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OSIP1 are new self-assembling proteins that prevent cell wall stress in fungi
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Summary (200 mots)

Secreted proteins are key players in fungal physiology and cell protection against external
stressing agents and antifungals. OSIP1 is a fungal-specific protein with unknown function.
By using Podospora anserina and Phanerochaete chrysosporium as models, we combined
both in vivo functional approaches and biophysical characterization of OSIP1 recombinant
protein. Our data showed an increased sensitivity of the P. anserina OSIP14 mutant to both
caspofungin and oak-extractives. This correlated with the weakened extracellular matrix
produced by the mutant compared to the wild type, as highlighted by SEM imaging. This
alteration quantitatively modified the global secretome of P. anserina grown in presence of
wood, such as proteins associated to the cell-wall integrity signaling pathway. Since the
recombinant OSIP1 form P. chrysosporium self-assembled as fibers and was capable of
gelation, these results argue for a structural role of OSIP1 proteins in fungi at the cell wall or
within the matrix confering cell protection against external toxic compounds. These data
could be of great interest for increasing protein secretion in a context of lignocellulosic
biomass degradation, such as improving the efficiency of antifungals that could be trapped

within the extracellular matrix.
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Introduction

During evolution, fungi had to adapt to environmental constraints. The secretome, i.e. the
proteins secreted in the extracellular medium, is a good marker of fungal physiology and
trophic modes. Indeed, the secretome is involved in the first steps of the symbiosis or
infection establishment and plays essential roles in plant biomass degradation (Kamper et al.,
2006; Bouws et al., 2008; Vincent et al., 2012). Fungal secretomes are composed of
degradative enzymes such as proteases, lipases, Carbohydrate-Active enZymes (CAZymes),
and ligninolytic enzymes for some wood-decaying species (Zhu et al., 2016; Pellegrin et al.,
2015). This degradative system has been intensively studied due to its important application
in lignocellulose biomass valorization. In plant-associated fungi, other proteins can be
secreted to modulate plant immunity and establish symbiosis or allow pathogenic infection
(Plett et al., 2011; Pazzagli et al., 1999; Frias et al., 2011; Baccelli et al., 2014). Some of
them, the hydrophobins, are involved in the attachment of fungal structures to different kinds
of surfaces and the development of hyphae at the water/air interface (Wessels et al., 1991;
Wessels, 1996). In fungal pathogens, hydrophobins might act as virulence factors to enhance
fungal infection (Ruocco et al., 2015; Kubicek et al., 2008), while in symbiotic associations,
these proteins could be involved in mycorrhizae formation (Plett et al., 2012). Most of the
studied hydrophobins are directed to the extracellular medium through the secretory pathway.
However, they often remain associated with the fungal cell wall and can be found inside
fruiting bodies and on the surfaces of hyphae, spores and conidia (Dynesen et al., 2003;
Linder, 2009). Many other secreted proteins have been identified but remain of unknown
function. This is the case for SSP (for Small Secreted Proteins with sequence less than 300
amino acids) (Alfaro et al., 2014). The percentage of SSP-coding genes in the genomes of
saprophytic fungi such as Phanerochaete chrysoporium, Trametes versicolor or Aspergillus

fumigatus is similar to the one of the ectomycorrhizal fungus Laccaria bicolor (between 2 and
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3 % of the predicted gene models) (Pellegrin et al., 2015; Valette et al., 2016). At the protein
level, SSPs represent between 4 and 12% of the proteins identified in the secretomes of
various Aspergillus species grown on sugar beet pulp or wheat bran (Valette et al., 2016).
However, only few have been functionally characterized. One SSP of the lignolytic fungus
Pleurotus ostreatus is involved in the regulation of the lignolytic system by modulating
expression and activity of aryl-alcohol oxidases, aryl-alcohol dehydrogenases and versatile
peroxidases (Feldman et al., 2017) and in the transition from primary to secondary
metabolism, development, aging, and fruiting body initiation (Feldman et al., 2019).

In a previous analysis, we have highlighted the up-regulation of various SSP-coding genes of
the lignolytic fungus Phanerochaete chrysosporium in presence of oak extractives (Thuillier
et al., 2014, Ferndndez-Gonzalez et al., 2018). Oak extractives are mainly composed of
phenolic compounds and flavonoids (Zhang et al., 2015; Fernandez-Gonzalez et al., 2018).
These molecules are released from wood during the degradative process and can be toxic for
cells by various mechanisms such as metal and free radical scavenging activity, direct
interaction with enzymes, perturbation of ionic homeostasis and disruption of membrane and
cell wall integrity (Valette et al., 2017). One of these up-regulated genes retained our attention
because the corresponding protein was also detected at high amount in the secretome of
another white rot fungus Trametes versicolor grown on oak wood chips (Deroy et al.,
unpublished). This protein was thus named OSIP1 for Oak Stress Induced Protein. It shows
no sequence homology with characterized proteins in the databases. In this study we used two
fungal models to decipher the role of OSIP1: Podospora anserina for functional analysis
because genetic engineering is easy, contrary to P. chrysosporium or T. versicolor; and P.
chrysoporium for the biochemical analysis because only PcOSIP1 was successfully produced

as a recombinant protein.



