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Glycosylation plays a central role in plant defense against xenobiotics, including mycotoxins. Glucoconjugates of Fusarium tox-
ins, such as deoxynivalenol-3-O-�-D-glucoside (DON-3G), often cooccur with their parental toxins in cereal-based food and
feed. To date, only limited information exists on the occurrence of glucosylated mycotoxins and their toxicological relevance.
Due to a lack of analytical standards and the requirement of high-end analytical instrumentation for their direct determination,
hydrolytic cleavage of �-glucosides followed by analysis of the released parental toxins has been proposed as an indirect determi-
nation approach. This study compares the abilities of several fungal and recombinant bacterial �-glucosidases to hydrolyze the
model analyte DON-3G. Furthermore, substrate specificities of two fungal and two bacterial (Lactobacillus brevis and Bifidobac-
terium adolescentis) glycoside hydrolase family 3 �-glucosidases were evaluated on a broader range of substrates. The purified
recombinant enzyme from B. adolescentis (BaBgl) displayed high flexibility in substrate specificity and exerted the highest hy-
drolytic activity toward 3-O-�-D-glucosides of the trichothecenes deoxynivalenol (DON), nivalenol, and HT-2 toxin. A Km of 5.4
mM and a Vmax of 16 �mol min�1 mg�1 were determined with DON-3G. Due to low product inhibition (DON and glucose) and
sufficient activity in several extracts of cereal matrices, this enzyme has the potential to be used for indirect analyses of trichoth-
ecene-�-glucosides in cereal samples.

Infestation of cereals by phytopathogenic fungi is a global threat
to the human food supply. In addition to economically devas-

tating losses through yield and quality deterioration of agricul-
tural products, contamination with mycotoxins poses a serious
challenge for food safety (1). Among the most relevant mycotoxin
producers worldwide are Fusarium species, causing Fusarium
head blight disease of small-grain cereals (FHB; also known as
Fusarium ear blight or scab). Trichothecene class mycotoxins in-
hibit eukaryotic protein synthesis and are important Fusarium
virulence factors. Furthermore, they can cause apoptotic cell
death and immunosuppression and trigger proinflammatory re-
sponses in humans and animals (1–3). The most important
groups with regard to food safety are type A (T-2 toxin and HT-2
toxin [HT2]) and type B (nivalenol [NIV] and deoxynivalenol
[DON]) trichothecenes (4). The type A trichothecene T-2 toxin
possesses high acute toxicity and has caused fatal outbreaks of
alimentary toxic aleukia in the last century (1). DON is the pre-
dominant trichothecene toxin produced by the Fusarium
graminearum species complex and ranks among the most frequent
contaminants of cereals. Although the acute toxicity of DON is
lower than that of type A trichothecenes, its ubiquitous presence
in Fusarium-infected cereals creates an important food safety issue
(2). Acute symptoms of DON ingestion are gastroenteritis and
emesis (hence, the colloquial term vomitoxin). Maximum levels
for DON in cereal-based foodstuff are set in Commission Regula-
tion 1881/2006 (5), and indicative levels are provided for the sum
of T-2 toxin and HT-2 toxin in Commission Recommendation
2013/165/EU (6) in Europe to protect consumers.

The glycosylation of small molecules is a major route to inac-

tivate endogenous and exogenous (xenobiotic) metabolites in
plants (7–9). For example, formation of DON-3-O-�-D-glucopy-
ranoside (DON-3G) is an important factor in plant defense
against FHB and has been proposed to be the molecular basis of
the still-unidentified FHB1 gene (Fusarium head blight resistance
quantitative trait locus) in wheat (10). DON-3G has been detected
in a wide range of cereal commodities, with concentrations of
about 20% relative to that of DON (11, 12). However, high re-
gional and seasonal variations have been reported, and in some
cases, the content of DON-3G even exceeded that of DON (13,
14). Evidence for glucosylated metabolites of NIV and type A tri-
chothecenes has been presented as well (15–17).

Such glucoconjugates of plant origin have been termed masked
mycotoxins (13, 18), implying that they escape detection through
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routine analytical protocols, and reconstitution of the parental
toxins through hydrolysis during food processing or in the diges-
tive tract is possible. For example, most food-fermenting lactic
acid bacteria possess �-glucosidase activities (19) and may release
toxins from glucosylated precursors. DON-3G is known to be
resistant to acidic hydrolysis, but it can be cleaved by several in-
testinal bacterial species, such as Lactobacillus spp. and Bifidobac-
terium spp. (20). Evidence that DON-3G is almost completely
hydrolyzed in the digestive tract of rats, pigs, and humans has been
presented (21–23).

