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To be able to function as a probiotic, bacteria have to survive the passage through the gastrointestinal tract.
We have examined survival and gene expression of Lactobacillus reuteri ATCC 55730 after a sudden shift in
environmental acidity to a pH close to the conditions in the human stomach. More than 80% of the L. reuteri
cells survived at pH 2.7 for 1 h. A genomewide expression analysis experiment using microarrays displayed 72
differentially expressed genes at this pH. The early response to severe acid shock in L. reuteri differed from
long-term acid adaptation to milder acid stress studied in other lactic acid bacteria. The genes induced
included the following: clpL, genes putatively involved in alterations of the cell membrane and the cell wall;
genes encoding transcriptional regulators; phage genes; and genes of unknown function. Two genes, clpL,
encoding an ATPase with chaperone activity, and lr1516, encoding a putative esterase, were selected for
mutation analyses. The mutants were significantly more sensitive to acid than the wild type was. Thus, these
genes could contribute to the survival of L. reuteri in the gastrointestinal tract.

Lactobacillus reuteri is a commensal lactic acid bacterium
that commonly inhabits the gastrointestinal tract of humans as
well as of animals. No pathogenic properties have been linked
to this species; instead strains of L. reuteri have been suggested
to possess health-promoting, i.e., probiotic, properties (52, 60).
To be able to function as a probiotic, bacteria have to survive the
passage through the gastrointestinal tract. When entering the
stomach, the environment changes rapidly and the bacteria are
suddenly exposed to stress factors, such as various enzymes and
an extremely acidic pH. Each day, approximately 2.5 liters of
gastric juice, containing hydrochloric acid, is produced in the
human stomach. Consequently, the fasting gastric pH is
approximately 1.5, and the feeding pH is between 3.0 and
5.0 (14).

Several bacterial species are unable to survive the harsh
conditions in the stomach, while others can survive the passage
by using different defense mechanisms. These mechanisms of-
ten involve changes in gene expression and phenotype. A num-
ber of strategies to adapt to acidic environments have been
reported in gram-positive bacteria; these strategies include
pumps removing protons from the cytoplasm, such as the F1Fo

ATPase proton pump or the glutamate decarboxylase system;
production of general stress proteins and chaperones to repair
and stabilize proteins and DNA; altered metabolism and cell
envelope composition; and alkalization of the external en-
vironment, for example, with urease or through the arginine
deiminase (ADI) pathway (reviewed in references 14, 17,
and 57).

The aim of this study was to examine the response of L.
reuteri ATCC 55730 after a shift in environmental acidity to a
pH close to the conditions in the human stomach. Survival of
L. reuteri after a transfer from pH 5.1 to pH 2.7 was monitored,
and the early changes in gene expression were measured with
oligonucleotide DNA microarrays. In this analysis, approxi-
mately 70 genes were differentially expressed in the acidic pH.
The induced genes included the stress response gene clpL and
genes encoding putative cell envelope-altering proteins.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used are listed in Table 1. Lactobacillus reuteri ATCC 55730 (earlier
named SD2112), a strain isolated from mother’s milk was grown in de Man-
Rogosa-Sharpe (MRS) broth (Oxoid) at 37°C (unless stated otherwise) in plastic
tubes, in which anaerobic conditions were obtained within 1 hour as indicated by
an anaerobic indicator (BD). For acid shock experiments, the pH of the MRS
broth was adjusted with hydrochloric acid (HCl). When solid growth medium was
utilized, L. reuteri was grown on MRS agar (Oxoid) and incubated at 37°C (unless
stated otherwise) under anaerobic conditions obtained with anaerobic system
envelopes (GasPak; BD). When required, antibiotics were added (erythromycin,
5 �g ml�1 [Sigma]; chloramphenicol, 7.5 �g ml�1 [Sigma]). Escherichia coli was
grown at 37°C in Luria-Bertani broth (LB) (51). When required, antibiotics were
added (erythromycin, 400 �g ml�1 [Sigma]; kanamycin, 40 �g ml�1 [Sigma]).

Acid shock experiments. For acid shock experiments, MRS at pH 5.8 was
inoculated with an overnight culture of L. reuteri to an optical density at 600 nm
(OD600) of 0.005, and the cells were grown at 37°C to an OD600 of 1.0, i.e., late
exponential phase. At this OD600, the pH of the culture was 5.1. To lower the pH,
the cells were diluted 1:10 in prewarmed MRS at pH 2.3, which yielded a final pH
of 2.7 (referred to hereafter as acid-treated cells). For a control, cells were
diluted 1:10 in prewarmed MRS at pH 5.1 (referred to hereafter as treated
control cells). For a reference for the diluted samples, untreated cells were
collected at time zero (referred to hereafter as untreated cells). For expression
analyses, transcription was stopped after 5 and 15 min at 37°C by addition of 2/3
volume of ice-cold methanol. The cells were then harvested by centrifugation at
4,000 � g for 10 min, the supernatant was decanted, and the pellets were stored
at �70°C and later utilized for isolation of RNA. To monitor survival of L.
reuteri, untreated cells (time zero) and cells diluted in MRS at pH 2.3 or MRS at
pH 5.1 were plated on MRS agar after 5, 15, 30, and 60 min (n � 3). The plates
were incubated under anaerobic conditions for 48 h.
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Isolation of RNA. The cells from the acid shock experiments were suspended
in STE (6.7% sucrose, 50 mM Tris [pH 8.0], 1 mM EDTA), harvested by
centrifugation, and resuspended in STE. After transfer to tubes with Lysing
Matrix B (Qbiogene), the cells were disrupted in a Fast prep instrument (Qbio-
gene) at the speed setting of 6.0 for 40 seconds. The tubes were centrifuged for
5 min at 16,000 � g at 2°C, and the supernatant was used for isolation of RNA
with QIAGEN RNeasy kit. DNA was removed on the columns with QIAGEN
RNase-free DNase.

Construction of an L. reuteri microarray. Long oligonucleotides (60-mers)
were designed and constructed for 1,864 open reading frames from a draft
genome sequence of L. reuteri ATCC 55730 (5) and 15 open reading frames
encoding known extracellular proteins from L. reuteri DSM 20016 (58) using
OligoArray 1.0 software. Six control 60-mer oligonucleotides were also included.
These controls are identical to DNA sequences from E. coli genes (yacF, ybaS,
yciC, yfiF, ygjU, and yjcG) and have no sequence similarity to genes in the L.
reuteri genome. Once the oligonucleotide was synthesized, oligonucleotide con-

centrations were normalized to a concentration of 25 �M and spotted onto
Corning UltraGAPS-II slides using an OmniGrid robot (GeneMachines). Each
gene was represented once on the microarray. All six of the control spots were
represented eight times on the array, once in each subgrid. Oligonucleotide
design and synthesis and array construction were performed at the Research
Technology Support Facility at Michigan State University, East Lansing.

