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Abstract
Members of the human gut microbiota use glycoside hydrolase (GH) enzymes, such asβ-galactosidases, to forage on host mucin
glycans and dietary fibres. A human faecal metagenomic fosmid library was constructed and functionally screened to identify
novel β-galactosidases. Out of the 16,000 clones screened, 30 β-galactosidase-positive clones were identified. The β-
galactosidase gene found in the majority of the clones was BAD_1582 from Bifidobacterium adolescentis, subsequently named
bgaC. This gene was cloned with a hexahistidine tag, expressed in Escherichia coli and His-tagged-BgaC was purified using
Ni2+-NTA affinity chromatography and size filtration. The enzyme had optimal activity at pH 7.0 and 37 °C, with a wide range of
pH (4–10) and temperature (0–40 °C) stability. It required a divalent metal ion co-factor; maximum activity was detected with
Mg2+, while Cu2+ and Mn2+ were inhibitory. Kinetic parameters were determined using ortho-nitrophenyl-β-D-
galactopyranoside (ONPG) and lactose substrates. BgaC had a Vmax of 107 μmol/min/mg and a Km of 2.5 mM for ONPG and
a Vmax of 22 μmol/min/mg and a Km of 3.7 mM for lactose. It exhibited low product inhibition by galactose with a Ki of 116 mM
and high tolerance for glucose (66% activity retained in presence of 700 mM glucose). In addition, BgaC possessed
transglycosylation activity to produce galactooligosaccharides (GOS) from lactose, as determined by TLC and HPLC analysis.
The enzymatic characteristics of B. adolescentis BgaC make it an ideal candidate for dairy industry applications and prebiotic
manufacture.

Key points
• Bifidobacterium adolescentis BgaC β-galactosidase was selected from human faecal metagenome.
• BgaC possesses sought-after properties for biotechnology, e.g. low product inhibition.
• BgaC has transglycosylation activity producing prebiotic oligosaccharides.
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Introduction

β-Galactosidases (E.C.3.2.1.23) are enzymes that catalyse the
hydrolytic cleavage of galactose residues from the non-

reducing end of β-galactosides. β-Galactosidases belong to
the six glycoside hydrolase families of GH 1, GH 2, GH 35,
GH 42, GH 59, and GH 147 within the Carbohydrate-Active
enZymes (CAZy) database (http://www.cazy.org/) (Lombard
et al. 2014). In the past decades, there has been a growing
interest in identification and characterisation of β-galactosi-
dases, primarily for application in dairy industries due to their
hydrolysis of lactose into glucose and galactose (Adam et al.
2004). Lactose hydrolysis reduces crystallisation problems
resulting from the low solubility of lactose and increases the
sweetness of dairy products (Gänzle et al. 2008), and the re-
duced lactose content in whey by-product decreases water
pollution (Mawson 1994). Furthermore, the demand for
lactose-free dairy products has increased due to the growing
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number of lactose-intolerant people worldwide, reported to be
between 2 and 70% in Europe and the USA and approximate-
ly 100% in Asia (Vandenplas 2015). In addition, some β-
galactosidases can carry out transglycosylation, whereby they
transfer galactose residues to lactose acceptors to synthesise
galactooligosaccharides (GOS) with various linkages and de-
grees of polymerisation (Reuter et al. 1999; Torres et al.
2010). Several in vitro and in vivo studies have shown that
GOS selectively stimulates the growth of beneficial
Bifidobacteria and Lactobacillus species in the gut (Torres
et al. 2010; Walton et al. 2012), which is a valuable charac-
teristic for infant milk formulas. Furthermore, GOS adminis-
tered together with bacteria such as Bifidobacterium
(synbiotics) (Gibson and Roberfroid 1995) can promote pro-
liferation of these exogenously supplemented probiotics
(Kolida and Gibson 2011). Thus, the biotechnological appli-
cations of β-galactosidases encompass production of lactose-
free dairy products and production of GOS with prebiotic
properties.

Commercially used β-galactosidases are most commonly
obtained from Kluveromyces spp. and Aspergillus spp.
However, theseβ-galactosidases have some undesirable prop-
erties, such as a low affinity for lactose and product inhibition
by galactose at low Ki (Erich et al. 2015). There is a need for
the discovery of novel β-galactosidases which do not have
these characteristics. In addition, there is demand for novel
β-galactosidases with wider ranges of thermal and pH stabil-
ity to suit industrial downstream processes and that can syn-
thesise GOS with different types of linkages and degrees of
polymerisation.

Metagenomics has uncovered genomes of uncultivated mi-
croorganisms from untapped environments leading to the dis-
covery of natural products and enzymes with unique proper-
ties (Simon and Daniel 2011). Through function-based and
sequence-based screening of metagenomes from diverse hab-
itats, such as marine sediments, compost, desert sand and hy-
drothermal vents, valuable enzymes for biotechnology, food
and pharmaceutical industries have been identified, including
lipases, proteases and glycoside hydrolases (Lee et al. 2004;
Neveu et al. 2011; Uchiyama et al. 2013). Human gut
microbiome metagenomic libraries have revealed novel gly-
coside hydrolases (Cecchini et al. 2013; Tasse et al. 2010) and
β-galactosidases with unique thermo-tolerant and alkaline-
tolerant properties have been identified in environmental
metagenomic libraries (Cheng et al. 2017; Liu et al. 2019;
Wierzbicka-Woś et al. 2013; Zhang et al. 2013).

In this study, a human faecal metagenomic fosmid library
was used to identifyβ-galactosidases by functional screening.
Clones with β-galactosidase activity were sequenced and a β-
galactosidase enzyme of Bifidobacterium adolescentis,
BAD_1582, was identified, which we have named BgaC.
The enzyme was recombinantly expressed with a
hexahistidine tag, purified, and the properties of the expressed

enzyme were characterised. BgaC exhibited efficient hydroly-
sis of lactose and transglycosylation activity to produce oligo-
saccharides at low concentrations of lactose. These properties
make the enzyme an ideal candidate for large-scale enzymatic
hydrolysis of lactose and synthesis of potential prebiotic oli-
gosaccharides in dairy and pharmaceutical industries.

Material and methods

All chemicals were analytical grade and purchased from
Sigma-Aldrich/Merck, unless otherwise stated.

Bacterial strains, plasmids, fosmids and growth
conditions

The Escherichia coli strains, fosmids and plasmids used in
this study are shown in the Electronic Supplementary
Material, Table S1. E. coli strains were grown at 37 °C in
LB agar and broth with aeration. Antibiotics were added at
the following final concentrations: chloramphenicol (12.5
μg/ml) and ampicillin (120 μg/ml).

