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Abstract The gene encoding B-galactosidase was iso-
lated by functional complementation of Escherichia coli
from Bifidobacterium longum MB219, which exhibited
the highest activity among ten Bifidobacterium strains
tested of the species B. longum, B. breve, B. adolescentis,
B. indicum, B. animalis and B. cuniculi. The nucleotide
sequence of the 5.0-kb fragment conferring the positive
[B-galactosidase phenotypeto E. coli revealed the presence
of a lacZ-type gene encoding a 1023-amino-acid protein
that was preceded by aribosome binding site. A sequence
showing 72% identity with the proline tRNA of Bacillus
subtilis and a gene probably encoding the DNA-3-methyl-
adenine glycosydase | were located downstream from the
lacZ gene, after a gap of 30-50 unsequenced base pairs.
By primer-extension analysis, the transcription start site
of the lacZ gene was mapped 65 nt upstream from the
start codon, and it enabled identification of the —10 region
of the putative promoter. The nucleotide sequence of lacZ
and its deduced amino acid sequence were compared with
those of B-galactosidase genes and enzymes from other
microorganisms. High similarity was demonstrated be-
tween the B. longum [3-gal actosidase and its counterparts
in Lactobacillus delbruckii subsp. bulgaricus, Streptococ-
cus salivarius subsp. thermophilus, E. coli, Clostridium
acetobutylicum, Leuconostoc lactis, Klebsiella pneumo-
niae and Kluyveromyces marxianus var. lactis, all belong-
ing to the LacZ family. The B. longum MB219 lacZ gene
was cloned in Bifidobacterium and its expression was ob-
served in strains with otherwise low levels of endogenous
activity. The expression increased by factors of 1.5-50
and enabled those strains that do not grow on lactose to
use this sugar as sole carbon source.
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Introduction

Bifidobacteria are major constituents of the human intesti-
nal microflora and interest in their therapeutic effects is
increasing. Recently, several kinds of dairy and pharma-
ceutical products containing living bifidobacteria have
been proposed as dietary adjuncts. Indications are that
therapeutic use of orally administered bifidobacteria of-
fers probictic effects such as anti-tumorigenic activity
(Reddy and Riverson 1993), immunological enhancement
(Lee et a. 1993), maintenance of a proper balance of the
normal intestinal microflora (Ibrahim and Bezkorovainy
1993), reduction of serum cholesterol levels, improve-
ment of lactose intolerance and synthesis of B-complex
vitamins (Tannok 1999).

The possibility of genetically manipulating bifidobac-
teria for metabolic activity is very promising, although
not many genetic tools are available. Few Bifidobac-
terium genes have been characterized and analyzed for
their structure, organization, expression and regulation
(Minowa et a. 1990; Nunoura et al. 1996). Recently,
Escherichia coli/Bifidobacterium shuttle vectors have
been constructed (Rossi et al. 1996, 1998), electropora-
tion protocols have been developed (Argnani et a. 1996;
Rossi et a. 1997b), and heterologous genes have been
cloned, but not expressed (Rossi et a. 1998). Characteri-
zation of new genes can increase the knowledge of bifi-
dobacteria genetics, leading to the expression of heterolo-
gous genes and to the modification of the wild-type strain
phenotypes.

[B-Galactosidase, present in most lactic acid bacteria
and bifidobacteria, hydrolyzes lactose to the monosaccha-
rides glucose and galactose. This reaction is interesting
for several reasons. First, lactose is digested with diffi-
culty by alarge part of the world population, especialy by
Asians; moreover, it has a low solubility in water, which



leads to the problems of concentrating the whey and pre-
paring certain food items. Additionally, lactose has arela-
tively low level of sweetness. These problems can be
overcome to a large extent by hydrolyzing lactose to its
monosaccharides which are sweeter, more soluble, and
more digestible than lactose (Smart et al. 1985).

Bifidobacterium is a promising source for the produc-
tion of this enzyme because it is a food-approved organ-
ism. Therefore, the cloning of this gene may be of com-
mercial value, in addition to its potential use as a selection
marker in food-grade cloning vectors. Characterization of
the B. longum gene encoding B-galactosidase would also
increase our understanding of transcription signals in this
organism, thereby facilitating the construction of expres-
sion vectors. Thus, the aims of the current study were to
screen the B-galactosidase activity of several Bifidobac-
terium strains, to isolate and to characterize the gene of
the strain with the highest level of activity, and then to
clone and express this gene in other bifidobacteria. Fi-
nally, characterization of the transcription signals that reg-
ulate the (3-gal actosidase gene could provide a significant
advance in the expression of foreign genes in species of
this genus.

