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Abstract On-site cellulase and hemicellulase production is

a promising way to reduce enzyme cost in the commer-

cialization of the lignocellulose-to-ethanol process. A

hemicellulase-producing fungal strain suitable for on-site

enzyme production was selected from cultures prepared

using wet disc-milling rice straw (WDM-RS) and identified

as Trichoderma asperellum KIF125. KIF125 hemicellulase

showed uniquely high abundance of b-xylosidase in the

xylanolytic enzyme system compared to other fungal

hemicellulase preparations. Supplementation of Talar-

omyces cellulolyticus cellulase with KIF125 hemicellulase

was more effective than that with the hemicellulases from

other fungal sources in reducing the total enzyme loading

for the improvement of xylose yield in the hydrolysis of

ball-milling RS, due to its high b-xylosidase dominance.

b-Xylosidase in KIF125 hemicellulase was purified and

classified as a glycosyl hydrolase family 3 enzyme with

relatively high specificity for xylobiose. The production of

KIF125 b-xylosidase in the fermentor was estimated as 118

U/g-WDM-RS (2350 U/L culture) at 48 h. These results

demonstrate that KIF125 is promising as a practical

hemicellulase source to combine with on-site cellulase

production using T. cellulolyticus.

Keywords b-Xylosidase � Hemicellulase � On-site enzyme

production � Talaromyces cellulolyticus � Trichoderma
asperellum

Introduction

Lignocellulosic biomass is an abundant renewable source

for obtaining fermentable sugars as substrates for fuel

ethanol production. Enzymatic hydrolysis of lignocellulose

using cellulases and hemicellulases is a key technology for

the lignocellulose-to-ethanol process. However, it has been

pointed out that the industrial enzyme cost in the com-

mercialization of ethanol production from lignocellulose is

still high (Klein-Marcuschamer et al. 2012). There are two

strategies to reduce enzyme cost. One is on-site enzyme

production because of its simplified purification and

logistics, as well as the potential cheap carbon source uti-

lization from lignocellulosic substrates (Merino and Cherry

2007; Hong et al. 2013; Liu et al. 2016). Another way is the

improvement of cellulase performance by cocktails or

component optimization, leading to the reduction of

enzyme loading and an increase of fermentable sugar yield

in the hydrolysis of lignocellulose (Banerjee et al. 2010;

Klein-Marcuschamer et al. 2012; Liu et al. 2016).

Filamentous fungi are good sources of cellulases and

hemicellulases. The cellulase preparations derived from

industrial fungal strains such as the genera Trichoderma,

Talaromyces, and Myceliophthora are widely used for the

hydrolysis of pretreated lignocellulose (Gusakov 2011).

These enzyme preparations generally contain lower

amounts of hemicellulases, and their compositions are not
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necessarily suitable for the efficient hydrolysis of pre-

treated lignocellulose. For this reason, supplementation of

the cellulase preparations with external hemicellulases,

including accessory enzymes, is essential to increase sugar

yields in hemicellulose hydrolysis. Notably, the synergistic

interactions between the cellulases and hemicellulases

increase the accessibility of cellulose by cellulases due to

removal of hemicellulose, which results in reduction of

cellulase loading (Selig et al. 2008; Gao et al. 2011; Hu

et al. 2011; Van Dyk and Pletschke 2012; Hu et al. 2013).

Furthermore, the enhanced production of monomeric sug-

ars from hemicellulose by the hemicellulase supplemen-

tation is important not only for increasing the total sugar

yields, but also for reducing the strong inhibition of cel-

lulase by xylan, mannan, and their oligomers in pretreated

lignocellulose (Qing and Wyman 2011; Xin et al. 2015).

Therefore, on-site enzyme production would be required

for hemicellulase as well as cellulase. Selection of hemi-

cellulase-producing fungal strains should be considered

with respect to the enzyme productivity using a cheap

carbon source and the efficient hydrolysis of the target

substrate in combination with the cellulase preparation.

Talaromyces cellulolyticus is one of the most promising

fungi for use in industrial production of cellulases (Inoue

et al. 2014). T. cellulolyticus mutant strain CF-2612

secretes a large amount of cellulases, including relatively

high activities of xylanase and b-glucosidase, using cellu-

lose as a carbon source, while b-xylosidase and b-man-

nosidase activities are detected only in trace amounts in the

cellulase preparations (Fang et al. 2009; Fujii et al. 2009;

Inoue et al. 2015b). Supplementations of T. cellulolyticus

cellulase with purified or crude fungal hemicellulases have

been reported to enhance total sugar yields from woody

biomass (Yano et al. 2009; Inoue et al. 2015b). Homolo-

gous expression of b-xylosidase in T. cellulolyticus has

been found to improve the hydrolysis of xylo-oligosac-

charides by the recombinant cellulase preparation (Kanna

et al. 2011). It should be noted that pretreated rice straw

(RS) is a promising carbon source in on-site cellulase

production of T. cellulolyticus cellulase (Hideno et al.

