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Subinhibitory concentrations (sub - MICs) of antibiotics do not kill bacteria, but they are able to interfere
with important aspects of bacterial cell function, such as adhesion to host cells, surface bacterial energy,
susceptibility to host defense mechanisms, inhibition of enzyme function and toxin production. In order to
understand how H. pylori copes with environmental stress and what facilitates the emergence of RIF mutants
in H. pylori, we used DNA microarrays to compare the gene expression profiles of H. pylori in the presence
and absence of subinhibitory concentrations of rifampicin (1/16 MIC (0.1 mg/L), 1/8 MIC (0,2mg/L), ¥4 MIC
(0,4 mg/L), and % MIC (0,8 mg/L). We found that ehe expression of 57 genes (of the 1,576 genes analyzed)
was increased more than > 1,5 — fold, and the expression of only 29 genes was decreased more than < 1,5 —fold
in significant way (p-value < 0,05), when H. pylori was treated with sub — MICs of RIF. No correlation was
found between the sub - MICs of RIF and gene expression. We conclude that the alteration in the
transcriptional pattern of H. pylori after the exposure to sub — MICs of RIF is mainly due to a direct
interaction between rifampicin and the RNA polymerase p-subunit. Finally, we propose that subinhibitory
concentrations of rifampicin may lead to an increase in the number of hypermutable cells in the H. pylori
population.
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INTRODUCTION

In bacterial populations, an increased mutational frequency under conditions of environmental stress may
confer a selective advantage. The presence of antibiotics, even at low concentrations, may constitute an
environmental stress. Subinhibitory concentrations (sub - MICs) of antibiotics do not kill bacteria, but they are able
to interfere with important aspects of bacterial cell function, such as adhesion to host cells, surface bacterial energy,
susceptibility to host defense mechanisms, inhibition of enzyme function and toxin production (reviewed in 10). An
increase in the mutation frequency has been observed in different bacterial populations after exposure to sub - MIC
antibiotics [13, 16, 30]. For S. pneumonia, subinhibitory levels of ciprofloxacin and streptomycin increase the
frequency of acquiring rifampicin resistance between 2-and 5-fold, which is comparable to the increase seen in
mismatch repair mutants of this species [16]. When M. fortuitum is exposed to '/, MIC of ciprofloxacin, its mutation
rate increases by 72- to 120-fold during a selection with quinolones or other antimycobacterial antibiotics [13].
Smaller but significant increases in the mutation rate were also seen when the microorganism was exposed to lower
concentrations of ciprofloxacin (*/, MIC and /g MIC).

The stress response mechanisms that cause an increase in mutation frequency have been widely studied.
Antibiotic treatments induce the SOS response, which upregulates multiple genes involved in DNA repair,
recombination, mutation, and other functions [8, 9, 17, 21]. The SOS response is controlled by LexA, a
transcriptional repressor. DNA damage triggers LexA autocleavage, which derepresses the SOS genes controlled by
LexA. Once activated, the SOS response promotes the increase in mutational frequency largely through the
induction of error-prone DNA polymerases [2, 17]. Recent studies have shown that the activation of error-prone
polymerases occurs at the end of stationary phase and during starvation [18].

The same stress response mechanisms that allow E.coli to adapt to a broad range of stressful conditions are not
present in some bacteria from other taxa. Unlike many other bacterial organisms, H. pylori does not have a LexA
ortholog [1, 24]; it also lacks many genes involved in DNA repair, recombination, and mutagenesis, such as the
mutHL genes (methyl-directed mismatch repair), the umuCD genes (UV-induced mutagenesis), and the SOS-
controlled error-prone DNA polymerases. These observations suggest that H. pylori may not have a typical SOS
response. Nonetheless, ~1/4 of the H. pylori strains isolated from dyspeptic patients show higher mutation
frequencies to rifampicin (RIF) resistance than Enterobacteriaceae mismatch-repair defective mutants [5]. The
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exposure of H. pylori to sub - MICs of RIF can help us to understand how H. pylori copes with environmental stress
and what facilitates the emergence of RIF mutants in H. pylori.

Here, we examined the gene expression profiles of H. pylori in response to treatments with different sub -
MICs of RIF. Multiple concentrations of antibiotics were applied to examine dose-specific effects.

