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Members of the genus Bifidobacterium are commonly found in the gastrointestinal tracts of mammals, including humans, where
their growth is presumed to be dependent on various diet- and/or host-derived carbohydrates. To understand transcriptional
control of bifidobacterial carbohydrate metabolism, we investigated two genetic carbohydrate utilization clusters dedicated to
the metabolism of raffinose-type sugars and melezitose. Transcriptomic and gene inactivation approaches revealed that the
raffinose utilization system is positively regulated by an activator protein, designated RafR. The gene cluster associated with me-
lezitose metabolism was shown to be subject to direct negative control by a LacI-type transcriptional regulator, designated
MelR1, in addition to apparent indirect negative control by means of a second LacI-type regulator, MelR2. In silico analysis,
DNA-protein interaction, and primer extension studies revealed the MelR1 and MelR2 operator sequences, each of which is posi-
tioned just upstream of or overlapping the correspondingly regulated promoter sequences. Similar analyses identified the RafR
binding operator sequence located upstream of the rafB promoter. This study indicates that transcriptional control of gene clus-
ters involved in carbohydrate metabolism in bifidobacteria is subject to conserved regulatory systems, representing either posi-
tive or negative control.

Bifidobacteria are Gram-positive, anaerobic bacteria that pos-
sess a high GC genome content and belong to the phylum

Actinobacteria. Bifidobacteria typically exhibit a forked (bifid)
morphology and are commonly found as anaerobic commensals
of the gastrointestinal tract (GIT) (1, 2). Bifidobacteria were first
isolated as natural inhabitants of the gastrointestinal tracts of hu-
mans and mammals by Tissier (3), who was also the first to rec-
ognize their probiotic or health-promoting potential (4). Consis-
tent with Tissier’s observations, it is known that members of
certain bacterial genera, such as bifidobacteria and lactobacilli,
provide protection against certain types of gastrointestinal infec-
tions (5, 6).

It is also becoming increasingly apparent that a “normal” (or
healthy) colonic microbiota may reduce the risk and/or pathology
of gastrointestinal diseases and disorders, such as ulcerative colitis,
bowel cancer, and pseudomembranous colitis (7–9). Several re-
cent studies have focused on the use of prebiotics, which are non-
digestible food ingredients that beneficially affect the host by se-
lectively stimulating growth and/or activity of one or a limited
number of beneficial bacteria in the colon (10), thereby improving
host health. Certain carbohydrates, including whole-grain wheat,
fructo-oligosaccharides, galacto-oligosaccharides, and lactulose,
have been shown to exert prebiotic effects (11–14).

Metagenomic analyses of the human gut microbiota have gen-
erated knowledge that may allow the rational selection of novel
prebiotics that maintain and/or enhance a healthy gut microbiota
(15). Integral to the selection of carbohydrates with prebiotic po-
tential is an in-depth understanding of carbohydrate metabolism
by members of the gut microbiota. In this respect, bifidobacteria
possess a unique hexose metabolism, the bifid shunt, a metabolic
pathway that employs the signature enzyme fructose 6-phosphate

phosphoketolase (F6PPK), which converts carbohydrates to
mainly acetic and lactic acids (16).

Our recent work has established that Bifidobacterium breve
UCC2003, an isolate from nursling stool, can metabolize a re-
markable range of mono-, di-, oligo-, and polysaccharides (17–
23). Bifidobacterial gene clusters associated with carbohydrate
metabolism have in several cases been shown to be regulated by
LacI-type repressors, representing LacI/GalR family proteins,
which typically consist of an N-terminal helix-turn-helix (HTH)
DNA-binding motif and a C-terminal domain for oligomeriza-
tion and effector binding (24, 25). Furthermore, several observa-
tions have been made suggesting that such clusters are subject to
carbon catabolite control (26).

Recently, we identified a raf gene cluster dedicated to the
metabolism of the plant-derived carbohydrates raffinose [�-D-
Galp-(1¡6)-�-D-Glcp-(1¡2)�-D-Fruf], stachyose [�-D-Galp-
(1¡6)-�-D-Galp-(1¡6)-�-D-Glcp-(1¡2)�-D-Fruf], and melib-
iose [�-D-Galp-(1¡6)-�-D-Glcp] in B. breve UCC2003 (20). The
raf locus in the B. breve UCC2003 genome is located adjacent to
the mel gene cluster, which allows the strain to metabolize the
trisaccharide melezitose [�-D-Glcp-(1¡3)-�-D-Fruf-(2¡1)-�-
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D-Glcp], found in honeydew and manna, which are sugar-rich
liquid and solid deposits, respectively, associated with leaves and
branches of various trees and shrubs (20, 27). It was initially hy-
pothesized that melezitose is an oligosaccharide that is naturally
present in various plants (28). However, it was later found that
certain insects are responsible for melezitose production, when
they use carbohydrates present in tree sap, by itself devoid of me-
lezitose, to form honeydew (27). In the current work, we investi-
gated the transcriptional regulation of the gene clusters associated
with the metabolism of the raffinose family sugars and melezitose.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains
and plasmids used in this study are detailed in Table 1. Bifidobacteria were
routinely cultured in either de Mann Rogosa and Sharpe medium (MRS)
(Difco, BD, Le Pont de Claix, France) supplemented with 0.05% cysteine-
HCl or reinforced clostridial medium (RCM) (Oxoid Ltd.). Carbohydrate
utilization by bifidobacterial strains was examined in modified de Mann
Rogosa and Sharpe medium (mMRS) prepared from first principles (29)
and to which, prior to inoculation, cysteine-HCl (0.05% [wt/vol]) and a
particular carbohydrate source (1% [wt/vol]) had been added. The car-
bohydrates used were raffinose, stachyose, melibiose, melezitose, and lac-
tose (all purchased from Sigma-Aldrich, Steinheim, Germany). Bifido-
bacterial cultures were incubated at 37°C under anaerobic conditions,
which were maintained using an Anaerocult oxygen-depleting system
(Merck, Darmstadt, Germany) in an anaerobic chamber with an atmo-
sphere of 5% CO2, 5% H2, 90% N2. Lactococcus lactis strains were culti-
vated in M17 broth containing 0.5% glucose (30) at 30°C. Escherichia coli
strains were cultured in Luria-Bertani broth (LB) (31) at 37°C with agita-
tion. Where appropriate, growth media contained chloramphenicol (Cm)
(5 �g ml�1 for L. lactis, 10 �g ml�1 for E. coli, and 2.5 �g ml�1 for B.
breve), erythromycin (Em) (100 �g ml�1 for E. coli), tetracycline (Tet) (10

�g ml�1 for E. coli or B. breve), kanamycin (Km) (50 �g ml�1 for E. coli),
or ampicillin (Amp) (100 �g ml�1 for E. coli).

