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Abstract: In this study, a β-glucosidase (PaBG1b) with high specific activity was purified from gut
extracts of the wood-feeding cockroach Panesthia angustipennis spadica using Superdex 75 gel filtration
chromatography and High-Trap phenyl hydrophobic chromatography. The protein was purified 14-fold
to a single band identified by sodium dodecyl sulfate polyacrylamide gel electrophoresis, with an
apparent molecular mass of 56.7 kDa. The specific activity of the purified enzyme was 708 μmol/min/mg
protein using cellobiose as substrate. To the best of our knowledge, this is the highest specific activity
reported among β-glucosidases to date. The purified PaBG1b showed optimal activity at pH 5.0 and
retained more than 65 % of the activity between pH 4.0 and 6.5. The activity was stable up to 50 °C for
30 min. Kinetic studies on cellobiose revealed that the Km was 5.3 mM, and the Vmax was 1,020
μmol/min/mg. The internal amino acid sequence of PaBG1b was analyzed, and two continuous
sequences (a total of 39 amino acids) of the C-terminal region were elucidated. Based on these amino
acid sequences, a full-length cDNA (1,552 bp) encoding 502 amino acids was isolated. The encoded
protein showed high similarity to β-glucosidases from glycoside hydrolase family 1. Thus, the current
study demonstrated the potential of PaBG1b for application in enzymatic biomass-conversion as a
donor gene for heterologous recombination of cellulase-producing agents (fungi or bacteria) or an
additive enzyme for cellulase products based on the high-performance of PaBG1b as a digestive enzyme
in cockroaches.
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INTRODUCTION

β-Glucosidase (EC 3.2.1.21) is one of key components in
cellulolytic systems of all forms of life. In general, a com-
plete cellulolytic system consists of cellobiohydrolases (EC
3.2.1.91 and EC 3.2.1.176), which hydrolyze cellulose
chains from the nonreducing or reducing terminus and di-
rectly act on crystalline regions of cellulose; endoglucana-
ses (EC 3.2.1.4), which hydrolyze cellulose chains random-
ly; and β-glucosidases, which eliminate cellobiose accumu-
lated after the activities of the other components of the sys-
tem, resulting in production of glucose.1) Cellobiose accu-
mulation, which causes inhibition of cellobiohydrolase ac-
tivities, is a major limiting factor,2) and limitations of cellu-
lose hydrolysis activity may account for the low production
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Abbreviations: SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; PCR, polymerase chain reaction; GH, glycoside hydro-
lase.

of β-glucosidase in hyperactive enzyme secretory strains of
Trichoderma.3) Accordingly, β-glucosidases are key en-
zymes that greatly affect the overall performance of cellu-
lolytic systems, and highly active β-glucosidases are nee-
ded to improve the performance of cellulolytic organisms,
such as T. reesei.2)3) Moreover, within the typical environ-
ment used in biomass conversion, where dramatic accumu-
lation of cellobiose can occur, higher specific activities are
required for β-glucosidases, and these enzymes must also
exhibit increased thermostability and reduced inhibitory ef-
fects against glucose.4)5)

Insects are an attractive resource for cellulolytic en-
zymes, and some species are well adapted to lignocellulose
digestion.6) The intestinal lumen of wood-feeding insects is
recognized as an effective natural biomass conversion sys-
tem. For example, termites harbor a dual digestive system
containing endogenous enzymes and symbiotic protozoan
fauna,7) and the digestive system of wood-feeding cock-
roaches depends on endogenous enzymes (the protozoa-in-
habiting cockroach Cryptocercus punctulatus is the only

J. Appl. Glycosci., 63, 51–59 (2016)
doi: 10.5458/jag.jag.JAG-2016_006
©2016 The Japanese Society of Applied Glycoscience



known exception), another typical cellulolytic system that
represents the basis for the evolution of termites (now part
of the cockroach lineage in the order Blattodea8)9)).6) The lu-
minal space, particularly that of the midgut, is filled with
finely powdered wood particles that are crushed and inges-
ted by host insects to particles as small as 10 μm in length
in the case of the termite Coptotermes formosanus; this
space also has extremely high concentrations of endogluca-
nase and β-glucosidase to facilitate glucose production.6)10)

Thus, the cellulolytic system of xylophagous insects is con-
sidered an evolutionary producer of high-performance cel-
lulolytic enzymes.

Here, we report the purification and cloning of a β-gluco-
sidase (PaBG1b) from the gut of the wood-feeding cock-
roach Panesthia angustipennis spadica and its remarkable
efficiency in cellulose hydrolysis.

