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Work with pathogens like Vibrio cholerae has shown major differences between genes expressed in bacteria
grown in vitro and in vivo. To explore this subject for commensals, we investigated the transcription of the
Lactobacillus johnsonii NCC533 genome during in vitro and in vivo growth using the microarray technology.
During broth growth, 537, 626, and 277 of the 1,756 tested genes were expressed during exponential phase,
“adaptation” (early stationary phase), and stationary phase, respectively. One hundred one, 150, and 33 genes,
respectively, were specifically transcribed in these three phases. To explore the in vivo transcription program,
we fed L. johnsonii containing a resistance plasmid to antibiotic-treated mice. After a 2-day washout phase, we
determined the viable-cell counts of lactobacilli that were in the lumina and associated with the mucosae of
different gut segments. While the cell counts showed a rather uniform distribution along the gut, we observed
marked differences with respect to the expression of the Lactobacillus genome. The largest number of tran-
scribed genes was in the stomach (n = 786); the next-largest numbers occurred in the cecum (2 = 391) and
the jejunum (r = 296), while only 26 Lactobacillus genes were transcribed in the colon. In vitro and in vivo
transcription programs overlapped only partially. One hundred ninety-one of the transcripts from the lacto-
bacilli in the stomach were not detected during in vitro growth; 202 and 213 genes, respectively, were
transcribed under all in vitro and in vivo conditions; but the core transcriptome for all growth conditions
comprised only 103 genes. Forty-four percent of the NCC533 genes were not detectably transcribed under any
of the investigated conditions. Nontranscribed genes were clustered on the genome and enriched in the
variable-genome part. Our data revealed not only major differences between in vitro- and in vivo-expressed
genes in a Lactobacillus gut commensal organism but also marked changes in the expression of genes along the

digestive tract.

The gastrointestinal tracts of animals harbor microbial commu-
nities that impress by sheer cell number and species diversity (13).
It was calculated that members of the gut microbiota outnumber
human body cells by a factor of 10, and recent sequencing ap-
proaches estimated an excess of 500 prokaryotic phylotypes for
the human gut microbiota (22). Lactobacilli are common inhab-
itants of this ecosystem and are numerically more prominent than
commensal Escherichia coli (8). In domesticated animals like pigs
(27) and chickens (2) and in laboratory animals like mice and rats
(28), lactobacilli even represent the predominant bacteria in the
proximal parts of the gastrointestinal tract (3). Due to their im-
portant role in food and feed fermentation, food microbiologists
have intensively investigated lactobacilli (39). Nearly 100 species
of lactobacilli have been described (11, 36), and several genomes
from lactobacilli have been sequenced (1, 9, 17, 18, 30, 42). A
wealth of published reports documents the metabolic character-
istics of lactobacilli during in vitro growth and in food fermenta-
tion (17). Much less is known about the metabolic states of lac-
tobacilli in the intestine (43). Two recent papers document the
gut-specific gene expression of lactobacilli using in vivo expression

* Corresponding author. Mailing address: Nestlé Research Centre,
Nutrition and Health Department/Food and Health Microbiology,
CH-1000 Lausanne 26, Vers-chez-les-Blanc, Switzerland. Phone: 0041
21 785 8676. Fax: 0041 21 785 8544. E-mail: harald.bruessow@rdls
.nestle.com.

¥ Published ahead of print on 7 September 2007.

8109

technology. Walter et al. (44) identified three Lactobacillus reuteri
genes that were specifically induced in mice with reconstituted
Lactobacillus-free microflora: a xylose isomerase and a peptide
methionine sulfoxide reductase, which were expressed in the ceca
of the mice, and a hypothetical gene expressed in the forestom-
ach. With a modified resolvase-based in vivo expression technol-
ogy, Bron et al. (6) identified 72 Lactobacillus plantarum genes
whose expression was specifically induced during passage in the
gastrointestinal tract. The induced genes included sugar trans-
porters and genes involved in the acquisition and synthesis of
amino acids, nucleotides and cofactors, stress proteins, and extra-
cellular proteins. Reverse transcription-PCR confirmed the tran-
scription of a copper-transporting ATPase, an alcohol dehydro-
genase, and three cell surface proteins, all of which belonged to
the group of in vivo-inducible genes (24). In contrast, whole-
genome proteome and transcriptome analyses have not yet been
published for lactobacilli in vivo. This lack of data on gut expres-
sion of lactobacilli and notably also of commensal E. coli is un-
fortunate since both have demonstrated in clinical trials beneficial
effects against rotavirus diarrhea and ulcerative colitis, respec-
tively (20, 38). There is currently a great interest in probiotic, i.e.,
health-promoting, bacteria (5). To provide a background for the
understanding of probiotic actions, we decided to investigate the
expression pattern of Lactobacillus johnsonii in the different gut
segments of laboratory mice. We compared this in vivo expression
pattern with that obtained during broth growth of the same strain.
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L. johnsonii showed distinct expression patterns in the different
gut segments that were unlike those observed during the different
growth phases of the same strain in the broth culture.

MATERIALS AND METHODS

Bacterial strains and culture conditions. L. johnsonii NCC533 was obtained
from the Nestlé culture collection (NCC) and grown in MRS (http://www.bd.com
/ds/productCenter/288130.asp; see the Difco/BBL manual in Related Docu-
ments) with 2% glucose as the carbon source, to which filter-sterilized cys-
teine was added after being autoclaved (final concentration, 0.05% [wt/vol])
as the redox buffer. Cultures were incubated at 37°C under anaerobic con-
ditions using the AnaeroGen system (Oxoid, Basingstoke, United Kingdom)
and anaerobic jars.