In order to determine bacterial growth profiles and final optical den-
sities, 5 ml of freshly prepared mMRS including a particular carbohydrate
(see above) was inoculated with 50 �l (1%) of a stationary-phase culture
of a particular B. breve strain. Uninoculated mMRS was used as a negative
control. The cultures were incubated anaerobically at 37°C for 16 h, and
the optical density at 600 nm (OD600) was determined at 30-min intervals
using a Powerwave microplate spectrophotometer (BioTek Instruments,
Inc., USA) in conjunction with Gen5 Microplate software for Windows.

Nucleotide sequence analysis. Sequence data were obtained from the
Artemis-mediated (32) genome annotations of B. breve UCC2003 (33).
Database searches were performed using nonredundant sequences acces-
sible at the National Center for Biotechnology Information (http://www
.ncbi.nlm.nih.gov) using BLAST (34, 35). Sequence verification and anal-
ysis were performed using the Seqman and Seqbuilder programs of the
DNASTAR software package v10.1.2 (DNASTAR, Madison, WI, USA).
Operator sequences for RafR and MelR1/2 in other bifidobacterial
species were detected using MEME (36), and consensus sequences
were visualized using Weblogo (37). Regions 250 bp upstream and 50
bp downstream of the translation start site of B. breve UCC2003 genes
were searched for additional RafR- and LacI-type binding sites using
HMMSEARCH (38) with models built from all detected bifidobacte-
rial RafR recognition sites and from known bifidobacterial LacI-type
repressor binding motifs (18, 22). Putative binding sites present in the
upstream regions of genes in the vicinity of genes coding for predicted
LacI-type regulators were extracted and used to build an improved
model to find LacI-type repressor binding sites in B. breve UCC2003.
Genes coding for LacI-type regulators were searched by screening the
encoded proteins for the presence of the PF00356 hidden Markov
model (HMM). Distances between binding sites were determined us-
ing ClustalW.

TABLE 1 Bacterial strains and plasmids used in this study

Strain/plasmid Relevant characteristics Reference or source

E. coli
EC101 Cloning host; repA� kmr 44
EC101-pNZ-M.Bbrll�Bbr111 EC101 harboring a pNZ8048 derivative containing BbrllM and BbrlllM proteins 40
XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F= proAB lacIqZ�M15 Tn10 (Tetr)] Stratagene

L. lactis
NZ9000 MG1363, nisin-inducible overexpression host; pepN::nisRK 62
NZ9700 Nisin-producing strain 62

B. breve
UCC2003 Isolate from nursling stool 19
UCC2003-melR1 pORI19-tet-mel1 insertion mutant of UCC2003 This study
UCC2003-melR2 pORI19-tet-melR2 insertion mutant of UCC2003 This study
UCC2003-rafR pORI19-tet-rafR insertion mutant of UCC2003 This study

Plasmids
pORI19 Emr �repA ori�; cloning vector 44
pORI19-tet-melR1 Internal 421-bp fragment of melR1 and tetW cloned in pORI19 This study
pORI19-tet-melR2 Internal 456-bp fragment of melR2 and tetW cloned in pORI19 This study
pORI19-tet-rafR Internal 331-bp fragment of rafR and tetW cloned in pORI19 This study
pAM5 pBC1-puC19-Tcr 45
pNZ8048 Cmr; nisin-inducible translational-fusion vector 62
pNZ8150 Cmr; nisin-inducible translational-fusion vector 42
PQE30 Ampr; IPTG-inducible vector Qiagen
pNZ-MelR1-His melR1 with His tag cloned downstream of nisin-inducible promoter on pNZ8048 This study
pnz-MelR2-His melR2 with His tag cloned downstream of nisin-inducible promoter on pNZ8150 This study
pQE30-RafR rafR cloned into the IPTG-inducible vector PQE30 This study
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DNA manipulations. Chromosomal DNA was isolated from bifido-
bacteria as previously described (39). Minipreparation of plasmid DNA
from E. coli or L. lactis was achieved using the Qiaprep spin plasmid
miniprep kit (Qiagen GmBH, Hilden, Germany). For L. lactis, an initial
lysis step was incorporated into the plasmid isolation procedure by resus-
pending cells in lysis buffer supplemented with lysozyme (30 mg ml�1),
followed by incubation at 37°C for 30 min (31). Procedures for DNA
manipulations were performed essentially as described previously. Re-
striction enzymes and T4 DNA ligase were used according to the suppli-
er’s instructions (Roche Diagnostics, East Sussex, United Kingdom). The
synthetic single-stranded oligonucleotide primers used in this study, de-
tailed in Table S1 in the supplemental material, were synthesized by Eu-
rofins (Ebersberg, Germany). Standard PCRs were performed using
TaqPCR mastermix (Qiagen), while B. breve colony PCRs were performed
as described previously (40). PCR fragments were purified using the Qia-
gen PCR purification kit (Qiagen). Electroporation of plasmid DNA into
E. coli was performed as previously described (31). Electrotransformation
of B. breve UCC2003 (19) and L. lactis (41) was performed according to
published protocols. The correct orientation and integrity of all con-
structs were verified by DNA sequencing, performed by Eurofins (Ebers-
berg, Germany).

