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The gene encoding B-galactosidase was cloned from Bifidobacterium longum RD47 with
combinations of several bifidobacterial promoters, and expressed in B. bifidum BGN4. Among
the recombinant bifidobacteria, BGN4+G1 showed the highest B-galactosidase level, for which
the hydrolytic activity was continuously 2.5 to 4.2 times higher than that of BGN4 and 4.3 to
9.6 times higher than that of RD47. The p-galactosidase activity of BGN4+G1 was exceedingly
superior to that of any of the other 35 lactic acid bacteria. When commercial whole milk and
BGN4+G1 were reacted, BGN4+G1 removed nearly 50% of the lactose in the milk by the 63-h
time point, and a final 61% at 93 h. These figures are about twice the lactose removal rate of
conventional fermented milk. As for the reaction of commercial whole milk and crude enzyme
extract from BGN4+Gl, the B-galactosidase of BGN4+Gl1 eliminated 51% of the lactose in milk
in 2 h. As shown below, we also compared the strengths and characteristics of the strong
bifidobacterial promoters reported by previous studies.

Keywords : p-Galactosidase, lactose hydrolysis, bifidobacteria

and Biotechnology

Introduction

B-Galactosidase (lactase, E.C. 3.2.1.23) catalyzes the
hydrolytic process of the terminal p-1,4-D-galactosyl
residues found in B-D-galactosides, such as lactose, and
releases D-glucose and D-galactose as end products [1-3].
Because it can be used to lower the amount of lactose in
milk for lactose intolerant people or prevent lactose
crystallization particularly at low temperature, f-
galactosidase is a crucial enzyme in the dairy industry [1,
4-7]. In addition to the hydrolysis activity, some of these
enzymes can be used to produce galactooligosaccharides
(GOS), which are widely utilized in prebiotics, through the
transgalactosylation reaction [8]. For industrial purposes,
p-galactosidases are mainly extracted from microorganisms
including Bifidobacterium [9, 10], although mostly from
fungi. The production of B-galactosidase from microbes is a
preferred choice because of a higher yield and thus the
relatively inexpensive cost of the enzyme. By extension, in
order for B-galactosidase to be used safely in the food
industry, microorganisms producing p-galactosidase should

be food-grade. From this point of view, bifidobacteria are
regarded as a good source of B-galactosidase because of
their GRAS (generally recognized as safe) status [11].
Bifidobacteria are representative of probiotics defined as
non-pathogenic microorganisms that provide a health
benefit to the host [12]. Since their first discovery by Tissier
[13], these microorganisms have been extensively investigated
by some saccharolytic
microorganisms, and their metabolism is associated with
carbohydrate degrading enzymes, particularly glycosyl
hydrolases, which enable the use of a variety of glycan
substrates available in the intestines directly or indirectly
[14-17]. Among the glycosyl hydrolases encoded by
bifidobacteria, B-galactosidase enables bifidobacteria to
utilize (human) milk and milk-based substrates, i.e.,
lactose, human milk oligosaccharide (HMO) and GOS [18,
19]. The hydrolysis and transgalactosylation properties of
B-galactosidase for milk-based substrates have been
studied in several bifidobacteria to date [9, 20—22].
Recently, the B-galactosidase activities of 43 lactic acid
bacteria were assessed. Among them, Bifidobacterium longum
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RD47 was found to be one of the bifidobacterial strains
with the greatest level of B-galactosidase activity [23]. The
whole genome sequence of RD47 was identified, and there
were three B-galactosidase genes (G1, G3, and G4) in it. The
properties of hydrolysis and transgalactosylation were
examined for each gene, and it was revealed that Gl
showed the greatest contribution to the hydrolysis and
transgalactosylation activity of RD47. The optimal pH and
temperature for the hydrolytic activity of G1 is pH 8.5 and
40°C, respectively, which are moderate for activity in the
human colonic environment [24]. Furthermore, G1 yielded
maximum production of $-GOS [24] and an oligosaccharide
with a new structure (data not shown) at pH 8.5 and 45°C.
In this study, we sought to obtain new recombinant
bifidobacteria with significant p-galactosidase expression
by inserting several bifidobacterial promoters upstream of
the G1. These bacteria were employed to remove lactose in
the milk for use in a future study to determine whether the
alleviation of lactose intolerance depends on the -
galactosidase activity of bifidobacteria. Incidentally, we
compared the strength and characteristics of several
bifidobacterial promoters which are known to be
constitutively strong as shown by previous studies.

Materials and Methods

Bacterial Strains, Plasmid DNA and Culture Conditions

The bacterial strains and plasmids used in this study are listed
in Table 1. E. coli were grown at 37°C in Luria-Bertani (LB)
medium (BD Difco, USA) with shaking at 150 rpm. Bifidobacteria
were cultured at 37°C in Man Rogosa Sharpe (MRS) medium (BD
Difco) containing 0.05% L-cysteine-'HCl (Sigma Aldrich, USA).