Sensitive analytical methods for direct detection and quantita-
tion of �-glucosides of trichothecene toxins are of high interest
but require expensive and sophisticated analytical equipment.
Further challenges are discrimination in sample preparation and
analysis due to different polarities compared to the parental toxins
and the present unavailability of commercial analytical standards,
except for DON-3G. Therefore, indirect detection of glucosylated
mycotoxins through hydrolysis prior to measurement, preferably
through the aid of hydrolytic enzymes, has been suggested as an
alternative approach (13, 24). Chemical hydrolysis by super acids
has been proposed (25–27) but found unsuitable for this purpose
(62). A �-1,3-glucosidase active toward DON-3G was reported
recently (24), but this enzyme was not suited for direct application
in cereal samples due to strong end product inhibition.

The aim of this study was to identify a �-glucosidase with the
capacity to efficiently hydrolyze trichothecene glucosides such as
DON-3G in cereal samples. The substrate specificities of several
fungal and bacterial glycoside hydrolase family 3 (GH3) members
were investigated. Their possible usefulness for indirect analysis of
masked mycotoxins was evaluated, and a particularly promising
enzyme from Bifidobacterium adolescentis was identified.

MATERIALS AND METHODS
Cloning, expression, and purification of �-glucosidases. �-Glucosidase
genes were amplified from genomic DNA of Lactobacillus brevis DSM
20054 (ATCC 14869) (LbBgl; GenBank accession number ERK40902.1,
locus HMPREF0495_02581) and Bifidobacterium adolescentis DSM 20083
(ATCC 15703) (BaBgl; YP_910057.1; BAD_1194). The oligonucleotide
primers used were LbBglF (5=-GATATACATATGGACATCGAACGAAC
GC-3=), LbBglR (5=-GTGGTGCTCGAGTTGACGTAATAAGGTGTTTG
C-3=), BaBglF (5=-GATATACATATGAGCGAAAACACCTATC-3=), and
BaBglR (5=-GTGGTGCTCGAGTTCGGCGGTTTCGG-3=). The restric-
tion sites (NdeI and XhoI) used for cloning into the pET21a expression
vector (C-terminal His6 tag; Novagen, Madison, WI) are underlined.

Escherichia coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA) was used as
the expression host. Protein production was carried out in terrific broth
supplemented with ampicillin (100 mg liter�1) by induction with isopro-
pyl �-D-1-thiogalactopyranoside (IPTG; 0.5 mM), which was added at an
optical density at 600 nm (OD600) of 0.5. Upon induction, incubation was
continued for 16 h at 25°C with shaking (100 rpm).

Enzymes were purified from crude cell extracts on Ni2�-charged
chelating Sepharose fast flow (15-ml total volume; column dimensions, 2
cm2 by 7.5 cm; GE Healthcare, Vienna, Austria) and eluted with imidazole
according to the supplier’s instructions. Anion exchange chromatography
on Source 15Q (20-ml total volume; column dimensions, 2 cm2 by 10 cm;
GE Healthcare) was performed as a second purification step. Proteins
were bound to the column in 25 mM Tris-Cl (pH 7.0) and eluted with 1 M
NaCl in the same buffer by applying a linear gradient of 10 column vol-
umes. Desalting/buffer change between the purification steps was per-
formed by size-exclusion chromatography on a HiPrep desalting column
(5 cm2 by 10 cm; GE Healthcare). Enzyme activity of obtained fractions
was assayed using the p-nitrophenol method as described below. The
purified enzymes were stored in 25 mM Tris-Cl (pH 7) containing 150
mM NaCl at �80°C. All experiments reported in this study were con-
ducted with the same batches of frozen enzyme(s).

SDS-PAGE with Coomassie blue staining was performed using the
Mini-Protean system with precast gels (4 to 20%) from Bio-Rad (Vienna,
Austria). The molecular mass marker used was a high-precision, dual-
color marker (10- to 250-kDa range; Bio-Rad).

Enzyme assays. Commercial �-glucosidase preparations were ob-
tained from Megazyme (Wicklow, Ireland) and Sigma-Aldrich (Vienna,
Austria); a full description of the enzymes used is provided in Table 1.
Serial enzyme dilutions were prepared with 25 mM Tris-Cl buffer, pH 7.0,
supplemented with bovine serum albumin at 0.1 mg ml�1.

Photometric enzyme assays were performed with chromogenic p-ni-
trophenyl (pNP) glycosides obtained from Sigma-Aldrich (Table 2). Stan-
dard assay conditions with these substrates were 10 mM substrate con-
centration, 100 mM Tris-Cl, pH 7.0, 37°C, 5-min reaction time. The
assays were stopped by adding a 2-fold volumetric excess of 0.5 M
Na2CO3. The absorption of released p-nitrophenol was measured at 400
nm on a Beckman Coulter DU800 spectrophotometer using a molar ex-
tinction coefficient of 18,300 M�1 cm�1. pH dependence was determined
with Britton-Robinson buffers ranging from pH 3.0 to 9.5 (28).

