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A B S T R A C T

Xylanases are key enzymes for agricultural biomass saccharification for the production of cellulosic ethanol.
Success in enzymatic lignocellulose bioconversion is restricted by enzyme production costs, activity and stability
under harsh reaction conditions, and their performance when interacting into cellulolytic cocktails. In this work,
we present the heterologous expression and enzymatic characterization of a novel endo-β-1,4 xylanase of gly-
coside hydrolase family 10 (GH10ps) from the white-rot basidiomycete Pycnoporus sanguineus BAFC 2126.
Recombinant expression of GH10ps in Pichia pastoris showed that it is a robust enzyme active at a wide range of
pHs and temperatures, and with a half-life of 3 h at 70 °C and a stability higher than 48 h at 60 °C. Recombinant
GH10ps was also capable of releasing xylooligosaccharides and xylose from pretreated agricultural waste bio-
mass and also complemented commercial cellulases in lignocellulose bioconversion to fermentable sugars.

1. Introduction

Bioconversion of lignocellulose requires the combined action of
multiple enzymatic activities including cellulases, hemicellulases and
lignin-modifying enzymes. Among them, hemicellulases constitute a
diverse group due to the heterogeneity and complexity of hemicellulose
polymer, the second most abundant reserve of organic carbon after
cellulose. The most common hemicellulose backbone found in hard
wood and annual plants is xylan (20–35%), a polymer chain of β-1,4-
linked xylopyranosyl units with mostly arabinose and glucuronic acid
as substituents [1]. Release of fermentable pentoses from xylans is
performed by the concerted action of endo-1,4-β-xylanases (EC 3.2.1.8)
that cleave the β-1,4-glycosidic bonds between D-xylose residues in the
main chain [1–4], de-branching enzymes such as α-L-arabinofur-
anosidases (EC 3.2.1.55) [5] and α-D-glucuronidases (EC 3.2.1.139)
that remove side groups, and β-xylosidases (EC 3.2.1.37) that release
xylose from the reducing end of short xylooligosaccharides and xylo-
biose [2,6]. Described endo-xylanases include members of several gly-
cosil hydrolase (GH) families, classified according to amino acid se-
quence homologies and structure analysis (http://www.cazy.org/, [7]),
but most of them are grouped in families GH10 and GH11 [6]. GH11
xylanases show a β-jellyroll folding, an overall MW < 30 KDa and high
specifity to xylan [2,8] while GH10 xylanases show a (β/α)8 or TIM-

barrel folding, MW > 30 KDa, are less selective for substrates and are
generally active on xylooligosaccharides of low degree of polymeriza-
tion [2,9]. Endo-1,4-β-xylanases have a wide range of biotechnological
applications not only in the bioconversion of plant lignocellulose bio-
mass into fermentable sugars for the production of biofuels, but also in
pulp bleaching, food and animal feed industries [3,8]. Since industrial
use of xylanases requires of robust enzymes active and stable at high
temperatures and extreme pHs [10,11], much effort is done to char-
acterize novel enzymes efficient in harsh processes conditions.

Xylophagous fungi constitute an important source of fibrolytic en-
zymes capable of performing efficient degradation of all components of
plant cell walls. Among them, white rot basidiomycetes of genus
Pycnoporus are widely studied for their ability to secrete thermostable
laccases as part of their ligninolytic system [12], and also as good
producers of cellulolytic and hemicellulolytic extracts. Cellobiose de-
hydrogenase and xylanase activities were characterized in extracellular
extracts of Pycnoporus cinnabarinus [13], while endoglucanase, β-glu-
cosidase, xylanase, mannanase, α-glactosidase, α-arabinofuranosidase,
polygalacturonase activities where characterized in P. sanguineus PF-2
extracellular extracts and tested for sugarcane bagasse sacharification
[14].

Recent availability of P. cinnabarinus CIRM BRFM 137 complete
genome [15], P. coccineus CIRM BRFM 310 transcriptome and
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secretome [16], P. sanguineus BAFC2126 transcriptome [17] as well as
comparative analysis of transcriptomes and secretomes of the three
species grown on diverse agricultural biomass substrates [18] have
shown that these fungi have a large number of candidate genes en-
coding lignocellulases and allowed the cloning and characterization of
accessory enzymes for lignin degradation such as glioxal oxidases [19],
a glucose dehydrogenase [20] and aryl alcohol quinone oxidor-
eductases [21] from P. cinnabarinus.

In this work we describe the cloning and heterologous production of
a thermostable endoxylanase of glycoside hydrolase family 10 (GH10)
from P. sanguineus BAFC 2126 and test its ability to supplement com-
mercial cellulases in the saccharification of pretreated agricultural
plant biomass.