MATERIALS AND METHODS

Preparation of crude-enzyme extracts.　Panesthia angus-
tipennis spadica (Fig. 1; midsized and above nymphs, sex
nondiscriminated) were collected in the northern part of
Tsukuba city from decayed wood logs in a forest. The col-
lected cockroaches were anesthetized in flaked ice and dis-
sected. The midguts were collected and stored at –28 °C
until use. The midguts were homogenized in sodium ace-
tate buffer (0.1 M, pH 5.0 or 5.5 with or without 150 mM
NaCl) containing 1 × Complete Mini protease inhibitor
cocktail (Roche Ltd., Basel, Switzerland) using an ultrason-
ic homogenizer (POLYTRON®, Kinematica AG, Luzern,
Switzerland). The homogenate was centrifuged (5,000–
15,500 × G for 5–10 min), and the liquid (upper) layer was
recovered. The recovered fraction filtered through a mem-
brane filter (pore size, 0.22 μm; Milex GV; Sigma-Aldrich
Corporation, St. Louis, USA) was referred to as the crude
extract. Proteins in the crude extract were precipitated with
three volumes of cold acetone to reduce volume and re-
move fat. Precipitated samples were dissolved into an ap-
propriate volume of sodium acetate buffer and applied to
liquid chromatography.
Liquid chromatography.　Purification of β-glucosidase

Adults and midsize nymphs of the wood-feeding cockroach
Panesthia angustipennis spadica.

　A male adult (middle) lost its right antenna. Nymphs (right) ex-
hibited medium sizes. First instar nymphs are born oviparously at
around 5 mm in body length, and full-grown adults are around 30
mm in length.

Fig. 1.

was performed with a combination of hydrophobic-interac-
tion chromatography, anion-exchange chromatography, and
gel filtration.

Hydrophobic-interaction chromatography was performed
using a HiPrep Phenyl FF (high sub, 1 mL) column (GE
Healthcare, Little Chalfont, England) with two different
methods. First, the column was equilibrated with sodium
acetate buffer (100 mM, pH 5.5) with 1.2 M ammonium
sulfate. Samples were applied with equilibration buffer, and
protein elution was started by reducing the concentration of
ammonium sulfate to 0.2 M, with an addition linear de-
creasing gradient from 0.2 to 0 M (buffer condition 1). In
another method, the column was equilibrated with sodium
acetate buffer (100 mM, pH 5.0) containing 150 mM NaCl.
Samples were applied with sodium acetate buffer, and pro-
teins were eluted with linear decreasing gradient of NaCl
(150 to 0 mM, 30 mL) in sodium acetate buffer (buffer con-
dition 2).

Anion-exchange chromatography was performed using a
Mono Q 5/50 GL column (GE Healthcare), and cation-ex-
change chromatography was performed using a Mono S
5/50 GL column (GE Healthcare). Both columns were
equilibrated with sodium acetate buffer without NaCl, and
samples were applied under the same buffer conditions.
Proteins were eluted with a linear gradient of NaCl (0 to
150 mM, 30 mL).

Gel filtration was performed using a Hi-Load Superdex
75 (16/600) prepacked column (GE Healthcare) equilibra-
ted and eluted with 0.1 M sodium acetate buffer with NaCl
(150 mM).

For preparation of samples for kinetic studies, the crude
extract was subjected to gel-filtration (Hi-Load Superdex
75) and hydrophobic-interaction chromatography (HiPrep
Phenyl FF) under buffer condition 1 and gel-filtration (hy-
drophobic-interaction chromatography) sequentially after
acetone precipitation. For internal amino acid sequencing,
the crude extract was directly applied to the HiPrep Phenyl
FF column under buffer condition 2, followed by anion-ex-
change chromatography (Mono-Q), and finally gel filtra-
tion.
Concentration of samples.　Recovered fractions from hy-
drophobic chromatography were concentrated using a cen-
trifuge ultrafiltration tube with polyvinylidene difluoride
membranes (Macrosep Advanced Centrifugal Device, Pall
Corporation, Ann Arbor, USA) or using a polysulfone ul-
tramembrane (cut-off size, 10,000 Da, 76 mm; Advantec
Toyo Kaisha, Ltd., Tokyo, Japan) attached to a stirred ultra-
filtration cell (Amicon #8400; Merck Millipore, Darmstadt,
Deutschland) pressurized with nitrogen gas.
Measurement of enzymatic activity.　β-Glucosidase activ-
ity was measured as glucose production per min from cello-
biose by the mutarotase-GOD method11)12)13) using Glucose
C2 (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
For chromatographic activity curve drawing, samples (10
μL) were added to 40 μL of 1 % (w/v) cellobiose solution
in 0.1 M sodium acetate buffer (pH 5.5) and then incubated
at 37 °C for 5 min. After incubation, 200 μL of Glucose CII
reagent was added immediately (the β-glucosidase reaction
was minimized by dilution), and samples were then left at
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room temperature for 5 min. The absorbance (505/595 nm)
of 150 μL of the reaction mixture was measured using a
microplate reader (model 680, Bio-Rad Laboratories Inc.,
Hercules, USA). The obtained values (505–595 nm) were
used for drawing an elution profile of β-glucosidase activi-
ty.