Materials and methods
Bacterial strains and growth conditions

Escherichia coli ER1458 [(FAlacU169 lon-100 araD139 rpsL
(Str") supF merA zjj202::Tn10 (Tet") hsdR2 (rymc*) merB1 serB28
(New England Biolabs)] was used for general cloning purposes
and was grown at 37°C in Luria broth (LB) or minimal medium
(Sambrook et al. 1989), supplemented with essential nutrients as
indicated by the auxotrophic markers. Ampicillin was utilized to
select E. coli transformants at 100 pug mi-L. Isopropyl-B-b-thio-
galactoside (IPTG) and 5-bromo-4-chloro-3-indolyl-3-p-thiogalac-
topyranoside (X-gal) were utilized at concentrations of 50 pug mi—t
and 40 pg mi-2, respectively.

The Bifidobacterium strains B. longum MB219 and MB260,
B. bifidum MB254, B. breve MB226, B. animalis MB209, B. in-
dicum MB101, B. cuniculi MB279, MB280 and MB281 (collec-
tion of the Institute of Agricultural Microbiology, University of
Bologna, Italy), and B. adolescentis INT-57 (Nam et al. 1995)
were grown anaerobically at 37°C in MRS medium (Difco) con-
taining 0.05% cysteine, or in lwata medium (lwata and Morishita
1989) containing glucose 1% (w/v) (IMG) or lactose 1% (w/v)
(IML) as sole carbon source. Chloramphenicol was added to the
appropriate media at the following concentrations: for B. longum
MB260, B. bifidum MB254, B. breve MB226, B. animalis MB209,
B. indicum MB101, B. cuniculi MB280 and MB281 5 ug mi—%; for
B. cuniculi MB279 15 g mi-2.

Plasmids

The E. coli cloning vector pGM3 was used to clone the gene of
B. longum MB219 encoding 3-galactosidase and was constructed
by deletion of the promoters T7 and SP6 from the plasmid pSP73
(Promega). pSP73 was digested with Xhol and Hpal and blunt-
ended with T4 DNA polymerase, and the largest fragment (2413 bp)
was self-ligated, resulting in pSP1, and transferred to E. coli
ER1458 by transformation. The same strategy was used to con-
struct pGM 3 from pSP1 by digestion with Bglll and Ndel, blunt-
ending with T4 DNA polymerase and self-ligation of the 2320-bp
fragment.
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The E. coli/Bifidobacterium shuttle vector pDG7 (Matteuzzi et
al. 1990) was utilized to clone the gene encoding [3-galactosidase
into Bifidobacterium.

The plasmids pKK232—-8 (Promega) and pBR322 (Pharmacia)
were used as cloning vectors to determine the sequence of the frag-
ment carrying the gene encoding [3-gal actosidase.

DNA isolation, manipulation and transformation

A 20-ml culture was grown overnight in MRS broth supplemented
with cysteine (0.05%) to isolate chromosomal DNA from B.
longum MB219. The cells were harvested by centrifugation and
washed with TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.6).
The pellet was resuspended in 1 ml of TE containing 15 mg
lysozyme ml—%, then incubated at 37°C for 3 h. The cells were
lysed by the addition of 3 ml lysis buffer (100 mM Tris-HCI,
400 mM NaCl, 2 mM EDTA, pH 8.2), 220 pl SDS (10%, w/v) and
150 pl proteinase K (stock solution 20 mg mi~* in H,O). The sus-
pension was incubated for 2 h at 60°C. NaCl-saturated solution
(1 ml) was added, and the sample was inverted gently afew times.
The pellet was collected by centrifugation at 5000xg at room tem-
perature, and the clear solution was transferred to afresh tube. The
DNA was precipitated with 2.5 volumes of cold ethanol. The chro-
mosomal DNA was spooled out with a glass rod, washed with
ethanol 70% (w/v), dried, and then dissolved in 300 pl TE.

DNA manipulations were carried out under the conditions
specified by the manufacturer or according to standard procedures
as described by Sambrook et al. (1989). DNA fragments from
agarose gel were purified using the Qiaexll Kit (Qiagen). Bifi-
dobacterium plasmid extraction and electroporation were per-
formed according to Rossi et al. (1997b).

