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Members of the serpin (serine protease inhibitor) superfamily have been identified in higher multicel-
lular eukaryotes, as well as in bacteria, although examination of available genome sequences has indicated
that homologs of the bacterial serpin-encoding gene (ser) are not widely distributed. In members of the
genus Bifidobacterium this gene appears to be present in at least 5, and perhaps up to 9, of the 30 species
tested. Moreover, phylogenetic analysis using available bacterial and eukaryotic serpin sequences revealed
that bifidobacteria produce serpins that form a separate clade. We characterized the ser210B locus of
Bifidobacterium breve 210B, which encompasses a number of genes whose deduced protein products display
significant similarity to proteins encoded by corresponding loci found in several other bifidobacteria.
Northern hybridization, primer extension, microarray, reverse transcription-PCR (RT-PCR), and quan-
titative real-time PCR (qRT-PCR) analyses revealed that a 3.5-kb polycistronic mRNA encompassing the
ser210B operon with a single transcriptional start site is strongly induced following treatment of B. breve
210B cultures with some proteases. Interestingly, transcription of other bifidobacterial ser homologs
appears to be triggered by different proteases.

Bifidobacteria are Gram-positive microorganisms that natu-
rally reside in the gastrointestinal tract (GIT) of mammals
(44). Recently, there has been growing interest in bifidobacte-
ria due to their perceived role in the maintenance of gastro-
intestinal health (23) and other beneficial or probiotic proper-
ties (16). For this reason various bifidobacterial strains are
incorporated as viable bacteria into dairy products (e.g., yo-
ghurt) or infant foods. Such bifidobacteria should be selected
on the basis of a range of beneficial activities that, for example,
promote restoration or stability of a normal intestinal micro-
biota (i.e., a microbiota present in a healthy individual), stim-
ulate the immune response, protect against infection by patho-
gens, and/or reduce the activities of bacterial enzymes
associated with development of colonic cancer (for reviews, see
references 18 and 21).

The advent of genomic technologies has allowed determina-
tion of the complete sequences of a number of bifidobacterial
genomes (1, 17, 30, 31; for a review, see reference 39). Analysis
of the genomic data generated has indicated that the chromo-
somal content of bifidobacteria is tuned so that it provides
optimal genetic adaptation for successful competition in the
GIT environment (38, 41). However, little is known about the

mechanisms for interaction between bifidobacteria and their
hosts, and only a few genetic loci have been putatively impli-
cated in sustaining interactions between bifidobacteria and hu-
man host cells (38, 41). The Bifidobacterium longum subsp.
longum NCC2705 genome was shown to encode a predicted
secreted serine protease inhibitor, or serpin-like protein (30),
which acts as an efficient inhibitor of pancreatic elastase and
neutrophil elastase, which are enzymes that enteric bifidobac-
teria would be expected to encounter in their natural habitat
or, in the case of neutrophil elastase, during inflammatory
conditions with a breach of the intestinal barrier (14). Mem-
bers of this protein superfamily are widely distributed through-
out all kingdoms of life, including the Eukarya, Prokarya,
Archaea, and certain viruses (13, 33). The widespread distri-
bution of serpins, together with their common structural fea-
tures and inhibitory mechanism, suggests that they originated
at an early stage of evolution (13). Very little is known about
the function of serpins in bacteria, even though some studies
identified their role as broad-spectrum protease inhibitors (14,
25). It has been hypothesized that intestinal bacteria, such as
bifidobacteria, produce serpins to protect themselves against
host-derived proteases and to provide an advantage for sur-
vival in a highly complex and competitive environment (14).

In this report we describe the findings of transcriptional profiling
studies aimed at identifying Bifidobacterium breve 210B genes that
are induced following exposure to proteases. The results obtained
revealed that the serpin-encoding gene of B. breve 210B, ser210B, is
subject to specific protease induction, which was investigated further
by performing Northern blot hybridizations, primer extension exper-
iments, and quantitative real-time PCR (qRT-PCR).
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MATERIALS AND METHODS

Bacterial strains and culture conditions. The strain used in this study, B. breve
210B, is a commensal bacterium that was isolated from a human mucosal sample,
as described previously (35). Cultures of B. breve 210B, Bifidobacterium longum
subsp. infantis ATCC 15697, B. longum subsp. longum ATCC 15707, and Bi-
fidobacterium dentium Bd1 (43) were grown anaerobically in the DeMan-Ro-
gosa-Sharpe (MRS) medium (Scharlau Chemie, Barcelona, Spain) supple-
mented with 0.05% (wt/vol) L-cysteine hydrochloride and incubated at 37°C
for 16 h.

Serpin 3D structure. Analysis of the folds of two bifidobacterial serpin pro-
teins was performed using the protein structure prediction Meta server (http:
//bioinfo.pl/Meta/). Using the crystal structure of tengpinD31 (PDB entry 2PEE)
(47) as the structure template, individual three-dimensional (3D) models of the
serpin proteins of B. breve 210B and B. dentium Bd1 were generated using the
modeler module (26) of the Accelrys Discovery Studio software.

Phylogenetic analyses. Phylogeny analyses, including distance calculations and
generation of phylogenetic trees, were performed using PHYLIP (Phylogeny
Inference Package) (7), version 3.5c (kindly provided by J. Felsenstein, Univer-
sity of Washington, Seattle, WA). Trees were calculated using the neighbor-
joining method with Kimura’s two-parameter substitution model (15). Bootstrap
values were computed by performing 1,000 resamplings. Dendrograms of gene
sequences were drawn using the ClustalW program (National Center for Bio-
technology Information; http://www.ebi.ac.uk/Tools/clustalw2/index.html) and
were visualized with the TreeView program (http://taxonomy.zoology.gla.ac.uk
/rod/treeview.html).

DNA amplification of ser genes from bifidobacteria. Genomic DNA that was
used as a template for PCRs was extracted by using a previously described
protocol (42). PCR amplification to obtain ser homologs from various Bifidobac-
terium strains was performed using oligonucleotides Ser-fwd-univ (5�-CTTCGN
TGNNGATGGCGTTG-3�) and Ser-rev-univ-(5�-TCACNNCGATGCGCGTG
C-3�). Each PCR consisted of an initial denaturation step of 3 min at 95°C,
followed by 35 cycles of denaturation for 30 s at 95°C, annealing for 30 s at 55°C,
and extension for 1 min at 72°C and then elongation for 5 min at 72°C. Electro-
phoresis on a 1.5% agarose gel and visualization by ethidium bromide staining
were used to determine the presence of amplicons.