2. Material and methods

2.1. Fungal strain and culture conditions

Pycnoporus sanguineus (Polyporaceae, Aphyllophorales,
Basidiomycetes) strain BAFC 2126 was obtained from the BAFC
Mycological Culture Collection of the Department of Biological
Sciences, Faculty of Exact and Natural Sciences, University of Buenos
Aires. Stock cultures were maintained on malt extract agar slants at
4 °C. Fungal culture was performed in GA medium (2% glucose, 0.5 g/l
MgSO4·7H2O, 0.5 g/l KH2PO4, 0.6 g/l K2HPO4, 0.09mg/l MnCl2·4H2O,
0.07mg/l H3BO3, 0.02mg/l Na2MoO4·H2O, 1mg/l FeCl3, 3.5 mg/l
ZnCl2, 0.1 mg/l thiamine hydrochloride, 3 g/l asparagine monohydrate
and 1mM CuSO4), initial pH 6.5. Incubation was carried out statically
at 28± 1 °C. Cultures were harvested at day 21 and filtered mycelia
used for total RNA extraction as previously described [17].

2.2. Cloning of xyl10ps cDNA

Complete xyl10ps nucleotide sequence was assembled in silico based
on the identity of the partial sequence previously identified in P. san-
guineus BAFC 2126 (GenBank GAKI01004661, [17]) and putative
homologues in Pycnoporus (Trametes) cinnabarinus BRFM137 (GenBank
CCBP010000044) and Trametes versicolor FP-101664 SS1 (GenBank
XM008037780). Prediction of signal peptide and processing site in
translated protein was performed using SignalP 4.0 software (http://
www.cbs.dtu.dk/services/SignalP/). Resulting coding sequence was
used for design of forward (GH10Fw 5′-GAATTCGTCGCTGTCTG-3′)
and reverse (GH10Rv 5′-TCTAGATTACGCCAGAGC- 3′) cloning pri-
mers, containing adaptors with EcoRI and XbaI restriction en-
donucleases recognition sites, respectively.

Total RNA of P. sanguineus BAFC 2126 was used as template for
cDNA synthesis using ImProm-II™ Reverse Transcriptase (Promega,
Madison, WI, USA) and oligodTVN primer, according to manufacturer’s
instructions. PCR amplification of xyl10ps cDNA sequence encoding
mature protein GH10ps was performed using Pfu DNA polymerase
(Fermentas) and GH10Fw/GH10Rv primers. Fragment of the expected
size (1095 bp) was gel-purified and cloned in pGEM®-T Easy Vector
(Promega, Madison, WI, USA) for sequencing (Macrogen Inc). For ex-
pression of mature GH10ps fused to an N-terminal 6xHIS tag in P.
pastoris, EcoRI/XbaI restriction product was cloned in compatible
EcoRI/AvrII sites of vector pPICNHIS to obtain plasmid pNHISGH10ps.
P. pastoris pPICNHIS vector was derived of pPIC9 backbone (Invitrogen
Life Technologies, Inc.) by inserting a 6-histidine coding sequence in
open reading frame downstream of Saccharomyces cerevisiae α-mating
factor signal sequence.

2.3. Recombinant GH10ps expression in P. pastoris and purification

Recombinant vector pNHISGH10ps was linearized with DraI re-
striction enzyme and used for transformation of P. pastoris strain GS115
(Invitrogen Life Technologies) by electroporation. Recombinant clones

reverting histidine auxotrophy were first selected on minimal medium
MD plates (0.34% yeast nitrogen base without amino acids, 10 g/l
(NH4)2SO4, 2% dextrose and 2% agar) and then by secreted xylanolytic
activity on minimal medium MM plates (0.34% yeast nitrogen base
without amino acids, 10 g/l (NH4)2SO4, and 2% agar) supplemented
with 1% oat spelt xylan (Sigma Aldrich). Induction of AOX1 (P. pastoris
alcohol oxidase 1) promoter was achieved by adding 100 μl of 100%
methanol to plate lid and xylan degradation halos were revealed with
Congo Red differential staining [22]. Transformed clones showing
xylan degradation were selected and conserved on MD or YPD (1%
yeast extract, 2% peptone, 2% dextrose, 2% agar) agar slants.

Histidine tagged recombinant protein production in P. pastoris and
purification by affinity chromatography was performed in the same
conditions as previously described [23].

2.4. Polyacrylamide gel electrophoresis and immunoblotting

Recombinant GH10ps xylanase in crude cell-free extracts and pur-
ification fractions was separated by reducing 12% SDS-PAGE and
identified by Coomassie Blue staining or transferred to 0.45 μm ni-
trocellulose membranes (Bio-Rad Laboratories Inc, USA). Western blot
was performed by probing the membranes with 0.1 μg/ml of polyclonal
rabbit anti-HIS antibody (Genescript, USA) followed by 1:15000 dilu-
tion of alkaline phosphatase-linked goat anti-rabbit antibody (Sigma
Chemical Co., USA). Phosphatase activity was revealed by a chromo-
genic reaction using 5 bromo-4 chloro-3 indolyl phosphate and nitro-
blue tetrazolium as substrates (Sigma Chemical Co., USA).

2.5. Deglycosylation assay

N-glycan removal of recombinant xylanase was performed on de-
natured protein (0.5% SDS, 40mM DTT, 100 °C, 5min) by incubation
with endoglycosidase H (Endo Hf, New England BioLabs, USA) ac-
cording to manufacturer’s instructions. The deglycosylated enzyme was
separated by SDS-PAGE and analyzed by Western blot.

