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Termites are well-known cellulose decomposers and can give researchers insights into how to utilize lignocellulosic biomass in
the actual scenario of energy consumption. In this work, an endogenous �-glucosidase from the midgut of the higher termite
Nasutitermes takasagoensis was purified to homogeneity by Ni2� affinity chromatography and its properties were characterized.
This �-glucosidase (G1mgNtBG1), which belongs to glycoside hydrolase family 1, is a homotrimer in its native form, with a mo-
lecular mass of 169.5 kDa, as demonstrated by gel filtration chromatography. The enzyme displayed maximum activity at pH 5.5
and had broad substrate specificities toward several saccharides, including cellobiose. G1mgNtBG1 showed a relatively high
temperature optimum of 65°C and one of the highest levels of glucose tolerance among several �-glucosidases already character-
ized, with a Ki of 600 mM glucose. To examine the applicability of G1mgNtBG1 in biomass conversion, we compared the ther-
mostability and glucose tolerance of G1mgNtBG1 with those of Novozym 188. We found that G1mgNtBG1 was more thermo-
stable after 5 h of incubation at 60°C and more resistant to glucose inhibition than Novozym 188. Furthermore, our result
suggests that G1mgNtBG1 acts synergistically with Celluclast 1.5 L in releasing reducing sugars from Avicel. Thus, G1mgNtBG1
seems to be a potential candidate for use as a supplement in the hydrolysis of biomass.

Worries regarding the current crisis of climate change and the
depletion of fossil fuels make the use of bioethanol an at-

tractive option for both combating global warming and reducing
dependence on fossil fuels. Bioethanol from lignocellulosic bio-
mass does not compete with food production, since available ma-
terials come from plentiful and inexpensive agricultural wastes
and wood (1). Cellulose, which is a homopolysaccharide com-
posed of �-D-glucopyranose units, accounts for around 40 to 50%
by weight of plant biomass and is a potential feedstock for biomass
conversion. The approach for bioethanol production involves the
conversion of lignocellulosic biomass to sugars using complex en-
zyme cocktails and finally the fermentation of those sugars to eth-
anol by yeast or bacteria. Enzymatic hydrolysis of cellulose re-
quires the synergistic action of cellulases, such as endoglucanase
(EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91), and �-glucosidase
(EC 3.2.1.21) (2). Among cellulases, �-glucosidase is essential for
the final step of cellulose saccharification because it reduces the
inhibition of endoglucanase and cellobiohydrolase through hy-
drolysis of cellobiose and cello-oligosaccharides (5, 18). However,
�-glucosidases themselves are also subject to product inhibition
by glucose. Thus, the identification and production of �-glucosi-
dases insensitive to or stimulated by glucose are of special interest
in biomass conversion (22, 32, 36).

Termites are well known as efficient cellulose decomposers; 74
to 99% of the cellulose ingested is hydrolyzed (23). The common
wisdom is that termites feed on wood only with the aid of symbi-
otic protists in their hindguts. However, termites have evolved
their own system to degrade cellulose, independently of whether
or not they maintain a relationship with symbiotic protists (34).
To date, only a few endogenous cellulases of termite origin have
been biochemically characterized (13, 25, 27, 32, 37). The proper-
ties of endogenous �-glucosidases from three termite species,
Macrotermes muelleri (25), Neotermes koshunensis (20, 29, 32), and

Reticulitermes flavipes (27), have been characterized. Regarding
the wood-feeding higher termite Nasutitermes takasagoensis, only
the site of expression of endogenous �-glucosidases has been re-
ported (28, 30). However, detailed analysis of �-glucosidases from
N. takasagoensis has not been performed.

Here we report the heterologous expression in Pichia pastoris
of an endogenous �-glucosidase from the midgut of N. takasa-
goensis, here called G1mgNtBG1, which belongs to glycoside hy-
drolase family 1 (refer to the CAZy database at http://www.cazy
.org/). We also characterized the recombinant protein and
compared it with the most common commercial �-glucosidase
preparation from Aspergillus niger, Novozym 188 (3, 9, 11). The
effect of the addition of G1mgNtBG1 or Novozym 188 to Cellu-
clast 1.5 L, a commercial cellulase preparation from Trichoderma
reesei, on the degradation of Avicel was studied. This work might
introduce an alternative and effective enzyme that can be used as a
supplement in biomass processing.