Oligonucleotide microarray experiment. The design of the microarray exper-
iment is presented in Fig. 1. The experiment was performed as direct compari-
sons between untreated, acid-treated, and treated control cells. Four biological
replicates were performed with dye swaps for the 5-min samples and three
biological replicates with dye swaps for the 15-min samples. For synthesis of
cDNA, 5 to 10 �g of RNA in a volume of 12.8 �l was mixed with 5 �l (0.5 �g
�l�1) random hexamers (QIAGEN). After incubation at 70°C for 10 min, 1.5 �l
Superscript III (200 U �l�1) (Invitrogen), 0.5 �l RnaseOut (40 U �l�1) (In-
vitrogen), and 1.2 �l nucleotides (12.5 mM dATP, 12.5 mM dCTP, 12.5 mM
dGTP, 7.5 mM dTTP [Invitrogen], 5 mM aminoallyl dUTP [Sigma]) were added.

TABLE 1. Bacterial strains and plasmids used in this study

Strain, plasmid, or primer Description or primer sequencea Reference or source

Strains
E. coli EC1000 Strain harboring a copy of the pWV01 repA gene in the chromosome; Kanr Used by the kind permission

of J. Kok, University of
Groningen (29a)

L. reuteri ATCC 55730 (earlier named
SD2112 or MM53)

Isolated from mother’s milk Used by the kind permission
of Biogaia AB, Sweden

L. reuteri ATCC 55730 clpL mutant Variant with a mutated clpL This study
L. reuteri ATCC 55730 lr1516 mutant Variant with a mutated lr1516 This study
L. reuteri ATCC 55730(pORI28) Variant harboring both pVE6007 and pORI28 This study

Vectors and constructions
pVE6007 Cmr repA-positive temperature-sensitive derivative of pWV01 Used by the kind permission

of E. Maguin, INRA (34a)
pORI28 Emr repA-negative derivative of pWV01 Used by the kind permission

of J. Kok, University of
Groningen (29a)

pORI28-lr1864 pORI28 � 738-bp insert from lr1864 (clpL) This study
pORI28-lr1516 pORI28 � 558-bp insert from lr1516 This study

Primers (purpose)
pORI28-b (detection of pORI28 � insert) 5�-TTGTTGTTTTTATGATTACAAAGTGA-3� This study
pORI28-e (detection of pORI28 � insert) 5�-TTGGTTGATAATGAACTGTGCTG-3� This study
pVE6007-p (detection of pVE6007) 5�-GTTTTCCCAGTCACGACGTT-3� This study
pVE6007-s (detection of pVE6007) 5�-GGCCGCTCTAGAACTAGTGGA-3� This study
lr1864-f (generation of gene fragment) 5�-TGACTGGATCCTAATCAATTAATGGGTGGCATGA-3�

(starts at position 54)
This study

lr1864-r (generation of gene fragment) 5�-TGACTGAATTCGCCTTGCTTGGAGCATTAAC-3�
(starts at position 791 �rev.�)

This study

lr1864-cf (detection of insertion) 5�-ATGGCTCAAAACCCAATGAA-3� (starts at position 1) This study
lr1864-cr (detection of insertion) 5�-AGCAGCTTGGAGAACGTCAT-3� (starts at position 879 �rev.�) This study
lr1516-f (generation of gene fragment) 5�-TGACTGGATCCTAATGATCATCAACATACGATTAAGGAA-3�

(starts at position 84)
This study

lr1516-r (generation of gene fragment) 5�-TGACTGAATTCTCCTCCACATACATTTTCGTA-3�
(starts at position 410 �rev.�)

This study

lr1516-cf (detection of insertion) 5�-TGGTTAAAGAGGGAGTTGTTCC-3� (starts at position 41) This study
lr1516-cr (detection of insertion) 5�-CATCCGCATATTTGATTTGG-3� (starts at position 442 �rev.�) This study
469F3 (RT-PCR) 5�-GGTGGATTGGAGAATTACTCTTTATTTG-3� (starts at position 184) This study
469R3 (RT-PCR) 5�-CCTACTTCTCCTTGTTTACTCCATTCA-3� (starts at position 314 �rev.�) This study
RTs0501F (RT-PCR) 5�-ACCACGGCGAACGTTTGA-3� (starts at position 132) This study
RTs0501R (RT-PCR) 5�-GTTGAAACACCCCTGATTTTTC-3� (starts at position 184 �rev.�) This study
RTs0537F (RT-PCR) 5�-AGCAGCGATTACTGGTGCAGTT-3� (starts at position 33) This study
RTs0537R (RT-PCR) 5�-ACCTGCTTGCACCGTGTAAATACT-3� (starts at position 120 �rev.�) This study
RT819F (RT-PCR) 5�-TATTGCTGCTGGGCCTGATC-3� (starts at position 411) This study
RT819R (RT-PCR) 5�-AAGCGTCAAGGTTATTTTCAACTTGT-3� (starts at position 520) �rev.�) This study
RTs0858F (RT-PCR) 5�-CAGCATCATACCTTAACGGTGACTACT-3� (starts at position 476) This study
RTs0858R (RT-PCR) 5�-TTTTGCCATGAACCGTAACGA-3� (starts at position 566) �rev.�) This study
RTs1797F (RT-PCR) 5�-CCCTTGAGCTCGATCGGTTA-3� (starts at position 212) This study
RTs1797R (RT-PCR) 5�-CCAAATACACCAGCATCATTTTT-3� (starts at position 296) �rev.�) This study
1864F (RT-PCR) 5�-AATGGGTGGCATGAATGGTTT-3� (starts at position 60) This study
1864R (RT-PCR) 5�-TGGCAATTGACCAGTTCTACGATA-3� (starts at position 168 �rev.�) This study
RTs1879F (RT-PCR) 5�-CTGAAAAGAAACTTGATTGGTTCCA-3� (starts at position 155) This study
RTs1879R (RT-PCR) 5�-TGCGATTACAACTTCATCCTTTGA-3� (starts at position 231 �rev.�) This study
RTs2076F (RT-PCR) 5�-GCAGCGGCAGATGATTTGTT-3� (starts at position 244) This study
RTs2076R (RT-PCR) 5�-ACGCCGGCAATTGTTGAA-3� (starts at position 308 �rev.�) This study

