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Development of the human gut microbiota commences at birth,
with bifidobacteria being among the first colonizers of the sterile
newborn gastrointestinal tract. To date, the genetic basis of Bifido-
bacterium colonization and persistence remains poorly understood.
Transcriptome analysis of the Bifidobacterium breve UCC2003 2.42-
Mb genome in a murine colonization model revealed differential
expression of a type IVb tight adherence (Tad) pilus-encoding gene
cluster designated “tad2003.”Mutational analysis demonstrated that
the tad2003 gene cluster is essential for efficient in vivo murine gut
colonization, and immunogold transmission electron microscopy
confirmed the presence of Tad pili at the poles of B. breve
UCC2003 cells. Conservation of the Tad pilus-encoding locus among
other B. breve strains and among sequenced Bifidobacterium ge-
nomes supports the notion of a ubiquitous pili-mediated host col-
onization and persistence mechanism for bifidobacteria.
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The mammalian gastrointestinal tract (GIT) harbors a complex
community of microorganisms, also referred to as the “in-

testinal microbiota” (1, 2). Although it is well recognized that the
intestinal microbiota has a profound influence on health and
disease, knowledge on the precise mechanism(s) by which this
microbiota exerts such influence remains largely unknown. Bac-
terial colonization of the GIT of a newborn commences at birth
and depends on many factors that include gestational age, mode
of delivery, local environment, type of feeding, and antibiotic
treatment (3, 4). Bifidobacterium species are among the first col-
onizers of the essentially sterile GIT of newborns and constitute
one of the dominant genera of the microbiota of healthy breast-
fed infants, although they become less abundant in weaned
infants and adults (5, 6).
GIT colonization by microbes is believed to play an essential

part in metabolism and energy balance, in resisting pathogen
colonization, in the maturation of the intestine, and in the ed-
ucation of the immune system (7–10). The specific contribution
of members of the Bifidobacterium genus to such activities is
subject to much investigation and speculation (11), although it is
widely accepted that their presence in the GIT may confer health
benefits (12–14). The global analysis of the bifidobacterial gene
expression in babies indicated the activities include the pro-
duction of folic acid and exopolysaccharides (EPS) (15). Although
the latter property could be involved in persistence, the details
of the molecular mechanisms that allow bifidobacteria to colo-
nize the GIT have not yet been elucidated.
Recently, Kankainen et al. (16) showed that adherence and

colonization of Lactobacillus rhamnosus GG is mediated by
sortase-dependent pili. In Gram-positive bacteria, these pili are
the most frequently described nonflagellar, proteinaceous, mul-
tisubunit surface appendages that are involved in adhesion to

other bacteria, to host cells, or to environmental surfaces (17,
18). Gram-positive pili are formed by a mechanism involving
specific transpeptidases, called “sortases,” which cross-link in-
dividual pilin monomers and join the resulting covalent polymer
to the cell wall peptidoglycan (19). Recently, the Gram-positive
pathogen Mycobacterium tuberculosis was found to express type
IVb pili similar to those specified by the Gram-negative tight
adherence (tad) locus (20). Homologs of tad genes have been
identified in the genomes of Corynebacterium diphtheria, Ther-
mobifida fusca, and Streptomyces coelicolor (21, 22). The Tad pili
biosynthesis apparatus was first described in Actinobacillus acti-
nomycetemcomitans and allows the production and assembly of
pili, which in this bacterium mediate adhesion to surfaces and
are essential for colonization and pathogenesis (23, 24). Because
of their simple cell envelope structure, Gram-positive tad loci en-
code fewer pilus assembly functions than do their Gram-negative
counterparts, namely TadZ, TadV, TadC, TadB, and TadA (21).
TadA, an ATPase localized at the periphery of the cytoplasmic
membrane, is believed to energize pilus assembly; TadB and
TadC represent integral membrane proteins that form homo- or
hetero-oligomeric structures in association with TadA to con-
stitute the secretion apparatus of the pilus subunit. Based on
similarity to the septum site-determining protein MinD, TadZ is
thought to direct the Tad secretion and assembly apparatus to
the cell poles. The Tad pilus is comprised of homopolymers of
a single pilin subunit, although some pili possess an adhesive
subunit at the pilus tip or can be decorated with pseudopilins
along the pilus (21, 22). The pilin and pseudopilins are synthe-
sized as precursors (prepilins) with a hydrophobic leader peptide
terminating with a glycine residue that is removed by a dedicated
peptidase (TadV).
To enhance our understanding of bifidobacteria and the role

