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Characterization and application of recombinant β-glucosidase (BglH) from 
Bacillus licheniformis KCTC 1918

Abstract β-Glucosidase (β-1,4-d-glucoside glucohydrolase: 
EC.3.2.1.21) catalyzes the hydrolysis of β-glucosidic bonds 
between saccharides and aryl or alkyl groups. A gene encod-
ing β-glucosidase from Bacillus licheniformis KCTC 1918, 
an anaerobic spore-forming soil bacterium, was cloned and 
characterized. The structural gene for the β-glucosidase 
consists of 1410 bp encoding 469 amino acid residues, and 
has a molecular weight of 53.4 kDa as estimated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis with 
12% separating gel. The enzyme activity was determined 
against pNPG as a substrate. The enzyme was optimally 
active at pH 6.0 (citrate–phosphate buffer) and 47°C. β-
Glucosidase retained 100% of its original activity for 24 h. 
The activity of the enzyme was stimulated by glycerol and 
urea and was decreased by Ca2+, Cu2+, Hg2+, Mg2+, and Mn2+. 
In particular, Cu2+ had the strongest negative effect on β-
glucosidase activity. The purifi ed β-glucosidase was active 
against pNPG and cellobiose. When the β-glucosidase was 
tested for cellulose hydrolysis, the supplement of β-glucosi-
dase with cellulose increased the glucose yield from pine 
wood powder by 139.8%.
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Introduction 

β-Glucosidases are hydrolytic enzymes that hydrolyze β-
glucosidic linkages such as alkyl-β-glucosides or aryl-β-
glucosides, as well as diglucosides and oligosaccharides. For 
most enzymatic hydrolysis processes, β-1-4-endoglucanase 
randomly hydrolyzes amorphous regions and β-1-4-
exoglucanase hydrolyzes the ends of crystalline cellulose to 
produce cellobiose, which is hydrolyzed to glucose by β-
glucosidase.1–5 Therefore, β-glucosidase is considered a 
component of cellulolytic process, despite lacking direct 
action on cellulose.6 Furthermore, β-glucosidase regulates 
the enzymatic hydrolysis of cellobiose, and is often inhibi-
tory to endoglucanase and exoglucanase activities.7,8 As a 
result, β-glucosidase is also necessary for rapid and effi cient 
cellulose degradation.

On the basis of substrate specifi city, β-glucosidases can 
be classifi ed into three groups; (1) aryl-β-glucosidases, 
which have affi nity for aryl-β-glucosidases; (2) the cellobia-
ses, which hydrolyze only oligosaccharides; and (3) those 
hydrolyzing both aryl-β-glucosides and oligosaccharides.9 
On the basis of amino acid similarities, β-glucosidases 
can be further divided into three families.10–12 Family 1 (β-
glucosidases and phospho-β-glucosidases) and family 9 (β-
glucosidases) were purifi ed from bacteria, plant, and 
mammals, while family 3 β-glucosidases were purifi ed from 
yeast, molds, and rumen bacteria.13 The β-glucosidase gene 
(BglH) of Bacillus licheniformis was sequenced. The 
deduced amino acid sequence resembles that of the family 
1 glycosyl hydrolases. Various strains of Bacillus species 
such as Bacillus circulans,9 Bacillus polymyxa,14 and Bacillus 
subtilis15,16 are known to synthesize β-glucosidase. However, 
BglH has high thermostability when compared with other 
Bgl of Bacillus strain, and may be suitable for industrial 
application. The present report describes the characteriza-
tion of BglH and testing of its potential application.
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Materials and methods

Gene cloning

Bacillus licheniformis (KCTC1918) was obtained from the 
Korea Research Institute of Bioscience and Biotechnology 
and was maintained on brain heart infusion (BHI) agar. 
Total genomic DNA was isolated as described in 
previous methodology using lysozyme and proteinase K.17 
β-Glucosidase gene encoding mature protein was amplifi ed 
from total genomic DNA by using primer 1 (CTG CAG 
ATG ACT GAA CAA ACG AAA AAG) with Pst I rec-
ognition site, and primer 2 (CTC GAG TCA CAA ACT 
CTC GCC ATT CG) with Xho I recognition site. The con-
ditions for polymerase chain reaction (PCR) consisted of 30 
cycles of denaturation at 94°C for 5 min, annealing at 52°C 
for 1 min, and extension at 72°C for 5 min. The resulting 
PCR product was separated by electrophoresis on 0.7% 
(w/v) agarose gel and recovered. The recovered structural 
gene was ligated in previously Xcm-digested pBSK vector.