2011). The cellulase preparation produced using wet disc-

milling RS (WDM-RS) exhibited higher hemicellulase

activity compared to the preparation using cellulose, and

has been proposed to be more suitable for the hydrolysis of

pretreated RS (Hideno et al. 2011). However, its b-xy-
losidase activity is still insufficient. On the other hand, RS

has been reported as a carbon source for hemicellulase

production, mainly xylanase (Knob et al. 2014). In addi-

tion, Kang et al. (2004) have reported relatively high

b-xylosidase production by Aspergillus niger KK2 using

RS in an earlier study.

To enhance hemicellulase activity in T. cellulolyticus

cellulase, fungal strains were screened in this study for

b-xylosidase activity in cultures prepared using WDM-RS

as carbon source, and the selected strain was identified as

Trichoderma asperellum KIF125. KIF125 hemicellulase

produced xylose more efficiently from RS xylan in com-

bination with on-site T. cellulolyticus cellulase prepared

using WDM-RS. The identification of b-xylosidase purified
from KIF125 and the production of KIF125 b-xylosidase
using bench-scale fermentor were also examined. Our

results demonstrate that T. asperellum KIF125 is a

promising candidate for on-site hemicellulase production.

Materials and methods

Fungal strains

The 132 fungal strains in the laboratory culture collection

(KIF strains), which were isolated on agar plates including

Avicel, ball-milled eucalyptus, birchwood xylan, or lignin

from soil samples and decaying plant materials collected in

Japan (Yano et al. 2009), were used for b-xylosidase
activity screening. T. asperellum KIF125, a strain selected

by screening, was used to produce b-xylosidase. Asper-
gillus aculeatus KIF78, which was isolated and identified

as a hemicellulase producer for the enzymatic hydrolysis of

woody biomass (Yano et al. 2009), and A. niger KIF109

were used as reference strains for the production of

hemicellulolytic enzymes. KIF 78, KIF109 and KIF125

strains were deposited at HUT culture collection from

Hiroshima University (Higashi-Hiroshima, Japan) as

HUT2365, HUT2366 and HUT5132, respectively. T. cel-

lulolyticus CF-2612 (FERM BP-10848) was used for the

production of cellulolytic enzymes (Fang et al. 2009;

Hideno et al. 2011). All the strains used were stored on

potato dextrose agar plates.

Pretreatment of rice straw

WDM-RS was prepared using the Supermasscolloider

MKZA10 (Masuko Sangyo Co., Kawaguchi, Japan) as

described previously (Hideno et al. 2009). The composition

(% dry weight) of structural carbohydrates in the pretreated

RS was analyzed based on the standard NREL laboratory

analytical procedure (Sluiter et al. 2008) and consisted of

32.7 % glucan, 19.4 % xylan, 2.5 % arabinan, and 1.5 %

galactan.

Dry ball-milling (DBM) treatment of RS was performed

using the TI-300 system (CMT Co., Iwaki, Japan). The air-

dried sample (50 g), which was from a different lot than

the RS used for WDM treatment, was added to a pod

containing 90 stainless steel balls (diameter 2 cm) and

milled continuously for 2 h at 1700 rpm. The composition

(% dry weight) of structural carbohydrates in DBM-RS
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consisted of 34.3 % glucan, 16.3 % xylan, 2.8 % arabinan,

and 2.1 % galactan.

Production of cellulolytic and hemicellulolytic

enzymes

Medium (pH 5.0) for b-xylosidase activity screening of

KIF strains contained (per liter): 40 g WDM-RS as a car-

bon source, 10 g tryptone, 0.5 g yeast extract, 10 g corn

steep liquor, 24 g KH2PO4, 4.7 g C4H4K2O6��H2O, 1 g

Tween 80, 5 g (NH4)2SO4, 1.2 g MgSO4�7H2O, 0.01 g

ZnSO4�7H2O, 0.01 g MnSO4�6H2O, 0.01 g CuSO4�5H2O.

The KIF strains were cultured in 20 mL of medium at

30 �C, 200 rpm, for 7 days using 100-mL Erlenmeyer

flasks. The whole broth was centrifuged at 13,500 9g and

the resulting supernatant was filtered through a 0.22-lm
polyether sulfone membrane (Thermo Fisher Scientific,