Construction of human faecal metagenome library

A human faecal microbiome metagenome library was con-
structed using the Copy Control Fosmid Library Production
Kit with pCC1FOS Vector (Epicentre) according to the man-
ufacturer’s instructions (Agbavwe 2017). This kit utilises a
strategy of cloning randomly sheared, end-repaired DNA. A
healthy, 27-year-old, female volunteer, consuming a Western
diet (omnivorous), provided a fresh faecal sample for this
study. The volunteer did not take any antibiotics or other drugs
known to influence the faecal microbiota within the 6-month
period prior to the study. The stool sample was homogenised
and large particles removed by centrifugation. Bacterial cells
were physically separated from host cells by density gradient
layering (Nycodenz Axis Shield 1002424) (Ford and
Rickwood 1982). DNA from the bacterial cells was then iso-
lated using conventional DNA extraction methods.

Representative community DNA of the faecal microbiome
was purified, and sheared, and the fragments were end-
repaired to produce 5′-phosphorylated blunt ends. The desired
size range (approximately 40 kb) of end-repaired DNA was
isolated using agarose gel electrophoresis and ligated to the
pCC1FOS vector. The ligated DNA was packaged into lamb-
da phage and introduced into E. coli EPI300-T1R. The infect-
ed E. coli EPI300-T1R cells were plated on selective LB agar
media and allowed to grow overnight. The clones which
harboured the ligated fosmids were picked, induced to high
copy number using L-arabinose auto induction solution,
pooled to generate the human faecal microbiomemetagenome
library and stored in aliquots at 15% glycerol at − 80 °C.
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These aliquots were used for targeted gene identification via
function-based screening.

Functional screening of putative
β-galactosidase-encoding clones

The human faecal microbiome metagenome library was
screened for pink colonies expressing a functional β-
galactosidase on MacConkey lactose agar. A vial of stock
human faecal microbiome metagenome library was thawed
on ice, and a serial dilution which provided approximately
500 colonies per plate was prepared in LB broth. One hundred
microliters was plated on MacConkey agar supplemented
with lactose, Cm and arabinose. β-Galactosidase-positive
clones were identified based on their pink morphology while
β-galactosidase-negative clones were colourless. Clones that
appeared pink on the MacConkey agar were picked and
streaked on LB agar containing Cm, arabinose and the chro-
mogenic substrate 5-bromo-4-chloro-3-indolyl-β-
galactopyranoside (X-Gal) at final concentration of 40 μg
ml−1 for confirmatory test, and positive clones were identified
by formation of blue colonies. The Miller assay (Miller 1972)
with ONPG substrate was conducted on positive clones to
determine the β-galactosidase activity of the positive fosmid
clones.

Bioinformatic analysis

Fosmids from β-galactosidase positive clones were prepared
using the Qiagen plasmid preparation kit. Fosmid DNA was
single- or double-digested with BamHI and SmaI (Thermo
Fisher Scientific) and the restriction products were visualised
using agarose gel electrophoresis. Clones that had distinct
restriction patterns were end sequenced (Eurofins genomics).
The forward and the reverse nucleotide sequences generated
from end sequencing reactions of clones were analysed using
Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Conserved
domain databases (CDD) and Pfam were used to identify the
conserved protein regions. Smart BLAST and Constraint-
Based Multiple Alignment Tool (COBALT) (Papadopoulos
and Agarwala 2007) were used to identify homologues with
the landmark sequences. In addition, PSORTb subcellular
localisation tool was implemented to predict subcellular pro-
tein localisation (Yu et al. 2010). Homology-based structure
prediction was done using SWISS-MODEL (https://
swissmodel.expasy.org/).

Cloning of identified β-galactosidase bgaC gene
of B. adolescentis

The β-galactosidase BAD_1582 (bgaC) gene sequence of
B. adolescentis ATCC15703 was used to design cloning
primers for PCR (CACCATGGCAGATACAGCCG

AACTC and GAACAGCTTGAGCTGAACGTTGAG).
With fosmid clone 31 as template, Velocity DNA polymerase
(Bioline) was used to generate a blunt end product (25 cycles:
30 s at 98 °C, 30 s at 63 °C, 1 min and 30 s at 72 °C). PCR
products were isolated by DNA gel purification using
Promega Wizard R SV gel and PCR clean-up system follow-
ing the manufacturer’s instructions. The purified blunt end
DNA was cloned into expression plasmid pET101
(Invitrogen) following the directional cloning kit protocol.
pET101 harbouring the bgaC gene was transformed into the
expression host E. coli T7 express lacZ− cells (Qin et al.
2010); the resulting clone was named E. coli T7express
(pDMg1a). The primers ACGTATGCCTCGAATCG and
CATATTTGGATAGCTC were used to determine the pres-
ence of bgaC in fosmids by PCR using Taq DNA polymerase
(Bioline), followed by visualisation of the PCR products by
agarose gel electrophoresis.

Expression and purification of BAD_1582

E. coli T7 Express (pDMg1a) was grown to mid-log phase
(OD600nm between 0.4 and 0.7). Isopropyl-β-D-thiogalactopy-
ranoside (IPTG, 1 mM) was added and the culture was incu-
bated for 4 h at 37 °C to induce expression. An aliquot of the
culture was then assayed forβ-galactosidase activity using the
Miller assay (Miller 1972). Cells were harvested by centrifu-
gation and the pelleted cells were lysed with bug buster pro-
tein extraction reagent supplemented with 2 μl/ml lysozyme
(Merck, USA). The lysate was centrifuged at 4 °C for 20 min
at 16,000g, and the total cell lysate, the soluble fraction and
the insoluble fractions were analysed by SDS-PAGE under
denaturing condition to determine the localisation of the
expressed enzyme. The soluble fraction containing the en-
zyme was then subjected to Ni2+-nitrilotriacetate (Ni2+-
NTA) affinity chromatography to purify the His-tagged en-
zyme (Thermo Fisher) according to the manufacturer’s
instruction.

The eluted fractions were concentrated and lower molecu-
lar mass proteins and imidazole removed using 100-kDa mo-
lecular weight cut-off (MWCO) Amicon Ultra-4 centrifugal
filters (Merck, USA) and PBS buffer exchange. The retained
protein (approximately > 100 kDa) concentration was deter-
mined by Bradford assay using bovine serum albumin (BSA)
as standard. To determine the purity of the eluted fractions and
the concentrated protein, SDS-PAGE was performed.
After samples were electrophoresed on a 10% polyacryl-
amide gel, with broad range protein standards (11–245
kDa), the gels were stained both with Coomassie
Brilliant blue R 250 and silver stain (Conway et al.
2016) for visualisation of protein. The concentrated pro-
tein was stored in aliquots at 4 °C for immediate use,
while for long-term storage 50% (v/v) glycerol was
added and stored at − 20 °C.
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Immunoblotting

Proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane. The nitrocellulose membrane was
washed with PBS, blocked with 5% skim milk in PBS and
probed using a monoclonal anti-polyhistidine antibody conju-
gated to horseradish peroxidase (1:2000 dilution) (Sigma).
Visualisation was carried out by staining the nitrocellulose
with tetramethylbenzidine (TMB) solution (Sigma) until suf-
ficient colour was developed.