MATERIALS AND METHODS
Microorganisms. N. takasagoensis cDNA was used as the donor of the
target gene for �-glucosidase (GenBank accession no. AB508958). P. pas-
toris KM71 (his4 aox1::ARG4; Invitrogen) was used as the host for the
expression of G1mgNtBG1, and Escherichia coli DH5� was used in all
other DNA manipulations.
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Cloning, heterologous expression in P. pastoris, and purification of
G1mgNtBG1. G1mgNtBG1 was expressed using the plasmid pBGP3 (31).
The mature region of mgntbg1 was amplified by PCR with the MunI site
(underlined in the primer sequence presented) added at the 5= ends of the
forward and reverse primers used (forward, 5=-CAATTGCAAAATAACA
CTACGTTTCCAG-3=; reverse, 5=-CAATTGTTAATCTAAGAAGCGGT
CTG-3=). The amplified DNA fragment was phosphorylated and inserted
into the EcoRV site of pBluescript II SK(�), resulting in the construction
of pBS-mgNtBG1. After subcloning, this fragment was isolated by diges-
tion with MunI and ligated to EcoRI-digested, dephosphorylated pBGP3,
resulting in the generation of pBGP3-mgNtBG1. Transformation of P.
pastoris was done by electroporation according to the standard method
(8). For collection of the culture supernatant of the P. pastoris transfor-
mant strain, we used the method previously described (31). Purification
was performed by using the Ni2�-nitrilotriacetic acid (NTA) purification
system according to the instructions given by the manufacturer (Qiagen).

Enzyme assays and protein determination. �-Glucosidase activity
was routinely assayed with 10 �M p-nitrophenyl-�-D-glucopyranoside
(pNPG; Sigma, St. Louis, MO) as the substrate as previously described
(32). For substrate specificity analyses, 10 mM p-nitrophenyl-�-D-fuco-
pyranoside (pNPFuc), p-nitrophenyl-�-D-lactopyranoside (pNPLac),
and p-nitrophenyl-�-D-galactopyranoside (pNPGal) were assayed under
the same conditions as pNPG. The release of p-nitrophenol (pNP) was
measured at A410. G1mgNtBG1 activity was also determined by the release
of glucose from natural substrates using glucose oxidase-mutarotase re-
agent (Glucose CII Test Wako; Wako Pure Chemical Co., Tokyo, Japan)
according to a previously described method (29). The substrates used
were 2% (wt/vol) laminaribiose, 2% laminarin, 2% gentiobiose, 2% so-
phorose, 2% salicin, 2% lactose, 1% carboxymethyl cellulose (CMC), 1%
Avicel, 30 mM cellobiose, 30 mM cellotriose, 30 mM cellotetraose, 30 mM
cellopentaose, and 30 mM cellohexaose. Each substrate was dissolved in
50 mM sodium acetate buffer (pH 5.5) and incubated with the enzyme.
The release of glucose was measured at A505. In all analyses, 1 U was
defined as the amount of enzyme that releases 1 �mol of product per min
under the conditions used. Cellulase activity was determined according to
the method previously described (12), and reducing sugars were mea-
sured at A540 by 3,5-dinitrosalicylic acid (DNS) assay (19). The protein
concentration was measured at A595 by using the Bio-Rad protein assay
(Bio-Rad) based on the Bradford method (6) and with bovine serum
albumin (TaKaRa, Tokyo, Japan) as the standard. Specific activity was
expressed in units per milligram of protein. Celluclast 1.5 L (cellulases)
and Novozym 188 (�-glucosidase) produced by T. reesei and A. niger,
respectively, were purchased from Sigma.