a Underlined nucleotides in the primer sequences indicate inserted restriction enzyme cleaving sites (BamHI and EcoRI), and nucleotides underlined twice indicate
inserted stop codons. The positions where the sequences start are indicated in parentheses. rev., reverse.
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The reverse transcription reaction was performed at 25°C for 5 min, 50°C for 60
min, and 70°C for 15 min. To remove RNA, 15 �l of 0.1 M NaOH was added, and
the samples were incubated at 70°C for 10 min. After neutralization by the
addition of 15 �l of 0.1 M HCl, the cDNA was purified with the QIAGEN PCR
mini kit. Next the cDNA was labeled with Cy3 or Cy5 (CyDye postlabeling
reactive dye pack; Amersham) for 1 h in the dark, and the labeled cDNA for each
comparison was combined and purified again by using the QIAGEN kit. To the
combined sample, 1 �g salmon testes DNA (Sigma) and 1 �g yeast tRNA
(Sigma) were added. After incubation at 100°C, formamide buffer (50% form-
amide, 10� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1%
sodium dodecyl sulfate [SDS]) was added to the sample, and the samples were
applied to a microarray slide, which had been prehybridized in prehybridization
buffer (10 g liter�1 bovine serum albumin, 5� SSC, 0.1% SDS) for 45 min,
washed in water, and dried by centrifugation at 150 � g. The slide was hybridized
at 42°C overnight in the dark. The slides were washed first in 2� SSC plus 2.5%
SDS and 0.2� SSC plus 2.5% SDS and then repeatedly in 0.2� SSC. Finally, the
microarray slides were scanned with a GenePix 4000B scanner (Amersham
Pharmacia Biotech).

Microarray and bioinformatic analyses. GenePix Pro 4.0.12 software was
utilized for image analysis of the microarrays. The raw data of spots were stored
and analyzed using BASE (50), a database system for analyses of microarray
data, which had been modified at the Linneaus Centre of Bioinformatics, Upp-
sala University, Sweden. Statistical analysis was performed in the analysis envi-
ronment of Linneaus Centre of Bioinformatics Data Warehouse (http://www.lcb
.uu.se./lcbdw.php) using LIMMA package in R (http://www.r-project.org) from

Bioconductor (24). First, systematic variation was removed by print-tip lowess
normalization (63) of the data sets. Genes represented by spots of low quality on
more than 15% of the arrays were excluded from further analysis. Using
LIMMA, a linear model was fit to the data in order to estimate the effects of pH,
time, and dilution (Fig. 1). The genes were then ranked by a parametric empirical
Bayes approach (33) to find the genes most likely to be differentially expressed.
The cutoff values for the posterior log odds ratio (the B score) were set to 20 for
pH, �2.5 for time, and 10 for dilution, since these values isolated distinct
subgroups of genes, and for M (i.e., mean log2 ratio) for pH and dilution,
respectively, to a �M� of 	0.75. In addition, genes that changed less than twofold
after 5 or 15 min in the expression ratio between pH 2.7 or pH 5.1 and the
untreated cells at time zero were excluded from further analyses. Of the control
spots, one gene (yacF) indicated expression on all slides and was not regarded in
the analyses. The remaining control spots gave signals of low intensity and were
used for estimation of background signals. Genes corresponding to spots of low
intensity on the majority of the slides were excluded from the analyses. The
function of previously uncharacterized proteins, encoded by the selected genes,
were predicted with COG (Clusters of Orthologous Groups of proteins) (55, 56)
and pfam (4) identified using BlastP (2) at the National Centre for Biotechnology
Information (NCBI) website (http://www.ncbi.nlm.nih.gov/BLAST/). Signal pep-
tides were searched with SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) (7,
40, 41) for gram-positive bacteria, and transmembrane helices were searched
with TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/) (28).

Real-time RT-PCR experiment. To validate microarray data, the expression of
eight genes was analyzed with real-time reverse transcription-PCR (RT-PCR).
Genes with various gene expression ratios 15 min after acid shock or genes in the
treated control were selected: lr0501 (EF534265; Spo0J-like protein), lr0537
(Apf-like protein), lr0858 (Apf-like protein), hpk3 (lr0819, encoding a histidine
sensor kinase), lr1797 (putative phosphatidylglycerophosphatase), lr1864 (ClpL,
ATPase with chaperone activity), lr1879 (PduD, dehydratase medium subunit)
and lr2076 (transcriptional regulator). As a reference gene, lr0469 (DQ074824;
SecY, protein translocase subunit), a gene exhibiting high signals on the microar-
rays but not displaying any changes in expression was used. Primers, which are
presented in Table 1, were designed with Primer Express Software v2.0 (Applied
Biosystems). After an extra DNase treatment, cDNA was constructed from 5 ng
RNA and RNA removed with NaOH as described above. The cDNA was stored
at �20°C. Real-time RT-PCR mixtures contained 12.5 �l Power SYBR green
PCR master mix (Applied Biosystems), 4 �l diluted cDNA, 80 �M of each
primer, and distilled H2O to a final volume of 25 �l. The PCR was performed at
50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 0.15 min and
60°C for 1 min in an ABI Prism 7000 sequence detection system (Applied
Biosystems). Three biological replicates were analyzed using three technical
replicates for each sample. For relative quantification, a calibration curve with
serial dilutions (0.0626, 0.25, and 1 ng) of L. reuteri ATCC 55730 chromosomal
DNA for each primer pair was generated. The results were evaluated by the
method of Fredlund et al. (22). Briefly, the efficiency of cDNA amplification was
calculated by the method of Wilhelm and Pingoud (61). The changes in expres-
sion between acid-treated cells or the treated control and untreated cells (time
zero) were calculated by comparing the relative gene expression of the target
gene to the reference gene by the method of Pfaffl (45).

Construction and analyses of a clpL mutant and an esterase mutant. Two
genes from the expression analyses were selected for construction of disruption
mutants: clpL, which is similar to ATPases involved in stress response, and a
putative esterase, strongly up-regulated at pH 2.7. Plasmids and primers used are
listed in Table 1. The mutants were constructed principally by the method
described by Walter et al. (59). The genes were inactivated by site-specific
integration of plasmid pORI28 into the L. reuteri ATCC 55730 chromosome by
using the temperature-sensitive plasmid pVE6007 as a helper plasmid. Internal
fragments of the genes were amplified by PCR (using the insertion primers in
Table 1) and cloned into pORI28 (using the EcoRI and BamHI sites) using E.
coli EC1000 as the host. The helper plasmid pVE6007 was electrotransformed
into L. reuteri ATCC 55730 by the protocol of Ahrné et al. (1). The phenotypic
expression and incubation were performed at 35°C. In the next step, pORI28
with the insert was transformed using the same method. Bacteria carrying both
plasmids were grown overnight at 35°C in the presence of erythromycin and
chloramphenicol. Fifty microliters of this culture was inoculated into 10 ml of
prewarmed (44°C) MRS broth without antibiotics. After incubation for 8 h at
44°C, bacteria were plated on prewarmed MRS agar plates containing erythro-
mycin and incubated at 44°C overnight. Clones lacking pVE6007 and possessing
an integrated pORI28 were isolated by replica plating on MRS plates containing
either erythromycin or chloramphenicol. The integration of the pORI28 plas-
mids into target genes was checked by PCR using primers flanking the target

FIG. 1. Experimental design for the gene expression studies.
Cells of L. reuteri ATCC 55730 were diluted into MRS broth at pH
2.7 or MRS broth at pH 5.1 and incubated for 5 or 15 min. Direct
microarray comparisons were performed for both time points be-
tween untreated cells at time zero, acid-treated cells at pH 2.7, and
the treated control cells at pH 5.1. Four biological replicates were
performed for 5-min incubation, and three biological replicates
were performed for 15-min incubation. The data were analyzed with
an empirical Bayes approach with respect to the three parameters
pH, time, and dilution (D). Genes primarily affected by dilution
were excluded from further studies.
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region (detection primers in Table 1) and primers flanking the multicloning site
of pORI28 (Table 1).