β-Galactosidase activity assay

All β-galactosidase activity assays (both hydrolysis and
transglycosylation) were conducted with three independent
biological replicates and the data presented are the means of
the three experiments.

β-Galactosidase activity of the BgaC protein was deter-
mined using the chromogenic substrate ortho-nitrophenyl-β-
D-galactopyranoside (ONPG) or lactose. The assay for ONPG
was carried out in microtiter plates containing 8.75 mg/ml
purified enzyme, 2 mM ONPG in 50 mM sodium phosphate
buffer in a final volume of 100 μl, at pH 7.0 and 37 °C for 30
min. The reaction was stopped by addition of sodium
carbonate to a final concentration of 500 mM. The hy-
drolysis product ortho-nitrophenol was detected by mea-
suring absorbance at 420 nm (Biotek microplate spec-
trophotometer). A unit of an enzyme (1 U) is defined as
the amount of the enzyme required to liberate 1 μmol
oNP from the ONPG substrate per minute in 50 mM
sodium phosphate buffer (pH 7.0) at 37oC.

The assay for lactose hydrolysis was carried out with 89.5
μg/ml purified enzyme and 5 mM lactose in 50 mM sodium
phosphate buffer at pH 7.0 and 37 °C for 30 min and the
enzyme was then inactivated by incubating at 95 °C for 5
min. The released glucose was quantified using a glucose
oxidase/peroxidase assay kit (Sigma) and measuring absor-
bance at 540 nm. A unit of enzyme (1 U) is defined as the
amount of enzyme required to liberate 1 μmol glucose from
lactose per minute in 50 mM sodium phosphate buffer at pH 7
and at 37 °C.

Effects of pH, temperature, divalent cations
and denaturants/detergents on the activity
and stability of BAD_1582

The optimum pH of the enzyme was determined by using
ONPG as a substrate in 50 mM sodium phosphate buffer at
pH ranges of 4.0 to 10.0. The pH stability of the enzyme was
determined by pre-incubating the enzyme in 50 mM sodium
phosphate buffer set at pH 4.0–10.0 for 24 h at 4 °C. The pH
of the pre-incubated enzymewas adjusted to pH 7.0 before the
β-galactosidase activity was measured.

The effect of temperature on the enzyme activity was de-
termined at different temperatures (from 0 to 60 °C) in 50 mM
sodium phosphate buffer at pH 7.0. The temperature stability
of the enzyme was determined by pre-incubating the enzyme
in 50 mM sodium phosphate buffer at the selected tempera-
tures for 1 h, after which the reactions were brought to 37 °C
and β-galactosidase activity was determined.

The effect of metal ions on the activity of the enzyme was
determined at pH 7.0. The effect of 10 mM K+ (KCl) and
Mg2+ (MgCl2) on enzyme activity was determined in
50 mM sodium phosphate buffer. As most divalent cations
precipitated in sodium phosphate buffer, CaCl2, MgCl2,
ZnCl2, FeCl3, CuSO4 and MnCl2 at a final concentration of
10 mM were dissolved in 100 mM Tris-HCl buffer and en-
zyme activity determined in this buffer. To determine the ef-
fect of EDTA on the activity of BgaC, the enzyme was pre-
incubated in 10 mM EDTA in 50 mM sodium phosphate
buffer pH 7.0 for 3 h at 4 °C. Controls containing the same
amount of enzyme incubated in sodium phosphate buffer con-
taining 10 mMMgCl2 and enzyme in sodium phosphate buff-
er with no additional divalent metal ions were similarly pre-
pared. Then, the β-galactosidase activity was determined.

The effects of detergents and denaturants on the activity of
BgaC were determined by carrying out the β-galactosidase
assay in 50 mM sodium phosphate buffer supplemented with
10 mM MgCl2 pH 7.0 and further supplemented with the
following reagents: sodium dodecyl sulfate (0.1, 0.5 and
1%), urea (0.1, 0.5 and 1 M), Triton X-100 (0.1, 0.5 and
1%) and β-mercaptoethanol (1, 10 and 50 mM).

Substrate specificity and kinetic parameters

To determine the substrate specificity of the enzyme, different
chromogenic nitrophenyl–based substrates with α- and β-
linked sugars were used. BgaC was incubated with the nitro-
phenyl analogues at a final concentration of 2 mM in 50 mM
sodium phosphate buffer/10 mM MgCl2 at pH 7.0 and 37 °C
and its hydrolytic activity was measured by absorbance at 420
nm. The nitrophenyl substrates used were pNP-β-D-
galactopyranoside (pNPG), pNP-β-D-glucopyranoside
(pNP-β-D-Glc), pNP-α-D-galactopyranoside (pNP-α-D-Gal),
pNP-α-D-mannopyranoside (pNP-α-D-Man), pNP-α-L-
fucopyranoside (pNP-α-L-Fuc) (Toronto Research
Chemicals, TRC), pNP-α-L-xylopyranoside (pNP-α-L-Xyl)
(TRC), pNP-2-acetamido-2-deoxy-β-D-galactopyranoside
(pNP-β-D-GalNAc)(TRC) and pNP-2-acetamido-2-deoxy-β-
D-glucopyranoside (pNP-GlcNAc) (Carbosynth) and ONPG.

The kinetic parameters of BgaC were determined by mea-
suring activity at different concentrations of ONPG (0.25, 0.5,
0.75, 1, 2.5, 5, 10 and 20 mM) and lactose (5, 10, 25, 50, 100
and 200mM) in 50mM sodium phosphate buffer pH 7.0 at 37
°C in a time course discontinuous enzyme assay monitored for
20 min. Aliquots were withdrawn at 2-min intervals. For the
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ONPG assay, the aliquots were mixed with 500 mM sodium
carbonate to stop the reaction and absorbance at 420 nm was
recorded, and for the lactose assay aliquots were incubated at
95 °C for 5 min to inactivate the enzyme, and the glucose
oxidase/peroxidase assay kit was used to determine the
amount of glucose liberated. Vmax and Km were calculated
using the enzyme kinetics module tool of SigmaPlot software
version 14.0 (Systat Software, San Jose, CA) from initial ve-
locity versus substrate concentration plot. Both Michaelis-
Menten kinetics and Lineweaver-Burke plot transformation
were implemented to determine Vmax and Km.

Inhibition assays using lactose, galactose and glucose

The β-galactosidase activity of BgaC was determined in the
presence of lactose (0.25–75 mM), Gal and Glc (5–700 mM)
as potential inhibitors and 1mMONPG as substrate. TheKi of
lactose or Gal on BgaC activity was determined from
the progress curves of the time course assay by apply-
ing competitive inhibition kinetics using Sigma Plot en-
zyme kinetic module.