2.6. Enzyme activity determination assay

Xylanase activity was estimated by monitoring the release of redu-
cing sugars equivalents from 1% beechwood xylan (Sigma Chemical
Co., USA) in Mc Ilvaine’s buffer (citrate-phosphate), pH 5 at 60 °C using
3,5-dinitrosalicylic acid (DNS) method [24]. One unit of enzymatic
activity was defined as the amount of enzyme releasing 1 μmol of xylose

Fig. 1. Electrophoretic characterization of recombinant GH10ps. Western blot of crude
extracellular P. pastoris protein extracts expressing GH10ps before (−) and after (+)
treatment with EndoH endoglycosidase and extracellular extracts of P. pastoris trans-
formed with control empty vector (PIC9), revealed with anti-his tag antibody. M:
Colorplus™ Prestained Protein Marker (New England Biolabs).
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(as reducing equivalents) per min at the indicated pH and temperature.
For temperature and pHs profiles, reactions were performed either in
citrate-phosphate buffer pH 5 at 24 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C
or in citrate-phosphate pH 3, 3.5, 4, 4.5, 5, 5.5, 6, and 7 at 30 °C.
Thermostability assays were performed pre-incubating purified xyla-
nase at 60 °C or 70 °C in citrate-phosphate buffer pH 5 for the indicated
times and the release of reducing equivalents determined at 60 °C and
pH 5. For pH stability assays, xylanase was pre-incubated at 25 °C in
citrate-phosphate buffer pH 4, 5, 6, 7 or Glycine-NaOH buffer pH 8, 9,
10 and activity determined at 60 °C, pH 5.

2.7. Identification of sugars released from xylan and lignocellulosic biomass

To determine sugars released from xylan and evaluate

bioconversion of lignocellulosic biomass, hydrolysis was carried out in
Mc Ilvaine’s buffer pH 5 for 20min at 60 °C with 1% beechwood xylan
as substrate or in Mc Ilvaine’s buffer pH 6 for 16 h at 60 °C with 2% (w/
v) steam-exploded sugar cane (SCRse, 197,5 °C, 4min) or extruded
wheat straw (WSe, extruded at 70 °C, NaOH 6%) as substrates and
GH10ps (final concentration of 0.014mg/ml, 4.4 U/ml, in a final re-
action volume of 1ml). In combined assays, commercial Aspergillus sp.
extracts (Carezyme 1000L, Novozymes/Sigma Chemical Co., USA,
4870 U/g- data provided by manufacturer) were used as cellulase
source. The final cellulase concentration in the reaction was 120mg/ml
(equivalent to 584 U/ml), in a 1ml final volume reaction. Analysis of
carbohydrates released by hydrolysis was performed in a Agilent 1100
series HPLC with RI detector using a Aminex HPX-87P analytical
column (BioRad), at 80 °C with water as mobile phase at a flow rate of

Fig. 2. pH activity and stability of GH10ps A) pH profiles determined in citrate-phosphate buffer at 30 °C Activity is represented as% relative to the maximum, assigned as 100%. B)
Xylanolytic activity after pre-incubation of purified GH10ps for 24 hs at the indicated pHs. Activity is represented as% of initial time (To), assigned as 100%. Error bars correspond to
standard deviation for triplicates.

Fig. 3. Temperature activity profile and thermostability of GH10ps. A) Temperature profile using xylan as substrate at pH 5. B) Xylanolytic activity after pre-incubation of purified
GH10ps at 60 °C at the indicated times in citrate-phosphate buffer pH 5. C) Xylanolytic activity after pre-incubation of purified GH10ps at 70 °C at the indicated times in citrate-phosphate
buffer pH 5. Activity is represented as% of initial time (To), assigned as 100%. Error bars correspond to standard deviation for triplicates.

Table 1
Soluble sugars released from beechwood xylan and extruded wheat straw (Wse) after treatment with GH10ps and Cellulase, determined by HPLC.

Substrate Xylobiose (mg/ml) Xylose (mg/ml) Cellobiose (mg/ml) Glucose (mg/ml) Arabinose (mg/ml)

Xylan+GH10ps 0.5 < 0.1 ND ND ND
Wse+GH10ps 0.3 < 0.1 ND ND ND
Wse+Cellulase ND ND 0.1 0.2 ND
Wse+GH10ps+Cellulase 0.3 0.2 0.2 0.3 0.3
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0.5 ml/min, as previously described [25]. Concentration of sugars was
determined using standard curves of pure compounds (Sigma Chemical
Co., USA).

2.8. Biomass composition

Pre-treated lignocellulosic biomass, as well as determination of its
composition, was kindly provided by Dr. Mercedes Ballesteros, from
CIEMAT, Madrid. Sugar cane straw was subjected to steam explosion
(197.5 °C; 4.02min) and its composition was 51% cellulose, 15%
hemicellulose, 26% lignin (acid soluble), 13% ashes. Wheat straw was
pre-treated by extrusion (conditions: 70 °C, NaOH 6%, 2mm) and its
composition was 47% cellulose, 30% hemicellulose, 20% lignin (acid
insoluble), 1.3% lignin (acid soluble), 2.1% ashes.

2.9. Data availability

Data of P. sanguineus mature xyl10ps coding sequence was deposited
at DDBJ/EMBL/GenBank under the accession number MF981011.

