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Lactobacillus rhamnosus GG (GG) is a widely used and
intensively studied probiotic bacterium. Although the
health benefits of strain GG are well documented, the
systematic exploration of mechanisms by which this
strain exerts probiotic effects in the host has only recently
been initiated. The ability to survive the harsh conditions
of the gastrointestinal tract, including gastric juice con-
taining bile salts, is one of the vital characteristics that
enables a probiotic bacterium to transiently colonize the
host. Here we used gene expression profiling at the tran-
scriptome and proteome levels to investigate the cellular
response of strain GG toward bile under defined bioreac-
tor conditions. The analyses revealed that in response to
growth of strain GG in the presence of 0.2% ox gall the
transcript levels of 316 genes changed significantly (p <
0.01, t test), and 42 proteins, including both intracellular
and surface-exposed proteins (i.e. surfome), were differ-
entially abundant (p < 0.01, t test in total proteome anal-
ysis; p < 0.05, t test in surfome analysis). Protein abun-
dance changes correlated with transcriptome level
changes for 14 of these proteins. The identified proteins
suggest diverse and specific changes in general stress
responses as well as in cell envelope-related functions,
including in pathways affecting fatty acid composition,
cell surface charge, and thickness of the exopolysaccha-
ride layer. These changes are likely to strengthen the cell
envelope against bile-induced stress and signal the GG
cells of gut entrance. Notably, the surfome analyses dem-
onstrated significant reduction in the abundance of a pro-
tein catalyzing the synthesis of exopolysaccharides,
whereas a protein dedicated for active removal of bile
compounds from the cells was up-regulated. These find-
ings suggest a role for these proteins in facilitating the
well founded interaction of strain GG with the host mucus

in the presence of sublethal doses of bile. The signifi-
cance of these findings in terms of the functionality of a
probiotic bacterium is discussed. Molecular & Cellular
Proteomics 10: 10.1074/mcp.M110.002741, 1–18, 2011.

The human gastrointestinal tract (GIT)1 is estimated to har-
bor several hundreds of bacterial species, some of which are
natural inhabitants of the intestinal tract and some of which
originate from food (1, 2). Certain bacterial strains, through
their interactions with their hosts, are reported to benefit the
health of the host. These health-promoting (i.e. probiotic)
bacteria can, for example, stimulate the host immune system,
protect the host from invading bacteria and viruses (3), and
aid digestion (4). The in vivo responses after consumption of
probiotic bacteria appear to be strongly affected by the state
(e.g. growth phase) of the consumed probiotic preparation (5).
One probiotic bacterium is the widely studied Lactobacillus
rhamnosus GG (GG), which was originally isolated from hu-
man intestinal microbiota by Goldin and Gorbach in 1985 (6).
The discovered health-promoting effects associated with the
consumption of strain GG include reduced treatment days
and lowered risk for acute diarrhea in children (7), reduced risk
for atopic diseases in infants (8), relief for milk allergy/atopic
dermatitis in infants (9–11), reduced risk for respiratory infec-
tions (12, 13), and reduced risk of occurrence of dental caries
(14). Although the health benefits conferred by GG are well
documented, the systematic exploration of the host interac-
tion mechanism between this probiotic strain and human has
only recently been initiated (15, 16). Di Caro et al. (16) pio-
neered the study of the effects of GG administration on hu-
man mRNA expression in small bowel mucosa and found in a
limited number of subjects a complex genetic response, in-
cluding up-regulation of genes involved in pathways such as
the immune response, inflammation, and apoptosis. Kan-
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kainen et al. (15) compared the genome of GG with its close
relative L. rhamnosus LC705, which differs from strain GG by
its dairy origin and reduced binding to mucus, and demon-
strated that the GG genome encodes a unique pilus structure
involved in the adhesion of GG to human mucus.

Use of lactobacilli in dairy processes and as probiotics
implies that these bacteria are exposed to several environ-
mental stress conditions. Because it is essential to know
which mechanisms permit survival and probiotic activity un-
der given conditions, application of genome-scale analyses
and functional genomics approaches is increasing in the re-
search of Lactobacillus spp. (17–19). The ability to persist in
the harsh conditions of the GIT is one of the vital character-
istics that enables a probiotic bacterium to survive and tran-
siently colonize the host during passage through the GIT.
Exposure to bile is a serious challenge to the viability of
probiotics because human liver has been shown to secrete as
much as a liter of bile daily into the small intestine; the con-
centration of bile acids typically varies between 0.2 and 2%
following food ingestion (20, 21). Bile is known to function as
a biological detergent emulsifying and solubilizing lipids, thus
playing an essential role in digestion of fat, whereas the de-
tergent property of bile can also contribute to antimicrobial
activity (21, 22). When challenged with bile, bacteria are
known to modify their cell envelope properties such as cell
membrane fatty acid composition, peptidoglycan composi-
tion, and membrane charge (23, 24). Bile stress can also
cause deleterious effects, including protein misfolding and
denaturation, DNA damage, secondary structure formation in
RNA, and intracellular acidification (21, 23, 25, 26).

Probiotic bacterial species differ from each other in their
resistances to bile salts, but within one species, the strain-
specific variation in bile tolerance is remarkable (21). Thus,
lactobacilli are also very heterogeneous in terms of their in-
trinsic resistance to bile salts, varying from highly sensitive to
resistant strains (27–29). Accordingly, global proteome and/or
transcriptome analyses to assess the effect of bile on different
probiotic lactobacilli suggest that the strains of Lactobacillus
species have evolved a complex network of global regulatory
systems to cope with the toxic effects of bile (26, 30–34). A
proteomics study on the Lactobacillus reuteri ATCC 23272
strain has revealed that proteins involved in carbohydrate
metabolism, transcription-translation, nucleotide metabolism,
amino acid biosynthesis, pH homeostasis, general stress re-
sponses, and oxidation-reduction reactions were differentially
expressed after exposure to bile (31). In contrast, bile-respon-
sive expression of genes involved in cell envelope stress,
protein denaturation, and DNA damage has been demon-
strated by a transcriptome level study conducted on another
L. reuteri strain (26). In Lactobacillus acidophilus NCFM, bile
exposure was found to result in up-regulation of genes in-
volved in signal transduction, carbohydrate metabolism,
transport, and oxidation-reduction reactions (32). The tran-
scriptional profiling of Lactobacillus plantarum WCFS1 re-

vealed several bile-responsive genes encoding proteins lo-
cated in the cell envelope as well as proteins involved in
tolerance against oxidative and acid stress (30). In Lactoba-
cillus delbrueckii subsp. lactis 200 and its bile-resistant deriv-
ative, the abundance of proteins involved in energy metabo-
lism, translation, stress response, lipid metabolism, and
exopolysaccharide synthesis was shown to be affected by
bile stress (33). A proteomics study on a bile-tolerant Lacto-
bacillus casei strain revealed that functions involved in bile
response included cell protection, modifications in cell mem-
branes, and key components of central metabolism (34). A
recent comparative transcriptome study indicates that in the
human intestine probiotic L. plantarum strain 299v specifically
modifies its metabolic capacity for carbohydrate acquisition
and expression of exopolysaccharides and cell surface pro-
teins (35). These findings indicate that bile shock and adap-
tation responses to GIT conditions are necessary to maintain
bile tolerance in different Lactobacillus strains, but the bile
resistance mechanisms are not well understood.