G1mgNtBG1 properties. (i) Sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE). For SDS-PAGE analyses, proteins
were separated on a 10% polyacrylamide gel and detected by Western blot
assay using specific antibodies or stained with Coomassie brilliant blue
(CBB). In the Western blot assay, anti-c-Myc mouse monoclonal anti-
body (1:1,000 dilution; Clontech) and a peroxidase-labeled anti-mouse
IgG antibody (1:500 dilution; Vector) were used as the primary and sec-
ond antibodies, respectively. Proteins were detected through a lumines-
cent image analyzer (LAS-4000miniEPUV; Fujifilm, Tokyo, Japan) using
enhanced chemiluminescence detection reagents (Pierce).

(ii) Protein deglycosylation. Protein deglycosylation analysis was
done by incubating the purified concentrated enzyme with endoglycosi-
dase H (Endo H; New England BioLabs) according to the manufacturer’s
specifications.

(iii) Effects of temperature and pH on G1mgNtBG1 activity. The
temperature optimum and stability of G1mgNtBG1 were determined by
incubating 0.03 U of the purified enzyme ml�1 for 30 min at temperatures
ranging from 25°C to 80°C with or without substrate, respectively. The
stability of G1mgNtBG1 and Novozym 188 was also analyzed in a time
course experiment for 5 h at 55°C and 60°C. Residual �-glucosidase ac-
tivity was measured according to the standard assay procedure. The pH
optimum of G1mgNtBG1 was measured by incubating 0.03 U of the pu-

rified enzyme ml�1 with 10 mM pNPG in universal buffer (7) over a pH
range of 2.5 to 9.0 at 45°C for 30 min. To test its stability, purified
G1mgNtBG1 was incubated in universal buffer without a substrate over a
pH range of 2.5 to 10 at 45°C for 30 min. The remaining activities were
measured according to the standard assay procedure. The maximum ac-
tivities obtained were considered 100%.

(iv) Kinetic analysis. Kinetic constants (Km and Vmax) were analyzed
by a Hanes-Woolf plot using linear regression techniques. Kinetic inhibi-
tion (Ki) was calculated from a Dixon plot.

(v) Effect of glucose on �-glucosidase activities. Different concentra-
tions of glucose ranging from 0.1 to 1.0 M were incubated with 0.03 U of
purified GlmgNtBG1 and Novozym 188 to test the effect of end product
inhibition. After 30 min of incubation, �-glucosidase activities were mea-
sured according to the standard assay procedure. The maximum activity
(100%) was considered to be when no glucose was added to the reaction
mixture.

Effect of addition of �-glucosidases to Celluclast 1.5 L on the hydro-
lysis of Avicel. In a sterile 2-ml tube, 1% (wt/vol) Avicel and 0.02% (wt/
vol) sodium azide were mixed with 1.5 ml of 50 mM sodium acetate buffer
(pH 5.0). To the substrate, around 0.4 filter paper unit of Celluclast 1.5 L
was added either alone (control) or together with Novozym 188 or
G1mgNtBG1 (0.004 U). After incubation at 50°C for 8, 24, or 48 h, sam-
ples were centrifuged at 500 � g for 10 min at room temperature. Reduc-
ing sugars were analyzed using DNS reagent.

RESULTS
Heterologous expression of G1mgNtBG1 in P. pastoris.
G1mgNtBG1 was expressed under the control of the strong con-
stitutive GAP promoter and with the prepro-�-factor signal se-
quence that directs the secretion of the protein into the medium
(Fig. 1A). The production of G1mgNtBG1 in the culture superna-
tant of the transformant strain was checked by enzyme activity
(Fig. 1B, top) and a Western blot assay using anti-c-Myc antibody
(Fig. 1B, bottom). A small amount of �-glucosidase activity was
detected in the culture supernatant of the control P. pastoris strain,
although no immunoreactive band was observed by Western blot
analysis (Fig. 1B).