Enzyme purifi cation

Recombinant Escherichia coli cells were cultivated by using 
a rotary platform at 37°C in LB broth medium (400 ml). 
Cultivation was continued overnight, after which E. coli 
cells were harvested by centrifugation (3500 g, 20 min, 4°C) 
and suspended in lysis buffer. The cells were sonicated and 
any debris removed by centrifugation (3500 g, 20 min, 4°C). 
Purifi cation was accomplished by binding the crude 
extracted cell lysate with Ni-NTA agarose slurry. The resin 
was packed into a column and subsequently subjected to 
washing and elution. For the fi nal purifi cation step, the 
active fractions were concentrated by ultrafi ltration (Amicon 
Ultra-15) with centrifugation (3500 g, 40 min, 4°C). The 
fractions with β-glucosidase activity eluted as a single 
protein peak and the purity of the enzyme was assessed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE).

Enzyme assay

β-Glucosidase activity was determined by measuring p-
nitrophenol release from the pNPG.18 The specifi c activity 
was obtained with pNPG as substrate at 47°C. The enzyme 
mixture containing 100 mM pNPG in citrate–phosphate 
buffer (pH 6.0) was incubated with enzyme for 90 min in a 
total volume of 1 ml. The reaction was stopped by the addi-
tion of 1 ml of 1 M Na2CO3 (pH 12), while the amount of 
p-nitrophenol release was determined by measuring the 
absorbance at 405 nm. One unit of β-glucosidase was defi ned 
as the amount of enzyme required to release 1 μmol of p-
nitrophenol per minute under the assay conditions described 
above.

Characterization of β-glucosidase

SDS-PAGE

SDS-PAGE used 12% separating gels and 5% stacking gels. 
The samples to be analyzed were treated with sample buffer 
and boiled for 5 min before application to the gel. Prestained 
protein marker (New England Biolabs, UK) were used to 
determine the subunit molecular weight of the enzyme. 
After electrophoresis, proteins were stained with Coo-
massie brilliant blue R 250.

Effect of pH and temperature stability

The optimum temperature for the enzyme was obtained by 
determining activity on pNPG between 32°C and 52°C. The 
optimum pH was determined by measuring activity between 
pH 4.0 and 8.0 using citrate–phosphate buffer at 47°C. 
Thermostability was measured by preincubating the enzyme 
in citrate–phosphate buffer at pH 6.0 for 0–48 h, while 
residual activity was measured with pNPG. The citrate–
phosphate buffer was prepared by adjusting pH at room 
temperature.

Effect of metal and reagent

The effects of different metal ions and reagents at 1 mM on 
the purifi ed β-glucosidase were tested by preincubating 
with Ca2+, Cu2+, Hg2+, Mg2+, Mn2+, glycerol, and urea in pH 
6.0 citrate–phosphate buffer at 47°C for 90 min. The resid-
ual activity was measured using 100 mM pNPG, using the 
same method used for the enzyme assay. The activity 
assayed in the absence of metal ions or reagents was 
recorded as 0%.

Substrate specifi city

To analyze β-glucosidase substrate specifi city, several β-
glucosides, saccharides, and arylglycosides were tested with 
purifi ed enzyme. The p-nitrophenol release was determined 
under standard enzyme assay conditions.18 The end-product 
saccharides were measured by high-performance liquid 
chromatography (HPLC) with refractive index detection 
(2414, Waters, USA). Aliquots of the enzyme-treated mix-
tures (50 μl) were loaded onto a Rezex RPM column (4.6 × 
300 mm; Phenomenex, USA) and eluted with deionized 
water at a fl ow rate of 0.6 ml/min.

Assay of the mode of cellulose hydrolysis

Enzymatic hydrolysis of wood powder (pine wood, 40–60 
mesh) was performed as described previously.19 Cellulase 
(Sigma, from Aspergillus niger) and β-glucosidase were 
tested together for additive activity on wood powder. The 
mode of degradation of the cellulase was examined by 
observing the released reducing sugars from the hydrolysis 
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of wood powder. To observe enzymatic hydrolysis of wood 
powder, cellulase was mixed with β-glucosidase. The 
released sugars from cellulose were analyzed by HPLC 
(described above).