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Results

Comparative genomic analysis reveals that OSIP1 is widespread in fungi

OSIP1 sequences from the ascomycete P. anserina (PaOSIP1: ProtID JGI 208230, a.k.a.
Pa_5 3780 according to the P. anserina genome project) and the basidiomycete P.
chrysosporium (PcOSIP1: ProtID JGI 2981896) were used as templates to search for fungal
sequences using the BlastP search tool onto the whole fungal JGI database (Mycocosm from
Joint Genome Institute). The sequence of P. anserina P209725 (ProtID JGI 209725) was also
used as template since it displays 38% similarity with PaOSIP1). A total of 1057 protein
sequences were retrieved and analyzed by clustering. These sequences grouped into nine
clusters (Fig. 1A). PaOSIP1 and PcOSIP1 belonging to cluster 1, this latter was thus named
OSIP1 cluster (species and accession numbers are available in Table S1). It gathers sequences
from both ascomycetes (Pezizomycotina) and basidiomycetes (Agaricomycotina and
Pucciniomycotina). Moreover, this analysis revealed that OSIP1 is present in genomes of
wood decay fungi, and also in mycorrhizal, pathogenic fungi and other saprotrophs (Fig. 1A).
Although OSIP1 was found induced by oak extractives in lignolytic fungi (Thuillier et al.,
2014; Deroy, unpublished), this genomic analysis showing that OSIP1 is present in fungi with
various trophic modes, argues against its direct involvement in the lignolytic process and

suggests a more general role in fungal physiology.

OSIP1 sequences contain a DUF3129 domain, like some appressoria-specific proteins

OSIP1 sequences exhibit a signal peptide of secretion, a conserved DUF3129 domain and a
variable C-terminal tail (Fig. 1B). In ascomycetes, 8 cysteinyl residues are conserved, while
only four have been detected in the analyzed basidiomycete sequences (Fig. 1B and Fig S1).
The DUF3129 domain is not restricted to OSIP1 sequences. It can be identified in both

ascomycetes and basidiomycetes and was retrieved in 442 sequences from the Pfam 31.0
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database. Although most of the proteins having the DUF3129 are annotated as
uncharacterized proteins, some of them are described as being related to CAS1
(Colletotrichum  gloeosporioides appressoria-specific  protein), MAS (Magnaporthe
appressoria-specific protein), geghl6 from Blumeria graminis proteins, all being putatively
involved in fungal cell wall remodeling. A phylogenetic analysis was performed with the
sequences from the OSIP1 cluster and the 442 sequences containing the DUF3129 domain
(Fig. 1C). PaOSIP1 clusters with ascomycete sequences but independently of CAS1 from C.
gloeosporioides, MAS3 from M. grisea and gEghl6 from B. graminis. Among
basidiomycetes, sequences from Agaricomycotina with lignolytic, saprotrophic or
mycorrhizal lifestyles (Group A) cluster independently from sequences of pathogenic
basidiomycetes from Pucciniomycotina and Agaricomycotina (Group B) (details are given in

Table S1).

PaOSIP1 maintains cell wall integrity under caspofungin stress

To functionally characterize OSIP1, the OSIP1 knock-out mutant was generated in P.
anserina (PaOSIP14) (Fig S2). PaOSIP14 was tested for its ability to grow on various carbon
sources (cellobiose, fructose, cellulose, pectin, glucose) and various biomasses (whatman
paper, hay, miscanthus, wood chips). No differences in growth, sporulation, nor appressoria-
like structure formation (as described in Brun et al., 2009) was highlighted between the wild
type and the PaOSIP14 mutant strains in the tested conditions (data not shown). Because the
DUF3129 domain is present in cell wall remodeling proteins, cell wall destabilizing agents
were thus tested. No phenotype was observed for Congo red that prevents glucan microfibril
assembly mainly by binding B-1,3 glucans (Nodet et al., 1990) nor Calcofluor white, which
binds chitin. By contrast, a significant deleterious growth phenotype was observed for the

mutant compared to the wild type in presence of caspofungin (Fig. 2). Caspofungin is a cell
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wall-targeting antifungal compound extensively used in clinical settings for the treatment of
infections caused by diverse fungi. Caspofungin inhibits the synthesis of B-1,3-glucan, a
crucial cell wall component for many fungi, by targeting the p-1,3-glucan synthase (encoded
by fksl) in a non-competitive way (Van Den Bossche, 2002; Aguilar-Zapata et al., 2015).
Functional complementation of PaOSIP14 by PaOSIP1 restored the growth defect confirming

the role of PaOSIP1 in protecting cell wall under caspofungin treatment.