Rockford, IL, USA) under sterile conditions. The culture

filtrate containing hemicellulolytic enzymes was stored at

4 �C.
Cellulase from T. cellulolyticus CF-2612 was produced

in a medium containing 100 g/L WDM-RS as carbon

source (Hideno et al. 2011). CF-2612 was cultured for

7 days using a 2-L BMJ-02PI laboratory fermentor (ABLE

Co., Tokyo, Japan) containing 1 L of medium as described

previously (Fang et al. 2009). The temperature, pH, and

agitation were held at 30 �C, 4.0, and 600 rpm, respec-

tively, by a DPC-2 controller (ABLE). The air-flow rate

was maintained at 1.0 vvm. The culture filtrate containing

cellulolytic enzymes was prepared as described above and

stored at 4 �C.
b-Xylosidase production of T. asperellum KIF125 was

evaluated using a 2-L BMJ-02PI laboratory fermentor with

1 L of medium (pH 5.0) containing (per liter): 20 g WDM-

RS, 5 g polypeptone, 4 g urea, 2 g (NH4)2SO4, 5 g

(NH4)2HPO4, 5 g KNO3, 15 g KH2PO4, 1 g Tween 80. The

fermentor was inoculated with a 40 mL preculture of

KIF125, which was cultured in medium containing 2 %

(w/v) glycerol instead of WDM-RS. The culture was

incubated for 96 h at 28 �C, pH 4.8, and 300 rpm and

parameters were held constant by a DPC-2 controller. The

air-flow rate was maintained at 1.6 vvm. The culture filtrate

containing crude enzyme was prepared as described above

and stored at 4 �C.
The ATP concentration in the fermentor culture was

determined using the CheckLite 250 Plus (Kikkoman,

Noda, Japan) and Lumitester C-100 (Kikkoman) kits based

on the luciferin–luciferase reaction (Fang et al. 2009). The

urea concentration was determined using the QuantiChrom

Urea assay Kit (BioAssay Systems, Hayward, CA, USA).

Protein concentration was determined by using the BCA

protein assay reagent (Pierce, Rockford, IL, USA), using

bovine serum albumin as the protein standard.

Enzyme activity assays

The filter paper cellulase (FPase) activity was measured

according to the standard procedure recommended by the

Commission on Biotechnology, IUPAC (Wood and Bhat

1988), and was represented in filter paper units (FPU).

Carboxymethyl cellulase (CMCase), and xylanase activi-

ties were assayed in 50 mM sodium acetate buffer (pH 5.0)

containing 1 % (w/v) carboxymethyl cellulose (CMC, low

viscosity), and 1 % (w/v) birchwood xylan, respectively, at

45 �C for 30 min. The xylan substrate was prepared by

boiling 2 % (w/v) birchwood xylan for 5 min in distilled

water. The resulting reducing sugars in the reaction mixture

were measured using 3,5-dinitrosalicylic acid (DNS).

Xylose produced from xylan was also determined using a

high-performance liquid chromatography (HPLC) system

(JASCO, Tokyo, Japan). In the assay using HPLC, the

reaction was stopped in boiling water for 5 min. One unit

of xylanase activity was defined as the amount of enzyme

necessary to produce 1 lmol of reducing sugar (DNS

method) or xylose (HPLC analysis) per minute.

The enzyme activity assays using 1 mM p-nitrophenol

(PNP)-based chromogenic glycosides were performed at

45 �C for 10 min as described previously (Hideno et al.

2011). PNP-b-D-xylopyranoside (PNP-X), PNP-b-D-glu-
coside (PNP-G) and PNP-a-L-arabinofuranoside (PNP-A)

were used as substrates for b-xylosidase, b-glucosidase and
a-L-arabinofuranosidase activity, respectively. One unit of

activity toward PNP-glycosides was defined as the amount

of enzyme necessary to produce 1 lmol of PNP per

minute.

b-Xylosidase activity using xylobiose and xylotriose,

and b-glucosidase activity using cellobiose were assayed in

50 mM sodium acetate buffer (pH 5.0) with 10 mM

oligosaccharide substrate. The reaction mixture was incu-

bated at 45 �C for 30 min in a total volume of 1 mL, and

the reaction was stopped in boiling water for 5 min. Xylose

and glucose released in the mixture were determined using

a BF-5 biosensor with a pyranose oxidase electrode and

glucose oxidase electrode, respectively (Oji Scientific

Instruments, Amagasaki, Japan). Xylose was also deter-

mined using a Dionex ICS 3000 chromatograph system

(Dionex, Sunnyvale, CA, USA) for calculation of kinetic

parameters of b-xylosidase activity using xylobiose. One

unit of activity toward disaccharide and trisaccharide was

defined as the amount of enzyme necessary to produce

2 lmol (from xylobiose or cellobiose) and 1.5 lmol (from

xylotriose) of monomeric sugar per minute, respectively.