MATERIALS AND METHODS

H. pylori strains and growth medium. H. pylori reference strain 26695 was routinely maintained on Columbia
agar (bioMerieux, France) plates supplemented with 10% heat-inactivated Horse Serum (PAA Lab., Austria), 5%
yeast extract (Russia), and H. pylori-selective antibiotic mix Dent (Oxoid). Liquid culture was grown in BHI broth
(3,7% brain heart infusion (bioMerieux, France) with 10% inactivated Fetal Bovine Serum (HyClone, USA) and 5%
yeast extract). Both plates and broth cultures were incubated at 37° under an atmosphere enriched with 5% CO, for
2-3 days.
DNA extraction and sequencing of rpoB. Fresh cultures (middle log phase) of H. pylori were suspended in
BHI broth (~ 10° cells/ml) with 10% inactivated Fetal Bovine Serum, to which RIF had been added at
concentrations equivalent to 1/16 MIC (0,1 mg/L), 1/8 MIC (0,2mg/L), % MIC (0,4 mg/L), and %> MIC (0,8 mg/L)
and were incubated at 37° under an atmosphere enriched with 5% CO, for 24 hour. Then, chromosomal DNA from
wild and sub-MIC treated H. pylori strains was isolated with Wizard Genomic DNA Purification (Promega). The
PCR reactions were performed under the following conditions: 94°C 3 min, followed by 30 cycles of 94°C 10 s,
55°C 10 s, 72°C 30 s, with a final elongation at 72°C for 5 min. DNA sequencing was carried out on an ABI Prism
3100 Genetic Analyzer (Applied Biosystems) using ABI Prism BigDye Terminator v3.0 Ready Reaction Cycle
Sequencing Kit according to the manufacturer’s recommendations; sequencing was done in both directions using the
same primers as those used for amplification (Table 1).

Table 1. PCR primers for sequencing

Primers Sequence (5> — 3°) Gene region Fragment Position and direction
size

rpoB1 tttgattcgctcatgcecccat Cluster I + 335bp bp 1492, sense

rpoB2 cacaacctttttataaggggc cluster |1 bp 1827, antisense

rpoB149f | gatccctttgatgacagaacgc V149 532 bp bp 387, sense

rpoB149r tccctaccataacaggctcage bp 919, antisense

rpoB2f gccccttataaaaaggttgtg R701 626 bp bp 1807, sense

rpoB701r gcgcacatttttccctaacg bp 2433, antisense

RNA isolation. Total RNA from H. pylori strains incubated at different sub - MICs of RIF was extracted using
a commercial RNAqueous-4PCR purification kit (Ambion, USA). The quantity and the quality of the extracted
RNA were checked by microcapillary electrophoresis using a Bioanalyzer 2100 (Agilent Technologies, Wilmington,
DE, 4 USA).

Microarray analysis. The primer set for PCR was purchased from Eurogentec. A total of 3242 primers were
designed and synthesized to amplify complete ORFs in the H. pylori genome of strain 26695. The primers were
designed to amplify each ORF beginning at the start codon and ending at the stop codon. The PCR reactions were
performed in 96-well plates in a 100 pl reaction volume in an MJ Research (Cambridge, MA) PTC-225 DNA
Engine Tetrad thermal cycler; the following conditions were used: 94°C 5 min; followed by 30 rounds of 30 seconds
at 94°C, 30 seconds at 50°C, and 4 min at 72°C; followed by one round of 10 min at 72°C. To assay the yield and
specificity of the amplified ORFs, all PCR reactions were analyzed by electrophoresis on a 1% agarose gel. The
PCR products of 1576 ORFs were successfully obtained (97%).

The DNA chips were manufactured at the Biochip platform of Toulouse — Genopole on UltraGAPS slides
(Corning) using PCR products. Fluorescent-labeled cDNA was synthesized from 5 ug of total RNA using the
ChipShot Direct Labeling System (Promega). Labeled cDNA was purified using the ChipShot Membrane Clean-up
Systems (Promega). Hybridization was carried out in an automatic hybridization chamber (Discovery™, Ventana).
Microarrays were prehybridized in a solution of 1% BSA, 2 x SCC, and 0,2% SDS for 30 min at 42°C followed by
the addition of a mixture containing 200 pl of ChipHybe™ (Ventana), 10 pl of Cy3-labelled cDNA, and 10 pl of
Cyb5-labelled cDNA. After 14 hr of hybridization at 42°C, the DNA chips were washed for 5 min in 2 x SSC, 0,1%
SDS at room temperature and 2 times for 2 min each in 0,1 x SSC buffer at room temperature. The hybridization
signal was detected with a GenePix 4000B laser Scanner (Axon Instruments), and the signal quantification was
transformed to numerical values using the integrated GenePix software version 3.01. Experiments (from RNA
extraction to image analysis) were repeated two times by swapping the fluorescent dyes CY3 and CY5 to reduce the
number of false positives due to dye effects.
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Data acquisition and analysis. All raw data and full details of normalization and statistical regimes performed
using Bioplot software developped at platform Biochips and presented at http://biopuce.insa-toulouse.fr/. This
software is an online web service available to all users of the Biochips platform. A complete user’s guide is
available at http://biopuce.insa-toulouse.fr/ExperimentExplorer/doc/BioPlot/. Raw intensities were background-
corrected, log transformed, and normalized by the mean log-intensity of all spots. Log-ratios of normalized
intensities from duplicate samples were tested for statistical significance using Student’s paired bi-tailed t-test. To
reduce the false discovery rate, we tested only genes with at least a 1,5-fold variation, and the p-value threshold in
the Student’s t-test was set at < 0,05. To determine the degree to which transcription of a particular gene was
regulated at a given concentration of RIF, the normalized value from that concentration was divided by the
corresponding value from the wild type and converted to logy,. Positive and negative values defined, respectively,
up and down-regulated genes under the studied conditions.

