreted by the pathogen to
promote infection. AVR-effector recognition generally occurs through cytoplasmic NB-LRR-
type immune receptors leading to effector-triggered immunity in the classical gene-for-gene
interaction [3*,4,5]. Evasion of plant recognition seems to be a challenge for filamentous
pathogens, considering that both PAMPs and plant PRRs are broadly conserved [3*] and the
recognition mechanism of diverse AVR-proteins by respective NB-LRR-receptors is highly
efficient [6]. In this review, we focus on the cellular and molecular biology of biotrophic fungal
and oomycete encounter sites and effectors secreted in plant tissue, and on the current
understanding of the suppression of plant recognition and modulation of plant metabolism for the

pathogen’s own benefit.

The challenging road to evade plant recognition

A successful eukaryotic pathogen must accomplish several tasks during infection of a host plant.
After host invasion, many important filamentous plant pathogens establish a biotrophic
interaction, which depends on living host cells [2,7]. The challenges for biotrophic pathogens are
to invade the host tissue with minimal damage and to evade recognition by plant cells. In order to

accomplish that, biotrophic pathogens developed a range of sophisticated strategies. Here we
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highlight three major strategies: (i) establishment of carbohydrate-rich and protein-containing
interfacial layers that separate fungal cell walls and plant plasma membrane; (ii) effector
modulation of host metabolism and suppression of plant defences (iii) remodelling of the

pathogen cell wall for evasion of PAMP-triggered immunity.

1% Strategy: Establishing a unique interface with the host plant cell

In order to achieve their challenges, many biotrophic pathogens develop highly-specialized
intracellular feeding structures (Figure 1), which are surrounded by the plant plasma membrane
(the extrahaustorial membrane (EHM) or the extrainvasive hyphal membrane (EIHM)) [8,9**].
Importantly, this interface between the pathogen cell wall and plant membrane is called the
extrahaustorial matrix (EHMx) (Figure la, light green interface), or the extrainvasive hyphal
matrix (EIHMx, Figure 1b), and it plays an essential role in maintaining the biotrophic lifestyle,
including nutrient acquisition and evasion of plant recognition [10,11]. The EHMx is a gel-
matrix enriched in carbohydrates and proteins from both the fungus and the host [9**,12,13].
Highly specialized plant sugar transporters, SWEET (hexose and sucrose transporters), are
induced during biotrophic invasion by a powdery mildew fungus, suggesting they are involved in
delivering nutrients into the EHMx [14]*. Plasma membranes from biotrophic pathogens contain
in planta-expressed sugar and amino acid transporters as well as H+ATPases, allowing nutrient
uptake [15, 16]. Notably, this is mechanistically essential, since sugars released by pathogen
activity trigger plant defence responses [17]. A classic example is the sucrose/H+-symporter
(Srtl) from Ustilago maydis [18], in which knockout mutations strongly affect the pathogen’s

virulence. Srtl has been demonstrated to have an unusually high substrate affinity required for
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providing the pathogen with efficient carbon supply, while minimizing apoplastic signals that
trigger plant defence responses [18,19].

Remarkably, strategic establishment of a unique, individualized environment during
biotrophic development is a key characteristic of different filamentous biotrophic pathogens that
is independent of their ability to differentiate specialized infection structures and of their plant
colonization styles (intercellular growth, e.g., Cladosporium fulvum [20] or subcuticular growth,
e.g., Venturia inequalis [21]). Moreover, genome-wide transcriptome analysis (e.g., microarray
analysis [16] and Deep Illumina RNA sequencing [22%*,23] of biotrophic pathogens at different
infection stages) clearly confirms the hypothesis that the fungal secreted proteome is
reprogrammed to be perfectly in-line with the needs of a biotroph. Indeed, several pathogen
extracellular lytic-enzymes are suppressed in the EHMx and they are less abundant in the
proteomes of biotrophic species [23,24,25,26]. By contrast, multiple effectors are secreted into
the EHMXx, in order to modulate metabolism and evade plant recognition [23] (Tablel). Fungal

effectors will be described in detail in the next section.

