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ABSTRACT: The ectomycorrhizal basidiomycete Laccaria bicolor has a —
dual lifestyle with a transitory soil saprotrophic phase and a longer

mutualistic interaction with tree roots. Recent evidence suggests that 7
secreted proteins play key roles in host plant colonisation and symbiosis
development. However, a limited number of secreted proteins have been _ novel
characterized, and the full spectrum of effectors involved in the mycobiont candidates
invasion and survival remains unknown. We analyzed the extracellular . | involved
proteins secreted in growth medium by free-living mycelium of L. bicolor as )
a proxy for its saprotrophic phase. The proteomic analyses (two-dimensional no
electrophoresis and shotgun proteomics) were substantiated by whole- S et
genome expression transcript profiling on ectomycorrhizal roots. Among transcriptomics
the 224 proteins identified were carbohydrate-acting enzymes likely /

mysorrhizal racts -

involved in the cell wall remodelling linked to hyphal growth as well as
secreted proteases possibly digesting soil organic compounds and/or fending off competitors, pathogens, and predators. Evidence of
gene expression was found in ectomycorrhizal roots for 210 of them. These findings provide the first global view of the secretome of
a mutualistic symbiont and shed some light on the mechanisms controlling cell wall remodelling during the hyphal growth. They
also revealed many novel putative secreted proteins of unknown function, including one mycorrhiza-induced small secreted protein.

KEYWORDS: 2-DE, ectomycorrhizal fungus, Laccaria bicolor, mycelium, secreted proteins, secretomic, shotgun proteomics,
symbiosis

1. INTRODUCTION

Ectomycorrhizal (ECM) fungi colonize the dominant tree
species (e.g., birch, poplar, beech, eucalypt, pine trees) in
temperate and boreal forests where they have a beneficial impact
on plant growth in natural and agroforestry ecosystems and allow
the completion of the fungal life cycle." In addition to supplying
water at the fungal—plant cell interface, the mutualistic fungi
actively transfer nutrients to the plant. In return for 10—20% of
photosynthetically derived sugars, ectomycorrhlzal fungi supply
70% of the plant’s nitrogen and phosphorus needs.” The first step
in the establishment of the ECM symbiosis is attachment to and
colonisation of lateral roots by a compatible fungal mycelium.
While only a few of the chemical cues that control recognition
between ECM fungi and their host plants have been identified,**
the early morphological stages of ECM colomzatlon have been
well characterized in a number of systems® and it is understood
that symbiosis development requires specific cell—cell and
cell —substrate interactions that direct the extension of hyphae
to their precise host root targets. Role of fungal cell walls (CW)
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and the extracellular matrix in ECM development is supported by
the observed alterations in composition upon the infection
process and the subsequent formation of the symbiotic
interface.”” These changes are likely controlled by a tight
regulation of the balance between the synthetic and degradative
pathways for the polymers that constitute the CW and by the
directed and targeted secretion of both enzymes and CW
components to sites of the fungal—host interfaces. Proteins that
are secreted from hyphae into the extracellular matrix of the
symbiotic interface are also probably involved in intercellular
and interorganismal communication. This group of proteins is
referred to as the fungal secretome.

Among these secreted proteins are proteins involved in
adhesion, communication and hydrolysis of CW and substrate
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polymers. Adhesion to the root during formation of the mycor-
rhizal mantle is achieved through fungal secretion of oriented
fibrillar materials that contaln polysaccharides, glycoprotein
mucigel, and hydrophobins.® Once the mantle is formed and
hyphae reach the epidermal cells, the fungus secretes a cocktail
of CW modifying proteins, such as expansins and carbohydrate-
active enzymes and various polysaccharides (chitosans and
p-1,3- glucans) Although loss of CW degrading enzymes is a
characteristic feature of ECM fungl, %t has mainly reduced the
number of plant CW-modifying or -degrading enzymes (e.g, GH6
and GH7 cellulases), without completely eliminating all such genes.
A small contingent of carbohydrate-active enzymes (CAZymes)
remains, sufficient to aid penetration of fungal hyphae between
root cells but unlikely able to use the root cells as a nutrient
source. These proteins may act to loosen contact between root
cells so that fungal hyphae can penetrate between the epidermal
root cells without destruction or penetration of the plant cell.'"

The 65-Mb haploid genome of the most intensively studied
ECM fungus, Laccaria bicolor, has been sequenced by the U.S.
Department of Energy’s Joint Genome Institute. Analysis of the
draft genome® and substantially improved assembly and gene
models (http:// genome.jgi-psf.org/Lacbi2/Lacbi2.home. html)
revealed many genes potentially coding for secreted proteins.
Out of the 2931 proteins predicted to be secreted by L. bicolor,
most (67%) cannot be ascribed a function, and 82% of these
predicted proteins are specific to L. bicolor. Within this set, a large
number of genes encode cysteine-rich products that have a
predicted size of <300 amino acids. An increasing body of
evidence revealed that several of these small secreted proteins
(SSPs) are key effectors mediating the interactions between the
ECM fungus Laccaria bicolor and its hosts.'”'* The Mycorrhizal
Induced Small Secreted Protein 7 (MlSSP7), the most highly
symbiosis-up-regulated gene from L. bicolor,® encodes an effector
protein required for the establishment of the ECM symbiosis.
MIiSSP7 is secreted by the fungus upon receipt of diffusible signals
from plant roots, imported into the plant cell via phosphatidy-
linositol 3-phosphate-mediated endocytosis, and targeted to the
plant nucleus where it alters the transcriptome of the plant cell.
L. bicolor transformants with reduced expressmn of MiSSP7 do
not develop symbiosis with poplar roots.'> These investigations
support the importance of SSPs in the development of the my-
corrhizal symbiosis, but considerable uncertainty persists with
respect to the roles and interactions of hundreds of genes coding
for oxidative and hydrolytic enzymes during the different devel-
opmental stages of L. bicolor. In addition, only a limited number
of predicted secretory proteins have been characterized at the
proteomic level to date. Although many of the putative secreted
proteins may be retained in internal compartments such as the
endoplasmic reticulum (ER) or secretory pathways, a significant
fraction is probably exported to external sites for interaction with
the host plant.