Antibiotics were used at the following concentrations: 100 pg/ml
ampicillin (Bio Basic Inc., Canada) for E. coli and 3 pg/ml
chloramphenicol (Duchefa, The Netherlands) for bifidobacteria.

DNA Molecular Cloning and Transformation

The target DNA fragments were amplified using TAKARA
PrimeSTAR GXL DNA Polymerase (TAKARA, Japan), and each
primer set is listed in Table 2. First, the DNA fragment encoding
the p-galactosidase, G1, was PCR-amplified with primer G1 from
genomic DNA of B. longum RD47 and cloned into pBES2 via Xbal
and EcoRI to construct pB-Gl. Second, the DNA fragment
encoding the p-galactosidase open reading frame (ORF) without
the promoter, GIORF, was PCR amplified with primer GIORF
from genomic DNA of RD47 and cloned into pBES2 via Kpnl and
EcoRI to construct pB-G1ORF. To investigate the regulatory
effects of the bifidobacterial promoter, regions of different gene
promoters, P504, P572, and P919, were amplified with primer sets
suitable for each (primer P504, P572 and P919, respectively) from
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genomic DNA of B. pseudocatenulatum S]J32, B. lactis SH5 and
B. bifidum BGN4, respectively. The amplified putative promoter
sequences were cloned into the Xbal and Kpnl sites of pB-G1ORF
to incorporate the promoter upstream from the p-galactosidase.

Successful cloning was confirmed by nucleotide sequencing.
Each sub-cloned vector was introduced into E. coli via heat-shock
and CaCl, method and introduced into B. bifidum BGN4 by
electroporation with the Gene Pulser Xcell Microbial Electroporation
System (Bio-Rad, USA). The positive colonies were isolated, and
the plasmids were purified and identified by restriction and
sequence analyses.

DNA Manipulation

The chromosomal DNA of each bacterial strain used in this
study was isolated with the MG Cell Genomic DNA Extraction SV
Kit (MGmed, Korea). Plasmid DNA was extracted from Escherichia
coli DH5a transformant harboring pBES2 or each sub-cloned
vector with a Plasmid Purification Mini Kit (Nucleogen, Korea)
and methylated in vitro by GpC (M.CviPI) methyltransferase
(Neb., USA). To identify the plasmid from the B. bifidum BGN4
transformants, plasmid DNA was extracted with a Plasmid
Purification Mini Kit (Nucleogen) following an initial lysis step.
Cells were resuspended in lysis buffer supplemented with
lysozyme (20 mg/ml) and incubated at 37°C for 1 h. The extracted
DNA was identified by sequencing and comparing the restriction
patterns with the original plasmid DNA derived from E. coli.

Enzyme Preparation and Assay

The incubated bacteria were centrifuged (10,000 xg for 3 min at
4°C), and the harvested pellet was washed with 50 mM sodium
phosphate buffer (pH 7.0). The washed cells were resuspended in
the phosphate buffer (pH 7.0) and disrupted with a sonicator
(Q500; K-corporation, Korea) for 1.0 s with 1.0 s off intervals for
10 min in E. coli and 15 min in bifidobacteria. The disrupted
bacterial solution was centrifuged at 10,000 xg for 10 min at 4°C,
and the supernatant was used as a crude enzyme extract to assay
the B-galactosidase activity.

The relative enzyme activity was measured by the release of para-
nitrophenol from para-nitrophenyl (opNP) B-D-galactopyranoside
(Sigma Aldrich). The crude enzyme extract (80 pl) was added to
20 pl of 5 mM pNP B-D-galactopyranoside suspended in 50 mM
sodium phosphate buffer (pH 7.0). The mixture was incubated at
37°C, and the reaction was stopped by adding 100 ul of 1 M
Na,CO;. The activity was measured in a 96-well microplate at
405 nm with a spectrophotometer (Model 680 Microplate reader;
Bio-Rad). One unit (U) of enzyme activity was defined as the
amount of enzyme that liberated 1 pmol of pNP per minute at
37°C and pH 7.0. The volumetric activity (enzyme activity level
relative to ml fermentation broth) was determined as units of
B-galactosidase activity. The protein concentration was calculated
according to the Bradford method [25].



Table 1. Bacterial strains and plasmids used in this study.