they play in the intestinal ecosystem, we determined the genome
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sequence of a Bifidobacterium breve strain isolated from a nurs-
ling stool. Analysis of this genome sequence coupled with in vivo
transcriptome studies identified a tad locus essential for efficient
host colonization of the murine intestine. This locus is conserved
in all B. breve strains tested and in currently available Bifido-
bacterium genomes, so the elucidation of its function represents
a significant step toward understanding the molecular details of
the interaction between bifidobacteria and their host.

Results and Discussion
B. breve UCC2003 Genome. The 2,422,684-bp genome of B. breve
UCC2003 (Fig. 1) has a guanine-cytosine (G+C) content of
58.7%, similar to that of currently available Bifidobacterium
genomes (Table S1), and is predicted to harbor 1,985 genes, of
which 1,854 are protein-coding sequences with an average length
of 1,099 bp. The genome contains two rRNA-encoding operons
and 54 tRNA genes. A functional role or general function was
assignable for 1,597 (86%) of the protein-coding sequences, 250
(14%) protein-coding sequences represent conserved genes for
which no functional role could be assigned, and only seven
protein-coding sequences lack similarity to entries in the public
databases. Furthermore, 71 pseudogenes were detected.
A comparison of the general genome characteristics of a se-

lection of relevant and completed Bifidobacterium genomes is
provided in Table S1. Dot plot alignments of various represen-
tative Bifidobacterium genomes revealed a varying degree of
colinearity (Fig. S1), which correlated with the phylogenetic
distance between the compared genomes (25) and which fre-
quently generated an X-shaped plot, suggestive of multiple
rearrangements around the central axis following divergence

from a common ancestor (26). The UCC2003 genome contains
a single prophage-like remnant and one CRISPR (clustered
regularly interspaced short palindromic repeats) locus, which
have been described previously (27–29). Extracellular proteins
and structures are considered to be important for interaction of
the bacterium with its environment, for example in adherence,
degradation of complex carbohydrates, and microbe–microbe/
microbe–host communication. In silico prediction of the bacte-
rial secretome enables functional characterization of possible
adhesins, as shown by the identification of sortase-anchored
adhesins in Lactobacillus salivarius (30). The predicted B. breve
UCC2003 secretome (Fig. S2) consists of 216 proteins with an
Sec-type signal peptide (31), of which 41 contain an N-terminal
lipoprotein motif for anchoring to the cell membrane (32) and 10
contain a C-terminal LPxTG-like motif for sortase-dependent
anchoring to peptidoglycan or pilus biosynthesis (33–35). Exam-
ples of the latter category include seven genes that are predicted
to specify sortase-dependent pilin subunits, organized into three
gene clusters (see below), and two extracellular glycosidases,
ApuB and GalA, which function in the hydrolysis of particular
glucose- and galactose-containing polysaccharides, respectively
(36, 37). Furthermore, B. breve UCC2003 encodes a secreted
serine protease inhibitor, also known as a “serpin” (Bbr_1320), as
previously described for Bifidobacterium longum subsp. longum
NCC2705 (38) and B. breve 210B (39). The putative B. breve
serpin thus may contribute to host interactions in the GIT as
proposed for B. longum subsp. longum NCC2705 (38).
Two regions in the genome of B. breve UCC2003, Bbr_0430–