The coupling of high resolution protein separation tech-
niques, such as two-dimensional electrophoresis (2-DE), with high
throughput identification strategies has allowed the large scale
analysis of protein identity and expression in several fungal
systems (see ref 13 for review). The completion of the genome
of L. bicolor® allows for examination of secreted proteins released
by the ECM symbiont. Here we combined transcriptome
analyses of predicted secreted proteins and mass spectrometric
(MS) identification of extracellular proteins to characterize the
secretome of the free-living mycelium (FLM) of L. bicolor grown
on synthetic growth medium (as a proxy for the saprotrophic

mycelium). Our findings revealed that L. bicolor mobilizes a rich
repertoire of enzymes potentially involved in nutrient acquisi-
tion, and a series of hypothetical proteins with unknown func-
tion, including mycorrhiza-induced small secreted proteins
(MiSSPs).

2. MATERIALS AND METHODS

L. bicolor culture, sampling and processing are described in."*
Briefly, mycelium of L. bicolor strain S238N—H82 was grown
with shakmg in 1 L Erlenmeyers filled with 500 mL Pachlewski
medium'® (see Supporting Information for composition). After
five weeks of growth at 25 °C, the liquid medium containing the
secreted proteins was filtered with filter paper and then frozen
at —80 °C. The mycelium was immediately frozen in liquid
nitrogen.

2.1. Protein Separation

An outline of the three separation techniques used in this
study is presented in Figure 1.

2.1.1. IPG-IEF Shotgun. A lyophilized secretome protein
sample (0.2 g) was resuspended in 0.5 mL of 50 mM ammonium
bicarbonate (pH 8) and 20 uL of 2 M DTT. Then trypsin
(demethylated, proteomics grade, Sigma, Lyon, France) diluted
in SO #L of HCI (10 tg/mL) was added and left for incubation at
37 °C overnight. Tryptic peptides were completely dehydrated in
a vacuum centrifuge and resuspended in 8 M urea, 1% (w/v)
DTT and 1% (v/v) pH 3.5—S5 CAs. IPG-IEF shotgun proteomics
was performed on the tryptic mixture using a 18 cm pH 3.5—4.5
IPG DryStrip (GE Healthcare, Uppsala, Sweden) as described in
ref 16, except that the IPG strip was cut into 40 fractions instead
of 43. Tryptic peptides were eluted from the strip fractions using
C18 ZipTip columns (Sep-Pak C18 MicroElution Plate, Waters
SAS, Milford, MA). IPG fractions were kept at —20 °C until MS
analyses.

2.1.2. SDS-PAGE Shotgun. SDS-PAGE was performed
according to'” using the MGV-202 model mini-gel system
(CBS Scientific CO., Del Mar, CA), by loading 0.2 g of proteins
from mycelium and secretome samples in separate lanes of the
11% polyacrylamide gel. Each lane was cut into 16 fractions
(Supplementary Figure S1, Supporting Information). The SDS-
PAGE fractions were kept at —20 °C until trypsin digestion prior
to MS analyses.

2.1.3.2-DE. 2-DE"® was performed using IPG-IEF in the first
dimension (24 cm) and SDS-PAGE in the second dimension
(11% polyacrylamide gel). IEF was conducted using 24 cm IPG
strips (Immobiline DryStrip, GE Healthcare) of various pH
ranges (3—1INL, 4—7 and 7—1INL) by loading 0.2 g of
proteins from both mycelium and secretome samples. 2-D gels
were produced as indicated in."* Full details are provided in the
Supporting Information.

Both 1- and 2-D gels were stained using the silver staining
procedure compatible with MS analyses edited by Virginia Tech
Center for Genomics (http: //vigen.biochem.vt.edu/protocols/
AgStain.pdf). Gel images were digitalized using ImageScanner
(model UTA III, GE Healthcare) and 2-D images were analyzed
using Progenesis PG240 software (Nonlinear Dynamics Ltd.,
Newcastle upon Tyne, U.K.). Images of 2-D gels are provided in
Supplementary Figure S2 (Supporting Information). The most
abundant spots were manually excised from 2-D gels, in duplicate
or triplicate whenever possible. Thus 75 spots from 4 to 7
patterns using mycelium samples were excised prior to MS
analyses; for the secretome analysis, 134 spots from 3 to 11
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Figure 1. Outlines of the three resolving proteomic methods used to separate and identify L. bicolor proteins.

NL patterns, 46 spots from 4 to 7 patterns, and 21 spots from 7 to
1INL patterns were excised. Excised spot were processed as
indicated in ref 14.