Expression and Characterization of 3-Galactosidase

Strains and plasmids

Description

Source or reference

Bacterial strains
Bifidobacterium bifidum BGN4
B. longum RD47

B. pseudocatenulatum S)J32

B. lactis SH5

Escherichia coli DH5o

BGN4+pBES2

BGN4+Gl1

BGN4+P504G1

BGN4+P572G1

BGN4+P919G1

lactis AD011

lactis RD68

longum RD65

bifidum KCTC 3418

breve KCTC 3419

longum RD72

thermophilum KCCM 12097
bifidum KCTC 3440

breve ATCC 15700

longum BORI

catenulatum KCTC 3221

infantis KCTC 3249

adolescentis ATCC 15703

breve KCTC 3220

bifidum KCTC 3202

longum RDO3

angulatum KCTC 3236
pseudocatenulatum INT57

B. animalis ATCC 25527

B. pseudocatenulatum G4 KCTC 3223
Lactobacillus casei KFRI 699

L. plantarum KFRI 708

L. sakei KOK

L. delbrueckii bulgaricus KCTC 3635
L. rhamnosus KCTC 3237

L. acidophilus KCTC 3168
Streptococcus thermophilus KCTC 3779
Streptococcus thermophilus KCTC 5092
Leuconostoc mesenteroides ATCC 27258
Lactococcus cremoris ATCC 19257
Lactococcus lactis KCTC 2013
Plasmids

pBES2

pB-G1

pB-G1ORF

pB-P504G1

pB-P572G1

pB-P919G1

S A A R R R R A B B -

wild type; Transformation host; Original host of P919

wild type; Original host of G1
wild type; Original host of P504
wild type; Original host of P572

@80dlacZAM15 A(lacZY-argF)U169 deoR recAl endAl
hsdR17(ry—my+) sup E44 thi-1 gyrA96 relA1; Cloning host

B. bifidum BGN4 harboring pBES2
B. bifidum BGN4 harboring pB-G1

B. bifidum BGN4 harboring pB-P504G1
B. bifidum BGN4 harboring pB-P572G1
B. bifidum BGN4 harboring pB-P919G1

Lactic acid bacteria in our laboratory

Isolated from breast-fed infant feces [63]
Isolated from breast-fed infant feces
Isolated from healthy human feces [64]
Isolated from healthy human feces

Lab stock

This work
This work
This work
This work
This work
Lab stock
Lab stock
Lab stock
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Lab stock

Purchased from Korean Culture Center of Microorganisms

Purchased from Korean Collection for Type Culture
Purchased from American Type Culture Collection
Lab stock

Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Purchased from American Type Culture Collection
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Lab stock

Purchased from Korean Collection for Type Culture
Lab stock

Purchased from American Type Culture Collection
Purchased from Korean Collection for Type Culture
Purchased from Korea Food Research Institute
Purchased from Korea Food Research Institute

Lab stock

Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Purchased from American Type Culture Collection
Purchased from American Type Culture Collection

Purchased from Korean Collection for Type Culture

1719

7.6 kbp, Ap®, Cm", Bifidobacterium — E. coli shuttle vector [65]
11 kbp, pBES2 derivate, containing PG1-G1 expression cassette  This work

10.7 kbp, pBES2 derivate, containing GIORF

This work

11 kbp, pBES2 derivate, containing P504-G1 expression cassette ~ This work

11.2 kbp, pBES2 derivate, containing P572-G1 expression cassette  This work

10.9 kbp, pBES2 derivate, containing P919-G1 expression cassette  This work
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Table 2. Primers for amplifying the B-galactosidase gene and putative promoters from Bifidobacterium.

Primer Sequences of primer Product Product information

name Forward (5" — 3') Reverse (5" — 37)

primer TtctagaGGGCGATTTTCTGCAGGGTT GggatccACGTTCCTCTTTCGCATC P504 A promoter of B-glucosidase
P504 gene in SJ32 [36]

primer TtctagaATGCTGCTCCTTATGTGTC CggatccTGCTGATTCCTCCTGTCG P572 A promoter of B-glucosidase
P572 gene in SH5 [36]

primer TtctagaTGAAGTGTGTCGTGTGGC CggatccTGGTGTACCTTTITCTTGCTT P919 A promoter of ribosomal

P919 protein gene in BGN4 [37]
primer TggatccATGGCCGAGAACACCTCG CgaattcTCAGCTTAACGCCACAGC  GIORF A B-galactosidase gene in RD47
G1ORF

primer CGtctagaCCTTCTCCCTTAAATITTTCTC  CcaattgTCAGCTTAACGCCACAGC  PG1+GIORF A B-galactosidase gene in RD47
G1

Investigation on the Effects of Various Carbon Sources on -
Galactosidase Expression

To investigate the effects of various carbon sources on the
expression of f-galactosidases, glucose, fructose, galactose,
arabinose, cellobiose, maltose, sucrose, raffinose (all from Sigma
Aldrich) or lactose (Trade TCI Mark, Japan) at a 2% concentration
was added into the MRS medium or MRS medium without
glucose based on the fact that 2% glucose is generally included in
MRS medium. Transformants and non-transformants were
inoculated with these modified MRS media and incubated for 18 h
at 37°C. B-Galactosidase activities were assayed as described above.