3. Results and discussion

3.1. Cloning of xyl10ps coding sequence from P. sanguineus BAFC 2126

In a previous study of P. sanguineus BAFC 2126 transcriptome, we
identified a partial RNA sequence (GenBank GAKI01004661) encoding

a predicted protein with high amino acid identity with fungal β-1,4-
endo4-endoxylanases of glycoside hydrolase family 10 [17]. Using this
sequence information and the highest identity sequences reported for
the genomes of the related species Pycnoporus (Trametes) cinnabarinus
BRFM137 (GenBank CCBP010000044, [15]) and Trametes versicolor FP-
101664 SS1 (GenBank XM008037780, [26]), we reconstructed in silico
the complete coding sequence for a putative GH10 β-1,4-endo4-en-
doxylanases including a predicted 20 amino acid signal peptide.
Cloning and sequencing of cDNA (xyl10ps) for mature protein (GH10ps)
showed it encoded a polypeptide of 360 amino acids with a theoretical
molecular weight of 38 KDa. In silico analysis of protein sequence
confirmed the presence of a C-terminal catalytic domain characteristic
of glycoside hydrolase family 10, containing the two conserved glu-
tamic acid residues (E189 and E295) as putative general acid/basic
residue and catalytic nucleophile, respectively [27,28]. A fungal car-
bohydrate-binding module CBM1 containing the 4 conserved cysteine
residues involved in disulfide bridge formation and conserved aromatic
residues (W4, Y30 and Y31) involved in ligand recognition [29–31] is
located at N-terminal and linked to catalytic domain by a flexible linker
rich in proline-threonine residues. Two N-X-S/T sequons (positions 50
and 88 of mature protein) were found in protein GH10ps, however N-
glycosylation is expected to be impaired by the presence of a proline in
position X [32].

Fig. 4. HPLC analysis of hydrolysis products of pretreated biomass by GH10ps. Hydrolysis reaction was performed at 60 °C, pH 6 for 16 hs with 2% steam-exploded sugar cane (SCRse) (A)
or extruded wheat straw (Wse) (B) as substrates (Blue lines). X3: Xylotriose, X2: xylobiose, X1: xylose. Red lines: control HPLC profiles for substrates without the addition of GH10ps. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Production and biochemical characterization of recombinant GH10ps
protein

For production and biochemical characterization of GH10ps, we
expressed the mature protein in P. pastoris, as a fusion to a 6-histidine
tract for affinity purification and to the signal peptide of Saccharomyces

cerevisiae α-mating factor for secretion. Xylanolytic activity
(4660 ± 620 U/l, pH 5, 60 °C) was observed in extracellular crude
culture extracts of transformed P. pastoris clones, confirming expression
and secretion of active recombinant GH10ps xylanase. Analysis of
culture supernatants by Western blot revealed with anti-HIS antibody
showed a single protein band with estimated molecular mass of 39 KDa
corresponding to the predicted molecular weight for recombinant
6xHIS-GH10ps fusion (Fig. 1 lane−). Treatment of protein extract with
endoglycosidase H showed no changes in mobility, confirming N-X-T/S
sites of GH10ps were not N-glycosilated in P. pastoris (Fig. 1 lane +).
Recombinant GH10ps was single-step purified by Ni-NTA affinity
chromatography and elution fractions showing a single band in Coo-
masie blue stained acrylamide gel were pooled and used for biochem-
ical characterization.

For pH activity profile, the optimum was between 5–6 and remained
above 50% in a range of pH 3.5–8 (Fig. 2A), as commonly observed for
other fungal endo-xylanases [1,8]. Regarding stability, GH10ps re-
tained more of 85% of activity after 24 hs of incubation at pH 4–10
(Fig. 2B), showing the high flexibility of this enzyme for industrial
application in a wide range of pH conditions.

Temperature activity profile for GH10ps showed a characteristic
bell-shaped curve with an optimum of 60 °C to 70 °C and with a de-
crease in activity observed for temperatures below 40 °C and above
80 °C (Fig. 3A), Since Pycnoporus species are known to express ther-
mostable laccases [12,33] and industrial enzymatic saccharification of
lignocellulose is performed at temperatures equal or above 50 °C, we
tested thermostability of recombinant GH10ps. No decrease in residual
activity of the recombinant enzyme was observed when it was pre-in-
cubated at 60 °C for at least 48 hs while pre-incubation at 70 °C resulted
in a half-life of 3 hs (Fig. 3B and C). Stability of recombinant GH10ps
resulted to be higher than described for thermostable xylanases from
other mesophilic fungi such as Gloeophyllum trabeum GtXyn10 (half-life
of 1 h at 70 °C, [34]), Aspergillus fumigatus Af-XYNA (half-life of< 30
min at 70 °C, [35]) or Phanerochaete chrysosporium XynA and XynC that
were inactivated after 30min at 70 °C [36]. Also, thermostability of
GH10ps is comparable to that found in GH10 xylanases from thermo-
philic fungi such as Malbranchea pulchella (T1/2 > 24 hs at 65 °C, [37]),
Humicola insolens (XynA T1/2 < 30min at 65 °C, [38]) or Myce-
liophthora sp. [39], and from thermophilic bacteria Alicyclobacillus
acidocaldarius (GH10-XA retained 40% and 100% of activity after 1 h or
3.5 days at 75 °C and 65 °C, respectively, [40]).