Functional genomics studies aiming to identify probiotic
mechanisms exploited by GG have recently been initiated (15,
36). This strain has been shown to tolerate bile to some extent
through experiments that demonstrated that it survives in
MRS broth containing 0.3% ox gall for several hours, but it is
not able to replicate under such conditions (29). However, the
cellular and molecular responses toward bile have not yet
been thoroughly explored in this bacterium. The present study
represents an essential first step toward a global molecular
characterization of the cellular response to bile exposure and
provides information necessary for future examination of
stress-linked gene regulatory networks in this probiotic bac-
terium. To our knowledge, this is the first quantitative study of
bile-induced global mRNA and protein level expression
changes in a probiotic bacterium growing under strictly con-
trolled bioreactor conditions.

EXPERIMENTAL PROCEDURES

Growth Conditions and Bile Treatment

GG (ATCC 53103) was preserved in a laboratory culture collection
as a glycerol stock at �70 °C and propagated at 37 °C in MRS broth
(Labema). After 12 h of cultivation, these MRS cultures were used to
inoculate (2% (v/v) inoculum) four Biostat Q fermentors (B. Braun
Biotech International) containing 750 ml of MRS broth. The bioreactor
cultures were grown at 37 °C and constantly stirred (150 rpm/min). pH
was maintained at 6.0 by automatic titration with 5% (v/v) ammonia.
Cells were grown to an A600 between 0.7 and 0.8, which represents
midlogarithmic growth phase, and then challenged with bile by add-
ing ox gall solution (B3883, Sigma-Aldrich) to a final concentration of
0.2%. Cell samples for transcriptomics were harvested right before
(time point 0 min) and 10, 30, and 120 min after the addition of bile,
whereas samples for proteomics were collected at two time points, 0
and 60 min. Cells from the 1.5–2-ml proteomic samples were harvested
by centrifuging at �4 °C; washed twice with ice-cold 50 mM Tris-HCl,
pH 8 (Sigma-Aldrich); and stored at �20 °C. For the surface-exposed
proteome (i.e. surfome) analysis, cells withdrawn at time points 0 and 60
min were washed and used directly for CyDye labeling as detailed
below (under “Protein Extraction and CyDye Labeling”).
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Transcriptomics

Experimental Design, RNA Methods, cDNA Synthesis, and Label-
ing—The RNA samples from four independent biological replicates
(i.e. from four cultivations) at each time point were hybridized to
microarrays using the sample retrieved at time point 0 min as a
reference sample. A total of 12 hybridizations were performed using a
balanced dye swap design. Dyes were balanced between compared
sample pairs and between biological replicates.

One to three milliliters of bacterial culture were mixed with 2–6 ml
of RNAprotect Bacteria reagent (Qiagen) and handled according to
the manufacturer’s instructions. The cell pellets were stored at
�70 °C for subsequent RNA extraction. Cells were lysed with 10
mg/ml lysozyme (Amresco), 3 mg/ml proteinase K (Sigma-Aldrich),
and 100 units of mutanolysin (Sigma-Aldrich) at 37 °C for 30 min. The
suspension was supplemented with 1 ml of preheated (65 °C) TRIzol
reagent (Invitrogen) and vortexed for 3 min. After incubation at RT for
5 min, the cell lysate was homogenized in a MagNA Lyser instrument
(Roche Applied Science) with �106-�m glass beads (Sigma-Aldrich)
for four 30-s cycles at 6000 rpm. Between each cycle, the cells were
chilled on ice for 1 min. Cell debris were removed by centrifugation
(12,000 � g at 4 °C for 15 min), and the lysate was extracted with 200
�l of chloroform by vortexing for 15 s. After incubation at RT for 3 min,
the phases were separated by centrifugation (12,000 � g at 4 °C for
15 min). The aqueous phase was mixed with 500 �l of 80% ethanol
for total RNA purification with an RNeasy Mini kit (Qiagen). During
RNA purification, DNA was removed using RNase-free DNase (Qia-
gen) as described in the manufacturer’s manual. The concentration
and purity of the RNA samples were determined using both the
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Inc.) and denaturing agarose gel electrophoresis.

Five micrograms of RNA were reverse transcribed to cDNA with the
SuperScript Indirect cDNA Labeling System (Invitrogen) according to
the manufacturer’s protocol except that 6 �g of random primers
(Invitrogen, 48190-011) were used instead of anchored oligo(dT)20

primers and random hexamers. The cDNA was fluorescently labeled
using Cy3 or Cy5 monoreactive dyes (Amersham Biosciences) and
purified with a column included in the SuperScript Indirect cDNA
Labeling System kit. Labeling efficiency was assessed with the Nano-
Drop ND-1000 spectrophotometer (NanoDrop Technologies, Inc.).

Array Design—Probes for 2820 target ORFs and 1072 intergenic
regions of GG were designed with Agilent eArray software. No probes
were designed for intergenic regions shorter than 150 bp. Regions
longer than 300 bp were divided into shorter fragments (minimum 150
bp) resulting in 2182 intergenic sequence fragments in total. Of 2820
target ORFs, eArray was able to design unique probes for 2783
sequences for both sense and antisense orientations. Thirty-seven
target sequences were too repetitive or similar with some other tar-
gets, so it was not possible to obtain unique probes. Probes for all
2182 intergenic target regions were successfully generated. The total
number of probes for all designs was 20,964. Probe sequences were
remapped to the updated version of the genome to obtain gene
expression ratios from the most recent set of genes. In the remap-
ping, 699 probe sequences matched several genomic regions, 183
probe sequences matched the borders of the coding regions, 13 did
not have a perfect match against the genome, and 11,971 and 8098
probe sequences matched a unique intergenic or coding region,
respectively.

Hybridization, Image Analysis, and Normalization—The labeled
cDNA samples were hybridized to microarrays following Agilent’s
procedure titled “Two-Color Microarray-Based Gene Expression
Analysis.” Microarrays were scanned at 5-�m resolution with a
GenePix 4200 AL scanner (Axon Instruments). The fluorescence in-
tensities were quantified and addressed to genomic ORFs with
GenePix Pro 6.0 software (Axon Instruments/Molecular Devices

Corp.). Microarray image analysis and feature detection were per-
formed using GenePix Pro 6.0 software with default parameters, and
results were further improved manually.

Data analysis was performed using Bioconductor for the R statis-
tical software (37). Background correction and normalization were
done using the limma package (38), and the statistical significance
was assessed using CyberT (39). The data set contained 12 two-color
microarrays with each condition measured four times and was ana-
lyzed as an entity. The foreground and background median intensity
estimates were used, and the data were background-corrected using
the normexp-function (with offset set to 50) (40), normalized within
arrays using loess (100 iterations, suspicious spots and probe se-
quences deleted, matching multiple hits or borders of the coding
regions down-weighted to 0, and intergenic probe sequences down-
weighted to 0.1) (38), and normalized between arrays using quantile
normalization (41). Expression ratios for genes were obtained by
taking the averages of the log2-transformed expression ratios of
probes describing the same gene and matching a single genetic
coding region locus. The gene expression ratios were calculated for
2798 genes of the total 2944 (95% coverage) genes in the genome.

The statistical significance of the expression ratio of a gene be-
tween two conditions was analyzed using a paired t test method
implemented in CyberT (Bayesian prior estimate of within-treatment
variance was set to 5, and the window size was set to 101) (39). p
values were Bonferroni adjusted by the number of performed t tests
in total (8394). The analysis showed that 248, 133, and nine genes had
significant differences in expression between the 0- and 10-min con-
ditions, the 0- and 30-min conditions, and 0- and 120-min conditions,
respectively, when using 0.01 as the threshold for statistical signifi-
cance and when requiring at least 2-fold changes in expression ratio.
The microarray data discussed in this publication have been depos-
ited in the NCBI Gene Expression Omnibus (42) and are accessible
through GEO Series accession number GSE22536 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE22536).