For DNA hybridization, Sall partially restricted chromoso-
mal DNA from B. longum MB219 was size-fractionated on a
0.8% agarose gel and transferred onto a nylon membrane (Hy-
bond N, Amersham Pharmacia Biotech) by vacuum-supported dif-
fusion using the Vacuum Blotter system from Bio-Rad. A PCR-
generated DNA fragment, spanning the entire lacZ gene sequence
(BETA-F: 5-CGATCTCAAGCAGAGCCTTGAC-3', nt 281-302,
and BETA-R: 5-GGAATCATCGCCGCCAAC-3, nt 3137-3120)
was labeled with digoxigenin-dUTP and used as a probe. Blotting,
labeling, hybridization, washing and detection were performed us-
ing the non-radioactive DIG DNA labeling and detection kit.

Fragment sizes were determined by comparing mobilities with
those of the standard reference DNA Molecular-Weight Marker |1,
DIG-labeled (Boehringer Mannheim).

Cloning of the B-galactosidase gene

Chromosomal DNA of B. longum MB219 was digested with Sall
and size-fractionated on 0.7% agarose gels. Fragments from 2 to
10 kb were isolated and ligated to Sall-linearized and dephospho-
rylated pGM3 vector. Ligation mixture was used to transform
E. coli ER1458, and 3-gal actosidase-proficient transformants were
selected on LB plates supplemented with X-gal and IPTG. Appro-
priate subclones were made by using the E. coli/Bifidobacterium
shuttle vector pDG7 (Matteuzzi et al. 1990).

RNA purification.

Total RNA from B. longum MB219 was isolated from an expo-
nential phase culture grown in MRS broth supplemented with cys-
teine (0.05%), using the Cell RiboLyser and the RNA Extraction
Kit Blue (Hybaid), according to the protocols specified by the
manufacturer.

Primer-extension experiments

The primers used for the primer-extension experiments were
Pem 1 (5-AGTCCGGTTCACCTCGAACACCGT-3, nt 224—
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201) and Pem_2 (5-CGTACCACTTGTGGCTGGAAT-3, nt 252—
232). For the primer-extension experiments, 10 pug of vacuum-
dried total RNA were dissolved in 4.8 ul H,O. After the addition
of 1 pl of IRD800-marked primer (2 pmol), 2 pl of buffer (50 mM
Tris-HCl pH 7.9, 1.25 M KCI) and 1 pl of RNase inhibitor (10 U
ul, Gibco-BRL), the mixture was denatured at 80°C for 5 min
and hybridized at 32°C for 3 h. For synthesizing the cDNA strand,
10 pl of reverse trancriptase buffer (250 mM Tris-HCI, pH 8.3,
125 mM KCI, 15 mM MgCl,), 5 ul of 0.1 M dithiothreitol, 2.5 pl
of dANTP mix (10 mM), and 22.5 pul H,O were mixed. This solution
was added to the hybridization mixture and, after the addition of
1 ul of reverse transcriptase (200 U pl-1), the reaction was carried
out at 37 °C for 1 h.

The primer-extension product was ethanol-precipitated, dried
under vacuum, then dissolved in 2.5 pl of H,O plus 2 ul of loading
buffer (10 mM EDTA, 0.1% xylene cyanole, 0.1% bromophenol
blue). Aliquots (1.5 pl) of the sample were loaded onto a 6% (w/v)
polyacrylamide sequencing gel. For exact location of the transcrip-
tional start site, sequencing reactions using the plasmid pQU1 and
the same oligonucleotides used for the primer extensions were co-
electrophoresed.

DNA sequence analysis

The nucleotide sequence was determined on both DNA strands us-
ing the DNA Sequencing Kit dRhodamine Terminator Cycle Se-
quencing ABI PRISM and the automatic sequencer ABI PRISM
310 Genetic Analyzer (PE Applied Biosystem).

The nucleotide sequences of the 3.3-kb Sall-EcoRV fragment,
harboring the B-galactosidase gene of B. longum MB219 and the
1.7-kb EcoRV—-Sall fragment located downstream from this gene,
were determined using as a template the plasmids pQU1 and
p58M, respectively, and synthetic oligonucleotides. Modified nu-
cleotides were used to solve the sequence downstream from the
gene encoding B-galactosidase and to join the contigs. Every nu-
cleotide was determined on average 2.7 times, at least once on
each strand.