Construction of plasmids pNZ-MelR1-His, pNZ-MelR2-His, and
pQE30-RafR. DNA fragments containing the complete coding regions of
Bbr_1864 (here designated melR1) and Bbr_1863 (here designated melR2)
were generated by PCR amplification employing chromosomal DNA of B.
breve UCC2003 as a template, employing PFU Ultra DNA polymerase
(Agilent Technologies) and primer combinations melR1EcorVF and
melR1Xba1R, and melR2Nco1F and melR2Xba1R, respectively (see Table
S1 in the supplemental material). NcoI or EcoRV and XbaI restriction
sites were incorporated at the 5= ends of each forward and reverse primer
combination, respectively, for the melR1- and melR2-encompassing
primers (see Table S1 in the supplemental material). In addition, an in-
frame His10-encoding sequence was incorporated into each of the forward
primers to facilitate downstream protein purification using the Ni-nitri-
lotriacetic acid (NTA) affinity system (Qiagen). The melR1- and melR2-
encompassing amplicons were digested with NcoI/EcoRV and XbaI and
ligated into the NcoI/ScaI and XbaI-digested nisin-inducible translational
fusion plasmids pNZ8048 and pNZ8150, respectively (42). The ligation
mixtures were introduced into L. lactis NZ9000 (Table 1) by electrotrans-
formation, and transformants were then selected based on chloramphen-
icol resistance (Cmr) (5 �g ml�1 for L. lactis). The plasmid contents of a
number of Cmr transformants were screened by restriction analysis, and
the integrity of positively identified recombinant melR1- or melR2-con-
taining plasmids was verified by sequencing, resulting in constructs pNZ-
MelR1-His and pNZ-MelR2-His, respectively.

The coding region of the predicted repressor open reading frame ki-
nase (ROK)-type regulator-encoding gene Bbr_1868 (here designated
rafR) was PCR amplified by employing Taq DNA polymerase and chro-
mosomal DNA of B. breve UCC2003 as a template and the primer com-
bination ROKBglIIF and ROKPst1R, which had BglII and PstI restriction
sites incorporated at the 5= ends of the forward and reverse primers, re-
spectively (see Table S1 in the supplemental material). The rafR-encom-
passing fragment generated was digested with BglII and PstI and ligated to
similarly digested pQE30 (Qiagen), an IPTG (isopropyl-�-D-thiogalacto-
pyranoside)-inducible protein expression plasmid, which allows incorpo-
ration of a His tag into the N terminus of the expressed protein target. The
ligation mixture was introduced into E. coli XL1-Blue (Table 1) by elec-
trotransformation, and transformants were selected based on ampicillin
and tetracycline resistance. The plasmid contents of a number of Ampr

and Tetr transformants were screened by restriction analysis, and the in-
tegrity of a positively identified recombinant plasmid, designated pQE30-
RafR, was verified by sequencing.

Protein (over)production and purification. For the (over)produc-
tion of MelR1 and MelR2, 25 ml of M17 broth supplemented with 0.5%
glucose was inoculated with a 2% inoculum of L. lactis NZ9000 harboring

either pNZ-MelR1-His, pNZ-MelR2-His, or the empty vector pNZ8048
(used as a negative control), followed by incubation at 30°C until an
OD600 of 0.5 was reached, at which point protein expression was induced
by the addition of filter-sterilized, nisin-containing, cell-free supernatant
of L. lactis NZ9700, followed by continued incubation at 30°C for 90 min.
Cells were harvested, resuspended in 10 mM Tris-HCl buffer (pH 7.0),
and disrupted with glass beads in a mini-bead beater (BioSpec Products,
Bartlesville, OK). Cellular debris was removed by centrifugation to pro-
duce a crude cell extract. Although protein purification of MelR1-His and
MelR2-His was achieved using His tag affinity chromatography, the pu-
rification procedure appeared to render the proteins inactive in subse-
quent electrophoretic mobility shift assays (EMSAs) (results not shown).
For this reason, crude cell extracts, prepared in a 10 mM Tris-HCl lysis
buffer (pH 7.0), were adopted for the EMSAs (see below).

In the case of RafR, a 300-ml volume of LB supplemented with tetra-
cycline and ampicillin was inoculated with 6 ml of an overnight culture of
E. coli XL1-Blue cells harboring pQE30-RafR and then incubated at 37°C.
At an OD600 of 0.5, expression of RafR was induced by the addition of 1
mM IPTG (Roche Diagnostics Ltd., West Sussex, United Kingdom). Fol-
lowing 2 h of incubation in the presence of IPTG, cells were harvested by
centrifugation, and crude cell extracts for protein purification were pre-
pared as described above. Subsequent protein purification was performed
using a PrepEase kit for His-tagged protein purification (USB, Germany).
Elution fractions were analyzed by SDS-polyacrylamide gel electrophore-
sis, as described previously (43), on a 12.5% polyacrylamide gel. Follow-
ing electrophoresis, the gels were fixed and stained with Coomassie bril-
liant blue to identify fractions containing the purified protein. Prestained
Rainbow low-molecular-weight protein marker (New England BioLabs,
Herefordshire, United Kingdom) was used to estimate the molecular
weight of the expressed and/or purified proteins.

Construction of B. breve insertion mutant strains. Internal frag-
ments of rafR (528 bp, representing codons 88 through 264 out of the 403
codons of the gene), melR1 (380 bp, representing codons 107 through 234
out of the 340 codons of the gene), and melR2 (402 bp, representing
codons 93 through 227 out of the 343 codons of the gene) were amplified
by PCR using B. breve UCC2003 chromosomal DNA as the template and
the oligonucleotide primer combinations rafRfHd3in and rafRrxbaIin,
melR1fHd3in and melR1rxba1in, and melR2fHd3in and melR2rxba1in,
respectively (see Table S1 in the supplemental material). The PCR prod-
ucts generated were ligated to pORI19, an Ori� RepA� integration plas-
mid (44), using HindIII and XbaI restriction sites that were incorporated
into the primers for the partial rafR-, melR1-, and melR2-encompassing
amplicons, and introduced into E. coli EC101 by electroporation. Recom-
binant E. coli EC101 derivatives containing pORI19 constructs were se-
lected on LB agar containing Em and supplemented with X-Gal (5-bro-
mo-4-chloro-3-indolyl-D-galactopyranoside; 40 �g ml�1) and 1 mM
IPTG.