2" Strategy: Secreting highly specialized effectors

The ability to manipulate and reprogram host metabolism is a hallmark of biotrophic plant
pathogens [27,28]. In this context, effector secretion in planta is a key feature for these
pathogens. In general, effectors can be classified as small secreted proteins that often lack
similarity to known proteins and are specifically expressed during biotrophic development, while
remaining suppressed in vitro and during other developmental stages, e.g., the necrotrophic

phase [29,30]. Early perception of plant signals is necessary to trigger transcription of effector-
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coding genes during plant infection [31**]. Effectors are also classified by their destinations in
the interaction court, with apoplastic effectors residing in the extracellular plant compartment
and cytoplasmic effectors translocating into the cytoplasm of living plant cells [32**] (Figure 2).
Remarkably, cytoplasmic effectors of Magnaporthe oryzae are secreted by a distinct, golgi-
independent secretion system into a specific EIHMx region called the biotrophic interfacial
complex (BIC) (Figure 1 and 2, Gradient yellow-red structure on the bulbous hyphae)
[32**33* 34]. Several M. oryzae effectors are translocated to the cytoplasm of rice cells and
even move to non-infected neighboring cells, presumably to prepare them for future infection
[34] (Figure 2a). As with candidate cytoplasmic effectors from diverse pathogens, putative
effectors from the poplar rust, Melampsora larici-populina, were recently shown to accumulate
in diverse plant cell compartments, presumably to reprogram biochemical events in host

organelles [35%*].

Many known effectors were identified as AVR effectors, which are recognized by plant
resistance (R) immune receptor proteins and result in a hypersensitive resistance response that
restricts pathogen growth and disease development [29,36,4]. However, effectors most likely
evolved as virulence factors that provide benefits to the pathogen during host colonization.
Therefore, effectors have been mentioned as both virulence factors and host-specificity factors,
depending on whether they are known to confer a general benefit or to only promote growth in
specific host plants [37]. Here we divide these effectors in major classes, according with their

functions in the host plant.

Effectors targeting host lytic enzymes
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Host plants secrete, constitutively and in response to microbial attack, several lytic enzymes into
their apoplastic compartments (also called extracellular or cell wall). The evolution of these
pathogenesis-related (PR) plant lytic enzymes, such as proteases, glucanases and chitinases, led
to specialization of pathogen effector proteins that inhibit these enzymes and protect the
pathogen [38]. For example, effector GIP1 from the oomycete soybean pathogen Phytophthora
sojae inhibits the soybean PR2 endoglucanase [39]. Importantly, proteins homologous to GIP1
were also found in the proteome of pathogenic fungi such as Fusarium oxyporum,
Phaeosphaeria nodorum and Cochliobolus carbonum [39]. Although effectors that directly
target chitinases have not yet been identified, effectors targeting apoplastic proteases have been
identified in many pathogens. For instance, U. maydis secretes Pit2 that inhibits host cysteine
proteases and is required for pathogenicity [40]. Additional examples of protease inhibitor-like
effectors include Avr2 of C. fulvum, and EPIC1 and EPIC2B of P. infestans, which are active in
the apoplast and are required for virulence [41,42]. The rust transferred protein 1 (RTP1) from
the bean rust fungus Uromyces fabae shared similarity to cysteine protease inhibitors and it
showed inhibition of yeast protease activity [26]. This effector was the first one shown to be
translocated from haustoria into host cytoplasm, suggesting activity as a cytoplasmic effector [7].
Recently, Kemen and colleagues [43] reported that RTP1 forms multiple amyloid-like filaments
extending into the host cytoplasm. The authors speculate a potential structural role of RTPI in
stabilizing haustoria inside host cells. Identification of RTP1 homologs in 13 rust fungal
proteomes analyzed so far suggests this effector may play an important role in the rust lifestyle

[26].

Effectors targeting immune response pathways
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Two effectors target the plant ubiquitination system, which plays an important role in regulation
of plant immunity [44, 45, 12]. The AvrPiz-t effector from M. oryzae targets proteasome activity
through interaction with the RING E3 ubiquitin ligase APIP6, leading to their mutual
degradation and suppression of pathogen-associated molecular pattern-triggered immunity in rice
[46] (Figure 2b). Another example is the AVR effector Avr3a from P. infestans, which binds and
stabilizes a potato U-box E3 ubiquitin ligase CMPG1 blocking the Infl-induced death of potato
cells [44].