Enzyme purification. Purification of G1mgNtBG1 was done
in a single-step using Ni2�-NTA chromatography with the aid of
an N-terminal 6�His sequence (Fig. 1C). The purity of
G1mgNtBG1 was confirmed by CBB staining (Fig. 1C, left side). A
Western blot assay using anti-c-Myc antibody shows that the band
that appears in the elution fraction reacts with the antibody (Fig.
1C, lane I). The purity increased by 6.7-fold and the recovery was
83% compared to the culture supernatant of the transformant
strain. The specific activity was 5.83 U/mg.

Posttranslational modification and molecular mass determi-
nation. A deglycosylation experiment was performed to elucidate the
cause of the difference between the apparent and predicted molecular
masses (60 and 54 kDa, respectively) of G1mgNtBG1, mainly because
G1mgNtBG1 possesses four N-linked glycosylation sites (Asn21,
Asn22, Asn315, and Asn404) in its mature region. The purified en-
zyme was treated with Endo H and compared to the untreated en-
zyme (Fig. 1D). After Endo H treatment, the band shifted from 60 to
56 kDa and the smear disappeared, which indicates that N-glycosyla-
tion increased the molecular mass by around 4 kDa. The native mo-
lecular mass of purified G1mgNtBG1 was analyzed by gel filtration,
which demonstrated that G1mgNtBG1 was eluted at a molecular
mass of around 169.5 kDa, indicating that G1mgNtBG1 is a trimeric
protein (data not shown).

Effects of temperature and pH on the activity and stability of
G1mgNtBG1. The maximum activity of G1mgNtBG1 was ob-
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served at 65°C (Fig. 2) and pH 5.5 (Fig. 3) under the assay condi-
tions used. More than 80% of its maximum activity was retained
at temperatures of up to 60°C. Total inactivation of the enzyme
was observed at temperatures above 70°C (Fig. 2). G1mgNtBG1
was stable over a broad pH range of 2.5 to 8.5 (Fig. 3). When we
compared G1mgNtBG1 and Novozym 188 for thermostability in

a time course experiment, we found that both enzymes were stable
at 55°C after 5 h of incubation (data not shown). However, after 1
h of incubation at 60°C, G1mgNtBG1 retained 93% of its total
activity while Novozym 188 was quickly inactivated and retained
only 24% of its total activity (Fig. 4A).

Substrate specificity. To examine the substrate specificity of
G1mgNtBG1, the enzyme was incubated with selected aryl glyco-

FIG 1 Cloning, expression, purification, and deglycosylation assay. (A) Expression plasmid. (B) Production of G1mgNtBG1 was analyzed by an enzyme activity
assay (upper graphic) and a Western blot assay with anti-c-Myc antibody (bottom panel) and compared with that of the control. (C) Purification was performed
by Ni2�-NTA chromatography. Fractions were resolved by SDS-PAGE, and the gels were either stained with CBB or transferred and immunoblotted with
anti-c-Myc antibody. PM, protein marker; CS, culture supernatant; FT, flowthrough; W1 and W2, wash fractions 1 and 2; E, elution fraction; I, immunoblotting.
The arrowhead indicates the G1mgNtBG1 band. (D) G1mgNtBG1 was treated (�) or not treated (�) with Endo H, separated by SDS-PAGE, and stained with
CBB. The reduction in size from 60 kDa (closed arrowhead) to 56 kDa (open arrowhead) indicates the presence of the posttranslational modification by
N-glycosylation.

FIG 2 Effect of temperature on the activity and stability of purified
G1mgNtBG1. For activity testing (open circles), the enzyme was incubated at
various temperatures and its activity was measured by the standard assay pro-
cedure. For stability testing (closed squares), the enzyme solution was incu-
bated in 50 mM sodium acetate buffer (without substrate) at various temper-
atures and the residual activity was measured. Data are expressed as the
mean � the standard deviation of three independent experiments.