Proteomics

Protein Extraction and CyDye Labeling—Four biological replicate
samples representing independent bioreactor cultures at time points
0 and 60 min (samples taken right before and 60 min after the bile
challenge) were included in the total proteome (i) and surfome (ii)
experiments.

(i) For total proteome analysis, cells were broken with glass beads,
and the proteins were extracted as described previously (36). Proteins
were purified using the 2-D Clean-Up kit (GE Healthcare) and solubi-
lized in 10–20 �l of 7 M urea (Sigma-Aldrich), 2 M thiourea (Sigma-
Aldrich), 4% CHAPS (Sigma-Aldrich), and 30 mM Tris (Bio-Rad). The
protein concentration was determined using the 2-D Quant kit
(GE Healthcare) according to the manufacturer’s protocol. Prior to
CyDye labeling, the pH of each protein sample was adjusted to 8.5 by
the addition of 2 M Tris. The samples were then labeled using Cy2,
Cy3, or Cy5 dye (CyDye DIGE Fluor minimal dyes, GE Healthcare)
according to the EttanTM two-dimensional difference gel electro-
phoresis (DIGE) protocol. Briefly, 32 �g of protein from each of the
control and bile-treated cells were labeled with 256 pmol of the Cy3
and Cy5 dyes. As an internal standard, aliquots from each sample
were combined and labeled with Cy2 dye. To exclude dye-specific
effects, Cy3 and Cy5 were used interchangeably according to a
dye-swapping approach (supplemental Table S1). The labeling mix-
tures were incubated on ice in the dark for 30 min, and the reactions
were quenched with 1 mM lysine (Sigma-Aldrich) followed by incuba-
tion on ice for 10 min. The labeled samples were pooled and sepa-
rated by two-dimensional gel electrophoresis as detailed below.

(ii) For surfome analysis (i.e. CyDye labeling of intact cells, which
covers the external exposed cell envelope proteins and possibly also
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includes proteins in the process of secretion), the washed cell sam-
ples (time points 0 and 60 min) were submitted for direct labeling with
CyDyes as follows. The washed cell pellets were resuspended in 200
�l of a buffer containing 50 mM Tris (Sigma-Aldrich) and 1 M urea
(Sigma-Aldrich), pH 8.5. The protein samples were labeled with Cy-
Dyes as described above with some modifications. According to the
experimental design outlined in supplemental Table S1, each sample
containing �109 cells was mixed with 200 pmol of Cy3 or Cy5 dye,
and the internal standard sample containing aliquots from each sam-
ple was labeled with Cy2 dye. The reactions were incubated for 20
min on ice in the dark after which they were quenched by the addition
of 20 �l of 10 mM lysine (Sigma-Aldrich) as described above. The
labeled cells were washed twice with ice-cold 50 mM Tris-HCl, pH 8
and were disrupted with glass beads to extract proteins for two-
dimensional gel electrophoresis as described above. To investigate
whether possible cell lysis had occurred during the CyDye labeling
process, colony-forming units, which measure viable bacterial num-
bers, were determined by plating GG cells incubated with CyDye
labeling buffer (50 mM Tris, 1 M urea, pH 8.5) for 0, 10, and 20 min on
MRS agar.

Two-dimensional Gel Electrophoresis and DeCyder Analyses—
The labeled proteins were separated by IEF. IPG strips (24 cm, pH
3–10, nonlinear, Bio-Rad) were rehydrated in 500 �l of buffer, which
contained 7 M urea, 2 M thiourea, 4% CHAPS, 50 mM DTT, 2 mM

tributylphosphine, and 1% Bio-Lyte pH 3–10 (Bio-Rad), overnight at
20 °C using a Protean IEF Cell (Bio-Rad). Samples containing, in
total, 96 �g (for total proteome analysis) or �105 �g (for surfome
analysis) of protein in 50 mM DTT, 4 mM tributylphosphine, and 1%
Bio-Lyte pH 3–10 were applied to the IPG strips via cup-loading
near the acidic end of the strips according to the experimental
design outlined in supplemental Table S1. IEF was performed using
a Protean IEF Cell at 20 °C as follows: 15 min at 250 V, then linear
ramping to 10,000 V for 40,000 V-h, and 40,000 V-h at 10,000 V
(using a limit of 50 �A/strip). After IEF, the strips were equilibrated
in a buffer containing 50 mM Tris-HCl, pH 6.8, 6 M urea, 2% SDS,
20% glycerol, and alternatively either 2% DTT (buffer A) or 2.5%
iodoacetamide (buffer B), first in buffer A for 25 min and then in
buffer B for 25 min.

The strips were loaded on 12% acrylamide gels that were sub-
jected to electrophoresis in an Ettan DALTsix Electrophoresis Unit
(GE Healthcare) at 80 V for 15 min and then 400 V for �3 h. The upper
buffer was 2� TGS (50 mM Tris, 384 mM glycine, 0.2% (w/v) SDS;
Bio-Rad), and the lower buffer was 1� TGS (25 mM Tris, 192 mM

glycine, 0.1% (w/v) SDS). The gels were scanned between low fluo-
rescence glass plates using an FLA-5100 laser scanner (Fujifilm) at
wavelengths of 473 (for Cy2), 532 (Cy3), and 635 nm (Cy5) using
voltages of 420, 410, and 400 V accordingly. All gels were scanned at
100-�m resolution. The gel images were cropped to identical size by
removing areas extraneous to the protein spots with ImageQuant TL
7.0 software (GE Healthcare). After scanning, the gels were fixed in
30% ethanol and 0.5% acetic acid for a minimum of 60 min and then
silver-stained (43).

Image and statistical analyses for the cropped DIGE gels were
performed using DeCyder 2D 6.5 software (GE Healthcare). With
the use of a batch processor function, the gels were first automat-
ically analyzed in a differential in-gel analysis module, which nor-
malized the Cy2, Cy3, and Cy5 image from each gel. Spot bound-
aries were detected, and spot volumes (protein abundances) were
calculated. Then the spot volumes of Cy3 and Cy5 samples were
compared with the spot volumes of the Cy2 sample (internal stan-
dard) to generate standard spot volumes, thereby correcting inter-
gel variations. In the biological variation analysis module, the Cy2
images of four replicate gels were matched, and the standard spot
volume ratios between all four gels were compared. Protein spots

exhibiting a minimum of 1.5-fold (CyDye-labeled total proteome, t
test p � 0.01) or 1.2-fold (CyDye-labeled intact cells, t test p � 0.05)
difference in average spot volume ratios (average ratio �1.5/1.2 or
��1.5/�1.2) between the control and bile-challenged samples in
at least three of four separate biological replicates were selected for
identification.

To localize the selected protein spots of the surfome DIGE analysis
on the silver-stained gels, an additional DIGE gel containing a Cy3-
labeled surfome sample and a Cy5-labeled total proteome sample
was included in the DeCyder analysis. The surfome two-dimensional
map of this additional gel was matched with the surfome maps of the
analytical surfome gels, and the total proteome map of the additional
gel (containing about double the amount of protein spots on the
surfome maps and mostly corresponding to the spot abundance on
the silver-stained gels) was then used to localize the selected spots
on the silver-stained gels.