For quantitative measurement of the activity of the puri-
fied enzyme, a standard glucose solution (0.5 mM) and se-
rial dilutions were measured simultaneously using the same
method. Diluted sample enzyme solutions (25 μL) were
added to 100 μL of 1 % cellobiose solution (pH 5.5, in 100
mM sodium acetate buffer) and incubated at 37 °C for 5
min. The reaction was stopped by heating (95 °C, 10 min),
and 600 μL Glucose C2 reagent was added. Samples were
then incubated for 4 min at 37 °C, and absorbance at 505
nm was measured using a 10-mm crystal cuvette with a
spectrometer. Serial dilutions of cellobiose (0.01–2.00 %,
w/v [0.29–58.4 mM]) were prepared for kinetic studies.
For measurement of optimum temperature, the purified en-
zyme was reacted at various temperatures (10–70 °C). For
measurement of thermal stability, the purified enzyme was
pre-incubated at various temperatures (10–70 °C), and ac-
tivity was then measured quantitatively. For measurement
of pH/activity profiles, McIlvane’s broad range buffer14)

was used for cellobiose solution instead of sodium acetate
buffer, and samples were diluted appropriately (50×) with
MilliQ water to avoid influence of sample buffer. One unit
(U) of β-glucosidase activity was defined as 2 μmol/min of
glucose production from cellobiose because one molecule
of cellobiose was converted into two molecules of glucose
through β-glucosidase activity.
Measurement of protein concentrations.　Protein concen-
trations of samples were measured by the Bradford meth-
od15) using Quick Start Bradford Protein Assays with a
Quick Start Bovine Serum Albumin (BSA) Standard Set
(Bio-Rad) according to the manufacturer’s instructions.
Sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE).　SDS-PAGE16) was performed with pro-
tein markers (Precision Plus Protein Standards; Bio-Rad)
using Mini-Protean TGX Gels (Bio-Rad) according to the
manufacturer’s instructions. Proteins were stained with Or-
iole Fluorescent Gel Stain (Bio-Rad) and observed and
photographed on a ultraviolet light box (254 nm) or were
transblotted onto polyvinylidene fluoride membranes
(Trans-Blot SD, Bio-Rad) and stained with Coomassie Bril-
liant Blue. Molecular weight markers run with the samples
were recombinant nonstructural protein markers (10–250
kDa, XL-Ladder Broad, APRO Science K.K., Tokushima,
Japan) or Precision Plus Protein Standards (Bio-Rad).
Internal amino acid sequencing.　Samples were digested

using lysine-specific serine protease (Lysyl Endopeptidase,
Wako Pure Chemical Industries). Protein fragments were
separated by reversed-phase high-performance liquid chro-
matography (XBridge BEH300, C18, 3.5 μm; Waters Cor-
poration, Milford, USA), and N-terminal amino acid se-
quencing was performed using a Procise cLC Sequencing
System (Model 491cLC; Applied Biosystems, Foster City,
USA).
First-strand cDNA synthesis and polymerase chain reac-
tion (PCR).　mRNA was extracted from the mixture of the
salivary glands and front terminal tissue of the midgut us-
ing QuickPrep micro mRNA extraction kit (GE Health-
care). First-strand cDNA was synthesized using a SMART
II cDNA RACE amplification kit (Clontech Laboratories
Inc., Mountain View, USA) with recombinant moloney
murine leukemia virus reverse transcriptase modified to
lose RNaseH activity (ReverTra ACE, Toyobo Co., Ltd.,
Osaka, Japan). Based on the internal amino acid sequences,
degenerate primers (PaBG_degenerate_R01 and PaBG_de-
generate_F01; Table 2) were designed, and the correspond-
ing cDNA fragments were amplified using KOD Fx DNA
polymerase (Toyobo). The PCR protocol included 30 cy-
cles at 98 °C for 10 s, 47 °C for 30 s, and 68 °C for 30 s
after initial denaturation at 94 °C for 2 min. Gene-specific
primers (Table 2) were designed based on the obtained
cDNA fragment, and 5′- and 3′-rapid amplification of
cDNA ends (RACE) were performed using a SMART II
cDNA RACE amplification kit (Clontech) according to the
manufacturer’s instructions. The sequence was determined
using a 3730XL Genetic Analyzer with a BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems).
Sequence deposition.　The obtained sequence was depos-
ited in GenBank/DDBJ/EMBL database under the acces-
sion number LC125463.

RESULTS

A total of 3,540 U of β-glucosidase activity was found in
the crude extract from the midguts of 50 cockroach nymphs
using cellobiose as substrate. Proteins in the crude extract
were precipitated with three volumes of cold acetone and
dissolved in acetate buffer (pH 5.5). Acetone precipitation
and dissolving improved specific activity by 1.6-fold com-
pared with that of the crude extract, and the dissolved sam-
ple was applied on the gel-filtration column (Table 1 and
Fig. 2). The recovered fraction from the gel-filtration was
further purified by chromatography on a HiTrap Phenyl
column with 1.2 M ammonium sulfate and eluted with low-
er ammonium sulfate concentrations (< 0.2 M; Fig. 3). The
recovered fractions (350–700 mL) were concentrated by

Purification of β-glucosidase from the gut of a wood-feeding cockroach Panesthia angustipennnis spadica.

Units
(μmol glucose/min)

Protein
(mg)

Specific activities
(U/mg protein)

Purification folds
Recovery

(%)

Crude extract 3540 69 130 1 100
Acetone precipitation 2790 34 166 1.6 79
Superdex-75 1640 19 175 1.7 46
HiPrep Phenyl FF 840 1.2 708 14 24

Table 1.