Assays with cellobiose, salicin, quercetin-3-�-D-glucoside, and n-oc-
tyl-�-D-glucoside were performed as described above but stopped by heat
inactivation (90°C, 5 min). Enzyme activity toward these substrates was
determined by quantifying released glucose through high-performance
liquid chromatography (HPLC). Equipment and conditions were a HPLC
Summit Dionex with a P680 pump and ASI-100 autosampler (all from
Dionex, Sunnyvale, CA). Separation was performed on an Aminex
HPX87-K column coupled to a Micro-Guard cation H cartridge (both

TABLE 1 Hydrolysis of DON-3G by fungal and bacterial �-glucosidasesd

Preparation/source Catalog no.
GH
family

Protein in
assay (mg
ml�1)

DON-3G
hydrolysis (%)

Hydrolysis measured as:

�mol h�1 mg�1 �mol h�1 ml�1

Aspergillus nigera (AnBgl) E-BGLUC 3 0.19 24 6.9 � 10�3 5.3 � 10�3

Agrobacterium sp.a E-BGOSAG 1 0.48 1.1 1.3 � 10�4 2.4 � 10�4

Thermotoga maritimaa E-BGOSTM 1 0.78 21 1.5 � 10�3 4.6 � 10�3

Phanerochaete chrysosporiuma (PcBgl) E-BGOSPC 3 1.1 88 4.3 � 10�3 1.9 � 10�2

Glucosidase from almondsb,c G0395 5 Not detectable
Glucosidase from A. nigerb,c 49291 5 3.3 3.6 � 10�5 7.3 � 10�4

Novozyme 188b C6105 Not specified 38 8.4 � 10�3

Lactobacillus brevis (LbBgl) 3 1 100 �5.12 � 10�3 �2.2 � 10�2

a From Megazyme International (Wicklow, Ireland); concentrations in assays result from the supplied solution.
b From Sigma-Aldrich (Vienna, Austria).
c Supplied in solid form.
d Hydrolysis of DON-3G was performed with a 4-h reaction time, pH 7 (100 mM Tris-Cl), at 37°C.
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from Bio-Rad) at a temperature of 80°C. The mobile phase was H2O with
an isocratic flow of 0.5 ml min�1 with a 20-�l injection volume. Analytes
were monitored with a Shodex RI-100 detector (Showa Denko, Tokyo,
Japan). Calibration curves with cellobiose and/or glucose standards were
prepared in the range from 0.05 to 5 g liter�1.

DON-3G, nivalenol-3-O-�-D-glucopyranoside (NIV-3G), and HT-2-
toxin-3-O-�-D-glucopyranoside (HT2-3G) were enzymatically prepared
with a recombinant family 1 UDP-glucosyltransferase (29), purified by
preparative HPLC, and structurally confirmed by 1H- and 13C-nuclear
magnetic resonance (NMR) methods (H. Michlmayr, A. Malachova, E.
Varga, M. Lemmens, S. Newmister, I. Rayment, F. Berthiller, and G.
Adam, unpublished data). Assays with these substrates were performed
under the same conditions as those described above (100 mM Tris-Cl, pH
7.0, 37°C) but stopped by transferring 15 �l reaction mix to 135 �l meth-
anol. The samples were centrifuged for 5 min at 20,000 � g, further di-
luted with deionized water, and transferred to HPLC vials. Cereal samples
were finely ground in a coffee mill and extracted 1:4 (wt/vol) with 125 mM
Tris, pH 7. Beer was degassed and the pH adjusted to 7.0 with 0.1 M KOH.
Beer and cereal extracts were spiked with DON-3G at 12.5 mg liter�1, and
enzyme assays were done with 80 �l of spiked extracts and 20 �l enzyme
solution (final concentration, 10 mg liter�1 DON-3G). The assays were
stopped and prepared for analysis as described above.

Analysis of glucosides and released toxins by LC-MS. The screening
of different enzymes for their hydrolytic activity against DON-3G was
performed on an 1100 series HPLC system (Agilent Technologies, Wald-
bronn, Germany) coupled to a QTrap liquid chromatography-tandem
mass spectrometry (LC-MS/MS) system (Applied Biosystems, Foster
City, CA) with atmospheric pressure chemical ionization. The method
was based on reference 30 with slight modifications concerning the LC
conditions using an Zorbax eclipse XDB-C8 column (150 by 4.6 mm, 5
�m; Agilent Technologies).

For testing the specific activities and obtaining the kinetic constants,
the method was transferred to a QTrap 4000 LC-MS/MS system (AB
Sciex, Foster City, CA) to gain sensitivity. Furthermore, the following
analytes were included in the method: NIV, NIV-3G, HT2, and HT2-3G.
Chromatographic separation was achieved on a Gemini C18 column (150
by 4.6 mm, 5 �m; Phenomenex, Aschaffenburg, Germany) at 25°C with a
flow rate of 0.8 ml min�1. The following water-methanol gradient (eluent
A, 80:20 [vol/vol]; eluent B, 3:97 [vol/vol]; both containing 5 mM ammo-
nium acetate) was used. Initial conditions at 0% B were a hold for 1 min,
followed by a linear increase to 50% B within 5 min and an increase to
100% B within another 3 min. After holding with 100% B for 2.5 min, a
fast switch to the initial conditions was performed, followed by column
equilibration until 14 min. For the first 6.5 min the mass spectrometer was