Slot blot hybridization. A 15-�g sample of bacterial DNA was spotted onto a
Biodyne nylon membrane (Pall, NY) using a Bio-Dot SF microfiltration appa-
ratus (Bio-Rad, CA) as specified by the manufacturer and was treated with one
UV autocross-linking cycle using a UV Stratalinker 1800 (Stratagene). Filters
were hybridized with a probe mixture that consisted of ser-containing amplicons
(see above) obtained from B. breve 210B, B. longum subsp. suis LMG 21814, B.
longum subsp. longum 15707, B. longum subsp. infantis ATCC 15697, and B.
dentium Bd1. This probe mixture was labeled by incorporation of biotin 16-dUTP
(Roche, United Kingdom) using a PCR strategy, as described by the manufac-
turer. Subsequent prehybridization, hybridization, and detection steps were car-
ried out using the Southern blot hybridization protocol (Li-Cor, United King-
dom). The hybridized filters were finally scanned using the Odyssey infrared
imaging system at an intensity level of 5 (Li-Cor, United Kingdom).

RNA isolation and Northern blot analyses. B. breve 210B, B. dentium Bd1, B.
longum subsp. infantis ATCC 15697, and B. longum subsp. longum ATCC 15707
cultures were grown at 37°C in MRS medium to an optical density at 600 nm
(OD600) of 0.6, after which enzyme treatment was initiated by addition of pan-
creatic elastase (final concentration, 1 mg/ml), human neutrophil elastase (4
mg/ml), thrombin (1 mg/ml), papain (0.5 mg/ml), kallikrein (0.55 mg/ml), trypsin
(0.1 mg/ml), �-antitrypsin (0.25 mg/ml), chymotrypsin (0.16 mg/ml), or plasmin
(3 mg/ml) (all enzymes were obtained from Sigma, Italy). Cultures were incu-
bated at 37°C for various times (90 and 180 min), after which samples (30 ml)
were collected and briefly centrifuged to harvest cells and total RNA was ex-
tracted.

Total RNA was isolated using the macaloid acid method (48) and then treated
with DNase (Roche, United Kingdom). Briefly, each cell pellet was resuspended
in 1 ml of QUIAZOL (Qiagen, United Kingdom) and placed in a tube containing
0.8 g of glass beads (diameter, 106 �m; Sigma). The cells were lysed by shaking
the mixture on a BioSpec homogenizer at 4°C for 2 min at the maximum setting.
The mixture was then centrifuged at 12,000 rpm for 15 min, and the upper phase
containing the RNA was recovered. The RNA sample was purified further by
phenol extraction and ethanol precipitation using a previously described method
(27). Slot blot hybridization was carried out as previously described (40). RNA
electrophoresis and Northern blot hybridization were carried out using the
Northern blot hybridization protocol for the Odyssey infrared imaging system
(Li-CoR, United Kingdom). The hybridized filters were scanned using the Od-
yssey infrared imaging system at an intensity level of 5 (Li-Cor, United King-

dom). All slot blot and Northern hybridization experiments were performed at
least twice.

The probes corresponding to the ser210B and ORF1502 genes were generated
by PCR using primers Ser-fwd-univ and Ser-rev-univ and primers 1502-fwd
(5�-CACAAGCACTCAGCAAGCTC-3�) and 1502-rwd (5�-CACGATGACGA
AATGCAAGAC-3�) respectively.

Primer extension analysis. The 5� end of the ser210B RNA transcript was
determined using a protocol described in a previous study (45) The synthetic
oligonucleotide used was Ser-prom (5�-CACGCGAATAATCGTTGCGTC-3�).

RT-PCR analysis. Five micrograms of mRNA was treated with DNase (Roche,
United Kingdom) and used as the template in a 100-�l reaction mixture con-
taining 20 ng of random primers, each deoxyribonucleoside triphosphate at a
concentration of 0.125 mM, and the Superscript enzyme (Invitrogen, Paisley,
United Kingdom) used according the manufacturer’s instructions to produce
cDNA. The cDNA generated was used as a template for reverse transcription-
PCRs (RT-PCRs) to determine the arrangement of the transcript encompassing
the ser210B locus with primers lacI rev (5�-CACTGATGAAACCGAGGATG-3�)
and lacI-uni (5�-GACGGCATACCATTATTCATC-3�), primers lacI-rev (5�-CT
CGATGGATCAGGTCTTG-3�) and ser1-rev (5�-GAGCCCAGCAGCTCATT
C-3�), and primers lac2-uni (5�-GAAGGACGCTCGATGGAC-3�) and lac2-rev
(5�-CATCTTCAGAACGGAGATC-3�).

qRT-PCR. Quantitative real-time reverse transcription-PCR (qRT-PCR)
primers (see Table S1 in the supplemental material) were used to amplify ser210B,
the ser genes of B. dentium Bd1 (serBd1), B. longum subsp. infantis ATCC 15697
(ser15796), and B. longum subsp. longum ATCC 15707 (ser15707), and the refer-
ence genes atpD, tufA, rpoB, and ldh. Primer design criteria were based on
desired melting temperatures between 58 and 60°C and an amplicon size of
approximately 100 bp. qRT-PCR was performed using the CFX96 system (Bio-
Rad, CA). PCR products were detected with SYBR green fluorescent dye and
were amplified using the following protocol: one cycle of 95°C for 3 min, followed
by 39 cycles of 95°C for 5 s and 66°C for 20 s. A melting curve was obtained by
using temperatures of 65°C to 95°C that increased at a rate of 0.5°C/s.

Each PCR mixture contained 12.5 �l 2� SYBR green SuperMix (Bio-Rad,
CA), 1 �l of diluted cDNA, the forward and reverse primers each at a concen-
tration of 0.5 �M, and enough nuclease-free water so that the final volume was
20 �l. In each run, negative controls (no cDNA) for each primer set were
included.

DNA microarray preparation, hybridization, and data analysis. Microarray
analysis was performed with a B. breve 210B array. A total of 2,110 probes, which
represented all open reading frame (ORFs) of the B. breve 210B genome that
have been identified (M. Ventura, F. Turroni, E. Foroni, F. Bottacini, V. Giu-
bellini, and D. van Sinderen, unpublished data) and were 35 to 40 bp long, were
designed using the OligoArray 2.1 software (J. M. Rouillard et al., unpublished
data). Eighteen replicates of oligonucleotides were synthesized on a 2x40k Combi-
Matrix array (CombiMatrix, Mulkiteo, WA). Replicates were distributed on the
chip at random, nonadjacent positions. Sixty replicates of a set of 29 negative-
control probes designed by using phage and plant sequences were also included
on the chip at randomly distributed positions.

Reverse transcription and amplification of 500 ng of total RNA were per-
formed with a MessageAmp II-Bacteria kit (Ambion, Austin, TX) used accord-
ing to the manufacturer’s instructions. Five micrograms of mRNA was then
labeled with a ULS labeling kit for Combimatrix arrays with Cy5 (Kreatech,
Netherlands). Hybridization of labeled DNA to B. breve 210B arrays was per-
formed using CombiMatrix protocols (CombiMatrix, Mulkiteo, WA).

Microarray data acquisition and treatment. Fluorescence scanning was per-
formed with an Axon GenePix 4400A microarray scanner (Molecular Devices,
United States). The signal intensity for each spot was determined using GenePix
Pro 7 software (Molecular Devices, United States). The signal background was
calculated by using the mean of negative controls plus 2 standard deviations (3).
Global quantile normalization was performed (4), and log2 ratios for a reference
sample (a B. breve 210B culture not subjected to protease treatment) and the test
samples were calculated. The distribution of the log2-transformed ratios was
separately calculated for each hybridization reaction (34).