Growth properties. For gene expression profiling experiments, cells were
grown in a Sixfors fermentor system, composed of four individual 500-ml vessels
(Infors, Bottmingen, Switzerland), as described elsewhere (11a). Growth curves
were performed at least in triplicate using the four separate fermentation vessels
(fermentors 1 to 4), which were inoculated at 0.4% (vol/vol) with four individual
overnight cultures in order to reach a starting optical density at 600 nm (ODg)
of 0.05. Samples were taken at regular intervals from the four vessels to measure
the ODyg, and determine the number of CFU/ml until 36 h of fermentation.
Aliquots of 15 ml for the early (time points 1 and 2 [T1 and T2, respectively]) and
mid-exponential (T3 and T4) phases and 10 ml for the adaptation (T5), mid-
stationary (T6), and late stationary (T7) phases were centrifuged for 5 min at
10,000 X g and 4°C. Cell pellets were snap-frozen in liquid nitrogen and stored
at —80°C until further use.

Microscopy. The mouse gut and food pellets were fixed in 2.5% glutaraldehyde
in 0.1 M carbonate buffer, pH 7, containing ruthenium red. The material was
embedded in Technovit 7100 resin and cut into 2-wm-thick slices by cryosec-
tioning.

Preparation of the bacterial strains and administration to mice. In order to
monitor Lactobacillus johnsonii NCC533 after its administration to the conven-
tional mice, the strain was electrotransformed with plasmid pDP818 (a pGhost
derivative into which an erythromycin resistance cassette was introduced). The
strain was grown overnight at 37°C (stationary phase), harvested by centrifuga-
tion at 3,000 X g for 10 min, washed with fresh MRS medium, and suspended at
the appropriate cell concentration of 10'” CFU/ml. Bacterial suspensions were
prepared daily for intragastric gavage.

Animal experiments. All experiments employing mice were performed using
protocols approved by the ethical committee of the Canton de Vaud. Conven-
tional C3H/HeJ mice (Nestlé Research Centre, Lausanne, Switzerland) with an
average age of 8 weeks were placed in Macrolon cages (five mice per cage) and
housed in a room with a cycle of 12 h of light and 12 h of darkness and at a
temperature of 22°C as previously described (11a). The normal intestinal flora
(mainly Lactobacillus flora [data not shown]) was decreased by the addition of
erythromycin (at 10 pg - ml~') in the drinking water of mice. Water intake was
controlled as is normally done (data not shown). Then, L. johnsonii NCC533
(Em") was administrated by intragastric gavage at 10° CFU to a group of five
animals for three successive days. Forty-eight hours after the last gavage, mice
were euthanized using 3% isoflurane. Whole tissues corresponding to the stom-
ach, duodenum, jejunum, ileum, cecum, and colon were dissected from each
mouse, washed with phosphate-buffered saline, scraped, and then flash-frozen in
liquid nitrogen.

RNA isolation. Cell pellets from the incubation vessels or frozen tissue scrap-
ing samples from mice were crushed and suspended in equal volumes of Tris-
EDTA buffer (pH 8) and phenol (pH 4.2), and total RNA was extracted by the
Macaloid method described by Kuipers et al. (21). The cells were disrupted at
maximum speed using a Mini-BeadBeater-8 apparatus (BioSpec Products,
Bartlesville, OK) at 4°C for 1 min for three cycles with a resting period of 1 min
on ice between each cycle. RNA was purified by phenol-chloroform extraction
followed by ethanol precipitation. Pellets were resuspended in nucleotide-free
water, and 100 pg of total RNA was treated with 200 units of DNase I (Ambion,
Huntingdon, United Kingdom) for 2 h at 37°C to eliminate contaminating DNA.
The RNeasy mini-kit (QIAGEN, Basel, Switzerland) that was used for further
purification includes an additional on-column DNase digestion step. RNA con-
centrations were determined spectrophotometrically. RNA of L. johnsonii from
tissue scraping samples was extracted from 100 wg of a mouse bacterium RNA
mixture using a MICROBEwrich kit (Ambion, Huntingdon, United Kingdom)
and amplified using a MessageAmp II-Bacteria prokaryotic-RNA kit (Ambion,
Huntingdon, United Kingdom). RNA integrity for all samples was tested using
the Agilent RNA 6000 Nano assay (Agilent, Waldbronn, Germany).
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Microarray design. DNA-based arrays were produced by Eurogentec S.A.
(Liege, Belgium). Oligonucleotide primers were designed to amplify segments,
ranging in size from 127 to 800 bp, based on the open reading frames (ORFs)
identified from the L. johnsonii NCC533 genome sequence (30). In total, 1,857
ORF-specific amplicons were generated and spotted in duplicate on glass slides,
thus covering approximately 96% (corresponding to 1,756 ORFs) of the L.
johnsonii NCC533 genome.

cDNA synthesis, array hybridization, and analysis. Total RNA extracted from
in vivo or in vitro samples (T1, T2, T3, T4, TS, T6, or T7) was hybridized onto
DNA arrays together with RNA extracted from mid-exponential-phase cells
(T4). For each hybridization, 2 pg of total RNA was labeled using the 3DNA
Array 350RP Genisphere kit (Genisphere Inc., Hatfield, PA), by following the
protocol provided by the supplier. Luciferase control mRNA (10 ng) (Promega,
Zurich, Switzerland) was mixed with total RNA before being labeled to balance
the two channels during scanning. After the hybridization procedure, array slides
were scanned with a Scanarray 4000 machine (Packard Biochip Technologies,
Billerica, MA). Data were extracted from the scanned images using the software
Imagene 5.6 (BioDiscovery, El Segundo, CA). Spot signal intensities of each
channel were corrected by subtracting the corresponding local background val-
ues. Spots displaying low intensity (i.e., less than threefold the local background
standard deviation) were considered empty. For all technical replicates, the
control for fluorescence labeling by dye swapping was done. As the method is
based on qualitative detection, negative and positive controls were used to
confirm the absence of cross- and/or nonspecific hybridization.