Bbr_0474 and Bbr_1786–Bbr_1803, contain genes that are pre-
dicted to encode proteins involved in the production of exo-
or capsular polysaccharides, which we refer to collectively as EPS.
Interestingly, the Bbr_0430–Bbr_0474 region has a G+C DNA
content (47.4%)markedly lower than theB. breve average (58.73%),
perhaps because it was acquired by horizontal DNA transfer.
Gene clusters specifying pili are of particular interest in the

case of Bifidobacterium, because such proteins may represent
candidates mediating attachment to mucus or cells in the intestine
(40, 16). Three different gene clusters predicted to encode sor-
tase-dependent pili are present in the genome of UCC2003, al-
though the first gene in two of these clusters, Bbr_0113 and
Bbr_1889, respectively, appears to be a pseudogene because of
a frameshift in a stretch of 11 or 10 guanine nucleotides. Both
these gene clusters include a dedicated sortase gene that differs
from the housekeeping sortase gene, suggesting that these pili
may be produced if the effect of the homopolymer frameshifts is
suppressed. Interestingly, a putative type IVb pilus-encoding gene
cluster, similar to the tad locus in A. actinomycetemcomitans, was
identified on the genome of B. breve UCC2003 (Bbr_0132–
Bbr_0138, referred to here as “tad2003”) (Fig. 2 and Fig. S3), whose
function was investigated further as described below. Character-
ized tad loci are responsible for the assembly of pili, which are
essential for colonization of several pathogenic bacteria (21).
Homologs of the genes that make up the proposed B. breve
UCC2003 tad2003 locus are present in all examined B. breve strains
[as determined by comparative genome hybridization (CGH); see
below], as well as in all publicly available bifidobacterial genomes
(Fig. S4), and they all appear to be organized as two adjacent
gene clusters. The first of these clusters (Bbr_0132–Bbr_0135 in
UCC2003) encodes proteins dedicated toward pilus assembly,
location, and export; the second cluster is predicted to encode the
Flp prepilin (Bbr_0136) and two pseudopilins, TadE (Bbr_0137)
and TadF (Bbr_0138) (Fig. 2). Consistent with their processing
requirement, a putative prepilin peptidase (TadV) cleavage site,
GAATAEY/F (21), is readily identifiable in Flp (Fig. S5) and
TadE, and a less obvious potential cleavage sequence (GVALSAT)
is present in TadF. Based on sequence similarity, the putative
UCC2003 TadV prepilin peptidase is specified by Bbr_0901, al-
though this gene is not linked to the tad2003 locus. The TadV
peptidase is believed to hydrolyze the leader peptide of its targets
at the C-terminal end of the glycine within the cleavage site,
whereas the conserved glutamate residue at position five in the

Fig. 1. Circular genome map of B. breve UCC2003. The innermost circle
illustrates GC skew, shown in green on the forward strand and in purple on
the reverse strand. The middle circle highlights G+C deviation from the mean
of 58.7%. The outer circle displays the ORF distribution by strand with color
corresponding to the Cluster of Orthologous Genes functional assignment.
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mature pilin protein is thought to be essential for the recognition
of incoming pilin subunits during pilus assembly (21).

Comparative Genome Hybridization Analysis of B. breve Strains. To
investigate genome variability in 18 B. breve strains obtained from
various sources and B. breve UCC2003, we performed CGH
experiments using an array designed on 1,864 of the 1,985 anno-
tated genes of B. breve UCC2003. Overall, based on the criteria
applied (Materials and Methods), 1,393 genes were shown to be
present in all B. breve strains tested. Variably present genes were
classified into three groups that were predicted to be (i) phage
related or encode phage resistance, (ii) involved in biosynthesis of
extracellular structures, or (iii) involved in carbon source metab-
olism (Fig. 3A). For the first group, variations are observed for
genes in the CRISPR locus (Bbr_1405–Bbr_1411), restriction/
modification systems (Bbr_0214–Bbr_0216 and Bbr_1118–
Bbr_1121) (41), a cluster containing a putative abortive infec-
tion protein (Bbr_1050–Bbr_1053), and a (partial) prophage
(Bbr_0291–Bbr_0321) (28). Variation in the second group, genes
involved in biosynthesis of extracellular structures, is shown
for the two EPS regions (Bbr_0430–Bbr_0474 and Bbr_1786–
Bbr_1803, mentioned above) and the sortase-dependent pili-
encoding genes Bbr_1889–Bbr_1887. No variation, however, was
observed for the sortase-dependent pili-encoding genes
Bbr_0113–Bbr_0115 and Bbr_0365–Bbr_0366, the Tad-like type
IVb pili-encoding system (Bbr_0132–Bbr_0138) including tadV
(Bbr_0901), or the serpin-encoding gene (Bbr_1320). Finally,
variability was observed in the third group of genes, those involved
in the utilization of starch (42) and galactan (37), ribose (43),
sucrose isomers (44), cellodextrin (Fig. S6) (45), and raffinose
(46). Differences between B. breve strains as determined by CGH
were used to infer the phylogenetic relationships among the tested
B. breve strains using CGHDist (47). B. longum was used as an
outgroup using BLAST-derived data (cutoff 1E−20). Six different
clusters were produced, with a limited diversity between the B.
breve strains, thus supporting the notion of a closed pangenome
architecture of the B. breve species (Fig. 3A).

