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Abstract Proteomic analysis was performed to determine
and differentiate the composition of the secretomes of
Phanerochaete chrysosporium CIRM-BRFM41, a peroxi-
dase hypersecretory strain grown under ligninolytic con-
ditions and on softwood chips under biopulping conditions.
Extracellular proteins from both cultures were analyzed by
bidimensional gel electrophoresis and matrix-assisted laser
desorption/ionization time-of-flight tandem mass spectrom-
etry. A total of 37 spots were identified. The secretome in
liquid synthetic medium comprised mainly peroxidases,
while several wood-degrading enzymes and enzymes
involved in fungal metabolism were detected in biopulping

cultures on softwood. This prompted an analysis of the
impact of secretome modulation in the presence of
softwood chips. Biotreated wood was submitted to kraft
cooking and chemical bleaching using chlorine dioxide.
The fungal pre-treatment led to a significant increase in
pulp yield and a better bleachability of the pulp. This
bleachability improvement could be explained by the
production of specific lignocellulose-degrading enzymes.
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Introduction

The white-rot fungus Phanerochaete chrysosporium can
efficiently and selectively remove lignin when grown on
lignocellulosic biomass and has therefore been adopted as a
model organism in the study of lignin biodegradation and
related biotechnological applications, such as biopulping,
biobleaching and pulp mill effluents treatment. Initial
studies mainly focused on its ligninolytic system now
considered as well described (Kersten and Cullen 2007).
Phanerochaete is able to produce two extracellular perox-
idases, lignin peroxidase (LiP, EC 1.11.1.14) and manganese
peroxidase (MnP, EC 1.11.1.13; Gold and Alic 1993; Cullen
and Kersten 2004, for review). The essential components of
the ligninolytic system also include H2O2-generating
enzymes that supply the peroxidase catalytic cycle, the most
studied being glyoxal oxidase (GLX, EC 1.1.3.-), which
is an extracellular copper radical oxidase produced in
coordination with the peroxidases and activated by LiP
(Kersten and Kirk 1987; Kersten 1990). Several cellulolytic
enzymes including endoglucanases (EC 3.2.1.4), cellobiohy-
drolases (EC 3.2.1.91), and β-glucosidases (EC 3.2.1.21)
have also been biochemically characterized (Kirk and Cullen
1998). The P. chrysosporium hemicellulose degrading
system has been less extensively studied, but several xylan-
degrading enzymes have been isolated and characterized
(Dobozi et al. 1992; Castanares et al. 1995; Brumer et al.
1999). Despite the large body of data accumulated on the P.
chrysosporium lignocellulolytic complex, most studies have
remained limited to individual enzymes. The recently
sequenced genome of P. chrysosporium revealed hundreds
of genes with predicted roles in lignocellulose degradation
(Martinez et al. 2004), of which 240 were annotated
as encoding carbohydrate-active enzymes, including 166
glycoside hydrolases. Genome analysis also revealed several
families of structurally related genes, in particular genes
encoding lignocellulolytic enzymes (Larrondo et al. 2005;
Kersten and Cullen 2007). To date, little is known about the
conditions governing expression of most of these genes, but
individual studies have shown that the regulation of plant
cell-wall-degrading enzymes in filamentous fungi occurs in
gene transcription by means of various environmental and
cellular factors. It has been demonstrated that the synthesis of
lignocellulolytic enzymes is subject to carbon induction
and/or catabolic repression (Aro et al. 2005). With the
sequencing of the P. chrysosporium genome and the
development of proteomic methods, it had become possible
to comprehensively overview the enzymes involved in
lignocellulosic biomass degradation that are secreted under
varying environmental conditions. Vanden Wymelenberg et
al. (2005, 2006a) reported studies of the P. chrysosporium
secretome cultivated on cellulose and in carbon- and
nitrogen-limited media. Since these studies focused on

secretion on defined synthetic media, they might not reflect
the secretome composition on natural substrates like wood or
other lignocellulosic substrates. To date, only two proteomic
analyses from P. chrysosporium cultures restricted to
hardwood substrates have been reported (Abbas et al.
2005; Sato et al. 2007). In order to provide further insight
into secretome adaptation in relation to carbon sources, we
report the first proteomic analysis of proteins secreted by
P. chrysosporium grown on softwood chips under conditions
close to those used in biopulping. Biopulping was defined as
the use of lignin-selective fungi for the pretreatment of wood
for mechanical or chemical pulping in pulp and paper
manufacture. P chrysosporium was shown to be efficient
for both biomechanical (Akhtar et al. 1997) and bio-kraft
pulping (Kang et al. 2003). The protein secretion profile
obtained under those conditions was compared to that
obtained on a synthetic liquid medium promoting the
production of peroxidases. Biopulping conditions should
provide information not only on enzyme secretion under
conditions close to those of natural white-rot fungi growth
but also on the impact of the secretome modulation on the
bleachability of the chemical pulp obtained.