Microarray accession number. The microarray data have been deposited in
the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) un-
der accession number GSE20626.

Nucleotide sequence accession numbers. All nucleotide sequences reported
here have been deposited in the GenBank database under the following acces-
sion numbers: B. breve 210B ser210B locus, GU183262; B. dentium Bd1 serBd1

locus, CP001750; B. longum subsp. suis LMG21814 ser21814 gene, GU183261; B.
breve 210B BR_0049, GU942824; BR_0081, GU942825; BR_0962, GU942826;
BR_0521, GU942827; BR_1432, GU942828; BR_2052, GU942829; BR_0140,
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GU942830; BR_142, GU942831; BR_0143, GU942832; and BR_0144,
GU942833.

RESULTS AND DISCUSSION

Genome-wide transcriptional response to protease treat-
ments. In order to investigate whether and how B. breve 210B
cells respond to protease treatments, transcriptional profiling
experiments were carried out. B. breve 210B cells were grown
to an optical density of 0.6, and this was followed by addition
of a protease, papain, chymotrypsin, or kallikrein, and then
incubation for 180 min, after which RNA was harvested and
labeled for microarray analysis. These proteases were selected
because preliminary observations indicated that papain, chy-
motrypsin, and kallikrein treatments were the most effective
treatments for eliciting changes in expression of a number of B.
breve 210B genes (e.g., the serpin gene). Table 1 shows the
results for B. breve 210B genes that exhibited at least a 2.0-fold
increase in expression following various protease treatments.
The transcriptional profiling analysis indicated that 42 genes
were upregulated after treatment with at least one protease
(Table 1), and 12 of these genes were shown to be upregulated
by all three protease treatments (Table 1) and represented a
core set of genes that respond to the presence of proteases.
Among these 12 genes we identified the serpin-encoding locus
(see below), as well as genes encoding a membrane protein
displaying a DUF2194 motif, a transpeptidase, a transporter, a
NagC-type transcriptional regulator, and an extracellular sol-
ute binding protein (Table 1). Other interesting genes that
were upregulated following protease treatment were anno-
tated as genes encoding (i) transport-related proteins, (ii) sig-
nal transduction proteins, (iii) molecular chaperones (e.g.,
DnaK and ClpB), and (iv) enzymes involved in carbohydrate
degradation. The predicted products of the genes that were
significantly upregulated by protease treatments were distrib-
uted in 16 cluster of orthologous group (COG) functional
categories (Fig. 1). These results suggest that proteases, to
which bifidobacteria are often exposed in their natural envi-
ronment (28), induce a complex physiological response rather
than a single event in which proteins belonging to many dif-
ferent functional categories take part. Aside from genes in-
volved in carbohydrate transport and metabolism, the most
abundant genes that were shown to be upregulated by protease
treatment were associated with amino acid metabolism and
transport, inorganic ion transport and metabolism, and post-
translational modification and transcription. On the basis of
these data, we propose that B. breve 210B employs an adaptive
mechanism to counteract the negative effects of GIT-derived
protease activities. The scenario that we envisage assumes that
B. breve 210B detects the presence of and/or an increase in
protease activity by using a sensor system, which triggers ex-
pression of the protease inhibitor (i.e., the serpin product),
which in turn antagonizes the action of extracellular proteases.
Furthermore, we speculate that the proteases, before their
activity is counteracted by serpin, degrade bacterial proteins
into amino acids or peptides that are imported into the cell by
several transporters (e.g., extracellular binding protein, His
permease, and ABC-type dipeptide transport system). The in-
duction of general stress response genes (e.g., genes of the
dnaK operon and clpB), as well as genes involved in carbon

metabolism, indicates that these genes assist in protein folding
and energy foraging, respectively, as a direct or indirect re-
sponse to protease treatment. Finally, induction of members of
these functional categories has previously been shown to occur
in intestinal bifidobacteria as a general response to natural
stress agents, such as bile salts (28).

When the COG distribution of the genes that were shown to
be differentially regulated in response to protease treatment of
B. breve 210B was compared to that of the entire genome, no
clear differences were found, except for slight overrepresenta-
tion of the COG categories corresponding to carbohydrate
metabolism and transport, as well as chaperone production,
and underrepresentation of the COG family corresponding to
amino acid metabolism.

Sequence analysis of B. breve 210B ser locus. The B. breve
210B genome (M. Ventura et al., unpublished data) contains a
single serpin-like gene, designated ser210B, whose predicted
secreted protein product displays a high level of similarity
(�30%) with serine protease inhibitors (serpins) of a broad
range of bacteria, including Actinobacteria (e.g., B. longum subsp.
longum NCC2705, B. longum subsp. longum DJO10A, B. longum
subsp. infantis ATCC 15697, B. longum subsp. infantis
CCUG52486, B. dentium Bd1, and Eggerthella lenta DSM2243),
Firmicutes (e.g., Desulfitobacterium hofniense DCB-2), cyanobac-
teria (e.g., Nostoc spp.), and Chloroflexi (e.g., Dehalococcoides
spp.), and even with serpins produced by various organisms be-
longing to other kingdoms, such as Eukarya (e.g., Sus scrofa). The
deduced Ser210B sequence contains all functional domains typi-
cally found in other members of the serpin superfamily (accession
no. PFAM00079). Generally, serpin proteins react with tissue-
type plasminogen activator (tPA) and, in the case of neuroserpins
(12), with neurons in regions of the brain where tPA is detected,
which suggests that neuroserpin is the selective inhibitor of tPA in
the central nervous system (12). Moreover, Ser210B contains do-
mains identified in alpha-1 antitrypsin, as well as antithrombin,
which controls blood coagulation (6, 12, 20).

The genetic organization and location of the ser210B gene on
the chromosome of B. breve 210B and genetic organization and
location of its homologs in other bacteria are shown schemat-
ically in Fig. 2, in which the deduced amino acid sequence
encoded by the ser210B locus is aligned with those of other
bifidobacteria. This comparative analysis revealed a high level
of identity (�70%) between the serine protease inhibitor pro-
teins of bifidobacteria belonging to the B. longum phylogenetic
group (37). In contrast, the flanking DNA regions of the bi-
fidobacterial ser homologs were shown to be variable with
respect to gene synteny, except at the intraspecies level. The ser
genes in the B. breve and B. longum genomes are preceded by
a gene encoding a membrane-associated protein and are fol-
lowed by a lacI-type gene that is predicted to encode a tran-
scriptional regulator. Furthermore, the ser locus in the B. breve
strain analyzed, as well as in B. dentium genomes, is flanked by
a putative response regulator-encoding gene, followed by a
gene that encodes a predicted histidine protein kinase,
whereas in the chromosomes of the B. longum strains analyzed
this two-component system is completely (e.g., B. longum
subsp. infantis ATCC 15697) or partially absent (Fig. 2).