Main products of beechwood xylan hydrolysis by recombinant en-
zyme were determined by HPLC, showing the release of xylose (xyl-1),
xylobiose (xyl-2) and xilooligosaccharides (XOS) of higher poly-
merization degree, confirming endo-xylanase activity of GH10ps
(Table 1).

Since GH10ps showed a conserved CBM1 domain, we also evaluated
activity on carboxymethylcellulose, although no reducing sugar release
was observed after 20min of incubation in optimal conditions (pH 5,
60 °C). This cellulase-free activity of GH10ps is valuable for testing its
application in pulp treatment, since cellulose fibers should remain in-
tact in the bleaching process [1]. On the other hand, cellulose-binding
role of CBM1 was previously demonstrated on other fungal endo-xy-
lanases of GH10 family such as Malbranchea pulchella MpXyn10A [37]
and Talaromyces cellulolyticus Xyl10A [41], suggesting a function re-
lated to anchoring the enzyme on the cellulose fiber and therefore fa-
vouring the xylanase catalytic module to get closer to the hemi-
cellulosic substrate.

3.3. Hydrolytic activity on lignocellulosic biomass

Conversion of lignocellulosic agricultural residues by recombinant
GH10ps was evaluated by the determination of released products of
hydrolysis by HPLC. Incubation of sugarcane residue pre-treated by
steam explosion (SCRse) and wheat straw pre-treated by extrusion
(WSe) with GH10ps for 16 hs at 60 °C showed the release of xylose and

Fig. 5. HPLC analysis of hydrolysis products of pretreated Wse by GH10ps and cellulases.
Hydrolysis reaction was performed at 60 °C, pH 6 for 16 hs with 2% extruded wheat straw
(Wse) as substrate with the addition of Carezyme1000L (A), GH10ps (B) or both (C). X2:
xylobiose, X1: xylose, G: glucose, A: arabinose.
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xylobiose as the main products of hydrolysis in both cases, indicating
GH10ps is able to hydrolyze xylan from lignocellulosic biomass (Fig. 4A
and B).

Development of minimal enzymatic cocktails for efficient conver-
sion of lignocellulose into fermentable sugars is one of the main ob-
jectives to achieve economically viable bioethanol production from
agriculture biomass [42,43]. Consequently, we evaluated the hydrolytic
activity of GH10ps in presence of commercial cellulases. HPLC analysis
of WSe hydrolysis products showed supplementation of cellulases of
Aspergillus sp. with GH10ps extracts not only allowed the release of
fermentable pentoses, not achieved by the cellulases alone, but also
resulted in an increase in glucose release respect of the treatment with
cellulases (Fig. 5), demonstrating synergic interaction. This is in ac-
cordance with previous reports that have shown that endoxylanases can
interact synergically with cellulases, improving hydrolysis of many
pretreated lignocellulosic substrates [44–47], supporting the potential
of GH10ps for biomass saccharification.

4. Conclusions

In this work we performed the cloning, recombinant expression and
purification of a novel endo-xylanase of GH10 family from P. sangui-
neus. Recombinant GH10ps proved to be a versatile enzyme, showing
activity at a wide range of temperatures and pHs, and stable at 60 °C
and 70 °C and at a broad pH range. In addition, GH10ps was active on
insoluble lignocellulosic substrates and was able to supplement com-
mercial cellulases in pretreated agricultural biomass saccharification,
demonstrating its potential to test its application in minimal cocktails
with reduced enzyme loading for production of second generation
bioethanol.

E-supplementary data of this work can be found in online version of
the paper.

Conflict of interest

The authors declare no financial or commercial conflict of interest.

Acknowledgments

This work was supported by Grants PICT 2013-1451 and PICT 2011-
2735 from the National Agency for Science and Technology Promotion
from Argentina (ANPCyT). EC, LL, and SW are Research Career
Scientists of the National Research Council of Argentina (CONICET).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.procbio.2018.01.017.

References

[1] Q.K. Beg, M. Kapoor, L. Mahajan, G.S. Hoondal, Microbial xylanases and their in-
dustrial applications: a review, Appl. Microbiol. Biotechnol. 56 (2001) 326–338.

[2] T. Collins, C. Gerday, G. Feller, Xylanases: xylanase families and extremophilic
xylanases, FEMS Microbiol. Rev. 29 (2005) 3–23.

[3] V. Juturu, J.C. Wu, Microbial xylanases: engineering: production and industrial
applications, Biotechnol. Adv. 30 (2012) 1219–1227.

[4] L.R. Moreira, E.X. Filho, Insights into the mechanism of enzymatic hydrolysis of
xylan, Appl. Microbiol. Biotechnol. 100 (2016) 5205–5214.

[5] B.C. Saha, α-L-Arabinofuranosidases: biochemistry, molecular biology and appli-
cation in biotechnology, Biotechnol. Adv. 18 (2000) (2000) 403–423.

