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D

eletion mutants in combination with the use of animal models have been instrumental in the study of bacterial pathogenesis. However, the use of gene deletion limits the study to loss-offunction knockout mutants, and this approach runs the risk of
selecting for mutants that have adapted to the deletion genotype
through secondary mutations. Furthermore, this technique does
not allow for investigating whether a specific gene is necessary to
maintain the infection after the initial colonization step or
whether it is necessary for the entire infection cycle. In an effort to
overcome these limitations, conditional knockouts, based on inducible expression of the target gene, have been developed, which
are better suited to studying the temporal requirement of specific
genes during infection and in physiological settings. These types of
knockouts have been used with great success in human pathogens
to elucidate mechanisms of disease development and progression
for latent tuberculosis (1) and primary pneumonic plague (2).
One bacterium that has not had the same advancement in the
development of genetic tools to facilitate learning about carriage,
disease development, and persistence mechanisms is the human
pathogen Helicobacter pylori. H. pylori is an ancient member of the
human microbiota that has coevolved with humans to dominate
the gastric niche (3–5). Infection by this bacterium causes chronic
active gastritis, which may develop into peptic ulceration or, more
rarely, gastric adenocarcinoma (6, 7). However, the majority of
infected individuals (80 to 90%) carry and transmit H. pylori without any symptoms of disease (8, 9). Furthermore, there is mounting epidemiological and recent experimental evidence that suggests that H. pylori infection is protective against immune diseases
such as childhood asthma, allergic rhinitis, and skin allergies (10–
14). The use of conditional mutants is of particular importance for
the study of H. pylori pathogenesis, as infection is persistent, and
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clinical diseases develop after many years of chronic inflammation
and epithelial damage.
The lack of suitable genetic systems to control gene expression
in H. pylori has been a handicap in this area of research. Recently,
in an effort to overcome these limitations, a genetic tool for H.
pylori based on the lacIq-pTac system of Escherichia coli has been
developed (15). This system has permitted the generation of conditional H. pylori mutants to study the physiological function of
essential genes (16, 17). Unfortunately, the use of the lac repressor
system is limited to in vitro studies, as the concentrations of the
inducer molecule required to regulate this system make it impractical for studies involving animal models (15, 18).
One system that displays the regulatory properties required to
control inducible gene expression during infection is the Tet repressor system from E. coli (19). This system is well characterized
at the molecular level and has become a broadly applied tool in
molecular genetics (18, 20). tet regulation is based on the Tet repressor (TetR) proteins, which regulate the expression of a family
of tetracycline (Tc)-exporting proteins (18, 19). In the absence of
Tc, TetR tightly binds the tet operators (tetO) within the tet pro-

Received 12 August 2013 Accepted 12 September 2013
Published ahead of print 20 September 2013
Address correspondence to Aleksandra W. Debowski,
aleksandra.debowski@uwa.edu.au, or Mohammed Benghezal,
mbenghezal@ondek.com.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.02701-13.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.02701-13