PaOSIP14 mutant is affected in extracellular matrix production

To check whether caspofungin sensitivity was due to a thinner cell wall in the mutant
compared to the wild type, SEM imaging was performed after cryosection of the hyphae (Fig.
3). The whole reconstituted images are shown as supplementary data. The thickness of the
cell wall was measured (n>50) based on the microscopic images. No difference was detected
between the WT and the mutant, nor between the caspofungin and the control condition. The
measured cell wall thickness of hyphae cross-sections was around 150 nm for all conditions
analysed. Interestingly, the main difference highlighted by comparing SEM images of both
mutant and WT strains was the extracellular matrix (ECM) density. Fungal extracellular
matrix is mainly composed of carbohydrates and proteins in complex interactions. This matrix
is strongly reduced in PaOSIP14 even in the absence of caspofungin (Fig. 3). Since this
matrix was shown to prevent drugs from reaching their cellular targets (Mitchell et al., 2016),
this could explain why PaOSIP14 showed an increased sensitivity to the antifungal

caspofungin.

Recombinant OSIP1 self-assembles as fibers and forms a gel
The heterologous Escherichia coli system was tested for recombinant PaOSIP1 and PcOSIP1

productions. Only PcOSIP1 expressed in E. coli was successfully produced. After
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purification, 3 mg of pure protein per liter of bacterial culture were obtained. To check
whether the protein was correctly folded, far-UV circular dichroism analysis was performed.
Spectrum of PcOSIP1 revealed secondary structures, mainly alpha helices as highlighted by a
positive band at 190 nm and two negative bands at 208 and 222 nm (Fig. 4A).

After purification, PcOSIP1 rapidly self-assembled as big oligomers in Tris-NaCl buffer (30
mM Tris-HCI pH 8.0, 200 mM NacCl), as shown by dynamic light scattering (DLS) analysis
(Fig. 4B). Huge hydrodynamic radii (Rh) of 789.3 £ 388 nm and 2 281 + 880 nm were
respectively measured for 56.7% and 28.7% of the PcOSIP1. This aggregation was not
observed when the protein was dialyzed in 50 mM phosphate buffer pH 8.0 directly after
purification, suggesting that this process was driven by the physicochemical properties of the
buffer. To check whether this aggregation was due to protein instability and thus precipitation
or rather a specific organization, the macromolecular structures of PcOSIP1 was analyzed by
Atomic Force Microscopy (AFM). In Tris-NaCl buffer, PcOSIP1 was able to self-assemble
into fibers with a mean diameter of 1.5 + 0.2 nm (Fig. 4C). In phosphate buffer, a crown
structure was evidenced. This crown organization could be the transient states of PcOSIP1
fibril formation, since such structure was already described in transient states of the human a-
synuclein fibril formation that contributes to Parkinson's disease (Lashuel et al., 2002 ; Apetri
et al., 2006).

All the experiments described above were performed directly or few days after protein
purification. Interestingly, storing PcOSIP1 in Tris-NaCl buffer in the freezer led to the
formation of a gel, that was quite compact and elastic (Fig. 4D). This specific feature was
already described for other proteins as a-synuclein that can form gels in buffer at pH 7.4 in
the presence of NaCl (Semerdzhiev et al., 2018). These atypical properties of self-assembly
and jelly structure formation support a putative structural role of OSIP1 protein within the

fungal cell wall or the extracellular matrix.
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Oak-extractives affect PaOSIP14 growth

During wood degradation, extractives act as important stressors for fungal cells (Thuillier et
al., 2014 ; Valette et al., 2017 ; Fernandez-Gonzalez et al., 2018). Some of them can act
directly on cell wall integrity. For example, similarly to caspofungin, cinnamaldehyde and
poacic acid inhibit B-1,3-glucan synthesis within the fungal cell wall (Bang et al., 2000;
Piotrowski et al., 2015). Because OSIP1 gene expression was induced by oak extractive-
induced stress both in P. chrysosporium (Thuillier et al., 2014) and P. anserina (data not
shown), this condition was used to test PaOSIP14 growth phenotype. The results showed a
growth delay of PaOSIP14 compared to the wild type in presence of wood extractives, which
was observable from 5 days (Fig. 5). This phenotype was partially restored by functional
complementation with PaOSIP1. These results support the hypothesis that PaOSIP1 could

participate in cell wall protection against extractives toxicity.

The deletion of OSIP1 strongly modifies the composition of the secretome and the cell-
wall related proteins of P. anserina in presence of oak sawdust

To analyze how the deletion of PaOSIP1 affects the fungal physiology in a context of biomass
degradation, a proteomic analysis was performed for the PaOSIP1 mutant grown in presence
of oak sawdust, in comparison with the wild type strain. The comparative analysis of the
secreted proteins reveals strong modification of the global secretome of PaOSIP14 mutant
compared to the wild type strain (Fig. 6A). Indeed, over the 250 proteins detected, 150 were
more abundant (Protein abundance index (PAI) fold>2) or specifically identified in the mutant
compared to the wild type, while this number was only 41 in the case of the wild type.

By looking at the various classes of enzymes that were more abundant in the mutant

secretome compared to the WT, no clear specificity was observed except for proteases that
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were less represented (Fig. 6B). Globally, more than half (around 60%) of the detected
proteins of a specific class were more abundant in the secretome of the mutant compared to
the wild type. It is likely that the deletion of OSIP1 globally affected the secretion process of
the enzymes.