Materials and methods

Fungal strain and culture conditions

The P. chrysosporium (I-1512) deposited as CIRM-
BRFM41 (Centre International de Ressources Microbiennes-
Champignons Filamenteux) was selected for its ability to
secrete high level of peroxidases. This strain is a dikaryotic
mutant derived by random mutagenesis from the wild-type
P. chrysosporium BKM-F-1767. The strain was kept on malt
agar slants at 4 °C.

Fungal cultures were grown either under ligninolytic
culture conditions in a liquid synthetic medium previously
developed to promote peroxidase production under carbon
limitation (Laugero et al. 1996; Herpoël et al. 1999) or on
softwood in biopulping culture conditions. Inoculum was
obtained from precultures grown for 5 days at 37 °C in
Roux flasks containing 200 ml of synthetic medium
according to Laugero et al. (1996). The mycelium mat
was filtered and blended for 60 s with sterile water using an
Ultraturax blender. The mycelium suspension was used to
inoculate the liquid medium and the softwood chips.

For growth in liquid culture, 250-ml baffled Erlenmeyer
flasks containing 100 ml of basal medium were inoculated
with 16 mg (dry weight) of mycelium. The fungus was
immobilized on 14 polyurethane foam cubes (2×2×1 cm
each). Incubation was carried out at 37 °C for 4 days with
continuous stirring at 120 rpm. The culture was flushed
with 100% O2 for 1 min daily. For growth on softwood,
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black pine (Pinus nigra) wood chips were prepared. The
sampling technique used to obtain wood chips was
developed by the Forêt, Cellulose, Bois-Construction,
Ameublement-ex-Association Forêt Cellulose (FCBA)
Technological Institute and consisted of a portable drilling
machine equipped with a 20-mm carpenter drill (auger).
Half-circle samples of 2.5-cm diameter were obtained (da
Silva Perez et al. 2004). Experiments were conducted in a
1-l Erlenmeyer flask containing 30 g (dry weight) of
softwood chips autoclaved at 120 °C for 20 min. The
substrate was moistened with basal medium to obtain a
final moisture content of 75% and inoculated with 60 mg
(dry weight) of blended mycelium. Cultivation was carried
out statically at 37 °C for 21 days. Sterilized softwood
chips treated in the same conditions but without fungal
inoculation were used as an abiotic control.

Protein extract preparation

To prepare extracellular proteins from liquid cultures, the
liquid broth was filtered through a 0.45-µm filter, concen-
trated, and washed with ten volumes of Milli-Q water using
a 10-kDa cutoff membrane (Amicon system, Millipore
Bradford, USA).

Extracellular proteins were extracted from wood chips
with 50 mM sodium acetate buffer (pH 5.4) for 1 h at 4 °C
under slight shaking. Three successive extractions were
performed using 100 ml buffer. Crude extracts were
recovered by filtration through Miracloth filters (mean
pore diameter, 21.5 µm; Calbiochem, USA). The com-
bined supernatants were treated with 5% (w/v) polyvinyl-
polypyrrolidone (PVPP, Sigma Chemical) pretreated with
hydrochloric acid as described previously (Charmont et al.
2005) at 4 °C for 1 h with gentle stirring. The mixture was
then centrifuged at 5,300×g for 15 min to remove PVPP.
The supernatant was finally ultrafiltrated and diafiltered
against ten volumes of Milli-Q water using a 10-kDa cutoff
membrane (Amicon system, Millipore Bradford).

The total protein concentration of protein extracts was
determined using the Bio-Rad Dc protein assay kit (Bio-Rad).
Aliquots of extracellular protein samples were stored at
−80 °C for further two-dimensional gel electrophoresis
(2DE) experiments.

Manganese peroxidase assay

Manganese peroxidase activity was determined using the
method previously described by Paszczynski et al. (1986).