Applied and Environmental Microbiology

p. 7351–7359

aem.asm.org

7351

Downloaded from http://aem.asm.org/ on November 28, 2020 by guest

Deletion mutants and animal models have been instrumental in the study of Helicobacter pylori pathogenesis. Conditional mutants, however, would enable the study of the temporal gene requirement during H. pylori colonization and chronic infection.
To achieve this goal, we adapted the Escherichia coli Tn10-derived tetracycline-inducible expression system for use in H. pylori.
The ureA promoter was modified by inserting one or two tet operators to generate tetracycline-responsive promoters, named
uPtetO, and these promoters were then fused to the reporter gfpmut2 and inserted into different loci. The expression of the
tetracycline repressor (tetR) was placed under the control of one of three promoters and inserted into the chromosome. Conditional expression of green fluorescent protein (GFP) in strains harboring tetR and uPtetO-GFP was characterized by measuring
GFP activity and by immunoblotting. The two tet-responsive uPtetO promoters differ in strength, and induction of these promoters was inducer concentration and time dependent, with maximum expression achieved after induction for 8 to 16 h. Furthermore, the chromosomal location of the uPtetO-GFP construct and the nature of the promoter driving expression of tetR influenced the strength of the uPtetO promoters upon induction. Integration of uPtetO-GFP and tetR constructs at different
genomic loci was stable in vivo and did not affect colonization. Finally, we demonstrate tetracycline-dependent induction of
GFP expression in vivo during chronic infection. These results open new experimental avenues for dissecting H. pylori pathogenesis using animal models and for testing the roles of specific genes in colonization of, adaptation to, and persistence in the
host.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. The plasmids and H. pylori
strains used in this study are listed in Tables S1 and S2 in the supplemental
material. H. pylori X47 (27) strains were grown at 37°C under microaerobic conditions on Columbia blood agar (CBA) plates containing 5% horse
blood and Dent’s antibiotic supplement (Oxoid). The use of the counterselectable streptomycin susceptibility (rpsL-based) system requires a host
strain that possesses a streptomycin-resistant phenotype. The H. pylori
X47 host strain is a naturally streptomycin-resistant strain (28), and no
modifications to this strain were required. When appropriate, antibiotic
selection in H. pylori was carried out by supplementing medium with
chloramphenicol or streptomycin at a final concentration of 10 g/ml.
For H. pylori liquid culture, bacteria were grown in brain heart infusion
(BHI) medium supplemented with 10% newborn calf serum (NCS) and
Dent’s antibiotic supplement (Oxoid). Cultures were inoculated with
bacteria suspended in phosphate-buffered saline (PBS) to give a starting
optical density at 600 nm (OD600) of 0.05 and were grown under microaerobic conditions at 37°C and 120 rpm. Growth studies were performed without any prior adaptation of H. pylori strains to liquid media.
Escherichia coli DH5␣ was grown in Luria-Bertani broth. When necessary,
antibiotics were added at the following final concentrations: 100 g/ml
for ampicillin and 20 g/ml for chloramphenicol. Primers used in this
study are listed in Table S3 in the supplemental material.
Construction of cloning vectors pGltD, pTrpA, and pMdaB. A 1-kb
fragment of the C-terminal end of HP0380 was amplified with primers
GltD1 and GltD2, and 1 kb of HP0379 was amplified with primers GltD3
and GltD4. These two fragments were joined together by strand overlapping extension (SOE) PCR (29), using primers GltD1 and GltD4, to generate a 2-kb PCR product containing a multiple-cloning site (MCS) inserted between HP0380 and HP0379 and flanked by ClaI and SacII
restriction sites. This fragment was cloned into the vector backbone of
pBlu-SK-alt [XhoI and SalI sites in pBluescript SK(⫺) were deleted by
restriction enzyme digestion and religation] to give pGltD (see Fig. S1 in
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the supplemental material). This cloning vector was used to generate suicide plasmids for the insertion of cloned DNA sequences into the H. pylori
genome between HP0380 and HP0379. Using the same strategy, cloning
vector pTrpA was made by using primers TrpA1 through TrpA4 (see Fig.
S2 in the supplemental material). pTrpA was used to generate suicide
plasmids to insert DNA sequences of interest into the center of the
HP1277 open reading frame. Similarly, pMdaB was made by using primers MdaB1 through MdaB4; however, the 2-kb SOE PCR product was
cloned into pBlu-SK-alt using ClaI and NotI restriction sites. pMdaB was
used to generate suicide plasmids for the insertion of cloned DNA sequences between HP0630 and HP0631 (see Fig. S3 in the supplemental
material).
Suicide plasmid constructs for generating X47 recipient strains.
Counterselection based on the rpsL streptomycin susceptibility determinant (28) was used to introduce ptetR and uPtetO-GFP constructs into the
H. pylori chromosome by natural transformation and homologous recombination. Plasmid pTrpA-RCAT was previously used (30); however,
its full construction is described here. A BamHI fragment containing the
counterselection cassette rpsL-cat (31) was cloned into pGltD, pTrpA, and
pMdaB to generate pGltD-RCAT, pTrpA-RCAT, and pMdaB-RCAT, respectively. These plasmid constructs were used in natural transformation
of naturally streptomycin-resistant wild-type strain X47 to generate the
Strs and Cmr X47 gltD::rpsL-cat, X47 trpA::rpsL-cat, and X47 mdaB::rpsLcat recipient strains, which were used in subsequent transformations to
introduce DNA sequences of interest into the target locus.
Construction of H. pylori strains expressing TetR. Three H. pylori
promoters were used to generate different promoter-tetR constructs to
drive constitutive expression of TetR in H. pylori. Constructs ptetR2 and
ptetR4 were generated by SOE PCR. Briefly, for ptetR2, the amiE promoter
was amplified from strain 26695 genomic DNA by using primers tet1 and
tet2, and tetR was amplified from pWH1925 BD (32) with primers tet3
and tet9. These two DNA fragments were then joined together by SOE
PCR and amplified by using primers tet4 and tet10. For ptetR4, the flaA
promoter was used to drive expression of tetR and was generated by using
primers tet5 through tet10. A different strategy was used to generate the
mutated core urease promoter-tetR fusion ptetR6. Three sequential
rounds of PCR, using three long forward primers and one short reverse
primer, were performed to fuse PtaTaat to tetR in a stepwise manner: long
forward primer tet11 with reverse primer tet9 (step 1), forward primer
tet12 with primer tet9 (step 2), and forward primer tet14 with reverse
primer tet10 (step 3). Primers mbtetF and mbtetR were used to amplify
and clone all three ptetR constructs into the SbfI and EcoRI restriction
sites of pMdaB to generate suicide plasmids pMdaB-ptetR2, pMdaBptetR4, and pMdaB-ptetR6 (see Fig. S4 in the supplemental material).
Natural transformation of the H. pylori X47 mdaB::rpsL-cat recipient
strain with these plasmids was performed to generate the X47 mdaB::
ptetR2, mdaB::ptetR4, and mdaB::ptetR6 strains harboring ptetR at the
mdaB locus. Chromosomal DNA of the resulting streptomycin-resistant
transformants was checked for the correct allelic insertion.
Construction of tetracycline-responsive promoter uPtetO with the
green fluorescent protein (GFP) gene as the reporter gene. A 3-step PCR
methodology similar to that used to make ptetR6 was used to make the
uPtetO1-GFP and uPtetO2-GFP constructs. Briefly, gfpmut2 was amplified from pONDG (33), using primers tetOGFP1 and tetOGFP5 (step 1).
In step 2, forward primers tetOGFP2 and tetOGFP3 were used with reverse primer tetOGFP5 for the constructs uPtetO1-GFP and uPtetO2GFP, respectively, and finally, in step 3, primers tetOGFP5 and tetOGFP6
were used to complete the uPtetO promoters. The final uPtetO-GFP constructs contained a modified core mutant urease promoter (containing
either one or two tetO binding sites) fused to gfpmut2, separated by an
NdeI-cut site and flanked on both ends by several unique restriction sites.
Each construct was digested with SalI and XbaI and cloned into similarly
digested vectors pGltD and pTrpA to generate suicide plasmids pGltDuPtetO1-GFP and pGltDuPtetO2-GFP and pTrpA-uPtetO1-GFP and
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moter and suppresses transcription of the TetR-controlled gene.
When Tc enters the cell, it binds TetR and induces a conformational change that results in dissociation of TetR from tetO and
thus induces the expression of the TetR-controlled gene. Tc can
cross biological membranes by diffusion, enabling these inducers
to penetrate most bacterial and eukaryotic cells, and the high inducer affinity (nanomolar range) that TetR has for Tc allows induction to occur prior to inhibition of the ribosome (18). In addition, tet regulation provides very tight control and sensitive
induction, and consequently, efficient tet-regulatory systems have
been developed for eukaryotes as well as several Gram-positive
and Gram-negative bacteria (21–23). Of interest is that tet regulation has also facilitated the generation of conditional bacterial
mutants, which have been successfully used to study their pathogenesis in mouse infection models of Mycobacterium tuberculosis,
Staphylococcus aureus, and Yesinia pestis (1, 2, 24, 25). To date,
however, the development of such a strategy for H. pylori is lagging
behind, even though such a genetic tool would facilitate the study
of H. pylori persistence and aid in the elucidation of the different
roles that specific genes play in H. pylori pathogenesis, genetic
adaption to the host during acute and chronic infection, and disease progression. Here we present the development of the Tn10derived tet-regulatory system from E. coli for use in H. pylori and
demonstrate tetracycline-dependent gene expression in H. pylori
both in vitro and in vivo during persistent infection in mice. The
use of tet regulation for studying H. pylori infection in the context
of an intact gastric environment will greatly help to improve our
understanding of the role that this disappearing human microbe
has in human health and disease (26).