Real-time gPCR. Real-time PCR was used to verify the data obtained using the arrays. The reverse
transcription reaction was carried out as follows. RNA (1 ug) was first denatured at 94°C for 30 sec in 10 pl of a
mixture containing (besides RNA) four types of NTPs (0,5 mM each) and 150 pmol of random hexamer primers.
For primer annealing, the mixture was incubated on ice for 30 min. Then, 20 U RNase inhibitor (Promega, USA),
200 U MMLYV reverse transcriptase (Promega), and buffer for reverse transcription were added, and the resultant
mixture was incubated at 37°C for 30 min. PCR was carried out in a volume of 50 pl containing 10 pmol of primers
(Table 2), SybrGreen 0.003%, 25 mM Tris-HCI, pH 8.3, 2,5 mM MgCI2, 50 mM KCI, a mixture of four types of
dNTPs (0.2 mM each), and 2 U Tag-polymerase. Products were amplified and detected using an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, USA) and MicroAmp Optical 96-well reaction plate/optical caps
(Applied Biosystems) in the following mode: denaturation at 94°C for 2 min, followed by 40 cycles: 93°C for 30
sec, 50°C for 30 sec, and 72°C for 30 sec. Amplification results were assessed using the Sequence Detection System
software version1,6 (Applied Biosystems).

Table 2. H. pylori genes whose expression is induced or repressed in response to subinhibitory concentrations of
rifampicin

Expression Functional 1/16 1/8 1/4 MIC 1/2 ORF ID Gene name
Group - Main MIC MIC MIC
category
Induced Biosynthesis of 1.10 1.45 1.60 0.83 HP0034 | aspartate 1-decarboxylase (panD)
cofactor_s, 1.38 1.46 1.53 1.36 HP0293 | para-aminobenzoate synthetase (pabB)
g:gzt;‘:t;% d 0.73 1.17 1.14 157 | HP1036 | 7.8-dihydro-6-hydroxymethylpterin-
carriers pyrophosphokinase (folK)
Cellular 0.94 1.31 1.20 151 HP0327 | flagellar protein G (flaG)
processes 0.54 1.04 111 1.75 HP0536 | Cag pathogenicity island protein (cag15)
Central 1.21 1.51 1.55 1.18 HPOO71 | urease accessory protein (urel)
intermediary 1.19 1.45 1.55 1.05 HP1186 | carbonic anhydrase
metabolism
DNA 0.93 1.18 1.24 1.68 HPO091 | type Il restriction enzyme R protein
metabolism (hsdR)
1.04 1.95 1.34 1.37 HP0602 | endonuclease Il
1.10 1.36 1.53 1.08 HP0925 | recombinational DNA repair protein
(recR)
Energy 1.37 1.54 1.59 1.32 HP1131 | ATP synthase F1, subunit epsilon (atpC)
metabolism
Fatty acid and 1.41 2.03 1.68 1.56 HP0559 | acyl carrier protein (acpP)
phospholipid 1.36 1.46 1.53 1.14 | HP1016 | phosphatidylglycerophosphate synthase
metabolism (pgsA)
Hypothetical 1.08 1.41 1.64 1.24 HP0234 | conserved hypothetical integral
membhrane nrotein
1.39 1.41 1.65 1.49 HP0759 | conserved hypothetical integral
memhrane nrotein
1.25 1.42 1.59 1.27 HP1423 | conserved hypothetical protein
0.84 1.38 1.29 1.50 HP1587 | conserved hypothetical protein
Other 1.36 1.71 1.81 1.46 HP1008 | 1S200 insertion sequence from SARAL7
Categories
Pyrimidine 1.36 1.49 1.60 1.36 HP0266 | dihydroorotase (pyrC)
ribonucleotide
biosynthesis
Transcription 1.01 1.24 1.30 1.56 HP0662 | ribonuclease Il (rnc) {Escherichia coli}
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1.36 1.59 1.42 1.27 HP1198 | DNA-directed RNA polymerase. beta

subunit (rpoB)