Arakawa et al.: A Novel β-Glucosidase from P. angustipennis spadica 53



ultrafiltration to 40 mL. The obtained protein was observed
as a single band by SDS-PAGE (Fig. 4), and the molecular
mass was estimated to be 56.7 kDa by comparing its mobi-
lity with standard proteins. β-Glucosidase of Panesthia an-
gustipennis was purified 14 fold, and the specific activity
was 708 U/mg. The recovered protein was concentrated,
and the buffer was replaced with 0.1 M sodium acetate (pH
5.5) for kinetic studies using the ultrafiltration device.

The purified enzyme showed highest activity at pH 5.0
and maintained at least 65 % activity between pH 4.0 and

6.5. The enzymatic activity increased proportionally be-
tween 10 and 60 °C, then declined rapidly, with complete
loss of activity at 70 °C (optimum activity was observed at
60 °C). The enzyme showed thermal stability up to 50 °C
for 30 min of pre-incubation.

Lineweaver-Burk plot17) of the purified enzyme (Fig. 5)
and the molecular weight on SDS-PAGE yielded Km, Vmax,
kcat, and kcat/Km values of 5.3 mM, 1,020 U/mg, 967 /s, and
184 mM/s, respectively.

N-terminal amino-acid sequencing of the purified β-glu-

Elution profile and distribution of β-glucosidase activity from the Superdex-75 gel-filtration column.
　Activities (lateral bars) are described as percentages of the peak value. The protein curve (broken line) indicates the relative absorbance (280
nm). Recovery is indicated by the horizontal bar.

Fig. 2.

Elution profiles of protein and β-glucosidase activity from the HiPrep Phenyl hydrophobic chromatography column.
　The inset shows SDS-PAGE of the eluted fractions (A–P) negatively stained with Oriole. The activity curve is presented as relative values (%)
based on the highest activity in the fractions.

Fig. 3.
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cosidase resulted in ambiguous sequences of several unre-
lated peptides. To address whether this was due to N-termi-
nal blocking of the target enzyme or contamination by oth-
er proteins, the crude extract of the midguts from nine mid-
size cockroach nymphs was subjected to a combination of
hydrophobic interaction chromatography (HighPrep Phe-
nyl), anion-exchange chromatography (Mono-Q), concen-
tration with the centrifuge ultrafiltration tubes, and gel-fil-
tration chromatography (Superdex 75). The purified en-
zyme showed only 10 % higher specific activity (790 U/
mg), and the identity of the purified β-glucosidase was con-
firmed by the motility of the purified protein on SDS-
PAGE and by the identical elution profile on gel-filtration,

SDS-PAGE of purified β-glucosidase stained with Coomas-
sie Brilliant Blue.

　S, Purified β-glucosidase; M, Precision Plus Protein Standards
(Bio-Rad). The numbered molecular weight markers were used for
estimation of the molecular weights of proteins in the sample.

Fig. 4.

Lineweaver-Burk plot of the β-glucosidase purified from
the wood-feeding cockroach Panesthia angustipennis spad-
ica.

　The concentration of the purified enzyme used for these plots was
0.012 mg/mL, and the regression line was given as: 1 / (β-glucosidase
activity [U/mL]) = –0.21 × 1 / (cellobiose concentration [mM])
+ 0.04.

Fig. 5.

suggesting that there was little contamination by other pro-
teins. The purified sample was subjected to internal amino
acid sequencing, which successfully resulted in three frag-
mental amino acid sequences [(K)FGLYQVDFEDPTR-
PRIMK, (K)ESARPFQQIIATRQIPEAYR, and
DHGYYLTK]. The second sequence was estimated to be
joined as (K)FGLYQVDFEDPTRPRIMKESARPFQ-
QIIATRQIPEAYR based on alignment corresponding to
the C-terminal amino acid sequence of a β-glucosidase
from the termite Neotermes koshunensis (NkBG, GenBank:
AB073638.2, Protein ID: BAB91145.118); Fig. 6). Reverse-
transcription PCR with degenerate primers that were de-
signed based on alignment of these sequences resulted in a
cDNA fragment (0.1 kbp) (Table 2), which was cloned into
a conventional TA-cloning vector and sequenced. From the
obtained sequence, gene-specific primers were designed
(Table 2). A complete cDNA sequence of 1,552 bp in
length (PaBG1b; LC125463) was obtained by 5′- and 3′-
RACE and encoded a putative protein of 502 amino acids
showing high homology to β-glucosidases from glycoside
hydrolase family 1 (GH1)19); thus, we assumed that the pu-
rified protein belonged to this same family. The first 21
amino acids at the N-terminus were highly hydrophobic
and presumed to be a signal peptide based on the SignalP
4.1 Server (http://www.cbs.dtu.dk/services/SignalP/).20)21)

The calculated molecular weight of the deduced peptide se-
quence (without the signal peptide) was 55.3 kDa, which is
slightly smaller than the apparent molecular weight of the
purified β-glucosidase. This difference could be explained
by possible glycosylation at the two potential N-glycosyla-
tion sites at Asn265 and Asn416. PaBG1b showed 99.0 and
99.3 % identities in nucleotide and amino acid sequences,
respectively, to PaBGI (BAO85050: 303 amino acids), a
partial fragment of a putative β-glucosidase previously re-
ported from the same species.22)

DISCUSSION

Although most cockroaches are omnivorous, wood-feed-
ing lineages have evolved multiple times in the evolution of
cockroaches.23) Cockroaches of the genus Panesthia are
found in rotting wood and reported to have the efficient cel-
lulolytic capability.24)25) To the best of our knowledge, the
purified β-glucosidase PaBG1b from Panesthia angustipen-
nis spadica in the present study showed the highest activity
on cellobiose among β-glucosidases reported to date.