FIG 3 Effect of pH on the activity and stability of purified G1mgNtBG1. For
activity testing (open circles), the enzyme was incubated in universal buffer at
various pH values and its activity was measured by the standard assay proce-
dure. For stability testing (closed squares), the enzyme solution was incubated
in universal buffer at various pHs (without substrate) for 30 min at 45°C and
the residual activity was measured. Data are expressed as the mean � the
standard deviation of three independent experiments.
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sides, saccharides, and oligosaccharides (Table 1). pNPFuc (�Fuc)
was the most preferred substrate among the aryl glycosides tested,
and its relative activity was taken as 100%. pNPG, the substrate
used in the standard assay procedure, was hydrolyzed at 37.5%
pNPFuc. The other two aryl glycosides, pNPLac and pNPGal, were
also hydrolyzed (13.3% and 9.1% of pNPFuc, respectively).

Among the saccharides, laminaribiose (�-1,3-linked glucose)
was the most preferred substrate, while gentiobiose (�-1,6-linked
glucose; 10.3% laminaribiose) was the least preferred, followed by
salicin (�Glc; 11.7%), lactose (�-1,4-glucose-linked galactose;
69.9%), and sophorose (�-1,2-linked glucose; 92.2%). Usually,
�-1,6 glycosidic linkage is less susceptible to hydrolysis by �-glu-
cosidases (25). G1mgNtBG1 had very little activity toward lami-
narin (6.5%), a �-1,3- and �-1,6-linked polyglycan. No activity
against CMC and Avicel, which were the �-1,4-linked polyglycans
tested, was found. G1mgNtBG1 was able to hydrolyze all of
the cello-oligosaccharides tested: cellobiose (98.2%), cellotriose
(32.2%), cellotetraose (24.5%), cellopentaose (19.7%), and cello-
hexaose (15.5%). It was observed by thin-layer chromatography
that G1mgNtBG1 also possesses transglycosylation activity, be-
cause products at least one glucose unit longer than the original
substrates were observed when cello-oligosaccharides (from cel-

lobiose to cellohexaose) were reacted with G1mgNtBG1 (see Fig.
S1 in the supplemental material).

Effects of several cations and reagents on the activity of
G1mgNtBG1. We tested the effects of various metal ions and re-
agents on G1mgNtBG1 activity (data not shown). Significant in-
activation by Fe2� and Cu2� (4.8 and 38.3%, respectively) was
observed. On the other hand, G1mgNtBG1 was significantly stim-
ulated by Mn2� (139%) and slightly affected by EDTA (85.6%),
dimethyl sulfoxide (86.0%), and dithiothreitol (77.6%).

Effects of glucose on G1mgNtBG1 and Novozym 188 activi-
ties. The effect of glucose, added at concentrations ranging from
0.1 to 1 M, on the activities of G1mgNtBG1 and Novozym 188 was
examined using pNPG as the substrate (Fig. 4B). Glucose dose
dependently inhibited the activity of G1mgNtBG1. G1mgNtBG1
retained 50% of its activity at 0.5 M glucose but retained only
about 20% of its activity when glucose was added at 1 M. No-
vozym 188 was more severely inhibited by glucose, with 26% of its
activity retained at 0.1 M glucose and only 5% retained at 0.5 M
glucose.

Kinetic analysis. The Km and Vmax values of G1mgNtBG1 to-
ward pNPG were 0.67 mM and 8 U/mg of protein, respectively
(data not shown). The Ki value of glucose was 600 mM (data not
shown).

Effects of addition of �-glucosidases to Celluclast 1.5 L on the
hydrolysis of Avicel. The effects of addition of �-glucosidases to
Celluclast 1.5 L on the hydrolysis of Avicel were studied (Fig. 5).
After 8 h of incubation with Celluclast 1.5 L alone (closed dia-
monds) or Celluclast 1.5 L plus either G1mgNtBG1 (closed trian-
gles) or Novozym 188 (closed squares), similar amounts of reduc-
ing sugars of ca. 3.1 to 3.6 mg/ml were released. After 48 h of
incubation, however, the addition of �-glucosidases to Celluclast
1.5 L resulted in the release of more reducing sugars than with
Celluclast 1.5 L alone. Addition of G1mgNtBG1 was more effec-
tive at releasing the reducing sugars than that of Novozym 188