Translation 1.05 1.55 1.81 1.66 HP1040 | ribosomal protein S15 (rpsl15)

Transport and 1.10 1.53 1.36 1.08 HP0888 | iron(lll) dicitrate ABC transporter. ATP-

binding hindinq nrotein (fecF\

proteins 1.32 159 1.54 1.37 HP1169 | glutamine ABC transporter. permease
protein (gInP)

Repressed Amino acid 0.75 0.59 0.74 0.78 HP0107 | cysteine synthetase (cysK)

biosynthesis

Fatty acid and 0.86 0.86 0.78 0.61 HP0499 | phospholipase Al precursor (DR-

phospholipid nhosnholinase AY

metabolism 0.57 0.69 0.64 0.76 HP0644 | conserved hypothetical integral
membrane protein

Central 0.82 0.83 0.88 0.59 HP0047 | hydrogenase expression/formation

intermediary protein (hypE)

metabolism

Hypothetical 1.13 0.76 0.90 0.65 HP0035 | conserved hypothetical protein

Protein fate 0.56 0.56 0.61 0.34 HP0O011 | co-chaperone (groES)

Regulatory 0.99 0.94 0.99 1.53 HP0166 | response regulator (ompR)

functions

Translation 0.95 0.93 0.79 0.61 HP0827 | ss-DNA binding protein 122RNP2
precursor

Transport and 0.91 0.80 0.81 0.65 HP0607 | acriflavine resistance protein (acrB)

binding

proteins

0.74 0.65 0.77 0.63 HP1427 | histidine-rich, metal binding polypeptide
(hpn)
RESULTS

To understand the adaptive response of H. pylori to sub - MICs of RIF, a DNA microarray technique was used
to analyze the transcriptional changes in H. pylori after exposure to different sub - MICs of RIF. It should be noted,
that the pre-incubation of H. pylori with sub-MICs of RIF does not lead to the emergence of mutations in the rpoB
gene that confer resistance.

Microarrays containing 1,576 ORFs of H. pylori strain 26695 were hybridized with fluorescently labeled
cDNAs synthetised from total RNA extracted from H. pylori cultures that had been incubated either in the control
condition or in various sub — MICs of RIF. A ratio of intensity of the Cy5 and Cy3 fluorophore at each spot was
obtained by scanning with an Axon scanner; this ratio represents the change in total mMRNA content after exposure
sub — MICs of RIF. To reduce the number of false positive values due to dye effects, experiments (from RNA
extraction to image analysis) were repeated two times, swapping the fluorescent dyes Cy3 and Cy5.

The expression of only 57 genes (of the 1,576 genes analyzed) was increased more than > 1.5 — fold, and the
expression of only 29 genes was decreased more than < 1.5 —fold in significant way (p-value < 0,05), when H.
pylori was treated with sub — MICs of RIF. Hence, the expression of the vast majority of the genes analyzed was not
detectable during the exposure to sub — MICs of RIF. The average change in the 57 up-regulated genes and 29
down-regulated genes is shown in Tables 2 and 3. The expression level of only gene, HP0412, increased by more
than twofold. The expression of the other genes changed by less than twofold. When the 24 up-regulated genes with
known function were classified by function, several different types of genes were found and are shown in Table 2.
The rpoB gene, encoding the beta subunit of the DNA-directed RNA polymerase, a target of RIF, was one of those
identified. Also, genes involved in biosynthesis/ metabolism processes (panD, pabB, folK, atpC, acpP, pgsA, pyrC,
HP1186), DNA metabolism (hsdR, HP0602, recR), transcription/translation (rnc, rps15), transport (fecg, glnP), and
cellular processes (flaG, cag15) were upregulated. Genes that were down-regulated upon exposure to sub — MICs of
RIF belong to the same functional groups, except for groES, which encodes a co-chaperone (protein fate), and
ompR, which encodes a response regulator (regulatory functions). Three differentially expressed genes, hypE
(HP0047), carbonic anhydrase (HP1186), and urel (HP0071), are pH regulated genes.