Hydrophobic chromatography is an effective method for
purification of cellulolytic enzymes. The present study
showed that our sample exhibited a broad elution profile
on HiTrap Phenyl, in contrast to our previous study
wherein we observed sharp elution of endoglucanse
(EcEG) from the gut extract of the stick insect Eurycantha
calcarata.26) In a previous study, the elution buffer was
20 mM Tris-HCl, and the salt gradient was formed
with ammonium acetate. Acetate buffers (in many cases
0.1 M, pH 5.5) have historically been used for cellulolytic
assays and purification of termites and wood-feeding cock-
roaches.10)24)27)28)29)30)31)32)33)34)35)36)37) In the current study, we
followed buffer usage protocols described in previous stud-
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ies. Thus, we used sodium acetate buffer at a relatively high
concentration (0.1 M), which may explain the broad elution

cDNA and putative amino acid sequences of the β-glucosi-
dase of the wood-feeding cockroach Panesthia angustipen-
nis spadica.

　The bold characters in the amino acid sequence indicate consenta-
neity with the internal amino acid sequences. Double and single un-
derlines with arrow heads indicate positions of the degenerate pri-
mers. Potential N-glycosylation sites are designated by “+” on the
right side of the corresponding amino acids.

Fig. 6.

patterns on hydrophobic chromatography. After the de-
crease in ammonium acetate concentration to zero, there
was a relatively high concentration of salt (sodium acetate,
0.1 M) remaining in the buffer; this may have prevented
sharp elution of the target protein. This choice necessitated
the additional step of concentration of large volumes of re-
covered fractions using ultramembranes; however, the spe-
cific activity of the concentrated protein was increased to
over 700 U/mg. Owing to the difficult sample handling pro-
cedures required, we do not recommend using sodium ace-
tate buffer (0.1 M) for purification of insect cellulolytic en-
zymes with hydrophobic chromatography; however, we be-
lieve that the current results demonstrate the possible out-
comes of this method.

To the best of our knowledge, prior to our study, the β-
glucosidase reported to have the highest specific activity on
cellobiose was derived from the thermophilic fungus Ther-
moascus aurantiacus (Table 3).38) However, the Vmax of this
previously characterized β-glucosidase (TaBG3) on cello-
biose was estimated to be 783.7 U/mg; thus, Vmax of TaBG3
was equivalent to 76.8 % of those of PaBG1b, as reported
in the present study. Although the Km of PaBG1b was not
lower than average among β-glucosidases from various or-
ganisms (Table 3), the kcat/Km was relatively high (Table 3).
Thus, PaBG1b may be the most effective enzyme in the
presence of abundant amounts of substrate.

The sequence PaBG1b showed highest homology (E-val-
ue 0.0) to a β-glucosidase from the American omnivorous
cockroach Periplaneta americana (AIA09348: 505 amino
acids) and a β-glucosidase of the termite N. koshunensis
(NkBG, BAB91145: 498 amino acids).18) High homology
was also observed for the putative β-glucosidase fragment
(PaBGI; the enzymatic activity has not been investigated)
from Panesthia angustipennis spadica collected from dif-
ferent locations,22) all of which belong to GH1. All crucial
amino acid residues putatively involved in catalysis, such
as the proton donor Glu196 and the nucleophile Glu406, as
well as those involved in substrate binding, such as Asn416,
were conserved in PbBG1b (Fig. 6), confirming that this
protein encoded a functional β-glucosidase. Because the
protein contained a hydrophobic signal peptide (Fig. 6),
PaBG1b may be a secretory enzyme involved in digestion.
Marked differences in sequences were not observed when

List of primers used in this study.

Name
Position in PaBG1b

(LC125463, 1551 bp)
　　　　　Side　　　　　 Sequence (5′ to 3′)

PaBG_degenerate_F01 1425-1447 Forward GCACTNGAYTTCGARGACCCAAC
PaBG_degenerate_R01 1519-1497 Reverse CGCTCWGGWATCTGNCTTGTNGC

PaBG_GSP_F01 1440-1467 Forward
GAcCCAACTCGACCCAGAATTATGAAGG
(the “c” at the third nucleotide is a “T” in the real sequence)

PaBG_GSP_F02 1448-1474 Forward TCGACCCAGAATTATGAAGGAATCTGC
PaBG_GSP_F03 1466-1493 Forward GGAATCTGCTAGAGTATTCCAACAAATC

PaBG_GSP_R01 1467-1440 Reverse
CCTTCATAATTCTGGGTCGAGTTGGgTC
(the “g” at the 26th nucleotide is an “A” in PaBG1b)

PaBG_GSP_R02 1474-1448 Reverse GCAGATTCCTTCATAATTCTGGGTCGA
PaBG_GSP_R03 1493-1466 Reverse GATTTGTTGGAATACTCTAGCAGATTCC
PaBG_GSP_R04 1535-1508 Reverse ACTCTACGTCCTGTATGCTTCAGGTATT

Table 2.
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compared with other digestive β-glucosidases involved in
cellobiose hydrolysis, which have been isolated from ter-
mites (results not shown).