operated in negative electrospray ionization mode, whereas in the last 7.5
min the positive electrospray ionization mode was used. The following
source settings were used: temperature, 550°C; ion spray voltage, 4 kV
(positive mode) and �4 kV (negative mode); curtain gas, 30 lb/in2 (207
kPa of �99% nitrogen); source gas one and two, both 50 lb/in2 (345 kPa
of zero-grade air); and collision gas (nitrogen) set to high. For quantita-
tion, two selected reaction-monitoring transitions per compound were
acquired with a dwell time of 25 ms. In the first period, the acetate adducts
of the analytes (m/z 355.1 for DON, m/z 371.1 for NIV, m/z 517.3 for
DON-3G, and m/z 533.1 for NIV-3G) were chosen as precursors, and the
declustering potential (DP) was �40 V for DON and NIV, �50 V for
DON-3G, and �60 V for NIV-3G. The following product ions were cho-
sen as quantifier and qualifier, respectively: for DON, m/z 59.2 (collision
energy [CE] of �40 V) and m/z 265.2 (CE of �22 V); for NIV, m/z 59.1
and 281.1 (CE of �38 V for both); for DON-3G, m/z 427.1 (CE of �30
V) and m/z 59.1 (CE of �85 V); and for NIV-3G, m/z 263.0 (CE of �30
V) and m/z 443.0 (CE of �26 V). In the second period, the ammonium
adducts of HT2 (m/z 442.2; DP, 70 V) and HT2-3-G (m/z 604.4; DP, 51 V)
were chosen as precursors, and the following product ions were selected:
for HT2, m/z 215.1 (CE of 19 V) and m/z 197.1 (CE of 25 V); for HT2-3G,
m/z 263.3 (CE of 27 V) and m/z 215.1 (CE of 25 V). A sample chromato-
gram of standards of DON/DON-3G, NIV/NIV-3G, and HT2/HT2-3G is
shown in Fig. S1 in the supplemental material.

RESULTS
Substrate specificity and selectivity. Several commercially avail-
able �-glucosidase preparations and a previously described GH3
enzyme from Lactobacillus brevis (31, 32), here designated LbBgl,
were assayed for their capacity to hydrolyze DON-3G at concen-
trations of 10 mg liter�1 (22 �M) within 4 h. Almond �-glucosi-
dase (Sigma-Aldrich) apparently was inactive toward DON-3G.
The highest conversion rates were observed with the �-glucosi-
dases from Aspergillus niger, Phanerochaete chrysosporium, and
LbBgl. The latter completely hydrolyzed DON-3G under these
conditions.

It was previously reported that B. adolescentis is able to hydro-
lyze DON-3G in vitro (20). The genome of B. adolescentis ATCC
15703 (GenBank accession number NC_008618.1) contains six
genes encoding putative GH3 hydrolases. BAD_1194 is the en-
zyme/gene with the highest amino acid sequence similarity to
LbBgl (58% similarity and 41% identity by BLASTp [33]) and was

TABLE 2 Specific activities of GH3 glycosidases LbBgl, BaBgl, AnBgl, and PcBgl for synthetic and natural substratesa

Substrate
Concn
(mM)

Sp act (�mol min�1 mg�1)

LbBgl BaBgl AnBgl PcBgl

pNP-�-D-glucopyranoside 10 42 � 2 49 � 1 4.2 � 0.1 22 � 2
pNP-�-D-xylopyranoside 10 5.3 � 0.1 29 � 0 ND ND
pNP-	-L-arabinofuranoside 10 0.34 � 0.01 0.97 � 0.01 ND ND
pNP-�-D-galactopyranoside 10 NDc 0.73 � 0.02 ND ND
pNP-�-D-mannopyranoside 10 ND ND ND ND
Cellobiose 10 0.71 � 0.02 0.064 � 0.001 17 � 0 0.53 � 0.01
Salicin 10 36 � 1 43 � 0 2.3 � 0.2 1.3 � 0.0
Quercetin-3-O-�-D-glucopyranosideb 0.7 ND 0.075 � 0.005 ND ND
n-Octyl-�-D-glucopyranoside 10 10 � 0 28 � 0 4.3 � 0.0 8.4 � 0.6
Deoxynivalenol-3-O-�-D-glucopyranoside 10 0.082 � 0.003 11 � 1 0.039 � 0.002 0.026 � 0.001
Nivalenol-3-O-�-D-glucopyranoside 1 0.0036 � 0.0001 0.18 � 0.02 0.0012 � 0.0002 ND
HT-2-toxin-3-O-�-D-glucopyranoside 2 0.017 � 0.000 3.5 � 0.1 0.040 � 0.000 
0.001
a Specific activities were determined at 37°C, pH 7.0 (100 mM Tris-Cl). All values represent the mean values from triplicate determinations � standard deviations.
b Dissolved in 80% ethanol (20% in assay).
c ND, not detectable.
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selected for biochemical characterization. This enzyme subse-
quently is referred to as BaBgl.