Plasmid Stability Test

The stability of the plasmids constructed in this study was
tested under non-selective conditions. Approximately 10” bacteria
were inoculated in 8 ml of MRS and grown for 24 h. In these
growth conditions, the number of bacteria in the culture reached
approximately 5.0 x 10° to 2.0 x 10° CFU/ml, which corresponds
to approximately 20 generations. The culture was diluted and
inoculated in a new medium and cultured under the same
conditions. After 100 generations, the plasmid stability was
assessed by plating diluted aliquots on MRS agar medium with or
without chloramphenicol and comparing colony counts on
selective or non-selective MRS plates.

Hydrolysis of Milk Lactose by Enzyme or Transformants
Commercial milk from Seoul Milk (Seoul Dairy Cooperative,
Korea) was heated to 95°C for 30 min for further sterilization and
elimination of dissolved oxygen. For enzyme hydrolysis, crude
enzyme extract (50 ug) produced as described above was added to
1 ml of sterile milk. The mixtures were incubated for 0, 1, 2, 3, 4, 5,
6, 7, or 8h at 40°C, which is the optimal temperature for the
hydrolytic activity of G1. After the incubation, each mixture was
boiled at 100°C for 5 min in order to inactivate the enzyme, and
samples for HPLC were prepared as described by Marsili et al.
[26]. For this, 1 ml of water and 4 ml of acetonitrile were added to
each 1 ml of sample and then shaken for 1 min and centrifuged to
obtain a clear supernatant. The supernatant was filtered with a
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0.2 pm, 13 mm PVDF Acrodisc syringe filter (Pall Corporation,
USA). Then, 5 pl was injected for HPLC analysis.

Next, 5.0 x 10° CFU of RD47, BGN4, BGN4+pBES2 or BGN4+G1
were inoculated into 5 ml of the prepared milk. Incubation was
carried out at 37°C, the optimum temperature for the bacterial
growth, for 0, 3, 9, 15, 21, 27, 45, 63, or 93 h. After the incubation,
each mixture was boiled at 100°C for 5 min in order to inactivate
the bacteria, and samples for HPLC were prepared as described
above.

HPLC

Lactose concentrations were determined using the YL9100
HPLC System (Younglin, Korea) equipped with a YL9101 vacuum
degasser, a YL9110 quaternary pump, a YL9131 column department,
a 9170 RI detector, and a 9150 Autosampler.

A YMC-Pack Polyamine II, 250 x 4.6 mm column (YMC, Korea)
was used with 75% acetonitrile as mobile phase at a flow rate of
1ml/min. The column temperature was constant at 26°C.
Calibration was carried out with external standards calculated by
sugar solutions, for which the concentration is known. Samples
were analyzed in triplicate.

Statistical Analysis of Data

The results generated from this study except for Fig. 4 were
subjected to one-way analysis of variance (ANOVA) test at a 5%
level of significance and post-hoc test (Duncan’s multiple range
test) using SigmaPlot 12 software. In the Fig. 4, results were
compared using an paired, two-tailed t test using SigmaPlot 12
software. Significant p values for all comparisons are depicted in
figure as follows: *p < 0.05, **p < 0.01, and **p < 0.001.

Results

Gene Cloning and Heterologous Expression of f-Galactosidase
from B. longum RD47

To obtain B-galactosidase over-expressing bifidobacteria
using a heterologous gene from closely related organisms,
it was necessary to find a gene exhibiting strong f-



galactosidase activity derived from bifidobacteria. In the
preliminary studies, Bifidobacterium longum RD47 showed
the greatest level of B-galactosidase activity [23], and we
also found three B-galactosidase genes (G1, G3, and G4) in
the full genome of RD47, which were cloned and
characterized for hydrolysis and transgalactosylation,
respectively. Among them, G1 showed the highest
hydrolysis and transgalactosylation activity, and we chose
it as the gene for our experiment. The size of this gene is
3,072 bp, corresponding to 1,024 amino acids and a
molecular mass of 112.64 kDa. The optimal pH and
temperature for the hydrolytic activity of G1 were pH 8.5
and 40°C, respectively [24]. B. bifidum BGN4 was the
transformation host in which Gl was expressed
heterologously. BGN4, which originated from the feces of a
breast-fed infant, has been used as a probiotic strain in
global food markets because of its various benefits. BGN4
exhibits a remarkable colon cell binding ability [27, 28],
improves immune function [29-33] and has anti-tumor
effects [34]. In addition, BGN4 is a relatively genetically
accessible strain among bifidobacteria and is therefore
suitable for use in genetically engineered probiotics [35].

Gl was amplified from the genome of RD47 and
subcloned into pBES2 with combinations of several
bifidobacterial promoters (Table 2) including its own
promoter and transformed into BGN4 as the host. The
bifidobacterial promoters used in this study are listed in
Table 2.