Although some β-glucosidases are known to be involved
in social communication, a previous study indicated that
these β-glucosidases are grouped into the BGI clade, which
primarily consists of digestive β-glucosidases,22) supporting
that PaBG1b also participates in cellulose digestion in Pan-
esthia angustipennis. Because insect EGs are not very ac-
tive against crystalline cellulose and Panesthia angustipen-
nis spadica does not harbor the symbiotic protists that help
digestion of cellulose,6) cockroaches may have developed
efficient β-glucosidases for production of sufficient levels
of glucose from cello-oligomers released by the actions of
EGs to survive on rotting wood. Digestive enzymes of in-
sects have not been adapted to high temperatures in general
because insects are poikilothermic, and their digestion oc-
curs at environmental temperatures unlike fermenting fun-
gi, such as Trichoderma spp. Thus, low thermal stability
and different pH optima may be disadvantages of insect-de-
rived enzymes compared with commercial fungal β-gluco-
sidases. However, recent advancements in evolutionary en-
gineering may provide opportunities for improvement and
recombinant production of PaBG1b, as shown in the case
of improved thermal stability of the termite endoglucanase
by family shuffling of four orthologous cDNAs.39) Such an
improvement in PaBG1b may also result in opportunities

for recombination with cellulolytic fungus genes. In addi-
tion, previous studies have reported efficient production of
termite β-glucosidase using microorganisms such as Es-
cherichia coli, Pichia pastoris, and Aspergillus oryzae.
40)41)42) A similar strategy for heterologous expression of re-
combinant PbBG1b may significantly contribute to effi-
cient saccharification of cellulosic biomass in industrial ap-
plications.
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*Since this study defined 1 U as 1 μmol glucose production/min, the Vmax is shown as half of the reported value, which was then used to estimate
the kcat.

Table 3.

Arakawa et al.: A Novel β-Glucosidase from P. angustipennis spadica 57



M. Dashtban, H. Schraft, and W.S. Qin: Fungal bioconver-
sion of lignocellulosic residues; opportunities & perspec-
tives. Int. J. Biol. Sci., 5, 578-595 (2009).
R.R. Singhania, A.K. Patel, R.K. Sukumaran, C. Larroche,
and A. Pandey: Role and significance of beta-glucosidases
in the hydrolysis of cellulose for bioethanol production. Bi-
oresour. Technol., 127, 500-507 (2013).
H. Watanabe and G. Tokuda: Cellulolytic systems in in-
sects. Annu. Rev. Entomol., 55, 609-632 (2010).
K. Nakashima, H. Watanabe, H. Saitoh, G. Tokuda, and J.I.
Azuma: Dual cellulose-digesting system of the wood-feed-
ing termite, Coptotermes formosanus Shiraki. Insect Bio-
chem. Mol. Biol., 32, 777-784 (2002).
D. Inward, G. Beccaloni, and P. Eggleton: Death of an or-
der: a comprehensive molecular phylogenetic study con-
firms that termites are eusocial cockroaches. Biol. Lett., 3,
331-335 (2007).
P. Eggleton, G. Beccaloni, and D. Inward: Save Isoptera: A
comment on Inward et al. - Response to Lo et al. Biol.
Lett., 3, 564-565 (2007).
A. Fujita, M. Hojo, T. Aoyagi, Y. Hayashi, G. Arakawa, G.
Tokuda, and H. Watanabe: Details of the digestive system
in the midgut of Coptotermes formosanus Shiraki. J. Wood
Sci., 56, 222-226 (2010).
I. Miwa, J. Okudo, K. Maeda, and G. Okuda: Mutarotase
effect on colorimetric determination of blood glucose with
β-D-glucose oxidase. Clin. Chim. Acta, 37, 538-540
(1972).
J. Okuda and I. Miwa: Enzymatic micro-determination of
D-glucose and its anomer. Tanpakushitsu Kakusan Koso
(Protein, Nucl. Acid Enzyme), 17, 216-224 (1972). (in Jap-
anese)
J. Okuda and I. Miwa: Newer developments in enzymic
determination of D-glucose and its anomers. Methods Bio-
chem. Anal., 21, 155-189 (1973).
T.C. McIlvaine: A buffer solution for colorimetric compar-
ison. J. Biol. Chem., 49, 183-186 (1921).
M.M. Bradford: A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem., 72,
248-254 (1976).
U.K. Laemmli: Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature, 227,
680-685 (1970).
H. Lineweaver and D. Burk: The determination of enzyme
dissociation constants. J. Am. Chem. Soc., 56, 658-666
(1934).
G. Tokuda, H. Saito and H. Watanabe: A digestive β-gluco-
sidase from the salivary glands of the termite, Neotermes
koshunensis (Shiraki): distribution, characterization and
isolation of its precursor cDNA by 5'- and 3'-RACE ampli-
fications with degenerate primers. Insect Biochem. Mol. Bi-
ol., 32, 1681-1689 (2002).
B. Henrissat: A classification of glycosyl hydrolases based
on amino acid sequence similarities. Biochem. J., 280 (Pt
2), 309-316 (1991).
T.N. Petersen, S. Brunak, G. von Heijne, and H. Nielsen:
SignalP 4.0: discriminating signal peptides from trans-
membrane regions. Nature Methods, 8, 785-786 (2011).