The cytoplasmic effector Seel (Seedling efficient effectorl) of U. maydis is required for the
reactivation of plant DNA synthesis in the nucleus, which is crucial for tumor progression in leaf
cells [47**]. Seel interacts with a maize homolog of SGT1 (Suppressor of G2 allele of skpl), a
factor acting in cell cycle progression in yeast (Saccharomyces cerevisiae) and an important
component of plant and human innate immunity. These authors propose that Seel interferes with
SGT1 activity, resulting in both modulation of immune responses and reactivation of DNA

synthesis [47%*].

Chitin-binding effectors

Chitin, a B-1,4-linked homopolymer of N-acetyl-glucosamine (GIcNAc), is an essential fungal
cell wall component. In tomato, sub-nanomolar concentrations of B-1,4-N-acetyl glucosamine
oligomers are sufficient to induce defence responses [48]. Indeed, PAMPs such as chitin
oligomers are recognized by corresponding plasma membrane-localized PRRs such as LysM
receptors CEBiP and OsCERKI1, which cooperatively mediate chitin elicitor signaling and
immunity in rice [49]. In order to suppress chitin-triggered immunity, diverse pathogens secrete

effectors that contain LysM amino acid domains (carbohydrate-binding modules that generally
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bind GIcNAc). These effectors either prevent the release of chitin oligosaccharides from fungal
cell walls by plant chitinases or they sequester released oligosaccharides to prevent recognition
(Figure 3). Chitin-binding effectors have been reported as essential for virulence in the fungal
pathogens C. fulvum, Mycosphaerella graminicola and M. oryzae [50,51,52,53]. C. fulvum
secretes Ecp6, a LysM effector that sequesters chitin oligosaccharides released from the fungal
cell wall [50,51]. Another C. fulvum effector, Avr4, contains a different chitin-binding domain
and functions as a plant chitinase inhibitor [50,51]. On the other hand, one of the three LysM
effectors in the wheat intercellular pathogen M. graminicola has both wall protection and
sequestering functions [52]. In M. oryzae, the LysM effector Slp1 binds chitin oligosaccharides
and suppresses chitin-induced immunity mediated by the rice chitin elicitor binding PRR protein
(CEBIP) [53] (Figure 3). Recent studies have shown that N-glycosylation of Slpl is required to

evade host innate immunity [54%*].

Peroxidase inhibitor-like effectors

The Pepl effector (Protein essential during penetration-1) from U. maydis protects fungal hyphae
from the oxidative burst and reactive oxygen species (ROS) driven by peroxidases, which are
major components of the plant immune response [55]. In maize, Pepl plays an essential role in

virulence by inhibiting plant peroxidases. The Jpep! mutants induce strong plant defence

responses, (e.g., papilla formation, H,O, accumulation and host cell death) leading to an early

block in pathogenic development of the fungus. Importantly, in vivo immunolocalization, live-
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cell imaging and plasmolysis assays clearly indicate that Pepl is an apoplastic effector that

accumulates at points of cell-to-cell passage [55,56]. At sites where mutant strains attempt

penetration, H,O, strongly accumulates in the cell walls. Moreover, bimolecular fluorescence

complementation (BiFC) assays indicate interaction between Pepl and the secreted maize
defence peroxidase POX12 in planta. Pepl seems to be crucial for scavenging plant ROS,

facilitating the penetration of the fungus [55,56].
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Effector targeting microRNA biosynthesis pathway

Highly-specialized small RNAs, so-called microRNA (miRNA), have recently been shown to
regulate pattern-triggered immunity (PTI) during bacterial, oomycete and fungal invasion of
plants [57** 58%* 59*%]. The PSRI1 protein (Phythophthora Supressor of RNA Silencing 1)
directly targets an essential Arabidopsis protein called PINP1 (PSRI1-interacting Protein 1)
required for accumulation of distinct classes of miRNA promoting disease development. Further
study has shown that silencing the PINP/ gene impairs the assembly of microRNA-processing

complex in the nucleus, attenuating PTI and promoting infection [57%*].