In order to test the survival at low pH, the L. reuteri ATCC 55730 clpL mutant,
esterase mutant, and wild type were grown overnight at 37°C in MRS. The
bacteria were diluted to an OD600 of 0.1 in 10 ml prewarmed MRS and incubated
at 37°C until an OD600 of 1.0 was reached. After addition of 10 �l culture to 10
ml synthetic stomach juice (8.3 g liter�1 proteose peptone [Oxoid], 3.5 g liter�1

glucose, 2.05 g liter�1 NaCl, 0.6 g liter�1 KH2PO4, 0.11 g liter�1 CaCl2, 0.37 g
liter�1 KCl, adjusted to pH 2.0 with HCl, a modification from the synthetic
stomach juice of Cotter et al. [13] lacking enzymes and bile), the tubes were
incubated at 37°C, and samples were removed after 20 and 50 min. Samples
were also taken before addition to the synthetic stomach juice. The samples were
diluted in phosphate-buffered saline and spread on MRS plates, which were
incubated anaerobically for 24 h at 37°C. The experiment was repeated on three
occasions, and duplicate samples were analyzed each time. The differences be-
tween the values for the mutant and wild-type strains were tested statistically by
Student’s t test.

RESULTS

Survival of L. reuteri after acid shock. The survival of Lac-
tobacillus reuteri ATCC 55730 after a sudden acid shock is
presented in Fig. 2. More than 80% of the cells treated with
acid survived at pH 2.7 for 1 h. After 2 h, approximately 60%
of the cells were viable (data not shown). In the control, the
cells started to grow within 30 min, and after 1 h, the number
of cells had more than doubled (Fig. 2).

Gene expression analyses. Since dilution likely would affect
the gene expression as well, direct comparisons between un-
treated cells, treated control cells (diluted into MRS at pH
5.1), and acid-treated cells (diluted into MRS at pH 2.7) were
performed. The effect of dilution was estimated using a linear
model, and consequently, only genes affected by dilution could
be separated. Using the parametric empirical Bayes approach
(33), which can account for multiple variables, three param-
eters, pH, time, and dilution, were considered (Fig. 1). The B
score cutoff resulted in 343, 248, and 291 selected genes for the
pH, time, and dilution parameters, respectively. Genes af-
fected only by the dilution parameter were not further an-
alyzed. To reduce the number of genes and to isolate
strongly affected genes, a cutoff value for M was set at a �M�
of 	0.75 for pH. From the statistical ranking of the pH and
time parameters, genes with at least a twofold difference in
expression after 5 or 15 min compared to the untreated cells
were selected. This resulted in 72 differentially expressed
genes at pH 2.7 (Table 2). Of these, 34 genes were induced
and 38 were repressed.

In addition, 85 of the genes affected by the pH or time
parameter, changed expression more than twofold in the
treated control (i.e., after dilution in MRS at pH 5.1) com-
pared to the untreated cells, i.e., they were also affected by
dilution (see Table S1 in the supplemental material). A selec-
tion of these genes is presented in Table 3. Six of these genes
were identical to the genes in Table 2. For example, a gene
encoding a putative esterase, lr1516, was induced at pH 2.7 but
repressed in the treated control. However, the majority of the
genes in Table 3 were not affected or only displayed minor
changes at pH 2.7 compared to untreated cells. Although af-
fected by both the pH and dilution parameters, for this group
of genes, the effect of the lowered pH counteracted the effect
of dilution. These genes were consequently higher or alterna-
tively, lower, expressed at pH 2.7 in comparison to the treated

control (Table 3). This can be considered an indirect effect of
the lowered pH on these genes.

Expression profiles. The predicted cellular functions of the
genes in L. reuteri ATCC 55730 that directly or indirectly
changed expression due to the acidic pH are presented in Fig.
3. Of the genes induced at pH 2.7, several were encoding
regulatory, phage-associated, or metabolic proteins. The gene
clpL (lr1864), which encodes an ATPase with putative chaper-
one activity, was also up-regulated at pH 2.7. Further, two
genes belonged to COG (55, 56) classes related to lipid me-
tabolism. These were encoding a putative deoxyxylulose-5-
phosphate synthase (lr0811) and a putative phosphatidylglyc-
erophosphatase (lr1797). The induced genes also included
genes potentially involved in cell envelope biogenesis. The
protein encoded by lr2064 was a putative endopeptidase, sim-
ilar (35% identity) to enterolysin A from Enterococcus faecalis.
Enterolysin A is a bacteriocin with cell wall-degrading ability
(42). In addition, lr1516, which was strongly induced (more
than sixfold) at pH 2.7, encoded a putative esterase belonging
to a class of penicillin-binding proteins (beta-lactamase family
class C) according to COG. The functions of several genes
induced at the low pH were unknown, although for some of
them, a general function was predicted. The gene lr0997 en-
coded a conserved membrane protein that is widespread in
bacteria. This gene also exhibited similarities with the gdmH/
epiH genes found in species such as Staphylococcus gallinarum
and Staphylococcus epidermidis.

In contrast to the genes induced at pH 2.7, the majority of
the genes repressed at the same pH could be assigned a func-
tion. Interestingly, one of the down-regulated genes, lr0021,
was similar to relA. In gram-positive bacteria, RelA is involved
in both synthesis and hydrolysis of ppGpp, a signal molecule
known to be involved in the stringent response and induction
of tolerance against different types of stress (37, 48). Further-
more, genes involved in transport and metabolism, energy con-
version and production; cell division proteins; genes involved
in replication, regulation, translation, ribosome biogenesis or
posttranslational modification, and the translocational subunit
YajC were down-regulated (Fig. 3).