Enzymatic hydrolysis of DBM-RS

The hydrolysis of DBM-RS was carried out at a solid

loading of 5 % (w/v) in 50 mM sodium acetate buffer
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(pH 5.0) as described previously (Hideno et al. 2009). In

the standard assay, enzymatic hydrolysis was performed in

a final volume of 1 mL. The reaction mixture containing

cellulase from T. cellulolyticus (5 FPU/g-DBM-RS) was

supplemented with hemicellulase (0–2 mg/g-DBM-RS)

from KIF78, KIF109, KIF125, or the commercial enzyme

Optimash BG (Genencor International, Palo Alto, CA,

USA). The reaction mixture was incubated at 45 �C for

72 h with agitation using a rotator and the hydrolysate was

analyzed using an HPLC system. The experiments were

performed in duplicate. The sugar yields were calculated

based on the amount of glucan and xylan in DBM-RS.

Purification of b-xylosidase from KIF125

All purification procedures were carried out using an

ÄKTA Purifier Chromatography System (GE Healthcare,

Buckinghamshire, UK). The culture filtrate from KIF125

was loaded onto a HiPrep 26/10 desalting column (GE

Healthcare) equilibrated with 20 mM 2-(N-morpholino)

ethanesulfonic acid (MES) buffer, pH 6.0 (buffer A). The

desalted sample was subjected to anion-exchange chro-

matography on a HiTrap Q HP 5 ml column (GE Health-

care) equilibrated with buffer A, and the protein was eluted

with a linear gradient of 0.025–0.25 M NaCl. Fractions

with b-xylosidase activity were determined using PNP-X.

The b-xylosidase fractions were pooled, desalted and

subjected to anion-exchange chromatography on a Source

15Q column (GE Healthcare) equilibrated with 20 mM

sodium acetate buffer, pH 5.5 (buffer B). The protein was

eluted with a linear gradient of 0–0.125 M NaCl. The b-
xylosidase fractions were pooled, brought to 2.0 M

(NH4)2SO4, and subjected to hydrophobic interaction

chromatography on a Source 15Phe column (GE Health-

care) with a 2.0–1.0 M (NH4) 2SO4 gradient in buffer B.

The b-xylosidase fractions were pooled, desalted, and

stored in buffer B containing 0.01 % NaN3 at 4 �C. The
purity and size of the protein were analyzed by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) using NuPage 4–12 % Bis–Tris gels (Invitrogen,

Carlsbad, CA, USA). The amino acid sequence of a peptide

fragment from b-xylosidase digested by lysyl endopepti-

dase was determined by using a Procise 494-HT protein

sequencer (Applied Biosystems, Foster City, CA, USA).

Identification of KIF125

Fungal genomic DNA was prepared by the method of Zhu

et al. using benzyl chloride (Zhu et al. 1993). The rDNA

Internal Transcribed Spacer (ITS) region was amplified

using the universal fungal primers ITS5 (50- GGAAGT

AAAAGTCGTAACAAGG-30) and LR6 (50- CGCCAG

TTCTGCTTACC-30) (http://www.biology.duke.edu/fungi/

mycolab/primers.htm). The ITS-1–5.8S–ITS-2 sequence

(412 bp) was analyzed using TrichoBLAST (http://www.

isth.info/tools/blast/index.php). The nucleotide sequence

used in this study was submitted to the DDBJ/EMBL/

GenBank database under accession number LC132713.

HPLC analysis

Sugars were analyzed using an HPLC system equipped

with a refractive index detector (RI-2031 Plus, JASCO).

Glucose, xylose, galactose, arabinose, and xylobiose were

analyzed using an Aminex HPX-87P column (7.8 mm

I.D. 9 30 cm, Bio-Rad, Hercules, CA, USA) with a

Carbo-P Micro-Guard cartridge. The mobile phase used

was doubly deionized water, and the flow rate was 1.0 mL/

min at 80 �C column temperature. Xylose was also ana-

lyzed using a Dionex ICS 3000 chromatograph system

equipped with CarboPac PA1 column (4 mm

I.D. 9 25 cm, Dionex) with a CarboPac PA1 guard col-

umn. A pulsed amperometric detector with an Au electrode

operating in the integrated amperometric mode (Dionex)

was used for the detection of xylose which was eluted with

a 4.0–0 mM NaOH gradient. The flow rate was 1.0 mL/

min at 35 �C column temperature.

Results

Screening and identification of a b-xylosidase-
producing fungal strain

Fungal b-xylosidases are induced by xylan and xylose

(Knob et al. 2010). In this study, 4 % (w/v) WDM-RS,

corresponding to 1.31 % glucan and 0.78 % xylan in the

medium, was used as a cheap carbon source and an inducer

of b-xylosidase to prepare culture supernatants of 132 KIF

strains. The supernatants were screened for extracellular b-
xylosidase activity using PNP-X, and the screening was

repeated for 8 candidate strains exhibiting high b-xylosi-
dase activity (data not shown). Through these screenings,

KIF125 was identified as the best b-xylosidase producer in
the screening medium, and was therefore selected as the

strain for further characterization. Since KIF125 has been

originally isolated on an agar plate containing birch xylan

from a soil sample as carbon source, it seems reasonable

that this strain was found as a b-xylosidase producer. The

sequence analysis of the partial ITS 1-5.8S-ITS 2 region

(412 bp) for KIF125 showed 100 % sequence identity to T.