2.2. Protein Identification by MS/MS

Trypsin digestion of proteins contained in SDS-PAGE frac-
tions and 2-D spots was performed as in ref 14. It is fully
described in the Supporting Information.

The peptide mixture was analyzed by online capillary HPLC (LC
Packings, Amsterdam, The Netherlands) coupled to a nanospray

LCQIT mass spectrometer (Thermo- Finnigan, San Jose, CA) for
2-D spots and a nanospray LTQ IT mass spectrometer (Thermo-
Finnigan) for IPG strip and SDS-PAGE fractions. Ten micro-
liters of peptide digests were loaded onto a 300-um X 5-mm C18
PepMap trap column (LC Packings) at a flow rate of 30 #L/min.
The peptides were eluted from the trap column onto an analytical
75-um id X 1S-cm C18 PepMap column (LC Packings) with a
5—40% linear gradient of solvent B in 35 min (solvent A was
0.1% (v/v) HCOOH in 5% (v/v) ACN, and solvent B was 0.1%
(v/v) HCOOH in 80% (v/v) ACN). The separation flow rate
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was set to 200 nL/min. The mass spectrometer operated in
positive ion mode at a 2-kV needle voltage and a 3-V capillary
voltage. Data were acquired in a data-dependent mode alternat-
ing a MS scan survey over the range m/z 300—1700 and three
MS/MS scans in an exclusion dynamic mode. MS/MS spectra
were acquired using a 2 m/z unit ion isolation window, 35%
relative collision energy, and 0.5 min dynamic exclusion duration.

2.3. Database Search

Peptide sequences were queried against the predicted protein
sequences of L. bicolor v1.0 available at the JGI (BestModels v1.0,
release date March 10, 2008, http://genome.jgi-psf.org/Lacbil/
Lacbil.home.html). Protein sequences from keratin and trypsin
were also included during the searching process; they were
downloaded from UniProtKB/Swiss-Prot (Release 55.2, 335
entries). Data were searched by SEQUEST through Bioworks
3.3.1 interface (ThermoFinnigan). Parameters used are indicated
in'* and fully described in the Supporting Information. All
protein identifications were based on a minimum of two peptide
assignments for 2-D spots analyses and a minimum of one
peptide for shotgun analyses. For the latter, the False Positive
Rate (FPR) was estimated by searching against a reversed decoy
database. The FPR obtained was 1.9%. Notably, no false positives
were detected with more stringent criteria (i.e., limit of 2 peptides
minimum).

Identities of secreted proteins are summarized in Table 1.
Summaries of protein identifications per method using numbers
of identified proteins and gene ontology terms are presented in
Supplementary Tables S1 and S2, respectively (Supporting
Information). All MS details pertaining to the analysis of both
secreted and mycelial proteins are included in Supplementary
Tables S3 and S4 (Supporting Information). Two-dimensional
patterns, with detected and excised 2-D spots, as well as MS
results from both mycelium and secretome samples were
uploaded to the PROTIC database;'” they can be viewed at
http://proteus.moulon.inra.fr/proticbiogeco/web_view/index.
php.

2.4. Bioinformatics

To estimate how appropriate 2-DE was to resolve secreted
proteins from L. bicolor, we computed both theoretical pIs and
MWs of all the predicted proteins and then established the
coverage given by our electrophoretic conditions. Theoretical pIs
and MWs were obtained by using the online ExPASy compute
pI/MW tool®® (http://www.expasy.org/tools/pi_toolLhtml).
Results are graphically illustrated in Supplementary Figure S3
(Supporting Information). For a more in depth assessment, we
limited such an analysis to proteins that were predicted to be
secreted and computed the percentage covered by our electro-
phoretic conditions. The TargetP algorithm®' (http:/ /www.cbs.
dtu.dk/services/TargetP/ ) was used online to predict targeted
compartments (see parameters in Supporting Information).

Protein sequences that were not manually annotated at the
JGI L. bicolor portal were annotated using UniProtKB (http://
www.uniprot.org/) and the BLASTP algorithm®* (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) searching first the SwissProt (SP)
database, then the NCBI non redundant (nr) database when no
annotation was retrieved using SP. This was performed through
the Blast2GO (B2G) interface (http://www.blast2go.de/) which
retrieved E.C. numbers and Gene Ontology (GO, http://www.
geneontology.org/) terms (Table 1 and Supplementary Table SS,
Supporting Information). The CAZY database™ (http://www.
cazy.org/ ) was also searched.

Protein annotations, E.C. numbers, GO terms, theoretical pIs
and MWs, and TargetP location predictions are indicated in
Table 1.

2.5. Transcript Profiling

The Laccaria bicolor custom-exon expression array version 2
(4 x 72K) manufactured by Roche NimbleGen Systems Limited
(Madison, WI) (http:/ /www.nimblegen.com/products/exp/in-
dexhtml) contained three independent, nonidentical, 60-mer
probes per gene model. For 18,653 annotated protein-coding
gene models from the L. bicolor genome v1 (http: //genome.jgi-
psf.org/Lacbil /Lacbil.home.html) probes could be designed.
Included in the array were 2,032 random 60-mer control probes
and labeling controls. Three biological replicates were used for
each microarray experiments. For 4,702 probes, technical dupli-
cates were included on the array. Full details of the transcript
profiling can be found in the Supporting Information. Transcript
abundances corresponding to the genes encoding for L. bicolor
secreted proteins are listed in Table 1.