Glycoside hydrolases (GH) were the most abundant proteins with a total of 66 GH detected in
both secretomes. By looking at the individual GH families, we showed again that the increase
in protein abundance is not restricted to specific families, but was observed for many of them
(Fig. 6C). However, it is interesting to note that 16 GH families (over the total of 29) were
specifically detected in the mutant strain, especially GH5, GH11 and GH43 with at least 3
isoforms.

A high number of cell wall-related proteins, in particular glucan-acting enzymes have also
been found more abundant in the secretome of the mutant strain (Fig. 6D). Moreover, many
Wall Stress responsive Component (WSC) proteins have been detected. These proteins serve
as sensors of external stress cues upstream of cell wall integrity (CWI) pathway in
Saccharomyces cerevisiae (Verna et al., 1997) and Aspergilli (Futagami et al., 2011; Dichtl et
al., 2012). In line with this observation, respectively 3 and 6 DUF1996-containing proteins
were found more abundant and specifically detected in the mutant among the 10 detected in
total (Supplementary data). These proteins are of unknown function, however the DUF1996
domain has been associated to fungal stress sensing and response (Tong et al., 2016a and

2019).

Discussion
In this study, we characterized a new fungal protein, which participates in cell wall fitness
under stress. The comparative genomic analysis revealed that such proteins are widely present

in fungi, suggesting their involvement in a general process of stress rescue. All analyzed
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OSIP1 possess a domain of unknown function DUF3129 that was previously identified by
few studies in proteins of both plant and insect pathogens (Shang et al., 2016). DUF3129 is an
expanded gene family highly expressed during infection in nematode-trapping fungi that form
adhesive branches and adhesive knobs (Andersson et al., 2014). The role of this domain was
attributed to the cell wall remodeling for fungal penetration to host cuticules with an unclear
mechanism (Justesen et al., 1996 ; Xue et al., 2002 ; Grell et al., 2003 ; Cao et al., 2012).
More recently, seven DUF3129 proteins of the insect pathogenic fungus Metarhizium
robertsii were found localized to cellular lipid droplets mediating their degradation and
subsequently controlling appressorial turgor required for infection (Huang et al., 2019).
However, nothing has been described concerning the role of these DUF3129-containing
proteins in saprophytic fungi. The jelly structure of the recombinant PcOSIP1 and the
reduction of the extracellular polysaccharide network observed for the PaOSIP1 mutant
strongly suggest the involvement of OSIP1 in the formation of such adhesive structures in
fungi. The weakened extracellular matrix of the mutant could thus be responsible for the

higher susceptibility of the fungus to both caspofungin and oak extractives.

This phenomenom has been already described in A. fumigatus, where the downregulation of a
hydrophobin gene by a polyphenolic compound resulted in a weakened extracellular matrix
and therefore increased the susceptibility of the fungi to antifungal drugs (Luo et al., 2018).
Hydrophobins are small (100-120 aa) secreted proteins characterized by the presence of eight
highly conserved cysteine residues and the ability to self-assemble as amyloid-like structure
and forms rodlets (Ball et al., 2020). Amyloids serve diverse purposes for structure, adhesion
and defence in microorganisms (Shanmugam et al., 2019) and can be evidenced in vitro using
fluorescent tool as thioflavin T, which binds to the beta sheet-rich structure characteristic of
amyloid-like structure (Groenning, 2010). PcOSIP1 does not assemble under amyloid

structure since no thioflavin T fluorescence signal was detected in any of the conditions of
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temperatures and buffers tested (data not shown). We have shown that PcOSIP1 was rich in a-
helices, while amyloid is structurally dominated by p-sheets. Moreover, AFM revealed that it
did not form rodlets. These experimental data, coupled to sequence analysis, allowed us to
confirm that OSIP1 is a new self-assembling protein, that does not belong to the well-known
class of hydrophobins.

In the context of lignocellulosic biomass degradation, the structural property of OSIP1 may be
the key point explaining the way by which it participates in fungal stress resistance by
protecting the cell wall. In accordance, the comparative secretome analysis of P. anserina
grown on oak sawdust revealed that the PaOSIP14 mutant highly expresses WSC proteins
compared to the wild type in this condition. WSC proteins are localized to the cell wall and
the plasma membrane and act as sensors upstream of the cell-wall integrity pathway. In
particular, WSC-1 may function in regulating cell wall biogenesis through the MAK-1
pathway in Neurospora crassa (Maddi et al., 2012). Single deletions of the five wsc genes of
Beauveria bassiana resulted in significant, but differential, increases in cellular sensitivity to
cell wall perturbation, oxidation, high osmolarity, and metal ions (Tong et al., 2016b). In
Aspergillus fumigatus, deletions of wscl caused an increased in sensitivity to caspofungin but
no change in cellular sensitivity to other cell wall perturbation, alkaline pH and high
temperature (Dichtl et al., 2012). In the nematode-trapping fungus Monacrosporium
haptotylum, a gene cluster of 5 secreted proteins that are adjacent in the M. haptotylum
genome (cluster 74) is highly (>10-fold) upregulated during infection (Andersson et al.,
2013). This cluster gathers two genes coding for WSC proteins, one gene containing the
DUF3129 domain and two SSP-coding genes (Meerupati et al., 2013). This suggests a
functional link between these proteins. Additionally to WSC proteins, the PaOSIP14 mutant
highly expresses DUF1996-containing proteins. In B. bassiana, DUF1996-containing proteins

localize in vacuoles and play significant roles in the response to cell-wall perturbation, high