Structural investigation of serpin proteins produced by bi-
fidobacteria. In our analysis of the 3D structure of bifidobac-
terial serpin proteins we included the serpin proteins produced
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TABLE 1. Selected transcripts upregulated in cells exposed to protease treatment (treatment with papain, chymotrypsin, or kallikrein)
compared to B. breve 210B cells grown in MRS mediuma

Gene
Change (fold) after treatment with:

Predicted function
Papain Chymotrypsin Kallikrein

BR_1502 9.8 (1.1E-10) 6.5 (2.0E-10) 5.0 (8.33E-01) Hypothetical protein
BR_1503 5.3 (1.4E-04) 3.0 (2.32E-04) 2.4 (2.0E-06) Serpin protein
BR_0049 3.1 (3.2E-16) 2.2 (3.0E-05) 2.4 (4.1E-12) Membrane protein
BR_0081 5.3 (2.1E-10) 2.1 (2.0E-15) 3.7 (2.0E-08) Transpeptidase
BR_0962 2.8 (2.3E-16) 4.7 (2.6E-15) 2.1 (1.36E-01) RelB antitoxin
BR_0521 2.2 (2.4E-08) 4.6 (1.0E-05) 2.1 (0.0E � 00) Transporter system for sugar
BR_1432 17.3 (1.1E-09) 18.6 (1.5E-08) 2.3 (5.00E-06) NagC-type transcriptional regulator
BR_2052 2.4 (1.7E-09) 3.2 (2.1E-11) 2.6 (1.4E-05) Extracellular solute-binding protein
BR_0140 14.4 (1.8E-10) 8.8 (2.2E-12) 1.8 (3.19E-03) DnaK chaperone
BR_0142 8.6 (1.5E-03) 11.2 (2.1E-04) 1.7 (2.00E-06) DnaJ chaperone
BR_0143 7.6 (1.0E-04) 7.7 (2.2E-07) 1.5 (8.70E-05) GrpE chaperone
BR_0144 2.3 (2.0E-04) 2.4 (1.2E-05) 1.5 (9.60E-05) HspR repressor
BR_0010 2.0 (1.0E-03) 2.5 (1.3E-05) 1.0 (9.05E-02) �-Galactosidase
BR_0017 4.5 (1.0E-06) 2.7 (1.2E-07) 1.1 (1.16E-01) DNA-binding ferritin-like protein for protection from oxidation
BR_0037 2.6 (2.0E-07) 7.4 (9.5E-08) 1.2 (4.75E-04) ABC transporter solute-binding protein
BR_0039 6.4 (3.0E-07) 7.1 (2.3E-07) 1.3 (1.00E-06) Extracellular binding protein, LysR superfamily
BR_0040 2.9 (3.00E-06) 3.3 (1.00E-06) 0.3 (8.77E-04) Ferritin, Dps family protein
BR_0045 3.9 (4.1E-06) 1.7 (1.0E-01) 3.4 (2.0E-08) Thioredoxin disulfide reductase
BR_0067 3.4 (2.3E-08) 1.7 (2.8E-01) 3.1 (3.0E-09) Major facilitator superfamily MFS_1 transporter
BR_0117 2.3 (3.5E-05) 2.4 (4.1E-10) 1.5 (3.6E-06) Sucrose phosphorylase
BR_0175 2.1 (2.1E-03) 2.2 (3.3E-09) 1.3 (9.15E-02) ABC-type dipeptide transport system
BR_0235 2.4 (3.3E-05) 4.7 (0.0E�00) 1.3 (4.28E-03) Ammonium transporter
BR_0236 2.1 (1.0E-10) 4.1 (2.0E-10) 1.0 (2.48E-01) Ammonium transporter
BR_0263 4.2 (1.1E-04) 27.2 (3.2E-05) 1.0 (7.52E-02) Hypothetical protein
BR_0264 2.8 (2.2E-04) 18.9 (5.1E-07) 1.4 (1.80E-05) CopG/Arc/MetJ family transcriptional regulator
BR_0267 2.7 (2.8E-08) 1.3 (1.48E-02) 3.2 (2.8E-11) Glycerol uptake facilitator-related permease
BR_0385 2.6 (3.3E-05) 1.3 (6.00E-06) 2.9 (3.2E-04) Hypothetical protein
BR_0393 2.2 (5.1E-06) 2.2 (4.1E-03) 1.2 (5.91E-01) Binding protein-dependent transport system, inner
BR_0564 3.8 (3.3E-09) 1.9 (1.0E-03) 3.4 (1.1E-04) 1-Deoxy-D-xylulose-5-phosphate synthase
BR_0579 2.4 (0.0E�00) 4.3 (0.0E�00) 1.5 (2.00E-06) Putative 50S ribosomal L32
BR_0582 7.2 (0.0E�00) 9.5 (2.0E-04) 1.5 (7.1E-06) Putative 50S ribosomal L33
BR_0586 6.3 (8.1E-05) 6.8 (7.7E-10) 1.3 (1.73E-03) ABC transporter solute-binding protein
BR_0624 3.7 (6.1E-06) 1.7 (5.2E-05) 5.0 (3.1E-05) Integral membrane protein involved in cell division
BR_0897 2.3 (2.0E-01) 3.2 (2.1E-03) 1.0 (3.06E-01) Transcriptional regulator, PemK growth transduction signal
BR_0898 2.5 (3.0E-03) 2.8 (6.9E-05) 1.3 (5.00E-06) RelB antitoxin
BR_0914 2.1 (1.0E-10) 2.4 (2.0E-06) 1.3 (3.29E-01) Aldose 1-epimerase-like protein
BR_0933 3.7 (3.0E-05) 1.5 (3.0E-06) 3.8 (5.2E-05) Cation-transporting ATPase
BR_0980 2.4 (4.4E-05) 1.4 (8.50E-05) 2.1 (2.2E-06) Aminotransferase
BR_1067 2.1 (1.1E-10) 1.1 (8.04E-01) 2.5 (3.0E-05) Dihydroorotase dehydrogenase, nucleotide metabolism and transport
BR_1091 2.8 (0.0E�00) 1.1 (5.76E-01) 3.1 (0.0E�00) Asp aminotransferase
BR_1252 5.0 (0.0E�00) 5.0 (0.0E�00) 1.3 (7.50E-05) His permease
BR_1359 10.0 (0.0E�00) 4.1 (0.0E�00) 0.8 (4.94E-01) Transcriptional regulator
BR_1408 3.1 (0.0E�00) 1.3 (1.61E-03) 3.3 (0.0E�00) Transcriptional regulator
BR_1430 3.2 (0.0E�00) 2.5 (0.0E�00) 1.5 (1.10E-05) Glucosamine-6-phosphate deaminase
BR_1459 2.5 (0.0E�00) 1.1 (6.03E-01) 3.2 (0.0E�00) Major facilitator superfamily MFS_1
BR_1514 2.1 (0.0E�00) 0.8 (3.50E-04) 3.1 (0.0E�00) Multisensor signal transduction histidine kinase
BR_1547 3.5 (2.2E-10) 1.5 (1.1E-08) 3.3 (2.0E-07) Two-component system
BR_1585 2.2 (0.0E�00) 1.3 (2.75E-04) 2.9 (0.0E�00) S-Adenosylmethionine synthetase
BR_1587 2.1 (0.0E�00) 0.9 (1.48E-01) 4.0 (0.0E�00) Hypothetical protein
BR_1614 3.1 (0.0E�00) 2.3 (0.0E�00) 1.6 (0.0E�00) Acetyltransferase, GNAT family
BR_1731 2.2 (0.0E�00) 4.3 (0.0E�00) 1.4 (0.0E�00) Major permease
BR_1767 2.1 (2.0E-06) 2.8 (1.2E-06) 1.1 (7.24E-02) ABC superfamily ATP binding cassette transporter, membrane protein
BR_1798 3.5 (1.00E-06) 2.2 (2.00E-04) 0.5 (5.42E-01) UDP-4-glucose-epimerase
BR_1809 2.3 (11E-10) 5.8 (2.2E-08) 0.6 (1.1E-09) Phosphotransferase system, glucose subfamily, IIA subunit
BR_1814 3.0 (1.2E-08) 3.0 (1.0E-10) 1.0 (8.65E-01) Transcriptional regulator
BR_1885 2.2 (1.0E�06) 1.2 (8.01E-02) 2.6 (1.1E�06) Threonine/homoserine efflux transporter
BR_1890 2.3 (1.8E-08) 1.5 (7.0E-11) 2.4 (1.1E-06) Cationic amino acid transporter
BR_1926 3.0 (1.0E-03) 3.1 (1.2E-10) 1.1 (4.95E-01) Ribokinase family sugar kinase
BR_1965 2.2 (0.0E�00) 0.8 (6.00E-06) 3.1 (0.0E�00) Sugar transporter
BR_2013 4.5 (0.0E�00) 4.5 (0.0E�00) 1.7 (0.0E�00) ClpB chaperon
BR_2062 2.1 (0.0E�00) 0.8 (1.80E-05) 4.4 (0.0E�00) Oligopeptide ABC superfamily ATP binding cassette transporter
BR_2132 2.3 (0.0E�00) 5.4 (0.0E�00) 0.6 (1.91E-02) Phosphotransferase system