Protein Identification

MS—MS-compatible silver staining (43) was performed to visualize
the protein spots for identification. Protein spots of interest were
in-gel digested with trypsin, and the peptides were recovered as
described previously (36). The resulting peptides were analyzed by
peptide mass fingerprinting (PMF) or by fragment ion analysis with
LC-MS/MS. For the PMF, the mass spectra were acquired using an
Ultraflex TOF/TOF instrument (Bruker Daltonics, Bremen, Germany) in
positive ion reflector mode, and the instrument was externally cali-
brated using a standard peptide mixture from Bruker (P/N 206195,
Bruker Daltonics). LC-MS/MS analysis for the tryptic peptides was
performed using an Ultimate 3000 nano-LC system (Dionex, Sunny-
vale, CA) and QSTAR Elite hybrid quadrupole TOF mass spectrometer
(Applied Biosystems/MDS Sciex, Foster City, CA) with nano-ESI ion-
ization. The samples were first concentrated and desalted on a C18

trap column (10 mm � 150 �m, 3 �m, 120 Å; PROTECOLTM, SGE
Analytical Science, Griesheim, Germany) followed by peptide sepa-
ration on a PepMap100 C18 analytical column (15 cm � 75 �m, 5 �m,
100 Å; LC Packings, Sunnyvale, CA) at 200 nl/min. The separation
gradient consisted of 0–50% B in 20 min, 50% B for 3 min, 50–100%
B in 2 min, and 100% B for 3 min (buffer A, 0.1% formic acid; buffer
B, 0.08% formic acid in 80% acetonitrile). MS data were acquired
using Analyst QS 2.0 software. The information-dependent acquisi-
tion method consisted of a 0.5-s TOF-MS survey scan of m/z 400–
1400. From every survey scan, the two most abundant ions with
charge states 2� to 4� were selected for product ion scans. Once an
ion was selected for MS/MS fragmentation, it was put on an exclusion
list for 60 s.

Protein Identification—The PMF spectra were processed with
FlexAnalysis version 3.0. Base-line subtraction for the raw spectra
was performed with the algorithm Median, and peak detection was
done using the following parameters: algorithm, Snap; signal to noise
threshold, �7; relative intensity threshold, 3%; minimum intensity
threshold, 50; maximal number of peaks, 100; quality factor thresh-
old, 50; and Snap average composition averagine. The original
MALDI-TOF spectra and peak lists are provided in supple-
mental Table S2 and supplemental Data S1. The PMF and LC-MS/MS
data were searched with the local Mascot version 2.2 (Matrix Science,
London, UK) against the in-house database of the published ORF set
of GG, which contains 2944 protein entries (15), using the Biotools 3.0
(Bruker Daltonics) and ProteinPilot 2.0.1 (Applied Biosystems) inter-
face, respectively. The search criteria for both Mascot searches were
as follows: trypsin digestion with one missed cleavage allowed, car-
bamidomethyl modification of cysteine as a fixed modification, and
oxidation of methionine as a variable modification. For the PMF
spectra, the maximum peptide mass tolerance was �80 ppm. For the
LC-MS/MS spectra, both the maximum precursor ion mass tolerance
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and MS/MS fragment ion mass tolerance were 0.2 Da, and a pep-
tide charge states of 1�, 2�, and 3� were used. A successful
identification was reported when a significant match (p � 0.05) was
obtained. In addition, to consider the LC-MS/MS identification re-
liable, a minimum of two peptides with an ion score of at least 40
were required.

RESULTS AND DISCUSSION

The goal of the study described here was to obtain global
insight into temporal alterations in mRNA expression and
protein production in L. rhamnosus GG that occur in response
to bile and thus to gain an understanding of the potential
molecular mechanisms enabling survival of this microbe in the
GIT. Stress response studies, including gene expression anal-
yses, are commonly carried out from cell samples grown
under not clearly defined conditions in flask cultures where
the effect of different responses are hard to distinguish from
each other. Therefore, to gain reliable data from such studies,
targeted perturbation is essential. One typical feature of lactic
acid bacteria, including the GG strain, is lactic acid produc-
tion, resulting in a decrease in pH of the growth medium. Here
the homogeneous bacterial samples before and after applying
bile stress were withdrawn from pH-controlled bioreactor cul-
tivations for the transcriptome and proteome analyses (Fig. 1
and supplemental Fig. S1). Strain GG was grown as four
biological replicates in bioreactors where the pH of the cell
culture media was maintained at 6.0, which approximately
corresponds to the pH in duodenum (44). At logarithmic
growth phase, all cultures were subjected to 0.2% ox gall,
which is a commonly used model compound for bile stress
conditions. The concentration of 0.2% was selected because
it is estimated to correspond to the physiological bile concen-
tration in the human small intestine (20). Growth experiments

with 0.1–0.3% ox gall supplementation revealed that a 0.2%
concentration reduced the growth rate of strain GG to �60%
of non-stressed rate (data not shown). Transcriptomics and
proteomics analyses were performed with cell samples col-
lected simultaneously from the same bioreactors, giving a
solid foundation for data comparison.

The effect of bile shock on the transcriptome of GG was
examined using a whole-genome DNA microarray. Alterations
in the gene expression at the mRNA level were studied by
comparing bile-challenged samples withdrawn at three time
points (10, 30, and 120 min) after bile addition with a reference
sample taken prior to the bile addition. Overall, differential
transcription (�2-fold up- or down-regulation, p � 0.01) of
316 genes in response to bile was observed: 248 genes at 10
min (140 up- and 108 down-regulated genes), 133 genes at
30 min (73 up- and 60 down-regulated), and nine genes at 120
min (7 up- and 2 down-regulated) (Fig. 2A and supplemen-
tal Table S3). The transient nature of the bile stress response
of GG strain was evident, and only six genes (5 up- and one
down-regulated) were found to be differentially transcribed at
all three time points examined.

The bile-specific changes at the total proteome and at
the cell surface-exposed proteome (i.e. surfome) levels were
monitored using DIGE. The DIGE methodology relies on the
labeling of protein samples with three spectrally resolvable
fluorescent CyDyes (Cy5/Cy3 and Cy2), which allow multi-
plexing of samples in the same two-dimensional gel (45). The
proteome level bile response in GG were studied by compar-
ing proteins from cell samples withdrawn immediately before
and 60 min after the bile exposure. Approximately 800 sepa-
rate protein spots were detected on the gels containing the

FIG. 1. Work flow of proteome and transcriptome analyses of
GG samples. 2-DE, two-dimensional gel electrophoresis.

FIG. 2. Venn diagrams showing numbers of differentially ex-
pressed genes in response to bile stress. A, the number of differ-
entially transcribed genes 10, 30, and 120 min after bile exposure.
B, comparison of the number of differentially expressed genes at the
transcriptome and proteome levels. Transcriptome results include the
changes observed 10, 30, and 120 min after bile addition, and pro-
teome results include changes in the total proteome and in the
surfome 60 min after bile exposure.
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labeled protein extracts (in the total proteome DIGE experi-
ment), and �1.5-fold statistically significant (p � 0.01)
changes in abundance of 35 protein spots were detected. Of
these spots, 31 representing 23 different gene products could
successfully be identified (Fig. 3A and Table I). The abun-
dance of 14 different proteins was increased under bile stress,
and the abundance of eight proteins was decreased. In addi-
tion, there was one protein for which the abundance was
increased in one protein spot and decreased in another pro-
tein spot.