TABLE 1 Relative activity of G1mgNtBG1 on various substrates

Substrate
Linkage of glycosyl
group

Mean relative activity
(%) � SDa

Aryl glycosides
pNPFuc �Fuc 100.0 � 0.44
pNPG �Glc 37.5 � 0.45
pNPLac �Lac 13.3 � 0.31
pNPGal �Gal 9.1 � 0.42

Saccharides
Laminaribiose (�-1,3) Glc 100.0 � 2.18
Sophorose (�-1,2) Glc 92.2 � 1.83
Lactose (�-1,4) Gal 69.9 � 2.95
Salicin �Glc 11.7 � 0.84
Gentiobiose (�-1,6) Glc 10.3 � 0.16
Laminarin (�-1,3; �-1,6) Glc 6.5 � 0.58
CMC (�-1,4) Glc 0.0 � 0.00
Avicel (�-1,4) Glc 0.0 � 0.00
Cellobiose (�-1,4) Glc 98.2 � 2.29
Cellotriose (�-1,4) Glc 32.2 � 4.00
Cellotetraose (�-1,4) Glc 24.5 � 2.34
Cellopentaose (�-1,4) Glc 19.7 � 3.55
Cellohexaose (�-1,4) Glc 15.5 � 1.35

a The release of sugars was measured at A410 for aryl glycosides and at A505 for
saccharides. The relative activity of the most preferentially hydrolyzed substrates was
taken as 100%. Each value is the mean of triplicate experiments.

FIG 4 Comparison of G1mgNtBG1 and Novozym 188. (A) For stability
testing, G1mgNtBG1 (closed diamonds) and Novozym 188 (open circles)
were incubated in 50 mM sodium acetate buffer (without substrate) at
60°C for the times indicated and their residual activities were measured.
(B) Several concentrations of glucose were incubated with G1mgNtBG1
(closed diamonds) and Novozym 188 (open circles), and their activities
were measured according to the standard assay method using pNPG as the
substrate. Data are expressed as the mean � the standard deviation of three
independent experiments.
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(P � 0.01). Incubation with G1mgNtBG1 alone did not result in
the release of reducing sugars (data not shown).

DISCUSSION

It was demonstrated that the termite N. takasagoensis possesses
four different sequences for �-glucosidases in the salivary glands
(sgNtBG1 to sgNtBG4) and three in the midgut (mgNtBG1 to
mgNtBG3) (28). We report here the successful heterologous ex-
pression in P. pastoris, purification, and characterization of an
endogenous �-glucosidase from the midgut (G1mgNtBG1) of the
higher termite N. takasagoensis. This is only the fourth endoge-
nous �-glucosidase to be characterized from more than 3,000 spe-
cies of termites (14). G1mgNtBG1 shares 80.4% and 70.8% amino
acid sequence homology with �-glucosidases from the salivary
glands of the termites R. flavipes (RfBGluc-1) and N. koshunensis
(G1NkBG), respectively (25, 30). Salivary �-glucosidase A from
M. muelleri (23) is another �-glucosidase characterized.

�-Glucosidase is a key enzyme in the hydrolysis of cellulose; it
alleviates the inhibition of cellobiohydrolases and endoglucanases
by cellobiose and, at the same time, liberates the fermentable sugar
glucose. Characterization of G1mgNtBG1 has revealed that this
enzyme has some desired properties for the conversion of cellu-
losic biomass to glucose, as discussed below, which may facilitate
the production of bioethanol.

First, in contrast to most �-glucosidases which are inhibited by
the end product, glucose, with Ki values ranging from 0.3 to 100
mM, G1mgNtBG1 is highly resistant to glucose inhibition, with a
Ki of 600 mM. For example, �-glucosidases from Fomitopsis palus-
tris, Sporotrichum thermophile, Daldinia eschscholzii, Fusarium ox-
ysporum, and Streptomyces sp. strain QM-B814 were competi-
tively inhibited by glucose, with Ki values of 0.35, 0.5, 0.79, 2.05,
and 65 mM, respectively (4, 10, 15, 21, 35). 	he highest Ki values
found in the literature were 1.4 M (Candida peltata; 26) and 1.36
M (Aspergillus oryzae; 24). Recently, a �-glucosidase from the
lower termite N. koshunensis was reported to be not only tolerant
to but also stimulated by glucose at concentrations ranging from
0.2 to 0.6 M (32). Thus, �-glucosidases from termites appear to be
good candidates as supplements in the cellulolytic processes, es-

pecially in the case of separate hydrolysis and fermentation pro-
cesses, where glucose remains in the reaction mixture.