In vitro, the absolute expression pattern was determined from at least three
independent biological samples. A gene was called “expressed” when it was
detected in all three experiments. Many published microarray analyses express
the in vitro transcription profile quantitatively by reference to mid-exponential
broth growth. In the present study, we called a gene expressed when its signal
exceeded by threefold the background standard deviation. This procedure allows
a comparison of the different growth phases, but it yields only qualitative data. To
avoid genes expressed by the autochthones microflora, spots displaying detect-
able signal with total RNA from erythromycin-treated mice without gavage of L.
Jjohnsonii NCC533 were excluded from the in vivo analysis (fewer than 20 spots
representing mainly ribosomal protein were detected).

In vivo, a gene was called “expressed” when it was detected in two biological
experiments. Three biological replicates were analyzed for gene expression in the
cecum and the colon, and two biological replicates (and two technical replicates)
were analyzed for the stomach and the jejunum.

Microarray data accession number. The microarray data were deposited in
the GEO database (http://www.ncbi.nlm.nih.gov/projects/geo/) under accession
number GSE9236.

RESULTS

In vitro growth. L. johnsonii NCC533 was grown in MRS
broth supplemented with 2% glucose as the carbon source and
0.05% cysteine as the redox buffer. Under these conditions, an
overnight culture showed rapid growth without a lag phase and
achieved a high ODy,, corresponding to a cell titer of 10°
CFU/ml (Fig. 1). The culture maintained a high titer of 5.5 X
10® CFU of viable cells/ml over an extended period in station-
ary phase. Under comparable growth conditions, dairy lacto-
bacilli like Lactobacillus delbrueckii showed a lag phase and
slower growth kinetics but the same final ODg, (29).

In vitro transcription profiles. For mRNA isolation L.
johnsonii NCC533 cells were harvested from the broth culture
at several time points after inoculation (Fig. 1). In a total of 27
hybridization experiments, the first four time points yielded
transcription profiles that differed in less than 5% of their
expressed genes. Genes were scored as expressed when their
signal was detected in all hybridization experiments (with two
technical replicates per slide), with mRNA preparations being
obtained from three independent growth experiments. Overall,
761 genes were expressed in vitro (41% of all NCC533 genes
on the microarray). Specifically, 537 (71% of all in vitro-tran-
scribed genes), 626 (82%), and 277 (36%) genes were tran-
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FIG. 1. Growth curve of L. johnsonii NCC533 in MRS broth. Growth was monitored over time by measuring ODyy, (filled circles), viable colony
counts on MRS-cysteine agar (open circles), and drops in pH due to lactic acid production (triangles). Data points are arithmetic means with
standard errors of the means (bars) from four independent experiments. The time points (T1 to T7) investigated for microarray expression analysis

are boxed.

scribed in the exponential phase (225 min), in the “adaptation”
period from exponential to stationary growth (385 min), and in
the early stationary phase (825 min), respectively (Fig. 2). A
comparable transcription profile was observed at the 825- and
1,820-min time points (early and late stationary phases). The
overall intensities of the hybridization signals in the stationary
phase diminished with respect to those of the preceding adap-
tation and exponential phases. During the exponential and
adaptation phases, the ribosomal proteins and the glycolytic
enzymes (and their feeder pathway proteins) represented the
most abundantly expressed mRNAs; within the 50 genes show-
ing the highest transcript intensities, 27 and 8 genes belonged

Adaptation phase
Stationary phase

2C,

Exponentional phase

FIG. 2. Numbers of L. johnsonii NCC533 genes expressed in vitro
as assessed by microarray hybridization. The Venn diagram displays
the numbers of genes expressed during the time points T4 (225 min,
exponential growth phase), TS (385-min adaptation growth phase),
and T6 (825 min, early stationary phase) of the in vitro growth indi-
cated by arrows in Fig. 1.

to these two categories in the exponential phase and 21 and 13
genes belonged to these two categories in the adaptation
phase, respectively. The remaining transcripts represented a
variety of functions; only two were represented with two genes
(ATP synthase and peptidoglycan synthesis genes in exponen-
tial phase). Within the 50 most abundantly transcribed genes of
the stationary phase, we observed a clearly distinct transcrip-
tion pattern with eight ABC transporters, five chaperons, four
transcriptional regulators, and three NADH oxidoreductases,
in addition to nine ribosomal proteins and seven glycolytic
enzymes.

Analysis of the in vitro transcription profile. The 537 tran-
scripts of the exponential phase corresponded to a transcrip-
tion of 31% of the ORFs from the NCC533 genome. One
hundred one ORFs were specifically transcribed in the “expo-
nential” phase; i.e., they were not detected in the “adaptation”
or “stationary” phase (Fig. 2). This group of genes was specific
for DNA replication, cell wall synthesis, glycosyltransferases,
and exporter proteins. Striking, but expected, was the promi-
nence of mRNA for cell division proteins (FtsH, -W, -Q, and
-Y; division protein A; and chromosome partition protein) and
enzymes involved in lipopolysaccharide synthesis (LPS gyco-
syltransferases from two genetic loci and flippase).

Likewise, 150 of the 626 ORFs transcribed in the adaptation
phase were specific to this growth phase (Fig. 2). This group of
genes contains transcriptional regulators, hydrolases, and
transporter proteins. According to the expression pattern,
amino acids, oligopeptides, proteins, and also sugar alcohols
and other sugar derivatives are transported into the cell, where
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they experience further hydrolytic degradation. In both the
exponential and the adaptation phase, we dealt with metabol-
ically active cells, as was also suggested by the pH drop during
the adaptation phase.