Several previous studies indicate that bile especially affects
the bacterial cell surface (24, 30, 46, 47). Thus, we studied the
effect of bile stress on the surface-exposed proteome (i.e.
surfome) of GG using DIGE labeling of intact GG cells (whole-
cell DIGE labeling). This methodology has been used previ-

ously for labeling of bacterial surface-exposed proteins in
bacterial species such as Porphyromonas gingivalis (48) and
Legionella pneumophila (49). Possible cell lysis occurring dur-
ing CyDye labeling was tested by plating GG cells incubated
in the DIGE labeling buffer onto MRS agar. The plating assay
revealed that the colony-forming unit counts of GG did not
decrease during a 10-min treatment in DIGE buffer (data not
shown). After a 20-min incubation in DIGE buffer, the colony-
forming unit counts decreased about 20%, but because most
of the labeling occurs during the first 10 min, labeling of
intracellular proteins from lysed cells was probably not exten-
sive. Also, the two-dimensional map of the surface-exposed
proteome differed clearly from the total proteome map. On the
DIGE gels representing the labeled surfome proteins, around
400 separate spots were detected. In the surfome analysis, at

FIG. 3. Proteome analysis of GG pro-
teins before and after applying bile
stress. A, representative overlay image
of a two-dimensional DIGE gel contain-
ing proteins extracted from GG right be-
fore and 60 min after the addition of bile.
The total amount of protein used for Cy-
Dye labeling was 96 �g. Protein spots
appearing in red were more abundant 60
min after addition of bile, and the abun-
dance of protein spots appearing in
green was decreased after bile addition.
Protein spots appearing in yellow
showed no differences in abundance be-
tween the two time points. The num-
bered protein spots (1–21) cut from two-
dimensional gels poststained with silver
and identified by MS or MS/MS are listed
in Table I. B, a representative overlay
image of a two-dimensional DIGE gel
containing protein samples of GG cells
where the surface-exposed proteome
was labeled with CyDyes before and 60
min after bile addition. The total amount
of protein per gel was �105 �g. Protein
spots appearing in red were more abun-
dant in the cell surface-exposed pro-
teome 60 min after bile addition, and
proteins spots more abundant before
bile addition appear in green. Protein
spots appearing in yellow showed no
differences in abundance between the
two time points. The numbered protein
spots (22–43) were identified as above
and are listed in Table II.
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the minimum, 1.2-fold statistically significant (p � 0.05)
changes in abundance were detected in 45 separate protein
spots of which 29 could be identified. They represented 25
different gene products of which 17 different proteins were
more abundant and eight proteins were less abundant after
bile stress (Fig. 3B and Table II). Six of these proteins were
differentially produced also at the total proteome level (five
proteins with increased abundance and one with decreased
abundance).

In conclusion, the microarray analyses coupled with pro-
teomics revealed that the transcription of 316 genes and the
production of 42 proteins in GG cells were altered when cells
were challenged by 0.2% ox gall. Of these changes, a total of
14 could be confirmed by gene expression analysis both at the
transcriptome and protein levels (Fig. 2B and Tables I and II).
These identifications included pathways modulating cell enve-
lope properties, regulatory systems, active removal of bile com-
pounds from the cell, common stress responses, and central
metabolic processes as detailed below. In the following sec-
tions, we discuss the bile-induced changes in the expression of
101 GG genes, including a total of 33 differentially produced
proteins and 80 differentially transcribed genes.

GG Alters Cell Surface Properties and Expresses Multiple
ABC-type Multidrug Transporters in Response to Bile

Exopolysaccharide (EPS)—The bile shock was found to
affect several cell envelope-related functions in GG (Fig. 4). A
clear down-regulation was observed in EPS biosynthesis both
at the transcriptome and proteome levels. At the transcrip-
tome level, nearly the entire exopolysaccharide biosynthesis
gene cluster LGG_02036–02053 was down-regulated, most
remarkably at time points 10 and 30 min. A similar down-
regulation was observed at the proteomic level: the relative
abundances of Glf (LGG_02050) and Wze (LGG_02052) were
found to be decreased 60 min after bile exposure in the total
proteome analysis. In addition, surfome analysis revealed a
decreased amount of WelG (LGG_02045) in response to bile.

Repression of EPS biosynthesis gene expression after bile
exposure has been detected previously in microarray analy-
ses in L. acidophilus (32). The observed down-regulation of
EPS genes might thus be a common bile stress response in
lactobacilli. Lebeer et al. (50) reported that although the inac-
tivation of the EPS biosynthesis gene, welG, results in dra-
matically decreased exopolysaccharide production by GG
strain, the mutant shows increased adhesion to Caco-2 cells
and enhanced biofilm formation compared with wild type.
Furthermore, it has been revealed that bile induces biofilm
formation in GG (51). Weak adhesion in the presence of a
thick EPS layer (especially long, galactose-rich EPS mole-
cules) was speculated to result from shielding of adhesins on
the cell surface (50). These previous results (50, 51) and the
gene expression analyses presented here suggest a model
where, in the absence of bile, GG cells are shielded by EPS,

and this may provide protection under the harsh conditions of
the stomach. The presence of bile could function as a signal
of gut entrance, resulting in removal of EPS and concomi-
tantly increased adherence of GG cells to gut.

Fatty Acids—Another cell envelope-related function that is
likely to be affected by bile is fatty acid biosynthesis (Fig. 4).
Long-chain saturated fatty acid biosynthetic genes were
among the most highly repressed at the mRNA level in re-
sponse to bile, referring to decreased production of saturated
fatty acids. In L. reuteri, addition of bile in growth medium has
been shown to decrease the saturated/unsaturated fatty acid
ratio (52). In microarray analysis of Enterococcus faecalis, two
gene clusters involved in fatty acid biosynthesis were re-
pressed in bile-exposed cells (53). Decreased abundance of
single proteins involved in fatty acid biosynthesis has been
shown in proteomics studies with L. delbrueckii subsp. lactis
(33) and L. casei (34). In contrast, there was an indication of
increased transcription of the gene encoding cyclopropane-
fatty-acyl-phospholipid synthase (cfa, LGG_02109), which
was 1.8–2.3-fold up-regulated in biological replicate samples.
However, the bile-induced up-regulation of cfa was statisti-
cally insignificant (p � 0.01). The increase in cyclopropane
fatty acid content in the cell membrane has been shown to be
a response to several different stress conditions in lactic acid
bacteria: bile stress (52, 54), acid stress (55), heat shock (56),
and osmotic stress (57). In Lactococcus lactis, a similar re-
sponse has been revealed at the transcriptomic and pro-
teomic levels in acid stress (58, 59). Our study, together with
previous studies, suggests that membrane fatty acid compo-
sition plays an important role in bile resistance both in GG and
in other lactic acid bacteria. These results suggest that in-
creasing the synthesis of cyclic fatty acids and parallel
strengthening of the cell membrane could comprise one sur-
vival strategy under stress conditions.

dlt Operon and Phospholipids—Bile was found to induce a
strong and immediate up-regulation of transcription of all
genes in the dlt operon (LGG_00777–00780) (Fig. 4). Lipotei-
choic acids are secondary cell wall polymers of Gram-positive
bacteria, and various substituents may be attached to them
(60). The dlt operon up-regulated in response to bile stress in
this study is involved in D-alanylation of lipoteichoic acids that,
among others, is a means to add positive charges to other-
wise negatively charged lipoteichoic acids. In lactobacilli, the
dlt operon has been linked to better survival in gut conditions:
in L. plantarum, the transcription of the dlt operon was in-
creased under bile stress conditions (30), and the GG dltD
mutant derivative exhibited lowered survival in gastric juice
compared with the wild-type strain, whereas no major differ-
ences in adhesion, biofilm formation, or immunomodulation
were detected (61). The dlt operon thus seems to affect the
cell envelope integrity rather than cell signaling. Another gene
affecting the charge of the cell surface that is possibly up-
regulated after bile addition is lysylphosphatidylglycerol (LPG)
synthetase (LGG_02270) catalyzing lysinylation of phosphati-
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dylglycerol. A clear up-regulation (1.9–4.6-fold) of LPG syn-
thetase was detected in biological replicate samples, but it
was statistically insignificant because of the high variances of
the data. Possibly related to consequent increased require-
ment of lysine residue, genes encoding the biosynthesis of
lysine from aspartate via the diaminopimelic acid pathway
(LGG_00108–00115 and LGG_00828) were strongly up-reg-
ulated (about 5–7-fold) directly after addition of bile. The func-
tion of LPG synthetase and of proteins encoded by the dlt
operon is to increase the overall concentration of positive
charges on the bacterial cell surface, and they may thereby
play a role in bile resistance in GG by repulsion of cationic bile
compounds. Lysinylation of membrane lipids and D-alanyl
ester substitution of lipoteichoic acids have been described
as important for the resistance of cationic antimicrobial pep-
tides in many Gram-positive pathogenic bacteria (62–67). Our
data suggest that bile compounds may induce similar bacte-
rial resistance mechanisms based on the repulsion of posi-
tively charged molecules, and we propose that the alteration
of surface charge may function in Gram-positive bacteria as a
general defense mechanism against a wide variety of struc-
turally and functionally dissimilar substrates.