The substrate specificities of recombinant LbBgl and BaBgl
(purified to apparent homogeneity) (Fig. 1) for several synthetic
and natural substrates, including DON-3G and two other tri-
chothecene-toxin �-glucosides available in our laboratory, were
determined. The two fungal GH3 enzymes from A. niger (AnBgl)
and P. chrysosporium (PcBgl) that were included in the DON-3G
hydrolysis assays described above (Table 1) were characterized

analogously to obtain a comparative view on the substrate range of
these glycosidases. All assays were performed under conditions
(37°C, 100 mM Tris-Cl, pH 7) that do not necessarily reflect the
optimal reaction conditions of the individual catalysts. One rea-
son for choosing these conditions was to compromise on a pH
value that agrees with most of the commonly used inorganic and
organic buffers, which is also relevant in practical terms. Second,
all enzyme assays were performed under identical conditions to
obtain a comparative view of the catalytic potential of different
catalysts.

In assays with pNP-glycosides (Table 2), both fungal enzymes
solely hydrolyzed pNP-�-D-glucopyranoside. The bacterial en-
zymes displayed additional �-D-xylopyranosidase and lower 	-L-
arabinofuranosidase side activities, which is consistent with the
known possible functionalities of GH3 hydrolases (34). Concern-
ing aglycon specificities, AnBgl clearly preferred cellobiose as the
substrate and PcBgl displayed its maximum activities with the syn-
thetic substrates pNP-�-D-glucopyranoside and n-octyl-�-D-glu-
copyranoside. Both bacterial enzymes demonstrated poor hydro-
lytic activity toward cellobiose and differed considerably in their
substrate specificities, especially with regard to the trichothecene-
�-glucosides. Among the tested enzymes, BaBgl showed the high-
est specific activities for DON-3G, NIV-3G, HT2-3G, salicin,
quercetin-3-�-D-glucoside, and n-octyl-�-D-glucoside (Table 2).
Kinetic constants obtained with selected substrates (Table 3)
clearly confirm that both bacterial enzymes are highly inefficient
with regard to cellobiose hydrolysis. Comparison of the kcat/Km

values obtained with pNP-�-glucoside, pNP-�-xyloside, and
DON-3G are a further indication that BaBgl is less selective than
LbBgl. Although the affinities of LbBgl and BaBgl for DON-3G
appear to be in a similar range as judged from apparent Km values
(2.8 and 5.4 mM, respectively) (Table 3), the catalytic efficiency
(kcat/Km) of BaBgl exceeded that of LbBgl 80-fold.

Product inhibition and physicochemical characterization.
Compared to the Aspergillus cellobiase AnBgl, the bacterial en-
zymes LbBgl and BaBgl were moderately inhibited by glucose (Fig.
2A): 50% activity reduction was estimated at 11 mM, 67 mM, and
180 mM glucose for AnBgl, LbBgl, and BaBgl, respectively. At 12
mM DON (3.5 g liter�1), a concentration high above the DON
levels that can be expected in contaminated cereal samples (milli-
gram per liter range), DON did not appear to exert an inhibitory

FIG 1 SDS-PAGE of two-step-purified His6-tagged LbBgl and BaBgl with
theoretical molecular masses of 83.6 and 82.2 kDa, respectively. Lane 1, Preci-
sion Plus protein standard (Bio-Rad), molecular mass in kilodaltons; lane 2,
LbBgl (4 �g); lane 3, BaBgl (4 �g).

TABLE 3 Kinetic constants of the GH3 glycosidases from LbBgl and BaBgla

Enzyme and substrate

Kinetic constant

Km (mM)
Vmax

(�mol min�1 mg�1)
kcat

b

(s�1)
kcat/Km

(s�1 mM�1)

LbBgl
pNP-�-D-glucopyranoside 0.63 � 0.09 47 � 1 66 104
pNP-�-D-xylopyranoside 2.6 � 0.2 6.6 � 0.2 9.3 3.5
Deoxynivalenol-3-O-�-D-glucopyranoside 2.8 � 0.4 0.11 � 0.00 0.15 0.053
Cellobiose 63 � 4 5.3 � 0.2 7.4 0.12

BaBgl
pNP-�-D-glucopyranoside 1.1 � 0.1 68 � 2 94 87
pNP-�-D-xylopyranoside 4.2 � 0.3 39 � 1 53 13
Deoxynivalenol-3-O-�-D-glucopyranoside 5.4 � 0.5 16 � 1 22 4.0
Cellobiose 73 � 12 0.50 � 0.05 0.69 0.0094

a Kinetic constants from LbBgl and BaBgl were determined at 37°C, pH 7.0 (100 mM Tris-Cl).
b Calculations are based on the theoretical molecular mass of the His6-tagged proteins: LbBgl, 83.6 kDa; BaBgl, 82.2 kDa.
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effect on pNP-�-D-glucoside hydrolysis by LbBgl and BaBgl (see
Table S1 in the supplemental material). Increased activity in the
presence of ethanol (
20% vol/vol) was observed with LbBgl and
BaBgl but not with AnBgl (Fig. 2B).