Finally, 33 of the 277 ORFs transcribed in the early station-
ary phase were restricted to this time point. This list contained
three gene clusters: a trehalose phosphotransferase system
(PTS), an ABC transporter, and a copper-exporting ATPase.
Notably, these genes comprise only a single stress protein and no
transcriptional repressor. Apparently, NCC533 is not locked in a
repressed state during the stationary phase, as was also suggested
by the qualitatively similar transcription profiles in early- and
late-stationary-phase cells (273 and 241 genes for T6 and T7,
respectively; 238 genes were shared between both phases) and the
quickly resumed growth of the stationary cells upon transfer into
a fresh medium (Fig. 1). In fact, an overnight culture showed after
only 5 min of incubation in a fresh medium a substantial part of
the transcripts that characterizes the expression profile of the
exponential phase (data not shown). Apparently, during the sta-
tionary phase, the NCC533 strain capitalizes on maintaining an
energy metabolism and does not prepare for a longer starvation
period.

In all, 761 ORFs were expressed during the broth growth of
NCC533, corresponding to 43% of all ORFs. The functional
classification of NCC533 genes present on the array is pre-
sented in Fig. 3 and is compared to the functional classification
of the in vitro transcripts. In a comparison with the functional
categories in the genome, the transcripts from all in vitro
phases were enriched in the functions of “protein fate” (pro-
tein secretion and trafficking) (9, 8, and 8% of the transcribed
genes in exponential phase, during adaptation, and in station-
ary phase, respectively, belonged to this category compared to
6% of the genes in the genome) and “protein synthesis” (where
14, 12, and 16% of the transcribed genes belonged to this
category, compared to a 6% representation of these genes in
the genome). In contrast, transcribed genes were underrepre-
sented in the category “unknown functions” (20, 22, and 20%
of the transcripts compared to 28% of the genes in the genome
had unknown functions). The exponential phase was enriched
in genes with functions in the cell envelope category (11% of
transcripts versus 9% of genes in the genome). In the adapta-
tion phase, we observed an increased transcription of genes
involved in energy metabolism (11% of transcripts versus 9%
of the genome). The stationary-phase transcripts exhibited less
DNA metabolism (1%) and less lipid metabolism (1%) but
more energy metabolism (16%) functions than transcripts in
the preceding phases.

A total of 995 genes, corresponding to 57% of all ORFs,
were not detectably transcribed under any in vitro growth con-
dition. These “nontranscribed” genes were not randomly dis-
tributed over the NCC533 genome but belonged to about 20
gene clusters (Fig. 4). Three large clusters of nontranscribed
genes correspond to mobile DNA elements (two prophages),
but most nontranscribed genome regions were much smaller,
like, for example, an arsenate resistance cassette. Nontran-
scribed genes were enriched in the variable-genome part de-
termined in previous DNA-DNA microarray experiments (4).

Gut distribution of NCC533. Before exploring the in vivo
transcription profile of NCC533 during gut passage, we inves-
tigated the segmental distribution of NCC533 in the murine
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FIG. 3. Functional attributions of the in vitro-expressed genes of L.
johnsonii NCC533 to the main TIGR-CMR (Comprehensive Micro-
bial Resource) role classes. We based the analysis on 1,756 ORFs,
excluding 110 ORFs belonging to the mobile-DNA category. For each
category, the lowest bar represents the percentage of genes in that
category as detected in the sequenced genome of NCC533. The three
bars on top of it indicate the percentages of the genes transcribed
during the T4, T5, and T6 growth periods (exponential, adaptation,
and stationary phases, from bottom to top [Fig. 1]) which fall into this
category. “% all function in category” refers to the percentage of
transcribed genes belonging to the indicated functional category rela-
tive to all transcribed genes. “Genome” refers to the percentage of
genes belonging to the indicated functional category relative to all
genes in the genome.

gut. To increase the ratio of NCC533 organisms to autochtho-
nous lactobacilli, we transformed the strain with an antibiotic
resistance plasmid and then fed it (at 10° CFU) to five con-
ventional, antibiotic-treated mice over 3 days. Two days after
the last feeding, the mice were killed and the distribution of
NCC533 genes along the gut was investigated. Similar in situ
titers of lactobacilli were determined on MRS plates contain-
ing or lacking the applied antibiotic, suggesting that under the
used experimental conditions, the intestinal lactobacilli were
mainly the orally added NCC533 cells. In the luminal parts of
the different gut segments, titers ranged from 8 X 10° to 2 X
10® CFU/g (wet weight) (Fig. 5A). The luminal titers fluctuated
between 2 X 10° and 2 X 107 CFU/g throughout the majority
of the gut segments; peak titers were found in the cecum and
trough titers in the duodenum. Scraping of the flushed gut
mucosae revealed lactobacilli associated with the gut surface.
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FIG. 4. Projection of the L. johnsonii transcripts observed during in
vitro and in vivo growth on the genome map of L. johnsonii. The
circular L. johnsonii NCC533 genome was split into two halves after
ORF LJ0910. The genes are ordered from top to bottom (from LJ0001
to LJ0910 for the left columns and from LJ0911 to LJ1857 for the right
columns) according to their positions in the NCC533 genome. Each
row corresponds to an amplicon on the array, and the row is marked
in black if the amplicon was transcribed under the specified growth
conditions and left white if no transcripts were detected in our mi-
croarray system. The columns represent the growth conditions. Col-
umns A to C show the expressed genes during the in vitro growth, with
column A representing the exponential phase, column B the adapta-
tion phase, and column C the stationary phase. Columns D to G show
the expressed genes during in vivo growth of NCC533 in the specified
segments of the mouse gut; column D specifies the transcribed ampli-
cons in the stomach, column E those in the jejunum, column F those
in the cecum, and column G those in the colon. The small vertical bars
in column H represent the gene clusters that were not detectably
transcribed during either in vitro or in vivo growth. These clusters
contain, according to their gene annotations, the following genes:
multidrug resistance and transcriptional regulators (cluster 1), maltose
transport genes (2), stress protein and DNA repair genes (3), Lj965
prophage genes (4), transcriptional regulator and succinate metabo-
lism cluster genes (5), PTS system and B-galactosidase cluster genes
(6), ABC and PTS transporter genes (7), ABC and PTS system man-
nose-specific genes (8), bacteriocin cluster genes (9), ComE (compe-
tence operon) genes (10), exopolysaccharide operon genes (11), ABC
transporter and transcriptional regulator genes (12), acetyltransferase
cluster and regulator genes (13), cadmium/manganese and ABC trans-
porter genes (14), Lj928 prophage genes (15), PTS system genes (16),
and cobalt transport genes (17). Asterisks represent genes from
NCC533 that were not detected by microarray hybridization using
genomic DNA from other L. johnsonii strains (4).