B. breve UCC2003 Transcriptome in a Murine Colonization Model.
Previously, Cronin et al. (48, 49) demonstrated that B. breve
UCC2003 can colonize the murine GIT and persist for at least 30
d. To determine which B. breve UCC2003 genes are differentially
transcribed in a murine GIT relative to its transcriptional profile
under laboratory growth conditions, total bacterial RNA was
isolated from ceca of Balb/c mice that had been stably colo-
nized by B. breve UCC2003. The RNA was amplified and used to
determine the in vivo transcriptome compared with that of an
exponential-phase culture in de Man, Rogosa, Sharpe (MRS)
medium supplemented with glucose (Materials and Methods). A
total of 105 genes was significantly up-regulated in vivo, and 102
genes were down-regulated (≥ fivefold, P< 0.0001) in the murine-
derived B. breve UCC2003 transcriptome relative to the control.
The most highly up-regulated genes include the prophage locus,
a locus with genes encoding a protein with a fibronectin III and

cadherin domains (50, 51), and genes encompassing the tad2003
locus (Fig. 3B). Other significantly up-regulated genes include
a putative lipase-encoding gene, genes related to carbon metab-
olism, and a number of genes encoding for transport systems for
unknown substrates. The up-regulation of genes related to carbon
metabolism also was observed when a select number of species
was used to colonize the gut of a germ-free mouse model (52, 53).
This gut-specific increase in gene expression may represent spe-
cific adaptations of UCC2003 to its natural environment. For
example, increased lipase expression may provide UCC2003 with
fatty acids, whereas the gut-induced expression of Tad pili and the
protein containing the fibronectin/cadherin domain may promote
host adhesion and thus colonization (as demonstrated below for
Tad). Down-regulated genes primarily encoded proteins involved
in replication, transcription, and translation, suggesting that, as
might be expected, B. breve UCC2003 divides at a slower rate
in the murine GIT than in rich media. The microarray experi-
ments were verified for the most relevant genes by quantitative
RT-PCR (qRT-PCR), which confirmed that the tad2003 genes are
up-regulated 25- to 62-fold in vivo (Table S2).

tad2003 Locus Is Essential for Colonization of and Persistence In Murine
Gut. To establish whether the predicted type IVb pili specified by
the tad2003 locus are involved in host interactions, the tadA2003
gene was inactivated in B. breve UCC2003 by gene disrup-
tion (the resulting tadA2003 mutant was designated “B. breve

Fig. 2. Schematic representation of the tad locus from B. breve UCC2003.
Each arrow represents an ORF with the gene number given above the arrow
and the gene name given within the arrow. The functions of the encoded
proteins are indicated below the arrow. The positions of the predicted
promoters are indicated by arrowheads.