[6] D. Shallom, Y. Shoham, Microbial hemicellulases, Curr. Opin. Microbiol. 6 (2003)
219–228.

[7] V. Lombard, H. Golaconda Ramulu, E. Drula, P.M. Coutinho, B. Henrissat, The
carbohydrate-active enzymes database (CAZy) in 2013, Nucleic Acids Res. 42
(2014) D490–D495.

[8] M.L. Polizeli, A.C. Rizzatti, R. Monti, H.F. Terenzi, J.A. Jorge, D.S. Amorim,
Xylanases from fungi: properties and industrial applications, Appl. Microbiol.
Biotechnol. 67 (2005) 577–591.

[9] P. Biely, M. Vršanská, M. Tenkanen, D. Endo Kluepfel, β-1,4-xylanase families:

differences in catalytic properties, J. Biotechnol. 57 (1997) 151–166.
[10] V. Kumar, J. Marín-Navarro, P. Shukla, Thermostable microbial xylanases for pulp

and paper industries: trends, applications and further perspectives, World J.
Microbiol. Biotechnol. 32 (2016) 34.

[11] D. Verma, T. Satyanarayana, Molecular approaches for ameliorating microbial xy-
lanases, Bioresour. Technol. 117 (2012) 360–367.

[12] E. Uzan, P. Nousiainen, V. Balland, J. Sipila, F. Piumi, D. Navarro, M. Asther,
E. Record, A. Lomascolo, High redox potential laccases from the ligninolytic fungi
Pycnoporus coccineus and Pycnoporus sanguineus suitable for white biotechnology:
from gene cloning to enzyme characterization and applications, J. Appl. Microbiol.
108 (2010) 2199–2213.

[13] C. Sigoillot, A. Lomascolo, E. Record, J.L. Robert, M. Asther, J.C. Sigoillot,
Lignocellulolytic and hemicellulolytic system of Pycnoporus cinnabarinus: isolation
and characterization of a cellobiose dehydrogenase and a new xylanase, Enzyme
Microb. Technol. 31 (2002) 876–883.

[14] D.L. Falkoski, V.M. Guimarães, M.N. de Almeida, A.C. Alfenas, J.L. Colodette,
S.T. de Rezende, Characterization of cellulolytic extract from Pycnoporus sanguineus
PF-2 and its application in biomass saccharification, Appl. Biochem. Biotechnol.
166 (2012) 1586–1603.

[15] A. Levasseur, A. Lomascolo, O. Chabrol, F.J. Ruiz-Dueñas, E. Boukhris-Uzan,
F. Piumi, U. Kües, A.F. Ram, C. Murat, M. Haon, I. Benoit, Y. Arfi, D. Chevret,
E. Drula, M.J. Kwon, P. Gouret, L. Lesage-Meessen, V. Lombard, J. Mariette,
C. Noirot, J. Park, A. Patyshakuliyeva, J.C. Sigoillot, A. Wiebenga, H.A. Wösten,
F. Martin, P.M. Coutinho, R.P. de Vries, A.T. Martínez, C. Klopp, P. Pontarotti,
B. Henrissat, E. Record, The genome of the white-rot fungus Pycnoporus cinnabar-
inus: a basidiomycete model with a versatile arsenal for lignocellulosic biomass
breakdown, BMC Genomics 15 (2014) 486.

[16] M. Couturier, D. Navarro, D. Chevret, B. Henrissat, F. Piumi, F.J. Ruiz-Dueñas,
A.T. Martinez, I.V. Grigoriev, R. Riley, A. Lipzen, J.G. Berrin, E.R. Master,
M.N. Rosso, Enhanced degradation of softwood versus hardwood by the white-rot
fungus Pycnoporus coccineus, Biotechnol. Biofuels 8 (2015) 216.

[17] C.O. Rohr, L.N. Levin, A.N. Mentaberry, S.A. Wirth, A first insight into Pycnoporus
sanguineus BAFC 2126 transcriptome, PLoS One 8 (2013) e81033.

[18] S. Miyauchi, D. Navarro, I.V. Grigoriev, A. Lipzen, R. Riley, D. Chevret, S. Grisel,
J.G. Berrin, B. Henrissat, M.N. Rosso, Visual comparative omics of fungi for plant
biomass deconstruction, Front. Microbiol. 7 (2016) 1335.

[19] M. Daou, F. Piumi, D. Cullen, E. Record, C.B. Faulds, Heterologous production and
characterization of two glyoxal oxidases from Pycnoporus cinnabarinus, Appl.
Environ. Microbiol. 82 (2016) 4867–4875.

[20] F. Piumi, A. Levasseur, D. Navarro, S. Zhou, Y. Mathieu, D. Ropartz, R. Ludwig,
C.B. Faulds, E. Record, A novel glucose dehydrogenase from the white-rot fungus
Pycnoporus cinnabarinus: production in Aspergillus niger and physicochemical char-
acterization of the recombinant enzyme, Appl. Microbiol. Biotechnol. 98 (2014)
10105–10118.