The genes changing expression at pH 2.7 clearly belonged
to other classes than those differentially expressed in the

FIG. 2. Survival of L. reuteri ATCC 55730 at pH 2.7 (white bars)
and at pH 5.1 (black bars). The percentage of cells surviving compared
to the number of cells at the start of the experiment (n � 3) is shown
on the y axis. Error bars represent standard deviations.
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TABLE 2. Lactobacillus reuteri genes induced or repressed during acid shock at pH 2.7

Gene and function Accession
no.a Description of encoded proteinb

Expression ratioc
Mean M

pHd
5 min 15 min

Genes up-regulated at pH 2.7

Stress response
lr1864 DQ219976 ClpL ATPase with chaperone activity N �� 1.1
lr1797 DQ219975 Phosphatidylglycerophosphatase A and

related proteins
N �� 1.0

Regulation and signal
transduction

lr1474 DQ219969 Rrf2 transcriptional regulator �� ��� 1.3
lr1468 DQ219968 Transcriptional regulator N ��� 0.83
lr1933 DQ219977 Transcriptional regulator N �� 0.91
lr1993 DQ219980 Transcriptional regulator N ��� Te

lr2076 DQ219989 Transcriptional regulator N ���� T
rr7 (lr1804) DQ219942 Two-component signal transduction response regulator N �� 0.78

Transport and metabolism
lr1028 DQ219961 6-Phosphogluconolactonase/glucosamine-6-phosphate

isomerase/deaminase
N �� 1.3

lr0811 DQ219956 Deoxyxylulose-5-phosphate synthase N �� 0.87

Translation and posttranslational
modifications

lr0807 DQ219955 Cysteinyl-tRNA synthetase N �� 0.90
lr0597 DQ219952 Thioredoxin domain-containing protein N �� T

Cell envelope biogenesis
lr2064 DQ219988 Endopeptidases/phage-associated protein N �� 0.83
lr1516 DQ219970 Putative esterase �� ���� 3.2

Phage-associated genes
lr1463 DQ074903 Phage terminase-like protein, large subunit �� ��� 1.4
lr2045 DQ219981 Phage-associated protein N �� 1.1
lr2047 DQ219982 Phage-associated protein N �� 1.1
lr2051 DQ219983 Phage terminase N �� 0.82
lr2054 DQ219984 Phage head maturation protease �� �� 1.4
lr2055 DQ219985 Phage 
C31 gp36 major capsid-like protein N �� 1.1
lr2057 DQ219986 Phage protein � �� 1.1
lr2058 DQ219987 Phage protein N �� 0.93

Unknown function
lr0922 DQ074860 Extracellular hydrolase N �� 1.1
lr1158 DQ074883 Extracellular hydrolase N �� 0.77
lr1794 DQ219974 Flavoprotein N �� 1.1
lr1937 DQ219979 Conserved intracellular protein of unknown function N �� 1.1
lr1139 AY970988 Conserved intracellular protein of unknown function N �� 1.5
lr2103 DQ219991 Conserved intracellular protein of unknown function � ��� 1.2
lr0997 DQ219958 Conserved membrane protein of unknown function � ���� 2.1
lr1191 DQ219999 Conserved membrane protein of unknown function N �� 1.3
lr1515 DQ074905 Unconserved extracellular protein of unknown function �� ���� 2.5
lr2117 DQ220006 Unconserved intracellular protein of unknown function �� ��� 1.8
lr2090 DQ219990 Conserved membrane protein of unknown function �� �� 1.6
lr1934 DQ219978 Conserved intracellular protein of unknown function N �� T

Genes down-regulated at pH 2.7

Stress response
lr0722 DQ219953 Cold shock protein � �� �1.6

Regulation and signal
transduction

lr0021 DQ220000 Guanosine polyphosphate pyrophosphohydrolases/
synthetases

��� ��� �2.4

lr0190 DQ219995 Transcriptional regulator N ��� T
lr1578 DQ219971 Transcriptional regulator � �� �0.82

Continued on facing page
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TABLE 2—Continued

Gene and function Accession
no.a Description of encoded proteinb

Expression ratioc
Mean M

pHd
5 min 15 min

Transport and metabolism
lr0382 AY971000 Branched-chain amino acid transport protein �� �� �1.6
lr0153 DQ219993 Arabinose efflux permease N �� T
lr0115 DQ219946 Deoxynucleoside kinase � �� �2.5
lr1001 DQ219959 ADP-ribose pyrophosphatase � �� �0.89
lr1297 DQ219963 Thymidine kinase � �� �1.3
lr1401 DQ219964 Xanthine/uracil permeases �� ��� �1.7
lr1433 DQ219965 Cytidylate kinase �� �� �1.6
lr0320 DQ219998 Transport protein �� ��� �2.0
lr0562 DQ220002 MntH, Mn2� and Fe2� transporter of

the NRAMPf family
�� �� �1.3

Energy production and
conversion

lr0229 DQ219949 Flavodoxin �� �� �1.4

DNA replication, recombination,
and repair

lr0119 DQ219948 DNA polymerase III, delta subunit N ��� �1.6
lr1014 DQ220003 Site-specific recombinase XerD N �� �1.3
lr1240 DQ219962 Recombinational DNA repair ATPase N �� �1.6

Translation and posttranslational
modification

lr0118 DQ219947 Ribosomal protein S20 N ��� �1.3
lr0277 DQ219997 Ribosomal protein L10 �� ��� �1.8
lr0862 DQ219957 Asp-tRNAAsn/Glu-tRNAGln amidotransferase C subunit �� �� �1.3
lr1432 DQ220005 Ribosomal protein S1 �� ���� �1.8
lr1690 DQ219973 Ribosomal protein L31 N �� �1.4
lr0251 DQ219950 RNase P-protein component N �� T
lr1002 DQ219960 Peroxiredoxin �� �� �0.95
lr1465 DQ219967 Protease subunit of ATP-dependent Clp proteases �� ��� �1.5

Cell division
lr1411 DQ220004 Actin-like ATPase involved in cell morphogenesis �� N �1.1
lr0145 DQ219992 Cell division protein N �� �0.89

Cell envelope biogenesis
lr0537 DQ074830 Apf-like protein ���� ��� �4.3
lr0858 DQ074851 Apf-like protein �� �� �2.2

Intracellular trafficking and
secretion

lr1103 AY970986 Protein translocase subunit YajC N �� �0.87

Unknown function
lr0546 DQ220001 Recombination protein �� N �1.1
lr1422 DQ074901 Conserved extracellular protein of unknown function � �� �1.4
lr0318 DQ219951 Conserved intracellular protein of unknown function �� ��� �2.0
lr0733 DQ219954 Conserved intracellular protein of unknown function N �� �1.5
lr1628 DQ219972 Conserved intracellular protein, MarZ, of unknown

function
�� � �1.0

lr1434 DQ074902 Unconserved extracellular protein of unknown function �� ��� �1.7
lr2118 DQ220007 Unconserved intracellular protein of unknown function �� �� �1.3
lr0195 DQ219996 5-Formyltetrahydrofolate cycloligase or methenyl-

tetrahydrofolate synthetase
�� �� �1.4

a The GenBank accession numbers are given.
b Based on COG classes or high similarity to characterized proteins.
c Ratio of expression for cells after 5 or 15 min at pH 2.7 and cells at time zero. Comparisons between pH 5.1 and time zero or between pH 2.7 and pH 5.1 are not

displayed. The symbols show the degree of up-regulation (�) or down-regulation (�) of the genes as follows: �, 1.75 to 2-fold up-regulation; ��, 2-fold to 3-fold
up-regulation; ���, 3-fold to 5-fold up-regulation; ����, more than 5-fold up-regulation of the gene; �, 1.75 to 2-fold down-regulation; ��, 2-fold to 3-fold
down-regulation; ���, 3-fold to 5-fold down-regulation; ����, more than 5-fold down-regulation. N, the expression is up- or down-regulated but the changes were
less than 1.75-fold.