The sequence data obtained were compiled and analyzed,
where not differently specified, on aUNIX computer using the Ge-
netic Computer Group Programs Package (Madison, Wis.).

B-Galactosidase assays

B-Galactosidase standard assays using permeabilized cells of bifi-
dobacteria were performed with o-nitrophenyl-B-p-galactopyra-

noside (ONPG) at 37°C in Z buffer (100 mM sodium phosphate
pH 7.0, 10 mM KCI, 1 mM MgSO,, 50 mM mercaptoethanol).
Cells from a stationary-phase culture (16—18 h) were harvested by
centrifugation at 6000xg for 10 min at 0°C and resuspended in
Z buffer. The optical density was adjusted to an ODgy, Of 1.4,
which corresponded to approximately 109 cells ml-1 and yielded
approximately 260 pg protein ml-1. Cells were permeabilized by
mixing 0.5 ml of suspension at the appropriate dilution with 0.5 ml
of buffer Z containing Triton X-100 (5%, w/v) and incubating the
sample at 37°C for 5 min; 0.2 ml of ONPG (4 mg mi-) was added
and incubated for a further 30 min. The reaction was stopped by
adding 0.5 ml of 1 M NaCO;. The sample was centrifuged at
13,000xg for 5 min, and the o-nitrophenol released into the super-
natant was determined spectrophotometrically at 420 nm. One unit
of B-galactosidase was defined as the amount of enzyme required
to release 1 umol of o-nitrophenol per min under the conditions
described above. The specific activity was defined in terms of
units (mg protein-1.

B-Galactosidase in E. coli was assayed according to the proce-
dure described by Miller (1972) and was expressed in Miller units.

Each experiment was repeated three to four times with similar
results. The activity values reported represent the mean of thesein-
dependent experiments.

Biochemicals, reagents and primers

All chemicals, unless otherwise specified, were provided by Sigma
or Merck. The enzymes and the reagents used for molecular bio-
logical procedures were from Pharmacia, Boehringer Mannheim
or MBI Fermentas. All primers were from M-Medical Genenco
(Florence, Italy).

Results and discussion
[B-Galactosidase activities of Bifidobacterium spp.

B-Galactosidase activity was detected in permeabilized
cells of ten strains of bifidobacteria belonging to the
species B. longum, B. breve, B. adolescentis, B. indicum,
B. animalis and B. cuniculi. Under the assay conditions
used, the strains exhibited the activities presented in Table 1.
The human intestinal strains B. longum MB219 and

Table1 Growth of different

wild-type and recombinant Stran Glucose | actose
strains of Bifidobacterium. Growth [B-Galactosidase activity ~ Growth [(-Galactosidase activity
Cells were grown in lwata me-
dia containing glucose or lac- B. longum MB 219 +++ 112.3 +++ 173.8
g{SDe_ S‘;‘;;t?ggégeﬁ'&ggsed B. longum MB 260 . 638 s 79.2
as units (mg protein)L. B. bifidum MB 254 +++ 64.2 +++ 162.7
+++:0ptimal growth, +poor B. breve MB 226 +++ 55.3 +++ 117.7
growth, — no growth B. adolescentis INT-57 +++ 11.9 +++ 43.0
B. indicum C 410 +++ 4.2 -
B. animalis MB 209 +++ 21.9 +++ 85.2
B. animalis MB 209+pDG7  +++ 20.7 +++ 90.7
B. animalis MB 209+pDM9  +++ 107.3 +++ 155.6
B. cuniculi MB 279 +++ 19 -
B. cuniculi MB 279+pDG7  +++ 19 -
B. cuniculi MB 279+pDM9  +++ 94.2 +++ 103.6
B. cuniculi MB 280 +++ 16 -
B. cuniculi MB 280+pDG7  +++ 15 -
B. cuniculi MB 280+pDM9  +++ 57.7 +++ 50.8
B. cuniculi MB 281 +++ 2.3 + 4.6




MB260, B. bifidum MB254 and B. breve MB226 had the
highest activities. These strains were able to use lactose as
carbon source.