3. RESULTS

3.1. Protein Identification from the Free-living Mycelium
(FLM)

Two methods were employed to identify mycelial proteins:
SDS-PAGE shotgun and 2-DE-MS/MS. The SDS-PAGE shot-
gun method yielded 1616 proteins in total across all 16 fractions,
accounting for 815 unique accessions when duplicates are
removed (Supplementary Table S1, Supporting Information).
Four proteins were found in all 16 fractions (one enolase and
3 glyceraldehyde 3-phosphate dehydrogenases, GAPDH), all of
them involved in glycolysis and known to be extremely abundant
in fungi.”* We hypothesize that those highly prominent proteins
both form supercomplexes and undergo proteolysis thereby
achieving a MW continuum. Mycelial proteins were also sepa-
rated using 2-DE, along various pH ranges. A total of 1104, 1379,
and 272 spots were resolved along 3—11, 4—7 and 7—11NL pH
gradients, respectively (Supplementary Figure S2, Supporting
Information). Using the L. bicolor gene repertoire, we computed
both theoretical pIs and MW for all sequenced proteins. It must
be noted that such computation does not consider post-translational
modifications (PTMs), which usually account for most pl
and MW variations. Interestingly, a spot-depletion area was
visible at neutral pIs (7.3), thus creating a bimodal distribution
(black dots in Supplementary Figure S3, Supporting Information).
Such bimodality has recently been reported across all taxa.>>*°
This distribution suggests that alkaline and acidic proteins are
equally represented in L. bicolor. This was not congruent with the
2-D patterns of the mycelium (Supplementary Figures 2C and E,
and purple dots in Supplementary Figure 3B, Supporting In-
formation), displaying five time more acidic than alkaline pro-
teins. However, alkaline proteins are known to be particularly
difficult to extract and separate using 2-DE without any specific
procedure.”’” Similar results were observed for the ascomycete
Leptosphaeria maculans."* The 75 most abundant protein spots
were analyzed by MS and matched to their cognate genes using
BLAST algorithm. They yielded a total of 316 proteins, most of
them redundant (52%) since only 163 unique accessions were
identified. Consistent with the SDS-PAGE shotgun analysis,
enolase was again predominant, being identified in 11 spots.
For each MS run, the complete set of peptide tandem mass
spectra was submitted to SEQUEST for protein sequence
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database searching. The high confidence limit settings that were
used in the analysis of peptide data, together with the identifica-
tion of multiple peptides for most proteins, allowed for unam-
biguous identification of L. bicolor proteins.

3.2. Protein Identification from Secretome Samples

Three complementary proteomic methods were used to
identify secreted proteins released by L. bicolor free-living
mycelium in the growth medium: IPG shotgun, SDS-PAGE
shotgun and 2-DE-MS/MS (Figure 1).

A total of 524 proteins were identified using IPG shotgun,
across all 40 fractions, though this accounted for only 142 unique
accessions when duplicates are removed (Supplementary Table
S1, Supporting Information). On average, 13 proteins were
identified per IPG shotgun fraction. Two proteins (accessions
1D292021, an unknown protein, and ID305896, annotated as a
5S kDa immunogenic protein, Table 1) almost covered the whole
length of the strip. An ectomycorrhiza up-regulated NACHT-
containing protein (NACHT, ID 295832) was only identified
using the IPG-IEF shotgun method.

The SDS-PAGE shotgun method identified 263 proteins
corresponding to 116 unique accessions in the L. bicolor gene
repertoire (Supplementary Table S1, Supporting Information).
A 88 kDa mannoprotein (MP88, ID147000) was found in 13 out
of 16 fractions.

Using 2-DE, a total 0o£ 210, 537 and 48 2-D spots were detected
along 3—11, 4—7 and 7—11NL gradients, respectively (Supple-
mentary Figure S2D, Supporting Information). The 201 spots
excised for MS analyses yielded 267 proteins, corresponding
to 77 unique accessions in the L. bicolor genome. Accession
ID314722 was identified in 47 distinct spots, probably corre-
sponding to post-translational forms of the same proteins which
is a common feature of 2-DE. This protein was identified across
the three proteomic methods and corresponded to a gluco-
oligosaccharide oxidase (GOOX). GOOX was also identified in
mycelial samples. Enolase and GAPDH were also identified in
culture filtrates. These proteins are not predicted to be secreted,
and therefore likely to be intracellular contaminants resulting
from mycelium lysis.