Results

Gene cloning

The amino acid sequences were identifi ed for β-glucosidase 
Bacillus licheniformis and other β-glucosidases from Bacil-
lus strain with the NCBI database. The amino acids of β-
glucosidase (B. licheniformis) showed 87%, 78%, 67%, and 
32% homology with the β-glucosidases from Bacillus subti-
lis str. 168, Bacillus circulans subsp. alkalophilus, Bacillus 
cereus E33L, and Bacillus pumilus, respectively (Fig. 1). 

The PCR product of β-glucosidase from B. licheniformis 
had 1410 bp as shown in Fig. 2a.

Protein purifi cation of β-glucosidase (BglH)

The genomic sequence of B. licheniformis was assembled 
to design primers for subcloning. Its bglH gene was trans-
ferred into the pRSETA overexpression vector (Invitrogen, 
USA). The vector was used to transform Escherichia coli 
BL21. The enzyme was purifi ed by using affi nity chroma-
tography. To trap the His-tagged protein, Ni-NTA agarose 
slurry was added to the crude extract and the resin was 
packed into a column. The enzyme was then eluted with 
elution buffer. The purity and molecular weight of the 
enzyme were evaluated by SDS-PAGE as shown in Fig. 2b. 
The molecular weight of the single protein band was 
53.4 kDa.

Fig. 1. Homology in amino acid sequences of β-glucosidases from 
Bacillus licheniformis, Bacillus subtilis 168, Bacillus pumilus, Bacillus 
cereus E33L, and Bacillus circulan. BL, B. licheniformis; BS, B. subtilis 

168; BP, B. pumilus; BCE, B. cereus E33L; BC, B. circulan. Shaded 
regions represent regions of conserved residue
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Effect of pH and temperature on β-glucosidase activity

The effects of pH and temperature on β-glucosidase were 
determined over ranges in pH and temperature in citrate–
phosphate buffer. Within the tested region of 32°C to 52°C 
in citrate–phosphate buffer, the optimal activity of the 
enzyme was observed at 47°C. The optimal pH was pH 6.0 
in the same buffer (Fig. 3a). The enzyme activity increased 
with temperature and peaked at 47°C, and the temperature 
optimum at pH 6.0 was also 47°C (Fig. 3b). Above 52°C and 
below than 32°C, the enzyme showed less than 50% of its 
optimal activity. Under optimal conditions, the enzyme 
retained 100% of its original activity for 24 h, and retained 
53.8% activity after 96 h (Fig. 3c).

Effect of metal ions and chemical reagents on 
β-glucosidase

β-Glucosidase was tested in the presence of different metal 
ions and compounds, as shown in Fig. 4. Urea and glycerol 
positively infl uenced the activity of β-glucosidase. However, 
enzyme activity was decreased by divalent metal ions such 
as Mg2+, Mn2+, Hg2+, and Ca2+. In particular, the enzyme 
activity was strongly decreased by Cu2+ by as much as 
97.6%.

Substrate specifi city

The substrate specifi city was measured using arylglycosides 
and saccharides. For arylglycosides, oNPG and pNPGal 
were hydrolyzed at 13% and 8.5% of the level of hydrolysis 
of pNPG, respectively. However, the enzyme showed no 
activity against β-xyloside. For the saccharides, cellooligo-
saccharides were hydrolyzed by BglH, although the enzyme 
showed no activity against laminarin, lichenan, Avicel, and 
carboxymethyl cellulose (Table 1).

Fig. 2a, b. β-Glucosidase DNA and protein size of B. licheniformis. a 
DNA electrophoresis of β-glucosidase. Lane 1, DNA size marker; lane 
2, cloned DNA (1410 bp). b Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis of a purifi ed β-glucosidase fraction. Lane 1, protein 
marker; lane 2, negative Control (BL21); lane 3, crude extracted β-glu-
cosidase; lane 4, purifi ed β-glucosidase (53.4 kDa)

Fig. 3a–c. Effects of a pH, b temperature, and c treatment time on β-
glucosidase activity. The buffer used was citrate–phosphate buffer. The 
values shown represent averages from triplicate experiments

Supplementation effect of β-glucosidase on 
cellulose hydrolysis

The activity of the cellulase preparation on pine wood 
powder was determined, together with β-glucosidase activ-
ity. Supplementation of cellulase with β-glucosidase resulted 
in signifi cant improvement in wood powder hydrolysis, as 
determined by HPLC (Fig. 5). Wood powder hydrolyzed 
with cellulase only gave cellobiose, glucose, and xylose as 
the main end products. After β-glucosidase was added to 
the enzyme cocktail, the yields of glucose and xylose 
increased by 139.8% and 126.1%, respectively. This reac-
tion of β-glucosidase is important for effective cellulose 
hydrolysis, because cellobiose is a strong inhibitor of endo-
cellulase activity.
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Discussion