Protein separation by 2D-gel electrophoresis

Immobiline DryStrips (18 cm, pH 3–5.6, Amersham
Biosciences) were passively rehydrated overnight at room

temperature with protein extracts diluted in rehydratation
solution (DeStreak solution, Amersham Biosciences),
supplemented with 2% (v/v) 4–7 IPG buffer and 2.8 mg/ml
dithiothreitol to a final volume of 350 µl per strip. Sample
loads were 50 or 100 µg of proteins from softwood or liquid
cultures per strip, respectively. Isoelectric focusing was
performed on a Multiphor II system at 20 °C. Running
conditions were set according to the Immobiline DryStrip
manufacturer’s guidelines. Following isoelectric focusing,
each strip was equilibrated for 10 min in 10 ml of sodium
dodecyl sulfate (SDS) equilibration buffer [50 mM Tris–
HCl, pH 6.8, 6 M urea, 30% (v/v) glycerol, 1% (w/v) SDS, a
trace of bromophenol blue] containing 25 mM dithiothreitol.
A second equilibration step was then performed in the same
SDS equilibration buffer containing 250 mM iodoacetamide
instead of dithiothreitol. The strips were then loaded onto
14% homogeneous acrylamide gels and sealed with 0.5%
(w/v) agarose in SDS running buffer [25 mM Tris base,
192 mM glycine, 0.1% (w/v) SDS]. The second dimensional
separation was performed using an Ettan™ DALT system
(Amersham) at 0.5 W/gel and 16 °C overnight, followed by
17 W/gel for 3 h. After electrophoresis, the acrylamide gels
were silver-stained according to Rabilloud et al. (1988), a
staining method compatible with MS analysis.

Protein identification by matrix-assisted laser desorption/
ionization time-of-flight tandem mass spectrometry

For protein identification, a slightly modified procedure that
was originally developed by Shevchenko et al. (1996) was
used for in-gel digestion. Briefly, the most interesting
visually detected silver-stained protein spots were excised
from the SDS polyacrylamide gel electrophoresis (SDS-
PAGE) gels. The resulting sliced gels were washed with
100 mM sodium thiosulfate/30 mM potassium ferricyanide
(1:1) as described by Gharahdaghi et al. (1999) and dried in
a Speed Vac concentrator (Bioblock, Illkirch, France).
Digestion was then performed using sequencing grade
modified trypsin (Promega, Charbonnières, France) at
0.5 µg per sample in 25 µl of 50 mM ammonium
bicarbonate, pH 8.0, for 18 h at 37 °C. The reaction was
stopped by the addition of 2 µl of 5% trifluoroacetic acid
(TFA, Pierce, Touzart & Matignon, Vitry-sur-Seine,
France). The supernatants containing peptides were then
dried in a Speed-Vac and maintained at −20 °C until MS
analysis.

The supernatants were analyzed by matrix-assisted laser
desorption/ionization quadrupole time-of-flight (MALDI-
QTOF) mass spectrometry. One microliter of collected
peptides was deposited onto the MALDI target plate, and
1 µl of matrix solution (10 g/l cyano-4-hydroxycinnamic
acid diluted 1:5 with a solution containing 0.1% TFA and
70% acetonitrile) was added to the spot. Once the spots
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dried on the target plate, the plate was introduced into a
hybrid QTOF mass spectrometer Qstar XL (MDS Sciex,
Toronto, Canada). oMALDI Xpert 2.0 software was used
for the MALDI MS and MS/MS experiments. The samples
were ionized with a laser beam (l=337 nm), and each
spectrum was an average of 250 to 500 laser shots. The
more representative monocharged ions were automatically
submitted to fragmentation with a collision energy close to
0.05 eV/Da (Wattenberg et al. 2002). The oMALDI Xpert 2.0
software treated each sample well individually, generating an
MS peak list used as a “survey scan” to determine peptide
precursors for MS/MS acquisition. The full dataset (MS/MS)
was then searched against the translated P. chrysosporium
v2.1 gene model database (http://www.jgi.doe.gov/whiterot)
by using the MASCOT v.2.1 software program (Matrix
Science). This database deduced from the genome of P.
chrysosporium strain RP78, a homokaryotic derivative of
BKM-F-1767, consists of 10,048 putative protein-encoding
sequences. Protein sequences were submitted to BlastP
analyses against the National Center for Biotechnology
Information non-redundant database and against the Carbo-
hydrate-Active EnZyme (CAZy) database for the identified
glycoside hydrolases (http://www.cazy.org; Henrissat 1991).

Lignin analyses

All lignin analyses were performed as duplicate analyses
and, on extract-free wood, ground to pass a 0.5-mm sieve
before solvent extraction (toluene-EtOH; 2:1, EtOH, and
H2O). The lignin content of the extract-free samples was
determined by the Klason method using 300 mg of extract-
free sample, according to the standard procedure (Dence
1992). Klason lignin content was calculated as a weight
percentage of the extract-free wood.