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

H. Nielsen, J. Engelbrecht, S. Brunak, and G. von Heijne:
Identification of prokaryotic and eukaryotic signal peptides
and prediction of their cleavage sites. Protein Eng., 10,
1-6 (1997).
K. Shimada and K. Maekawa: Gene expression and molec-
ular phylogenetic analyses of beta-glucosidase in the ter-
mite Reticulitermes speratus (Isoptera: Rhinotermitidae). J.
Insect Physiol., 65, 63-69 (2014).
K. Maekawa and T. Matsumoto: Biogeography of Japanese
wood-feeding cockroaches genus Salganea and Panesthia
(Blaberidae : Panesthiinae). Molec. Phylogen. Evolut., 27,
156-159 (2003).
A.M. Scrivener, M. Slaytor, and H.A. Rose: Symbiont-in-
dependent digestion of cellulose and starch in Panesthia
cribrata Saussure, an Australian wood-eating cockroach. J.
Insect Physiol., 35, 935-941 (1989).
K. Shimada and K. Maekawa: Correlation between social
structure and nymphal wood-digestion ability in the xy-
lophagous cockroaches Salgallea esakii and Panesthia an-
gustipennis (Blaberidae : Panesthiinae). Sociobiology, 52,
417-427 (2008).
M. Shelomi, H. Watanabe, and G. Arakawa: Endogenous
cellulase enzymes in the stick insect (Phasmatodea) gut. J.
Insect Physiol., 60, 25-30 (2014).
S.E. McEwen, M. Slaytor, and R.W. O'Brien: Cellobiase
activity in three species of Australian termites. Insect Bio-
chem., 10, 563-567 (1980).
R.W. O'Brien and M. Slaytor: Role of microorganisms in
the metabolism of termites. Aust. J. Biol. Sci., 35, 239-262
(1982).
P.C. Veivers, A.M. Musca, R.W. O'Brien, and M. Slaytor:
Digestive enzymes of the salivary glands and gut of Masto-
termes darwiniensis. Insect Biochem., 12, 35-40 (1982).
P.C. Veivers, R.W. O'Brien, and M. Slaytor: Selective de-
faunation of Mastotermes darwiniensis and its effect on
cellulose and starch metabolism. Insect Biochem., 13,
95-101 (1983).
M.E. Hogan, M.W. Schulz, M. Slaytor, R.T. Czolij, and
R.W. O'Brien: Components of termite and protozoal cellu-
lases from the lower termite, Coptotermes lacteus Frogatt.
Insect Biochem., 18, 45-51 (1988).
M.E. Hogan, P.C. Veivers, M. Slaytor, and R.T. Czolij: The
site of cellulose breakdown in higher termites (Nasuti-
termes walkeri and Nasutitermes exitiosus). J. Insect. Phys-
iol., 34, 891-899 (1988).
M. Slaytor: Cellulose digestion in termites and cockroach-
es: what role do symbionts play? Comp. Biochem. Physiol.,
103B, 775-784 (1992).
A.M. Scrivener, L. Zhao, and M. Slaytor: Biochemical and
immunological relationships between endo-beta-1,4-gluca-
nases from cockroaches. Comp. Biochem. Physiol., Part B
118, 837-843 (1997).
G. Tokuda, H. Watanabe, T. Matsumoto, and H. Noda: Cel-
lulose digestion in the wood-eating higher termite, Nasuti-
termes takasagoensis (Shiraki): Distribution of cellulases
and properties of endo-β-1,4-glucanase. Zool. Sci., 14,
83-93 (1997).