Tetracycline-Based Expression System for H. pylori
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selective plates (CBA containing 5% horse blood, Dent’s antibiotic supplement, polymyxin B at 2,500 U/liter or 0.2975 mg/liter, nalidixic acid at
10 mg/liter, and bacitracin at 100 mg/liter) to determine the bacterial
burden. Reisolated clones were assayed for tet-responsive GFP expression.
For in vivo tet regulation studies, mice were challenged (n ⫽ 3 per
group) with the conditional GFP-expressing X47 mdaB::ptetR4 trpA::
uPtetO1-GFP strain (OND2050). Two weeks after challenge, animals were
given 20 g/ml ATc or not in their drinking water containing 5% sucrose.
Water was kept in light-protected bottles and changed every 3 days. The
animals were sacrificed after receiving 4 days of ATc supplementation.
Stomachs were removed, opened along the greater curvature, and gently
rinsed with PBS to remove stomach contents. Tissue was immediately
fixed for 1 h by using 4% paraformaldehyde in PBS. After being embedded
in OCT medium and frozen in liquid nitrogen, tissues were cut into 16m-thick sections.
Microscopy. Cryosections were permeabilized with 0.2% Triton
X-100, and nonspecific binding sites were blocked with 4% fetal calf serum (FCS) in PBS. Chicken anti-GFP (1:2,000; Abcam) and rabbit antiHelicobacter (1:50; Dakocytomation) primary antibodies were applied for
1 h, followed by incubation of a mixture of goat anti-chicken IgG Alexa
Fluor 488 (1:500; Molecular probes) and goat anti-rabbit IgG Dylight 549
(1:500; Jackson ImmunoResearch) secondary antibodies for 30 min. Finally, nuclei were counterstained with Hoechst 333421 (Sigma-Aldrich).
Images were collected by using a Nikon Ti-E inverted motorized microscope with a Nikon A1S1 spectral detector confocal system running NIS-C
Elements software.