a Bold type indicates genes that were upregulated at least 2-fold following treatment with all three proteases. All other genes are indicated by their ORF numbers
and were upregulated at least 2-fold in at least one sample analyzed. The results are expressed as fold changes compared with the reference sample. The values in
parentheses are adjusted P values, which were calculated as described by Benjamini and Hochberg (2) using replicate measurements from two different hybridization
experiments.
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by B. breve 210B and B. dentium Bd1. A BLASTP analysis of
the serpin protein sequences produced by B. breve 210B
(Ser210B) and B. dentium Bd1 (SerBd1) with the PDB database
resulted in identification of a reliable structural template
(tengpinD31) (47), which is an active protease inhibitor. Al-
though the levels of sequence identity between the serpin pro-
tein sequences produced by these two bifidobacterial species
and the template are low (between 20.3% and 19.6%) (Fig.
3a), the corresponding E values are significant (2e�32 and
1e�36 for Ser210B and SerBd1, respectively). Similar to most
other serpin proteins, these two model proteins are composed
of at least three beta-sheets and at least seven alpha-helices
(33). The 3D structures of Ser210B and SerBd1 are predicted to
contain a reactive center loop (RCL) as an important struc-
tural component (33), which is responsible for the interaction
with the target proteases and which forms an extended, ex-
posed area above the core domain of the serpin structure (Fig.
3b). From other work it is known that when the serpin protein
interacts with a target protease, a scissile bond between resi-
dues P1 and P1� in the RCL region is cleaved by the target
protease (11). Once cleaved, the RCL moves to the opposite
pole of the serpin, trapping the protease. This whole process is
irreversible, and once the serpin interacts with the target pro-
tease, its conformation cannot change back to the original
form. Based on this single-use substrate mechanism, serpins
inhibit different serine proteases. In general, the RCL region
contains approximately 20 residues near the C terminus (11).

In the two predicted models, both RCLs are composed of 24
residues (Fig. 3a). It has previously been established that the
residues at the P1 position are involved in the protease spec-
ificity of serpins (9). The serpin proteins encoded by B. breve
210B and B. dentium Bd1 contain a charged residue (Thr) and
a hydrophobic residue (Ala) at the P1 position, respectively,
which suggests that they have different substrates. From P9 to
P14, the B. dentium Bd1 Ser protein contains more alanine
residues, which may assist insertion of its RCL into the serpin
body (9). This suggests that the serpin proteins produced by
different bifidobacterial species and subspecies (e.g., B. breve,
B. dentium, B. longum subsp. longum, and B. longum subsp.
infantis) exhibit different substrate behaviors and thus have
differential inhibitory spectra. This may be a consequence of
the specific ecological niches where these bifidobacteria reside
(e.g., the intestine in the case of B. breve and the oral cavity in
the case of B. dentium), where they are faced with different
repertoires of proteases.

Prevalence of ser homologs across Bifidobacterium genomes.
In order to determine whether and to what extent ser homologs
are present in bifidobacterial genomes, a PCR-based screening
strategy with primers Ser-uni-univ and Ser-rev-univ based on
two conserved regions (positions 290 to 309 and positions 1232
to 1249 in ser210B) of the ser genes identified in the genomes of
B. breve, B. longum subsp. longum, and B. longum subsp. in-
fantis was used. In this way we were able to obtain amplifica-
tion products that indicated the presence of a ser homolog in

FIG. 1. Distribution of genes that are upregulated upon protease treatment based on COG functional categories. The y axis indicates the
numbers of genes identified for the COG functional categories.
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strains representing five bifidobacterial species and subspecies
(B. longum subsp. longum, B. longum subsp. infantis, B. longum
subsp. suis, B. breve, and B. dentium). Moreover, DNA se-
quencing of the PCR products obtained confirmed the identity
of the ser gene (data not shown). To expand and verify these
results, amplified ser-containing DNA was used as a probe in a
slot blot hybridization experiment to detect ser homologs in the
genomic DNA of 34 bifidobacterial strains representing 30
different species (Fig. 4). Interestingly, using different strin-
gency conditions, only B. breve, B. longum subsp. longum, B.
longum subsp. suis, B. longum subsp. infantis, B. dentium, Bi-
fidobacterium cuniculi, and Bifidobacterium scardovi yielded a
strong positive hybridization signal (Fig. 4a). Weaker hybrid-
ization signals were observed for Bifidobacterium mericycum
and for bifidobacterial species belonging to the Bifidobacterium
pullorum phylogenetic group (Bifidobacterium gallinarum, Bi-
fidobacterium pullorum, and Bifidobacterium saeculare) (Fig. 4
and data not shown). This clearly indicates that ser homologs
are not widely distributed in bifidobacterial genomes, which is
similar to findings described for other bacterial genera (e.g.,

Nostoc), where the serpin-encoding gene is not uniformly
present in all species of a bacterial genus but is restricted to a
small number of species in the genus (13).

