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Abstract 

Mutualistic and pathogenic plant-colonizing fungi use effector molecules to manipulate the host cell 

metabolism to allow plant tissue invasion. Some small secreted proteins (SSPs) have been identified 

as fungal effectors in both ectomycorrhizal and arbuscular mycorrhizal fungi, but it is currently 

unknown whether SSPs also play a role as effectors in other mycorrhizal associations. Ericoid 

mycorrhiza is a specific endomycorrhizal type that involves symbiotic fungi mostly belonging to the 

Leotiomycetes (Ascomycetes) and plants in the family Ericaceae. Genomic and RNASeq data from 

the ericoid mycorrhizal fungus Oidiodendron maius led to the identification of several symbiosis-

upregulated genes encoding putative SSPs. OmSSP1, the most highly symbiosis up-regulated SSP, 

was found to share some features with fungal hydrophobins, even though it lacks the Pfam 

hydrophobin domain. Sequence alignment with other hydrophobins and hydrophobin-like fungal 

proteins placed OmSSP1 within Class I hydrophobins. However, the predicted features of OmSSP1 

may suggest a distinct type of hydrophobin-like proteins. The presence of a predicted signal peptide 

and a yeast-based signal sequence trap assay demonstrate that OmSSP1 is secreted during symbiosis. 

OmSSP1 null-mutants showed a reduced capacity to form ericoid mycorrhiza with Vaccinium 

myrtillus roots, suggesting a role as effectors in the ericoid mycorrhizal interaction.  
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Introduction  

Fungi secrete a wide range of enzymatic and non-enzymatic proteins that function in the break-down 

of complex organic molecules but also in the interaction with microbial competitors or with animal 

and plant partners (Scherlach et al., 2013; Stergiopoulos & de Wit, 2009; Talbot et al., 2013; Tian et 

al., 2009). Fungi can establish different types of interactions with plants, ranging from mutualistic to 

antagonistic. Whatever their lifestyle, plant-colonizing fungi are recognized by the plant immune 

system through invariant molecular patterns known as microbe- or pathogen-associated molecular 

patterns (MAMPS or PAMPs) (Jones & Dangl, 2006). To successfully colonize plant tissues, fungi 

must prevent the PAMP-triggered immunity (PTI) reaction (Lo Presti et al., 2015). For this purpose, 

fungi secrete effector molecules that may play different functions depending on the fungal lifestyles. 

For example, they can be toxic compounds that kill the host plant (in necrotrophs), or secreted 

proteins that shield the fungus and suppress the host immune response, or proteins that manipulate 

the host cell metabolism to allow plant tissues invasion and nutrient uptake (de Jonge et al., 2011; 

Giraldo et al., 2013; Selin et al. 2016). Many small secreted proteins (SSPs) have been reported to 

function as effectors (Lo Presti et al., 2015). 

Effectors were initially considered as virulence factors secreted exclusively by pathogens 

(Stergiopoulos & de Wit, 2009; van Esse et al., 2008). However, it has become apparent that 

effectors can manipulate the plant immune system also in mutualistic associations (Kim et al., 2016). 

Mutualistic fungi establish intimate contacts with plants by forming specialised fungal structures 

involved in nutrient exchange with the host (Martin et al., 2017). Effector-like SSPs have been 

functionally characterized as effector-like molecules both in arbuscular (AM) and ectomycorrhizal 

(ECM) fungi, as well as in some endophytic fungi (Plett & Martin, 2015). For example, the ECM 

fungus Laccaria bicolor requires MiSSP7 (Mycorrhizal induced Small Secreted Protein 7) to 

establish symbiosis. MiSSP7 suppresses the plant defence reactions by interacting with the 

jasmonate co-receptor JAZ6 (Plett et al., 2011; 2014). Similarly, the AM fungus Rhizophagus 

irregularis secretes SP7, an effector protein that counteracts the plant immune program by 

interacting with the pathogenesis-related transcription factor ERF19, leading to increased 

mycorrhization (Kloppholz et al., 2011). Tsuzuki et al. (2016) also showed that host-induced gene 

silencing of SlS1, a putative secreted R. irregularis SSP expressed in symbiosis, resulted in 

suppression of colonization and formation of stunted arbuscules. In a similar manner, the candidate 

effector protein PIIN_08944, secreted by the fungal endophyte Piriformospora indica during 

colonization of both Arabidopsis thaliana and barley plants, was demonstrated to play a crucial role, 
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three-dimensional folding comes from these features, keeping exposed the hydrophobic residues and 

rendering them amphiphilic (Rineau et al., 2017). Two classes of hydrophobins have been recognised 