In the upper gut segments, the mucosa-associated Lactobacil-
lus cell counts were similar to those observed in the lumen,
while in the lower gut segments, the mucosa-associated bacte-
ria showed a titer at least 10-fold lower than that of the luminal
bacteria (Fig. 5A).
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FIG. 5. Viable counts of L. johnsonii cells along the mouse gastro-
intestinal tract. (A) Numbers of live bacteria expressed as log;, num-
bers of CFU/g (wet weight) in the lumina (squares) or associated with
the mucosae (circles) of antibiotic-treated conventional mice 48 h after
the last forced-feeding with strain NCC533 (containing an antibiotic
resistance plasmid) in the specified gut segments. The filled symbols
give the median value for each group of five mice, and the open
symbols give the individual values. If fewer than five symbols are seen,
they are overlaid by the median. (B) Schematic representation of the
murine gastrointestinal tract. 1, forestomach lumen; 2, forestomach
(the corpus mucosa of which was scraped); 3-4, lumen and mucosa of
duodenum; 5-8, proximal lumen, mucosa, distal lumen, and mucosa of
jejunum; 9-14, ileum (which was sectioned into the proximal ileum,
middle and distal parts, first lumen, and mucosa); 15, cecum (only the
lumen is represented, since there is no cecal mucosa that can be
scraped off); 16-21, colon (which was sectioned into a proximal and a
distal part, and then from each half, the lumen was squeezed out
[fractions 16 and 19], the tube was washed [fractions 17 and 20],
bacteria were not counted, and the mucosa was scraped off [fractions
18 and 21] [there are thus four colon samples]).

The bacterial-titer distribution is likely to represent a
temporary steady-state situation and not a washout phase.
When a similar amount of E. coli K-12 cells was given to
control mice, the E. coli titer in the lumen of the distal colon
was at the limit of detection (5 X 10* CFU/g), and not at the
107 CFU/g found for NCC533, 24 h after the last forced
feeding (11a).

In vivo transcription. We selected four anatomical sites for
bacterial mRNA isolation: the stomach, the jejunum, the ce-
cum, and the colon (see Fig. 5B for an anatomical orientation).
Due to the higher cell count, we first targeted luminal bacteria
for mRNA isolation. We obtained good-quality prokaryotic
mRNA for the cecum and the colon, while only small amounts
of low-quality bacterial RNA was recovered from the lumina of
the stomach and the jejunum. With some effort, we obtained
sufficient amounts of RNA from mucosa-associated bacteria
for the stomach and the jejunum to conduct four microarray
hybridization experiments. We determined the presence of
786, 296, 391, and 26 transcribed NCC533 genes for the stom-
ach, jejunum, cecum, and colon, respectively. At first glance, it
is difficult to believe that only 26 genes are expressed in viable
cells found at high titers in the colon. The low number of genes
expressed from colon-derived L. johnsonii was not an artifact
of low viable-bacterial-cell recovery, nor was the RNA visibly
degraded upon biochemical analysis. For the in vivo arrays, we
depend on enrichment of bacterial mRNA followed by linear
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FIG. 6. Microscopic comparison of the mouse chow before digestion (A) and as food content of the stomach (B) and the colon (C) of a mouse
reared on this food. The pictures are 2-pm-thick cryosections through the food pellets and the specified gut cross sections. The mounting medium
was 1% toluidine blue in 1% sodium borax and 40% glycerol.

amplification of the isolated bacterial RNA using commercially
available kits. To test whether these procedures worked well,
we investigated the mRNA expression of another bacterium,
Bifidobacterium longum, with the same technique. B. longum
contains a number of genes in its genome comparable to the
number in L. johnsonii (32), but this commensal shows a com-
pletely different gut distribution and gene expression pattern,
transcribing 146, 426, and 917 genes in the small intestine,
cecum, and colon, respectively (11a). We observed also a good
correlation when the levels of expression of selected genes in
the colon were compared by real-time reverse transcription-
PCR and our microarray system (11a). These data exclude a
kit-related bias, which systematically underestimates the tran-
scription of commensal bacteria in the colon.

We thus observed not only substantial differences in gene
expression between the three phases of in vitro growth but also
even greater differences in expression between the various in
vivo growth locations. In view of this great variability, a com-
parison across the two subsets of expression data is only par-
tially insightful and will therefore be treated independently.
This separate treatment is furthermore justified by the very
different nutritional conditions encountered during in vitro
and in vivo growth.