RESULTS

Construction and characterization of tet-responsive promoters
for H. pylori. Previous work with Mycobacterium, Bacillus subtilis,
and Borrelia burgdorferi demonstrated that translation of the tetregulatory system from E. coli to new bacterial hosts requires the
development of tet-responsive promoters that are functional in
the target bacterium (21, 34–36). Successful strategies have involved replacing nonessential sequences within a strong host promoter with one or more tetO sequences. One H. pylori promoter
that has been extensively characterized is the strong ureA promoter PureA, which drives expression of the UreA and UreB subunits of the abundant urease enzyme (37–39). Of interest was that
a minimal mutated version of the urease promoter, named PtaTaat,
retained strong basal levels of urease expression without the transcription-regulatory sequences of PureA (38). To avoid any additional regulation in response to fluctuations in environmental pH
and free Ni2⫹ concentrations (37, 40), PtaTaat was chosen as a
template for developing a H. pylori tet-responsive promoter.
Nonessential sequences within PtaTaat were replaced with one
or two tetO sequences to generate promoters that could bind TetR
(Fig. 1A). These putative tet-responsive derivatives of PtaTaat along
with the downstream ureA 5= untranslated region (UTR) were
designated uPtetO constructs (Fig. 1B). Useful reporters that have
been used to characterize promoter activity in H. pylori are
gfpmut2 and gfpmut3, which display very high fluorescence and
good folding capacities in bacteria (41–44). Therefore, we chose
the reporter gfpmut2 to test the ability of the two uPtetO constructs to drive and regulate gene expression in H. pylori. Constructs consisting of uPtetO and gfpmut2, uPtetO1-GFP and
uPtetO2-GFP, respectively, were generated by using long primers
and successive rounds of PCR. The strength of each uPtetO promoter was evaluated at two different loci within the H. pylori chromosome. The uPtetO-GFP constructs were inserted either between HP0379 and HP0380 (gltD) or into HP1277 (trpA) by using
a natural transformation strategy based on the rpsL-cat counter-
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pTrpA-uPtetO2-GFP, respectively (see Fig. S5 in the supplemental material).
X47 wild-type and X47 mdaB::ptetR2, -4, and -6 strains were transformed with pTrpA-RCAT or pGltD-RCAT to generate the respective
recipient strains, and natural transformation of these strains with the appropriate suicide vector was performed to replace the rpsL-cat counterselectable maker with uPtetO-GFP to create a panel of X47 strains expressing both GFP and TetR (OND2036 to OND2063) or GFP alone
(OND1991 to OND1993 and OND2092).
GFP reporter assays. For the disc diffusion assay, bacteria were plated
onto CBA plates and incubated for 14 h at 37°C. Blank discs were placed
onto the bacterial lawn, inoculated with 30 l of an anhydrotetracycline
(ATc) solution, and incubated for another 24 h before visualization of
GFP expression (LAS 3000; Fujifilm). For liquid culture, 5-ml cultures
were grown for 14 h to mid-log phase and then induced with 200 ng/ml
ATc unless otherwise stated. After 24 h, bacteria were harvested by centrifugation, washed twice with PBS, and resuspended to an OD600 of 2.
Next, 0.1 ml of the bacterial suspension was transferred into black 96-well
plates, and fluorescence at 520 nm after excitation at 485 nm was measured by using a POLARstar Omega plate reader. Single-colony isolates
from three independent transformations were analyzed in triplicate, and
the data were combined. Fluorescence intensities were normalized to the
cell density and expressed as relative fluorescence units (RFU). Wild-type
strain X47 was used to measure background fluorescence of the cells.
Time course experiments of tet regulation. H. pylori cultures were
grown to mid-log phase in 10 ml of BHI medium. An aliquot of 2 ml was
taken from each culture and used for time zero, and an 8-ml aliquot of
fresh medium containing 400 ng/ml ATc was added to each culture to give
a final volume of 16 ml and 200 ng/ml ATc. The bacteria were incubated
for another 30 h, with aliquots taken from each culture at 2, 4, 8, 16, 24,
and 30 h after induction with ATc. Bacterial cells were collected by centrifugation and washed twice with PBS before being processed for immunoblot analysis.
SDS-PAGE and Western blot analysis. Bacterial whole-cell lysates
were prepared by resuspending washed bacteria in ice-cold Tris lysis
buffer (50 mM Tris [pH 7.0], 250 mM NaCl, 1.0% [vol/vol] Triton X-100,
100 M phenylmethylsulfonyl fluoride [PMSF]). Cells were incubated on
ice for 15 min and then sonicated for 10 s. Insoluble cell debris was removed by centrifugation, and the protein concentration of the clarified
supernatant was measured. Equal amounts of protein for each sample
were mixed with 3⫻ SDS-PAGE sample loading buffer and incubated at
95°C for 10 min. The proteins were separated by 10% SDS-PAGE and
transferred onto a polyvinylidene difluoride (PVDF) membrane
(0.22-m Immobilon membrane; Millipore) at 4°C with a constant voltage of 90 V in transfer buffer (192 mM glycine, 25 mM Tris, 20% [vol/vol]
methanol) for 2 h. The membrane was blocked by using 2% bovine serum
albumin (BSA) (Sigma) in PBST (PBS [pH 7.4], 0.1% [vol/vol] Tween 20)
and then incubated with the appropriate primary antibody, washed, and
incubated with a horseradish peroxidase (HRP)-conjugated secondary
antibody. The membrane was washed again, and detection of the secondary HRP conjugate was accomplished by using chemiluminescence
(Sigma). For detection of TetR, rabbit polyclonal IgG anti-TetR
(MoBiTec) at a dilution of 1:2,000 was used as the primary antibody. For
detection of GFP, rabbit polyclonal anti-GFP (Ondek) was used at a dilution of 1:2,000. Mouse anti-rabbit-HRP and rabbit anti-mouse-HRP
(Jackson ImmunoResearch Laboratories) secondary antibodies were used
at a dilution of 1:10,000. Chemiluminescence was detected by using a LAS
3000 instrument (Fujifilm) (with LAS 3000 V2.2 image reader software).
Animal experiments. Mouse procedures were reviewed and approved
by the Institutional Animal Care and Animal Ethics Committee of the
University of Western Australia. Six- to seven-week-old C57BL/6J female
mice were challenged once by oral gavage with 200 l of 1 ⫻ 109 CFU/ml
bacteria. Mice were sacrificed at the indicated time points, and stomachs
were removed and homogenized in 1 ml BHI medium by using a tissue
lyser (Retch). Homogenates were serially diluted and plated onto H. pylori
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selection cassette (28, 31). These two chromosomal loci were selected because, in our hands, we have found them to have good
transformation efficiencies, and their mutagenesis does not affect
colonization of strain X47 in the C57BL/6J mouse infection model
(data not shown).
GFP activity was quantified in H. pylori strains transformed
with uPtetO-GFP cultivated in liquid medium for 36 h. A comparison of the GFP fluorescence intensities demonstrated that replacement of promoter sequences between the ⫺10 and ⫺35 regions with a second tetO site in uPtetO2 significantly affected its
activity compared to uPtetO1, as GFP activity was 3- to 4.5-fold
weaker when expressed under the control of uPtetO2 than when
expressed under the control of uPtetO1 (Fig. 1C). The strength of
each promoter was also influenced by the sequence context, as the
genomic locus into which the constructs were transformed influenced the GFP expression level (Fig. 1C). This locus-dependent
effect was more evident for uPtetO1 than for uPtetO2. X47 strains
transformed with uPtetO1-GFP into the trpA locus had 2-foldhigher GFP activity than strains with uPtetO1-GFP inserted into
the gltD locus, while strains transformed with uPtetO2-GFP into
the trpA locus had 1.5-fold-higher GFP activity than strains with
uPtetO2-GFP inserted into the gltD loci. These results demonstrated that the tetO-modified PtaTaat promoters could be used to
drive expression of foreign genes from the different chromosomal
loci.
Expression of TetR in H. pylori. With functional promoters in
hand, we then turned our attention to tetracycline-mediated regulation of the uPtetO promoters. Several studies utilizing the tet
system have shown that constitutive expression of TetR is more
favorable for the tight repression of strong promoters than the
original autoregulated expression approach derived from the
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Tn10 Tc resistance determinant (23, 34, 45). Therefore, three different H. pylori promoters, PamiE, PflaA, and PtaTaat, were selected to
drive tetR expression (corresponding to constructs ptetR2, ptetR4,
and ptetR6, respectively [Fig. 1D]), in order to provide a range of
TetR expression levels and permit the fine-tuning of gene induction under different growth conditions. The ptetR constructs were
generated by SOE PCR and cloned into suicide vector pMdaB to
introduce them by natural transformation into the H. pylori chromosome between HP0630 and HP0631 (mdaB locus). TetR-positive strains were subsequently transformed with different uPtetOGFP constructs to generate a set of strains (OND2036 to
OND2063) that constitutively expressed TetR and expressed GFP
under the control of a tetO-containing promoter.
Induction of uPtetO by ATc. Anhydrotetracycline (ATc), a
less toxic derivative of Tc with very high affinity for Tn10 TetR
(46), was used as an inducer of TetR, and GFP activity was used as
a reporter to measure the induction and repression potential of tet
promoters uPtetO1 and uPtetO2. Under standard growth conditions, these strains had significantly reduced GFP activities compared to those of strains lacking TetR, demonstrating that TetR
efficiently repressed gene expression from both uPtetO constructs
(Fig. 2). Addition of 200 ng/ml ATc to TetR-expressing strains
grown in BHI medium resulted in an increase in GFP activity after
24 h; however, GFP activity did not reach the levels observed in the
absence of TetR (Fig. 2). After 24 h, induction of uPtetO1 ranged
between 2- and 80-fold, while induction of uPtetO2 in TetR-expressing strains was much weaker and ranged from 1.3- to 8-fold
(Table 1). The X47 mdaB::ptetR4 trpA::uPtetO1-GFP strain
(OND2050) had the greatest induction range of all the strains
tested, displaying an 80-fold increase in GFP activity upon addition of ATc.
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FIG 1 Tetracycline-responsive uPtetO promoters. (A) Nucleotide sequences of the wild-type ureA promoter PureA and the tetracycline-responsive promoter
PtaTaat derivative uPtetO2. The ⫺10 and ⫺35 promoter sequences are underlined, and the extended ⫺10 region is shaded in gray. tet operator (tetO) sequences
are indicated by boxes. The arrow indicates the transcriptional start point, and the asterisk indicates the C-to-T mutation in the ⫺10 region found in the uPtetO
promoter constructs. (B) Representative diagram of the uPtetO constructs. White tetO boxes indicate where PtaTaat promoter sequences have been replaced with
tetO sequences. (C) GFP activities of uPtetO1-GFP (open bars) and uPtetO2-GFP (hatched bars) strains compared to wild-type autofluorescence (black bar).
Bacteria were transformed as indicated and grown in BHI medium to mid-log phase (OD600 ⫽ 0.5), and GFP activities were determined 24 h later. The
fluorescence intensity was normalized to the cell density and expressed as relative fluorescence units (RFU). Data are averages, with error bars representing
standard deviations, for three independent clones and are representative of three independent experiments. (D) Schematic diagram of promoter-tetR constructs
used in this study.
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Induction of uPtetO by ATc in H. pylori is dose and time
dependent. The tet system in H. pylori was further characterized
by measuring GFP activity after induction with increasing inducer
concentrations and by evaluating reporter expression at different
time points. In addition, a disc diffusion assay was used to demonstrate ATc-dependent gene regulation on solid media. Discs
inoculated with different concentrations of ATc were placed onto
a bacterial lawn of the X47 mdaB::ptetR4 trpA::uPtetO1-GFP
strain (OND2050) (Fig. 3A). GFP expression was evident after 24
h and was confined to the regions around each disc where the ATc
concentration was sufficient to induce uPtetO1.
Quantification of GFP activities of H. pylori strains grown in
the presence of different concentrations of ATc for 24 h demonstrated that induction of promoters uPtetO1 and uPtetO2 was dependent on the inducer concentration (Fig. 3B). Maximal induction was achieved in all strains with the uPtetO1-GFP construct at
a concentration of 100 ng/ml ATc (Fig. 3B), which, importantly, is
a concentration 10-fold below the MIC for this compound, as
measured in liquid culture (Fig. 3C). Slightly higher concentra-