Comparison of Hydrolytic Activities between Transformants
and Non-Transformants

Strong promoters are required for the expression of a
target gene. In previous studies, the strengths of various
bifidobacterial promoters were compared using glucosidase
as a reporter gene in BGN4. Among them, P504, P572, and
P919 originated from B. pseudocatenulatum SJ32, Bifidobacterium
animalis subsp. lactis SH5 and B. bifidum BGN4, respectively,
were relatively strong and constitutive [36, 37]. To develop
bifidobacteria that strongly express p-galactosidase, we
decided to use these promoters. G1 was expressed in BGN4
with combinations of P504, P572, P919 or its own promoter.
The B-galactosidase activity of the recombinant bifidobacteria
was determined using pNPG as the substrate to compare
the strengths of the promoters. As a result, BGN4+Gl,
which is BGN4 in which G1 is expressed with the
combination of its own promoter, exhibited the highest
hydrolytic activity (Fig. 1). When the enzymatic activities
of the cultures incubated for 18 h were compared, the f-
galactosidase activity of BGN4+G1 was approximately 4
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times higher than that of wild-type BGN4 and 6 times
higher than that of wild-type RD47, the original host of G1
(Fig. 1A). The strength of the promoters was in the order of
the G1 promoter followed by P572, P919, and P504 at 18 h
incubation. However, when the incubation time was varied
from 12 h—30 h, the order of the other promoter strengths,
except for the Gl promoter, was different (Fig. 1B).
BGN4+G1 exhibited the highest hydrolytic activity regardless
of the incubation time, for which the enzyme activity was
continuously 2.5 to 4.2 times higher than that of BGN4.
Many previous studies reported that the consensus
sequences (-35 and —10 regions) [38, 39], spacer sequences
[39, 40], TG motif [41], UP elements [42] and the promoters’
structural properties [43] can all affect the promoter
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Fig. 1. Comparison of the p-galactosidase activities between
the wild-type Bifidobacterium sp. and recombinant BGN4 with
various vector constructs.

The bacteria were cultured at 37°C for 12 to 30 h. (A) Shows the
relative activities at 18 h, and (B) shows the volumetric activities at
incubation times from 12 to 30 h. The B-galactosidase activity was
determined at 37°C in 50 mM phosphate buffer (pH 7.0) with pNPG
as the substrate. RD47, B. longum RD47; BGN4, B. bifidum BGN4;
others, B. bifidum BGN4 harboring each vector. ANOVA analysis was
done and statistically significant differences by Duncan’s multiple
range test (p < 0.05) were indicated by upper case alphabets.
Experiments were repeated three times independently.
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strength. The promoters used in this study seem to differ in
strength due to differences in those factors.

We next compared the enzymatic activities of the
recombinants with 35 wild-type lactic acid bacteria in our
laboratory including Bifidobacterium, Lactobacillus, Streptococcus,
Leuconostoc and Lactococcus (Fig. 2). Enzyme activities of the
recombinants were markedly superior to those of any other
lactic acid bacteria used in this study. Incidentally, as
already known, Bifidobacterium overall had a higher B-
galactosidase activity than any other genera of lactic acid
bacteria.

In a previous study, G1 was ligated into the pColdl
Vector system (TAKARA) and expressed in E. coli BL21
[24]. When the ODy, of the recombinant E. coli reached 0.4
to 0.6, the expression of the cloned gene was induced by
adding 1 mM isopropyl 1-thio-B-D-galactopyranoside (Tokyo
Chemical Industry Co., Ltd., Japan). The recombinant E.
coli was then cultured aerobically at 37°C for 21 h, and the
enzyme activity of G1 was the highest at this point. At the
highest point of enzyme activity, the volumetric activity of
the G1 recombinant E. coli was 0.46 U/ml fermentation
broth, while BGN4+G1 was 0.85 U/ml fermentation broth,
for which the G1 expression level of the recombinant
bifidobacteria was approximately 2 times higher than that
of the recombinant E. coli. The utilization of BGN4+Gl1 is

100.0

o ®
o o
o o

Relative activity (%)
S
P

20.0 ‘
00 - I -

expected to be high because BGN4+G1 exhibited a better
enzymatic activity than any other lactic acid bacteria and
the G1 recombinant E. coli using an overexpression vector.

Effects of Carbon Sources on -Galactosidase Expression

The effects of various carbon sources, including glucose,
arabinose, galactose, fructose, sucrose, lactose, maltose,
cellobiose and raffinose, on the activities of f-galactosidase
from G1 transformants are shown in Fig. 3.