Comparison of in vitro and in vivo growth conditions. Our
supplemented MRS medium contained peptone, beef extract,
yeast extract, dextrose, and glucose, which support the growth
of all lactobacilli from oral, fecal, and dairy sources. The chow
of mice consisted of 69% (wt/wt) cereals, 20% soybean meal
and yeast, and 6% fish meal, constituting carbohydrate, pro-
tein, and lipid contents of 52, 21, and 5%, respectively. L.
johnsonii showed a rapid titer increase to 10% CFU/ml on a

broth consisting of crushed chow (data not shown). Micro-
scopic analysis of the chow (Fig. 6A) revealed the aleuron layer
from wheat and maize, which stained intensively because of its
cytoplasmic-protein content, overlaid by the cell walls of the
cross cell layer. Below the aleuron layer is the endosperm,
containing starch granules. Soybean material was easily recog-
nized by the elongated protein bodies of their cotyledons. The
darkest spots were identified as yeast cells. When the stomachs
of mice were sectioned 5 h after the last feeding, no substantial
protein digestion was observed; however, the starch in the
endosperm was hydrolyzed (Fig. 6B). Finally, in the colons of
the same mice, we identified fragments of wheat, maize, and
soybeans with relatively intact cell wall structures, while the
aleuron layer of the cereals appeared empty and no protein
bodies were stained in the soybean cotyledons (Fig. 6C). These
microscopic data suggest carbohydrate digestion in the proxi-
mal mouse gut and protein digestion in the distal mouse gut
segments.

During in vitro growth, the pH of the MRS medium de-
creased from 5.9 to 3.7 (Fig. 1), while low pH values were
encountered in vivo only in the stomach (pH 3.5 in the prox-
imal part and pH 2.2 in the pyloric part of the murine stomach
[14]). In vitro growth occurred in a jar under anaerobic con-
ditions, while in vivo growth occurred under relatively aerobic
conditions in the stomach. Oxygen pressure fell along the small
intestine to become anaerobic only in the distal parts of the gut
(34).

Analysis of the in vivo transcription profile. The major colon
transcripts from L. johnsonii were detected under all growth
conditions and encoded ribosomal proteins, stress proteins
(DnaK, CIpE, and a multidrug exporter), and a few enzymes.
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FIG. 7. Venn diagrams comparing the L. johnsonii expression pat-
terns obtained under various growth conditions. (A to C) Comparisons
of the NCC533 genes expressed in the cecum (A), jejunum (B), and
stomach (C) with those expressed in the exponential and adaptation
phases during the in vitro growth of NCC533. (D) Distribution of the
genes according to their expression in the three specified gut segments.

The colon transcription did not correspond to that of the in
vitro stationary phase.

The expression pattern of L. johnsonii in the cecum docu-
ments a metabolically active cell, in contrast to the transcrip-
tional silence in the colon (Fig. 7A). Most of the cecum-ex-
pressed genes belonged to transcripts active during both the
exponential and the adaptation phase of the in vitro growth.
These genes included several sugar PTS importers. The L.
johnsonii genes transcribed in the cecum are mainly a subgroup
of the genes also transcribed in the stomach (Fig. 7D). Only 16
genes transcribed in the cecum were not transcribed in other
gut segments or in vitro. A galactosamine PTS transporter was
the only operon in this group of cecum-specific genes.

L. johnsonii isolated from the jejunum showed transcripts
for 296 genes. Most of them were also transcribed during both
the exponential and adaptation phases of the in vitro growth
(Fig. 7B). We identified 59 genes transcribed in the jejunum
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but not in vitro; this figure decreased to 26 genes when genes
transcribed in other gut segments were subtracted. The jeju-
num-specific genes included four transcriptional regulators
and seven transporters, including three PTS transporters an-
notated with fructose, glucose, and cellobiose specificity.

With respect to expression level, no clear dominance of
genes could be detected (transcripts from ribosomal proteins
were excluded from the analysis because they cross-hybridized
with other lactobacillus species in the murine gut). In the
stomach, transporters, cell wall synthesis, nucleotide metabo-
lism, and transcriptional regulator genes represented, respec-
tively, 7, 5, 5, and 3 transcripts within the 50 most highly
transcribed genes. Within the 50 most often expressed
NCC533 genes in the jejunum, we detected 6 genes encoding
sugar-digesting enzymes, 3 transporter genes, and 22 hypothet-
ical genes. In the cecum, transporter proteins (n = 12) figured
most prominently in the 50 most highly transcribed genes.

The largest number of L. johnsonii genes was transcribed in
the stomach. Most genes expressed during in vitro growth were
also transcribed in L. johnsonii recovered from the stomach.
The stomach expression profile was not closer to the adapta-
tion than to the exponential phase of in vitro growth (Fig. 7C).
In fact, the stomach contained additional transcripts not ex-
pressed in vitro, such that the stomach profile defines a growth
state sui generis. More specifically, 191 of the 785 stomach
transcripts were not expressed in vitro (Fig. 7C), and 119 were
expressed neither in vitro nor in any other gut segments. Nei-
ther the categorization of the transcripts into functional classes
nor the visual screening of the gut segment-specific transcripts
revealed a clear-cut metabolic differentiation of the NCC533
strain when it was recovered from the stomach, jejunum, and
cecum (Fig. 8). However, there is nevertheless some relevant
information in the transcription pattern even if we have diffi-
culties in reading the patterns. For example, when NCC533’s
transcription in the stomach was analyzed, we observed the
expression of several putative multidrug transport proteins, a
cation efflux protein, and, specifically, a copper-transporting
ATPase; the corresponding genes were not transcribed in vitro.
These genes were previously also identified in Lactobacillus
plantarum when in vivo expression technology in mice (6) or
PCR technology (24) was used. Several PTS system genes of
both Lactobacillus species, sometimes with the same substrate
specificity (e.g., galactosamine), and DNA polymerase I1I were
specifically transcribed in the gut (6).