3.3. Comparison of the Three Proteomic Methods

Table 1 lists all 224 unique proteins identified from L. bicolor
secretome samples using the three proteomic approaches, IPG-
IEF shotgun, SDS-PAGE shotgun and 2-DE MS/MS, which
identified 142, 116, and 77 unique proteins, respectively. Addi-
tional information can be found in the Supporting Information.
Identified proteins were further annotated by retrieving Gene
Ontology (GO) terms, Biological Process (BP), Molecular
Function (MF), and Cellular Component (CC). Figure 2 and
Supplementary Table S2 (Supporting Information) compare
GO classifications for each method (“IPG”, “1-D” and “2-D”)
as well as the combination of all of them (“all”). A significant
proportion of identified proteins remained unclassified as they
code for products involved in an unknown process (22%, 50/224
proteins), function (21%, 46/224 proteins) or compartment
(27%, 61/224 proteins). The IPG-IEF shotgun method yielded
the greatest proportion of unknown/unclassified proteins (49%).
One of these novel putative secreted proteins of unknown
function is a MiSSP (ID303550, 10.4 kD), that is, a protein
of <300AA whose gene is induced in the symbiotic tissues. It is
worth noting that GO and CC annotations were partly inaccurate
as only 25 proteins out of 224 (11%) were predicted to be secreted
(11 proteins in “Cell wall” and 14 proteins in “Extracellular”

compartments). TargetP prediction allocated 42% (95/224) of
the proteins to the secretory pathway. GO CC annotation helped
recover two proteins (a phytase and a clitocypin cysteine pro-
teinase inhibitor) that had escaped TargetP predictions. NIpC/
P60-like cell-wall peptidase and the five MP88s were altogether
missed, thus emphasizing the limitation of automated gene pre-
dictions. Based on this functional annotation, the total number of
proteins secreted in the growth medium was 103 (46%).

3.4. Increased Coverage of the L. bicolor Secretome

A Venn diagram shows the gain achieved by using combined
proteomics approaches (Figure 3 and Supplementary Table S2,
Supporting Information). Out of the 224 identified proteins, 36
were identified using all three methods, 7 proteins were common
between IPG-IEF fractions and 2-D spots, 14 proteins were
common between IPG-IEF fractions and SDS-PAGE fractions,
and 18 proteins were common between SDS-PAGE fractions
and 2-DE gel spots. Many proteins were only identified using a
single technique; 85 proteins were only identified by IPG-IEF
shotgun, whereas 49 proteins were only detected by SDS-PAGE,
and 16 proteins were only found by 2-DE. To link these numbers
to protein functions, the GO categories specific to one particular
method or shared between several approaches have been added
to the Venn diagram, as well as some of the protein isoforms. We
will not discuss all of the GO categories displayed in Figure 3 but
provide a few examples that illustrate the advantage of combining
various electrophoresis techniques.

All five isoforms of the 20 kD heat shock protein (HSP20)
were exclusively identified in SDS-PAGE fractions. The two
glycosyltransferases (GT8 and GT69) and both protein disulfide
isomerases (PDI) identified in this work were exclusively found
in IPG-IEF fractions. All of the glycosylphosphatidylinositol
(GPI)-small secreted proteins (GPI-SSP) were only observed
using shotgun methods, not 2-DE. All three GPI-phospholipase
C (GPI-PLC) isoforms were observed in SDS-PAGE fractions
and 2-D spots, not in IPG-IEF fractions. Some proteins involved
in lipid metabolism were uniquely detected by the 2-DE method,
and none of the proteins identified using the IPG-IEF shotgun
method belonged to the “Phosphatase activity” MF category.
Some proteins (expansin, two GH17 glucan 1,3-beta-glucosidases,
GH16 endo-1,3(4)-beta-glucanase) belonging to “Cell wall” CC
and “Cell wall organisation and biogenesis” BP categories were
exclusively identified using the SDS-PAGE method. Likewise, other
proteins [protein phosphatase 2C (PP2c), and calnexin (CALX)]
belonging to “Endoplasmic reticulum (ER)” CC were exclusively
identified using the IPG-IEF shotgun method. Again, these ob-
servations highlight the need to combine various analytical ap-
proaches to identify as many proteins as possible in a given sample.

3.5. Transcript Profiling

Out of the 224 identified secreted proteins, 93% (210/224
proteins) have a detectable transcript in the microarray profiling
(Table 1), most of which presenting significant fold-changes in
the ECM roots of Douglas fir, P. trichocarpa and/or P. deltoides
relative to their abundance in FLM (Table 2). Many (53/210, 25%)
were of unknown function, including the gene displaying the
highest ECM/FLM induction ratio (ID305233), being 75- to
80-fold more expressed in ECM than in FLM. Of particular
interest are the nine induced genes encoding small secreted
proteins (ID306974, ID294585, 1D292425, ID318310, ID322637,
1D292441, 1D294567, 1D295296, and ID190777), likely in-
volved in symbiosis and potentially including MiSSPs. Other
highly induced genes, particularly in ECM roots of poplar species,
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Figure 2. Gene Ontology (GO) classification of L. bicolor identified secreted proteins using 2-DE (2-D), 1-D shotgun (1-D), IPG shotgun (IPG) or all
three techniques (all), according to (A) biological process (BP), (B) molecular function (MF), and (C) cellular component (CC).

included a putative ARF GTPase activator (ID310440), a 5S kDa
immunogenic protein (ID305896), and a gene encoding for a small
secreted protein (ID190777) (Table 1). The expression of some
genes seemed to be host-specific. For instance, a heat shock protein
of 20 kD (ID235684) was 8.4-time induced in ECM roots of
P. deltoides only and a GPI-SSP (ID335186) almost 3-time induced
in ECM roots of Douglas fir only (Table 1). Overall, the genes
displaying fold-change in ECM roots relative to FLM were found
across all three species, and particularly the poplar species
which displayed more consistency. Interestingly a gene encoding

a superoxide dismutase (SOD, ID303799) presented a S- to 7-fold
induction in all ECM roots. Other antioxidant proteins, three
thioredoxins (ID295143, ID181679, and 1D295142) and one
peroxiredoxin 6 (ID172363), were identified in the L. bicolor culture
filtrate but not observed to be induced in ECM roots (Table 1).