Among all the glucose-free MRS media with various
carbon sources added, B-galactosidase in transformants
grown on lactose had the highest activity at 18 h at 37°C
(Fig. 3). This result was compatible with the results of Hsu
et al. [44, 45], who reported that lactose was an efficient
inducer for the synthesis of -galactosidase. The complete
genome sequence of BGN4, which is the transformation
host used in this study, has been determined (Accession
No. NC_017999.1). According to the annotated gene
information in this whole genome sequence, the lac operon
exists in BGN4, and it suggests that the expression of B-
galactosidases in BGN4 increases when lactose is the only
carbon source [46]. This might be one of the most common
causes for the highest B-galactosidase activity of the
transformants when lactose was used as a carbon source
except for glucose. At this point, we wondered if the
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Fig. 2. Comparison of the B-galactosidase activities between 35 lactic acid bacterial strains and the recombinant BGN4.
The bacteria were cultured at 37°C for 18 h. The B-galactosidase activity was determined at 37°C in 50 mM phosphate buffer (pH 7.0) with pNPG

as the substrate. Experiments were repeated three times independently.
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Fig. 3. Effects of the carbon sources on the production of f-galactosidase in the recombinant BGN4.

The bacteria were cultured at 37°C for 18 h, and the p-galactosidase activity was determined at 37°C in 50 mM phosphate buffer (pH 7.0) with pNPG
as the substrate. ANOVA analysis was done independently for the results from the MRS and the results from the MRS without glucose. For the results
from the MRS, statistically significant differences by Duncan’s multiple range test (p < 0.05) were indicated by upper case alphabets, and for the

results from the MRS without glucose, these were indicated by lower case alphabets. Experiments were repeated three times independently.

increased B-galactosidase activity of the BGN4 transformants
in the presence of lactose was completely due to the lac
operon in the BGN4 and not G1. When the -galactosidase
activity of the wild-type BGN4 was subtracted from that of
the G1 transformants, the enzyme activity of G1 alone could
be obtained. The enzyme activity of G1 under lactose was
at least 3 times more induced compared with the enzyme
activity of G1 under other sugars used in this study except
for glucose (data not shown). It means that not only the B-
galactosidases of the BGN4 itself but also the heterologously
expressed G1 was induced by lactose. Notably, BGN4+G1
and BGN4+P919G1 only exhibited such a phenomenon
while the other transformants did not. Because the only
difference between the former and latter was the promoter
located upstream of Gl1, it seemed that G1 itself did not
react to lactose but rather that the promoter was responding.
Because G1 is a B-galactosidase gene, it is reasonable that

the G1 promoter is induced by lactose. However, P919 is a
promoter for the ribosomal protein gene [37], and it is not
understood why it reacts to lactose; thus, further study is
needed. Among all the promoters used in the experiment,
the G1 promoter was the most strongly induced under
lactose based on the enzyme activity of G1.

In general, when the various carbon sources were added
to the MRS medium containing glucose, the B-galactosidase
activity tended to be much higher than that when the
various carbon sources were added to the MRS medium
without glucose (Fig. 3). The case of BGN4+G1 under
lactose was exceptional because the G1 promoter reacted
strongly to lactose (Fig. 3A). However, when 2% glucose
was added to the MRS medium containing glucose to yield
a total of 4% glucose, the enzyme activity was lower than
that when 2% glucose was added to the glucose-free MRS,
which was consistent with previous studies showing that
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glucose at a high concentration inhibited B-galactosidase
expression [23, 46—49]. This phenomenon is known as carbon
catabolite repression. In bacteria, the phosphotransferase
system (PTS) [46, 47, 50] and catabolite repressor/activator
(Cra) model [51] have been identified as mechanisms of
carbon catabolite repression. Glucose is transported into
the cell by PTS, which controls the cytoplasmic cAMP
concentrations. Because cAMP-CAP complexes are required
for the transcription of promoters which regulate the
expression of genes required for use of alternative carbon
sources, cCAMP control by the activities of PTS regulates the
expression of genes related to the utilization of alternative
carbon sources [47]. On the other side, the Cra protein,
either a repressor or activator of gene transcription by
interacting with the RNA polymerase binding site, binds to
the catabolites of glycolytic substrates, and these complexes
are unable to bind to the DNA associated with the RNA
polymerase binding site resulting in the catabolite repression
effect [51]. A high glucose concentration seems to lower the
activity of p-galactosidase by these mechanisms.

In all the transformants except for BGN4+P572G1, when
2% maltose was added to the MRS medium with glucose,
the biosynthesis of B-galactosidase was highly induced
compared to when glucose alone was used as a carbon
source. On the other hand, BGN4+P572G1 had the highest
enzymatic activity under the addition of 2% sucrose. These
results were in contradiction to the results showing that
when maltose or sucrose was used as the only carbon
source, B-galactosidase was not induced much (Fig. 3).
Presumably, sucrose and maltose are synergistic in f-gal
expression when glucose is present.