TABLE 1 Induction and repression of uPtetO in H. pylori
Promoter
strength
(RFU/OD600)

Strain

ptetR
Expression
construct Promoter locus
⫺ATc

OND2038 ptetR2
OND2036
OND2039
OND2037

uPtetO1

OND2050 ptetR4
OND2048
OND2051
OND2049

uPtetO1

OND2062 ptetR6
OND2060
OND2063
OND2061

uPtetO1

uPtetO2

uPtetO2

uPtetO2

⫹ATc

Fold
increase

trpA
gltD
trpA
gltD

5,939
3,597
5,146
3,154

46,019
34,248
11,200
9,127

8
10
2
3

trpA
gltD
trpA
gltD

668
885
2,561
1,683

53,199
37,488
17,495
13,300

80
42
7
8

trpA
gltD
trpA
gltD

6,917
11,985
8,386
5,961

39,628
27,063
11,167
7,802

6
2
1.3
1.3
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tions of ATc were required to reach maximal GFP activities for
some strains with the uPtetO2-GFP construct (Fig. 3B).
The kinetics of uPtetO1-GFP induction was also analyzed by
immunoblotting against GFP (Fig. 3D). GFP expression increased
with ATc incubation time and reached a maximum signal 16 h
after the addition of ATc. Strains expressing tetR under the control
of the flaA promoter (ptetR4) had the greatest range in GFP expression, responding to 5 ng/ml ATc and reaching maximal levels
of GFP sooner than strains that were transformed with ptetR2 or
ptetR6. Conversely, in strains expressing the largest amount of
TetR, ptetR6 (see Fig. S6 in the supplemental material), induction
of uPtetO was less complete and required more time; however,
repression of uPtetO in the absence of ATc was not more efficient.
The ptetR-dependent effect on uPtetO2 regulation was not as pronounced in uPtetO2-GFP-transformed strains due to the smaller
range in expression levels between induced and repressed states.
Addition of the second tetO site did not result in measurable improvement in silencing of uPtetO2 compared to uPtetO1 (Fig. 2
and 3B).
tet regulation of uPtetO in vivo. The results obtained from in
vitro induction experiments demonstrated that tet-regulated gene
expression in H. pylori was functional and thus could serve as a
useful tool to study H. pylori virulence factors. Therefore, the potential for tet regulation of H. pylori genes during infection was
investigated. The first step was to assess the expression stability of
the GFP reporter gene under tet regulation after in vivo passage.
Mice were orally challenged once with X47 mdaB::ptetR4 recipient
strains transformed with either pGltD-uPtetO1-GFP or pTrpAuPtetO1-GFP. Colonies were successfully reisolated 1 week after
oral challenge (see Fig. S7 in the supplemental material), and
GFP expression of reisolated strains remained ATc dependent,
demonstrating the genetic stability of the chromosomally integrated tet-inducible system in H. pylori. With this result in
hand, ATc-dependent regulation of GFP expression during H.
pylori infection was investigated. Two groups of mice (n ⫽ 3)
were challenged with the X47 mdaB::ptetR4 trpA::uPtetO1-GFP
strain (OND2050), which expressed GFP only in the presence
of tetracyclines. Two weeks after challenge, one group of animals was treated with ATc by supplementation in the drinking
water, while the other group was maintained on standard
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FIG 2 TetR-controlled gene expression in H. pylori. Shown is a comparison of uPtetO1 and uPtetO2 induction in strains with different ptetR constructs. Strains
expressing TetR were transformed with the tet-responsive constructs uPtetO1-GFP and uPtetO2-GFP into either the trpA (A) or gltD (B) locus. Bacteria were
transformed as indicated and grown in BHI medium to mid-log phase (OD600 ⫽ 0.5) before 200 ng/ml ATc was added (hatched bars). GFP activities were
determined 24 h later. Three independently generated clones were used to measure GFP activities for each strain. All fluorescence measurements were carried out
in triplicate. The fluorescence intensity was normalized to the cell density and is expressed as RFU. All fluorescence intensities were corrected for background
fluorescence of the bacteria. Data are averages, with error bars representing standard deviations, for three independent clones and are representative of two
independent experiments.
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drinking water. Animals were sacrificed 4 days later, and confocal fluorescence imaging of infected mouse stomachs detected both H. pylori and GFP when probed with anti-H. pylori
antibodies and anti-GFP antibodies, respectively (Fig. 4). Importantly, larger amounts of GFP protein were detected in the
stomachs of all three mice that received tetracycline supplementation than in the stomach samples from infected mice that
remained untreated. Superimposition of H. pylori and GFP
fluorescent signals led to a dotted pattern suggesting colocalization of GFP with H. pylori cells. This confocal data demonstrated that gene expression from the tet-responsive uPtetO1
promoter could indeed be regulated in vivo during the persistence stage of infection using low levels of ATc supplementation.
DISCUSSION