Lignin structure was evaluated by thioacidolysis. The
thioacidolysis reagent was prepared by introducing 2.5 ml
of BF3 etherate (Aldrich) and 10 ml of ethanethiol EtSH
(Aldrich) into a 100-ml flask and adjusting the final volume
to 100 ml with dioxane (pestipur grade). The extract-free
wood (10 mg) was added to 10 ml of reagent and 1 ml of a
solution of the gas chromatography (GC) internal standard
heinecosane (Aldrich, 0.25 mg/ml in CH2Cl2) in a glass
tube closed with a Teflon-lined screwcap. Thioacidolysis
was performed at 100 °C (oil bath) for 4 h. The cooled
reaction mixture was diluted with 30 ml of water, and pH
was adjusted to 3.0 to 4.0 (aqueous 0.4 M NaHCO3). The
reaction mixture was extracted with CH2Cl2 (three times
with 30 ml). The combined organic extracts were dried over
Na2SO4 and then evaporated under reduced pressure at
40 °C. The final residue was redissolved in approximately
1 ml of CH2Cl2 before silylation and GC–MS analyses with
a Saturn 2100 ion trap instrument (Varian) running in
electronic impact mode (70 eV). The quantitative analysis

of the main p-hydroxyphenyl (H) and guaiacyl (G) lignin-
derived monomers, analyzed as their trimethylsilylated
derivatives, was carried out from specific ion chromatograms
reconstructed at m/z 239 for the H monomers and 269 for the
G monomers. In addition to the lignin-derived conventional
H and G monomers, we also evaluated the thioacidolysis-
released vanillic acid on ion chromatograms reconstructed at
m/z (312+297) and after identification with the appropriate
reference compound.

Kraft cooking and bleaching of the bio-treated wood

Kraft cooking was performed in a 1-l laboratory rotating
batch reactor at 170 °C under the following conditions:
active alkali charge, 24% (as NaOH); sulfidity, 35%; and
liquor to wood (L/W) ratio, 4:1. The cooking was carried
out at 170 °C (reached in 90 min) for 210 min. The
moisture content of the brown (unbleached) pulps obtained
was determined in order to calculate pulp yields. Kappa
numbers were determined according to international standard
ISO 302:1981. Residual alkalinity of the cooking liquor was
determined by hydrochloric acid titration.

The pulps were then submitted to a conventional
bleaching sequence as D0E1D1E2D2 (D, chlorine dioxide
stage; and E, alkaline extraction). The bleaching stages
were carried out in sealed polyethylene bags placed in
water baths held at the required temperature. Chemical
charges (expressed in percent of dry weight of pulp) were
as follows.

For the D0 stage, the ClO2 charge was calculated on the
basis of the kappa number of the pulps using the following
relationship: % ClO2=(kappa factor)×(kappa number)/
2.63. Two kappa factor values (0.19 and 0.22) were applied
for each pulp. Fifty percent of the ClO2 charge applied in
the D0 stage was applied in the D1 stage, and 0.3% ClO2

was applied in the D2 stage. The NaOH charges were 1.5%
in E1 and 0.8% in E2. The bleaching stages were performed
at 10% consistency and 70 °C except for the D0 stage,
which was carried out at 55 °C. The duration was 1 h for
the D0 and E stages, and 2 h for the D1 and D2 stages.

Residual amounts of ClO2 were determined by titration
with 0.1 N sodium thiosulfate.

Pulp brightness and intrinsic viscosity were determined
according to international standards ISO 2470:1999 and
ISO 5351-1:1981, respectively.

Results

Identification of extracellular proteins of P. chrysosporium

As a first investigation, a 2D map of the proteins secreted
by P. chrysosporium was established after liquid-culture
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growth-promoting secretion of ligninolytic enzymes. This
2D map was compared to that obtained on softwood
substrate under biopulping culture conditions. Preliminary
protein analysis using IPG strips in the pH range 3–10
demonstrated that all the proteins were separated between
pH 3 and 5.6. Consequently, extracellular proteins were
resolved by 2D-PAGE in this pH range and visualized after
silver staining. For each growth conditions, several replicates
of 2D gels of protein extracts prepared from independent
cultures were analyzed. The gels presented are representative
of all experiments conducted (Fig. 1). Molecular sizes of the
extracellular proteins ranged from 19 to 110 kDa, and their
isoelectric points ranged between 3.6 to 5.4 for both culture
conditions, but the general protein spot distribution pattern
was different. The 2D gel from liquid culture revealed the
presence of eight major dense protein spots around 45–
50 kDa (Fig. 1a). In contrast, the 2D gel from solid-state
culture was much more heterogeneous, with protein spots of
low to high staining intensity distributed throughout the gel
(Fig. 1b).

Protein spots of moderate to high staining intensity were
excised from the gels for analysis by MALDI-TOF tandem
mass spectrometry. In total, 37 spots were reported from
both culture conditions, but some of them were identified
only with a single peptide and thus should be considered
provisional (Tables 1 and 2). The lack of reliable
identification for the other protein spots may be due to
small amounts of biological material and (or) to post-
translational modifications known to affect identification
(Baldwin 2004). Several spots were assigned to the same
protein, suggesting the presence of protein isoforms and/or
degraded forms.