The pH (Fig. 2C) and temperature (Fig. 2D) profiles of LbBgl
and BaBgl indicate maximum hydrolytic activities in the range of
pH 5 to 6 and 50 to 60°C. Inclusion of EDTA and salts of several
mono- and divalent metal ions implied that LbBgl and BaBgl do
not depend on metal ions for hydrolysis (see Table S1 in the sup-
plemental material). Both enzymes were active in several com-
monly used organic and inorganic buffers (Table 4). At pH 7,
highest activities were determined in citrate-phosphate buffer
prepared according to McIlvaine (35), and the lowest activities
were recorded in Tris-Cl buffer, which was used as the standard
assay buffer in this study.

DON-3G hydrolysis in cereal samples. Judged from the cata-
lytic efficiency with DON-3G and low product inhibition, the re-
sults described above indicated that BaBgl is an interesting candi-
date for the hydrolysis of DON-3G and possibly structurally
similar trichothecene-glucosides in cereal samples. As a proof of
concept, extracts of several cereal samples and degassed beer were
spiked with DON-3G (10 mg liter�1) to test the performance of
BaBgl in realistic sample matrices. A naturally contaminated bar-
ley sample containing both DON and DON-3G was included as
well (Table 5). BaBgl efficiently hydrolyzed DON-3G in all sample
matrices (Table 5), as judged from the release of DON and the fact
that DON-3G was not detectable after 15 min in all samples. While

in beer DON-3G still was detectable, its levels were already below
the limit of quantification (Table 5). Furthermore, NIV-3G and
HT2-3G (both at 10 mg liter�1) were completely hydrolyzed by
BaBgl within 15 min in spiked wheat extract.

Sequence comparison of GH3 hydrolases. GH3 is a large and
divergent enzyme family (at the time of writing, �6,000 sequences
are in CAZy [34]) with considerable differences in known domain
structures and arrangements (36). Figure 3 illustrates the relation-
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FIG 2 Influence of glucose (A) and ethanol (B) on activities of LbBgl (Œ), BaBgl (●), and AnBgl (}) in the standard pNP-�-glucopyranoside assay (37°C, pH 7).
pH (C) and temperature (D) dependence of LbBgl (Œ) and BaBgl (●). (C) Assays (37°C) performed with Britton-Robinson buffers (28) in the range of pH 3.0
to 9.5. (D) Standard assay (100 mM Tris, pH 7) performed at 4 to 75°C. All data represent the averages from triplicate determinations, and error bars indicate
standard deviations. One hundred percent relative activity refers to standard assay conditions without additive (A and B) or maximum activity (C and D).

TABLE 4 Relative activities of LbBgl and BaBgl in organic and inorganic
buffers at pH 7d

Buffer

Relative enzyme activity (%)

LbBgl BaBgl

Tris (100 mM) 100 � 0 100 � 2
McIlvainea 158 � 2 174 � 1
Phosphate buffer (100 mM) 127 � 2 143 � 1
MOPSb (100 mM) 163 � 2 158 � 2
HEPES (100 mM) 145 � 0 132 � 1
Succinic acid (100 mM) 124 � 2 135 � 2
Britton-Robinson bufferc 136 � 1 141 � 1
a Citrate-phosphate buffer according to reference 35.
b Morpholinepropanesulfonic acid.
c Described in reference 28.
d Relative activities of LbBgl and BaBgl in organic and inorganic buffers at pH 7 were
determined with pNP-�-D-glucopyranoside at 37°C. All values represent the means
from triplicate determinations � standard deviations.
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ships between the six putative GH3 enzymes encoded by the B.
adolescentis genome relative to other GH3 hydrolases with known
function and resolved crystal structure. BAD_0640 is a putative
N-acetyl-�-D-glucosaminidase, and BAD_1197 could be related
to GH3 xylosidases. BAD_1610 and BAD_1611 seem to belong to
a different GH3 subclass with reversed domain arrangement. To-

gether with BAD_1598 and LbBgl, BaBgl (BAD_1194) appears
similar to �-glucosidase TnBgl3B from Thermotoga neapolitana
(Fig. 3). TnBgl3B (37) consists of three domains, and overall se-
quence similarities suggest that LbBgl (36% identity, 97% se-
quence coverage) and BaBgl (37% identity, 99% coverage) are
structured in a similar fashion. The architecture of TnBgl3 com-

TABLE 5 Hydrolysis of DON-3G in aqueous cereal sample extracts

Time
(min)