Transglycosylation activity assay

Transglycosylation assays were carried out using 1.5 units/ml
BgaC enzyme in 50 mM sodium phosphate buffer/10 mM
MgCl2 at 37 °C at pH 7.0 for 24 h. The first reaction set used
pNPG as galactosyl donor and various sugars as acceptors:
fructose (Fru), L-arabinose (Ara), GlcNAc, Gal, Glc and lac-
tose. The assay contained 100 mM pNPG (25 mM pNPG
when lactose was used as acceptor) and 200 mM acceptor
sugar. In the second reaction set, 234 mM lactose was used
both as a galactosyl donor and an acceptor. In the third reac-
tion set, 200 mM lactose was used as a galactosyl donor and
100 mM L-fucose or N-acetylneuraminic acid (Neu5Ac) was
used as an acceptor. After 24-h incubation, the enzyme was
inactivated by heating at 95 °C for 5 min. Transglycosylation
products were also monitored in a time-dependent assay, con-
taining 234 mM lactose in 50 mM sodium phosphate buffer
(pH 7.0) and 1.5 unit/ml enzyme at 37 °C for 72 h. Aliquot
were withdrawn at 4, 8, 24, 48 and 72 h.

Samples were analysed using TLC with silica gel 60G F254
glass/aluminium foil plates as stationary phase. Samples and
standards (1 μl) were spotted on the plates and the plates were
immersed on a mobile phase of n-propanol:distilled
water:ethyl acetate (7:2:1 v/v/v). The standard sugars were
prepared in 50 mM sodium phosphate buffer (pH 7.0) at same
concentration as in transglycosylation assays: GOS
(Carbosynth), GOS (Teagasc) (8%), and lactose, Glc, Gal,
Fru, L-Ara, GlcNAc, L-fucose, Neu5Ac and pNPG (75
mM). After separation, TLC plates were sprayed with 10%
sulfuric acid in ethanol, allowed to completely dry and then
charred at 105 °C for 5 min to visualise carbohydrates (so pNP

would not be visualised with this method). Rf values for each
spot of transglycosylation product were calculated by taking
the ratio of distance travelled by each spot to distance travelled
to solvent front and compared to the Rf values of the
standard sugars.

High-performance liquid chromatography

One milligram of each lyophilised sample obtained from
transglycosylation reactions and 1 mg each of lactose and
standard GOS were labelled with 50 μl labelling reagent per
reaction (0.35 M 2-aminobenzamide (2-AB), 1 M sodium
cyanoborohydride (NaCNBH3) dissolved in 30% acetic acid
in DMSO) in amber tubes (Bigge et al. 1995). Labelling reac-
tions were incubated in the dark at 65 °C for 2.5 h with gentle
shaking at 200 rpm and samples were subsequently protected
from light. Labelled samples were purified using Glycoclean
S cartridges (ProZyme) following the manufacturer’s instruc-
tions and dried by centrifugal evaporation. Samples were
reconstituted in 100 μl high-performance liquid chromatogra-
phy (HPLC)–grade water and a 1:10 dilution of each sample
was prepared. The diluted samples (10 μl) were injected onto
a GlycoSep N-Plus HPLC column (PROzyme) equipped with
a guard column on a Waters Alliance 2695 system (Waters,
MA, USA) and separated at column temperature of 30 °C
using gradient elution. The mobile phase consisted of
HPLC-grade acetonitrile (A) and 50 mM ammonium formate,
pH 4.4 (B), and the gradient started at 80% A to 47% A over
47.5min, held at 47% for 1 min, changed to 0%A for 3 min to
wash the column and then returned to 80%A over 1 min to re-
equilibrate for 13 min before the next injection, all at a flow
rate of 0.667 ml/min. Elution fluorescence was monitored at
λex 330 nm and λem 420 nm on a Waters 474 fluorescence
detector.

Statistical analysis

All experiments were conducted with three independent bio-
logical replicates and graphs were plotted from the mean of
the three experiments. Error bars in figures represent the stan-
dard deviation (SD) (mean ± SD). Statistical significance was
determined by Student’s t test, and significance was represent-
ed with p values < 0.001 = ***, < 0.01 = ** and < 0.05 = *.

Results

Construction of metagenomic library

A human faecal microbiome metagenomic library with insert
sizes of 30–40 kb was constructed using the Copy Control-
Fosmid Library Production system. Forty-two thousand dis-
tinct clones were generated for the human faecal microbiome
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metagenomic library. To assess the diversity of the library, 15
random clones were analysed by restriction pattern analysis
and end sequencing of the fosmid inserts. Ten (67%)
harboured different fragments of DNA originating from
B. adolescentis both in the forward (5′ end of inserts) and
reverse (3′ end of inserts) sequences with identities of 95–
100% for most of the clones. However, clone 1 matched
B. adolescentis with 77% identity and 95% identity for the
forward and reverse sequences, respectively. One clone, clone
12, had a DNA fragment that originated from Bacteriodes
fragilis (99% and 100% identity of forward and reverse se-
quence, respectively). Two clones matched Gordonibacter
pamelaeae with 80% identity (clone 10) and Collinsella
aerofaciens with 94% identity (clone 13) on reverse and for-
ward sequences, respectively, but no significant similarity was
found on the forward and reverse sequences, respectively, of
these two clones. On the other hand, clone 9 had similarity
with a different bacterial species at each end of the insert. The
forward sequence of clone 9 had similari ty with
Bifidobacterium bifidum (83% identity) while the reverse se-
quence had a match with Olsenella uli (73% identity). Thus,
the clones were distinct amongst themselves and some of
them had either low or no significant similarity in the data-
base, indicating the origin of DNA from these clones could be
from previously uncharacterised members of the microbiome.
Having established the genetic diversity of the library, it was
then used for functional screening for β-galactosidases.

Functional screening for β-galactosidases
in the human faecal microbiome metagenomic library

Sixteen thousand clones were screened for β-galactosidase
activity using MacConkey lactose agar. Clones expressing
active β-galactosidase appeared pink, as the acidic fermenta-
tion products from lactose utilisation changed the colour of the
pH indicator within the agar. The control lacZ− E. coli EPI300
(pCC1FOS) appeared colourless, as did clones without active
β-galactosidase. Thirty-two β-galactosidase-positive clones
were identified (Electronic Supplementary Material, Fig.
S1a). When streaked individually on MacConkey lactose
agar, they showed strong lactose hydrolysis, even compared
to lacZ positive E. coli BL21 (DE3), whereas the negative
control E. coli EPI300 (pCC1FOS) displayed no colour
change (Electronic Supplementary Material, Fig. S1b). β-
Galactosidase activity was confirmed using LB agar supple-
mented with X-Gal for thirty clones, which formed character-
istic blue colonies resulting from X-Gal hydrolysis. The pos-
itive control E. coli BL21 (DE3) also formed blue colonies
while the negative control host strain did not (Electronic
Supplementary Material, Fig. S1c).