d Mean M (log2) for parameter pH.
e The gene is selected because it is likely to be changed by time (parameter T).
f NRAMP, natural resistance-associated macrophage protein.
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treated control (Fig. 3). In the treated control, the majority
of the induced genes were involved in transport and metab-
olism or energy production. Of the repressed genes, several
were involved in transport, lipid metabolism, biosynthesis

of secondary metabolites, and catabolic pathways. Among
these genes, genes in the pdu operon, genes encoding com-
ponents in arginine deiminase pathway, and luxS were found
(Table 3).

FIG. 3. Predicted functions of the proteins encoded by genes induced or repressed at pH 2.7 (A) and in the treated control (B), based on COG
or pfam or high similarity to characterized proteins. The number of proteins is shown on the y axis in both panels. Up-regulated genes (black bars)
and down-regulated genes (white bars) are shown. Functional categories: 1, regulation and signal transduction; 2, transport; 3, amino acid transport
and metabolism; 4, carbohydrate transport and metabolism; 5, coenzyme metabolism/lipid metabolism; 6, nucleotide transport and metabolism;
7, inorganic ion transport and metabolism; 8, lipid metabolism; 9, secondary metabolite biosynthesis, transport, catabolism/energy production, and
conversion; 10, energy production and conversion; 11, translation, ribosomal structure, and biogenesis; 12, posttranslational modifications, protein
turnover, and chaperones; 13, DNA replication, recombination, and repair; 14, cell division and chromosome partitioning; 15, cell envelope
biogenesis; 16, defense mechanisms; 17, intracellular trafficking and secretion; 18, phage proteins; 19, proteins of unknown function.

TABLE 3. Expression profiles of selected Lactobacillus reuteri genes differently regulated at pH 2.7 and in the treated control

Gene Accession no.a Description of encoded proteinb

Expression ratioc

5 min at the indicated pH 15 min at the indicated pH

pH 2.7/T0 pH 5.1/T0 pH 2.7/pH 5.1 pH 2.7/T0 pH 5.1/T0 pH 2.7/pH 5.1

lr0115 DQ219946 Deoxynucleoside kinase � ��� ��� �� �� ����
lr1516 DQ219970 Putative esterase �� ��� �� ���� �� ����
lr0537 DQ074830 Apf-like protein ���� ���� ���� ��� �� ����
lr0858 DQ074851 Apf-like protein �� �� ��� �� N ��
lr0318 DQ219951 Conserved intracellular protein of

unknown function
�� �� ��� ��� N ���

lr0733 DQ219954 Conserved intracellular protein of
unknown function

N �� �� �� N ��

hpk3 (lr0819) DQ219931 Histidine sensor kinase N �� ��� N ��� ����
lr0628 DQ233673 LuxS, autoinducer-production

protein
N �� �� N ���� ���

lr1518 DQ233704 ArgR, arginine repressor N ��� ��� N ��� ��
lr1020 DQ233707 Ornithine carbamoyltransferase N �� �� N ��� ��
lr1517 DQ233695 ArcA, arginine deiminase N ���� ���� N ���� ��
lr1731 DQ233708 ArgE, acetylornithine deacetylase N �� �� N �� ���
lr1870 DQ233714 PduO N N N N ��� ��
lr1871 DQ233715 PduN N N � N �� ���
lr1872 DQ233716 PduM N N �� N ��� ����
lr1873 DQ233717 PduL N � � N ��� ���
lr1874 DQ233718 PduJ N N N N �� ��
lr1875 DQ233719 PduK N �� �� N ���� ����
lr1876 DQ233720 PduH N � �� N �� ���
lr1877 DQ233721 PduG N �� �� N ��� ���
lr1879 DQ233723 PduD, dehydratase medium

subunit
N �� �� N ���� ����

lr1880 DQ233724 PduC, dehydratase large subunit N �� �� N ��� ����
lr1881 DQ233725 PduB N �� �� N ��� N

a The GenBank accession numbers are given.
b Based on COG classes or high similarity to characterized proteins.
c Ratio of expression for cells after 5 or 15 min at pH 2.7 or 5.1 and cells at time zero (T0). The symbols show the degree of up-regulation (�) or down-regulation

(�) of the genes as follows: �, 1.75 to 2-fold up-regulation; ��, 2-fold to 3-fold up-regulation; ���, 3-fold to 5-fold up-regulation; ����, more than 5-fold
up-regulation of the gene; �, 1.75 to 2-fold down-regulation; ��, 2-fold to 3-fold down-regulation; ���, 3-fold to 5-fold down-regulation; ����, more than 5-fold
down-regulation. N, the expression is up- or down-regulated but the changes were less than 1.75-fold.
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Validation of microarray data with real-time RT-PCR. In
order to confirm the results obtained with microarray hybrid-
ization, the expression of eight genes was measured with real-
time RT-PCR. The relative expression ratios after 15 min
between acid-treated cells or the treated control cells and
untreated cells (time zero) were calculated using lr0469 (SecY)
as an internal reference. This gene displayed high signals on
the microarrays, although the expression did not change. In
Fig. 4, the gene expression ratios of the eight genes, deter-
mined by microarray hybridizations and real-time RT-PCR,
are compared. The results from the two methods displayed
good correlation with Pearson correlation coefficients of r �
0.92 and r � 0.915 for the acid-treated and treated control
cells, respectively.

Acid tolerance of the clpL and esterase mutants. Because of
the resemblance to ATPases involved in general stress re-
sponse and the strong inducement at pH 2.7, clpL and a pu-
tative esterase, lr1516, respectively, were selected for func-
tional analyses. Inactivation of the genes did not notably affect
the growth of L. reuteri in MRS, although the growth rate
of the esterase mutant in exponential phase was slightly lower
than that of the wild type, i.e., the doubling time increased by
approximately 9%. When studied under the microscope, no
differences in morphology were detected between the wild type
and the mutants (data not shown). Further, the survival of the
mutants at low pH was tested and compared to the wild type.
There were no clear differences between the wild type and the
mutants when diluted in MRS to a final pH of 2.7 (data not
shown). The survival was also examined in synthetic gastric
juice (modified from that of Cotter et al. [13]; lacking enzymes
and bile) at pH 2.0 (Fig. 5). After 20 minutes of incubation, no
notable difference between the mutants and the wild type were
found. However, after 50 min, the number of surviving cells of
the clpL mutant and the esterase mutant were lower than that
of the wild type. Approximately 47% of the wild type, 30% of
the clpL mutant, and 18% of the esterase mutant cells were
viable after the incubation. The differences between the wild
type and mutants were statistically significant (P � 0.05 for the
clpL mutant and P � 0.001 for the esterase mutant).