asperellum CBS433.97 in the TrichoBLAST database

(GenBank accession number AY380912), and thus,

KIF125 was identified as a strain of T. asperellum.
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Compositional characteristics of KIF125

hemicellulase

The enzymatic profile of KIF125 crude enzyme was

compared to those of A. aculeatus KIF78, A. niger KIF109,

and T. cellulolyticus CF-2612, which were prepared using

WDM-RS, and the commercial hemicellulolytic enzyme

Optimash BG. KIF78 and Optimash BG had been utilized

as supplemental hemicellulases to increase sugar yield in

xylan hydrolysis during the enzymatic hydrolysis of lig-

nocellulosic biomass by T. cellulolyticus cellulase in our

previous work (Hideno et al. 2009; Yano et al. 2009).

KIF109 was used as a reference strain for b-xylosidase
production, since A. niger has been reported as a high

xylanase and b-xylosidase producer in RS (Kang et al.

2004). The crude enzymes of KIF strains were prepared in

screening medium containing 6 % (w/v) WDM-RS using

Erlenmeyer flasks for 7 days. They exhibited higher b-
xylosidase activity than the cultures with 4 % (w/v) WDM-

RS (data not shown). A comparison on the basis of specific

activities is presented in Table 1. Multiple cellulolytic and

hemicellulolytic enzymes were observed in the KIF125

enzyme. The KIF125 enzyme contained the highest b-xy-
losidase specific activity (2.04 U/mg), 7.6-, 2.7-, 10 -, and

51-fold higher than KIF78, KIF109, Optimash BG and CF-

2612 enzymes, respectively. The unit ratio of b-xylosidase
to xylanase in the KIF125 enzyme (0.18) was 8.1- to

111-times the ratio in the other sources. The KIF125 crude

enzyme also contained higher a-L-arabinofuranosidase
specific activity, 7.4-, 3.7-, and 6.7-fold higher compared to

KIF78, KIF109, and CF-2612 enzymes, respectively. In

contrast, xylanase and CMCase specific activities in

KIF125 were significantly lower than those of Optimash

BG (11- and 9.1-fold, respectively).

Effect of hemicellulase supplementation

with T. cellulolyticus cellulase on DBM-RS

hydrolysis

DBM treatment improves the enzymatic hydrolysis of

lignocellulosic biomass by disrupting the cellulose-hemi-

cellulose-lignin network in the cell wall by

mechanochemical milling energy (Hideno et al. 2009;

Inoue et al. 2015b). Although the cellulose crystallinity of

the biomass is reduced during the pretreatment, the hemi-

cellulose component is retained in the pretreated sample

without chemical modification. Thus, we used DBM-RS

as a model substrate to evaluate xylan digestibility in

this study. The enzymatic hydrolysis of DBM-RS using

T. cellulolyticus CF-2612 cellulase alone (1–20 FPU/g-

substrate) resulted in relatively high xylobiose accumula-

tion (15.8–31.3 %) in the hydrolysate (Fig. 1a). The results

are consistent with the observation that CF-2612 cellulase

has little b-xylosidase activity (Table 1). To evaluate the

effect of hemicellulase supplementation, the hydrolysis of

DBM-RS was fixed at a cellulase loading of 5 FPU/g-sub-

strate (corresponding to 8.93 mg/g-DBM-RS): the glucose

and xylose yields were 77 and 38 %, respectively, and the

theoretical yield of xylose and xylobiose in the hydrolysate

was estimated as 67 % at this cellulase loading (Fig. 1a).

The addition of hemicellulase from KIF strains and

Optimash BG to CF-2612 cellulase improved the xylose

yield with a decrease in the xylobiose accumulation,

without a significant effect on the sugar yield in glucan

hydrolysis of DBM-RS (Fig. S1: see electronic supple-

mentary material). The theoretical xylose yield (67 %)

produced by a cellulase loading of 5 FPU/g-substrate was

achieved by a loading of 0.48, 0.83, 1.69, and 1.81 mg/g-

DBM-RS for KIF125, KIF109, Optimash BG, and KIF78

Table 1 Comparative analysis of lignocellulolytic enzyme activities in fungal and commercial crude enzymes

Enzyme sources b-Xylosidase Xylanase a-L-Arabinofuranosidase b-Glucosidase CMCase FPase Protein

(U/mg) (U/mg) (U/mg) (U/mg) (U/mg) (FPU/mg) (mg/mL)