4. DISCUSSION

This study describes the identification of the most abundant
proteins from the mycelium of L. bicolor and those secreted into

dx.doi.org/10.1021/pr200895f |J. Proteome Res. XXXX, XXX, 000-000
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Figure 3. Venn diagram displaying the number of L. bicolor secreted proteins identified by each resolving method and combined to Gene Ontology
(GO) Functional Classification according to biological process (BP), molecular function (MF), and cellular component (CC).

the growth medium using a series of sensitive and versatile
methods based on mass spectrometry. Secreted proteins of fungi
are mainly analyzed by either gel-free techniques such as shotgun
proteomics or gel-based methods such as two-dimensional
electrophoresis (2-DE) (see ref 13 for review). In the present
study, we combined three complementary approaches (IPG-IEF
and SDS-PAGE shotgun techniques, as well as 2-DE followed by
MS/MS analyses) to survey the proteome of L. bicolor. The
secretome of the FLM was investigated to identify the proteins
secreted during the saprotrophic, presymbiotic stage. The FLM
was grown on a low nutrient medium'® mimicking the soil
environment before symbiotic contact, but containing simple
carbohydrates—the likely environment of this fungus during its
brief rhizospheric phase. The symbiotic stage cannot be easily
studied due to the large proportion of plant proteins accumulat-
ing in the symbiotic tissues. The combination of the three
approaches greatly increased the number of secreted proteins

identified in liquid medium, with 224 unique proteins among
which only 16% were found across all three methods. Mycelial
proteins were also identified using SDS-PAGE shotgun and
2-DE-MS/MS to check for potential contamination from intra-
cellular proteins. The most abundant mycelial proteins, such as
enolase and G3PDHs, were identified in secretome samples.
Such contaminations likely resulted from hyphal lysis taking
place over the course of the culture. For this reason, we will only
discuss proteins predicted to exit the cell through the canonical
secretory pathway, that is, presenting a secretion signal peptide in
their amino acid sequence. Out the 103 proteins predicted to be
secreted, 41 (40%) were of unknown function which is consistent
with the annotation of the L. bicolor gene repertoire.® Interest-
ingly, many of them (15/41, 37%) were small secreted proteins
(<300AA) and might be involved in symbiosis development
as recently shown for MiSSP7, the most highly symbiosis-
upregulated gene from L. bicolor."> A 10.4 kD MiSSP was identified

dx.doi.org/10.1021/pr200895f |J. Proteome Res. XXXX, XXX, 000-000
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Table 2. Number and Percentage (in brackets) of Transcript Displaying 2.0- or 2.5-Fold Changes in ECM Roots of Douglas fir, P.
trichocarpa and P. deltoides Relative to Their Abundance in Free-living Mycleium (FLM)

2.0-fold change

2.5-fold change

down-regulation (%)

Douglas fir ECM/FLM ratio 45 (21.5%)
P. trichocarpa ECM/FLM ratio 57(27.3%)
P. deltoides ECM/FLM ratio 47 (22.5%)

up-regulation (%)

down-regulation (%) up-regulation (%)

31(14.8%) 30 (14.4%) 25 (12.0%)
48 (23.0%) 40 (19.1%) 41 (19.6%)
49 (23.4%) 40 (19.1%) 44 (21.1%)

( Host roots

Recognition/adherence
MDHT, MP88Y{, GT69T,
GAS1!, CPSPY,
GPI-SSP!, GPI-PLCY

Penetration/navigation
CE8!, EXPT

Adaptation/morphogenesis

( Free-living
mycelium

ECM establishment

PEPS, PEPTa,
PEPTc, PEPTn ', KEX1
PEPTs ', TPP1,

GH5/!, GH13!, GH15,

GH18{, GH16!, GH17,

GH72!, KHN1, LDG/,
CE4!, CE9!, C10

Host defense modulation

K MP88!, PR5T

MiSSP (GPI-SSP) 1
MiSSP77 (Plett et al. 2011)

Figure 4. Working model of L. bicolor mode-of-action to establish its biotrophic and saprophytic lifestyles based on experimental proteomic results. The
full names of the proteins are indicated in Table 1. Ambiguous secreted proteins that cannot be specifically ascribed to one lifestyle in particular are in
bold letters. Proteases are in white. Significant fold-changes of gene expression in the ECM roots of Douglas fir, P. trichocarpa and/or P. deltoides relative
to their abundance in FLM are represented by arrows facing up or down which correspond to up- and down-regulated transcript levels, respectively.

C, carbon; N, nitrogen; P, phosphorus.

in secretome samples and was annotated as a glycosylphospha-
tidylinositol (GPI)-anchored protein inserted in the plasma mem-
brane, suggesting that it remains within the cell wall. This MiSSP
(ID303550) was reported to be at least 10 times induced in ECM
roots of two poplar species.® Most of these secreted proteins (93/
103, 90%) were predicted to be involved in symbiosis based on
the transcript profiling carried out on both FLM and ECM roots
(Table 1).