DISCUSSION

Response of L. reuteri ATCC 55730 to acid shock. The cell
surface of bacteria is a shield against environmental stresses,
such as an acidic environment. To increase the acid tolerance,
bacteria can change the composition of the cell membrane or
cell wall in order to decrease the permeability for protons. In
Streptococcus mutans, the levels of monosaturated fatty acids
and longer-chain fatty acids increase during growth at pH 5 in
comparison to growth at pH 7 (47). Inhibition of membrane
fatty acid alterations in this species also results in decreased
tolerance to acid (21). Other oral bacteria, for example, Lac-
tobacillus casei, shift the fatty acid composition of the mem-
brane in response to low pH as well (20). In L. reuteri, lr1797
encoding a putative phosphatidylglycerophosphatase was in-
duced at pH 2.7. Phosphatidylglycerophosphatase is a key en-
zyme in the synthesis of phosphatidylglycerol and cardiolipin,
which are major acidic phospholipids of bacterial membranes
(18). The up-regulation of lr1797 is thus likely part of a mem-
brane adaptation to acidic conditions. In L. reuteri strain CRL
1098, growth with bile salts induces changes in the fraction of
glycolipids and phospholipids and in the fatty acid composition

FIG. 4. Comparison of gene expression measurements by microarray and real-time RT-PCR. Changes in gene expression in L. reuteri ATCC
55730 after 15 min are presented as ratios (log transformed in base 10) between acid-treated cells (A) or treated control cells (B) and untreated
cells. The correlation coefficients (r) were 0.92 and 0.915 for the acid-treated and treated control, respectively.

FIG. 5. Survival of L. reuteri ATCC 55730 wild type (white bars),
clpL mutant (shaded bars), and esterase mutant (black bars) in syn-
thetic gastric juice at pH 2.0. The data are presented as a percentage
of the number of cells at the start of the experiment (n � 3). Asterisks
indicate level of statistical significance (*, P � 0.05; ***, P � 0.001) in
comparison to the wild type in Student’s t test. Error bars represent
standard deviations.
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of the cell membrane. The presence of bile also reduces the
survival under acid stress and freezing (54). In addition, a
putative esterase gene, lr1516, belonging to the COG beta-
lactamase family of penicillin-binding proteins was strongly
induced in L. reuteri under acidic conditions. Penicillin-binding
proteins are usually involved in peptidoglycan synthesis (3). In
S. mutans, the dltC gene, which is involved in synthesis and
esterification of D-alanyl-lipoteichoic acid, has been studied
(8). The dltC mutant is highly sensitive to acid treatment and
more permeable to protons than the wild type. Furthermore,
one of the genes encoding regulatory proteins induced after
the acid treatment in L. reuteri was rr7 (lr1804), producing the
response regulator of a two-component signal transduction
system. This gene is part of an operon homologous to the
yycFG operon in Bacillus subtilis (19), Streptococcus pneu-
moniae, Staphylococcus aureus (11), and Lactobacillus sakei
(39). In B. subtilis, this system regulates genes involved in cell
wall metabolism, such as components of teichoic acid biosyn-
thesis (27). In addition, the response regulator of this system in
S. pneumoniae is involved in fatty acid biosynthesis and the
fatty acid composition in the cell membrane (38). Up-regula-
tion of lr1797 and lr1516 and of the genes lr2064 and lr0811
putatively involved in cell wall biogenesis and lipid metabolism,
respectively, indicates that cell envelope alterations are impor-
tant for the response to acid shock in L. reuteri as well as in
other bacteria.

In addition, other cell surface-associated genes were up-
regulated after acid shock. The gene lr0997, encoding a con-
served membrane protein, had similarities with the gdmH/epiH
genes found in Staphylococcus gallinarum and Staphylococcus
epidermidis for example. In S. gallinarum, GdmH has been
reported to be involved in translocation of the lantibiotic as an
accessory factor to the ATP-binding cassette transporter
GdmT (44) and in immunity to gallidermin (26). Although
lacking in several other lantibiotic gene clusters, gdmH-like
genes are present in various bacterial species, implying that
these genes play a role in several microbial processes (26).
However, to our knowledge, no connection to acid tolerance of
this gene family has been described.

Other well-known mechanisms to adapt to high acidity in-
clude inducement of general stress responses. In L. reuteri
ATCC 55730, the gene clpL (lr1864), which encodes an
ATPase with putative chaperone activity, was up-regulated at
pH 2.7. Many members of the Clp protein family are chaper-
ones that in association with ClpP are also involved in degra-
dation of damaged proteins (23). Several studies have demon-
strated up-regulation of the expression of clp genes in response
to stress. Northern blot analysis and RT-PCR of clpP and clpL
in Oenococcus oeni revealed that the both genes are induced by
heat stress and in the presence of 10% ethanol (6). In Lacto-
bacillus rhamnosus, the clpL1 and clpL2 genes were induced by
heat stress (53). Further, the ClpL protein in S. mutans was
produced in larger amounts when cells were grown at pH 5.0
than cells grown at pH 7.0 as detected by two-dimensional gels
(31).

Activation of phage-associated genes may be due to activa-
tion of the integrated phage as an escape mechanism. Eight of
the induced phage-associated genes were located in a cluster
on the L. reuteri chromosome. Interestingly, one of these genes
was lr2064, which may be involved in cell wall degradation. In

pathogenic bacteria, phage genes are sometimes associated
with genetic islands harboring virulence and colonization fac-
tors. Examples of such islands are genes encoding cholera toxin
in Vibrio cholerae (36) and strain-specific genes of the entero-
hemorrhagic E. coli O157:H7 (25). Horizontal gene transfer is
an important mechanism for bacteria to evolve and adapt to
new environments. The induction of phage-associated genes at
low pH could indicate that L. reuteri has obtained genes in-
volved in acid tolerance from phages.

The majority of the genes down-regulated at pH 2.7 in L.
reuteri ATCC 55730 were involved in basic cellular processes,
such as replication, cell division, and translation (Fig. 3). Sev-
eral species of lactic acid bacteria are able to survive under
acidic conditions (57). Survival experiments (Fig. 2) showed
that L. reuteri survived but did not proliferate at pH 2.7. This
probably explains why genes involved in cell division or repli-
cation were down-regulated under acidic conditions. Down-
regulation of genes encoding ribosomal proteins in response to
acidic pH is also observed in the gram-negative bacterium
Shewanella oneidensis (30). In a study on Lactobacillus planta-
rum, Pieterse et al. (46) demonstrate that growth rate has a
large impact on gene expression under lactic acid stress.