The use of tetracycline-dependent gene regulation has not been
previously reported for H. pylori or for any other members of the
epsilonproteobacteria, including the closely related campylobacters. We developed two tet-responsive promoters that are functional in H. pylori and characterized their regulation using GFP as
a reporter. The regulatory range achieved in this study (up to
80-fold) is comparable to the those of first-generation tet regulation systems adapted to other bacteria such as B. subtilis (100-
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fold), S. aureus (50- to 100-fold), Mycobacterium smegmatis (170fold), and Streptococcus pneumoniae (5-fold) (21, 24, 34, 47).
A comparison of the activity and regulation of the two promoters revealed that the introduction of a second tetO site into
uPtetO2 led to significantly reduced promoter activity (Fig. 1C)
although without improvement of TetR-mediated silencing (Fig.
2) compared to uPtetO1. The lower activity of uPtetO2 may be
attributed to the decrease in AT content upstream of the ⫺14
position brought about by the introduction of tetO, as a recent
analysis of ⬃2,000 transcription start signals identified this periodic AT-rich signal as a moderately conserved feature in H. pylori
promoters (48).
The availability of tet promoters with different strengths allows
for the construction of conditional mutants in which tet-regulated
expression more closely reflects that of the target gene of interest.
Further refinements can be achieved through selection of the appropriate recipient locus, as tet promoter activity was also shown
to be influenced by the genomic locus into which the constructs
were transformed. Variations in gene expression due to chromosomal positioning are well documented for other bacteria such as
E. coli (49), Salmonella enterica serovar Typhimurium (50), and
Lactococcus lactis (51) and have been attributed to the operative
increase in gene dosage associated with regions close to oriC. Although H. pylori is unlikely to replicate multiple genomes like E.
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FIG 3 Determination of optimal inducer concentration, growth inhibition by ATc, and kinetics of induction. (A) Regulation of GFP expression on CBA plates.
Blank discs were inoculated with 30 l of 0.5 g/ml (1), 1.0 g/ml (2), and 5 g/ml (3) of ATc, placed onto a bacterial lawn of the mdaB::ptetR4 trpA::uptetO1GFP strain (OND2050), and incubated for 24 h. The GFP fluorescence signal appears as a dark signal against the lighter background of the bacterial lawn on the
CBA plate. The zone of GFP expression is indicated (white arrows). Discs were removed before the image was taken. (B) Inducer concentration. H. pylori strains
expressing TetR were transformed with tet-responsive construct uPtetO1-GFP or uPtetO2-GFP and grown in BHI medium to mid-log phase (OD600 ⫽ 0.5) prior
to the addition of increasing amounts of ATc. GFP activities were determined 24 h later. (C) Growth curves of H. pylori X47 grown in BHI medium without or
with different concentrations of ATc. The optical densities of each culture were recorded every 3 h. (D) Time course of TetR-controlled GFP expression. Shown
is induction of uPtetO1 in strains transformed with different promoter-tetR constructs, PamiE-tetR (ptetR2), PflaA-tetR (ptetR4), and PtaTaat-tetR (ptetR6). Bacteria
were grown in BHI medium to mid-log phase (OD600 ⫽ 0.5) before the addition of 200 ng/ml of ATc. Aliquots of induced cultures were taken at the indicated
time points. H. pylori lysates were separated on a 10% SDS-PAGE gel. Equal amounts of protein (15 g) were loaded into each lane. Lane 1, GFP constitutively
expressed by X47 lacking TetR (pos); lane 2, wild-type strain X47 (neg); lane 3, repressed GFP (⫹TetR); lanes 4 to 9, time course of induction of TetR-controlled
GFP by 200 ng/ml ATc.
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mdaB::ptetR4 trpA::uPtetO1-GFP strain (OND2050). Two weeks after infection, one group of mice received 20 g/ml ATc for 4 days in their drinking water (top
and bottom), whereas the control groups were kept without ATc supplement (middle). The top row depicts sections stained with secondary antibodies only. The
left column depicts stomach tissues stained with antibody against H. pylori, the middle column depicts tissue stained with antibody against GFP, and the right
column shows cell nuclei counterstained with Hoechst (blue), merged with anti-H. pylori (red) and anti-GFP (green).