Effects of Non-Selective Conditions on B-Galactosidase
Expression

The experiments from here on were conducted for
BGN4+G1 because it exhibited the greatest f-galactosidase
activity among all the G1 recombinants. We next investigated
the B-galactosidase expression of the G1 recombinant under
non-selective conditions. The BGN4+G1 recombinant was
inoculated with MRS medium in the absence of antibiotics
and incubated up to 60 h at 37°C. Up until the incubation
time reached 60 h, the p-galactosidase activity of BGN4+G1
did not decrease in the absence of selection pressure;
however, at most points, it was rather slightly higher than
when antibiotics were present in the medium (Fig. 4).

Plasmid Stability under Non-Selective Conditions

In order to estimate the stability of pB-G1, a pBES2
derivate containing the PG1-G1 expression cassette in

J. Microbiol. Biotechnol.

BGN4, the strain was grown in MRS broth without
antibiotics. After 100 generations, culture aliquots were
plated on MRS agar with or without antibiotics [52]. The
presence of pB-G1 in the BGN4 colonies under the non-
selective conditions was identified by comparing the
restriction patterns with the original plasmid DNA. As a
result, the number of transformants under nonselective
conditions was maintained at 100% until 60 generations
and thereafter, rapidly decreased and finally decreased by
53% after 100 generations compared with the selective
conditions. However, it was maintained consistently above
a high bacterial count of 5.0 x 10° CFU/ml for the entire 100
generations.

For engineered bacteria, heterologous expression adds
an unnatural load, which can challenge host cells with a
significant burden [53-55]. This metabolic burden can
result in a decline of the biomass yield, cellular viability,
recombinant protein productivity and plasmid stability
[56]. As bacterial generations proceed, the segregational
instability of the plasmid appears to have a greater impact
on the process productivity than on the structural stability,
especially at higher frequencies under non-selective
conditions, and the formation and accumulation of a
plasmid-free population reduces the final plasmid DNA
yields [57]. According to our results in this study, in the
absence of antibiotics, the bacterial counts for the
BGN4+G1 transformant were kept above 5.0 x 10® CFU/ml

BGN4+G1

—e— with antibiotics
1.0 1 —O— without antibiotics

0.8 1

0.6 1

U/ml

0.4 1

0.2 1

0.0

1I2 1'8 2I4 3‘0 3I6 4é 4I8 5;1 6I0
Cultivation time (h)

Fig. 4. Effects of non-selective conditions on B-galactosidase
expression from the recombinant bifidobacteria.

BGN4+G1 was cultured at 37°C up to 60 h in MRS medium with or
without chloramphenicol. The B-galactosidase activity was determined
at 37°C in 50 mM phosphate buffer (pH 7.0) with pNPG as the substrate.
An paired, two-tailed f test was done and significant p values for all
comparisons are depicted in figure as follows: *p < 0.05, **p < 0.01, and
***p < 0.001. Experiments were repeated three times independently.



for 100 generations, and the enzyme activity did not
decrease for 60 h compared with the selective conditions. It
is believed that the stability of the subcloned plasmid DNA
and the recombinant protein expression will promote the
use of the BGN4+G1 transformant and pB-G1 plasmid in
industry or further laboratory studies.

Lactose Hydrolysis

Lactose hydrolysis experiments were carried out with
BGN4+G1, BGN4, BGN4 containing pBES2 (BGN4+pBES2),
which is the Bifidobacterium-E. coli shuttle vector used for
the G1 subcloning, and RD47 by reacting them with milk
and by reacting their crude enzyme extracts with milk. The
lactose hydrolysis capacity in milk was determined by
measuring the residual lactose in the milk by HPLC.

After inoculating 5.0 x 10° CFU of each bacteria into 5 ml
of milk, the amount of residual lactose in the milk was
measured for 0-93 h, and the result is shown in Fig. 5A.
BGN4+G1 consumed the most lactose in the milk within
the same time period, followed by BGN4 and RD47. This is
consistent with the order of B-galactosidase activity in each
bacteria (Fig. 1). It was reported that only about 30% of the
lactose is removed from fermented milk products [58], and
in reality, BGN4 and RD47 eliminated only 17% and 35% of
the lactose in the milk at 93 h, respectively. However,
BGN4+G1 removed 50% of the lactose in the milk by 63 h
and a final 61% at 93 h. This is about twice the lactose
removal rate of conventional fermented milk products.