[21] Y. Mathieu, F. Piumi, R. Valli, J.C. Aramburu, P. Ferreira, C.B. Faulds, E. Record,
Activities of secreted aryl alcohol quinone oxidoreductases from Pycnoporus cin-
nabarinus provide insights into fungal degradation of plant biomass, Appl. Environ.
Microbiol. 82 (2016) 2411–2423.

[22] R.M. Teather, P.J. Wood, Use of congo red-polysaccharide interactions in enu-
meration and characterization of cellulolytic bacteria from bovine rumen, Appl.
Environ. Microbiol. 43 (1982) 777–780.

[23] P. Campos, L. Levin, S.A. Wirth, Heterologous Production: characterization and dye
decolorization ability of a novel thermostable laccase isoenzyme from Trametes
trogii BAFC 463, Process Biochem. 51 (2016) 895–903.

[24] G.L. Miller, Use of dinitrosalicylic acid reagent for determination of reducing sugar,
Anal. Chem. 31 (1959) 426–428.

[25] S. Ghio, E.M. Insani, F.E. Piccinni, P.M. Talia, D.H. Grasso, E. Campos, GH10 XynA
is the main xylanase identified in the crude enzymatic extract of Paenibacillus sp.
A59 when grown on xylan or lignocellulosic biomass, Microbiol. Res. 186 (2016)
16–26.

[26] D. Floudas, M. Binder, R. Riley, K. Barry, R.A. Blanchette, et al., The Paleozoic
origin of enzymatic lignin decomposition reconstructed from 31 fungal genomes,
Science 336 (2012) 1715–1719.

[27] A.M. MacLeod, T. Lindhorst, S.G. Withers, R.A. Warren, The acid/base catalyst in
the exoglucanase/xylanase from Cellulomonas fimi is glutamic acid 127: evidence
from detailed kinetic studies of mutants, Biochemistry 33 (1994) 6371–6376.

[28] D. Tull, S.G. Withers, N.R. Gilkes, D.G. Kilburn, R.A. Warren, R. Aebersold,
Glutamic acid 274 is the nucleophile in the active site of a retaining exoglucanase
from Cellulomonas fimi, J. Biol. Chem. 266 (1991) 15621–15625.

[29] N.R. Gilkes, B. Henrissat, D.G. Kilburn, R.C. Jr. Miller, R.A.J. Warren, Domains in
microbial β-1, 4-glycanases: sequence conservation, function, and enzyme families,
Microbiol. Rev. 55 (1991) 303–315.

[30] D. Guillén, S. Sánchez, S. Rodriguez-Sanoja, Carbohydrate-binding domains: mul-
tiplicity of biological roles, Appl. Microbiol. Biotechnol. 85 (2010) 1241–1249.

[31] A. Várnai, M.R. Mäkelä, D.T. Djajadi, J. Rahikainen, A. Hatakka, L. Viikari,
Carbohydrate-binding modules of fungal cellulases: occurrence in nature function,
and relevance in industrial biomass conversion, Adv. Appl. Microbiol. 88 (2014)
103–165.

[32] Y. Gavel, G. von Heijne, Sequence differences between glycosylated and non-gly-
cosylated Asn-X-Thr/Ser acceptor sites: implications for protein engineering,
Protein Eng. 3 (1990) 433–442.

[33] D. Litthauer, M.J. van Vuuren, A. van Tonder, F.W. Wolfaardt, Purification and
kinetics of a thermostable laccase from Pycnoporus sanguineus (SCC108), Enzyme
Microb. Technol. 40 (2007) 563–568.

[34] X. Wang, H. Luo, W. Yu, R. Ma, S. You, W. Liu, L. Hou, F. Zheng, X. Xie, B. Yao, A
thermostable Gloeophyllum trabeum xylanase with potential for the brewing

C. Niderhaus et al. Process Biochemistry 67 (2018) 92–98

97

https://doi.org/10.1016/j.procbio.2018.01.017
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0005
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0005
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0010
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0010
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0015
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0015
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0020
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0020
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0025
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0025
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0030
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0030
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0035
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0035
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0035
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0040
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0040
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0040
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0045
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0045
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0050
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0050
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0050
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0055
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0055
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0060
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0060
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0060
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0060
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0060
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0065
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0065
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0065
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0065
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0070
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0070
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0070
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0070
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0075
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0080
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0080
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0080
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0080
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0085
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0085
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0090
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0090
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0090
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0095
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0095
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0095
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0100
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0100
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0100
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0100
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0100
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0105
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0105
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0105
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0105
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0110
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0110
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0110
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0115
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0115
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0115
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0120
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0120
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0125
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0125
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0125
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0125
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0130
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0130
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0130
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0135
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0135
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0135
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0140
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0140
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0140
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0145
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0145
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0145
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0150
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0150
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0155
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0155
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0155
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0155
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0160
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0160
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0160
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0165
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0165
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0165
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0170
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0170


industry, Food Chem. 199 (2016) 516–523.
[35] X. Chang, B. Xu, Y. Bai, H. Luo, R. Ma, P. Shi, B. Yao, Role of N-linked glycosylation

in the enzymatic properties of a thermophilic GH 10 xylanase from Aspergillus fu-
migatus expressed in Pichia pastoris, PLoS One 12 (2) (2017) e0171111.