Previous studies on acid stress in lactic acid bacteria have
reported induction of heat shock proteins. However, the focus
of these studies is on long-term acid stress rather than acid
shock. In Lactobacillus acidophilus, the heat shock proteins
DnaK, DnaJ, GrpE, GroES, and GroEL are produced as a
response to acid adaptation (34). Further, the production of
GroES, GroEL, and DnaK increases in Lactobacillus del-
brueckii subsp. bulgaricus grown at pH 4.75 compared to cells
grown at pH 6 (32). However, in Lactobacillus sanfranciscensis,
only GrpE increases in acid-tolerant mutants and acid-adapted
cells, while the amounts of DnaJ, DnaK, and GroES do not
change (16), and in S. oneidensis (30), the expression of dnaK,
dnaJ, groES-groEL, and grpE is repressed under acidic condi-
tions. L. reuteri ATCC 55730 possesses the heat shock proteins,
GroES, GroEL, DnaK, DnaJ, and GrpE (data not shown), but
none of the corresponding genes were up- or down-regulated
in the early response to acid shock in this study. Also, the FoF1

ATPase operon is present in L. reuteri (data not shown), but
the expression of the genes in this operon did not change
significantly. This system is known to mediate the extrusion of
protons from the cytoplasm, and other studies on lactobacilli
have demonstrated that it is involved in survival at low pH (12,
29). The genes encoding the FoF1 ATPase were up-regulated
in L. plantarum when exposed to bile (10), but not under lactic
acid stress (46). In addition, microarray analyses of the acid
tolerance response in S. pneumoniae display an increase of less
than twofold of the FoF1 ATPase operon 200 min after acid
shock (35).

Indirect effects of the lowered pH. Survival data were consid-
ered when designing the experimental setup for expression anal-
ysis (Fig. 1). Lowering the pH by direct addition of HCl to a final
pH of 2 notably decreased the survival of the cells in comparison
to resuspending the cells in MRS at pH 2 (data not shown).
Therefore, and in order to mimic the entrance of bacteria into the
gastrointestinal tract, the cells were diluted into MRS at a lower
pH in the experiments. This experimental design resembles the
environmental changes bacteria may experience after oral intake,
both regarding the sudden shift in pH and time and the effects of
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dilution (Fig. 1). L. reuteri produces substantial amounts of lactate
and acetate when fermenting food products (43). When the L.
reuteri bacteria grow, in MRS broth, the bacteria mainly produce
lactate (data not shown), but MRS also contains acetate. After
the decrease in pH, most of the lactate produced by the bacteria
and the acetate from the MRS broth will convert to the more
antimicrobial undissociated forms of lactic acid and acetic acid,
respectively. This was likely affecting the bacteria in the experi-
ment. The detected response to the lowered pH was thus depen-
dent on the acidity but probably also the formation of undissoci-
ated organic acids. However, the contribution of the latter could
be regarded an indirect effect of the low pH resembling intake of
fermented food products. Properties of the food matrix, such as
content of organic acids and buffering capacity, are important to
consider when discussing the response of probiotic bacteria to the
acidic pH connected to ingestion.

Interestingly, the effect of dilution was not the same at pH
2.7 as in the treated control. Instead, on many genes, the
lowered pH had an indirect effect, which counteracted the
effect of dilution (Table 3). Most notably, several genes were
repressed in the treated control although unchanged at pH 2.7.
For example, these genes were involved in transport, lipid
metabolism, biosynthesis of secondary metabolites, and cata-
bolic pathways (Fig. 3). In addition, some genes in this group
were also known to be important for low-pH tolerance. Four
genes encoding the arginine deiminase pathway components,
arginine deiminase (lr1517), arginine repressor (lr1518), acetyl-
ornithine deacetylase (lr1731), and ornithine carbamoyltrans-
ferase (lr1020), were identified. This pathway produces ammo-
nia and contributes to alkalization of the environment. The
system has been shown to be regulated by the combined effect
of arginine availability, energy depletion, catabolite repression,
and oxygenation rather than by low pH (reviewed in reference
57). In the L. reuteri strain CRL 1098, the ADI system probably
has a role in the acid tolerance response. Adaptation at low pH
in the presence of arginine in the exponential phase and energy
depletion in the stationary phase seem to activate the pathway
(49). The arginine/ornithine antiporter gene, arcD, connected
to the ADI pathway was also induced in another L. reuteri
strain, LTH5531, during sourdough fermentation (15). Fur-
thermore, the repressed genes in the treated control contained
several genes likely to be changed by decreased cell density. An
example of this is the quorum-sensing gene luxS (62). The
reason why these genes were not down-regulated in the acid-
treated cells, as in the treated control, remains to be revealed.

The experimental design in this study provides the ability to
estimate how three parameters (pH, time, and dilution) affect
gene expression. When entering the gastrointestinal tract, bac-
teria experience a complete change in environment. The reg-
ulation of genes under these conditions will most likely be of
an intricate nature. Studying complex interactions leads the
focus to the experimental design and the use of relevant con-
trols. If the untreated cells had been excluded from this anal-
ysis, the outcome would have been thoroughly different.

Role of ClpL and the putative esterase under acid shock. As
the first report on microarray analyses of Lactobacillus reuteri,
this study describes the response to acid shock after a severe
reduction of pH. This response differed from the responses to
milder long-term acid stress studied in other species. However,
clpL, earlier identified to be involved in stress tolerance, was

up-regulated at low pH. Several genes putatively involved in
cell envelope alterations, such as a putative esterase (lr1516)
and a putative phosphatidylglycerophosphatase (lr1797), were
also up-regulated after the shift in pH. Disruption of clpL or
lr1516 significantly increased the sensitivity to acid shock (Fig.
5). Hence, although not essential for surviving at low pH, these
genes clearly were of importance for the response of L. reuteri
to acid shock. The roles of clp genes have not been studied in
detail in L. reuteri, but as a member of this family (23), ClpL is
likely to function as a chaperone. In Lactobacillus plantarum, in
vivo experiments using an in vivo expression technology system
demonstrated that clpC (lp_1019) is induced in the gastroin-
testinal tracts of mice (9). The corresponding gene to lr1516 in
L. plantarum (lp_3312) was also induced in this experiment (9).
As mentioned above, lr1516 possibly is involved in changing
the cell wall and thus increasing the tolerance of the cells
towards acid. Taken together, this implies that the L. reuteri
clpL and lr1516 have roles in managing life in the gastrointes-
tinal tract. The influence of lr1516 on cell wall biogenesis is
currently unknown. Therefore, detailed studies of the enzy-
matic function, molecular mechanisms, and cellular role of this
gene are required. Further studies of the composition of the
cell membrane and cell wall of L. reuteri and the genes altering
and regulating these properties would bring the adaptation to
acidic environments to light.
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