Multidrug Transporters—Genes encoding an ABC-type
multidrug transport system and a transcriptional regulator
(LGG_01930–01932) were among the most highly induced
genes in response to bile in GG (about 16-fold up-regulated
immediately after addition of bile), and the up-regulation re-
mained high (8–9-fold) 120 min after bile addition (Fig. 4). A
similar increase in abundance was detected for an ATPase
component of the ABC transporter (LGG_01930) at the pro-
teome level. In addition, bile strongly increased transcription
of two other multidrug/antimicrobial peptide transporter sys-
tems (LGG_00978–00979 and LGG_01163–01164; � 4-fold
up-regulation), suggesting that ABC multidrug transporter
systems may potentially be involved in the active removal of
bile compounds from the GG cell. Multidrug transporters can
be grouped into two main classes, ABC-type multidrug trans-
porters and secondary multidrug transporters, and they can
serve as a defense mechanism against inhibitory compounds
such as antibiotics, host defense molecules, and bile by ex-
truding a wide variety of structurally unrelated substrates from
the cell (68, 69). Genome-wide transcriptional bile response
studies of other Lactobacillus strains have shown that multi-
drug transporters may be important in bile tolerance in these
species (26, 32). Furthermore, L. acidophilus NCFM deriva-
tives containing deletion mutations in five selected transporter
genes showed increased sensitivity to bile, confirming the role
of multidrug transporters in bile resistance (70).

F0F1-ATP Synthase—The abundance of F0F1-ATP synthase
subunit � (AtpA, LGG_01181) was observed to increase in the
cell surface-exposed proteome of GG after the addition of
bile. At the transcriptome or total proteome levels, no bile-
induced effect in expression of AtpA was detected. F0F1-ATP
synthase is known to be involved in the maintenance of the

FIG. 4. Expression changes in selected genes coding for cell
envelope- and bile tolerance-related functions. Changes at the
transcript level are represented as log2 intensity ratio values 10, 30,
and 120 min (	) after bile addition compared with the time point
preceding the bile addition, and statistically significant changes (p �
0.01 at any time point) are marked with asterisks (*). Protein abun-
dance changes in the total proteome and in the surface-exposed
proteome are represented as -fold changes (standardized abundance
60 min after bile addition/right before bile addition). All the repre-
sented changes in protein abundances are statistically significant
(p � 0.01 for total proteome; p � 0.05 for surfome).
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proton gradient across the cell membrane that is needed to
maintain the proton motive force in the cell. A bile-induced
increase in the mRNA level of the corresponding gene has
been detected in L. plantarum (30) and E. faecalis (53). Bron et
al. (30) speculated that bile stress might cause proton motive
force dissipation, which is then compensated for by the in-
creased expression of F0F1-ATPase. Kurdi et al. (71) reported
that lactobacilli spontaneously accumulate bile acids (cholic
acid), and this accumulation is driven by the transmembrane
proton gradient. Thus, GG might require more F0F1-ATPases
to be able to keep a sufficient proton gradient across the cell
membrane during bile challenge, which could also prevent the
intracellular pH from becoming too low (72).

Two-component Regulatory Systems and Bile Salt
Hydrolase Modulate Cellular Response to Bile

Two-component Regulatory Systems—Through signal
transduction and gene expression regulation, the abundance
and activities of cellular proteins change, leading to establish-
ment of a new homeostasis under stress conditions. Bacteria
use two-component systems to sense various alterations in
their environment (73). The mechanisms involved in sensing of
bile compounds and regulating the gene expression accord-
ingly are not well characterized but are likely to involve a
two-component regulatory system. Some candidate compo-
nents involved in signal transduction were identified here. Bile
addition was found to increase the expression of two-com-
ponent regulatory systems both at the transcriptome level
(LGG_00155–00156, LGG_01003–01004, and LGG_01710–
01711; �2-fold up-regulation) and at the surfome level
(LGG_00252; 1.4-fold increase in abundance) (Fig. 4). Previ-
ous proteome studies have indicated increased production of
proteins of two-component systems in response to bile (25,
74). Furthermore, the global transcriptional response of L.
acidophilus NCFM to bile showed a strong and significant
induction of a two-component regulatory system (32). A de-
letion mutation in the response regulator component of this
two-component system caused an enhanced induction of the
corresponding operon in response to bile, indicating a role of
this two-component system in bile tolerance (32).

Bile Salt Hydrolase—The transcription of a gene encoding
bile salt hydrolase (LGG_00501), which catalyzes deconjuga-
tion of glycine- or taurine-linked bile acids, was strongly up-
regulated immediately upon bile exposure (Fig. 4). Bile salt
hydrolases are highly specific for certain bile salts (75), and it
has been proposed that deconjugation of bile salts may play
a role in bile tolerance because of their detoxification proper-
ties (75, 76). Bile salt hydrolase activity may be a desirable
feature of a probiotic because it helps to maximize its pros-
pects of survival in gut conditions (76), and it has been shown
that the better a probiotic survives in gut the better it can
induce positive health effects in the host (77). In a study by
Pfeiler et al. (32), two bile salt hydrolase (bsh) genes of L.

acidophilus NCFM were not found to be differentially ex-
pressed in response to bile. Moreover, transcriptome studies
of bile responses in L. plantarum WCFS1 have shown that the
expression of bsh-1 was highly induced, whereas bsh-3 was
highly reduced, and in two other bsh genes, no significant
changes in expression levels were detected (30), supporting
the idea that different bile salt hydrolases, even within one
strain, are differentially regulated in response to bile. Overall,
the exact function of different bile salt hydrolases has re-
mained undefined. Our results suggest that under the condi-
tions used a single bile salt hydrolase (LGG_00501) is induced
in GG.