Hydrolysis (mM) in extract ofa:

Malt Wheat Rice Beerb Barleyc

DON-3G DON DON-3G DON DON-3G DON DON-3G DON DON-3G DON

0 23 ND 22 ND 22 ND 23 ND 15 39
5 ND 21 ND 21 
2.2 18 7.8 13 ND 50
10 ND 21 ND 20 ND 19 
2.2 19 ND 50
15 ND 23 ND 21 ND 20 
2.2 19 ND 49
a Hydrolysis of DON-3G by BaBgl (0.8 mg ml�1) to DON in aqueous (100 mM Tris-Cl, pH 7) cereal sample extracts (1:5, wt/vol) spiked with 10 mg liter�1 (22 �M) DON-3G. All
values represent the means from triplicate determination, and concentrations are displayed in millimolars. ND, not detectable (signal-to-noise ratio below 3:1).
b Degassed and adjusted to pH 7 with 0.1 M KOH.
c Naturally contaminated sample. Concentrations refer to dry sample (concentration in assay, 1:5).

FIG 3 Neighbor-joining tree of putative and experimentally confirmed GH3 �-glucosidases and related enzymes. §, �-xylosidase; †, N-acetyl-�-D-glucosamini-
dase; *, three-dimensional structure is available from the references listed below; ‡, crystal structure not yet published (www.cazy.org). Information on domain
organization as schematically depicted on the right is derived from the available crystal structures and by sequence alignments: GH3-N, conserved N-terminal
GH3 domain (pfam00933); GH3-C, C-terminal GH3 domain (pfam01915); FnIII, fibronectin type III-like domain (pfam14310); PA14 domain (pfam07691);
and BglX, glucosidase related hydrolases (COG1472). Sequences of Bifidobacterium adolescentis (NC_008618.1, loci BAD_0640, BAD_1194 [BaBgl], BAD_1197,
BAD_1598, BAD_1610, and BAD_1611) are highlighted in boldface. KmBglI (Kluyveromyces marxianus, PDB entry 3AC0, reference 39), TnBgl3B (Thermotoga
neapolitana, PDB entry 2X40, reference 37), LbBglI (Lactobacillus brevis, ERK40902.1), HjCel3A (Hypocrea jecorina, anamorph of Trichoderma reesei, PDB entry
3ZYZ, reference 40), AaBglI (Aspergillus aculeatus, PDB entry 4IIB, reference 38), AnBglI (Aspergillus niger, CAB75696.1, reference 56), AnXlnD (A. niger,
CAB06417.1 reference 57), HvExoI (Hordeum vulgare, PDB entry 1EX1, reference 58), TmXloA (Thermotoga maritima, AAD35170.1), StBxlI (Streptomyces
thermoviolaceus, BAD02389.1, reference 59), TmNagA (T. maritima, AAD35891.1), BfBglA (Butyrivibrio fibrisolvens, P16084.1, references 36 and 60), and
RaBglT (Ruminococcus albus, CAA33461.1, references 36 and 61). Amino acid sequence alignment and phylogenetic analysis was performed with Mega 6. The
Muscle algorithm was used for alignment, and the tree was constructed with the p-distance model and 1,000 bootstrap iterations.
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prises an N-terminal TIM barrel-like (	/�)8 fold (domain 1, GH3
N-terminal domain; pfam00933) followed by a 	/� sandwich fold
(domain 2, GH3 C-terminal domain; pfam01915). Both domain
structures are conserved within GH3, and the substrate binding
pocket of TnBgl3B is located at their interface. Domain one con-
tains the catalytic nucleophile (D242 in TnBgl3), and several con-
served residues that have been identified as pivotal for glycon (�-
D-glucopyranosyl-) binding and orientation. The acid/base
catalytic residue (E458) is located on a less conserved region on
domain two (37) (see Fig. S1 in the supplemental material). C-ter-
minal domain three of TnBgl3B is a fibronectin type III-like fold
(FnIII; pfam14310). This domain often is present in GH3 hydro-
lases (Fig. 3), and it also has been identified in eukaryotic GH3
�-glucosidases (38–40), but its function is unknown to date.

Figure S2 in the supplemental material (residue numbering
refers to that of the TnBgl3B sequence) highlights the conserved
amino acid residues identified in GH3 �-glucosidases (37, 40)
compared to three GH3 �-xylosidase sequences. Notable differ-
ences are that D58 and W243 appear not to be conserved in GH3
xylosidases. Both residues have been shown to be crucial for glu-
cose accommodation in the glycon binding subsite of TnBgl3B.