KIF125a 2.04 ± 0.10 11.5 ± 1.4 0.67 ± 0.01 0.41 ± 0.00 3.01 ± 0.10 ND 1.49 ± 0.02

KIF125b 0.95 ± 0.02 22.5 ± 1.6 0.34 ± 0.01 0.51 ± 0.01 2.33 ± 0.05 ND 2.61 ± 0.05

KIF78a 0.27 ± 0.04 16.5 ± 0.4 0.09 ± 0.00 1.45 ± 0.03 1.99 ± 0.07 ND 2.67 ± 0.07

KIF109a 0.76 ± 0.04 34.9 ± 1.3 0.18 ± 0.01 1.58 ± 0.06 0.95 ± 0.05 ND 2.46 ± 0.05

Optimash BG 0.20 ± 0.01 125 ± 4 1.25 ± 0.04 0.55 ± 0.01 27.4 ± 0.7 ND 139 ± 2

CF-2612c 0.04 ± 0.00 21.9 ± 1.1 0.10 ± 0.01 1.51 ± 0.08 4.53 ± 0.28 0.56 ± 0.03 15.3 ± 0.9

Values are the average values of the results from three independent experiments. ND not determined
a Enzymes were prepared from a culture using 6 % (w/v) WDM-RS in Erlenmeyer flasks
b Enzymes were prepared from a culture using 2 % (w/v) WDM-RS in a laboratory fermentor
c Enzymes were prepared from a culture using 10 % (w/v) WDM-RS in a laboratory fermentor
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hemicellulases, respectively (Fig. 1b). These results indi-

cate that KIF125 hemicellulase was more effective in

reducing the total enzyme loading for the improvement of

xylose yield in combination with CF-2612 cellulase. In

contrast, the b-xylosidase activity of supplemented KIF125

enzyme, which was estimated as 0.98 U/g-DBM-RS, was

2.9-fold higher than that of Optimash BG. The b-xylosi-
dase loading required for CF-2612 cellulase may be

affected by the enzyme composition in the hemicellulases,

such as xylanase activity (Table 1). However, xylose yields

by hemicellulase addition were kept at approximately 70 %

(Fig. 1b). The glucose and theoretical xylose yields

increased to 85 and 78 %, respectively, when cellulase

loading increased to 20 FPU/g-substrate (Fig. 1a). These

results suggest that the amount of cellulolytic enzymes was

rate-limiting for further increase of glucose and xylose

yields.

Characterization of b-xylosidase from KIF125

To identify the major b-xylosidase in KIF125 enzyme, we

purified the enzyme from the culture supernatant prepared

using WDM-RS (Table 2). The apparent molecular weight

for b-xylosidase was estimated as 80.2 kDa on an SDS-

PAGE gel (Fig. 2). The gene encoding b-xylosidase was

identified by searching the T. asperellum CBS 433.97

genomic sequence on the Joint Genome Institute (JGI)

database (http://genome.jgi.doe.gov/Trias1/Trias1.home.

html) for the amino acid sequences RAPAGRLV and
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Fig. 1 Enzymatic hydrolysis of

DBM-RS by T. cellulolyticus

cellulase alone a and T.
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of-DBM-RS) supplemented

with hemicellulase b. The yields
of sugars released from the

hydrolysate were determined
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produced by T. cellulolyticus
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Table 2 Purification of b-
xylosidase from KIF125

Purification step Total activity Total protein Specific activity Purification fold Yield

(U) (mg) (U/mg) (%)

Culture supernatant 543 501 1.08 1.00 100

HiPrep desalting 444 402 1.10 1.02 81.8

HiTrap Q HP 239 38.2 6.26 5.80 44.0

Source 15Q 178 12.5 14.2 13.1 32.8

Source 15Phe 44.8 2.35 19.1 17.7 8.25

kDa

97

64

39

51

191

28

14

M 1 2 3 4 5 M

Fig. 2 SDS-PAGE analysis of b-xylosidase from KIF125. The b-
xylosidase fractions from all purification steps (Table 2) were

analyzed. Lanes: M, protein marker; 1, culture supernatant (20 lg);
2, HiPrep desalting fraction (20 lg); 3, HiTrap Q HP fraction (5 lg);
4, Source 15Q fraction (5 lg); 5, Source 15Phe fraction (5 lg)
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FXASQVLGAAHP, which were obtained from two inter-

nal peptide fragments. The identified gene was located on

scaffold_16:398760–401402 on the CBS 433.97 genome,

and the deduced 795 amino acid residues revealed

homology to a glycosyl hydrolase (GH) family 3 b-xy-
losidase with 95 % identity to Trichoderma atroviride