To further assess the conservation of the ser gene in
different strains of B. breve, B. longum, and B. dentium, we
performed PCRs using ser-specific, conserved PCR primers
Ser-uni-univ and Ser-rev-univ and, as the template, chromo-
somal DNA derived from 734 bifidobacterial isolates which
had previously been shown to belong to the species B. lon-
gum, B. breve, Bifidobacterium adolescentis, Bifidobacterium
pseudocatenulatum, Bifidobacterium bifidum, Bifidobacte-
rium pseudolongum, Bifidobacterium animalis, and B. den-
tium (35). The results of this large-scale survey showed that
all PCRs involving DNA from isolates belonging to B. breve,
B. longum, and B. dentium generated an amplicon of the
expected size, whose identity was also verified by DNA se-
quencing, suggesting that the ser gene is universally con-
served in strains belonging to these species (data not
shown). In contrast, strains belonging to other bifidobacte-
rial species did not yield any specific amplicons.

FIG. 2. Schematic diagram of ser loci of B. breve 210B and other bifidobacterial strains. Each arrow indicates an ORF, and the length of the
arrow is proportional to the size of the ORF. The predicted protein functions are indicated above the arrows. The levels of amino acid identity
(expressed as percentages) are also indicated.
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Phylogenetic analysis based on serpin protein sequences. In
order to assess the distribution of ser homologs across bacteria,
we surveyed available genomic data for both prokaryotes and
eukaryotes to determine the presence of serpin-encoding
genes. Alignment of the serpin proteins was performed using
ClustalW, which resulted in an unrooted neighbor-joining phy-
logenetic tree (Fig. 5). The serpin orthologs identified in bac-
teria clustered separately from those identified in eukaryotes,
suggesting that the bacterial serpin protein subfamilies either
diverged after the serpin genes evolved from one ancestral
gene or resulted from convergent evolution from more than
one ancestral gene (Fig. 5). Notably, bifidobacterial serpin
proteins form a monophyletic group in the clustered bacterial
serpins (Fig. 5). This phylogenetic distribution in bifidobacteria
suggests that the ser gene in this group of bacteria was acquired
through horizontal gene transfer (HGT). However, this sus-
pected HGT origin is not supported by data for sequence

features used to detect HGT events, such as analyses of G�C
content and codon usage, which did not reveal any bias differ-
ent from that of the genome.

Transcriptional analysis of bifidobacterial ser loci. In order
to determine if, besides the ser210B gene, ser genes of other
intestinal bifidobacterial strains, such as B. longum subsp. in-
fantis ATCC 15697, B. longum subsp. longum ATCC 15707,
and the oral cavity inhabitant B. dentium Bd1, are differentially
induced when they are exposed to different protease activities,
the amounts of ser gene-specific mRNAs were determined by
quantitative real-time PCR (qRT-PCR) assays. These experi-
ments were performed using samples of mRNA extracted from
exponential cultures of B. breve 210B, B. longum subsp. infantis
ATCC 15697, B. longum subsp. longum ATCC 15707, and B.
dentium Bd1 which had been resuspended in prewarmed MRS
medium containing one protease (pancreatic elastase, human
neutrophil elastase, thrombin, papain, kallikrein, trypsin, �-an-
titrypsin, chymotrypsin, or plasmin) at a concentration simu-
lating the concentration encountered by bacteria in their nat-
ural environment (e.g., human gut) (19). The observed levels
of induction of ser210B in response to these serine proteases
ranged from 7-fold with pancreatic elastase to more than 250-
fold when cultures were exposed to papain. A lower level of
induction of ser210B transcription was observed when the cul-
tures were exposed to other proteases, including chymotrypsin,
plasmin, kallikrein, thrombin, and trypsin (Fig. 6a). Con-
versely, the level of ser210B-containing mRNA did not change
considerably after treatment with human neutrophil elastase
(Fig. 6a). These findings are different from those previously
obtained for the serpin-encoding gene of B. longum subsp.
longum NCC2705 (14) (designated ser2705), for which the hu-
man serine proteases that were most effective for increasing
the amount of the Ser2705 protein were human elastase and
pancreatic elastase (14). These findings were partially corrob-
orated by analysis of the induction of the serpin-encoding gene
of another B. longum strain, B. longum subsp. longum ATCC
15707, in which the highest level of induction occurred in the
presence of human elastase (Fig. 6a). In accordance with this
previously described observation, we showed that the most
effective induction of ser gene expression in B. longum subsp.
infantis ATCC 15697 (designated ser15697) also occurred upon
treatment with human elastase or papain (Fig. 6a). This sug-
gests that the regulatory signals and/or mechanisms of re-
sponses of bifidobacteria to the host’s serine proteases are
different for the phylogenetically closely related species B.
breve and B. longum (38). It is possible that the different pat-
terns of ser gene induction in B. breve and B. longum are linked
to the different ecological origins of these bacteria (e.g., dif-
ferent niches in the colon) (35, 44). Consequently, the different
human proteases present in infants and adults or in different
locations of the gut may have induced different responses to

FIG. 3. (a) Alignment of the Ser proteins of B. breve 210B, B. breve DSM20213, B. longum subsp. longum DJO10A, B. longum subsp. longum
NCC2705, B. longum subsp. infantis ATCC 15697, B. longum subsp. infantis CCUG52486, B. dentium Bd1, and B. dentium ATCC 27678 with the
structural template tengpinD31 (2PPE). Shading indicates conservation at a position in at least 50% of the amino acid residues in the alignment
(black, identical residues; gray, similar residues). The �-helices and turns are indicated. The RCL region is enclosed in a box. (b) 3D structure of
B. breve 210B serpin. The 3D structure of the B. breve 210B serpin (light gray) is superimposed on the predicted serpin model (PDB entry 2PEE)
(gray). The potential residues in the various serpins that are predicted to form the RCL regions are indicated.

FIG. 4. Slot blot hybridization using DNA extracted from different
bifidobacterial species and hybridized using a mixed ser probe. The
spots contained DNA from the following strains: 1, B. longum subsp.
longum ATCC 15707T; 2, B. bifidum LMG 11041T; 3, B. pseudolongum
subsp. globosum LMG11569T; 4, B. asteroides LMG 10735T; 5, B.
saeculare LMG 14934T; 6, B. gallinarum 11586T; 7, B. angulatum ATCC
27535T; 8, B. choerinum LMG 10510T; 9, B. gallicum LMG 11596T; 10,
B. subtile LMG 11597T; 11, B. dentium LMG 11045T; 12, B. longum
subsp. infantis ATCC 15697T; 13, B. animalis subsp. lactis DSM
10140T; 14, B. animalis subsp. animalis ATCC 25527T; 15, B. rumina-
tium LMG21811T; 16, B. thermacidophilum subsp. thermacidophilum
LMG 21395T; 17, B. thermacidophilum subsp. porcinum LMG21689T;
18, B. longum subsp. suis LMG 21814T; 19, B. pullorum LMG 21816T;
20, B. boum LMG 10736T; 21, B. pseudolongum subsp. pseudolongum
LMG 11571T; 22, B. minimum LMG 11592T; 23, B. catenulatum LMG
11591T; 24, B. merycicum LMG 11341T; 25, B. pseudocatenulatum
LMG 10505T; 26, B. psychraerophilum LMG 21775T; 27, B. indicum
LMG 11587T; 28, B. coryneforme LMG 18911T; 29, B. adolescentis
ATCC 15703T; 30, B. magnum LMG 11591T; 31, B. thermophilum JCM
7027T; 32, B. scardovii LMG 21589T; 33, B. animalis subsp. animalis
ATCC 27536; 34, B. bifidum 317B; 35, B. pseudocatenulatum 318B; 36,
B. cuniculi LMG 10738T; and 37, B. breve 210B.