To identify patterns of gene expression that are regulated by sub — MICs of RIF, we performed an average-
linking hierarchical cluster analysis on those genes whose expression changed by more than 1,5-fold (either up or
down). The object of the clustering was to group genes with similarly-regulated expression levels under sub — MICs
of RIF (Fig. 1). We found that the genes that respond to sub — MICs of RIF fall into three general categories: those
that are down-regulated in the presence sub — MICs of RIF (cluster a, 31 genes), those that show dose-dependent
regulation (cluster b, 17 genes), and those that are up-regulated but not dependent on sub-inhibitory concentrations
of RIF (cluster c, 38 genes). Cluster b contains the genes whose expression depends on sub — MICs of RIF. Some of

4
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the dose-regulated genes in this group are the flagellar gene, flag (HP0327); the pyrophosphokinase gene, folk
(HP1036); the restriction enzyme gene, hsdR (HP0091); the response regulator gene, ompR (HP0166); the
pathogenicity gene, cagl5 (HP0536); and the ribonuclease gene, rnc (HP1040).
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Figure 1. Cluster analysis of gene expression patterns at different sub - MICs of rifampicin (A). Hierarchical
clustering was applied to the expression data from a set of 86 (of 1,576 total) genes measured under four sub - MICs
of rifampicin: 1/16 MIC, 1/8 MIC, ¥4 MIC, and %> MIC. Transcript levels varied by at least 1.5-fold relative to the
control condition. Data from 16 hybridizations were used. The color scale that was used to represent the expression
ratios is shown on the bottom. The colored bars with labels a to c refer to the identified clusters of genes. Cluster a
(31 genes): down-regulated genes in the presence sub — MICs of RIF; cluster b: dose-dependent regulated genes (17
genes); and cluster c: up-regulated, but not dependent on sub-inhibitory concentrations of RIF (38 genes). On the
right is shown a profile bar graph for each cluster, in which the mean log ratio of that cluster in each experimental
condition is plotted (B)
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Real-time RT-PCR analysis was used as an independent method to validate the microarray results, since it
measures the accumulation of product during the linear phase of the PCR and is an accurate and reproducible
approach to gene quantification [25, 26]. We quantified the transcripts of genes involved in biosynthesis/metabolism
(panD, pabB, urel, carbonic anhydrase, atpC, acpP , pgsA, pyrC), transcription/translation (rpoB), transport (fecE u
gInP), protein fate (groES), and HP0759, HP1423, and HP1008. The real-time RT-PCR confirmed the up-regulation
of panD, pabB, urel, HP1186, atpC, acpP, pgsA, pyrC, rpoB, fecE u gIinP, HP0759, HP1423, and HP1008 and the
down-regulation of groES (Fig. 2).
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Figure 2. Real-time PCR. The cDNAs encoding the co-chaperone (groES) (A), beta subunit of the DNA-directed
RNA polymerase (rpoB) (B), urease accessory protein (urel) (C), and periplasmic carbonic anhydrase (D) from
typical experiments of the microarray analysis at different subinhibitory concentration of rifampicin were subjected
to PCR amplification. The lines represent amplifications from cDNAs generated from the RNAs isolated from H.
pylori cultures incubated at 1/16 MIC (0,1 mg/L), 1/8 MIC (0,2mg/L), % MIC (0,4 mg/L), % MIC (0,8 mg/L), and
control conditions.

DISCUSSION

It was shown that rifampicin at subinhibitory concentrations alters the global bacterial transcription patterns [14,
28, 29]. Among the genes affected by antibiotics are those related to bacterial stress responses, as well as genes for
accessory functions, such as motility and virulence (reviewed in 6 and 29). Previous work using cDNA-microarrays
established a key role for mfd (mutation frequency decline, which encodes a transcription-repair coupling factor
involved in DNA repair) in the resistance of Campylobacter pylori (closely related Helicobacter) to fluoroquinolines
[15]. The mutation of mfd results in an approximately 100-fold reduction in the rate of spontaneous acquisition of
ciprofloxacin resistance, while its overexpression elevates the mutation frequency. This result inspired us to use
cDNA-microarrays to define the mechanism by which rifampicin at sub-MICs affects H. pylori.

Our analysis of H. pylori treated with sub-MICs of RIF allowed us to detect transcriptional variability in 86 of
1576 (5,4%) genes (Tables 2, 3). We found that the differentially regulated genes can be divided into three clusters:
those whose expression is decreases at all sub-MICs of RIF (cluster a, 31 gene), dose-regulated genes that increase
their expression with increasing concentration of antibiotic (cluster b, 17 genes), and those whose expression
increases in response to antibiotic in a dose-independent fashion (cluster c, 38 genes) (Fig.1). Taking into account
the S-shaped dependence of the mutation frequency on concentration, the most interesting genes are those in cluster
b, whose expression is dose-dependent. In that cluster, we found genes with known functions: 7,8-dihydro-6-
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hydroxymethylpterin-pyrophosphokinase (folK), cag pathogenicity island protein (cagl5), flagellar protein G (flaG),
response regulator (ompR), ribonuclease 111 (rnc), and type Il restriction enzyme R protein (hsdR).