Fig. 3. Genomic diversity within B. breve species compared with B. breve
UCC2003 and B. breve UCC2003 in vivo versus in vitro gene expression. (A)
Each horizontal row corresponds to a gene on the array, and genes are or-
dered according to their position on the UCC2003 genome (with dnaA taken
as the first gene). Each column represents an analyzed strain. The color code,
which goes from black to yellow to indicate the presence, divergence, or
absence of a gene sequence. The predicted function of some relevant genes
is shown is in the right margin of the figure. The visual output of a CGH-
based clustering analysis for these B. breve strains is shown at the top of this
CGH heatmap. (B) Differential transcriptional patterns of B. breve UCC2003
following mouse cecum colonization compared with UCC2003 grown in MRS
medium supplemented with glucose. Tested genes are in the same order as
in the CGH pattern. Yellow and blue colors represent B. breve genes that
exhibit an increased or decreased transcription level, respectively, in the ce-
cum of B. breve-colonized mice compared with growth in the rich medium.
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UCC2003-tadA”) (Materials and Methods). The tadA2003 gene
(Bbr_0133) homolog was selected for mutagenesis because its
protein product is proven to be essential for Tad pilus assembly
in A. actinomycetemcomitans (54). In addition, several studies on
pathogenic bacterial species have demonstrated that TadA ac-
tivity is crucial for Tad pilus-mediated colonization and patho-
genicity (21). Furthermore, tadA2003 is the largest gene in the
Tad-pilus assembly operon and therefore is the most suitable for
insertional inactivation (41). Seven-week-old (n = 5) Balb/c mice
were administered 1 × 109 cfu of B. breveUCC2003PK1 or B. breve
UCC2003-tadAPK1 (B. breve UCC2003 or B. breve UCC2003-
tadA harboring plasmid pPKCM1, respectively) (Materials and
Methods) for 3 d by oral gavage. Fecal pellets were collected
at intervals over 25 d to enumerate B. breve UCC2003PK1 or
UCC2003-tadAPK1 shedding. After 25 d the animals were killed,
the small intestine, cecum, and large intestines were homogenized,
and bifidobacterial numbers were enumerated. In contrast to the
parent strain B. breveUCC2003PK1, which was stably colonized at
a level of 4.38 × 105 ± 6.1 × 104 cfu g−1, its derivative UCC2003-
tadAPK1 was shown to colonize and persist in the Balb/c mouse
at a level of 5.95 × 103 ± 1 × 103 cfu g−1, exhibiting an approxi-
mately 70-fold reduction in shedding level between days 8 and day
25 (Fig. 4A). This finding was substantiated further when B. breve

UCC2003PK1 and UCC2003-tadAPK1 numbers were deter-
mined in the small intestine, cecum, and large intestine: These
numbers ranged from 104–105 cfu per organ for the parent strain
UCC2003PK1, but relatively low numbers of the mutant
UCC2003-tadAPK1, 102–103 cfu per organ, were detected in the
cecum, and the mutant strain was undetectable in the small and
large intestine (Fig. 4B).
To investigate their relative colonization ability in germ-free

mice, 1 × 109 cfu of B. breve UCC2003PK1 or B. breveUCC2003-
tadAPK1 were administered by oral inoculation to 8-wk-old
germ-free Swiss Webster mice (n = 10) for 5 d. Fecal samples
were collected twice weekly for the next 3 wk to enumerate
bacterial numbers. Unlike the outcome in conventional Balb/c
mice, the UCC2003-tadAPK1 strain was shed at high numbers
by the monoassociated Swiss Webster mice, although the num-
bers were significantly lower than those of the WT strain
UCC2003PK1 in this germ-free murine model at the end of the
fourth week (Fig. 4C). The high level of UCC2003-tadAPK1
shedding may be caused by the structure of the GIT in the ani-
mals that were germ-free or monoassociated with bifidobacteria;
the cecum is five times larger in these mice than in conventional
animals (55). Therefore this organ may function as a suitable
niche for B. breve UCC2003 in the absence of any competing