Effectors that modulate host metabolism

The corn smut disease, caused by U. maydis, is characterized by tumor formation and
anthocyanin induction. Tanaka et al. [60**] have reported induction of anthocyanin biosynthesis
by the U. maydis effector called Tin2. Tin2 is translocated to the maize cytoplasm where it binds
to and stabilizes ZmTTK1 kinase, leading to activation of transcription factors involved in the
anthocyanin biosynthesis pathway. These results suggest that Tin2 likely redirects metabolites

into the anthocyanin pathway in order to decrease their availability for other defense responses.

The U. maydis cytoplasmic effector chorismate mutase (Cmul) is highly expressed
during biotrophic invasion and plays an important role in virulence [61]. This fungal enzyme
catalyzes the conversion of plant chorismate to prephenate in the shikimate pathway leading a

shift in host metabolism towards aromatic amino acid biosynthesis and away from biosynthesis
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of the defence hormone salicylic acid. Maize plants infected by Acmul mutants show increased

levels of salicylic acid, providing significant resistance to the fungus [61].

3" Strategy: Remodeling the fungal cell walls

A series of elegant models explain how different fungi evade exposition of elicitor-active cell
wall polymers in planta including chitin deacetylation [62,63,64,65**], shielding of the glucan-
chitin network by alpha-1,3-glucan [66**] and readjustment of the beta-1,3/1,6-glucan content of

hyphal cell walls [67*].

Chitin deacetylation

As chitosan is not a good substrate for plant chitinases, fungal pathogens convert chitin to
chitosan in the attempt to shield the fungal cell wall from release of chitin oligosaccharides that
serve as PAMPs. Chitin deacetylase, the enzyme that catalyzes the conversion of chitin to
chitosan by the deacetylation of N-acetyl-D-glucosamine residues, was first identified and
partially purified from extracts of the fungus Mucor rouxii [68]. Since then, the presence of this
enzyme activity has been reported in several other fungi [62,63,64]. Through chitin and chitosan
staining methods, El Guedari and colleagues [62] have found that chitosan, but not chitin, is
present on the surface of the cell walls of biotrophic infection structures of the wheat stem rust
fungus Puccinia graminis f. sp. tritici, the broad bean rust fungus Uromyces fabae, and the maize
anthracnose fungus, Colletotrichum graminicola. Indeed, transcriptome analysis (RNA-seq)

clearly indicated that at least four chitin deacetylases are overexpressed during biotrophic
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development of the cacao pathogen Moniliophthora perniciosa [65**]. In this context, chitin
deacetylases may impair chitin-triggered immunity and promote M. perniciosa virulence.
Furthermore, M. oryzae has been shown to mask surface exposed chitin during the first hours of
biotrophic development (Figure 3). Interestingly, invasive hyphae in first-invaded rice cells
showed only slight staining when labeled with fluorescently-labelled wheat germ agglutinin,
which identifies chitin. However, these fluorescent signals became stronger in the second-
invaded cells, and decreased upon the chitinase treatment, indicating the recurrence of elicitor-

active chitin in further colonized rice cells. [64*].

Alpha-1,3-glucan apposition

Alpha-1,3-glucan, a non-degradable polysaccharide in plants, represents a key feature in fungal
cell walls formed in planta [63]. In M. oryzae, this polysaccharide is essential for evasion of
hyphal PAMP-triggered immunity during the infection process [66**] (see Figure 3).
Additionally, a-1,3-glucan plays a protective role for this fungus against plant lytic enzymes,
such as chitinases. In fact, M. oryzae mutants containing deletions of a-1,3-glucan synthase
(AGS1) lack hyphal o-1,3-glucan and are non-pathogenic in rice. Importantly, this infection-
specific masking of the glucan-chitin network by a-1,3-glucan is mechanistically conserved
among M. oryzae, C. miyabeanus and Rhizoctonia solani. Diseases caused by these fungi are
drastically reduced in transgenic rice plants expressing a bacterial a-1,3-glucanase [66**]. The
current availability of genome and transcriptomes sequences allowed identification of putative
AGSI1 orthologs in other biotrophic fungal pathogens, such as the rust fungus P. graminis, the
corn anthracnose fungus C. graminicola and the blotch fungus M. graminicola, which suggests

this might be a common strategy [66**].
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Readjustment of hyphal wall beta-1,3/1,6-glucan content