Fosmids were prepared from each of the 30 β-
galactosidase-positive clones and were characterised by re-
striction pattern to identify distinct clones. Seven distinct

clones were identified from the comparison of restriction pat-
terns and subsequent analyses focused on one representative
of each. TheMiller assay was conducted on these clones using
ONPG as a substrate, and high β-galactosidase activity (600–
5,795 Miller units) was detected, while the negative control
E. coli EPI 300 (pCC1FOS) had low activity (36Miller units).

Bioinformatic analysis to identify β-galactosidase
gene (BAD_1582) from human faecal microbiome
metagenome clones

The seven distinct fosmids were sequenced to generate the 5′
and 3′ sequences of their inserts using primers complimentary
to pCC1FOS. Nucleotide blast searches established the origin
of the DNA and indicated that the fosmid sequences had high
identity (98–99%) with genomic DNA of B. adolescentis, a
common inhabitant of the adult human gut. One of these insert
sequences had similarity with B. adolescentis only at the 3′
end and matched with an extrachromosomal DNA sequence
(85% identity) at the 5′ end. The B. adolescentis strain from
which this DNA fragment originated could have acquired the
insertion sequences by horizontal transfer. The genome anno-
tation of B. adolescentis ATCC15703 (NCBI) was used to
identify possible β-galactosidase genes within the fosmid in-
serts. The gene map shows the regions of B. adolescentis ge-
nomic DNA contained within each fosmid (Fig. 1). All the
clones shared the β-galactosidase BAD_1582 gene and the
adjacent five BAD_1583 to BAD_1587 genes. The adjacent
genes encoded a sugar transporting permease, required by
many bacteria to access sugars for adaptable growth in the
gut environment. BAD_1582-specific PCR, using the fosmids
from the thirty β-galactosidase-positive clones as template,
demonstrated that all fosmids possessed BAD_1582, with
the exception of clone 2 (Electronic Supplementary
Material, Fig. S2a, b).

Through bioinformatic analysis, BAD_1582 was identified
as a GH2 hydrolase with a homo-dimer structure.
Bifidobacterium spp. protein sequences homologous to
BAD_1582 (E-value = 0, % identity > 68%) and the 5
SmartBLAST reference landmark amino acid sequences for
known GH2 β-galactosidases (E-value < e−113, % identity >
30%) were phylogenetically analysed. BAD_1582 is distantly
related to GH2 β-galactosidases identified from different spe-
cies of bacteria and plants: Arabidopsis thaliana (30% identi-
ty), soybean (32% identity) Streptomyces coelicolor (40%
identity), Thermotoga maritima (33% identity), E. coli (32%
identity). However, BAD_1582 is closely related to a β-
galactosidase identified in several Bifidobacterium species:
B. ruminatium (88% identity), B. pseudocatenulatum (77%
identity), Bifidobacterium spp., N4GO5 (68% identity),
B. kashiwanohense (68% identity), B. tsurumiense (68% iden-
tity),B. catenulatum (68% identity) and B. longum (68% iden-
tity), which indicates that these enzymes might be descended
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from the same ancestral protein (Electronic Supplementary
Material, Fig. S3). In contrast, BAD_1582 has much lower
homology to β-galactosidases from B. animalis, B. infantis,
B. bifidum, B. breve, B. dentium, B. reuteri and other members
of the Bifidobacterium taxon.

Expression and purification of the β-galactosidase
BAD_1582/BgaC

The β-galactosidase BAD_1582 gene was cloned with a
hexahistidine tag in the pET101 vector and transformed into
the lacZ- expression host E. coli T7 express. In order to ex-
press the recombinant BAD_1582, E. coli T7 express
(pDMg1a) was cultured to exponential phase, 1 mM IPTG
was added and induction of protein expression was continued
for 4 h. After induction, a Miller assay carried out on IPTG-
induced cells confirmed that enzyme activity was retained
upon incorporation of the His-tag. The molecular mass of
the His-tagged recombinant BgaC was predicted to be
116.5 kDa by amino acid content. IPTG-induced E. coli
(pDMg1a) cells were harvested, and lysed, and the His-
tagged enzyme was purified from the soluble fraction by
Ni2+-NTA column chromatography. Remaining low molecu-
lar mass co-purified contaminant proteins were removed by
filtration through a 100-kDa MWCO filter and the resulting
approximately 120-kDa protein was the only protein present
by Coomassie- and silver-stained SDS-PAGE analysis (Fig.
2a, b). Immunoblotting to detect the His-tag confirmed that
the 120-kD purified protein was His-tagged BAD_1582 (Fig.
2c). The purified BAD_1582 was proven to have β-
galactosidase activity with ONPG as substrate (Fig. 3a) and
was consequently named BgaC, following the convention of
the previous study of BgaB (BAD_1401) (Hinz et al. 2004).

Biochemical properties of BgaC

β-Galactosidase activity of BgaC was tested over the pH
ranges of 4.5 to 10.0 with ONPG as substrate. The enzyme
had an optimum pH of 7.0 and retained 60% of its
activity between pH 6.0 and 8.0 (Fig. 3a). BgaC was
stable at all pH values tested, and 87% of its activity
was retained at pH 4 (Fig. 3a).

The optimum temperature of this enzyme was determined
to be 37 °C, but it was active over a wide range of tempera-
tures, retaining 60% of its activity between 20 and 45 °C (Fig.
3b). The residual enzyme activity after 1 h incubation at those
temperatures showed that the enzyme was active up to 40 °C
(65% of its activity was retained) and its activity declined as
temperatures increased (at 50 °C less than 20% activity
retained) (Fig. 3b). Storage temperatures of 4 °C or −20 °C
after 24-h incubation did not affect the activity of the enzyme.
On the other hand, storage at room temperature (20 °C) for 24-
h incubation decreased the activity of this enzyme by 35%
(Fig. 3c). The enzyme was stored at 4 °C for more than 5
weeks and its activity was not altered (data not shown), but
for long-term storage − 20 °C in a 50% glycerol stock was
used and the activity was unaffected.

EDTA inhibited the activity of the enzyme which indicated
a reliance on a divalent cation. The addition ofMg2+ enhanced
the activity of BgaC by 30%, followed by Ca2+ and then Zn2+

(Table 1). On the other hand, activity was abolished by Cu2+

and showed 59% reduction in the presence of Mn2+ (Table 1).
As shown in Fig. 4a, the enzyme was severely inhibited by

the addition of SDS at a concentration of 0.5% and above,
whereas addition of urea at 0.1 mM enhanced the activity of
BAD_1582, while no inhibition or enhancement were ob-
served at concentrations of 0.5 mM and 1 mM. Triton X-

Fig. 1 Gene map of fosmids which incorporated regions of the
B. adolescentis genome and their six shared genes. These include the
β-galactosidase gene (BAD_1582, bgaC), HdeD family acid-resistance
protein (BAD_1583), LacI family transcriptional regulator (BAD_1584),
carbohydrate ABC transporter substrate-binding protein (BAD_1585),

sugar ABC transporter permease (BAD_1586), and carbohydrate ABC
transporter permease (BAD_1587). The numbers at the start and end of
each clone show location of the nucleotide sequences on the ATCC15703
genome
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100 enhanced activity at 0.5% and 1%, and no inhibition was
observed at 0.1%. The presence of β-mercaptoethanol did not
affect the activity of BgaC at the concentrations tested indi-
cating the absence of disulphide bonds in the binding and
catalytic region(s) of the enzyme.