(XP_01340821) and 89 % identity to Trichoderma reesei

(XP_006964075). Based on these analyses, the purified

KIF125 enzyme was identified as GH3 b-xylosidase.
b-Xylosidase activity of the purified enzyme was opti-

mal at pH 4.0, and more than 90 % between pH 3.5 and 4.5

(data not shown). The enzyme retained greater than 90 %

of its original activity between pH 4.2 and 6.8 when

incubated at 25 �C for 24 h. The enzyme had a temperature

optimum of 60 �C and remained stable up to 60 �C at pH

5.0 for 30 min, but the activity was significantly reduced

during incubation at 70 �C. The substrate specificities of

the purified enzyme are summarized in Table 3. These

activities were measured at 45 �C and pH 5.0 in consid-

eration of the enzymatic hydrolysis conditions for ligno-

cellulose using T. cellulolyticus cellulase. T. asperellum b-
xylosidase showed high activities towards both PNP-X and

xylobiose. The apparent Km for PNP-X and xylobiose were

estimated as 0.10 and 0.14 mM, respectively. The kcat
values, which were calculated for the theoretical molecular

mass of 85 kDa of the mature enzyme, were 31.7 and

32.3 s-1, respectively. Similarly to other GH3 fungal b-
xylosidases, the enzyme hydrolyzed PNP-A. In contrast,

PNP-G was hydrolyzed only slightly, and no activity was

detected when cellobiose was used as substrate. The rela-

tive activity for xylotriose decreased to 46 % compared to

that for xylobiose, suggesting that the enzyme prefers

shorter xylo-oligosaccharide as substrates. The enzyme

also released xylose from birchwood xylan, although b-
xylosidases generally exhibit little or no activity against

polymeric xylans (Knob et al. 2010).

b-Xylosidase production of KIF125 using a bench-

scale fermentor

The applicability of KIF125 for industrial b-xylosidase
production on RS was evaluated using a bench-scale fer-

mentor. The composition of nitrogen sources and inorganic

salts in the medium was preliminarily examined based on

b-xylosidase production using 6 % RS in flasks, and the

optimal content of RS in the improved medium was

determined in the fermentor. The removal of yeast extract,

corn steep liquor, and tartrate salt in the screening medium

did not affect b-xylosidase production, whereas the addi-

tion of urea increased its production (data not shown). Urea

as nitrogen source had also been reported for the

improvement of b-xylosidase production from Aspergillus

awamori (Gottschalk et al. 2013). Medium (1 L) containing

20 g WDM-RS and 0.4 g urea was used for b-xylosidase
production using a fermentor as described in Materials and

Methods.

The fermentation course for ATP reflecting fungal

growth (Cochet et al. 1984; Fang et al. 2009), urea, protein

concentration, and b-xylosidase activity in the fermentor

culture are shown in Fig. 3. The ATP concentration sig-

nificantly increased and reached its maximum value at 48 h

together with the consumption of urea (Fig. 3a). The time-

dependent increase in protein concentration and b-xylosi-
dase activity showed a similar trend (Fig. 3b). These values

significantly increased between 24 and 42 h, and were

closely related to the increase in fungal growth (Fig. 3).

The enzyme activity in the culture hardly increased until

96 h. The production of KIF125 b-xylosidase in the fer-

mentor was estimated as 118 U/g-WDM-RS (2350 U/L

culture) at 48 h (Fig. 3b). In addition, a similar production

profile of xylanase was also observed in this culture (data

not shown). The addition of urea (0.2 g) at 48 h of fer-

mentation had no beneficial effect on further enzyme pro-

duction, although the ATP concentration was maintained at

around 15 lmol/L until 96 h (Fig. 3). These results indi-

cate that KIF125 produces hemicellulases only in the early

to middle stages of cell growth.

The enzymatic profile in the fermentor culture at 96 h is

shown in Table 1. Both the protein concentration and

xylanase specific activity were 1.8- and 2.0-fold higher,

respectively, than in the flask KIF125 culture. Although b-
xylosidase specific activity in the fermentor culture was

2.1-fold lower than that in the KIF125 flask culture, the

activity was still high compared to those of the other fungal

cultures and Optimash BG. In addition, the unit ratio of

xylanase to b-xylosidase (0.042) in the fermentor culture

was also higher than those in the other sources, suggesting

that the fermentor culture had similar properties as the flask

culture regarding the relatively high abundance of b-xy-
losidase in the xylanolytic enzyme system.

Table 3 Substrate specificity of purified b-xylosidase from KIF125

Substrate a Specific activity Relative activity

(U/mg) (%)

PNP-X 20.9 ± 0.52 93

PNP-A 4.90 ± 0.12 22

PNP-G 0.49 ± 0.01 2

Xylobiose 22.4 ± 0.54 100

Xylotriose 10.2 ± 0.28 46

Cellobiose 0 0

Birchwood xylan 6.52 ± 0.16 29

Values are the average values of the results in triplicate
a Enzyme assays were performed using 1 mM PNP-chromogenic

glycosides, 10 mM oligosaccharides, and 1 % (w/v) xylan at 45 �C
(pH 5.0)
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Discussion

In this study, we revealed that T. asperellum KIF125

selected from 132 fungal cultures prepared using WDM-RS

is a promising candidate for on-site hemicellulase pro-

duction, especially production of GH3 b-xylosidase that

possesses high substrate specificity for xylobiose. T.

asperellum, a mycoparasitic fungus isolated from soil,

plant roots and tissues, fungal biomass, and dead wood, is

an effective biocontrol agent against many soil-borne plant

pathogenic fungi (Liu et al. 2010; Marx et al. 2013), and

has attracted attention as isolates for on-site enzyme pro-

duction using lignocellulosic materials in recent years. For

example, cellulolytic enzymes, including high activities of

b-glucosidase, have been produced from oil palm empty

fruit bunch using T. asperellum UPM1 (Ibrahim et al.