Not only chitin, but also branched B-1,3/1,6-glucan fragments are known as highly potent
elicitors of defence responses in plants [69] even though enzymatic modifications or
sequestration of B-1,3-glucan fragments have not yet been reported. Additionally mechanisms
leading to evasion of B-1,3-glucan-triggered immune responses have not been well understood
for many filamentous pathogens. Oliveira-Garcia and Deising [67*] have performed key
experiments on synthesis of -1,3-glucan during the infection process of C. graminicola, using
gene silencing and overexpression assays for targeting the B-1,3-glucan synthase (GLS!) gene.
Glucan synthase is a single-copy gene in most filamentous fungi. Infection structure-specific
expression of GLSI controls the exposition of B-glucan in C. graminicola, presumably to evade
plant recognition. Indeed, high expression levels of GLS! during biotrophic development trigger
massive plant defence responses. This represents a novel strategy for establishing a biotrophic

interaction and evasion of PAMP triggered immunity.

Conclusions and outlook

Fungal and oomycete crop pathogens remain major food security threats and studies on durable
disease resistance must become a top priority. Increasing our knowledge of the pathogenic
mechanisms adopted by filamentous eukaryotic pathogens is essential for designing durable
methods for disease control. Exploring the biotrophic interfaces and deciphering precisely the
composition of interfacial matrices, the biochemical function of effectors, and fungal cell wall

dynamics to elucidate how pathogens successfully colonize and reproduce on their host plants is
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a challenge in the field of fungal and oomycete pathology. Even with the recent availability of
genome-wide transcriptomes, we are still at the beginning of this challenging road to understand
the cellular biology of the complex sets of biotrophic interfaces. One of the best routes to provide
sustainable disease control involves incorporating R genes into agricultural crops. In this context,
the identification of new AVR gene—R gene pairs and the application of novel techniques
targeting pathogen effector genes and genes involved with synthesis of the biotrophic interface
components, may represent future relevant strategies for control of several important crop

diseases.
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Recommended reading

* of special interest
** of outstanding interest

[3*]
This comprehensive review dissects important plant PAMP/PRR pairs and illustrates key
molecular strategies employed by plant PRRs to activate innate immune responses.

[9%*]

This paper supports the concept that the EHM is differentiated in protein content from the plant
plasma membrane (PM). The authors demonstrated though live-cell imaging assays that
plasmosdesmata-localized protein 1 (PDLP1) is an EHM-associated protein and regulates callose
deposition during downy mildew infection.

[14%]
This review highlights the pathogen-specific modulation of sugar transporter mRNAs in planta
in order to promote pathogen nutrition and suppress plant immunity during plant infection.

[227%%]
This interesting global genome and transcriptome analysis identifies novel isolate-specific
effectors and pathogenesis-related genes of M. oryzae.

[31%%]
Remarkable demonstration that long-distance early endosome trafficking is required for effector
production during plant infection by the corn pathogen Ustilago maydis.

[32%%]

A recent breakthrough on secretion of fungal effectors: The distinct secretion pathways of
cytoplasmic and apoplastic effectors of the rice blast pathogen, M. oryzae. Apoplastic effectors
are delivered to the EIHMx by the conventional Golgi-dependent secretion system. Cytoplasmic
effectors are secreted by a golgi-independent pathway involving exocyst and SNARE proteins.

[33%]

Comprehensive review focusing on plant cell wall-degrading enzymes and their secretion in
plant-pathogenic fungi. These authors illustrate the distinct case study of protein secretion in
Magnaporthe oryzae during host plant invasion.

[35%%]

This study reports use of an effectoromics pipeline in tobacco to characterize subcellular
localization and plant interactors for candidate effectors of the poplar rust fungus Melampsora
larici-populina. This is the first report that effectors from a filamentous eukaryotic plant
pathogen localize to host chloroplasts and mitochondria.
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This study identified and characterized the novel U. maydis effector SGT1, which is essential for
tumor development in leaf cells and modulation of plant immune responses.

[54*]
This paper reports the importance of the N-glycosylation of Slpl for in planta functionality of
this LysM effector.

[57**]

This remarkable study describes a new Phytophthora effector that blocks the production of
specific classes plant microRNA, which is essential to regulate the pattern-triggered immunity
(PTI) during oomycete and fungal invasion in plants. See also [58*,59%*].