Many cellulolytic enzymes have been isolated and charac-
terized from bacteria or fungus. However, our knowledge 
of cellulase and hemicellulase from Bacillus licheniformis is 
still in the developmental stage. In other studies, Archana 
and Satyanarayana20 reported the production of xylanase, 
while Abel et al.21 elucidated the crystal structure of 1,3-1,4-
β-glucanase. In this study, β-glucosidase was purifi ed and 

characterized in detail. Enzyme characterization revealed a 
molecular weight of 53.4 kDa and an optimal pH of 6.0. As 
hydrolysis substrates, BglH showed activity against celloo-
ligosaccharides and arylglycosides such as oNPG, pNPGal, 
and pNPG, but showed no activity against laminarin and 
lichenan. On the basis of this result, BglH belongs to both 
the aryl-β-glucosidase and cellobiase, but did not reveal 
properties of 1,3-β-glucosidase (EC3.2.1.58).22 In particular, 
we focused on the optimal temperature and the enzyme 
half-life. The optimal pH and temperature were pH 6.0 and 
47°C with a half-life of 96 h. According to previous reports, 
half-lives of Bacillus β-glucosidases are all shorter. About 
80% of the activity of β-glucosidases from Bacillus circulans 
and Bacillus subtilis remained after incubating the enzyme 
at its optimal temperature for 15 min and 2 h, respectively.9,15 
Among the Bacillus β-glucosidases, the unique property of 
BglH of B. licheniformis is its long half-life. Enzyme inhibi-
tion by metal cations usually suggest the presence of at least 
one sulfhydryl group, such as that of cysteine, in the active 
site, where oxidation by the cations destabilizes the confor-
mational folding of the enzyme23,24 or leads to the formation 
of disulfi de bonds at an irregular position on the protein.25 
The inhibitory effect of Cu2+ metal ion on β-glucosidase 
activity is a common feature.26,27 Similar effects were also 
observed in β-glucosidases purifi ed from Bacillus strains.28,29 
However, in a study of β-glucosidase from Neurospora 
crassa, the presence of Cu2+ promoted enzyme activity by 
168%–213%.30

This study examined the ability of a mixture cellulase 
and purifi ed β-glucosidase to hydrolyze cellulose. The 
ability of cellulase to hydrolyze cellulose was signifi cantly 
increased with β-glucosidase. β-Glucosidase improved cel-
lulose hydrolysis by reducing end-product inhibition by cel-
lobiose. It appears that the level of endogenous β-glucosidase 
is an important factor in determining the ability of a cellu-
lase to hydrolyze cellulose materials.31,32 This thermostable 
β-glucosidase with a half-life of 96 h is a suitable and unique 
candidate for bioconversion of cellulosic materials on an 

Fig. 4. Effects of metal cations, glycerol, and urea on the activity of 
purifi ed β-glucosidase from B. licheniformis (activities expressed rela-
tive to the original activity). The values shown represent averages from 
triplicate experiments

Table 1. Substrate specifi city of purifi ed β-glucosidase from Bacillus 
licheniformis

Substrate Relative initial rate of 
hydrolysis (%)a

Arylglycosidesb

 p-Nitrophenyl-β-d-glucopyranoside 100.0
 o-Nitrophenyl-β-d-galactopyranoside 13.0
 p-Nitrophenyl-β-d-galactopyranoside 8.5
 p-Nitrophenyl-β-d-xylopyranoside 0.0
Saccharidesc

 Cellobiose 100.0
 Cellotriose 140.6
 Cellotetraose 150.0
 Cellopentaose 137.5
 Lichenan 0.0
 Laminarin 0.0
 Avicel 0.0
 Carboxymethyl cellulose 0.0
a Activities against arylglycosides and saccharides were determined by 
measuring the release of p-nitrophenol and o-nitrophenol, and glucose, 
respectively. The relative initial rate of hydrolysis of arylglycoside 
and saccharide are expressed as a percentage of that obtained for p-
nitrophenyl-β-d-glucopyranoside and cellobiose. Values shown repre-
sent averages from triplicate experiments with each substrate
b Substrate concentration: 5 mM
c Substrate concentration: 0.05%

Fig. 5. Hydrolysis of pine wood powder by cellulase with and without 
β-glucosidase. Cel, cellulase; β-G, β-glucosidase
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industrial scale. Further analysis of β-glucosidase with other 
endocellulases might provide a new solution toward better 
cellulose hydrolysis. Also previously, when the enzyme 
cocktail treated glycosides, lignans fragments were sepa-
rated from the substrates as the reason.33 This is the fi rst 
report to date to describe the purifi cation and characteriza-
tion of β-glucosidase from B. licheniformis.