B. adolescentis INT-57 and B. animalis MB209 had
lower levels of B-galactosidase activity, but could still
grow using lactose as sole carbon source. B. cuniculi
MB279, MB280 and MB28L1, isolated from rabbit feces,
and B. indicum C410, isolated from bee intestine, were
not able to grow on lactose and had very low B-galactosi-
dase activity.

The activities in human strains and in B. animalis were
dlightly higher when grown on medium containing lactose
than when grown on glucose; nevertheless this enzyme
seems to be constitutive in these bifidobacteria. It is note-
worthy that the strains with low [-galactosidase activity
were the ones isolated from herbivorous animals (B. cuni-
culi) or from insects (B. indicum), both of which do not
utilize milk.

Cloning and expression of the (3-galactosidase gene
in E. coli

In order to isolate the 3-galactosidase genetic determi-
nants of B. longum MB219, E. coli ER1458, which lacks
the entire lac operon, was complemented with shotgun
clones carrying fragments from chromosoma DNA of
B. longum MB219 in pGM3. Seven colonies, out of ap-
proximately 30,000 transformants, showed a (3-gal actosi-
dase-positive phenotype when tested on LB agar supple-
mented with X-gal and IPTG. The clone carrying the
smallest insert contained a 5.0-kb fragment of DNA par-
tially digested with Sall, and the recombinant plasmid
was designated pS3.

A restriction map of the insert in pS3 was generated,
and fragments were subcloned into E. coli to determine
the smallest fragment carrying the gene encoding [3-gal ac-
tosidase (Fig.1). The fragments EcoRV (3.4 kb), BamHI
(3.4 kb) and Pvull (3.0 kb) were directly cloned or blunt-
end cloned in the unique BamHI site of the high-copy
number E. coli/Bifidobacterium shuttle vector pDG7.

The two recombinant plasmids containing the 3.4-kb
EcoRV fragment that differed with respect to the orienta-
tion of the insert (pDM9 and pDM9R) conferred [3-gal ac-
tosidase activity to E. coli ER1458. E. coli ER1458
(pDM9) and (pDM9R) were able to grow on minima me-
dium with lactose as sole carbon source. In accordance
with these observations, permeabilized cells of E. coli
ER1458 (pDM9) and (pDMI9R) exhibited high 3-galac-
tosidase activity (both about 2850 Miller units). The ex-
pression of B-galactosidase gene from a Bifidobacterium
strain in E. coli was expected since [3-gal actosidase genes
of B. adolescentis (Rossi et a. 1997a) and B. infantis
(Hung and Lee 1998) have been expressed in E. coli.
Therefore, the amount of enzyme synthesized was not af -
fected by the orientation of the inserted fragment, show-
ing that vector-located sequences did not affect expression
of the gene. These results demonstrated that the original
[3-galactosidase gene promoter was present on the cloned
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+

EcoRV 3.4-kb fragment
pDM9 and pPDM9R

Fig.1 A Cloning of a 5.0-kb Sall fragment from a partial Sall
digest of genomic DNA of Bifidobacterium longum MB219 into
the Sall site of the vector plasmid pGM3. B Subcloning of portions
of the 5.1-kb EcoRVI-Pwulll fragment of plasmid pS3 into the
E. coli/Bifidobacterium shuttle vector pDG7

DNA fragment and that the B. longum transcription and
translation signals were recognized by E. coli. As ex-
pected, 3-gal actosidase activity in E. coli was not induced
by growth in the presence of lactose or IPTG.

Nucleotide sequence analysis

The organization of the B. longum MB219 gene encoding
B-galactosidase was analyzed by sequencing the 3.4-kb
EcoRV fragment of pS3 that conferred the [3-gal actosidase-
positive phenotype. To determine the sequence, this frag-
ment was cloned into the blunt-ended Sall site of
pKK232-8, yielding the structurally stable plasmid pQU1.
The nucleotide sequence determined was 3317 bp long.
However, it was not possible to complete the sequence of
the region downstream from the gene encoding (-galac-
tosidase (named lacZ gene according to the similarities fur-
ther presented) and to reach the ECORV restriction site us-
ing primers that hybridize to the vector or to the lacZ gene.
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Fig.2 Southern blot analysis

of chromosomal DNA of kb
B. longum MB219 partially

digested with Sall hybridized

with the PCR-generated probe 231 -
spanning the entire B. longum o
MB219 lacZ gene. Right lane,
the 5.0-kb fragment is indi- 9.4 -
cated by the arrow -
6_6 - -
-
4.4
-
23
2.0
-
-