[60%%]
This study indentified a novel effector, Tin2, which targets maize anthocyanin biosynthesis and
promotes virulence in U. maydis.

[65%]

This elegant transcriptome analysis reported many chitin deacetylases and candidates effectors
required for the biotrophic interaction Theobroma cacao — Moniliophthora perniciosa. This
basidiomycete is significant threat to cacao production in Brazil.

[66%%]
This remarkable study demonstrated that a-1,3-glucan masks the cell walls of M. oryzae during
biotrophic invasion in order to evade PAMP-triggered immunity.

[67%]
This paper reports the infection structure-specific expression of glucan synthase gene controlling
the exposition of elicitor active B-glucan during biotrophic invasion of C. graminicola.
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Figures legends

Figure 1.

Powdery mildew haustoria and rice blast invasive hyphae illustrate unique biotrophic interfaces
inside plant cells. (&) Powdery mildew fungi such as the barley pathogen, Blumeria graminis
f.sp. hordei, are obligate biotrophs. Once a conidium germinates, it forms a non-melanized
appressorium that is attached to the leaf surface by adhesive compounds secreted by the fungus.
The barley plant responds to the pathogen even before appressorium penetration by forming a
papilla (brown structure), which is a cell wall apposition that contains callose (linear B-1,3-
glucan), phenolic compounds, lignin, reactive oxygen species, proteins and even membranes and
exosomes; it is thought to function as a physical barrier to penetration. If penetration is
successful, the fungus forms a haustorium, which is a specialized, terminal feeding structure that
invaginates the host plasma membrane. This so-called extrahaustorial membrane (EHM) is
highly specialized with a unique composition. The interface between the haustorial cell wall
(FCW) and the EHM is called the extrahaustorial matrix (EHMx), which is sealed off by a neck-
band structure (NB; dark green structure). Powdery mildews deliver effectors, other compounds,
and even vesicles, exosomes delivered from multivesicular bodies (MVBs), into the EHMx [12].
Plant MVBs also appear to deliver components into the EHMx. FHC, fungal haustorial cytosol;
FPM, fungal plasma membrane; PC, plant cytosol.

(b) The blast fungus Magnaporthe oryzae is a hemibiotroph. Once a conidium germinates, it
forms a robust, heavily-melanized appressorium that generates turgor pressure of 8 MPa to
power penetration. If penetration is successful, the fungus forms a filamentous primary invasive
hypha that invaginates the host plasma membrane and establishes invasion of living host cells.
Bulbous invasive hyphae (IH) emerge from the primary hyphae to continue biotrophic growth.
These biotrophic hyphae secrete many specialized effectors. Cytoplasmic effectors massively
accumulate in the biotrophic interfacial complex (BIC) (gradient yellow-red structure) and are
translocated to the rice cytoplasm and/or nuclei (red structures). Apoplastic effectors accumulate
in the interface (green) between the fungal cell wall and plant membrane that tightly surrounds
IH, called the extrainvasive hyphal membrane (EIHM). The EIHMx appears sealed into a
separate compartment by a neckband-like structure (NB; dark green structure). Dynamic
cytoplasmic strands are observed connecting the rice cytoplasm around the BIC and the
cytoplasm beneath the appressorium (red lines). After filling the first-invaded cell, the fungus
penetrates through the rice cell wall into neighboring cells, and continues its biotrophic life style,
as indicated by formation of IH with new BICs. Host cells appear dead once the fungus has
invaded neighboring cells, and effector fluorescence in BICs is reduced, as indicated here by
reduced intensity of green color in the EHMx and red color in the BIC and nucleus in the first-
invaded cell. PPM, plant plasma membrane; EHMx, extrahaustorial matrix; FCW, fungal cell
wall.
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Figure 2.