Acknowledgments This work was supported by a grant 
(20070301034013) from the BioGreen 21 Program, Rural Develop-
ment Administration, Republic of Korea. ISC and SRJ are grateful for 
the BK21 program provided by the Ministry of Education.

References

 1. Caralho AFAC, Gonçalves AZ, da Silva R, Gomes E (2006) A 
specifi c short dextrin-hydrolyzing extracellular glucosidase from 
the thermophilic fungus Thermoascus aurantiacus 179-5. J Micro-
biol 44:276–283

 2. Goyal K, Selvakumar P, Hayashi K (2001) Characterization of a 
thermostable β-glucosidase (BglB) from Thermotoga maritima 
showing transglycosylation activity. J Mol Catal B 15:45–53

 3. Kim SJ, Lee CM, Kim MY, Yeo YS, Yoon SH, Kang HC, Koo 
BS (2007) Screening and characterization of an enzyme with β-
glucosidase activity from environmental DNA. J Microbiol 
Biotechnol 17:905–912

 4. Park JN, Kim HO, Shin DJ, Kim HJ, Lee HB, Chun SB, Bai S 
(2001) Cloning of a Paenibacillus sp. endo-β-1,4-glucanase gene 
and its coexpression with the Endomyces fi buliger β-glucosidase 
gene in Saccharomyces cerevisiae. J Microbiol Biotechnol 11:
685–692

 5. Yoshida M, Igarashi K, Kawai R, Aida K, Samejima M (2004) 
Differential transcription of β-glucosidase and cellobiose dehydro-
genase genes in cellulose degradation by the basidiomycete Pha-
nerochaete chrysosporium. FEMS Microbiol Lett 235:177–182

 6. Maheshwari R, Bharadwaj G, Mahalingeshwara KB (2000) Ther-
mophilic fungi: their physiology and enzymes. Microbiol Mol Biol 
Rev 64:461–488

 7. Bhat MK, Bhat S (1997) Cellulose degradation enzymes and their 
potential industrial applications. Biotechnol Adv 15:583–620

 8. Harhangi HR, Steenbakkers P, Akhmanova AS, Jetten MSM, van 
der Drift C, Op den Camp HJM (2002) A highly expressed family 
1 β-glucosidase with transglycosylation capacity from the anaero-
bic fungus Piromyces sp. E2. Biochim Biophys Acta Gene Struct 
Expr 1574:293–303

 9. Paavilainen S, Hellman J, Korpela T (1993) Purifi cation, charac-
terization, gene cloning, and sequencing of a new β-glucosidase 
from Bacillus circulans subsp. alkalophilus. Appl Environ Microb 
59:927–932

10. Henrissat B (1991) A classifi cation of glycosyl hydrolases based on 
amino acid sequence similarities. Biochem J 280:309–316

11. Henrissat B, Davies G (1997) Structural and sequence based clas-
sifi cation of glycoside hydrolases. Curr Opin Struct Biol 7:637–
644

12. Holm L, Sander C (1994) Structural similarity of plant chitinase 
and lysozymes from animals and phage. FEBS Lett 340:129–
132

13. Singh A, Hayashi K (1995) Construction of chimeric β-glucosi-
dases with improved enzymatic properties. J Biol Chem 270:
21928–21933

14. Painbeni E, Valles S, Polaina J, Flors A (1992) Purifi cation and 
characterization of a Bacillus polymyxa β-glucosidase expressed in 
Escherichia coli. J Bacteriol 174:3087–3091

15. Kuo LC, Lee KT (2008) Cloning, expression, and characterization 
of two β-glucosidases from isofl avone glycosidase-hydrolyzing 
Bacillus subtilis natto. J Agr Food Chem 56:119–125

16. Tobisch S, Glaser P, Kruger S, Hecker M (1997) Identifi cation and 
characterization of a new β-glucoside utilization system in Bacillus 
subtilis. J Bacteriol 179:496–506