In order to extend the sequence from lacZ to the
EcoRV site and to determine the sequence of the 3'-flank-
ing region, the 5.1-kb insert Kpnl-Hindlll from pS3 was
blunt-ended and cloned into pBR322 linearized with
EcoRV, yielding the plasmid p58M. The sequence of the
1.7-kb region downstream from the lacZ gene was deter-
mined. The EcoRV restriction site located downstream
from lacZ was reached, and the 40 bp upstream were de-
termined using a primer hybridizing to the newly se-
guenced region; unfortunately, it was not possible to join
the 3.4- and 1.7-kb fragments. It seemed that this region
formed a secondary structure so strong that it could not be
melted within the range of temperatures reached during
the sequencing reaction. Nevertheless, it was possible to
amplify a fragment of B. longum MB219 genomic DNA
or plasmid p58M that included the gap using the primers
GAP-F. 5-GTTGGCGGCGATGATTCC-3, nt 3120-
3137 and GAP-R: 5-AACGACGCTGGATACATTGC-3,
nt 3446-3427. The size of this product, compared with the
size of sequenced regions flanking the gap, showed that
the unsequenced portion is in the range of 30-50 bp.

After the molecular characterization of the 5.1-kb frag-
ment, genomic DNA of B. longum MB219 partially di-
gested with Sall was analyzed by Southern blot hybridiza-
tion using a PCR-generated probe spanning the entire
lacZ gene (Fig.2). The results confirmed that the 5.0-kb
Sall fragment inserted in pS3 does occur in the B. longum
MB219 genome and was not rearranged during cloning.
The entire sequence of the Sall fragment of chromosomal
DNA from B. longum MB219 is 4991 bp long. The
EMBL/GenBank accession number for this nucleotide se-
guence is AJ242596.

The sequence revealed the existence of a single large
ORF (lacZ) in the Sall-EcoRV fragment of 3.4 kb, highly

similar to other genes belonging to the lacZ family.
The lacZ gene is 3072 bp long and encodes a protein of
1023 amino acids, with a calculated molecular mass of
114.5 kDa, starting with ATG (nt 147) and ending with
codon TGA (nt 3218). The geneis preceded by a putative
ribosome-binding site (AGGAG) located 3 bp upstream
from the start codon. The gene has a G+C content of
65.1 mol%, higher than the G+C content of ca. 61 mol %
for genomic B. longum DNA.

The 1.7-kb DNA fragment located downstream from
the gap had a G+C content of 54 mol%, much lower than
that of B. longum. Another ORF is found downstream
from the lacZ gene in this fragment. This ORF starts with
nucleotide 4019 (ATG codon) and stops at nucleotide
4573. The predicted gene product consists of 184 amino
acids and showed 43% identity to the DNA-3-methylade-
nine glycosydase | from P. fluorescens.

A sequence (nt 3475-3554) with 72% identity to the
tRNAPro of B. subtilis was found between this ORF and
the lacZ gene.

Transcriptional analysis of the lacZ gene

In order to identify the transcriptional start site, primer-
extension experiments were performed using primers
Pem_1 and Pem_2 and approximately 10 g of total RNA
from B. longum MB219. With both primers, signals were
obtained corresponding to the nucleotide adenine (nt 82)
(Fig.3). These results showed that transcription of the
B. longum MB 219 lacZ gene starts 65 nt upstream from
the presumed trandlational start.

A possible =10 consensus sequence (TTATCC, nt
68-73) can be found upstream from the lacZ transcrip-
tiona starting site. This motif is similar to the corre-
sponding structures found for the promoters of the
B. longum Idh gene (TATAGA, Minowa et a. 1985) and
of the operon encoding the replicative functions of plas-
mid pMB1 of B. longum MB203 (TATTCG, Rossi €t al.
1996). No sequence motif with similarity to the —35 se-
guences identified for the Idh gene (GTAGCAA) and for
the pMB1 operon (GTAGCCA) promoters was found at
the appropriate distance from the lacZ transcriptionad
starting site.

The promoter of the B. longum MB219 [3-gal actosidase
gene is the first to be identified from a Bifidobacterium
gene using the primer-extension technique. This result al-
lows us to test the possibility of using the 3-galactosidase
promoter to express heterologous genes in bifidobacteria.