In the ligninolytic culture conditions, the eight most
prominent spots were identified as peroxidases. Three of
these eight spots were identified as manganese peroxidases
and five as lignin peroxidases. We also identified spots of
lower molecular weights that could correspond to perox-

idases’ proteolytic products. Six spots were assigned to
other proteins: two isoforms of a putative GDSL-like lipase,
a putative α-1,2-mannosidase, a putative aspartic protease,
a putative serine protease, and a protein of unknown
function.

Under the biopulping culture conditions on softwood,
two putative enzymes involved in lignin biodegradation
were identified: a LiP isoform encoded by lipE and a
copper-radical oxidase. No protein spot corresponding to
MnP could be detected under these culture conditions.
However, since P. chrysosporium CIRM-BRFM41 was
selected for its manganese peroxidase hypersecretion
capability (Herpoël et al. 1999), MnP activity assays were
performed, and MnP activity could be detected in the
extracellular protein extract from wood culture. Various
glycoside hydrolases that were also identified were ana-
lyzed through the CAZy database to determine their family
and putative function. They included the cellobiohydrolases
Cel7D and Cel7C (Uzcategui et al. 1991; Muñoz et al.
2001), and the xyloglucanase Xgh74B (Ishida et al. 2007).
Other possible enzymes potentially active on wood compo-
nents were detected, including the candidate β-mannanase
Man5C, a GH3 family protein related to bacterial proteins
with β-glucosidase, β-xylosidase, and α-L-arabinosidase
activities. We also detected a candidate family Δ-4,5-
unsaturated β-glycosidase, a GH92 family protein related
to bacterial α-1,2-mannosidases, and a GH37 family
protein related to animal α,α-trehalases. Four other spots
were assigned to genes encoding hypothetical or unknown
proteins.

Effect of the fungal treatment on the softwood lignin

The effect of the biopulping treatment on the lignin content
and structure of the pine samples was evaluated by
measuring the Klason lignin content and the lignin-derived
guaiacyl (G) and p-hydroxyphenyl (H) monomers released

Fig. 1 2DE secretome patterns
of P. chrysosporium grown
under ligninolytic culture
conditions (a) and on softwood
under biopulping conditions (b).
Protein spots that were excised
and identified are numbered and
indicated by arrows. The
identified proteins are reported
in Tables 1 and 2
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by thioacidolysis. Their recovery yield is a good indicator
of the frequency of H and G units only involved in β-O-4
bonds in the lignin polymer. In addition, we measured the
recovery yield of vanillic acid, a minor thioacidolysis
monomer that originates from cell wall-bound vanillic acid.
The values obtained are presented in Table 3. Although
Klason lignin content and total (H+G) thioacidolysis yield
(calculated on the basis of the Klason lignin content) did
not appear to be significantly affected by the fungal
treatment, there was a 22% increase in thioacidolysis-
released vanillic acid and a 24% decrease in the relative
frequency of H monomer following the fungal treatment.

Effect of the fungal treatment on kraft cooking
and bleaching

Table 4 shows the results obtained after conventional kraft
cooking of the softwood chips. Pulp yield was higher after
the fungal treatment, but the kappa number obtained after
the kraft cooking and the effective alkali consumed were
both slightly higher than in the abiotic controls.

The bleachability of the biokraft pulp was evaluated by
applying a conventional elemental chlorine-free D0E1D1E2D2

bleaching sequence to the pulp, with two initial ClO2 charges
applied in the D0 stage. The effect of the fungal treatment
was not visible after the D0 stage as both biokraft pulp, and
the control showed the same brightness (Fig. 2). Nonethe-
less, there was a significant increase in biokraft pulp
brightness after the D1 stage. The brightness values plateaued
in the D2 stage but the differences were still visible: An
increase of 1.5% and 0.4% ISO brightness was measured for
the low ClO2 charge (kappa factor of 0.19) and the high
ClO2 charge (kappa factor of 0.22), respectively. Figure 3
shows final brightness as a function of chlorine dioxide
consumption. For any given brightness value, ClO2 con-
sumption was lower after the fungal treatment. A 3% ClO2

saving, corresponding to 1 kg/t of pulp, could have been
calculated to reach a final brightness value of 89% ISO.

Discussion

This work focused on the study of P. chrysosporium
secretome adaptation on softwood under biopulping condi-

tions. The extracellular protein profile obtained in those
conditions was compared to the secretome obtained in
ligninolytic culture conditions.