(Wessels 1994): Class I, with higher sequence variability and more stable superstructures, is found in 

both Asco- and Basidiomycetes, while Class II has only been found in Ascomycetes (Kershaw & 

Talbot, 1998). Hydrophobins are abundantly expressed during fungal development, pathogenesis and 

symbiosis (Wösten, 2001; Whiteford & Spanu, 2002). Being amphiphilic, they could behave as 

biosurfactants and facilitate fungal adhesion to organic matter and its decomposition (Rineau et al., 

2017). Hydrophobins are also instrumental for fungal hyphae to form aerial structures and to adhere 

to each other and/or to hydrophobic surfaces, such as the plant leaf surface during pathogenesis. 

Symbiosis-upregulated hydrophobins have been found in the ECM fungi Pisolithus tinctorius (Tagu 

et al., 2001) and in L. bicolor (Martin et al., 2008; Plett et al., 2012), where they could play a role in 

establishing hyphal aggregation in the symbiotic interfaces (Raudaskoski & Kothe, 2015).  

The O. maius genome features four annotated hydrophobins containing the PFAM and InterPro 

hydrophobin domains. Rineau et al. (2017) suggested that all O. maius hydrophobins belong to Class 

I, but our phylogenetic analysis (that also included Class II hydrophobins) showed that two proteins 

(Oidma1 and Oidma4) belong to Class I and two (Oidma2 and Oidma3) to Class II hydrophobins.  

OmSSP1 shares some features with Class I hydrophobins and clusters with annotated hydrophobins 

in this Class, but it was not identified as a hydrophobin because it lacks the corresponding PFAM 

and InterPro domains, possibly because of the shorter C3-C4 region.  

Amino acid features, such as charge and hydrophobicity, can influence hydrophobin structure and 

function.  Thus, the amino acidic composition of the C3-C4 loop as well as of the N-terminal region 

of hydrophobins may influence the wettability and the substrate-attachment preference of the protein 

(Linder et al., 2005; Kwan et al., 2006). In this respect, it is interesting to note that proteins in Clade 

B and Clade C, both showing a C3-C4 loop unusually short for Class I hydrophobins, feature amino 

acid sequences with very different hydrophobicity (Fig.4), suggesting they may represent structurally 

and functionally diverse subclasses of Class I hydrophobins. The low complexity region found in 

OmSSP1 is also unusual for hydrophobins and could be considered a recently evolved trait of this 

protein (Toll-Riera et al., 2012). Its presence suggests for OmSSP1 a low propension to aggregate 

and to form alpha-helices and beta-sheets, three properties often correlated with the ability of 

hydrophobins to pile up in needle-like (amyloid) structures (Rineau et al., 2017).   

A high number of hydrophilic residues (asparagine especially) were found in the N-amino terminal 

region of OmSSP1. According to Linder et al. (2005), the amino terminal region of hydrophobins 

could have important roles in the specific function of individual proteins. For example, hydrophobins 
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featuring high number of exposed hydrophilic residues at the N-terminal region were found to be 

overexpressed in mycorrhizal tissues (Whiteford & Spanu, 2002; Rineau et al., 2017).  

 

OmSSP1 null-mutants have a reduced ability to colonize V. myrtillus roots 

There is increasing awareness that SSPs may play important roles during saprotrophic fungal growth, 

as they have been identified in saprotrophic fungi and they can be expressed by mycorrhizal fungi 

during asymbiotic growth (Vincent et al., 2012; Doré et al., 2015; Valette et al., 2017). However, 

although a limited range of growth conditions were tested, OmSSP1 did not appear to be necessary 

in the FLM, as the three OmSSP1-null mutants were not affected in mycelium morphology or growth 

rate, even when they were exposed to toxic and oxidative chemical compounds. By contrast, when 

they were tested for symbiotic capabilities on V. myrtillus plants, a significant reduction in the 

percentage of mycorrhization (from about 37% to about 23-24%) was measured as compared with 

the wild type strain, thus suggesting a specific role of OmSSP1 in the mycorrhization process. The 

OmSSP1 deletion did not fully prevent root mycorrhization. However, 20% of O. maius SSPs are 

induced in symbiosis, and although OmSSP1 was the most highly up-regulated, we cannot exclude a 

functional redundancy, as already reported for the effectors of pathogenic fungi (Selin et al., 2016). 