The following sections attempt to ascribe to qualitatively
identified secreted proteins, substantiated by quantitative gene
expression data, a particular mode-of-action of the ECM fungus
(Figure 4). Although a causal link can be drawn between
symbiosis and a gene up-regulated in ECM roots, the considera-
tion of down-regulated genes is equally informative as they are
also biomarkers of symbiosis establishment. In this study, all
significantly differentially expressed genes are deemed involved
in L. bicolor mode-of-action.

4.1. Saprotrophic Lifestyle at the Root—Soil Interface

The fungal CW is a complex glycoprotein- and polysaccharide-
based three-dimensional network. Polysaccharides (90% of
the CW) consist of branched beta-1,3/1,6-glucans linked to
chitin via beta-1,4 linkages, and glycoproteins. Ten percents of

the CW include mannoproteins and GPI-anchored proteins.*®

Many carbohydrate-active-enzymes (CAZymes) were identified
in secretome of L. bicolor, most of them transcriptionally down-
regulated with the exception of one GH1S (ID295790) which
was consistenly highly up-regulated in all ECM roots (Table 1).
These CAZymes are likely involved in CW polysaccharide
modification, along with KINH]1, a protein involved in beta-1,6-
glucan biosynthesis, and a lentinan-degrading exobeta-1,3-glucanase
(LDG) that hydrolyses a fungal CW component. Most of
the GHs identified in this study act on glucan moieties (GHS,
GH13, GH1S, GH16, GH17, GH72, GH79, KNH1, and LDG).
Chitinase (GH18) and endobeta-1,3 glucanases (GH16, GH17)
are required for mycelial cell separation due to the presence of
chitin in the primary septum and beta-glucan in the secondary
septum.”® Several members of carbohydrate esterases were also
identified in L. bicolor secretome (6 CE4s, 1 CE8, 1 CE9, and
3 CE10s). Chitin deacetylases (CE4) modify chitin in the less rigid
deacetylated chitosan. N-Acetylglucosamine-6-phosphate deace-
tylase (CE9) catalyzes the hydrolysis of the acetamido groups of
N-acetylglucosamine residues in CW peptidoglycan.”® We hy-
pothesize that these CAZymes are mediating L. bicolor hyphal
growth, as well as facilitating the morphogenic transition re-
quired when environmental (edaphic or host) conditions evolve.
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Many extracellular proteases were identified in the L. bicolor
culture filtrates: candidapepsin (CPEPS), pepsin A (PEPS), aspartic
peptidase Al (PEPTa), (carboxy)peptidase S10 (PEPTs), NIpC/
P60-like cell-wall peptidase (PEPTn), tripeptidyl-peptidase 1
(TPP1), kexin (KEX1), and subtilisin-like serine protease pepC
(PEPTc). KEX1 was transcriptionally induced in ECM roots
while the PEPTn and PEPTs were down-regulated (Table 1).
Other aspartic peptidase/pepsin (A0O1A) and subtilisin (SO8A)
proteases were differentially regulated during ECM and fruiting
body development.® Aspartic proteases are active at acidic pHs
and the basidiomycete A. muscaria secretes two aspartic pro-
teases that mediate nitrogen acquisition from protein-containing
organic matter.” The large set of proteases constitutively secreted
by L. bicolor in the absence of protein sources in the medium
suggests that L. bicolor relies on the action of extracellular
peptidases to either finalise maturing of secreted proteins or/and
degrade proteins present in the soil decomposing materials to
retrieve nitrogen, phosphorus, and to a lesser extent carbon,
during its transitory saprotrophic phase. Peptidases are inacti-
vated by type-specific small molecule inhibitors that are critical
for maintaining the peptidase-antipeptidase balance in all living
organisms. Clitocypin is an extracellular cysteine proteinase
inhibitor that was purified from fruiting bodies of the basidio-
mycete Clitocybe nebularis.>® Clitocypin inhibits papain, another
secreted protease of L. bicolor,” but is inactive toward pepsin.*°
Transcript abundance of two genes encoding for clitocypin
cysteine proteinase inhibitor (CCPI) was very high in ECM
roots (minimum of 16-fold change, Table 1) and fruiting bodies
of L. bicolor;® our study indicates that the protein is extracellular.
Being active with some of the peptidases secreted by L. bicolor,
this inhibitor could play a role in physiological endogenous
regulation of the extracellular proteolytic activities of the fungus.

A phytase (PHYA) was also identified in the medium filtrate
and was transcriptionally down-regulated in ECM roots (Table 1).
Under symbiosis, L. bicolor is likely to resort to phytase which
would be secreted by the exploring hyphae to use phosphorus
from the soil and redirect it to its host and other parts of the
mycelial colony.

4.2. Protection against Pathogens and Predators

While prospecting the soil to harvest nutrients, hyphae
encounter various rhizospheric micro-organisms. They can be
parasites such as chitinolytic bacteria and pathogenic fungi, or
animals feeding off of the mycelium such as grazing nematodes,
or competitors for the same niche. L. bicolor could limit bacterial
attacks by using secreted GH25 and GH79. The lysozyme GH2S
was consistently transcriptionally up-regulated in ECM roots
(from 1.7 to 4.4 fold change, Table 1). Also known as murami-
dase, GH2S acts on bacterial CW by catalyzing the hydrolysis of
1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-p-
glucosamine residues in a peptidoglycan. Three beta-glycan
active enzymes (GH79) were identified in L. bicolor secretome,
with two of them found to be transcriptionally down-regulated in
ECM roots (ID295325 and ID295469, Table 1). The latter
present putative beta-glucuronidase activity on fungal or plant
beta-glycans while the third GH79 (ID184692) also displays a
putative hyaluronidase activity, possibly by hydrolyzing polysac-
charides outside fungal and plant kingdoms (Veneault-Fourrey C.,
Pers. comm.). To date, only one family of GH79 has been
characterized in fungi; beta-glucuronidases from Aspergillus niger
and Neurospora crassa hydrolyze the carbohydrate moieties
of arabinogalactan-proteins,® thus potentially impairing the