Substrate specificity and kinetic parameters

BgaC demonstrated high specific activity on pNPG and
ONPG, with a higher specific activity towards pNPG (112
μmol/min/mg) compared to ONPG (18 μmol/min/mg). The
specificity of BgaC was assessed and no activity was detected
on α-linked Gal as in pNP-α-Gal. The enzyme did not

hydrolyse any other tested pNP-based substrates, which in-
cluded pNP-β-D-Glc, pNP-α-D-Man, pNP-α-L-Fuc, pNP-α-
L-Xyl, pNP-β-GalNAc and pNP-β-GlcNAc, which demon-
strates that this enzyme acted exclusively on terminal β-
linked Gal residues.

β-Galactosidase activity was measured using different con-
centrations of ONPG (0.25–20 mM) and lactose (5–200 mM),
and the enzyme rate (μmol min−1 mg−1) was calculated from
non-linear regression fit model of substrate concentration ver-
sus enzyme rate, Michaelis-Menten plot (Electronic
Supplementary Material, Fig. S4a, b). The enzyme had a Km

of 2.5 mM and Vmax of 107 μmol min−1 mg−1 for ONPG and
Km of 3.7 mM and Vmax of 22 μmol min−1 mg−1 for lactose.

Fig. 2 BgaC purification.
Purification of the protein
analysed by SDS-PAGE of puri-
fication step samples. Flow
through and eluates were from
Ni2+-NTA column purification
and concentrate is after 100 kDa
MWCO filtration. a
Coomassie-stained gel, b
silver-stained gel, and c immuno-
blot with anti-polyhistidine anti-
body conjugated to peroxidase
and TMB staining
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Besides, the catalytic efficiency, Kcat/Km, of this enzyme for
ONPGwas 84 s−1 mM−1 which was 7-fold higher than that for
lactose (12 s−1 mM−1) (Table 2). Nevertheless, the rate of
hydrolysis of ONPG showed a substantial decrease with in-
creasing concentration of the chromogenic substrate ONPG (≥

2.5 mM), but the enzyme did not display substrate inhibition
when lactose was used as substrate. The Ki of the enzyme for
ONPG was 8 μM.

Inhibition of BgaC by lactose, and tolerance
to glucose and galactose

The effect of different concentrations of lactose (substrate)
and its hydrolysis products, glucose and galactose, on the
activity of BgaC was examined in the presence of the synthet-
ic substrate ONPG (1 mM). β-Galactosidase activity towards
ONPG declined markedly in the presence of increasing con-
centrations of lactose (Fig. 4b), suggesting that lactose is a
competitive inhibitor to ONPG for binding to the enzyme
active site. The Ki of lactose as a competitive inhibitor was
100 μM. In addition, Km, Vmax and Kcat in the presence of
lactose as a competitive inhibitor were 0.7 mM, 129 μmol
min−1 mg−1 and 250 s−1, respectively (Table 2). Thus, the
catalytic efficiency Kcat/Km towards ONPG was low in the
presence of lactose.

The effects of the hydrolytic products of lactose on the
activity of the enzyme towards ONPG were also determined.
The enzyme was highly tolerant to glucose, as 66% of the

Fig. 3 Effect of pH and
temperature on BgaC. Effect of a
pH and b temperature on
β-galactosidase activity (squares)
and stability (triangles) of BgaC
in 50 mM sodium phosphate
buffer, relative to activity at pH
7.0 and 37 °C, respectively. c
Effect of storage temperature on
BgaC activity, relative to activity
after 4 °C storage. Values are the
mean ± SD of three independent
experiments

Table 1 Effect of divalent cations and EDTA on BgaC activity

Substance (10 mM) Relative activity (%)
in phosphate buffera

Relative activity (%)
in 100 mM Tris HCl

KCl 105 ± 6 n.d

MgCl2 130 ± 6 174 ± 4

CaCl2 n.d 141 ± 4

ZnCl2 n.d 133 ± 5

MnCl2 n.d 41 ± 3

CuSO4 n.d 0 ± 0

EDTA 36 ± 1 n.d

Values are mean ± SD of three biological replicates, each with three
technical replicates
a Relative to enzyme activity in absence of cations or EDTA
b n.d not determined
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enzyme activity was retained even in the presence of 700 mM
glucose (Fig. 4c). However, it was observed that the enzyme
was less tolerant to galactose and the activity of the enzyme
decreased as the concentration of Gal increased above
100 mM (Fig. 4c). About 44% of its relative activity was
retained at 700 mMGal. The kinetic parameters of the enzyme
towards ONPG in the presence of galactose as an inhibitor
were determined. The Ki, Km, Vmax and Kcat for Gal were
116 mM, 1.0 mM, 20 μmol min−1 mg−1 and 40 s−1, respec-
tively (Table 2). Having a relatively highKi for Gal makes this
enzyme an ideal candidate for its application in the enzymatic
hydrolysis of lactose, due to its limited inhibition by its hy-
drolysis products.

Transglycosylation activity and kinetics

TLC was conducted to examine the hydrolysis and
transglycosylation activity of BgaC. Gal was detected after
cleavage of pNPG after 24-h incubation as expected for the
hydrolytic function of the β-galactosidase (Fig. 5a). To assess
the transglycosylation activity of BgaC, pNPG and lactose were
used as galactosyl donors, and at 24-h transglycosylation oc-
curred only in assays containing lactose as the donor and accep-
tor (Fig. 5b and Electronic Supplementary Material, Fig. S5 a-e
and Fig. S6 a-c).