12



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

osmolarity, oxidation, fungicidal and multiple metal stress (Tong et al., 2016a). The absence
of OSIP1 in P. anserina grown in presence of oak sawdust strongly affected the whole
secretome of the fungus, likely because of the cell wall weakness. Indeed, the functionality of
the cell wall integrity (CWI) and secretory systems are connected and coordinately respond to
exogenous stresses through the modulation of the cell periphery and secretion (Malavazi et
al., 2014).

Taking together, these data strongly suggest that OSIP1 proteins prevent cell wall stress.
Consequently, its absence affects the cell wall associated signaling pathway, leading to a
deregulation of the secretion process. These data could be of great interest for both the
improvement of protein secretion particularly in a context of lignocellulosic biomass
degradation, and the limitation of fungal pathogenicity, for which the fungal cell wall has a

crucial role (Gow et al., 2017).

Experimental procedures
Growth conditions

The P. anserina strain used in this study was derived from the S strain (Rizet, 1952; Boucher
et al., 2017). Standard culture conditions, media compositions and genetic methods for this
fungus have already been described (Rizet, 1941; Silar, 2013) and are available at

https://podospora.i2bc.paris-saclay.fr. Growth kinetics of the wild type and PaOSIP12 strains

were done in M2-Agar medium and M2-Agar medium supplemented with caspofungin (500
ng/ml) and oak extractives (2 mg/ml) for 10 days at 27 °C. Oak (Quercus petraea) acetonic
extract preparation has been performed as described previously (Fernandez-Gonzalez et al.,

2018).

Analysis of OSIP1 sequences

13


https://podospora.i2bc.paris-saclay.fr/

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

OSIP1 sequences were searched within all fungal genomes available in the Joint Genome

Institute database (Mycocosm https://genome.jgi.doe.gov/programs/fungi/index.jsf) using

BlastP with a cut off of Evalue=10. Sequences of OSIP1 of Podospora anserina ((PaOSIP1
(208230 JGI) and Phanerochaete chrysosporium (ProtlD 2981896 JGI) have been used as
templates. Another sequence close to PaOSIP1 was added as a template (P209725 (ProtID
209725 JGI)). Evolutionary analyses were conducted in MEGAT7 using the Neighbor-Joining
method (Kumar et al., 2016). The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson correction method and are in the units of the
number of amino acid substitutions per site. The analysis involved 628 amino acid sequences.
All ambiguous positions were removed for each sequence pair. There were a total of 467
positions in the final dataset. To carry out the clustering, the Laplacian eigenmap technique
(Belkin and Niyogi, 2003) was applied with Gaussian mixture model (Reynolds, 2015) as
follows. After sorting the sequences in alphabetical order, the similarity of each sequence pair
were obtained from the score provided during a pairwise sequence alignment using the
Needleman-Wunsch (Needleman and Wunsch, 1970) dynamic programming algorithm from
Biopython (Cock et al., 2009) module (pairwise2 function). Default values for gap open and
extend penalties were chosen with blosum62 matrix for amino acid substitution, leading to a
matrix M of integers. A similarity matrix S has been deduced by dividing each row by its
maximum, and by computing the identity matrix minus this one. The normalized Laplacian
associated with the similarity matrix has been computed as follows: L = D*}(D-S), where D is
the diagonal matrix whose element in position (i,i) is the sum of the i-th row in S. Eigenvalues
of L have then been computed and sorted in ascending order thanks to the numpy library
(Oliphant, 2006), and the N-th first eigenvalues have only be considered, where N is such that

the increase between the N-th and N+1-th eigenvalue is lower than 1%. Associated
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eigenvectors have then been clusterized according to a Gaussian mixture model (Reynolds,
2015), and the model selection (number of Gaussians) has been performed according to the
Bayesian Information Criterion (BIC, (Schwarz, 1978)). To sum up, Laplacian eigenmap
allowed us to map the similarity matrix in a low dimensional space of points, each point being
associated to one amino acid sequence. This cloud points has been considered as the
superposition of a given number of gaussian trends (the clusters), this number being
determined thanks to the BIC criterion of parcimony. For further information about this

sequence clustering technique, see, e.g. Bruneau et al. (2018).