Fig. 4. B. breve UCC2003PK1 and B. breve UCC2003-tadAPK1 colonization of Balb/c and germ-free murine models. (A) Recovery of B. breve UCC2003PK1
(dark blue) or B. breve UCC2003-tadAPK1 (pink) from Balb/c murine fecal samples over a 25-d trial period. The data are average representative cfu g−1 feces
from five fecal samples per group for each time point (days). Error bars represent SEM. Statistically significant differences (as determined by student’s t-test)
between the groups are indicated by asterisks (*P < 0.05; **P < 0.01). (B) Comparison of B. breve UCC2003PK1 (dark blue) and B. breve UCC2003-tadAPK1
(pink) recovered from the small intestine, the cecum, and the large intestine. Each set of data is representative of the average from five mice per group
(except cecum B. breve UCC2003PK1, where n = 2 because three ceca were retained for RNA isolations). (C) Recovery of B. breve UCC2003PK1 or B. breve
UCC2003-tadAPK1 from murine fecal samples of Swiss Webster mice monoassociated with B. breve UCC2003PK1 (dark blue) or B. breve UCC2003-tadAPK1
(pink) over a 7-wk trial period. Enumeration of each strain from the recolonized animals after day 29 is indicated by pale blue (B. breve UCC2003PK1) or light
pink (B. breve UCC2003-tadAPK1). The data are average representative cfu g−1 feces from 10 fecal samples per group for each time point up to day 29, after
which there were five fecal samples per group for each time point. Error bars represent SEM. Statistically significant differences (as determined by student’s
t-test) between the monoassociated groups are indicated by black asterisks; statistically significant differences between the recolonized groups are indicated
by blue asterisks (*P < 0.05; **P < 0.01). (D) Comparison of B. breve UCC2003PK1 (monoassociated, dark blue; recolonized, pale blue) and B. breve UCC2003-
tadAPK1 (monoassociated, pink; recolonized, light pink) recovered from the small intestine, the cecum, and the large intestine of monoassociated and
recolonized animals. Each set of data is representative of the average from five mice per group.
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microbiota, allowing both B. breve UCC2003PK1 and B. breve
UCC2003-tadAPK1 to be retained at high numbers.
To determine the effect on B. breve colonization and persis-

tence following the introduction of a competitive gut microbiota,
five mice from each monoassociated group (i.e., with B. breve
UCC2003PK1 or B. breve UCC2003-tadAPK1) were transferred
to a non–germ-free area, and fecal pellets from conventional
mice were introduced into the cages to promote microbial
gut colonization. B. breve UCC2003PK1 or UCC2003-tadAPK1
numbers in the fecal pellets were determined twice weekly for
3 wk. Although the numbers of UCC2003PK1 and UCC2003-
tadAPK1 remained high at ∼109 cfu g−1 feces in the mono-
associated animals throughout the 7-wk trial period, a dramatic
drop in the numbers of these two strains was observed 7 d after
their murine hosts were moved to the non–germ-free area. The
numbers of B. breve UCC2003PK1 fell to ∼106 cfu g−1 feces and
remained at this level for the ensuing 2 wk of the trial. B. breve
UCC2003-tadAPK1 was barely detectable 7 d after transfer to
the non–germ-free area and was undetectable in the fecal pellets
thereafter (Fig. 4C). These numbers also were reflected when
B. breve UCC2003PK1 and UCC2003-tadAPK1 numbers were
determined in the small intestine, cecum, and large intestine (Fig.
4D). These data substantiate our finding in the Balb/c mouse
model and highlight the crucial importance of the tad2003 locus in
the colonization and persistence of B. breve UCC2003 as part of
a competing GIT microbiota.

Immunogold Labeling of B. breve UCC2003PK1 Reveals the Presence
of Tad Pili. Immunogold electron microscopy was performed on
cecal extracts from germ-free mice that had been monoasso-
ciated with B. breve UCC2003PK1 using antibodies that had
been raised against a 20-amino acid sequence of Flp (Materials
and Methods). The electron micrographs showed that B. breve
UCC2003PK1 in cecal samples have pilus structures extend-
ing outward from the cell surface that could be labeled with
Bbr0136 antiserum, whereas the same cells treated with Bbr0136
preimmuneserum showed no antibody labeling (Fig. 5). Fur-
thermore, in agreement with the expression studies, no such
immunolabeling could be observed with either the WT B. breve
UCC2003PK1 or the UCC2003-tadAPK1 strain when grown in
MRS broth (Fig. S7). Collectively these data clearly implicate the
tad2003 locus in GIT colonization and persistence, most likely
through direct interaction between the observed extracellular
Tad appendages and a host tissue component such as mucin in
analogy with other pili (16).