A kinetic study that examined products at incubation pe-
riods of 4, 8, 24, 48 and 72 h demonstrated that a lower degree

Fig. 4 Inhibition of BgaC. a
Effect of detergents and
denaturants on BgaC activity in
50 mM sodium phosphate buffer.
The data are relative to enzyme
incubated in phosphate buffer/10
mM MgCl2 without detergent or
denaturant. b Effect of lactose on
BgaC activity on ONPG after 30-
min incubation. c Effect of Glc
(squares) and Gal (triangles) on
BgaC activity on ONPG after 30-
min incubation. Values are the
mean ± SD of three independent
experiments

Table 2 Kinetic parameters of BgaC using ONPG and lactose as substrate, and in presence of lactose and Gal as competitive inhibitors of ONPG
hydrolysis

Substrate/inhibitor Km(mM) Vmax (μmol min−1 mg−1) Kcat (s
−1) Kcat/Km (s−1 mM−1) Ki (mM)

ONPG 2.5 ± 1.3 107 ± 43 209 84 0.0008 ± 0.0004

Lactose 3.7 ± 0.1 22 ± 1 43 12 n.da

ONPG + lactoseb 0.7 ± 0.004 129 ± 2 250 357 0.1 ± 0.003

ONPG + Gal 1.0 ± 0.004 20 ± 1 40 40 116 ± 5

a n.d no substrate inhibition observed and hence Ki was not determined for lactose
bONPG (1 mM) was used as substrate, lactose (0.75–30 mM) and galactose (10–700 mM) were used as inhibitors
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of polymerisation (DP) of oligosaccharide reaction products,
presumably GOS, started to accumulate after 4 h of incubation
(Fig. 5c). Hydrolytic products were also detected at this time
point at a somewhat lesser intensity, suggesting that shorter
transglycosylation products are favoured at this time point.
The DP of the transglycosylation products increased over time
up to the third sampling point (24 h) and maintained that DP
until the final sampling time. After 72-h incubation, there was
little remaining lactose and the hydrolysis reaction was clearly
favoured over transglycosylation as Glc and Gal were the
most intense reaction products (Fig. 5c). These results indicate
a balance of reactions with transglycosylation and hydrolysis
both occurring simultaneously at all time points, but the bal-
ance favouring different reaction products shifting over time.

HPLC analysis of the 2-AB labelled products of the
transglycosylation reaction after 24 h confirmed that oligosac-
charides (presumably galactooligosaccharides) with likely DP
of 2 to 4 were produced by BgaC (Fig. 6(c, d)). Three indi-
vidual trisaccharides (DP3) peaks and two distinct peaks of
(DP4) were detected (Fig. 6(d)). Besides, three distinct disac-
charides (DP2) were observed in Fig. 6(c), with the middle
peak identified as lactose (compared to Fig. 6(a)). The other
disaccharides produced were likely of different linkages com-
pared to lactose and may have been of different monosaccha-
ride composition (e.g. two Gal units compared to the Glc and
Gal of lactose). The presence of multiple disaccharides in
addition to the lactose reactant confirmed that BgaC could

Fig. 5 TLC analysis of transglycosylation and hydrolysis activities of
BgaC. a Hydro lys i s o f pNPG af te r 24-h incuba t ion . b
Transglycosylation reaction products using lactose as donor and acceptor
after 24-h incubation. c Kinetics of transglycosylation of BgaC using

lactose as donor and acceptor, monitored between 4 and 72 h of incuba-
tion. Reactions with 1.5 unit/ml BgaC enzyme were performed and
analysed in triplicate. Control reactions were incubated without enzyme.
Reactions were performed at pH 7 and 37 °C
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use not only lactose but also monosaccharides as acceptors for
transglycosylation.

Reactions conducted using pNPG as the donor and either
Gal or Glc as acceptors did not produce any transglycosylation
products when analysed by TLC (Supplementary Figures S5a
and S5b), so it is possible that the released pNP was inhibitory
to transglycosylation in these reactions. On the other hand, it
may be that some lactose (or other disaccharide produced)
must be present to favour transglycosylation using a mono-
saccharide acceptor or, more likely, that these disaccharides
were the hydrolysis products from the DP3 and DP4
transglycosylation products, as hydrolysis continually occurs
during these reactions. Thus, the HPLC analysis supports the

earlier suggestion of hydrolysis of transglycosylation products
from the time course reaction observation by TLC analysis
(Fig. 5c).

Therefore, the B. adolescentis BgaC β-galactosidase is a
desirable enzyme for prebiotic manufacture and for applica-
tion in dairy industries to produce lactose-free dairy products.

Discussion

In this study, through function-based screening of a human
faecal microbiome metagenome library, a new β-
galactosidase enzyme from B. adolescentis was identified.

Fig. 6 Chromatographs of
transglycosylation and hydrolysis
reactions of BgaC. (a)
Chromatograph of lactose stan-
dard (DP2). (b) Chromatograph
of GOS standard (DP1 to > 5). (c)
BgaC reaction products after 24-h
incubation, with reactants
consisting of lactose (234 mM)
both as donor and as acceptor in-
cubated at 37 °C with 1.5 unit/ml
enzyme at pH 7.0. (d) Inserted
zoom of chromatograph (c) dem-
onstrating BgaC
transglycosylation products DP2
to DP4
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BgaC possesses the industrially desirable properties of high
substrate affinity for lactose and low product inhibition by
Gal. Only a few β-galactosidases are used for food industry
applications. The most widely used enzymes are obtained
from Kluveromyces spp. and Aspergillus spp., as these source
microbes are generally recognised as safe (GRAS) by the
FDA (Adam et al . 2004). Even though these β-
galactosidases have been widely utilised by dairy industries
for removal of lactose and synthesis of GOS-based prebiotics,
they have some limitations, such as low affinity for lactose
and product inhibition by Gal (Erich et al. 2015). Thus, there
is a demand for isolating new β-galactosidases that can sur-
pass the aforementioned limitations.

Twenty-nine fosmids that had incorporated different re-
gions of the genome of B. adolescentis harbouring bgaCwere
selected through our agar-based functional screening. The
high abundance of B. adolescentis in the adult human gut
microbiomes (Milani et al. 2015a) likely explains the selection
of a high number of clones containing bgaC. The bgaC gene
was identified as encoding a putative β-galactosidase during
genome sequencing of this bacterium (Akiyama et al. 2015).
Our phylogenetic analysis demonstrated that BgaC had strong
evolutionary linkages with β-galactosidases from other spe-
cies of Bifidobacterium, but these enzymes were not
characterised. Some unrelated Bifidobacterium β-
galactosidases have been isolated and characterised
through expression of the recombinant enzyme in
E. co l i , and amongs t these , a few disp layed
transglycosylation activity and synthesis of GOS
(Arreola et al. 2014; Hsu et al. 2007; Oh et al. 2017;
Yi et al. 2011).

BAD_1582 is the first gene in a 6-gene sugar utilisation
operon. BAD_1583 encodes a protein of unknown function
with a predicted cytoplasmic N-terminal region followed by
6 transmembrane domains that have some similarity with the
HdeD acid-resistance protein and the DUF308_memb fami-
lies. BAD_1584 is a LacI-family transcription regulator. The
archetypic LacI repressor controls transcription of the lac op-
eron by binding to the operator sequence in the absence of
lactose (Oehler 2009). Downstream are genes encoding an
ABC transporter substrate-binding protein (BAD_1585), sug-
ar ABC transporter permease (BAD_1586) and carbohydrate
ABC transporter permease (BAD_1587) which together form
a complex to transport sugars (possibly lactose and other oli-
gosaccharides) into the cell. In addition, the genome of
B. adolescentis encodes two LacS symporters (BAD_1188
and BAD_1604), which probably have an equivalent function
to the lactose permease of E. coli, transporting lactose and
cations simultaneously.