coli (30), the observed positional effect on uPtetO activity provides
an additional mechanism by which gene expression in conditional
mutants can be further adjusted to match the levels of gene expression in wild-type strains.
Finally, adjustments to the regulatory windows to suit expression of a target gene were also achieved by adjusting tetR expression by way of different promoters. The use of PtaTaat to drive tetR
expression resulted in the highest steady-state levels of TetR protein, followed by PamiE and then PflaA, which produced the smallest
amount of TetR. These differences, as detected by immunoblotting, were not very large (see Fig. S6 in the supplemental material);
however, they had significant effects on uPtetO1 regulation (Fig.
3B and D). Smaller amounts of TetR protein have been shown to
make the tet system more sensitive to the presence of ATc and lead
to faster induction responses (19, 52), which was observed in this
study for strains transformed with ptetR4, as these strains expressing tetR under the control of the flaA promoter had the greatest
range in GFP expression levels.
Interestingly, the response to tet regulation in H. pylori, as
demonstrated by the time course assays, was relatively slow compared to those of other bacterial species (21, 23). This slow-induction profile is in line with the delayed induction described previously for the lacIq conditional expression system in H. pylori (15),
and it is likely to reflect intrinsic characteristics of H. pylori such as
a low growth rate.
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Confocal imaging of infected stomachs demonstrated that the
activity of the tet-responsive uPtetO promoter can be regulated
during persistent infection by using low levels of tetracycline supplementation. This suggests that tet regulation is a very valuable
tool to study H. pylori pathogenesis and disease progression in
established animal models.
In conclusion, this study describes different uPtetO and ptetR
constructs that can be combined with new chromosome positions
that are amenable to neutral gene insertion, to provide three different levels of regulation for modulating and fine-tuning gene
expression in conditional mutants. tet-regulated GFP expression
both in vitro and in vivo has established that tet-regulated gene
expression in H. pylori is possible and has shown that further experimentation with the tet system as a genetic tool to study H.
pylori virulence factors is warranted.
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Debowski et al.

Government, by a NHMRC Sir McFarlane Burnett Fellowship grant
(572723) to B.J.M., and by a NHMRC project grant (634465) to B.J.M.
and M.B.
A.W.D. and P.V. are postdoctoral researchers at the University of
Western Australia working with Ondek Pty. Ltd. M.S., B.J.M., and M.B.
are employees and shareholders of Ondek Pty. Ltd.

REFERENCES

7358

aem.asm.org

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on November 28, 2020 by guest

1. Gandotra S, Schnappinger D, Monteleone M, Hillen W, Ehrt S. 2007. In
vivo gene silencing identifies the Mycobacterium tuberculosis proteasome
as essential for the bacteria to persist in mice. Nat. Med. 13:1515–1520.
2. Lathem WW, Price PA, Miller VL, Goldman WE. 2007. A plasminogenactivating protease specifically controls the development of primary pneumonic plague. Science 315:509 –513.
3. Linz B, Balloux F, Moodley Y, Manica A, Liu H, Roumagnac P, Falush
D, Stamer C, Prugnolle F, van der Merwe SW, Yamaoka Y, Graham DY,
Perez-Trallero E, Wadstrom T, Suerbaum S, Achtman M. 2007. An
African origin for the intimate association between humans and Helicobacter pylori. Nature 445:915–918.
4. Andersson AF, Lindberg M, Jakobsson H, Backhed F, Nyren P, Engstrand L. 2008. Comparative analysis of human gut microbiota by barcoded pyrosequencing. PLoS One 3:e2836. doi:10.1371/journal.pone
.0002836.
5. Bik EM, Eckburg PB, Gill SR, Nelson KE, Purdom EA, Francois F,
Perez-Perez G, Blaser MJ, Relman DA. 2006. Molecular analysis of the
bacterial microbiota in the human stomach. Proc. Natl. Acad. Sci. U. S. A.
103:732–737.
6. Atherton JC. 2006. The pathogenesis of Helicobacter pylori-induced gastro-duodenal diseases. Annu. Rev. Pathol. 1:63–96.
7. Kusters JG, van Vliet AH, Kuipers EJ. 2006. Pathogenesis of Helicobacter
pylori infection. Clin. Microbiol. Rev. 19:449 – 490.
8. Blaser MJ, Parsonnet J. 1994. Parasitism by the “slow” bacterium Helicobacter pylori leads to altered gastric homeostasis and neoplasia. J. Clin.
Invest. 94:4 – 8.
9. Morris AJ, Ali MR, Nicholson GI, Perez-Perez GI, Blaser MJ. 1991.
Long-term follow-up of voluntary ingestion of Helicobacter pylori. Ann.
Intern. Med. 114:662– 663.
10. Arnold IC, Dehzad N, Reuter S, Martin H, Becher B, Taube C, Muller
A. 2011. Helicobacter pylori infection prevents allergic asthma in mouse
models through the induction of regulatory T cells. J. Clin. Invest. 121:
3088 –3093.
11. Blaser MJ, Chen Y, Reibman J. 2008. Does Helicobacter pylori protect
against asthma and allergy? Gut 57:561–567.
12. Chen Y, Blaser MJ. 2008. Helicobacter pylori colonization is inversely
associated with childhood asthma. J. Infect. Dis. 198:553–560.
13. Codolo G, Mazzi P, Amedei A, Del Prete G, Berton G, D’Elios MM, de
Bernard M. 2008. The neutrophil-activating protein of Helicobacter pylori
down-modulates Th2 inflammation in ovalbumin-induced allergic
asthma. Cell. Microbiol. 10:2355–2363.
14. Oertli M, Sundquist M, Hitzler I, Engler DB, Arnold IC, Reuter S,
Maxeiner J, Hansson M, Taube C, Quiding-Jarbrink M, Muller A. 2012.
DC-derived IL-18 drives Treg differentiation, murine Helicobacter pylorispecific immune tolerance, and asthma protection. J. Clin. Invest. 122:
1082–1096.
15. Boneca IG, Ecobichon C, Chaput C, Mathieu A, Guadagnini S, Prevost
MC, Colland F, Labigne A, de Reuse H. 2008. Development of inducible
systems to engineer conditional mutants of essential genes of Helicobacter
pylori. Appl. Environ. Microbiol. 74:2095–2102.
16. Thibonnier M, Aubert S, Ecobichon C, De Reuse H. 2010. Study of the
functionality of the Helicobacter pylori trans-translation components
SmpB and SsrA in an heterologous system. BMC Microbiol. 10:91. doi:10
.1186/1471-2180-10-91.
17. Thibonnier M, Thiberge JM, De Reuse H. 2008. Trans-translation in
Helicobacter pylori: essentiality of ribosome rescue and requirement of
protein tagging for stress resistance and competence. PLoS One 3:e3810.
doi:10.1371/journal.pone.0003810.
18. Berens C, Hillen W. 2003. Gene regulation by tetracyclines. Constraints
of resistance regulation in bacteria shape TetR for application in eukaryotes. Eur. J. Biochem. 270:3109 –3121.
19. Hillen W, Berens C. 1994. Mechanisms underlying expression of Tn10
encoded tetracycline resistance. Annu. Rev. Microbiol. 48:345–369.