Deletion of PaOSIP1 in Podospora anserina

To delete PaOSIP1 (Pa_5 3780), the “split marker” method was used (Silar, 2013). This
protocol is based on the generation of two DNA fragments carrying a resistance marker
flanked with either 5’ or 3’ non-coding sequence of the genes by two successive PCR
reactions. In the first step, a 832 pb-long 5’-non-coding region of PaOSIP1 and a 962 pb-long
3’ region were PCR-amplified from the S strain DNA with the PaOSIP1-A/ PaOSIP1-B, and
PaOSIP1-C/ PaOSIP1-D primer pairs respectively. At the same time, the hygromycin
resistance marker was amplified with PaOSIP1-E and PaOSIP1-F from the pBC-hygro vector
(Silar, 1995). Primers sequences are given in Fig. S2. In a second step, the second round of
PCR using primers PaOSIP1-A and PaOSIP1-F, and PaOSIP1-D and PaOSIP1-E enabled to
merge the resistance marker with either the 5° or the 3’ region. The two PCR products were
used to transform a mus51::phleoRstrain, in which the mus5lgene encoding one of the
subunit of the non-homologous end joining dimer is replaced with a phleomycin resistance
gene. Three crossing-over events between the two cassettes and the P. anserina genome
enabled the deletion of PaOSIP1. Three hygromycin resistant transformants were selected.

They were crossed with the wild-type S strain, and one homokaryotic hygromycin resistant
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and phleomycin-sensitive descendant was selected as the PaOSIP1::hygroRstrain or
PaOSIP12. Its genotype was confirmed by Southern blot analyses using digoxigenin labeled
probes (Fig. S2). For functional complementation tests, PaOSIP1 coding sequence was cloned
into pAKS-Genet® vector and expressed in PaOSIP1%. The presence of the gene was checked
by PCR and three transformants were selected for functional complementation tests. They all

restored the mutant phenotype, thus, only the results for one of them are presented.

SEM imaging of PaOSIP14 hyphal network

Cloning of PcOSIP1

Phanerochaete chrysosporium mycelium was harvested from liquid cultures in TK medium
supplemented with oak extractives as previously described (Thuillier et al., 2014). Total RNA
was extracted and purified using the RNeasy plant minikit (Qiagen) according to the
manufacturer’s instructions. RNA was treated with DNase | during purification as
recommended in the manufacturer’s protocol. An additional purification step was performed
by precipitating RNA with 2 M LiCl. RNAs were reverse transcribed using the masterscript
kit (5 prime) following the manufacturer's protocol. The PCR reactions to amplify PcOSIP1
(Prot ID 2981896 in the Joint Genome Institute database v2.2 (previously identified as Prot ID
4474 in v2.0 of P. chrysosporium genome annotation)), have been performed with Herculase
Taq (Agilent technologies) for cloning into the pEt26b (Novagen) vector for His-tagged
protein production in Escherichia coli. The sequence was amplified without the predicted
signal peptide of secretion using the following primers (for:
CCCCCATATGGCTATTATCACGCCCGCG and rev:

CCCCGCGGCCGCTGCTTGGAGCTCCTCATC).
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Heterologous expression of PcOSIP1 in Escherichia coli and purification of the
recombinant protein

Expression of recombinant PcOSIP1 was performed in E. coli Rosetta2 (DE3) strain
containing pLysS plasmid (F~ ompT hsdSg(rB— mB-) gal dcm (DE3) pRARE2 (CamR)). The
bacteria were cultivated in LB medium supplemented with 50ug/ml kanamycin and 50ug/mi
chloramphenicol at 37°C. At ODeoo Of 0.6, the expression of the recombinant proteins was
induced by adding 0.1 mM isopropyl 3-D-1 thiogalactopyranoside (IPTG) during 4h. Cells
were harvested by centrifugation and resuspended in 30 mM Tris-HCI pH 8.0, 500 mM NacCl
buffer and stored at -20°C. The purification of His-tagged PcOSIP1 was performed by affinity
chromatography on IMAC columns (Sigma Aldrich) from the soluble fraction obtained after a
30 min centrifugation (27,000 x g) of cells lysed by sonication. The washing buffer was 30
mM Tris—HCI pH 8.0, 2 M NacCl in a first step and 30 mM Tris—-HCI pH 8.0, 500 mM NacCl
and 10 mM imidazole in a second step. The elution buffer was 30 mM Tris—HCI pH 8.0, 500
mM NaCl, 250 mM imidazole. Both proteins were dialyzed against a 30 mM Tris-HCI pH
8.0, 500 mM NaCl buffer by ultrafiltration on YM10 membranes, concentrated and loaded on
Sephadex 75 16/600 column (AKTA purifier) equilibrated with 30 mM Tris-HCI, 200 mM
NaCl. The purified protein was finally concentrated and analyzed on 15% SDS-PAGE gel to

check the purity. The concentration of the protein was determined by BC assay (interchim).