After inoculating 50 pg of protein as a crude enzyme
extract from each bacteria into 1 ml of milk, the amount of
residual lactose in the milk was measured up to 8 h
(Fig. 5B). The B-galactosidase of BGN4+G1 consumed the
most lactose in the milk within the same time period
followed by that of RD47 and BGN4. This order is
consistent with the order for the volumetric activity in the
crude enzyme extract of each bacteria. The volumetric
activities of B-galactosidase in 50 pug of protein for RD47,
BGN4, BGN4+pBES2 and BGN4+G1l were 0.087, 0.053,
0.041, and 0.166 U/ml, respectively. The B-galactosidase of
BGN4+G1 hydrolyzed 51% of the lactose in the milk at 2 h,
but after that, the enzyme activity sharply decreased, and
the lactose in the milk was slowly decomposed and only
60% was hydrolyzed at 8 h.

Discussion

In this study, we developed a P-galactosidase over-
expressing bifidobacteria strain by using a heterologous
gene from B. longum RD47 which is one of the bifidobacterial
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Fig. 5. Lactose hydrolysis in milk by bacteria or p-galactosidase.
After reacting the milk and bacteria at 37°C (A) or the milk and -

galactosidase of the crude enzyme extract at 40°C (B) for a certain
period of time, residual lactose was measured by HPLC. RD47, B.
longum RD47; BGN4, B. bifidum BGN4; others, B. bifidum BGN4
harboring each vector.

strains with the greatest level of B-galactosidase activity.
Among the recombinant bifidobacteria, BGN4+G1 has the
highest p-galactosidase activity, for which the hydrolytic
activity was continuously 2.5 to 4.2 times higher than that
of BGN4 and 4.3 to 9.6 times higher than that of the wild-
type RD47 (Fig. 1B). The B-galactosidase level of BGN4+G1
was remarkably superior to that of any of the other 35 lactic
acid bacteria used in this study (Fig. 2). Furthermore, at the
time when the enzyme activity was the highest, the
volumetric activity of BGN4+G1 was 0.85 U/ml fermentation
broth, which was twice as high as that of the Gl
recombinant E. coli using an overexpression vector. In this
regard, industrial or research utilization of BGN4 + Gl is
expected to be high.

It has been generally reported that only about 30% of the
lactose is removed from conventional fermented milk
products [58, 59], and in agreement with this, BGN4, which
has the second highest B-galactosidase activity among the
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35 lactic acid bacteria in our laboratory, only eliminated
35% of lactose in milk. Lactose intolerant subjects will have
typical clinical symptoms such as diarrhea, flatulence and
bloating when they consume these products. To prevent
this, when making fermented milk, fermentation by a
starter and the reaction with B-galactosidase sometimes
proceed together [60]. However, BGN4+Gl solely
hydrolyzed 50% of the lactose in milk at 63 h and finally
61% at 93 h during fermentation (Fig. 5A). This suggests
that it is necessary to improve the B-galactosidase activity
of the starter strains by expressing an exogenous enzyme
or by mutation in order to reduce the residual lactose
content of fermented milk for lactose intolerant consumers.
From our results, the Gl expression cassette used to
construct BGN4+G1 can be used to increase the B-
galactosidase activity of starter strains using a food-grade
vector or CRISPR technology because of the safety of the
genetic origin and the strong intensity of the gene expression.

Currently, in the production of lactose-free milk, P-
galactosidase is mainly used, and the process is carried out
only in such a way that a soluble enzyme is added without
using the enzyme-immobilization method due to problems
with the microbial stability of the final product [60].
Although BGN4+G1 does not have a higher enzyme
activity than some recombinant strains in other studies [2,
61, 62], it has an advantage in that it is safe because the
bacterial host and gene are derived from bifidobacteria, the
GRAS bacteria, and the p-galactosidase activity is
remarkably high compared with the other 35 lactic acid
bacteria. Furthermore, the [-galactosidase of BGN4+Gl1
hydrolyzed half of the lactose in whole milk in 2 h using a
crude enzyme extract with 50 ug of protein (Fig. 5B), and it
is expected to have a greater effect if the amount of crude
enzyme extract used for the reaction is increased. It is
believed that the purification of G1 from BGN4 by attaching
a his-tag to the gene will have industrial significance, such
as in the production of lactose-free milk or fermented milk.

Currently, we are verifying the effect of the p-galactosidase
activity of bifidobacteria on LI alleviation by administering
B-galactosidase-reduced, wild-type, and B-galactosidase
over-expressing bifidobacteria to post-weaning Balb/c
mice. We intend to use BGN4+Gl as a p-galactosidase over-
expressing bifidobacteria strain in the above experiment,
and this is the main purpose of developing the
bifidobacteria that highly express p-galactosidase in this
study. If the BGN4+G1 exhibits a significant effect on LI
alleviation, it is expected that BGN4+G1 can be reproduced
by using a food-grade vector for bifidobacteria, and it will
be utilized as an LI treatment strain.

J. Microbiol. Biotechnol.

Incidentally, in this study we also provided information
on using strong bifidobacterial promoters shown in previous
studies by comparing the strengths and characteristics of
the enzymatic activity of these promoters.
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