Bile Induces Common Stress Responses in GG

Chaperones and proteases related to several stress condi-
tions were up-regulated in GG in response to bile (Fig. 5A).
GroEL (LGG_02239) and GroES (LGG_2240) proteins were
1.8- and 1.6-fold more abundant in the total proteome 60 min
after bile addition, respectively, and the abundance of DnaK
(LGG_01604) in the surface-exposed proteome was in-
creased 3.9-fold in response to bile stress. At the transcript
level, the corresponding genes were more than 2-fold up-
regulated 10 min after the bile shock, but the changes were
not statistically significant (p � 0.01). In Bifidobacterium ani-
malis, DnaK has been shown to be a surface-exposed human
plasminogen receptor up-regulated in response to bile salts
(78). The transcript levels of genes coding for the following Clp
family proteins were 2.7–7-fold up-regulated: protease sub-
units ClpP (LGG_00931) and ClpQ (HslV, LGG_01414) and
ATPase subunits ClpB (LGG_01367), ClpC (LGG_02499),
ClpE (LGG_01823), and ClpY (HslU, LGG_01416). A similar
increase in abundance was detected in proteins ClpB (1.5-
fold increase in total proteome analysis and 1.3-fold increase
in surfome analysis), ClpE (2.7-fold increase in total proteome
analysis and 2.0-fold increase in surfome analysis), and HslU
(1.5-fold increase in surfome analysis). ClpE protein was rep-
resented in our gels by six horizontally adjacent protein spots,
suggesting charged post-translational modifications such as
phosphorylation. In L. reuteri, the transcription of clpE and
clpL was elevated in response to bile exposure, and gene-
specific inactivations revealed an essential role for ClpL in
survival of this bacterium under bile stress conditions (26). In
L. acidophilus, up-regulation of groEL, dnaK, and clpP was
detected in an in vitro gastrointestinal tract model, suggesting
an important role for these proteins under GIT conditions (79).
Although the bile-responsive Clp proteins in GG possibly
include a wider range of members of this protein family than in
L. reuteri or L. acidophilus, their specific functions in this
bacterium remain to be studied. In the Gram-positive model
bacterium Bacillus subtilis, dnaK and groESL are regulated by
the HrcA repressor (80), and the genes encoding the Clp
family of proteins are regulated by the CtsR repressor (81). In
Lactobacillus gasseri, however, clpL was shown to belong to
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the HrcA regulon (82), but the regulation of stress protein
expression in lactobacilli has not been clearly defined yet. In
this study, statistically significant up-regulation of ctsR
(LGG_02500) was observed, whereas the 2.0–2.8-fold up-
regulation of hrcA (LGG_01606) in biological replicate sam-
ples was statistically insignificant (p � 0.01). The results sug-

gest that the CtsR and HrcA regulons perform functions in
response to bile stress conditions in strain GG.

Other stress-related proteins up-regulated by bile were the
tellurite resistance protein TelA (LGG_01295) and the DNA
mismatch repair protein MutL (LGG_02234). TelA was up-
regulated both at the mRNA level and in total proteome and
surfome analyses. Kristoffersen et al. (83) observed a similar
increase in the transcription of tellurite resistance gene in
Bacillus cereus under bile stress conditions. Tellurite resis-
tance protein has been suggested to be related to resistance
against various toxic compounds (84), and it seems to be
involved also in bile resistance. The abundance of MutL was
increased in the surfome of GG after bile addition. Bile stress
has been shown to induce DNA damage in bacteria (21).
However, the location of TelA and MutL on the bacterial
surface has not been reported previously, and the assess-
ment of the biological significance of this finding requires
further investigation.

Bile Affects Central Metabolic Processes

Carbohydrate Metabolism—Gene nagB (LGG_02913) en-
coding glucosamine-6-phosphate deaminase/isomerase,
which is involved in glucosamine utilization, was strongly up-
regulated after addition of bile (Fig. 5B). In fact, nagB was the
most highly induced gene in the genome, showing a 65-fold
increase at the mRNA level 10 min after bile shock. Also, a
2-fold increase in the amount of NagB protein was detected
60 min after the bile stress, suggesting an increased gluco-
samine utilization of GG in bile shock conditions. For nagA
(LGG_01862), which encodes an enzyme degrading N-acetyl-
glucosamine 6-phosphate to glucosamine 6-phosphate, the
substrate of NagB (85), a 3.5-fold up-regulation was detected
after bile addition. The MRS growth medium used in this study
likely contains glucosamine because yeast extract is one
component of the medium, and the fungal cell wall consists of
N-acetylglucosamine-containing chitin. GG is able to grow on
N-acetylglucosamine (15), and these results suggest that GG
could utilize glucosamine as an energy source, particularly
under bile stress conditions.

Transcript levels of genes central to citrate utilization
(LGG_01910–01921), which entails converting citrate to ace-
tate and oxaloacetate and further to pyruvate, were de-
creased immediately after bile addition (Fig. 5B), possibly
indicating decreased citrate fermentation of GG under bile
stress. Previously, citrate metabolism has been shown to be
induced under acid and ethanol stress conditions in other
lactic acid bacteria (86, 87), but similar induction was not
observed in GG in response to bile stress under the condi-
tions used here.

The abundance of ManA (PTS, mannose-specific IIAB com-
ponent, LGG_02838) in the surface-exposed proteome of GG
was found to decrease in response to bile stress. At the
mRNA level, the detected 2.1–3.1-fold down-regulation of

FIG. 5. Expression changes in selected genes coding for stress
proteins (A) and central metabolic functions (B). Changes in tran-
script levels are represented as log2 intensity ratio values 10, 30, and
120 min (	) after bile addition compared with the time point preceding
the bile addition, and statistically significant changes (p � 0.01 at any
time point) are marked with asterisks (*). Protein abundance changes
in the total proteome and in the surface-exposed proteome are rep-
resented as -fold changes (standardized abundance 60 min after bile
addition/right before bile addition). All the represented changes in
protein abundances are statistically significant (p � 0.01 for total
proteome; p � 0.05 for surfome).
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manA in biological replicate samples was statistically insignif-
icant. The mannose phosphotransferase system is known to
be involved in the transportation of glucose, in addition to
mannose, into lactobacilli cells (88, 89). In L. plantarum, im-
paired expression of the mannose PTS operon was reported
to result in peroxide sensitivity (90), but the oxidative stress
typically caused by bile exposure (21) did not appear to result
in increased expression of mannose PTS in GG. In L. lactis,
components of mannose PTS have been shown to be targets
of bacteriocins (91), and the reduction in abundance of man-
nose PTS in the surfome could be a means for GG to protect
itself against bacteriocins in the gut conditions.

Previous studies have revealed that various carbohydrate
metabolism enzymes are commonly found on the surfaces of
different bacterial species (47, 92–97). Here we found that bile
exposure caused several changes in the amounts of proteins
related to carbohydrate metabolism in the surface-asso-
ciated proteome of GG. The amounts of formate acetyltrans-
ferase (PflB, LGG_01421), phosphoglycerate kinase (Pgk,
LGG_00934), and ribulose-phosphate 3-epimerase (Rpe,
LGG_01665) were increased, and L-lactate dehydrogenase
(Ldh, LGG_02523), enolase (Eno, LGG_00936), pyruvate de-
hydrogenase (PdhD, LGG_01323), and UTP-glucose-1-phos-
phate uridyltransferase (GalU, LGG_01062) were decreased in
the surface-exposed proteome of GG in response to bile. No
changes in the expression of the proteins were observed
using the total proteome or transcriptome approaches, sug-
gesting that the observed increases in the surface-exposed
proteome is a result of relocalization of these proteins in
response to bile. In Lactobacillus crispatus, enolase has been
reported to be located on the cell surface (98), but to our
knowledge, the differential abundance on the Lactobacillus
cell surface in response to bile stress has not been shown
previously. In a study by Ruiz et al. (47), the amount of enolase
in the membrane protein fraction of Bifidobacterium longum
after bile stress was increased. The amount of L-lactate de-
hydrogenase (Ldh) was decreased in the surface-exposed
proteome of GG under bile stress, which is in accordance with
results obtained for bile response in B. longum (47).