The expected genetic structures of the recombinant plasmids pORI19-
rafR (pORI19 containing an internal 528-bp fragment of the rafR gene),
pORI19-melR1 (pORI19 containing an internal 402-bp fragment of the
melR1 gene), and pORI19-melR2 (pORI19 containing an internal 380-bp
fragment of the melR2 gene) were confirmed by restriction mapping prior
to subcloning of the Tet resistance antibiotic cassette, tetW, from pAM5
(45) as a SacI fragment into the unique SacI site present on each of the
pORI19 derivatives. The orientation of the tetracycline resistance gene in
each of the resulting plasmids, pORI19-tet-rafR, pORI19-tet-melR1, and
pORI19-tet-melR2, was determined by restriction analysis. The plasmids
were subsequently introduced into E. coli EC101 pNZ-MBbrI-MBbrII
(40) (transformants were selected based on Cm and Tet resistance) in
order to methylate the plasmid constructs before introduction into B.
breve UCC2003.

Methylation of the plasmid complement of the obtained transfor-
mants in EC101 pNZ-MBbrI-MBbrII was confirmed by their observed
resistance to PstI restriction (40). Plasmid preparations of methylated
pORI19-tet-rafR, pORI19-tet-melR1, and pORI19-tet-melR2 were intro-
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duced by electroporation into B. breve UCC2003 with subsequent selec-
tion on reinforced clostridial agar (RCA) plates supplemented with Tet.
Insertion mutants resulting from site-specific homologous recombina-
tion were initially confirmed by colony PCR targeting the tetracycline
resistance gene, tetW, followed by a second confirmatory PCR adopting a
tetW-based primer, either forward or reverse, depending on the orienta-
tion of tetW, in combination with a primer specific for each targeted gene
to confirm integration at the correct chromosomal position (see Table S1
in the supplemental material). In this case, a product of a particular size
would be obtained only if the correct gene disruption had been achieved.
In this manner, mutants were obtained carrying chromosomal insertions
in either the rafR, melR1, or melR2 gene, resulting in strains B. breve
UCC2003-rafR, B. breve UCC2003-melR1, and B. breve UCC2003-melR2,
respectively.

Analysis of global gene expression using B. breve DNA microarrays.
Global gene transcription was determined by microarray analysis during
growth of B. breve UCC2003-rafR, B. breve UCC2003-melR1, and B. breve
UCC2003-melR2 in mMRS supplemented with ribose, and these tran-
scriptomes were compared to that obtained from B. breve UCC2003 wild-
type cells that had also been grown on ribose as the sole carbohydrate
source. DNA microarrays containing oligonucleotide primers represent-
ing each of the 1,864 annotated genes on the genome of B. breve UCC2003
were designed by and obtained from Agilent Technologies (Palo Alto, CA,
USA). Cell disruption, RNA isolation, RNA quality control, and cDNA syn-
thesis and labeling were performed as described previously (46). The labeled
cDNA was hybridized using the Agilent Gene Expression hybridization kit
(part number 5188-5242) as described in the Agilent Two-Color Microarray-
Based Gene Expression Analysis v4.0 manual (G4140-90050). Following hy-
bridization, the microarrays were washed in accordance with Agilent’s stan-
dard procedures and scanned using an Agilent DNA microarray scanner
(model G2565A). The generated scans were converted to data files with Agi-
lent’s Feature Extraction software (v9.5). The DNA microarray data were
processed as previously described (47–49). Differential-expression tests were
performed with the Cyber-T implementation of a variant of the t test (50). A
gene was considered to exhibit significantly different expression at a P value of
�0.001 and an expression ratio of 	3 or �0.33 relative to the control.

EMSA. DNA fragments representing different portions of the pro-
moter regions upstream the rafA, rafB, Bbr_1862, and melA genes were
prepared by PCR using IRD800-labeled primer pairs (MWG Biotech) (see
Table S2 in the supplemental material). EMSAs were performed essen-
tially as described previously (51). In all cases, the binding reactions were
performed in a final volume of 20 �l in the presence of poly(dI-dC) in
binding buffer (20 mM Tris-HCl, 5 mM MgCl2, 0.5 mM dithiothreitol
[DTT], 1 mM EDTA, 200 mM KCl, 10% glycerol at pH 7.0). Various
amounts of a crude cell extract containing either MelR1 or MelR2, or
purified RafR, were mixed on ice with a fixed amount of DNA probe (0.1
pmol) and subsequently incubated for 30 min at 37°C. Samples were
loaded onto a 6% nondenaturing phosphonoacetic acid (PAA) gel pre-
pared in TAE buffer (40 mM Tris acetate [pH 8.0], 2 mM EDTA) and run
in a 0.5
 to 2.0
 gradient of TAE at 100 V for 90 min in an Atto Mini
PAGE system (Atto Bioscience and Biotechnology, Tokyo, Japan). Signals
were detected using an Odyssey Infrared Imaging System (Li-Cor Biosci-

ences United Kingdom Ltd., Cambridge, United Kingdom), and images
were captured using the supplied Odyssey software v3.0.

Primer extension analysis. Total RNA was isolated from exponentially
growing cells of B. breve UCC2003 or B. breve UCC2003-melR2 cultured in
mMRS supplemented with 1% raffinose or melezitose for B. breve UCC2003
or in mMRS supplemented with 1% ribose for B. breve UCC2003-melR2 (52).
Primer extension was performed by annealing 1 pmol of an IRD800-labeled
synthetic oligonucleotide to 20�g of RNA, as previously described (53), using
primers rafAPERP1, rafAPERP2, rafBPERP1, rafBPERP2, melAPERP1, me-
lAPERP1, 1862PERP1, and 1862PERP1 (see Table S2 in the supplemental
material). Sequence ladders of the presumed rafA, rafB, melA, and Bbr_1862
promoter regions were produced using the same primer as in the primer
extension reaction and employing a DNA cycle-sequencing kit (Jena Biosci-
ence, Germany) and were run alongside the primer extension products to
allow precise alignment of the transcriptional start site with the correspond-
ing DNA sequence. Separation was achieved on a 6.5% Li-Cor Matrix KB Plus
acrylamide gel. Signal detection and image capture were performed with a
Li-Cor sequencing instrument (Li-Cor Biosciences).