Strategic secretion and localization of M. oryzae effectors in planta. (a) This scheme shows the
two distinct secretion systems of M. oryzae effectors. The Cartoon represents a bulbous invasive
hypha (IH) at 24-28 h.p.i. (hours post-inoculation) inside a rice cell. The EIHM (dark green
dashed line) continues around the BIC. Apoplastic effectors (dark green circles), including Slpl
(LysM effector) and Bas4 (Biotrophy-associated secreted protein 4, unknown function),
accumulate in the EIHM compartment surrounding the IH cell wall, outlining the IH. Secretion
of these effectors is sensitive to treatment with Brefeldin A (BFA), which blocks conventional
Golgi-dependent secretion in fungi. In contrast, cytoplasmic effectors (red circles), including
AVR effectors AvrPiz-t, AvrPita, and Pwl2 accumulate in BICs, here shown beside the first-
differentiated bulbous IH cell. Furthermore, cytoplasmic effectors also accumulate inside the
EIHM surrounding the BIC-associated cells (the primary hypha and first-differentiated bulbous
IH cell), but they do not outline subsequently formed bulbous IH cells. The cytoplasmic effectors
are secreted by a nonconventional, BFA-insensitive secretion pathway involving the exocyst and
SNARE protein Ssol. Remarkably, cytoplasmic effectors move from cell-to-cell in the plant,
apparently through plasmodesmata. N, fungal nucleus; ER, endoplasmic reticulum; G, Golgi
apparatus; V, transport vesicle. (Modified after [32**]).

(b) Live-cell imaging of an M. oryzae strain expressing AvrPiz-t:mCherry:NLS and Bas4:GFP at
30 h.p.i. inside a rice cell. AvrPiz-t targets the rice ubiquitination system and suppresses plant
defence responses. The NLS (nuclear localization signal) helps to visualize fluorescently-labeled
proteins that are translocated to the host cytoplasm by concentrating them into the rice nucleus.
“merge” shows the partial co-localization (yellow fluorescence) of AvrPiz-t (red fluorescence)
and Bas4 (green fluorescence) in the BIC (arrow). Arrowheads indicate the rice nucleus.
“AvrPiz-t:mCherry:NLS” shows the red fluorescence channel alone indicating translocation of
AvrPiz-t and localization in the rice nucleus (arrowhead). “Bas4:GFP” shows the green
fluorescence channel alone indicating absence of Bas4 in the rice nucleus (Arrowhead). Bar =5
um. (Courtesy: Chang Hyun Khang, Kansas State University, USA; From: [46]).
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Figure 3.

Strategic remodeling of the M. oryzae cell walls help the fungus evade recognition. The rice
plasma membrane carries conserved pattern recognition receptors (PRR) (e.g., ERR, Ergosterol
receptor; CERIiP, Chitin receptor; GLR, glucan receptor) restricting the spectra of pathogenic
microorganisms. The EIHMx contains apoplastic effectors, such as the chitin-binding effector
Slpl. Rice plants secrete lytic enzymes into the apoplast, such as the chitinase PR3, which
releases chitin oligomers from the fungal cell wall. Slpl recognizes and sequesters these chitin
oligomers, evading recognition by host chitin receptors. Deacetylation of chitin (chitosan -
yellow hexagons) and a-1,3-glucan apposition protects the fungal cell wall against plant lytic
enzymes that release PAMPs. M. oryzae biotrophy-specific sugar transporters probably function
in sugar uptake for hyphal nutrition. PPM, plant plasma membrane; EIHM, extrainvasive hyphal
membrane; EIHMx, extrainvasive hyphal matrix; PR3, pathogenesis-related protein 3 (plant
chitinase); Slpl, Chitin binding-like effector; FPM, fungal plasma membrane. ST, sugar
transporters.
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Table 1.

A selection of well-characterized filamentous plant pathogen effectors targeting suppression of
plant defences or evasion of host recognition