function of proteoglycans in higher plants. Although the role of
these enzymes remains unclear, the GH79 family was associated
with defense against bacterial pathogens.® Protection against
fungal pathogens could also be mediated by the thaumatin-like
protein (PRS), consistently highly induced in ECM roots
(from 11.7 to 13.2-fold change, Table 1) and LDG, a fungal
CW component.

4.3. Cell Wall-related Proteins

Four GPI-anchored small secreted proteins (GPI-SSPs) were
identified in L. bicolor medium filtrates and two of them,
ID292424 and ID335186, were respectively down- and up-
regulated in ECM roots of Douglas fir (Table 1). A different
member of this protein family (ID333839) was induced >14,000
times in ECM roots of poplar and Douglas fir relative to FLM,*
suggesting that these GPI-anchored proteins may play a role in
the symbiotic interaction. Three GPI-specific phospholipase C
proteins (GPI-PLC) were identified in the L. bicolor secretome,
for which two (ID318365 and ID335698) showed no significant
change in transcript abundance (Table 1). GPI-anchored pro-
teins are involved in diverse cellular functions including cell
adhesion, membrane trafficking, immune system signaling, and
nutrient uptake;** all of these roles may be involved in the
symbiosis development.

Five mannoproteins (MP88) were identified in L. bicolor
culture filtrates, most of them were down-regulated in ECM
roots, except for ID14699S, which was slightly induced in
ECM roots of both poplar species (Table 1). MP88 features a
C-terminal serine/threonine-rich region, possibly a site for
extensive O-glycosylation, followed by a putative GPI anchor
site.>> CW mannoproteins enable specific cell—cell and cell-
substrate interactions and the subsequent hyphae extension
within the host or the soil.*® Several mannoproteins are up-
regulated in the Pisolithus tinctorius-Eucalyptus globulus ECM
symbiosis.>* Present in the L. bicolor secretome, the transcription
of a GAS1-like mannoprotein was down-regulated in ECM roots
of poplar and Douglas fir species (0.29—0.56-fold change,
Table 1). Being generally repressed in our study, MP88 and
GAS1-like mannoproteins might play a less active role in
L. bicolor interaction with his host. Alpha-1,3-mannosyltransferase
(GT69) adds the terminal mannose to the outer chain branches
of N-linked mannan. It would therefore enable cell recognition
events. GT69 transcript level increased in poplar ECM roots
(2.7—3.0-fold change, Table 1). A cerato-platanin (CP)-related
secreted protein (CPSP) was identified in L. bicolor secretome
samples; it was transcriptionally down-regulated (0.20—0.54-fold
change, Table 1). Like hydrophobins, CP proteins self-assemble
into a surface coating involved in hyphae formation and adherence
to surfaces.>

4.4. Penetration of the Root Cortical Cells and Colonisation
of the Apoplastic Space

L. bicolor lacks the enzyme repertoire to hydrolyze plant CW
polysaccharides.® The only plant CW-degrading enzyme identi-
fied in our study was a pectinesterase (CE8), a CW-associated
protein that catalyzes the de-esterification of pectin, one of the
main plant CW components, into pectate and methanol. An
expansin (EXPN) was also identified in L. bicolor filtrates, and
its transcript levels did not change in ECM roots (Table 1).
In planta, EXPN may facilitate hyphae penetration into the root
apoplastic space by loosening host cell walls,® possibly with the
joint activity of CE8 despite its down-regulation in ECM roots
(Table 1).
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5. CONCLUSIONS

In summary, the secretome of the free-living mycelium of
L. bicolor was analyzed using several complementary proteomic
approaches providing the first protein profiling of the secreted
proteins for an ECM fungus. We identified a large repertoire of
hydrolytic enzymes acting on CW polysaccharides and extra-
cellular proteins. Most detected CAZymes are likely involved in
the CW remodeling linked to hyphal growth, whereas secreted
proteases may be used for digesting soil organic compounds and/
or fending off competitors, pathogens and predators. A large
fraction of the secreted proteins, including SSPs, have no known
function but may be involved in the communication between
hyphae or with the plant as recently shown for MiSSP7.'>

As depicted in Figure 4, ECM fungi’s dual lifestyle results in
two different sets of proteins needed for different activities. On
one hand, as free-living mycelium, L. bicolor requires proteins for
hyphal prospection, adaptation to the soil environment via
morphogenesis, digestion of decaying matter, nutrient harvest,
and protection against pathogens and predators at the soil-fungus
interface. On the other hand, when entering into symbiosis, it
requires tools for recognition of the compatible host, adhesion to
root surface, penetration of cortical cells, navigation through the
apoplastic space, adaptation to the root environment via mor-
phogenesis, and modulation of host defense mechanisms at the
roots—fungus interface. A better insight into L. bicolor’s dual
lifestyles would be gained from in planta proteomic studies.
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