Thus, the absence of OmSSP1 could be partly compensated by other O. maius mycorrhiza-induced 

SSPs with similar function, thus lowering the impact of the OmSSP1 deletion. It will be therefore 

interesting to check the expression level of other symbiosis-induced OmSSPs in the OmSSP1 null-

mutant strains.  

 

Conclusions 

In conclusion, the genome of the ERM fungus O. maius contains several SSPs that are up-regulated 

in symbiosis. Decreased colonization of V. myrtillus roots by OmSSP1-null mutants indicates that 

this protein, the most highly induced in the ERM symbiosis, is a hydrophobin-like effector that 

participates in the molecular fungal-plant interaction occurring during mycorrhizal formation. Our 

data demonstrate for the first time the importance of MiSSPs in ERM, although several questions 

remain open on the cellular localisation of OmSSP1 and its role in symbiosis.  

In ECM, hydrophobins likely play an important role in hyphal aggregation during the formation of 

the extraradical fungal mantle and the Hartig net (Tagu et al., 2001). However, ERM fungi do not 

form any extraradical hyphal aggregate on the roots of their ericaceous hosts, and individual fungal 

hyphae take direct contact with the hydrophilic root surface prior to cell wall penetration (Perotto et 

al., 2012). The different features of fungus-host plant interaction in ERM, together with the 
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Table 2. Results of BlastP searches on the Uniprot database using the OmSSP sequence as query 
 

 
Uniprot database 

 

Accession Organism Submitted name Identity Score E-value 

A0A014P1Y3 Metarhizium robertsii Hydrophobin-like protein 57% 60.5 1e-09 

G9N067 Hypocrea virens (=Trichoderma virens) Hydrophobin 55% 57.8 2e-08 

A9NIV6 Fusarium culmorum Hydrophobin 3 55% 54.3 2e-07 

A0A1J7IK23 Coniochaeta ligniaria Hydrophobin 3 54% 51.6 2e-06 

A0A0M9EQ60 Fusarium langsethiae Hydrophobin 3 54% 51.6 2e-06 

A0A179FBJ9 Pochonia chlamydosporia Fungal hydrophobin domain-containing protein 55% 50.1 9e-06 
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Figure 2. OmSSP1 structural and biochemical features predicted through bioinformatics tools.  
(A) Schematic representation of OmSSP1 primary amino acid sequence. The green bar represents the 
signal peptide (SP), the blue bar the low complexity region (LCR) and the red bars the cysteine (C) 
residues. (B) Calculation of the intrinsic solubility profile (ISP) and hydrophaty profile (HP). For the 
ISP, scores larger than 1 indicate highly soluble regions, while scores smaller than -1 indicate poorly 
soluble regions. For the HP, hydrophobic aa show positive peaks with values above 0 whereas 
hydrophilic aa show negative peaks. 
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Figure 3. Phylogenetic tree of OmSSP1 and O. maius hydrophobins with other annotated 
hydrophobins from Ascomycetes. The analysis included protein sequences annotated or described 
as Ascomycetes class I and class II hydrophobins (listed in Table S3), OmSSP1 and the four O. 
maius hydrophobins. This sequence alignment considered the complete amino acid sequence 
comprise between C1 and C8. Muscle algorithm implemented in MEGA7 (Tamura et al., 2007) was 
used to generate the multiple protein sequence alignment. The phylogenetic tree was reconstructed 
on the Phylogeny.fr platform (Dereeper et al., 2008) using the maximum likelihood method 
(Guindon & Gascuel 2003) implemented in the PhyML program (v3.1/3.0 aLRT). The WAG 
substitution model was selected assuming an estimated proportion of invariant sites (of 0.088) and 4 
gamma-distributed rate categories to account for rate heterogeneity across sites. The gamma shape 
parameter was estimated directly from the data (gamma=7.097). Reliability for internal branch was 
assessed using the aLRT test (SH-Like). Graphical representation and edition of the phylogenetic 
tree were performed with TreeDyn (v198.3; Chevenet et al., 2006).  
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Figure 4. Aminoacid hydrophobicity properties of the aligned proteins. The protein sequences belonging to the four clades observed in Fig. 
3 were aligned by using the Praline tool of the IBIVU server (http://www.ibi.vu.nl/programs/pralinewww/; Simossis et al., 2005). The 
hydrophobicity scale used is from Eisenberg et. al. (1984). 

http://www.ibi.vu.nl/programs/pralinewww/