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

58 J. Appl. Glycosci., Vol. 63, No. 3 (2016)



H. Watanabe, M. Nakamura, G. Tokuda, I. Yamaoka, A.M.
Scrivener, and H. Noda: Site of secretion and properties of
endogenous endo-β-1,4-glucanase components from Retic-
ulitermes speratus (Kolbe), a Japanese subterranean ter-
mite. Insect Biochem. Mol. Biol., 27, 305-313 (1997).
G. Tokuda, M. Miyagi, H. Makiya, H. Watanabe, and G.
Arakawa: Digestive β-glucosidases from the wood-feeding
higher termite, Nasutitermes takasagoensis: intestinal dis-
tribution, molecular characterization, and alteration in sites
of expression. Insect Biochem. Mol. Biol., 39, 931-937
(2009).
H. Teugjas and P. Väljamäe: Selecting β-glucosidases to
support cellulases in cellulose saccharification. Biotechnol.
Biofuels, 6, 105 (2013).
J.F. Ni, M. Takehara, M. Miyazawa, and H. Watanabe:
Random exchanges of non-conserved amino acid residues
among four parental termite cellulases by family shuffling
improved thermostability. Protein Eng. Des. Sel., 20,
535-542 (2007).
J.F. Ni, G. Tokuda, M. Takehara, and H. Watanabe: Heter-
ologous expression and enzymatic characterization of β-
glucosidase from the drywood-eating termite, Neotermes
koshunensis. Appl. Entomol. Zool., 42, 457-463 (2007).
C.A. Uchima, G. Tokuda, H. Watanabe, K. Kitamoto, and
M. Arioka: Heterologous expression and characterization
of a glucose-stimulated β-glucosidase from the termite Ne-
otermes koshunensis in Aspergillus oryzae. Appl. Micro-
biol. Biotechnol., 89, 1761-1771 (2011).
C.A. Uchima, G. Tokuda, H. Watanabe, K. Kitamoto, and
M. Arioka: Heterologous expression in Pichia pastoris and
characterization of an endogenous thermostable and high-
glucose-tolerant β-glucosidase from the termite Nasuti-
termes takasagoensis. Appl. Environ. Microbiol., 78,
4288-4293 (2012).
M.E. Scharf, E.S. Kovaleva, S. Jadhao, J.H. Campbell,
G.W. Buchman, and D.G. Boucias: Functional and transla-
tional analyses of a beta-glucosidase gene (glycosyl hydro-
lase family 1) isolated from the gut of the lower termite
Reticulitermes flavipes. Insect Biochem. Mol. Biol., 40,
611-620 (2010).
D. Zhang, A.R. Lax, J.M. Bland, J. Yu, N. Fedorova, and
W.C. Nierman: Hydrolysis of filter-paper cellulose to glu-
cose by two recombinant endogenous glycosyl hydrolases
of Coptotermes formosanus. Insect Sci., 17, 245-252
(2010).
D. Zhang, A.B. Allen, and A.R. Lax: Functional analyses
of the digestive β-glucosidase of Formosan subterranean
termites (Coptotermes formosanus). J. Insect Physiol., 58,
205-210 (2012).
S. Seshadri, T. Akiyama, R. Opassiri, B. Kuaprasert, and
J.K. Cairns: Structural and enzymatic characterization of

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

Os3BGlu6, a rice β-glucosidase hydrolyzing hydrophobic
glycosides and (1→3)- and (1→2)-linked disaccharides.
Plant Physiol., 151, 47-58 (2009).
A. Belancic, Z. Gunata, M.-J. Vallier, and E. Agosin: β-
Glucosidase from the grape native yeast Debaryomyces
vanrijiae: purification, characterization, and its effect on
monoterpene content of a muscat grape juice. J. Agric.
Food Chem., 51, 1453-1459 (2003).
C. Riou, J.-M. Salmon, M.-J. Vallier, Z. Günata, and P.
Barre: Purification, characterization, and substrate specific-
ity of a novel highly glucose-tolerant β-glucosidase from
Aspergillus oryzae. Appl. Environ. Microbiol., 64,
3607-3614 (1998).
P. Thongpoo, L.S. McKee, A.C. Araújo, P.T. Kongsaeree,
and H. Brumer: Identification of the acid/base catalyst of a
glycoside hydrolase family 3 (GH3) β-glucosidase from
Aspergillus niger ASKU28. Biochim. Biophys. Acta, 1830,
2739-2749 (2013).
S.C. Saha and R.J. Bothast: Production, purification, and
characterization of a highly glucose-tolerant novel β-gluco-
sidase from Candida peltata. Appl. Environ. Microbiol.,
62, 3165-3170 (1996).
F.H.M. Souza, R.F. Inocentes, R.J. Ward, J.A. Jorge, and
R.P.M. Furriel: Glucose and xylose stimulation of a β-glu-
cosidase from the thermophilic fungus Humicola insolens:
a kinetic and biophysical study. J. Mol. Catal. B, 94,
119-128 (2013).
L.P. Meleiro, A.L.R.L. Zimbardi, F.H.M. Souza, D.C. Ma-
sui, T.M. Silva, J.A. Jorge, and R.P.M. Furriel: A novel β-
glucosidase from Humicola insolens with high potential for
untreated waste paper conversion to sugars. Appl. Biochem.
Biotechnol., 173, 391-408 (2014).
J. Pei, Q. Pang, L. Zhao, S. Fan, and H. Shi: Thermoanaer-
obacterium thermosaccharolyticum β-glucosidase: a glu-
cose-tolerant enzyme with high specific activity for cello-
biose. Biotechnol. Biofuels, 5, 31 (2012).
Z. Fang, W. Fang, J. Liu, Y. Hong, H. Peng, X. Zhang, B.
Sun, and Y. Xiao: Cloning and characterization of a β-glu-
cosidase from marine microbial metagenome with excel-
lent glucose tolerance. J. Microbiol. Biotechnol., 20,
1351-1358 (2010).
T. Uchiyama, K. Yaoi, and K. Miyazaki: Glucose-tolerant
β-glucosidase retrieved from a Kusaya gravy metagenome.
Front Microbiol., 6, 548 (2015).
M.C. Ferrara, B. Cobucci-Ponzano, A. Carpentieri, B.
Henrissat, M. Rossi, A. Amoresano, and M. Moracci: The
identification and molecular characterization of the first
archaeal bifunctional exo-β-glucosidase/N-acetyl-β-gluco-
saminidase demonstrate that family GH116 is made of
three functionally distinct subfamilies. Biochim. Biophys.
Acta, 1840, 367-377 (2014).

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

Arakawa et al.: A Novel β-Glucosidase from P. angustipennis spadica 59