Effector Pathogen species function In planta Reference
localization
GLI1 Phytophthora  sojae, Fusarium glucanase inhibitor apoplastic [39]
oxyporum, Phaeosphaeria
nodorum and Cochliobolus
carbonum
Pit2 Ustilago maydis cysteine protease inhibitor apoplastic [40]
Avr2 Cladosporium fulvum protease inhibitor; AVR effector for tomato R apoplastic [41,50]
gene Cf-2
EPIC1 Phytophthora infestans protease inhibitor apoplastic [42]
EPIC2B P. infestans protease inhibitor apoplastic [42]
RTP1 Uromyces  fabae, Uromyces cysteine protease inhibitor; possible structural cytoplasmic/ [26, 7, 43]
striatus  and many other rust function for stabilization of biotrophic infection apoplastic
species structures
Avr3a P. infestans targets host ubiquitination; AVR effector for cytoplasmic  [44]
potato protein gene R3a
AvrPiz-t Magnaporthe oryzae targets host ubiquitination; AVR effector for rice cytoplasmic  [46]
R gene Piz-t
Sipl M. oryzae chitin oligomers sequestration apoplastic [53]
Ecp6 C. fulvum chitin oligomers sequestration apoplastic [51]
Avr4 C. fulvum protects the fungal cell wall from degradation by apoplastic [51]
plant chitinases; AVR effector for tomato R gene
Cr-4
MglLysM  Mycosphaerella graminicola protects the fungal cell wall from degradation by apoplastic [52]
plant chitinases
Mg3LysM M. graminicola protect the fungal cell wall from degradation by apoplastic [52]
plant chitinases; blocks the elicitation of chitin-
induced plant defences
Pepl U. maydis peroxidase inhibitor apoplastic [56]
Cmul U. maydis targets defence signaling cytoplasmic ~ [61]
PSR1 Phytophthora sp. targets plant microRNA biosynthesis pathway cytoplasmic  [57]
Tin2 U. maydis targets plant anthocyanin biosynthesis cytoplasmic  [60]
Seel U. maydis targets SGT1 (Suppressor of G2 allele of skpl) cytoplasmic  [47]
and it is crucial for tumor progression in leaf
cells.
Tug6 M. oryzae targets both salicylic acid and ethylene pathways putative [22]
cytoplasmic
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Tug9 M. oryzae targets both salicylic acid and ethylene pathways putative [22]
cytoplasmic

27

Page 27 of 33



Graphical Abstract (for review)

v

ERR GLR CEBWP

snduny arepau) yydonoig weid

plasmodesma

Page 28 of 33



Figurel

«— FHC
_FPM
— FCW
o o © }
o© o '+ EHMX
° o
R SRR, «— EHM
- (%) Plantmve | pC
b -~ FCW

'} EIHMX
S TV

Page 29 ot 33


http://ees.elsevier.com/comicr/download.aspx?id=22461&guid=5e92c1e3-de37-4e9d-8fa5-04ceaac61348&scheme=1

Figure2

. 5

Plant PM-derived EIHM

N -
- e N
Plam
kym’.o! Plant ul.v.muwb'.w-:

./ /Awl‘n{.a . .‘/n

AvrPiza

Plasmodesma .

~ Plgat cell wall

!
N

Fungal effector proteins Spitzenkdrper markers

& Apoplastic Micl © Sncl
& Cytoplastic Polarisome marker
row @ Spa2

AvrPiz-t:mCherry:NLS

’

Exocyst complex markers
% Ex070 § SecS
t-SNARE marker
N 501

Basd.eGFP

Page 30 of 33


http://ees.elsevier.com/comicr/download.aspx?id=22468&guid=f399fb60-3c6a-4419-9aaf-3d807385f12f&scheme=1

Figure

Fungus

IHNIIHHIHIIIIHHIllll |II|HIIIIHIIIIlIHIIIIIIHIIIIHIHIIIIIHIIHHIIIIHI [ FPM

«B-1,3/1,6-glucan
«——chitin
+«———chitosan

«—qa-1,3-glucan

Biotrophic interface

w S|p1 - EIHMX

! PR3
i A IHHHIIHHIHHMH*HHHIHI{1|iHHHI|lIIIHIIHIIHIHIH}HiI PPM (EIHM)

ERR GLR CEBiP

Plant


http://ees.elsevier.com/comicr/download.aspx?id=22462&guid=32d6261b-935c-4910-abd3-023d06e6c52d&scheme=1

Tablel

Table 1.

A selection of well-characterized filamentous plant pathogen

plant defences or evasion of host recognition

effectors targeting suppression of

Effector Pathogen species function In planta Reference
localization
GLI1 Phytophthora sojae, Fusarium glucanase inhibitor apoplastic [39]
oxyporum, Phaeosphaeria
nodorum and Cochliobolus
carbonum
Pit2 Ustilago maydis cysteine protease inhibitor apoplastic [40]
Avr2 Cladosporium fulvum protease inhibitor; AVR effector for tomato R  apoplastic [41,50]
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