As expected, most of the proteins identified in the
ligninolytic culture were linked to lignin biodegradation
and assigned to peroxidases. Three spots were identified as
the products of mnp1, mnp2, and mnp5 genes. A fourth spot
was assigned to mnp1 or mnp4, with no discrimination
possible, as previously reported (Vanden Wymelenberg
et al. 2006a). The corresponding proteins differ by a single
amino-acid residue. Two out of the ten known LiP
isozymes (Gaskell et al. 1994) were putatively identified
on the basis of a single peptide (LiPD and LiPE). Because
the peptide sequence assigned to LipD was detected in
several spots (8, 9, 10, 11, and 12), we can propose this
isozyme for these spots. This hypothesis is furthermore
confirmed by a previous study. Indeed, the two peptide
sequences corresponding to LipD and LipE in our study
were the same as the ones previously identified by LC–MS/
MS (Vanden Wymelenberg et al. 2006a, b). The five LiPD
isoforms identified exhibited isoelectric point values varying
from 4.6 to 4.9. LiPD is known to be the main LiP isozyme
produced under carbon-starved conditions (Stewart and
Cullen 1999), in agreement with the number of LiP spots
detected and assigned to LiPD.

We also detected a number of spots of lower
molecular weights that could correspond to degraded
forms of peroxidases. This may be explained by the
presence of proteolytic enzymes. Bonnarme et al. (1993)
demonstrated the early but non-extensive proteolytic
degradation of lignin peroxidases by aspartic and thiol
proteases from P. chrysosporium CIRM-BRFM41 (for-
merly I-1512) grown under the same culture conditions as
used in this study. Here, the presence of proteases was
revealed by the identification of an aspartic protease and,
potentially, a serine protease with respect to its identifica-
tion accuracy. These proteases have already been detected
in previous P. chrysosporium secretome analyses in
ligninolytic cultures (Vanden Wymelenberg et al. 2006a)
and on oak substrate under stationary liquid culture and
solid-state culture conditions (Sato et al. 2007). However,
the exact role played by these proteases in the peroxidases
and other extracellular protein degradations remains to be
elucidated.

Table 3 Effect of the P. chrysosporium biopulping treatment on softwood lignin

Klason lignin (%)a (H+G) µmol/g KL Vanillic acid µmol/g KL %H (molar) %G (molar)

Control 23.98±0.15 1099±73 12.5±0.5 1.28±0.01 98.7±0.0
P. chrysosporium 24.31±0.05 1025±60 15.2±0.4 0.97±0.06 99.0±0.1

a Gram per 100 g wood (dry weight)
KL Klason lignin
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In contrast with the secretome composition observed in
ligninolytic conditions, after biopulping on softwood chips,
only one lignin peroxidase assigned to LiPE was detected
and no MnP was identified. However, the peroxidase-
matched spots belonged to a gel area with more over-
lapping spots associated with streaking that affects protein
visualization and further identification. Therefore, it can be
assumed that some of the unidentified spots in this area
may have corresponded to peroxidases. Spot resolution was
optimized by decreasing sample loading and by applying a
PVPP treatment known to remove wood-derivative phenolic
compounds (Charmont et al. 2005), but we could not
resolve and identify all the spots. Extraction conditions
should also be taken into account because they can affect
protein recovery and enzyme activities from wood colo-
nized by fungi. As growth of P. chrysosporium on softwood
was characterized by an invasive mycelium, it can be
assumed that some secreted protein were occluded and/or
adsorbed on wood chips. Consequently, the recovery of
such protein might be restricted or excluded by the
extraction procedure performed. On the other hand, MnP
activity was observed in the protein extract from wood, thus
confirming the presence of at least one protein spot
corresponding to this enzyme on the gel. LiP activity was
not detected despite the identification of a corresponding
spot on the gel, but the presence of softwood brown-
colored extractive could have affected the enzymatic assay.
Besides peroxidases, the cro2-encoded protein described as

a H2O2-generating copper-radical oxidase involved in the
ligninolytic system of P. chrysosporium was also identified.
The production of this protein has been demonstrated in
defined medium, but only cro2 transcripts have so far been
detected in P. chrysosporium cultures on poplar wood
(Vanden Wymelenberg et al. 2006b). However, despite a
significant Mascot global score, the secretion of CRO2 on a
natural substrate still remains to be confirmed due to its
identification by a single peptide.