Table 3. H. pylori genes of unknown function whose expression is induced or repressed in response at least to one
subinhibitory concentrations of rifampicin

Expression 1/16 MIC 1/8 MIC 1/4 MIC 1/2 MIC ORF ID
Induced 0.98 1.65 1.74 2.50 HP0016
1.02 1.76 171 1.54 HP0O057
1.14 1.75 1.38 1.24 HP0058
1.04 1.44 1.33 1.50 HP0081
1.19 1.44 1.55 0.97 HP0085
1.01 1.53 1.77 2.45 HP0129
0.68 1.23 111 157 HP0167
1.04 0.70 0.90 0.60 HP0218
1.25 1.42 1.60 1.18 HP0236
141 1.54 1.68 1.52 HP0287
117 1.70 1.13 1.13 HP0365
241 3.72 343 4.40 HP0412
0.99 1.82 1.66 1.75 HP0560
1.14 1.66 1.34 1.27 HP0673
1.10 1.55 111 0.98 HP0674
1.09 0.68 0.85 0.61 HP0730
1.09 1.15 0.67 0.62 HP0784
1.02 1.52 1.45 157 HP0833
1.35 1.85 191 1.93 HP0882
0.87 141 1.47 1.65 HP0990
1.04 1.52 1.65 1.76 HP0999
1.26 1.71 2.03 1.64 HP1003
1.02 1.92 1.34 2.08 HP1051
0.79 1.19 1.26 1.68 HP1154
1.23 2.13 1.36 1.45 HP1163
1.28 1.42 1.59 1.27 HP1187
1.68 1.82 1.23 142 HP1211
2.20 248 1.46 1.34 HP1219
1.09 1.16 111 1.58 HP1265
0.76 1.19 1.23 152 HP1276
1.35 151 1.67 1.80 HP1333
1.59 1.33 1.38 131 HP1396
Repressed

0.88 0.77 0.80 0.64 HP1542
0.71 0.85 0.93 0.64 HP0001
0.66 0.78 0.71 1.13 HP0187
0.45 0.73 0.59 0.90 HP0206
0.92 1.05 091 0.66 HP0221
0.65 1.01 0.87 161 HP0342
0.55 0.83 0.75 1.04 HP0427
0.57 0.77 0.63 1.04 HP0430
0.69 0.75 0.61 0.78 HP0445
0.50 0.70 0.65 0.93 HP0622
0.61 0.73 0.64 0.77 HP0667
0.61 0.80 0.58 0.74 HP0732
0.96 1.01 0.88 0.61 HP0762
0.51 0.78 0.62 0.67 HP0817
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0.88
0.59
0.67
0.55
0.72
0.51

0.96
0.78
0.65
0.92
0.81
0.71

0.79
0.66
0.59
0.50
0.60
0.60

0.65
0.73
0.93
1.02
0.75
0.78

HP0820
HP0837
HP0847
HP0984
HP1223
HP1326
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Of the genes whose expression is altered by sub-MICs of RIF, we found ompR (regulatory functions) and rnc
(transcription) to be the most interesting. The rnc gene is interesting due to its role in RNA proccessing. Another
gene, whose expression is modulated by sub-MICs of RIF, ompR (HP0166), is a part of the HP0165-HP0166 two-
component system, which directly controls the transcription of genes that are involved in cellular pH homeostasis.
Of the genes that are under the control of the response regulator HP0166, we found urel (HP0071), rnc (HP0662,)
fecE (HP0888), carbonic anhydrase (HP1186), and genes coding for proteins with unknown function (HP1396,
HP0667, HP0673, HP0674) [27]. Carbonic anhydrase (HP1186) is an important periplasmic protein that catalyzes
the conversion of CO,, produced by urease, to HCO5 [19]. The protein encoded by the urel gene, Urel, is a proton-
gated urea entry channel that allows for the buffering of the periplasm of the organism with urease activity, which is
essential for survival and growth in an acidic medium [22, 26] as well as for the colonization of mouse and gerbil
stomachs [20, 23].