[36] B. Decelle, A. Tsang, R.K. Storms, Cloning, functional expression and character-
ization of three Phanerochaete chrysosporium endo-1,4-β-xylanases, Curr. Genet. 46
(2004) 166–175.

[37] L.F. Ribeiro, R.C. de Lucas, G.L. Vitcosque, L.F. Ribeiro, R.J. Ward, M.V. Rubio,
et al., A novel thermostable xylanase GH10 from Malbranchea pulchella expressed in
Aspergillus nidulans with potential applications in biotechnology, Biotechnol.
Biofuels 7 (2014) 115.

[38] Y. Du, P. Shi, H. Huang, X. Zhang, H. Luo, Y. Wang, B. Yao, Characterization of
three novel thermophilic xylanases from Humicola insolens Y1 with application
potentials in the brewing industry, Bioresour. Technol. 130 (2013) 161–167.

[39] B.S. Chadha, B.K. Ajay, F. Mellon, M.K. Bhat, Two endoxylanases active and stable
at alkaline pH from the newly isolated thermophilic fungus, Myceliophthora sp. IMI
387099, J. Biotechnol. 109 (2004) 227–237.

[40] B. Cobucci-Ponzano, A. Strazzulli, R. Iacono, G. Masturzo, R. Giglio, M. Rossi,
M. Moracci, Novel thermophilic hemicellulases for the conversion of lignocellulose
for second generation biorefineries, Enzyme Microb. Technol. 78 (2015) 63–73.

[41] H. Inoue, S. Kishishita, A. Kumagai, M. Kataoka, T. Fujii, K. Ishikawa, Contribution
of a family 1 carbohydrate-binding module in thermostable glycoside hydrolase 10
xylanase from Talaromyces cellulolyticus toward synergistic enzymatic hydrolysis of

lignocellulose, Biotechnol. Biofuels 8 (2015) 77.
[42] R. Goldbeck, A.R. Damásio, T.A. Gonçalves, C.B. Machado, D.A. Paixão, L.D. Wolf,

F. Mandelli, G.J. Rocha, R. Ruller, F.M. Squina, Development of hemicellulolytic
enzyme mixtures for plant biomass deconstruction on target biotechnological ap-
plications, Appl. Microbiol. Biotechnol. 98 (2014) 8513–8525.

[43] P.V. Harris, F. Xu, N.E. Kreel, C. Kang, S. Fukuyama, New enzyme insights drive
advances in commercial ethanol production, Curr. Opin. Chem. Biol. 19 (2014)
162–170.

[44] G.A. Gonçalves, Y. Takasugi, L. Jia, Y. Mori, S. Noda, T. Tanaka, H. Ichinose,
N. Kamiya, Synergistic effect and application of xylanases as accessory enzymes to
enhance the hydrolysis of pretreated bagasse, Enzyme Microb. Technol. 72 (2015)
16–24.

[45] J. Hu, V. Arantes, J.N. Saddler, The enhancement of enzymatic hydrolysis of lig-
nocellulosic substrates by the addition of accessory enzymes such as xylanase: is it
an additive or synergistic effect? Biotechnol. Biofuels 4 (2011) 36.

[46] J. Hu, V. Arantes, A. Pribowo, J.N. Saddler, The synergistic action of accessory
enzymes enhances the hydrolytic potential of a cellulase mixture but is highly
substrate specific, Biotechnol. Biofuels 6 (2013) 112.

[47] F. Valadares, T.A. Gonçalves, D.S. Gonçalves, F. Segato, E. Romanel, A.M. Milagres,
F.M. Squina, A. Ferraz, Exploring glycoside hydrolases and accessory proteins from
wood decay fungi to enhance sugarcane bagasse saccharification, Biotechnol.
Biofuels 9 (2016) 110.

C. Niderhaus et al. Process Biochemistry 67 (2018) 92–98

98

http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0170
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0175
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0175
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0175
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0180
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0180
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0180
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0185
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0185
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0185
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0185
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0190
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0190
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0190
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0195
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0195
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0195
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0200
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0200
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0200
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0205
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0205
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0205
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0205
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0210
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0210
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0210
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0210
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0215
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0215
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0215
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0220
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0220
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0220
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0220
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0225
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0225
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0225
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0230
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0230
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0230
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0235
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0235
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0235
http://refhub.elsevier.com/S1359-5113(17)31691-4/sbref0235

	Heterologous production and characterization of a thermostable GH10 family endo-xylanase from Pycnoporus sanguineus BAFC 2126
	Introduction
	Material and methods
	Fungal strain and culture conditions
	Cloning of xyl10ps cDNA
	Recombinant GH10ps expression in P. pastoris and purification
	Polyacrylamide gel electrophoresis and immunoblotting
	Deglycosylation assay
	Enzyme activity determination assay
	Identification of sugars released from xylan and lignocellulosic biomass
	Biomass composition
	Data availability

	Results and discussion
	Cloning of xyl10ps coding sequence from P. sanguineus BAFC 2126
	Production and biochemical characterization of recombinant GH10ps protein
	Hydrolytic activity on lignocellulosic biomass

	Conclusions
	Conflict of interest
	Acknowledgments
	Supplementary data
	References