VOL. 76, 2010 BIFIDOBACTERIAL SERPIN GENE 3213



provide protection against the negative effects of human gut
serine proteases. Furthermore, in order to validate this age- or
niche-specific hypothesis, we determined the levels of induc-
tion of the ser gene of B. dentium Bd1 (designated serBd1) in
response to the same set of serine proteases that were exam-
ined for ser210B, ser15707, and ser15697 expression. Surprisingly,
no significant induction of serBd1 was found (Fig. 6a) for any of
the proteases tested. This suggests that this bacterium requires
different proteases for induction, that transcription of serBd1

depends on other environmental factors, or that the expression
of serBd1 is not subject to transcriptional control.

In order to verify the results obtained with qRT-PCR, we
performed slot blot hybridization involving mRNA isolated
from B. breve 210B cultures exposed to the same set of pro-
teases (Fig. 6b). Based on the intensity of the hybridization

signal, the highest level of transcription of the B. breve 210B
ser210B gene was found to occur following exposure to chymo-
trypsin and papain for 150 min, conditions which increased the
ser210B mRNA levels approximately 44- and 200-fold, respec-
tively (Fig. 6b). These and other protease-induced levels of
transcription were consistent with those determined by qRT-
PCR (Fig. 6a).

Transcriptional mapping of the ser210B locus. In order to
analyze transcription of the ser210B locus further, total RNA
that was extracted from B. breve 210B cells grown in complex
media, such as MRS medium, in the presence or absence of a
human serine protease (i.e., pancreatic elastase) that induces
expression of the ser210B gene, as demonstrated by qRT-PCR
(see above), was hybridized with DNA probes targeting the
genes of the ser210B locus. The results revealed a pancreatic

FIG. 5. Phylogenetic tree obtained using serpin homologs from various bacteria. The scale bar indicates phylogenetic distance. The serpin
protein sequences of bacteria are enclosed in a box, while the serpin proteins of bifidobacteria are indicated by dark shading.
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elastase-dependent hybridization signal corresponding to an
approximately 3.5-kb transcript when a probe encompassing
the ser gene was used (Fig. 7a). An identical transcription
pattern was obtained for one of the genes adjacent to ser210B

(ORF1502), indicating that the two genes are transcribed as a
polycistronic mRNA (Fig. 7a). Further proof that there was a
polycistronic transcript was provided by RT-PCR experiments.
cDNA templates were obtained by RT of B. breve 210B total
mRNA isolated after cells were treated with pancreatic elastase.
Each cDNA was used as the template in subsequent PCR with
different combinations of primers spanning the ser gene and
flanking genes (Fig. 7b). Notably, amplicons were obtained using
the PCR primers spanning the ser210B gene (ORF1503) and the
adjacent gene (ORF1502) (Fig. 7b). When the same strategy was
employed to investigate cotranscription of ser210B with the other
flanking genes, an RT-PCR product was obtained when primers
spanning the ser210B gene and the gene predicted to be the gene
encoding a LacI-type protein (ORF1504) were used, suggesting
that the transcript of the ser210B operon encompasses ORF1502,
ORF1503, and ORF1504 (Fig. 7b). Notably, a transcript is gen-
erally degraded from the 3� end, which may be responsible for the
fact that in microarray experiments the LacI-encoding gene was
not found to be upregulated after protease treatment.

Analysis of the nucleotide sequence of the ser210B operon
revealed that the lacI210B gene was flanked at the 3� end by
three inverted repeats that may function as rho-independent
transcriptional terminator structures (Fig. 7a).

Identification of the transcriptional start site. The transcrip-
tional start site of the ser210B locus was identified by primer
extension analysis using mRNA extracted from cultures ex-
posed to pancreatic elastase for 90 min or 180 min. Two ex-
tension products were identified 31 and 32 nucleotides up-
stream of the predicted translational start site of the first gene
(ORF1502) of the ser210B operon (Fig. 8a). Analysis of the
putative promoter region of the ser210B operon showed that
there was a potential sigma-70 promoter-like sequence resem-
bling consensus �10 and �35 sequences (Fig. 8a). Interest-
ingly, a TG motif was found upstream of the �10 region, which
suggested that there was an extended �10 region which could
provide a supplementary recognition sequence for the RNA
polymerase. (46).

The predicted promoter regions of ser loci identified in
bifidobacteria, including B. breve 210B, B. breve UCC2003,
B. longum subsp. longum NCC2705 (Fig. 8b), B. longum subsp.
longum DJO10A, B. longum subsp. infantis ATCC 15697, B.
longum subsp. infantis CCUG52486, B. longum subsp. infantis
ATCC 55813, and B. dentium Bd1, were aligned in an attempt
to identify putative regulatory elements. As shown in Fig. 8b,
the presence of a large consensus promoter region, including
the putative �10 and �35 hexamers, was deduced based on the
sequences of B. breve 210B, B. breve UCC2003, B. longum
subsp. longum NCC2705, B. longum subsp. longum DJO10A,
B. longum subsp. infantis CCUG52486, and B. longum subsp.
infantis ATCC 55813. Moreover, a number of other DNA

FIG. 6. Plots of relative levels of transcription of B. breve 210B, B. longum subsp. infantis ATCC 15697, B. longum subsp. longum ATCC 15707,
and B. dentium Bd1 serpin-encoding genes after serine protease treatment versus growth in MRS-based media as analyzed by quantitative real-time
PCR assays (a) and by slot blot hybridization (b). The bars indicate the relative amounts of ser mRNAs for the specific samples. The cDNAs used
were synthesized using RNA collected from bifidobacterial cultures exposed for 150 min to �-chymotrypsin (�CH), chymotrypsin (CHY),
neutrophil elastase (HNE), kallikrein (KAK), pancreatic elastase (PPE), papain (PAP), plasmin (PLA), trypsin (TRY), or thrombin (TRO). For
panel b, induction of the ser210B gene was evaluated by slot blot hybridization. Total RNA (25 �g per slot) was isolated from B. breve 210B cells
exposed for up to 150 min to different serine proteases (see above) and probed with biotin-labeled ser. The resulting hybridization signals obtained
in the autoradiograms were quantified. The amount of mRNA synthesized under the conditions described above was normalized to the amount
present in cultures grown in MRS medium.
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motifs were shown to be conserved in all putative ser promoter
sequences of these strains, including a nearly perfect inverted
repeat (IR) (TGTCATGG-3N-CTATGACA). In contrast, the
putative promoter regions of B. longum subsp. infantis ATCC
15697 and B. dentium Bd1 were highly divergent, which sug-
gests that there is a different regulatory mechanism for ser gene
expression in these bacteria (Fig. 8b).