Microarray data accession number. The microarray data obtained
were deposited in NCBI’s Gene Expression Omnibus (GEO) and are ac-
cessible through GEO series accession number GSE50211.

RESULTS AND DISCUSSION
Transcriptomes of B. breve UCC2003 mutants carrying disrup-
tions in melR1, melR2, or rafR. In a previous study (20), we in-
vestigated the metabolism of the raffinose-related carbohydrates
raffinose, stachyose, and melibiose by B. breve UCC2003 and also
observed the presence of this cluster in other bifidobacteria. That
study identified a gene cluster, comprised of rafA, rafR, rafB, rafC,
and rafD, involved in the utilization of raffinose-related sugars,
where rafA was shown to encode an �-galactosidase and rafR a
putative ROK-type transcriptional regulator, while the adjacent
rafBCD genes specified a putative ABC-type sugar uptake system
(Fig. 1). The same study also identified a gene cluster in the B.
breve UCC2003 genome, located in the immediate vicinity of the
raf gene cluster, dedicated to melezitose metabolism and com-
prised of melA, melB, melC, melD, and melE, with melABC speci-
fying a presumed ABC-type sugar uptake system and melD and
melE encoding an �-glucosidase and an �-galactosidase, respec-
tively (Fig. 1), and again also observed the presence of the cluster
in other bifidobacteria (20). Located between the aforementioned
raf and mel genes are four genes, two of which, designated melR1
and melR2, encode putative LacI-type transcriptional regulators
(Fig. 1).

We previously (20) demonstrated that transcription of the
melABCDE and rafABCD genes is induced by the presence of
melezitose and raffinose (or raffinose-like sugars), indicative of
substrate-specific transcriptional regulation. In order to iden-
tify and investigate the regulatory players that control the

FIG 1 Representation of the raffinose and melezitose utilization operons of B. breve UCC2003.
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raffinose and melezitose-induced genes, insertion mutations
were made in the melR1, melR2, and rafR genes (see above)
(Fig. 1), resulting in strains B. breve UCC2003-melR1, B. breve
UCC2003-melR2, and UCC2003-rafR, respectively (see Mate-
rials and Methods). It was hypothesized that if any of the pu-
tative regulatory genes encoded a repressor, mutation of the
gene would lead to increased transcription even in the absence
of the inducing carbohydrate.

Altered gene expression patterns were determined by DNA mi-
croarray analysis from two independent biological replicates and
employing B. breve UCC2003, B. breve UCC2003-melR1, B. breve
UCC2003-melR2, or UCC2003-rafR cultures grown to the expo-
nential growth phase in mMRS supplemented with ribose. The
transcriptomes obtained revealed that, compared to B. breve
UCC2003, the melABCDE genes were significantly upregulated
(	5.0-fold change; P � 0.001) in B. breve UCC2003-melR1, while
melABCDE, as well as its adjacent genes, Bbr_1861 and Bbr_1862,
were upregulated (	5.0-fold change; P � 0.001) in B. breve
UCC2003-melR2 (Table 2). However, the insertion mutation in
melR2 appears to have a polar effect on the transcription of the
downstream gene, melR1, as the gene exhibited a 1.7-fold-lower
level of transcription in the B. breve UCC2003-melR2 mutant
(compared to UCC2003; P � 0.001), indicating that melR1 and
melR2 are cotranscribed. The data obtained are consistent with
our prediction that both LacI-type regulators act as transcrip-
tional repressors, since the mutations in B. breve UCC2003-melR1
and UCC2003-melR2 cause transcriptional upregulation of adja-
cent genes, several of which have been associated with melezitose
metabolism. The transcriptome of B. breve UCC2003-rafR did not
reveal any statistically significant differences from that of B. breve
UCC2003 that could be linked to the metabolism of raffinose-like
sugars (results not shown), which is consistent with the notion
that RafR is a ROK-type transcriptional activator. ROK regulators
were originally described some 20 years ago and include transcrip-
tional repressors, sugar kinases, and as-yet-uncharacterized open
reading frames (54). The ROK protein family is characterized by
the presence of the PF00480 domain, which belongs to the Actin-
ATPase clan in the Pfam database (55).

The three mutants were also investigated for the ability to uti-
lize melezitose or raffinose-like sugars. The B. breve UCC2003-
melR1 and UCC2003-melR2 mutants both retained the ability to
utilize melezitose as the sole carbohydrate source (Fig. 2A). Inter-
estingly, B. breve UCC2003-rafR was incapable of growing to a
high optical density in mMRS supplemented with any of the
raffinose-like sugars as the sole carbon source (Fig. 2B), while
growth of B. breve UCC2003-rafR in mMRS supplemented with

1% lactose was comparable to that observed for the parent strain,
B. breve UCC2003. These results demonstrate that rafR is required
for growth on raffinose-related carbohydrates and suggest that the
ROK-type transcriptional regulator RafR is required for the acti-
vation of the raffinose gene cluster.

MelR1 and MelR2 bind to the melA and Bbr1862 promoter
regions, respectively. The transcriptome data obtained for the B.
breve UCC2003-melR1 and UCC2003-melR2 mutants (see above)
suggest that melR1 and melR2 encode LacI-type regulators that
control various genes of the mel gene cluster. In order to establish
if the MelR1 or MelR2 protein directly and specifically interacts
with presumed operator sequences within the promoter region(s)
of the mel gene cluster, i.e., the Bbr_1862 and/or melA promoter
region (see below), EMSAs were performed. For this purpose, we
first cloned melR1 and melR2 in the nisin-inducible vectors
pNZ8048 and pNZ8150, respectively, with the introduction of an
N-terminal His tag-encoding sequence to facilitate protein ex-
pression and purification in L. lactis NZ9000 (generating plasmids
pNZ-MelR1-His and pNZ-MelR2-His, respectively).