In addition to the lignin-degrading enzymes, several
glycoside hydrolases were also detected, including putative
cellulases, hemicellulases, and enzymes involved in fungal
metabolism. We detected the cellobiohydrolase Cel7D,
which has been demonstrated as the most abundant family
7 cellobiohydrolase secreted by P. chrysosporium when
grown on cellulose powder (Vanden Wymelenberg et al.
1993). This enzyme has previously been reported in
secretome profiles of this fungus grown on cellulose avicel
medium (Vanden Wymelenberg et al. 2005) and on oak
substrate under liquid stationary and solid-state culture
conditions (Abbas et al. 2005; Sato et al. 2007). The
presumptive identification of another family 7 cellobiohy-
drolase (Cel7C), which has also been detected on cellulose
avicel medium (Vanden Wymelenberg et al. 2005), could
suggest the production of at least two cellobiohydrolases.
Secretome analysis also revealed the presence of candidate
β-mannanase Man5C. It is known that the production
of β-mannanase can be induced by diverse carbon

Fig. 2 ISO brightness of the pulps at the end of the chlorine dioxide
stages. D Chlorine dioxide stage. E Alkaline extraction stage. KF 0.19
kappa factor of 0.19 applied in the D0 stage, KF 0.22 kappa factor of
0.22 applied in the D0 stage

Fig. 3 Final ISO brightness obtained at the end of the DEDED
bleaching sequence as a function of total chlorine dioxide consumed.
The amount of ClO2 consumed is expressed as grams per 100 g pulp
(dry weight)

Table 4 Kraft cooking of
softwood treated with P.
chrysosporium

a Gram pulp per 100 g wood
(dry weight)

Pulp yield (%)a Kappa number Residual effective alkali
in the cooking liquor (g/l)

Control 41.9±0.3 22.1±0.5 10.6±0.1
P. chrysosporium 45.5±0.3 23.8±0.5 9.1±0.0
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sources, notably cellulose and mannan-containing sub-
strates (Sachslehner et al. 1998; Puchart et al. 1999;
Kansoh and Nagieb 2004). The presence of this enzyme
was unsurprising since galactoglucomannans are the major
softwood hemicelluloses (Saha 2003). The gly3b gene
product, classified in the GH3 family in CAZy, was also
detected. Previous BLAST searches in the P. chrysosporium
database showed that Gly3B is only 25% identical in
sequence to glucan 1,3-β-glucosidase Bgl3A (Vanden
Wymelenberg et al. 2005), which is secreted in cellulose-
containing media (Li and Renganathan 1998; Igarashi et al.
2003). It should also be noted that BLAST analysis against
CAZy revealed that Gly3B has 35% sequence identity
to a bifunctional β-xylosidase/α-L-arabinosidase from
Thermoanaerobacter ethanolicus (Mai et al. 2000) and to
the XglS protein from T. brockii, presenting both β-
glucosidase and β-xylosidase activities (Breves et al.
1997), respectively. Interestingly, this protein has previously
been reported in secretome studies on avicel (Vanden
Wymelenberg et al. 2006a) and on oak substrate (Abbas
et al. 2005), suggesting that this enzyme could play a major
role in P. chrysosporium metabolism. However, the
specificity and activity of this protein remains to be
determined. The recently characterized xyloglucanase
Xgh74, an enzyme known to be active on xyloglucan
(Ishida et al. 2007), was also identified.

Beside the lignocellulose-degrading enzymes, other
enzymes involved in fungal metabolism were also identified,
including a candidateα-glycosidase-related to GH92 bacterial
α-1,2-mannosidases, a candidate GH88Δ-4,5-unsaturated β-
glycosidase, and a candidate α-glycosidase related to GH37
animal α,α-trehalases. The presence of a GH92 candidate α-
glycosidase was shown in both culture conditions. Although
P. chrysosporium genome analyses demonstrated the
presence of four putative genes coding for GH92 candidate
α-glycosidases related to bacterial α-1,2-mannosidases
(Martinez et al. 2004), the production of these proteins has
never been reported in fungi. The α-1,2-mannosidase
identified in this study corresponds to a P. chrysosporium
GH92 protein model described without predicted signal
peptide. Sequence comparison with other GH92 proteins
from unpublished Basidiomycetes genomes suggests that this
protein is truncated at the N terminus and that a signal-
peptide could be present. This can be exemplified by the
CC1G_06987.1 protein model (http://www.broad.mit.edu)
from the Basidiomycete Coprinopsis cinerea (Coprinus
cinereus) but can be found in other Basidiomycetes genomes
being presently processed (data not shown). More remotely,
a putative GH92 model from the Ascomycete Aspergillus
fumigatus (provisional GenBank accession number
AFUA_6G13760) shows similar characteristics. Known
extracellular fungal α-1,2-mannosidases belong to the
GH47 family and are thought to be involved in post-