DISCUSSION

In addition to the primarily analytical objective of this study, the
substrate specificities of two bacterial and two fungal GH3 hydro-
lases were of interest. While the two fungal GH3 enzymes (A. niger
and P. chrysosporium) appear to be specific �-glucosidases, LbBgl
and BaBgl possess considerable �-D-xylosidase and low 	-L-ara-
binofuranosidase side activities. Glycon recognition motifs usu-
ally are highly conserved within GH families, yet the mechanistic
details determining �-glucosidase or �-xylosidase activity in GH3
so far have not been clarified sufficiently. Sequence alignment of
LbBgl and BaBgl (see Fig. S2 in the supplemental material) does
not indicate differences in conserved glucose binding residues
compared to other GH3 �-glucosidases. However, it was reported
that aglycon binding also can have an effect on glycon orientation
(41), and the side activities of LbBgl and BaBgl could be related to
their broad aglycon specificities.

In contrast to the conserved glycon recognition motifs, the
aglycon binding sites of glycosidases usually are much less defined.
Aglycon accommodation at the active site is determined mainly by
hydrophobic interactions, which allows for additional freedom in
substrate positioning (42, 43). While this accounts for flexibility, it
currently is not possible to predict aglycon specificities solely
based on sequence analyses. Understanding the biochemical func-
tionality of such �-glucosidases requires evaluation of a broad
range of possible substrates which often is limited by unavailabil-
ity or poor solubility of analytes of interest. It is further possible
that some enzyme classes have been evolutionarily tailored to be
versatile. Therefore, the quest to identify the true substrate (i.e.,
thermodynamically ideal substrate in terms of affinity or catalytic
efficiency) may not always yield the best results, especially with
regard to a possible physiological function. Thus, the true sub-
strate of BaBgl most likely has not been identified in this study.
DON-3G hydrolysis by BaBgl appears to be caused by its unselec-
tive nature rather than by a particular preference for this structure,
which is also reflected in the relatively high Km value (5.4 mM for
DON-3G). This stands in contrast to a 1,3-�-glucanase (catalog
no. L9259 [product discontinued]; Sigma-Aldrich) recently re-
ported to possess surprisingly high affinity (Km of 4.5 �M) for

DON-3G (24). However, this enzyme was almost completely in-
hibited by glucose at low concentrations (10 �M). Consequently,
inconvenient sample cleanup was necessary to eliminate glucose
originally present in the sample prior to enzymatic treatment.

BaBgl exerted adequate hydrolytic activity with DON-3G,
NIV-3G, and HT2-3G and was able to hydrolyze these com-
pounds in cereal samples as well. Its unspecific nature suggests
that BaBgl or functionally related glycosidases are able to hydro-
lyze an even wider spectrum of masked mycotoxins. Although
DON is the most frequently occurring trichothecene toxin world-
wide (44), regional and seasonal variations of F. graminearum
chemotypes and of other Fusarium species (45, 46) imply that
occurrences of different trichothecenes and their (putative)
�-glucosides underlie high geographic and seasonal fluctuations.
For example, nivalenol is more prevalent in Asian countries (47),
and high incidences of T-2 toxin and HT-2 toxin have been re-
ported recently in northern European countries (48); F.
graminearum strains isolated in the United States can produce a
previously unknown type A trichothecene (NX-3) (49).

Practical applications of BaBgl may involve hydrolysis of glu-
cosylated trichothecene toxins in aqueous cereal extracts prior to
analysis. In principle, this would be of interest for immunological
detection methods, such as enzyme-linked immunosorbent assay
(ELISA) kits that are widely used for rapid estimation of DON
levels in cereals. However, the utility of this approach is limited by
the high cross-reactivities of DON-specific antibodies with DON-
3G, which have been reported to range from 52 to 157% (50, 51).
For example, assuming a cross-reactivity of 50%, the increase of
the signal intensity due to the enzymatic cleavage of DON-3G to
DON would be visible only if more than 20% DON-3G compared
to the level of DON on a molar basis is present in the sample. The
reason for this is the repeatability of ELISA methods (typically 10
to 20% relative standard deviation [RSD]), which would make it
impossible to distinguish between the DON content before and
after enzymatic hydrolysis. A more suitable application could be
the hydrolysis of glucoconjugated trichothecenes prior to analysis
by conventional HPLC and gas chromatography methods, which
show better repeatabilities (often 5 to 10% RSD). This should
reveal an increase in the parental toxin content equivalent to the
molar concentration of the masked compound.

As a final remark, it is worthwhile to note that previous studies
investigating glycoside hydrolase activities of bifidobacteria were
concerned mainly with their positive implications. Examples in-
clude the metabolism of prebiotics (52) and a considerable num-
ber of publications on the release of isoflavones (phytoestrogens)
and other potentially health-beneficial plant metabolites from
their �-glucoside precursors (for examples, see references 53–55).
One aim of this study was to point out the possible functional and
structural diversity of (bacterial) GH3 �-glucosidases. By consid-
ering this and the high number of putative GH3 genes reported in
individual Bifidobacterium genomes (52), it appears that a wide
range of �-glucosidase functionalities in these bacteria can be ex-
pected. Therefore, it is crucial to consider that such intestinal spe-
cies possess the capability to increase the bioavailability not only
of health-beneficial plant metabolites but also of masked dietary
toxins.
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