2013). T. asperellum S4F8 cultured on sugarcane bagasse

has produced a wide range of lignocellulolytic enzymes

with significantly higher hemicellulase and b-glucosidase
activities, exceeding those of T. reesei (Marx et al. 2013).

T. asperellum T-1 has been used as the main fermentation

strain for cellulolytic enzyme production by a fungal con-

sortium using wheat straw in the medium (Lin et al. 2011).

Our results suggest that T. asperellum KIF124 is preferable

for production of hemicellulase rather than cellulase when

RS was used as carbon source.

KIF125 hemicellulase produced using RS was unique in

the high abundance of b-xylosidase in the xylanolytic

enzyme system compared to other fungal hemicellulase

preparations (Table 1). It should be noted that KIF125

hemicellulase was more effective as a supplement for the

b-xylosidase-deficient T. cellulolyticus CF-2612 cellulase

than the hemicellulases from other fungal sources. This

successful combination is due to high b-xylosidase domi-

nance in KIF125 hemicellulase. The ability of KIF125 b-
xylosidase to rapidly hydrolyze low molecular weight oli-

gomers should be effective in the prevention of xylobiose

accumulation in the enzymatic hydrolysis of pretreated

biomass. These results indicate that T. asperellum hemi-

cellulase would be useful as a supplemental enzyme for the

hydrolysis of lignocellulosic biomass. T. asperellum had

been reported to produce a high diversity of hemicellulases

in culture using sugarcane bagasse and wheat bran (Marx

et al. 2013; Bech et al. 2015 ). However, these unknown

hemicellulases in KIF125 combined with T. cellulolyticus

enzyme did not seem to be beneficial in the hydrolysis of

DBM-RS, This is probably due to appropriate xylanase and

accessory enzymes activities in T. cellulolyticus cellulase

system produced using RS (Hideno et al. 2011).

Marx et al. (2013) have reported two putative b-xy-
losidases (GH3 and GH43) in a secretome analysis of T.

asperellum S4F8 cultured on sugarcane bagasse. The major

b-xylosidase purified from KIF125 was consistent with the

GH3 protein in a secretome analysis of S4F8, suggesting

that this enzyme plays an important role in the hydrolysis

of lignocellulosic biomass by T. asperellum. The pH and

temperature properties of KIF125 b-xylosidase were close

to those reported for T. reesei b-xylosidase (Poutanen and

Puls 1988; Semenova et al. 2009). The significant exo-b-
xylanase activity of KIF125 b-xylosidase may be charac-

teristic of Trichoderma b-xylosidase (Margolles-Clark

et al. 1996; Herrmann et al. 1997).

The production of fungal b-xylosidase has been exam-

ined under various conditions including solid-state and

submerged fermentation techniques (Table 4). The KIF125

fermentor culture at 48 h seemed to produce a higher

activity of b-xylosidase in comparison to Aspergillus cul-

tures in submerged fermentation (Chipeta et al. 2008;

Michelin et al. 2012; Gottschalk et al. 2013). On the other

hand, b-xylosidase production of A. aculeatas and Col-

letotrichum graminicola under solid-state fermentation

were similar to that of KIF125 (Zimbardi et al. 2013;

Suwannarangsee et al. 2014). Higher production levels

were observed for Aspergillus tamarii and A. niger under
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solid-state fermentation (Ferreira et al. 1999; Kang et al.

2004). These comparisons suggest that the b-xylosidase
production of KIF125 is comparable to those of other

promising hemicellulase producers. It should be noted that

KIF125 produced hemicellulases in the early to middle

stages of cell growth that ATP concentration increased.

These observations are in contrast to our previous results of

cellulase production using T. cellulolyticus: its enzyme

production continuously increased after ATP concentration

decreased (Fang et al. 2009; Hideno et al. 2011). The rapid

cellulase secretion of T. asperellum has also been observed

in solid-state fermentation and flask cultures using wheat

bran and wheat straw, respectively (Raghuwanshi et al.

2014; Wang et al. 2015). The relatively shorter fermenta-

tion time for T. asperellum enzyme production would give

an advantage in the industrial process using KIF125 as a

new on-site hemicellulase source.
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