Although MelR1 and MelR2 could be obtained as purified
proteins, they proved unable to form DNA-protein complexes
under the conditions used, which had been noted previously for
LacI-type regulators in bifidobacteria (18). For this reason, in-
stead of the purified proteins, crude cell extracts of (nisin-in-
duced) L. lactis NZ9000 pNZ-MelR1-His or L. lactis NZ9000
pNZ-MelR2-His were employed to perform EMSAs. As a negative
control for the EMSAs, we used crude cell extract of L. lactis
NZ9000(pNZ8048) (empty vector) incubated with various DNA
fragments, as mentioned below, which, as expected, all failed to
alter the electrophoretic behavior of these DNA fragments. The
results obtained with a crude cell extract containing MelR1 clearly
demonstrate that the protein binds to the IRD800-labeled DNA
fragment M1, which encompasses the 444-bp promoter-contain-
ing (see below) region preceding melA, while MelR1 failed to bind
to the IRD800-labeled DNA fragment K1, encompassing the
Bbr_1862 promoter region, or the rafA or rafB promoter region
[Fig. 3A and B(i) and results not shown].

Further dissection of the melA promoter region showed that
MelR1 binding required an 84-bp DNA segment that is present
within fragments M1 to M3 [Fig. 3B(i); see Fig. S1(i) to (iii) in the
supplemental material] and that contains an 18-bp imperfect in-
verted repeat, 5=-TGCATAAGC	�GCTTAGCAA-3= (with
“	�” indicating the center of the inverted repeat), representing
the putative MelR1-specific operator sequence. This was further
validated by EMSAs using a 46-bp synthetic DNA fragment that
contained this MelR1 binding (melAIR) [Fig. 3C(i)]. Further-

TABLE 2 Transcriptome analysis of B. breve UCC2003-melR1 and B. breve UCC2003-melR2 compared to B. breve UCC2003 grown on 1% ribose

Gene no. Name Putative function

Fold upregulationa

melR2 melR1

Bbr_1862 Solute binding protein of ABC transporter system for sugars 148.62 �
Bbr_1861 Conserved hypothetical protein 59.43 �
Bbr_1860 melA Solute binding protein of ABC transporter system for sugars 77.64 80.63
Bbr_1859 melB Permease protein of ABC transporter system for sugars 88.56 67.9
Bbr_1858 melC Permease protein of ABC transporter system for sugars 86.8 78.1
Bbr_1857 melD Alpha-1,4-glucosidase 10.24 8.59
Bbr_1856 melE Alpha-galactosidase 6.6 5.51
a The cutoff point is 5-fold (P � 0.001); values below the cutoff are indicated by a minus.
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more, introduction of two point mutations in this presumed
MelR1 operator sequence (a G-to-T and a C-to-A mutation at
positions 8 and 9 of the sequence, as indicated above) were shown
to prevent binding of MelR1 (mu-melAIR) [Fig. 3C(iii)]. Other
mutations in bases on either side of this motif did not affect the
binding of MelR1 (results not shown) (for all wild-type and mu-
tated primer sequences, see Table S3 in the supplemental mate-
rial). To investigate whether MelR1 interaction with its target
DNA sequence is influenced by a carbohydrate effector molecule,
as is known to be the case for other LacI-type regulators (reviewed
in references 56 and 57), several carbohydrates were tested for
their effects on MelR1-DNA complex formation. The results ob-
tained show that the ability of MelR1 to bind to the M1 fragment
of the melA promoter region is lost in the presence of melezitose at
concentrations of 	2.5 mM (Fig. 3D), whereas under the same
experimental conditions, galactose or lactose did not affect MelR1
binding to its target [see Fig. S2(i) and (ii) in the supplemental
material].

When EMSAs were performed using a nisin-induced L. lactis
NZ9000 pNZ-MelR2-His cell extract, MelR2 was shown to bind to
IRD800-labeled DNA fragment K1, which encompasses the
310-bp promoter-containing (see below) region preceding
Bbr_1862, but not with similarly labeled DNA fragments contain-
ing the promoter regions upstream of melA (fragment M1), rafA,
or rafB [Fig. 3A and B(ii) and results not shown]. Further EMSAs
showed that MelR2 binding required an 85-bp DNA segment
present within fragments K1 and K2 and absent in fragments K3
and K4 of the Bbr_1862 promoter region [Fig. 3B(ii); see Fig. S3 in
the supplemental material]. Inspection of this 85-bp fragment re-
vealed the presence of a 18-bp imperfect inverted repeat, 5=-TGC
GTAATC	�GATATCGCA-3=, representing a putative MelR2
operator sequence. This was validated by EMSAs using a synthetic
50-bp DNA fragment that contained this predicted operator se-
quence (Bbr1862IR) [Fig. 3C(ii)]. Introduction of two point mu-
tations in the putative 18-bp MelR2 binding motif (an A-to-C and
a T-to-G mutation at positions 7 and 8 of the motif) was shown to

FIG 2 (A) Final OD600 values after 16 h of wild-type strain B. breve UCC2003 and insertion mutants B. breve UCC2003-melR1 and B. breve UCC2003-melR2
growth on 1% melezitose or 1% lactose. The results are mean values obtained from three separate experiments. The final optical densities reached by B. breve
UCC2003 and insertion mutants B. breve UCC2003-melR1 and B. breve UCC2003-melR2 during growth on lactose or melezitose were not statistically signifi-
cantly different (P � 0.1). (B) Final OD600 values after 16 h of growth of wild-type strain B. breve UCC2003 and insertion mutant B. breve UCC2003-rafR on 1%
stachyose, 1% raffinose, 1% melibiose, or 1% lactose. The final optical densities attained by B. breve UCC2003 compared to insertion mutant B. breve
UCC2003-rafR during growth on 1% raffinose, 1% stachyose, or 1% melibiose were statistically significantly different (*, P � 0.001; **, P � 0.01). No significant
difference (P � 0.1) was observed in the final optical densities achieved by B. breve UCC2003 and B. breve UCC2003-rafR during growth on 1% lactose. The error
bars indicate standard deviations.
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prevent MelR2 binding (see Table S2 in the supplemental mate-
rial) for IRD800 primer sequences (mu-Bbr1862IR) [Fig. 3C(iv)].
Other mutations were also made in bases surrounding this motif,
but none of the mutations was shown to affect binding under the
conditions tested (results not shown) (see Table S4 in the supple-
mental material for the relevant primer sequences used). To in-
vestigate if MelR2 interaction with its target DNA sequence is
influenced by a carbohydrate effector molecule, as shown for
MelR1, several carbohydrates were tested for their effects on
MelR2-DNA complex formation. However, none of the carbohy-
drates tested (melezitose, turanose, sucrose, glucose, fructose,
�-1,3-galactobiose, or �-1,4-galactobiose) was shown to prevent
MelR2 binding to its DNA target [see Fig. S4(i) to (vii) in the
supplemental material], suggesting that MelR2 binding is abro-
gated by an as-yet-unknown molecule (20).