secretion protein deglycosylation (Yoshida et al. 1993; Maras
et al. 2000; Stals et al. 2004). Virtually nothing is known
about GH92 α-glycosidases in fungi, and the only charac-
terized enzyme belonging to this family was isolated from
Mycrobacterium sp. M-90 (Maruyama et al. 1994). One
single peptide was presumptively assigned to a GH88
candidate Δ-4,5-unsaturated β-glycosidase. The only
known activities within this family are those from Bacillus
sp. GL1 and Pedobacter heparinus Δ-4,5-unsaturated β-
glycuronidases, which are involved in the biodegradation
of oligosaccharides produced by polysaccharides lyases
(Nankai et al. 1999; Itoh et al. 2006) and heparin/heparan
glycosaminoglycans (Myette et al. 2002), respectively. The
exact role of these enzymes in fungi is still unknown but
corresponding peptides have also been detected on avicel
(Vanden Wymelenberg et al. 2005), suggesting they are
involved in plant cell-wall pectin degradation by degrading
the unsaturated products resulting from the action of pectin
or pectate lyases, or in rearrangements of fungal cell-wall
uronic-acid-containing polysaccharides. Furthermore, a
hitherto unreported GH37 protein related to animal α,α-
trehalases was also detected. Trehalases were shown to be
involved in hydrolysis of trehalose, which accumulates in
fungal cells and in spores under stress conditions such as
growth restriction or desiccation (Jorge et al. 1997; Parrou et
al. 2005). The production of trehalases by P. chrysosporium
may therefore occur in response to environmental stress,
such as nutrient limitation ensured by biopulping culture
conditions, to assimilate trehalose as carbon source. More-
over, two types of trehalases, referred to as “acid” and
“neutral” trehalases depending on their pH for optimal
activity, were characterized in filamentous fungi. The
localization of the GH37 protein identified suggests that it
is probably an acid trehalase, as these enzymes were shown
to be secreted (Parrou et al. 2005). Finally, the secretome on
wood contains several proteins of unknown function. These
proteins showed low homology with other fungal proteins
despite conserved domains detected in some cases. In
particular, the hypothetical protein 139777, which contains
the conserved domain DUF1237, has already been detected
in carbon-starved cultures (Vanden Wymelenberg et al.
2006a).

To evaluate the effect of the fungal treatment on the
wood, we characterized the lignin of the biotreated wood
chips. Some subtle but nevertheless significant changes
were measured. It appeared that the fungal attack mainly
targeted the phenolic units of the lignin, since there was
only a decrease in the relative frequency of β-O-4-linked H
units observed and as these units are essentially terminal
units with free phenolic groups (Lapierre and Rolando
1988). This kind of preferential degradation has yet been
observed for P. chrysosporium-treated wheat straw in solid-
state culture conditions (Camarero et al. 1994). Moreover,
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the sample subjected to fungal treatment released more
vanillic acid upon thioacidolysis. This increase cannot be
accounted for by the formation of additional vanillic esters
in the cell walls after the fungal treatment but was more
likely due to oxidative cleavage of certain lignin side
chains, a lignin degradation mechanism which has also
been shown for P. chrysosporium (Camarero et al. 1997).
Interestingly, the results obtained are similar to those
reported for P. chrysosporium lignin-degrading enzymes,
in particular for LiP (Toshiaki and Higuchi 1989). We also
ran conventional kraft pulping and chlorine dioxide
chemical bleaching of the biotreated wood. Despite a
significant increase in pulp yield, the fungal treatment had
a slight negative effect on the chemical consumption after
kraft cooking. The increase in chemical consumption may
be attributed to the presence of the fungal biomass, which
can also be chemical-consuming (Atik et al. 2006). The
kappa number of the pulp was increased after the P.
chrysosporium treatment, but kraft pulp bleachability was
nevertheless enhanced, as demonstrated by a decrease in
chlorine dioxide consumption for the same range of final
brightness values. This result can be partially explained by
an increase in the amount of alkali-extractible compounds,
which is known to be one of the effects of fungal treatments
of wood and pulps (Reid 1998). The lignin-degrading
enzymes and hemicellulases revealed by secretome analysis
are expected to be involved in this bleachability improve-
ment. It can be assumed that the P. chrysosporium-secreted
enzymes may modify the wood compounds without a
concomitant significant release of biodegradation products.
This hypothesis is consistent with the results obtained for
the lignin analyses, as the fungal treatment did not affect
the lignin content of the wood but nonetheless led to
significant lignin modifications. It should be pointed out
that the same phenomenon has been observed during the
early stages of fungal treatment of wood for biomechanical
pulping applications (Akhtar et al. 1998).

In summary, the comparative secretome analysis dealing
with fungal culture on synthetic medium and on wood
demonstrates that P. chrysosporium readily adapts to
changes in environmental conditions. This study presents
the first characterization of the P. chrysosporium secretome
on softwood under biopulping conditions. Identifying the
proteins secreted on a natural substrate and in conditions
close to the natural fungal growth conditions has provided a
better understanding of lignocellulose breakdown.
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