Comparison of [3-galactosidases

The amino acid sequence deduced from the gene encod-
ing B-galactosidase of B. longum MB219 was compared
with that of other B-galactosidases extracted from the
Swiss-Prot protein database. The enzyme was found to be
amember of the E. coli LacZ family, being similar in size
and amino acid sequence to the 3-gal actosidases of E. coli
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Fig.3 Primer-extension analysis of the transcriptional starting site
in front of the B. longum MB219 (3-p-gal actosidase gene. Left The
product of extension of primer Pem_2 (lane P2) and total B.
longum MB219 RNA and the products of the sequencing reaction
using the same primer on plasmid pQU1. Right The product of ex-
tension of primer Pem_1 (lane P1) and total B. longum MB219
RNA and the products of the sequencing reaction using the same
primer on plasmid pQU1. The relevant nucleotide sequence repre-
senting the coding strand is shown

(55.0% similarity and 33.1% identity), Lactobacillus del-
bruckii subsp. bulgaricus, Sreptococcus thermophilus,
Clostridium acetobutylicum, Leuconostoc lactis, Kleb-
siella pneumoniae and Kluyveromyces marxianus var. lac-
tis. The amino acid sequence exhibited the highest se-
guence similarity with the corresponding enzyme from L.
delbruckii subsp. bulgaricus (64.5% similarity and 46.2%
identity). The alignment of B. longum MB219 and E. coli
[3-galactosidases showed that the proposed active site
residue (Glu-461), identified by active-site-directed in-
hibitors (Herrchen and Legler 1984), and the tyrosine
residue at site 503, involved in the reaction (Schmidt et al.
1989) of E. coli enzyme, are conserved in the B. longum
enzyme (Glu-468 and Tyr-513).

Furthermore, it is remarkable that the amino acid se-
guence of a Bifidobacterium breve (-galactosidase, en-
coding a protein of 77.4 kDa (accession number E05040),
shows no sequence similarity with the sequenceof en-
zymes of the LacZ family. Thisis in agreement with the
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experimental evidence that bifidobacteria possess several
[B-galactosidase isoenzymes (Roy et al. 1994).

Expression of the lacZ gene from pDM9
in Bifidobacterium

The expression of the lacZ gene of B. longum MB219 was
under the control of its own promoter in pDM9, the re-
combinant plasmid based on the E. coli/Bifidobacterium
shuttle vector pDG7. Plasmid DNA from E. coli ER1458
was isolated and used to transform bifidobacteria of dif-
ferent species. B. longum MB260, B. bifidum MB254,
B. breve MB226, B. animalis MB209, B. cuniculi MB279
and MB280. Electroporation of B. cuniculi MB279 and
MB280 with pDM9 yielded few CmR transformants. Fur-
thermore, this result was often not reproducible.

The transformed clones of B. longum MB260, B. bi-
fidum MB254 and B. breve MB226 were shown to harbor
the expected 10.6-kb plasmid pDM9. The clones were an-
alyzed for [3-galactosidase activity. These hosts had high
levels of endogenous (-galactosidase activity and slightly
higher expression was detected in clones transformed
with pDM9 than with the vector pDG7.

B. animalis MB209 had alow endogenous 3-gal actosi-
dase activity, whereas B. cuniculi MB279 and MB280 had
very low activities and could not grow on lactose as the
sole carbon source. The successful introduction of plas-
mids pDM9 and pDG7 into these strains enabled the
analysis of lacZ expression due to pDM9 (Table 1). B. ani-
malis clones harboring pDM9 had a fivefold higher
[B-galactosidase activity when grown on IMG, and a 1.7-
fold higher activity when grown on IML. In B. cuniculi
MB279 and MB280 transformed with pDM9, the 3-galac-
tosidase activity was about 50-fold higher than in these
hosts transformed with pDG7, and the clones transformed
with pDM9 were able to grow on IML using lactose asthe
sole carbon source. Furthermore, whenever the plasmid
pDM9 was isolated from these clones and introduced into
E. coli ER1458, blue colonies appeared on plates contain-
ing X-gal.

Thisisthefirst report of gene expression in bifidobac-
teria, and it demonstrates the possibility of expressing a
gene isolated from a Bifidobacterium strain in bifidobac-
teria of other species. Thisresult isin agreement with the
knowledge that this genus is phylogenetically not very
deeply branched.
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