Finally, we analyzed the functional attributions of the genes
transcribed in the different gut locations with respect to the
functional categories in the genome (Fig. 8). Fewer of the
transcripts from all in vivo phases had unknown functions (23,
23, and 22% of the genes that were expressed in the stomach,
jejunum, and cecum, respectively, had unknown functions,
compared with 28% of genes in the whole genome). In vivo
transcripts were enriched for functions of protein synthesis (10,
16, and 17% of the transcribed genes in the stomach, jejunum,
and cecum, respectively, were enriched for protein synthesis,
compared with 6% of the genes in the genome). Genes ex-
pressed in the stomach were enriched for the function of pro-
tein fate (8% of transcribed versus 6% of all genes). In the
jejunum and cecum, we observed an increased transcription of
genes involved in energy metabolism (13 and 11%, respec-
tively, versus 9% of the all genes) and a decreased transcrip-
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FIG. 8. Functional attribution of the in vivo-expressed genes of L.
Jjohnsonii NCC533 into the main TIGR-CMR role classes. For each
category, the lowest bar represents the percentage of genes in that
category as detected in the sequenced genome of NCC533. The three
bars on top of it display the percentages of the genes which fall into this
category that are transcribed in the stomach, jejunum, and cecum,
respectively, from bottom to top. See the legend to Fig. 3 for “% all
function in category” and “Genome.”

tion of genes from the transport and binding protein categories
(5 and 6%, respectively, versus 12% of all genes) (Fig. 8).
Core transcriptome. We observed that 202 (Fig. 2) and 212
(Fig. 7) genes were expressed under all in vitro and all in vivo
conditions, respectively. A total of 103 genes were transcribed
under both in vitro and in vivo conditions. They represented a
type of “core transcriptome” encoding mainly ribosomal pro-
teins and translation factors, ATP synthase chains, DNA/RNA
polymerases, and key carbohydrate catabolic enzymes.

DISCUSSION

Microarray-based expression analysis allows a bird’s eye
view of the metabolic state of a bacterial cell under different
culture conditions. The difficulty of isolating enough mRNA
from the investigated bacterial strain in its natural environ-
ment has prevented a wider application of this technique. With
respect to gut bacteria, which coexist with hundreds of other
bacterial species, some researchers used mono-colonized
axenic mice (12, 35). This approach yields larger amounts of
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specific bacterial mRNA, but the situation is artificial since the
investigated bacterium is no longer under competition pres-
sure from other bacteria, which is a fundamental characteristic
for the gut microbiota (23). In the present work, we opted for
a combination of force-feeding (to introduce the study bacte-
rium) and antibiotic treatment (to decrease the competition by
the endogenous microbiota without eliminating it). However,
there is not only a quantity problem but also quality problems:
in the upper parts of the gut, only mucosa-associated, and not
luminal, bacteria yielded mRNA suitable for microarray anal-
ysis. We suspect that the large amount of enzymes secreted
into the upper intestine had a negative impact on mRNA
extraction. As mucosa-associated bacteria were in limited sup-
ply, we could conduct only hybridization experiments with a
few biological samples from the upper gut, while we could
conduct more experiments with the luminal material from the
lower gut (colon, cecum). Despite that caveat, it is clear that L.
johnsonii is transcriptionally very active in the stomach and
exhibited here a very broad expression pattern exceeding that
of in vitro growth qualitatively, but not quantitatively. This
conclusion is quite plausible since lactobacilli are the dominant
microbiota in the murine stomach (26, 41). This observation is
explained by the peculiar physiological compartmentalization
of the murine stomach, where one part develops only moderate
acidity, thus allowing a permanent colonization with acid-re-
sistant lactobacilli (31).

A relatively homogeneous distribution of lactobacilli was
found along the length of the intestine (26). This observation is
compatible with one of two interpretations: lactobacilli are
active in all gut segments or they are seeded from their colo-
nization site in the stomach into the more distal parts of the
intestine, where they just transit and survive. In a microarray
analysis, L. johnsonii showed an expression pattern in the
stomach distinct from that in the jejunum and cecum, while it
showed a dramatically down-regulated transcription in the
colon. L. johnsonii organisms recovered from the gut do not
represent the orally applied bacteria in transit but a temporary
steady-state population. This interpretation is backed by the
longer gut residence time of L. johnsonii than that of E. coli or
L. plantarum (24). Apparently, L. johnsonii expresses its ge-
nome differently when located in different gut segments. A
straightforward interpretation is complicated by the facts that
data from the lower gut segments (cecum and colon) were
derived from luminal bacteria while those from the upper
segments (stomach to ileum) came from mucosa-associated
bacteria. However, the active transcription observed in L.
johnsonii isolated from the lumen of the cecum excludes the
possibility that luminal gut bacteria are necessarily down-reg-
ulated for gene expression. The low-level colon transcription is
not a technical artifact since Bifidobacterium longum investi-
gated in our lab with the same technique showed the highest
transcription levels specifically in the colon (11a). In addition,
the few colon-specific transcripts were highly expressed.

We do not know enough about the ecology of L. johnsonii to
interpret its transcriptional down-regulation in the colon with
respect to its survival strategy. L. johnsonii has been isolated
from humans, the crops of chicken, the intestines of mice and
pigs, and the stomachs of rats (7, 15, 16, 28, 30). Since mice are
coprophageous, murine intestinal lactobacilli might simply rely
on a direct fecal-oral transmission route. Lactobacilli must
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therefore ensure their survival in the feces for only a day and
for the rapid up-regulation of the fecal bacteria when they
meet again the permissive growth conditions of the stomach. In
fact, 1-day-old fecal samples from mice yielded rapidly growing
colonies on agar plates. Interestingly, in contrast to other gut
bacteria like Bifidobacterium longum (18a), L. johnsonii does
not lose cell viability in the stationary phase of in vitro growth
and overnight L. johnsonii cultures changed within less than 10
min their transcription pattern when transferred into a fresh
medium, thus excluding the possibility of a longer-lasting re-
pressed state.