Second, additional advantageous features of G1mgNtBG1 are
its temperature and pH stabilities. G1mgNtBG1 was thermostable
at up to 60°C (Fig. 2) under the assay conditions used, which is
higher than the thermostability reported for other termite �-glu-
cosidases (23, 25, 30). The thermostability of �-glucosidases from
various sources is in the range between 40°C and 110°C (16). Usu-
ally, the hydrolysis of cellulose is performed under mild condi-
tions at around 45°C. Finding �-glucosidases with higher temper-
ature stability is of special interest in bioethanol production,
because thermostable enzymes are easily handled, stored, and
transported (33) and thus potentially decrease the cost of hydro-
lysis. With respect to pH, G1mgNtBG1 is stable over a broad pH
range of 2.5 to 8.5 (Fig. 3). Pretreatment of lignocellulosic bio-
mass, a prior step of hydrolysis during cellulose deconstruction, is
carried out under acidic and high-temperature conditions. Thus,
the use of enzymes stable at acidic pH might accelerate the process,
since hydrolysis can be conducted as soon as pretreatment is fin-
ished.

It is worth noting that �-glucosidases have a wide range of
substrate specificities, due to the abundance of �-linked D-glyco-
syl residues in nature (17). Like G1NkBG (30), G1mgNtBG1 has
broad substrate specificity and hydrolyzes both natural and syn-
thetic substrates (Table 1). Since wood is the main diet source for
termites, it is intuitive that cellobiose was hydrolyzed by all �-glu-
cosidases (25, 27, 32). Activities of both laminaribiase and cello-
biase emphasize the importance of G1mgNtBG1 in the hydrolysis
of biomass.

The biochemical characterization of G1mgNtBG1 toward its
applicability in biomass conversion showed it to display some ad-
vantages over the �-glucosidase preparation most commonly
used in industry, Novozym 188. First, G1mgNtBG1 was more
thermostable than Novozym 188 after 5 h of incubation at 60°C
(Fig. 4A). Second, G1mgNtBG1 was far more glucose tolerant
than Novozym 188 (Fig. 4B). Third, G1mgNtBG1 was more effec-
tive than Novozym 188 at releasing reducing sugars when mixed
with Celluclast 1.5 L to degrade Avicel (Fig. 5). G1mgNtBG1 alone
did not hydrolyze Avicel after 48 h of incubation (data not
shown). Hence, the result further suggests that G1mgNtBG1
serves as an enzyme that shows better synergism with other cellu-
lolytic components, probably by removing the inhibitory effect of
cello-oligosaccharides. We hypothesize that with greater produc-
tion of glucose, which reaches some milligrams per milliliter, No-
vozym 188 starts to be inhibited by glucose and the reaction rates
gets slower.

In conclusion, with its high glucose tolerance, relatively high
thermostability, broad pH stability, and efficient hydrolysis of
cello-oligosaccharides, G1mgNtBG1 has the potential to be used
as a supplement in the enzymatic hydrolysis of cellulose.
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FIG 5 Enhanced production of reducing sugars from Avicel by addition of
�-glucosidases. Enzyme solution was incubated at 50°C for the times indi-
cated. As a control, Celluclast 1.5 L (closed diamonds) was mixed with the
substrate. Addition of G1mgNtBG1 (closed triangles) and Novozym 188
(open squares) to Celluclast 1.5 L enhanced the production of reducing sugars
(*, P � 0.05; **, P � 0.01 [Student’s t test]). Reducing sugar was measured with
DNS reagent. Data are expressed as the mean � the standard deviation of three
independent experiments.
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