Another differentially expressed gene, hypE (HP0047), may also take part in cellular pH homeostasis, though
it is not regulated by HP0166. The protein HypE (or HupE) is required for the expression of a catalytically active
hydrogenase in many systems. The hydrogenase enzyme catalyses the redox equilibrium of 2H™ + 2e” < H,. It is
interesting that the expression of HP0O11 decreases with the addition of sub - MICs; this gene, codes for two
proteins: heat shock protein HspA, which is needed for complete urease activity, and Hpn, which deposits Ni**
metal from the center of active urease [11, 12]. The fact that the expression of genes involved in the maintenance of
pH-homeostasis and regulated by HP0166 changes with sub - MICs perhaps indicates that the intracellular pH
changes upon the addition of antibiotic.

The gene for the response regulator HP0166 has been shown to be essential for H. pylori cell growth, while
the cognate histidine kinase HP0O165 is not essential under in vitro culture conditions [3]. This result suggests that
the HP0165-independent response regulator HP0166 is necessary for the transcription of target genes that are
essential for in vitro growth, while an additional set of genes is activated or repressed under environmental
conditions that trigger the histidine kinase activity of the sensor protein, HP0165. Hence, it is highly probable that
the activation of HP0166 and functionally associated proteins in H. pylori indicates the switching on of other pH-
independent mechanisms in response to the addition of sub - MICs of rifampicin. For instance, according to
Beletskii (4), the frequency of induced mutations depends on level of transcription of the target cell and the
physiologic state of cell. As shown above, a preincubation of H. pylori with sub - MICs of RIF causes an increase in
RpoB expression; thus, it is no surprise that the frequency of mutations in all samples increases in comparison to the
control. Obviously, the mutability of the microorganism depends on the functional activity of its mismatch repair
system. In our study, we found that doses of rifampicin that are sub - MIC induce the synthesis of endonuclease Il
(HP0602), which protects the cell from the toxic and mutagenic action of alkylating agents.

Taking into account the fact that we failed to identify a direct correlation between sub - MICs of RIF and gene
expression, it may be that the genes that are regulated by sub - MICs of RIF include not only stress-related genes
that allow H. pylori to adapt to RIF but also genes that alter transcription through a direct interaction of rifampicin
with the RNA polymerase B-subunit. It was shown in S. typhimurium and E. coli that subinhibitory concentrations of
rifampicin can modulate (activate or repress) the transcription of a significant proportion of genes (5%) [14, 28], as
detected by bacterial promoter-reporter constructs. It should be noted that the expression of mfd (HP1541), which
plays a key role in the development of fluoroquinolone resistance in C. jejuni, does not change in H. pylori after
exposure to sub - MICs of RIF. Thus, the mechanism by which the frequency of mutations increases during a
selection with sub - MICs of RIF in H. pylori remains unclear. Considering that, in clinical isolates of H. pylori,
hypermutable strains are often found [5], we suppose that, along with the modulation of gene expression, a selection
of cells with a hypermutable phenotype simultaneously takes place.
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PE3IOME

Cy6unrnbupyromue kounenrpanuu (cy6-MHUK) aHTHOHOTHKOB He OKa3bIBAIOT OAKTEPHUIIMIHOTO IEHCTBHS Ha
GakTepuy, HO OHM MOTYT OKa3bIBaTh BIMSHHE HAa BaXKHBIC aCTIEKTHI OaKTEpHANbHON KIETOYHON (YHKIMH, TAKHE KaK
aare3ns K KIETKaM-X035€BaM, BOCIPUUMYHNBOCTD K 3alIUTHBIM MEXaHW3MaM XO3SHMHA, HHTHOUPOBaTh (pepMEHTHI 1
BIIUSATH Ha BBIPAOOTKY TOKCHHOB U T.II. J[Jist TOro, YT00BI OHSITH, Kak H. Pylori cipaBisieTcs ¢ BHEIIHUM CTPECCOM H
YTO CIIOCOOCTBYET TOSIBICHUIO pUPaMIHUIIUH-YCTONINBEIX MyTaHTOB PU®, mp1 mcnons3osamn JTHK-mukpounmst
Ul cpaBHeHMsT mpodumied skcnpeccun reHoB H. pylori B mpHCYTCTBHM M OTCYTCTBHH CYOMHIHOMpYOIICit
KoHIeHTpanmu pudamnunuza (1/16 MUK (0,1 mr/JI), 1/8 MUK (0,2 mr/JI), % MUK (0,4 mr/JT) u % MIC (0,8
mr/JT)). Beuto HaiineHo, 4to 3kcnpeccus 57 reHoB (U3 1576 mpoaHaIM3UpPOBaHHBIX I'EHOB) YBEIMYHIIACH OOJiee yeM
>1,5 pasa, a skcrpeccus 29 reHOB ObUIa TOCTOBEPHO CHIDKeHa Gosee yem < 1,5 pasa (p <0,05), korga H. pylori
MHKYOUpPOBaJM B NPUCYTCTBHH CYyOMHrHMOMpYIOIMX KoHueHTpauuii pudamnuuumaa (PU®D). Opnako, He ObLIO
00OHapy)XeHO HUKaKOW 0303aBHCUMOIl koppemsinun mexny cyo-MHUK PU® u skcnpeccueli reHoB. Mbl IPUIIUTA K
BBIBOJIY, YTO U3MEHEHHUS TPAHCKpUIIMOHHBIX nipodueit H. pylori nocne Bo3aetictus cydo-MUK PU®D npoucxoant
B OCHOBHOM 3a CUET NPSIMOTO B3aMMOJCHCTBHA pudamnuuuHa u B-cyosenuannsl PHK-mommMepassr. Ilonmaraem,
YTO CyOMHTHOMpYIOUIME KOHLIEHTPALWH pH(PAMOUINHA MOTYT OBITh NPHYMHONW YBEIWYCHUS KOJIMYECTBA
runepMyTtabenbHBIX KieTok B H. pylori nomynsiuum.