Circular dichroism (CD)

Due to the incompatibility of Tris buffer, which absorbs between 180 and 260 nm, the
PcOSIP1 spectrum was recorded exclusively in phosphate buffer. Directly after purification,
PcOSIP1 was dialyzed in 50 mM phosphate buffer pH 8.0 using dialysis membrane
(Spectra/Por, MWCO 6-8 000). Circular Dichroism spectra of PcOSIP1 was obtained in 50

mM phosphate buffer pH 8.0 at 25 °C in a quartz cuvette (1-mm path length) from 180 to 260
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nm with a bandwidth of 1 nm using a Chirascan Plus spectropolarimeter (Applied
Photophysics, Ltd, UK). The mean residue ellipticity [6]MR was calculated using Pro-Data
Viewer (Applied Photophysics, Ltd, UK) software and expressed in deg. cm2.dmol? per

residue.

Dynamic Light Scattering (DLS)

The homogeneity of solutions, the aggregation state and particle sizes were analyzed by
granulometry on a Zetasizer Nano-S model (Malvern Instruments, Malvern, UK). The protein
solution was analyzed by DLS at a final concentration of 4mg/ml either in 50 mM phosphate
buffer pH8.0 or 30 mM Tris-HCI, 200 mM NaCl buffer. The supernatant of each sample was
gently transferred into a quartz cuvette of 12 ul and the particle size measurements were
performed in triplicate at 37°C, with alight diffusion at 173°. The data were collected in
automatic mode and analyzed using the associated software DTS version 4.2 (Malvern

Instruments).

Atomic Force Microscopy (AFM)

PcOSIP1, either in 50 mM phosphate buffer (pH 8.0) or 30 mM Tris-HCI and NaCl 200 mM
buffer (pH 8.0), was analyzed at a starting protein concentration of 6 mg/ml. The protein
solutions were carefully dialyzed to remove NaCl and diluted 10 times just prior to AFM
observations. A glass coverslip was cleaned with a piranha treatment and washed in ultrapure
water, before being dried in a stream of nitrogen gas. A tiny droplet of each diluted protein
solution was deposited onto the glass coverslip heated at 20°C to promote a rapid drying
(within 2 minutes) while avoiding the formation of concentration gradients on the substrate.
The sample was then immediately imaged by AFM. A NanoWizard® Atomic Force

Microscope (JPK, Germany) operating in intermittent contact mode under ambient conditions
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was used to image the protein solutions deposited onto the glass coverslip. A standard
rectangular cantilever (Nanosensors NCL-W) was employed for imaging (scan rate of 0.5
Hz), with a free resonance frequency of 174 kHz and a curvature radius of the tip of 10 nm. In
order to check the reproducibility of the observed morphology, all samples were scanned at
least on three different zones. Each sample was investigated using fresh tips previously
cleaned by UV-ozone treatment. The height measurements were done using JPK Data

Processing software (JPK, Germany).

LC-MS/MS protein identification

P. anserina wild type and PaOSIP1% strains were cultivated in flasks containing 1 g of oak
sawdust and 10 ml of M2 medium without any carbon source for 1 month at 25°C. For each
strain, three independent cultures were pooled before protein extraction. Proteins from the
whole sample (sawdust containing mycelium and secretome) were extracted with 10 ml of 50
mM sodium acetate pH4.5 buffer for 1.5 h under shaking at 4°C. The sample was centrifuged,
concentrated with centricon filter membrane (5 kDa) until around 3 ml and precipitated with
cold acetone (80%). 10 pg of proteins was loaded on 12% SDS-PAGE gel. After a short
migration (0.5 cm) in the stacking gel, the gels were stained with Coomassie blue and each
electrophoresis track was cut into two 2-mm-wide strips. Proteomic identification was
performed at the Plate-forme d’Analyse Protéomique de Paris Sud-Ouest (PAPPSO, INRA,

Jouy-en-Josas, France; http://pappso.inra.fr/), according to a protocol described in Navarro et

al. (2010). Briefly, the digestion of the proteins contained in the gel strips was carried out
according to a standard trypsinolysis process, using modified trypsin (Promega,
Charbonniéres-les-Bains, France). Peptide analysis was performed by Ultimate 3000
RSLCnano liquid chromatography (Thermo Fisher Scientific, Waltham, Massachusetts, USA)

coupled to a Q-exactive mass spectrometer (Thermo Fisher Scientific) using electrospray
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ionization. Peptide attribution and protein annotation were performed by comparing mass
spectrometry data to predicted proteins in the genomes of P. anserina as well as an internal
contaminant database, using X!Tandem Cyclone software (X!Tandem, Jouy-en-Josas,
France). The protein annotation was completed manually by BlastP using both the NCBI

(https://blast.ncbi.nlm.nih.gov) and JGI Mycocosm

(https://mycocosm.jgi.doe.qgov/Podan3/Podan3.home.html) databases.
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Figure legends