Nucleotide Metabolism—Expression of ribonucleoside-
triphosphate reductase (RtpR, LGG_02296), an enzyme in-
volved in deoxynucleotide biosynthesis, was down-regulated
after bile addition at the total proteome and surfome levels.
Also at the mRNA level, a noticeable (1.8–2.1-fold), although
statistically insignificant, down-regulation was observed. A
similar decrease in ribonucleotide reductase production under
bile stress has been detected in a bile-resistant mutant of L.
delbrueckii subsp. lactis (33) and in B. animalis (99). The
activity of ribonucleotide reductase is an important regulation
point in DNA replication, and control of DNA replication is an
essential feature for a cell to survive in stress conditions.
Irrespective of growth conditions, a general target of a cell is
to maintain an approximately constant DNA/cell mass ratio
(100). Thus, the observed decrease of ribonucleotide reduc-

tase expression under bile stress is probably a consequence
of the reduced growth rate (see supplemental Fig. S1) and
thereby also reduced DNA replication in GG after the bile
addition.

Transcription of several pyrimidine biosynthesis genes,
including members of the pyr gene cluster
(pyrEFDAb1AaCBPR1), was transiently reduced in response
to bile stress in GG (Fig. 5B). Also, the abundance of PyrG
protein (LGG_02546) was reduced after bile addition. The
expression pattern of pyrG, located in an operon separate
from the pyr gene cluster pyrEFDAb1AaCBPR1 in the GG
genome, differed from that of other pyr genes by showing a
more permanent down-regulation after bile addition. Down-
regulation of pyr gene transcription has been observed pre-
viously at high ethanol concentrations in L. lactis (101), and
decreased production of Pyr proteins has been detected at
high CO2 concentrations in L. plantarum (102). These results
suggest that down-regulation of pyrimidine biosynthesis is a
common response to several different stress conditions.

Protein Synthesis—The production of ribosomal compo-
nents is a major metabolic expense, and the amount of trans-
lation machinery required by the cell varies with the growth
rate. The optimal level of ribosomes and protein synthesis
varies under different environmental conditions (103). Here we
observed that in GG cells the mRNA levels for all ribosomal
protein genes were �2-fold reduced in response to bile. How-
ever, with the exception of rpsN (LGG_02422), the reduction
was statistically insignificant (p � 0.01). The ribosomal pro-
teins were not present among the differentially expressed
protein spots picked for identification from our total proteome
gels, suggesting that their abundance in GG cells is not af-
fected by bile stress. It is well established that in Escherichia
coli and B. subtilis model organisms ribosomal protein syn-
thesis is controlled primarily at the level of translation, and
rRNA transcription is the rate-limiting step in ribosome syn-
thesis (103).

In the surface-exposed proteome of GG, the abundance of
one ribosomal protein (RpsE, LGG_02470) was found to be
increased after bile stress. The localization of various riboso-
mal proteins on the cell surface has been reported for lacto-
bacilli (92) and other Gram-positive bacteria (93, 94, 96, 104).
Tjalsma et al. (94) have suggested that the cell wall is deco-
rated with cytoplasmic proteins resulting from the lysis of a
subpopulation of the cells during culturing. Ribosomal pro-
teins appear to have high affinity for the bacterial cell wall,
and they are suggested to be novel anchorless surface pro-
teins. The function of surface-localized ribosomal proteins
remains to be clarified, but currently, an immunomodulatory
role has been suggested (105).

Proteolytic System—Production of several proteins in-
volved in the proteolytic enzyme system was affected by bile
stress; in the total proteome, PepO (LGG_01478) and OppA
(LGG_01652) were less abundant, whereas Pcp (pyrrolidone-
carboxylate peptidase, LGG_00238) and PepF (LGG_00984)
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were more abundant after the bile shock. Furthermore, in the
surfome analysis, YuxL (LGG_01864) was found to be more
abundant after bile addition. The results suggest a protec-
tive role for PcP, PepF, and YuxL under bile stress conditions.
The transcription of several genes encoding oligopeptide
transport system proteins (opp operon, LGG_01940–01945)
may be reduced in response to bile. A clear (1.6–3.4-fold),
although statistically insignificant, down-regulation in biolog-
ical replicate samples was observed after bile addition (Fig.
5B). Of the genes corresponding to the bile-affected proteins,
no statistically significant expression change was detected,
pointing to a regulation mainly at the protein level rather than
at the mRNA level.

Proteins Potentially Regulating Gut Epithelial
Homeostasis

p40—Our results revealed strong down-regulation of a
gene coding for a surface antigen protein, p40 (LGG_00031),
after bile exposure at the transcriptome level (37-fold down-
regulation). The down-regulation was detected also at the
proteome level (1.6-fold down-regulation) (Fig. 4), although
p40 is a secreted protein (106), which would be expected to
be present inside the cell only to minor extent. Di Caro et al.
(16) used transcriptome analysis to follow human responses
to GG administration, revealing differential expression of over
400 genes in small bowel mucosa in response to GG. Al-
though the exact mechanisms behind the effect of GG on
specific human cellular pathways remain to be elucidated, in
vitro studies have shown that GG promotes intestinal epithelial

homeostasis through stimulating Akt activation, inhibiting mito-
gen-activated protein kinase activation, inhibiting TNF-induced
cell apoptosis, and protecting the intestinal epithelial tight junc-
tions (106–108). Secreted p40 and p75 proteins have especially
been shown to regulate the gut epithelial cell responses without
direct bacteria-human cell-cell contact (106, 108).

Conserved Proteins—In response to bile shock, there was a
high (24–28-fold) increase in the transcript level of the operon
LGG_00914–00916, encoding one conserved protein, one
protein predicted to be secreted, and one conserved mem-
brane protein (Fig. 4). The increased expression of the con-
served protein LGG_00914 was also detected with the DIGE
approaches; there was a 1.7-fold increase at the total pro-
teome level and a 5.6-fold increase at the surfome level, which
was the highest -fold change detected among surface-ex-
posed proteins. Although the cellular function of this protein
remains to be studied, the strong up-regulation of the entire
operon suggests an important role under bile stress condi-
tions in GG. Taken together, these results suggest a spectrum
of diverse physiological responses of strain GG to bile stress
(summarized in Fig. 6).

Concluding Remarks

In this study, we explored the effects of bile stress on L.
rhamnosus GG using complementary profiling of transcrip-
tome and proteome level changes in response to 0.2% ox
gall. The observed changes in gene expression seem to be
associated with pathways contributing to adaptation of GG to
bile stress at several levels. First, several two-component

FIG. 6. Model for physiological re-
sponses of GG to bile stress. The in-
creased and decreased expression is
represented by � and �, respectively.
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systems and multidrug transporters as well as a bile salt
hydrolase were found to be up-regulated, suggesting their
possible role in sensing and responding to bile challenge
and in promoting active removal of bile compounds from the
cells. Next, bile exposure induced changes in several cell
envelope-related functions, which (possibly by strengthen-
ing the cell envelope structure) may enable cells to survive
in the presence of this detergent. In addition, exopolysac-
charide biosynthesis appears to be reduced under bile
stress conditions, which is likely to alter the adhesion prop-
erties of GG in a way that is more advantageous for gut
persistence. Bile stress can be a signal for gut entry for GG,
which could result in a series of events resulting in improved
adhesion ability in the new niche. The high number of cy-
toplasmic proteins identified by surfome analysis was inter-
esting. It could be that the biological activity of the surface-
exposed cytoplasmic proteins differs from their activity
when expressed intracellularly; thus, a single protein might
have different functions depending on its location as sug-
gested previously by Jeffery (109). For example, intracellular
enolase has a central role in carbohydrate metabolism, but
when located on the surface, it is suggested to modulate
adherence of bacteria to human cells and outcompete the
pathogens (110, 111).
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