17. Bollet C, Gevaudan MJ, Lamballerie X, Zandotti C, Micco P 
(1991) A simple method for the isolation of chromosomal DNA 
from gram positive or acid-fast bacteria. Nucleic Acids Res 19:
1955

18. Kwon KS, Kang HG, Hah YC (1992) Purifi cation and characteriza-
tion of two extracellular β-glucosidases from Aspergillus nidulans. 
FEMS Microbiol Lett 97:149–154

19. Bae HJ, Turcotte G, Chamberland H, Karita S, Vezina LP (2003) 
A comparative study between an endoglucanase IV and its fused 
protein complex Cel5-CBM6, FEMS Microbiol Lett 227:175–
181

20. Archana A, Satyanarayana T (2003) Purifi cation and characteri-
zation of a cellulase-free xylanase of a moderate thermophile 
Bacillus licheniformis A99. World J Microb Biotechnol 19:53–
57

21. Abel M, Iversen K, Planas A, Christensen U (2003) Pre-
steady-state kinetics of Bacillus licheniformis 1,3-1,4-β-glucanase: 
evidence for a regulatory binding state. Biochem J 371:997–
1003

22. Igarashi K, Tani T, Kawaki R, Samegima M (2003) Family 3 β-
glucosidase from cellulose-degrading culture of the white-rot 
fungus Phanerochaete chrysosporium is a glucan 1,3-β-glucosidase. 
J Biosci Bioeng 95:572–576

23. Karnchanatat A, Petsom A, Sanvanich P, Piaphukiew J, Whalley 
AJ, Reynolds CD, Sihanonth P (2007) Purifi cation and biochemi-
cal characterization of an extracellular β-glucosidase from the 
wood-decaying fungus Daldinia eschscholzii (Ehrenb.:Fr.) Rehm. 
FEMS Microbiol Lett 270:162–170

24. Rouvinen J, Bergfors T, Teeri T, Knowles J, Jone T (1990) Three-
dimensional structure of cellobiohydrolase II from Tricoderma 
reesei. Science 249:380–386

25. Ohmiya Y, Takeda T, Nakamura S, Sakai F, Hayashi T (1995) 
Purifi cation and properties of a wall-bound endo-1,4-β-glucanase 
from suspension-cultured poplar cells. Plant Cell Physiol 36:
607–614

26. Gueguen Y, Chemardin P, Arnaud A, Galzy P (1995) Purifi cation 
and characterization of an intracellular β-glucosidase from Botrytis 
cinerea. Enzyme Microb Tech 17:900–906

27. Riou C, Salmon J, Vallier M, Günata Z, Barre P (1998) Purifi ca-
tion, characterization, and substrate specifi city of a novel highly 
glucose tolerant β-glucosidase from Asperillus oryzae. Appl 
Environ Microb 64:3607–3614

28. Eric P, Salvador V, Julio P, Agusti F (1992) Purifi cation and char-
acterization of a Bacillus polymyxa β-glucosidase expressed in 
Escherichia coli. J Bacteriol 174:3087–3091

29. Mawadza C, Kaul R, Zvauya R, Mattiasson B (2000) Purifi cation 
and characterization of cellulase produced by two Bacillus strains. 
J Biotechnol 83:177–187

30. Yazdi MT, Khosravi AA, Nemati M, Motlagh DV (2003) Purifi ca-
tion and characterization of two intracellular β-glucosidases from 
the Neurospora crassa mutant cell-1. World J Microb Biotechnol 
19:79–84

31. Berlin A, Gilkes N, Kilburn D, Bura R, Markov A, Skomarovsky 
A, Okunev O, Gusakov A, Maximenko V, Gregg D, Sinitsyn A, 
Saddler J (2005) Evaluation of novel fungal cellulase preparations 
for ability to hydrolyze softwood substrates – evidence for the role 
of accessory enzymes. Enzyme Microb Tech 37:175–184

32. Berlin A, Maximenko A, Gilkes N, Saddler J (2007) Optimization 
of enzyme complexes for lignocelluloses hydrolysis. Biotechnol 
Bioeng 97:287–296

33. Rahman MD, Katayama T, Suzuki T, Yoshihara Y, Nakagawa T 
(2007) Stereochemistry and biosynthesis of (+)-lyoniresinol, a 
syringyl tetrahydronaphthalene lignin in Lyonia ovalifolia var. 
elliptica II: feeding experiments with 14C labeled precursors. 
J Wood Sci 53:114–120



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