Fig. 1: Comparative genomics of fungal OSIP1

Sequences were retrieved from the whole fungal JGI database (Mycocosm from Joint
Genome Institute) using BlastP search tool with PcOSIP1, PaOSIP1 and P209725 as
templates. (A) A total of 1057 sequences have been retrieved (cut off of Evalue=10") and
clustered as described in Experimental procedures part. The number of sequences found per
trophic mode is indicated by various colors for each cluster. (B) Sequence alignment of
ascomycete OSIP1 sequences from P. anserina, Chaetomium thermophilum, Sordaria
brevicollis and Fusarium solani. The signal peptide of secretion is colored in yellow, the
DUF3129 domain in blue gray. The eight conserved cysteinyl residues are highlighted (in red
those that are both conserved in basidiomycete and ascomycete sequences and in orange those
that are specifically conserved in ascomycetes sequences) (C) Evolutionary relationship of
OSIP1 and DUF3129 containing proteins. The evolutionary history of OSIP1 cluster
sequences and DUF3129 containing sequences retrieved from the Pfam database, was inferred
using the Neighbor-Joining method. Basidiomycete sequences are highlighted in gray. The
functionally characterized proteins are reported. Sc: Saccharomyces cerevisiae, Mg:

Magnaporthe grisea, Pc: Phanerochate chrysosporium, Pa: Podospora anserina, Bg:
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Blumeria graminis, Cg: Colletotrichum gloeosporioides. Because some of DUF3129-
containing proteins are annotated as GAS-like proteins in the pfam database, GAS1
(Glycolipid Anchored Surface) from Saccharomyces cerevisiae that has been well studied

(Ragni et al., 2007) and the GAS1 sequence of P. chrysosporium, were added to the analysis.

Fig. 2: Growth phenotype of PaOSIP14 in presence of caspofungin.
Wild type, PaOSIP14 mutant and a complemented strain (PaOSIP14 PaOSIP1) were grown

in M2 medium as control (A) and M2 supplemented with caspofungin (500 ng/ml) (B) for 10

days at 27°C (n=3). The pictures show fungal growth after 10 days.

Fig. 3: SEM images of PaOSIP14 and WT hyphal network.

Cryosections of mycelium were obtained as described in material and methods and visualized
by scanning electron microscopy. Images shown in the figure correspond to the top left
quarter of the whole images shown in supplemental data. The bar scale corresponds to 5 pm.
The extracellular matrix has been manually colored in yellow, the merged images are shown

in the middle panels. The single colored ECM is presented on the right panels.

Fig. 4: Self-assembly of PcOSIPL1.

(A) Circular dichroism analysis of PcOSIP1 secondary structure. The spectrum was recorded
in 50 mM phosphate buffer pH 8.0 with 66 uM of protein. PcOSIP1 spectrum shows signals
at 190, 208 and 222 nm (B) Dynamic light scattering analysis of the oligomerization state of
PcOSIP1. The percentage of the various oligomers of PcOSIP1 in 30 mM Tris-HCI pH 8.0-
200 mM NaCl buffer (Tris-NaCl buffer) and 50 mM phosphate buffer pH 8.0 (Phosphate

buffer) is represented by black bars. Rh: hydrodynamic radii. (C) Atomic Force Microscopy
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height images of PcOSIP1 in Tris-NaCl buffer and Phosphate buffer. Size of AFM images: 3

pm x 3 um. (D) Macromolecular (1 and 2) and microscopic (3) views of the PcOSIP1 gel.

Fig. 5: Growth phenotype of PaOSIP14in presence of oak extractives.
Growth kinetics of the wild type, PaOSIP14 mutant and a complemented strain
(PaOSIP14 PaOSIP1) in M2 medium supplemented with oak extractives (2 mg/ml) (n=3). The

pictures show fungal growth after 10 days.

Fig. 6: Secretome analysis of PaOSIP14 in comparison to the wild type strain in presence
of oak sawdust.

(A) Global analysis of the amount of proteins specifically detected or more abundant ((PAI)
fold>2) in the secretome of each strain in presence of oak sawdust (the experimental set up is
described in the experimental section). (B) Percentage of the proteins found specific or more
abundant in PaOSIP14 within the total of the proteins identified for each functional class. (C)
Number of glycoside hydrolases (GH) of each family detected in the secretomes of PaOSIP14
and wild type strains in presence of oak sawdust. The proportion of proteins detected as
specific or more abundant (PAI fold>2) in the mutant strain is represented as red bars, the
dark blue bars corresponding to the number of GH showing PAI fold<2 for the mutant
compared to wild type. (D) Protein Abundance Index (PAI) for each strain. A focus has been
made on cell wall-related proteins. ProtID are those from the JGI Mycocom database. Full

proteomic data are available in Table S2.

Fig S1: Sequence alignment of basidiomycete OSIP1 sequences from P. chrysosporium,

T. versicolor, Phlebiopsis gigantea, Punctularia strigosozonata and Phlebia centrifuga. The
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signal peptide of secretion is colored in yellow, the DUF3129 domain in blue gray. The four

conserved cysteinyl residues are highlighted in red.

Fig. S2: Strategy for PaOSIP1 deletion. (A) Gene replacement strategy for deleting
PaOSIP1 in Podospora anserina. (B) Primers used for gene replacement and probe synthesis
as described in the experimental procedures section. (C) Southern blot showing the efficiency
of the gene replacement and insertion of the resistance cassette in a single copy within the
genome. Genomic DNA was digested by Pstl restriction enzyme and hybridized with both

AB and CD digoxigenin labeled probes.
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