Conclusion
To augment our understanding of bifidobacterial genomics and
elucidate key determinants of Bifidobacterium–host interactions
in the GIT, we determined the complete genome sequence of
B. breve UCC2003, a nursling stool isolate. CGH of various B.
breve isolates revealed a high level of sequence homology among
the 19 B. breve strains examined; however, differences were

observed for each strain when compared with the genome of
B. breve UCC2003. These differences were found primarily in
genes encoding phage or phage-resistance systems, the genomic
islands encoding proteins for EPS biosynthesis, and genes en-
coding extracellular proteins. Furthermore, the CGH analysis
suggests that each B. breve strain may have different carbohydrate
utilization capabilities, an observation that is supported by our
published work and that highlights the importance of carbohy-
drate utilization capabilities for bifidobacterial colonization of the
GIT (37, 42–45). The in vivo gene expression analysis clearly
highlighted a number of genes whose expression was up-regulated
when B. breve UCC2003 had colonized the mouse GIT. Many of
these up-regulated genes are predicted to encode functions as-
sociated with bifidobacterial colonization and persistence, in-
teraction with the host, and adaptation to the GI environment.
The observed up-regulation of neuroserpin gene expression
in vivo is consistent with predictions from in vitro experiments
(39) and further supports the notion that such bifidobacteria
produce the neuroserpin protease inhibitor to protect their sur-
face-exposed and extracellular proteins, which are involved in
colonization and host interactions, when in the GI environment.
Intriguingly, a locus dedicated to the production of type IVB

or Tad pili was among the most highly up-regulated genes
in vivo. Homologous tad loci are found in all sequenced Archaea
and in both Gram-negative and Gram-positive bacteria (al-
though in Gram-positive bacteria the homologous tad loci are
found only in members of the Actinobacteria) (21). In addition,
clear homologs of this tad locus and the associated tadV gene
encoding the prepilin peptidase are present in all B. breve strains
examined by CGH as well as in all completed bifidobacterial
genome sequences. Interestingly, among different bifidobacterial
genome sequences the observed level of identity between flp pili
proteins or the predicted pseudopilins can be as little as 33%. Pili
are known to adhere to carbohydrate moieties that are present in
glycoprotein or glycolipid receptors (16, 21), and it has been
suggested that pili form the first opportunity for bacteria to at-
tach to their host; this opportunity is followed by a much closer
and tighter association between the bacterium and the host cell
surface (56). The sequence variation among the predicted bifi-
dobacterial Tad pili proteins therefore may reflect differential
receptor specificity and may determine the affinity of certain
Bifidobacterium strains/species for particular hosts or host cell
components while also reducing competition for attachment sites
between related bifidobacterial species.
B. breve UCC2003 has become the most comprehensively

studied bifidobacterial strain from a functional genomics per-
spective (36, 37, 41–45, 57, 58). The genetic accessibility and
murine colonization capacity of this strain make it a valuable
model for understanding bifidobacterial–host interactions in the
gut. Our findings have shown the tad2003 locus to be an essential
host-colonization factor. Future studies will focus on the specific
role of each of the tad genes and on the identification of the
epitopes to which the Tad pili adhere.

Fig. 5. Identification of pili in B. breve UCC2003 by immunogold electron microscopy. Cecal contents were suspended in PBS and subjected to low-speed
centrifugation to sediment the chyme particles. The supernatant was collected, treated with anti-Flp2003 antibodies (A) and the corresponding preimmune
serum (B), and labeled with protein A-conjugated gold particles (10 nm).
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Materials and Methods
B. breve UCC2003 was manipulated, sequenced and analyzed as described in
SIMaterials andMethods. Thegenomic sequenceofB.breveUCC2003hasbeen
deposited in the GenBank database under the accession number CP000303.
Detailed descriptions of bacterial strains and plasmids (Table S3) and oligonu-
cleotides (Tables S4 and S5) used in this study as well as methods for compar-
ative genome hybridizations, gene expression analyses, insertional mutant
construction,murine trials, and immunogold electronmicroscopy are provided
in SI Materials and Methods. The CGH and transcriptional array data have
been deposited in the GEO database under accession number GSE27491.
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