Conclusions. Serpin-encoding genes are widely distributed
in multicellular eukaryotes and also in prokaryotes, although
to a lesser extent. The association of serpin genes with bacte-
rial and archeabacterial genomes suggests that these genes are
likely to have evolved before the divergence of the main
branches of life. In bacteria their presence is not universal,
indicating that they either were acquired through Darwinian

selection or were lost when they were not essential or impor-
tant for survival. From a phylogenetic point of view, bacterial
serpins are only distantly related to eukaryotic serpins, and for
this reason they clustered as a separate group (5). Analysis of
available bifidobacterial genomes revealed the presence of ser-
pin-encoding genes in just a small number of species, and this
may suggest that the serpin gene was originally acquired
through horizontal gene transfer.

Many bifidobacteria are commensal microorganisms that
naturally reside in the large intestine of humans and animals
(35, 36). Recently, it has been shown that the serpin protein
produced by B. longum subsp. longum NCC2705 is active
against the proteolytic action of host proteases (i.e., human
neutrophil elastase and pancreatic elastase) (14). In this study,

FIG. 7. Transcriptional organization of the B. breve 210B ser operon. (a) Schematic diagram of the B. breve 210B ser locus and Northern blot
analysis of B. breve 210B ser transcription. Hairpin symbols indicate predicted secondary structures. The transcript identified is indicated by a solid
arrow, which points toward the 3� end of the mRNA. RNA was isolated from a culture before and after exposure to pancreatic elastase (PPE).
The molecular weights, calculated from the hybridization signal and position of 16S and 23S rRNA, are indicated. 0, 90, and 180, incubation for
0, 90, and 180 min, respectively. (b) Products generated by RT-PCR. PCR products were obtained with primers spanning the intergenic regions
between ORF1502 and ser210B (primers ser1-uni and ser1-rev) (lanes 1 to 4), between ser210B and lacI (primers lacI-uni and lacI-rev) (lanes 5 to
8), and between lacI and ORF1505 (primers lac2-uni and lac2-rev) (lanes 9 to 12). The positions of the primer pairs used in RT-PCR experiments
are shown in panel a. PCR products were obtained under the following conditions: lanes 1, 5, and 9, cDNA prepared from B. breve 210B RNA;
lanes 3, 7, and 11, negative control in which B. breve RNA was used but reverse transcriptase was omitted; lanes 4, 8, and 12, no-template control;
lanes 2, 6, and 10, positive control (B. breve DNA). Lanes MK contained a 1-kb DNA molecular marker.
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we showed that the serpin genes of different bifidobacterial
species and subspecies (B. breve, B. longum subsp. infantis, and
B. longum subsp. longum) are highly induced when bacterial
cultures are exposed to various host-derived proteases. This
finding is highly relevant since many of these proteases are
normally found in the human gut and thus the presence of a
protease inhibitor may provide an ecological advantage to bi-
fidobacteria since serpin activity may protect them against
these host proteases. In previous reports workers have indi-
cated that protease inhibitors secreted by bacteria such as
Bacillus brevis and Prevoltella intermedia protect themselves
against proteolytic attack by avoiding degradation by extracel-
lular proteins (10, 32). In line with this, we speculate that in
bifidobacteria preservation of extracellular proteins is impor-
tant in order to guarantee formation of necessary extracellular
structures involved in the interaction with the host. Our studies
highlight the finding that some human gut-derived bifidobac-
terial species, such as those belonging to the B. longum phylo-
genetic group, possess a serpin-encoding gene, whose expres-
sion is induced by exposure to human- and plant-derived serine
proteases. In contrast, other gut-associated bifidobacterial spe-
cies, such as B. adolescentis, Bifidobacterium catenulatum, B.
bifidum, and Bifidobacterium gallicum, do not contain a serpin

gene in their genomes, suggesting that protection of these
species from serine proteases depends on alternative strategies
or on cross-protection offered by the (bifido)bacterial species
that do produce serine proteinase inhibitors. An exception to
these findings seems to be the serpin produced by B. dentium,
an organism which resides in the human oral cavity. In fact, the
transcription signals and control of the ser operon of B. den-
tium seem to be different from the transcription signals and
control of the serpin-encoding loci present in human gut bi-
fidobacteria. Such differences may be the consequence of the
different repertoire of proteases to which B. dentium is exposed
in its natural ecological niche compared to gut-derived bi-
fidobacteria.

Bifidobacteria are commonly used as health-promoting bac-
teria in many functional or probiotic food preparations, with
the aim of improving the health of the host through immuno-
modulatory activity, as well as reestablishing a healthy balance
in the intestinal microbiota (8, 22, 23). In humans establish-
ment of a stable intestinal microbiota is subject to tolerance of
the immune system to such commensal bacteria; this is in
contrast to the situation with pathogenic bacteria, which pro-
voke a considerable immune response (29). The transcriptional
activation of ser210B, ser15697, and ser15707 in response to serine

FIG. 8. Determination of the B. breve 210B ser transcription initiation site by primer extension analysis. (a) Primer extension results obtained
using oligonucleotide SER-prom1 and mRNA isolated from exposition of pancreatic elastase at the times indicated. The deduced �10 hexamer
and �35 hexamers are indicated by bold type and underlined; bold type with asterisks indicates the transcription start points; and the start codon
is underlined. RBS, ribosome binding site. (b) Comparison of the promoter regions of ser genes from different bifidobacteria, including B. breve
210B, B. breve UCC2003, B. longum subsp. longum NCC2705, B. longum subsp. longum DJO10A, B. longum subsp. infantis CCUG52486, B. longum
subsp. infantis ATCC 55813, B. longum subsp. infantis ATCC 15697T, and B. dentium Bd1.
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proteases may represent a molecular mechanism for immuno-
modulation. It is well established that the release of serine
proteases (e.g., neutrophile elastase) at sites of intestinal in-
flammation is part of the innate immunity response and that
this release is caused by bacterial infection or is a consequence
of pathological immune activation. The latter result is typical
of inflammatory bowel disease and ulcerative colitis, which
may cause breaches in the intestinal barrier (5, 24). The pow-
erful and protease-inducible serine protease inhibitor that is
synthesized by B. breve 210B as an autochthonous component
of the intestinal microbiota may thus elicit anti-inflammatory
activity that may reduce the negative effects of serine protease
activity at sites of intestinal inflammation. This is reminiscent
of the way in which exaggerated serine protease activity, which
may cause pathological tissue damage, is reduced by �-anti-
trypsin, the physiological inhibitor present in blood plasma
(14).

Further investigations should be carried out to determine
the regulatory mechanisms that drive serpin gene expression in
B. breve, as well as the potential role of the serpin protein in the
interaction with its host.
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