Our data showed that, during in vitro growth, early, middle,
and late exponential phases are characterized by a unique
“exponential” transcription pattern. In contrast, the early, mid-
dle, and late stationary phases cover at least two distinct tran-
scription patterns (“adaptation” and “stationary”). The “adap-
tation” phase showed a higher number of transcribed genes
than the exponential phase (626 versus 537). Even if these
bacteria are no longer growing, the cells are transcriptionally
and metabolically very active, as was demonstrated by the
sharp pH decline in the growth medium observed in the tran-
sition period between the exponential and stationary phases.
When we analyzed the functional annotations of the tran-
scribed genes, we diagnosed a shift from cell division gene
expression in the exponential phase to more carbohydrate me-
tabolism gene transcription in the “adaptation” phase. Later
on in the growth cycle, L. johnsonii changes its transcription
pattern again: fewer genes are transcribed, and also the overall
level of transcription decreases such that the term stationary
phase is justified. This transcription level was then maintained
over at least a day, although with less signal intensity.

As determined by our analysis, less than half of the L.
johnsonii genome is transcribed in vitro. There are certainly
genes that are transcribed below the sensitivity threshold of
our microarray system. However, two observations argue
against a serious underestimation of the in vitro transcription
in our study. Nontranscribed genes were clustered on the ge-
nome, and mobile-DNA and variable-genome segments were
overrepresented in this category. Apparently, only part of the
genetic program of L. johnsonmii is activated during broth
growth. This conclusion was supported by the substantial num-
ber of gut-expressed genes that were silent during the broth
growth of L. johnsonii. Numerous genes might be carried in
bacterial genomes that manifest their selective value only un-
der peculiar in vivo growth conditions. As the murine stomach
is a potential ecological niche for L. johnsonii, its differential
gene expression at this location might be of physiological rel-
evance. It could mean that to stay in this anatomical site, L.
johnsonii must activate more genes than are necessary for
broth growth. Notably, the in vivo expression of drug and
cation transporters, which were not transcribed during in vitro
growth, suggests stress reactions of L. johnsonii, as was ob-
served with L. plantarum isolated from the murine gut. Our
study accounts for only 982 transcribed genes (56% of the
genome) when all in vitro and in vivo transcripts are combined.
As the ecology of L. johnsonii has not been characterized in
detail, we cannot even speculate under what conditions the
remaining genes are expressed. Notably, 33% of the nontran-
scribed genes belonged to the unknown-function category. For
bacterial genomes, in silico ORF prediction commonly shows
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up to 30% of genes without database matches. Molecular mi-
crobiologists will have to study their bacteria under both in
vitro and in vivo conditions; the latter should include various
combinations of specified conditions. However, the possibili-
ties that strain-specific ORFs that are not transcribed under
standard in vitro and in vivo growth conditions do not play a
role in the physiology of the cell and represent a type of genetic
noise cannot be excluded. Moreover, intraspecies comparisons
frequently reveal gene differences between strains of 15%; this
is also the case for L. johnsonii (4).

Distinct in vivo and in vitro expression profiles were also
published for other gut bacteria. Campylobacter jejuni investi-
gated in an ileal loop showed transcriptional adaptation to an
oxygen-limited, nutrient-poor, and hyper-osmotic environment
(37). The most striking case is that of Vibrio cholerae. Tran-
scriptional profiling of V. cholerae from stool samples of pa-
tients revealed a unique hyperinfectious state defined by a high
expression of genes required for nutrient acquisition and mo-
tility and a down-regulation of chemotactic signaling compared
with that in in vitro-propagated V. cholerae (25). The growth of
V. cholerae in a rabbit ileal loop suggested that nutrient limi-
tation and anaerobiosis are major stresses experienced by V.
cholerae during in vivo growth (45).

Some data suggest that the transcription profile of well-
investigated bacteria like E. coli can be used to probe the
nutritional constraints of an in vivo environment (33). Unfor-
tunately, microarray expression data are lacking for E. coli
commensals growing in the gut (10). These data would be
especially interesting, since we know that growth in the murine
gut selects for a coccoid form of E. coli, while in vitro growth
selects again for rod-shaped E. coli, the form known to micro-
biologists (19). As long as we do not understand the nutrition
of such well-studied bacteria as commensal E. coli in the large
intestines of mice, we miss key data for a more complete
understanding of microbial gut colonization. However, such
data are also important for less well characterized bacteria like
L. johnsonii, which belongs to the growing list of probiotic
bacteria (40). A rational use of health-promoting bacteria must
be based on a sound understanding of their interactions with
competing gut bacteria and mammalian gut cells.

Finally, a word of caution. Microarray techniques create
large data sets, which are not an easy starting point for post hoc
hypothesis building. It is easier to test a priori-formulated
hypotheses with microarray expression data or to use them
after fusion with other data sets for screening purpose. We
compared, for example, two L. johnsonii strains differing in
their in vivo phenotypes (gut persistence times in mice) using
DNA-DNA and intestinal-expression microarrays. We identi-
fied three gene loci specific to the long-persistence strain,
which were also expressed in the murine gut. Knockout mu-
tants demonstrated that two of the three mutants showed a
shortened gut persistence time in mice (11a). Thus, only when
combined with other approaches do expression microarrays
reveal their analytical power.
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