Kmouesslie ciioBa: Helicobacter pylori, ot6op, mukposppeii, rpoB.

TYWUIH

AHTHOMOTUKTEpIIH CyOMHIHOMIMsUIAYIIbl IHOFbIpIanyiapsl (cy0-MUK) Oaxrepusiiapra OakTepUIMATI
OpeKeT jkacamaiael, Oipak ojlap HWeENK eTYII jKacylrajapra »aObIChI Kady, HCHIH KOPFAHBINI TETIKTEPiHE
KaOBULIAFBIITHIK, (EPMEHTTEPI TEXey JKOHE YBIT OHJIpYre ocep €Ty JKOHE Tarbl COJI CHSIKTBI OaKTepHUSUIBIK
KaCyInanblK (YHKIMSHBIH MaHBI3/Ibl acleKTiIepiHe ocepid THridyi Mymkin.H. Pylori ceipTker kyisemicti kamait
JKCHETIHIH jkoHe pudamnuuuure Typaktsl PU® MyTaHTTapbIHBIH Maiiia 00dyblHA MYMKIHIIK TYFBI3aThIHBIH TYCIHY
yiuig, 0i3 pupaMmuiuHCYOUHTHOUIMAIAYIIBI IOFBIPIAHYBIHBIH KATBICYBIMEH JKOHE OHBIH kofbiHAa H. Pylori
TeKTepi manAirinin npodunsaepin cansicteipy yinin JJHK-mukpouunrtepai maitnanangsik (1/16 MUK (0,1 mr/JI),
1/8 MUK (0,2 mr/JT), Y4 MUK (0,4 mr/JT) u Y2 MIC (0,8 mr/JT)). H. Pylori-ai pudamnuiuaHiHCyOUHM MO IIMIIAY LTI
IIOFBIPJIAHYNAPEIHEIH  KAThHICYBIMEH WHKyOanusutaranga (PU®)57 textin monmiri (1576 aHanmm3geH OTKEH
TekrepaeH) >1,5 ecemen actam apTKaHOBIFB, an 29 TtekriH mommiri <1,5 ecemeH actam (p <0,05) aHBIK
KeMireHairitadeuiael. Amaiiga cy0-MUK PU® sxoHe TekTep MoiAiri apachblHOa CIIKAaHAAW MO3aJBIK TOYeImi
Koppemsiius OaiikasraH koK. biz cyo-MUK PUD ocepinen keiiin H. Pylori-niH TpaHCKpHIIMSIIBIK TPOGUIbACPIHIH
e3repyi HeriziHeH pudaMnuLIKHHIH kaHe B-cy06ipuiri PHK-nonumepasachiHbIH Tikeneil e3apa ic-apekeri ecedineH
JKYpeAl  JlereH  KOPBIThIHAbIFA  KeJaik.  bi3  pudaMmMuuHHIHCYOMHTMOWIMSIAYIIBl  IIOFBIPIIaHyJIaphl.
H. Pylori nomynsinusiceisma runepmytabesb/Ii xKacymanap CaHbIHbIH Kobeto cebe6i 601ybl MyMKIH Jer OnaitMbI3.

Kinrri ce3nep: Helicobacter pylori, ipixtey, mukposppeii, rpoB.