The above-mentioned binding studies, combined with the
transcriptome analyses, indicate that MelR1 is the melezitose-re-
sponsive repressor of the melABCDE gene cluster, while MelR2 is
a LacI-type repressor controlling the transcription of Bbr_1861
and Bbr_1862. The observation that the melR2 mutation leads to
an increase in melABCDE transcription is most likely an indirect
effect due to its negative polar effect on melR1 transcription, lead-
ing to reduced MelR1 expression and, consequently, derepression

of the melABCDE gene cluster. Motif searches using a LacI oper-
ator consensus model, based on sequences recognized by bifido-
bacterial LacI-type repressors as determined in this work and
reported previously (17, 18, 22), reveal the presence of other LacI-
type recognition sites in the genome of B. breve UCC2003. These
putative LacI-type binding sites are located in intergenic regions
upstream of genes involved in carbohydrate metabolism, consis-
tent with experimentally verified LacI-type binding sites, although
validation will require EMSAs involving such DNA regions and
their cognate LacI-type proteins (see Fig. S5 and Table S5 in the
supplemental material). The sequence differences between these
putative LacI-type binding motifs are believed to be responsible
for target specificity, a finding that has been observed previously in
Lactobacillus plantarum (58). Interestingly, analysis of the ge-
nomes of Bifidobacterium longum KACC 91563 and B. longum
ATCC 55813, which contain homologs of the melezitose locus
(20), including two LacI-type regulator-encoding genes, shows
the conservation of the deduced MelR1 and MelR2 operator sites
(data not shown).

RafR binds to the rafB promoter region. The presence of rafR,
encoding a putative ROK-type regulator within the raffinose gene
cluster, suggests that the gene plays a role in the transcriptional
regulation of the raf gene cluster, a notion that was supported by

FIG 3 (A) Representation of the melezitose utilization cluster of B. breve UCC2003 and DNA fragments used in EMSAs for the melA and Bbr_1862 promoter
regions. The plus and minus signs indicate ability or inability of MelR1 or MelR2 to bind to the melA or Bbr_1862 DNA promoter-encompassing fragments,
respectively. (B) EMSAs showing MelR1 interaction with DNA fragments encompassing fragment M1 (i) and MelR2 interaction with DNA fragments encom-
passing fragment K1 (ii). (C) EMSAs illustrating MelR1 interaction with melAIR (i) and mutated derivative mu-melAIR (ii) and MelR2 interaction with
Bbr1862IR (iii) and mutated derivative mu-Bbr1862IR (iv). The minus signs indicate lanes with binding reactions to which no protein was added, while the
remaining lanes represent binding reactions with the respective DNA probes incubated with increasing amounts of protein at concentrations ranging from 0.04
nM to 0.01 �M. Each successive lane, from right to left, corresponds to a doubling in the amount of protein used for the EMSA. (D) EMSAs showing MelR1
interaction with the DNA fragment M1 with the addition of melezitose at concentrations ranging from 2.5 to 20 mM.
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the inability of a rafR mutant to support proper growth on raffin-
ose-type sugars (see above). In order to establish if RafR is capable
of interacting with specific sequences within the raffinose-induced
(20) promoter regions upstream of rafA and rafB (see below), we
overexpressed and purified RafR as a His-tagged protein (see Ma-
terials and Methods). RafR was then used to perform EMSAs, the
results of which clearly demonstrate that RafR causes a mobility
shift of IRD800-labeled DNA fragment R1, which includes the
241-bp promoter region upstream of rafB [Fig. 4A and B(i)]. In
contrast, under the conditions used, RafR was unable to bind to
IRD800-labeled DNA fragment G1, which includes the 223-bp
promoter region upstream of rafA (results not shown). This sug-
gests that rafA is regulated by an as-yet-unknown regulator or
molecule.

Further EMSAs involving RafR and fragments R2 and R3 [Fig.
4B(ii) and (iii)] of the rafB promoter region showed that RafR
binding requires an 81-bp DNA segment that contains an imper-
fect inverted repeat, 5=-TTTATTGCGTT	A�ATCACAAAATA-
3=, thus representing the putative RafR operator sequence. This
was validated by EMSAs using a 38-bp DNA fragment that con-
tained this sequence (rafBIR) [Fig. 4B(iv)]. Introduction of point
mutations in a 35-bp sequence encompassing the putative RafR
binding motif revealed various positions within the operator se-
quence that are crucial for RafR binding (Fig. 4C; for the primer
sequences used, see Table S6 in the supplemental material). This
operator binding sequence is very similar to the consensus oper-
ator sequence determined for two other members of the ROK

family proteins, Mlc and NagC, in E. coli (54, 59). Analysis of
sequenced bifidobacterial genomes, many of which contain a ho-
molog of the B. breve raf locus, reveals the presence of a single
conserved RafR operator site in the rafB promoter region, whereas
no other sites could be detected. Bases important for binding (as
determined above) are conserved between bifidobacterial species
(see Fig. S6 in the supplemental material).