An abundant repertoire of glycosidases enables
Bifidobacterium to be amongst the most successful colonisers
of the human gut, and in addition inter-species cross-feeding
has been implicated in their success (De Vuyst and Leroy

2011; Egan et al. 2014; Milani et al. 2015b; Turroni et al.
2018). The genome of B. adolescentis ATCC15703 encodes
eight galactosidase enzymes (https://www.ncbi.nlm.nih.gov/
genome/proteins/683?genome_assembly_id=300284), of
which two are α-galactosidases (BAD_RS08025/1528
(GH36) and BAD_RS08295/1576 (GH36)) and the remaining
six are β-galactosidases (BAD_RS06400/1211 (GH42),
BAD_RS07395/1401 (GH42) (Hinz et al. 2004; Van Laere
et al. 2000), BAD_RS07400/1402, BAD_RS08435/1603
(GH42), BAD_RS08325/1582 (GH2) and BAD_RS08455/
1605 (GH2)). Besides the galactosidases, the genome of B.
adolescentis ATCC15703 encodes two lacS (lactose and ga-
lactose permease, GPH translocator family) genes (BAD_
RS05925/1188 and BAD_RS08450/1604), which are
symporters for translocating sugars and solutes. The presence
of a high number of galactosidase enzymes in the genome of
this bacterium supports the existence of possible specialisation
amongst these enzymes for various glycan substrates, such as
the host mucin oligosaccharides or dietary fibres.

Although six or more β-galactosidase genes are present in
genomes of B. adolescentis, only bgaC was selected from the
function-based screening of our metagenome library. Possible
reasons the other B. adolescentis β-galactosidases were not
detected could be because they were not expressed by the
heterologous host E. coli due to factors such as codon bias,
difference in transcription factors, poor expression of molec-
ular chaperones, toxicity of proteins (Boel et al. 2016;
Lipinszki et al. 2018; Rosano and Ceccarelli 2014) or because
they were not translocated to their functional destination by
the E. coli secretory system, e. g. extracellular proteins
(Baneyx 1999). B. adolescentis grown in a culture supple-
mented with GOS induced the production of various galacto-
sidases and BgaC was amongst the significantly upregulated
enzymes (Akiyama et al. 2015; Van Laere et al. 2000). The
LacI family transcription regulator BAD_1584 gene present in
each of the fosmid clones (Fig. 2) presumably encodes a reg-
ulator controlling the transcription of the bgaC operon (Oehler
2009), and thus BgaC was sufficiently expressed in the E. coli
host.

Purified BgaC enzyme had optimal hydrolytic activity at
pH 7.0 and 37 °C using ONPG as substrate. The hydrolytic
activity of this enzyme at physiological pH and temperature is
compatible with the bacterium’s environment in the human
gut. On the other hand, B. adolescentis β-gal II
(BAD_RS07395/1582, GH2) has an optimal pH of 6.0 and
temperature of 35 °C using pNPG as a substrate (Hinz et al.
2004). Thus, the various B. adolescentis β-galactosidases dis-
play different properties. Temporary fluctuations from a fruit-
rich diet, acidic secretions from the stomach or increased bile
salts resulting from fermentation of dietary fibres by resident
microbiota contribute to pH changes within the colon
(Tomasello et al. 2016; Tomasello et al. 2014). The wide
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range of pH stability (pH 4–10) of BgaC would contribute to
the pH adaptation of this beneficial bacterium.

BgaC displayed substrate specificity for β-linked Gal.
Distinct flanking motifs in the active site of three GH42 β-
galactosidase of B. longum affect their substrate specificities
(Viborg et al. 2014). BgaC can hydrolyse lactose and pNPG
efficiently even though the catalytic efficiency was lower than
for ONPG. A couple of GH2 and GH42 β-galactosidases
isolated from Bifidobacterium species and metagenome
clones showed a higher catalytic activity towards ONPG than
lactose (Arreola et al. 2014; Yi et al. 2011; Zhang et al. 2013).
Lactose is a preferred substrate for some GH1 and GH2 β-
galactosidases (Adam et al. 2004), while some GH35 and
GH42 β-galactosidases act on other β-linked Gal con-
taining glycosides. This specialisation for different sub-
strates may explain why B. adolescentis possesses six
β-galactosidases.

One of the important properties required in industrial en-
zymes is their tolerance to product inhibition. BgaC displayed
high tolerance to galactose (Ki = 116 mM) and glucose (no
inhibition detected). A couple of metagenome-derived β-ga-
lactosidases showing high tolerance to galactose with Ki

values of 197 and 238 mM have been reported (Erich et al.
2015; Zhang et al. 2013). On the other hand, the hydrolytic
activity of some β-galactosidases towards ONPG showed
strong inhibition by galactose with low Ki; for instance,
B. breve β-gal I and II have Ki values of 15 and 34 mM,
respectively (Arreola et al. 2014), and the Aspergillus oryzae
β-galactosidase has a Ki of 25 mM (Vera et al. 2011). Having
a high Ki for galactose makes BgaC an ideal candidate to
undertake enzymatic hydrolysis of lactose with low risk of
product inhibition.

BgaC exhibited transglycosylation activity at a relatively
low lactose concentration (~ 200 mM) compared to known
and commercial β-galactosidases that require high lactose
concentrations (40% w/v or 1.17 M) (Guerrero et al. 2015;
Hsu et al. 2007; Oh et al. 2017; Reuter et al. 1999). The ability
of this enzyme to synthesise transglycosylation products, pre-
sumably GOS, could result in reduced GOS production costs
using BgaC compared to currently available commercial en-
zymes. It is clear from the TLC and HPLC analysis that BgaC
primarily produces oligosaccharides with DP2-4, exhibiting a
narrower range and shorter length of oligosaccharide com-
pared to commercial GOS. Depending on the prebiotic activ-
ity desired (e.g. certain beneficial bacterial species preferen-
tially ferment oligosaccharides of specific lengths) (Garrido
et al. 2013), this enzyme could be desirable to generate GOS
with specific characteristics, either together with current en-
zymes or individually.

In the present work, the novel BgaC β-galactosidase en-
zyme from B. adolescentis was discovered from a human
faecal microbiome metagenomic library. Its wide pH stability,
stability at refrigeration storage conditions and high tolerance

for Gal make it a desirable enzyme for the industrial applica-
tion of removing lactose from dairy products. Furthermore,
the transglycosylation activity of the enzyme demonstrates
the potential for further utility in prebiotic manufacture. The
successful discovery and expression of a functional β-
galactosidase with valuable properties from a human faecal
microbiome metagenomic library demonstrates that human
in vivo microenvironments are a rich and important source
of industrially useful enzymes.
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