RafR interaction with its target DNA sequence was not affected
by the presence of raffinose, stachyose, melibiose, galactose, glu-
cose, sucrose, �-1,3-galactobiose, and �-1,4-galactobiose at con-
centrations ranging from 2.5 mM to 20 mM [see Fig. S7(i) to (viii)
in the supplemental material]. Binding of RafR to the rafA pro-
moter region was also tested in the presence of these sugars; how-
ever, this did not result in binding of RafR to the rafA promoter
region (results not shown). A summary of all protein interactions
is presented in Table S7 in the supplemental material.

Identification of the transcription start sites of rafA, rafB,
melA, and Bbr_1862. From the genetic organization (Fig. 1) and
the expression pattern of the raf locus (20) it was deduced that the
raf cluster contained two raffinose/stachyose/melibiose-inducible
promoters, one in front of the rafA gene and one in front of the
rafB gene. In relation to the mel cluster, potential promoter re-
gions were identified based on in silico analysis of the mel locus
(Fig. 1) coupled with transcriptomic data obtained during growth
on melezitose (20), as well as the transcriptomes of UCC2003-
melR1and UCC2003-melR2 (see above). It was reasoned that one
melezitose-inducible, MelR1-dependent promoter was located

FIG 4 (A) Representation of the raffinose utilization cluster of B. breve UCC2003 and DNA fragments used in EMSAs for the rafB and rafA promoter regions.
The plus and minus signs indicate the ability or inability, respectively, of RafA to bind to the rafB or rafA DNA fragments. (B) EMSAs showing RafR interaction
with DNA fragments encompassing fragments R1 (i), R2 (ii), and R3 (iii) and the annealed oligonucleotides representing rafBIR (iv). The minus signs indicate
lanes with binding reactions to which no protein was added, while the remaining lanes represent binding reactions with the respective DNA probes incubated
with increasing amounts of protein at concentrations ranging from 0.04 nM to 0.01 �M. Each successive lane, from right to left, corresponds to a doubling in the
amount of protein used for the EMSA. (C) EMSAs showing RafR interaction with the mutated operator motif of the rafB promoter region. DNA fragments were
obtained by PCR using IRD700-labeled primers. The operator sequence and incorporated mutations are shown above the image. wt and �, original promoter
sequence; �, no added protein. The conserved ROK motif is highlighted in yellow. The arrows indicate the inverted-repeat structure of the motif.
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directly upstream of the melA coding sequence and one promoter
(transcription of which is subject to MelR2 and an as-yet-un-
known inducer molecule) preceded the Bbr_1862 coding se-
quence.

In order to determine the transcription start sites of these pre-
sumed promoters, primer extension analysis was performed using
RNA extracted from B. breve UCC2003 grown in mMRS containing
either 1% melezitose or 1% raffinose, as appropriate. To determine
the transcription start site of Bbr_1862, B. breve UCC2003-melR2
(whose transcriptome revealed constitutive transcription of Bbr_
1862) was grown in mMRS supplemented with ribose as the sole
carbohydrate source. Single extension products were identified up-
stream of melA, the Bbr_1862 gene, rafB, and rafA, and in all cases,
potential promoter recognition sequences resembling consensus
�10 and �35 hexamers could be identified upstream of these tran-
scription start points (Fig. 5A to D). In the cases of melA- and
Bbr_1862-associated promoters, the MelR1 and MelR2 binding op-
erator sequences overlap the respective �10 sequences, which sup-
ports our findings that MelR1 and MelR2 are LacI-type transcrip-

tional repressors. For the rafB promoter region, the RafR operator
sequence is located upstream of the �35 and �10 promoter recog-
nition sequences, a location that is consistent with the notion that
RafR functions as a transcriptional activator.

Concluding remarks. The data assembled in this study pro-
vide significant information on the ability of B. breve UCC2003 to
regulate two adjacent genetic loci dedicated to the utilization of
raffinose-containing carbohydrates and melezitose (20). We con-
clude that MelR1 is a LacI-type regulator that acts as a melezitose-
responsive repressor of the melABCDE gene cluster, while MelR2
is also a LacI-type regulator that acts as a repressor of the Bbr_1861
and Bbr_1862 genes, the latter encoding a predicted carbohydrate
binding protein of an ABC-type sugar transport system. Because
of its vicinity and the finding that melE encodes an �-galactosi-
dase, we speculate that MelR2 responds to an oligosaccharide con-
taining a melezitose backbone to which one or more �-galactose
moieties are attached. This �-galactose-containing oligosaccha-
ride is bound by the product of Bbr_1862 and internalized by the
melABC uptake system, after which the �-galactose moiety (or

FIG 5 Schematic representation of the melA (A), Bbr_1862 (B), rafB (C), and rafA (D) promoter regions. Boldface type and underlining indicate the �10 and
�35 hexamers deduced from the primer extension results; deduced ribosomal binding sites (RBS) and experimentally determined transcriptional start sites
(TSS) are indicated by asterisks. The arrows under sequences with names in boldface indicate the inverted-repeat MelR1, MelR2, and RafR binding sequences
displayed above the arrows. The arrows in the right panels indicate the primer extension products.
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moieties) is removed by the action of MelE, followed by further
degradation by MelD. Unfortunately, no such substrates are cur-
rently commercially available, and this hypothesis therefore re-
mains to be verified.

In a classic example discussed by Irwin and Ptashne (60), it was
observed that mutating the catabolite activator protein (CAP) re-
sulted in lack of transcriptional activation of the gal promoter.
Similarly, in C. glutamicum 13032, a deletion in the gene encoding
the ROK-type protein CysR rendered the strain incapable of uti-
lizing sulfate or sulfonates as the sole source of sulfur, leading the
authors to speculate that CysR functions as a transcriptional acti-
vator (61). Based on our experimental findings, we conclude that
RafR also acts as a transcriptional activator of the rafBCD cluster.

Somewhat to our surprise, RafR did not bind to the rafA pro-
moter, at least not under the conditions used here, although the
promoter is transcriptionally induced when B. breve UCC2003 is
grown in raffinose-like sugars (20). It may be that RafR requires an
effector for binding to the promoter, and future research will fur-
ther examine this.
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