20. Bertram R, Hillen W. 2008. The application of Tet repressor in prokaryotic gene regulation and expression. Microb. Biotechnol. 1:2–16.
21. Geissendorfer M, Hillen W. 1990. Regulated expression of heterologous
genes in Bacillus subtilis using the Tn10 encoded tet regulatory elements.
Appl. Microbiol. Biotechnol. 33:657– 663.
22. Gossen M, Bujard H. 1992. Tight control of gene expression in mammalian cells by tetracycline-responsive promoters. Proc. Natl. Acad. Sci.
U. S. A. 89:5547–5551.
23. Lutz R, Bujard H. 1997. Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2
regulatory elements. Nucleic Acids Res. 25:1203–1210.
24. Ji Y, Marra A, Rosenberg M, Woodnutt G. 1999. Regulated antisense
RNA eliminates alpha-toxin virulence in Staphylococcus aureus infection.
J. Bacteriol. 181:6585– 6590.
25. Ji Y, Zhang B, Van Horn SF, Warren P, Woodnutt G, Burnham MK,
Rosenberg M. 2001. Identification of critical staphylococcal genes using
conditional phenotypes generated by antisense RNA. Science 293:2266 –
2269.
26. Blaser MJ, Falkow S. 2009. What are the consequences of the disappearing human microbiota? Nat. Rev. Microbiol. 7:887– 894.
27. Ermak TH, Giannasca PJ, Nichols R, Myers GA, Nedrud J, Weltzin R,
Lee CK, Kleanthous H, Monath TP. 1998. Immunization of mice with
urease vaccine affords protection against Helicobacter pylori infection in
the absence of antibodies and is mediated by MHC class II-restricted responses. J. Exp. Med. 188:2277–2288.
28. Dailidiene D, Dailide G, Kersulyte D, Berg DE. 2006. Contraselectable
streptomycin susceptibility determinant for genetic manipulation and
analysis of Helicobacter pylori. Appl. Environ. Microbiol. 72:5908 –5914.
29. Shevchuk NA, Bryksin AV, Nusinovich YA, Cabello FC, Sutherland M,
Ladisch S. 2004. Construction of long DNA molecules using long PCRbased fusion of several fragments simultaneously. Nucleic Acids Res. 32:
e19. doi:10.1093/nar/gnh014.
30. Debowski AW, Carnoy C, Verbrugghe P, Nilsson HO, Gauntlett JC,
Fulurija A, Camilleri T, Berg DE, Marshall BJ, Benghezal M. 2012. Xer
recombinase and genome integrity in Helicobacter pylori, a pathogen without topoisomerase IV. PLoS One 7:e33310. doi:10.1371/journal.pone
.0033310.
31. Styer CM, Hansen LM, Cooke CL, Gundersen AM, Choi SS, Berg DE,
Benghezal M, Marshall BJ, Peek RM, Jr, Boren T, Solnick JV. 2010.
Expression of the BabA adhesin during experimental infection with Helicobacter pylori. Infect. Immun. 78:1593–1600.
32. Schnappinger D, Schubert P, Pfleiderer K, Hillen W. 1998. Determinants of protein-protein recognition by four helix bundles: changing the
dimerization specificity of Tet repressor. EMBO J. 17:535–543.
33. Li JK. 2009. Ph.D. thesis. University of Western Australia, Perth, WA,
Australia.
34. Ehrt S, Guo XV, Hickey CM, Ryou M, Monteleone M, Riley LW,
Schnappinger D. 2005. Controlling gene expression in mycobacteria with
anhydrotetracycline and Tet repressor. Nucleic Acids Res. 33:e21. doi:10
.1093/nar/gni013.
35. Rodriguez-Garcia A, Combes P, Perez-Redondo R, Smith MC. 2005.
Natural and synthetic tetracycline-inducible promoters for use in the antibiotic-producing bacteria Streptomyces. Nucleic Acids Res. 33:e87. doi:
10.1093/nar/gni086.
36. Whetstine CR, Slusser JG, Zuckert WR. 2009. Development of a singleplasmid-based regulatable gene expression system for Borrelia burgdorferi.
Appl. Environ. Microbiol. 75:6553– 6558.
37. Contreras M, Thiberge JM, Mandrand-Berthelot MA, Labigne A. 2003.
Characterization of the roles of NikR, a nickel-responsive pleiotropic autoregulator of Helicobacter pylori. Mol. Microbiol. 49:947–963.
38. Davies BJ, de Vries N, Rijpkema SG, van Vliet AH, Penn CW. 2002.
Transcriptional and mutational analysis of the Helicobacter pylori urease
promoter. FEMS Microbiol. Lett. 213:27–32.
39. Pflock M, Kennard S, Delany I, Scarlato V, Beier D. 2005. Acid-induced
activation of the urease promoters is mediated directly by the ArsRS twocomponent system of Helicobacter pylori. Infect. Immun. 73:6437– 6445.
40. Pflock M, Finsterer N, Joseph B, Mollenkopf H, Meyer TF, Beier D.
2006. Characterization of the ArsRS regulon of Helicobacter pylori, involved in acid adaptation. J. Bacteriol. 188:3449 –3462.
41. Carpenter BM, McDaniel TK, Whitmire JM, Gancz H, Guidotti S, Censini S,
Merrell DS. 2007. Expanding the Helicobacter pylori genetic toolbox: modification of an endogenous plasmid for use as a transcriptional reporter and complementation vector. Appl. Environ. Microbiol. 73:7506–7514.

Tetracycline-Based Expression System for H. pylori

December 2013 Volume 79 Number 23

48. Sharma CM, Hoffmann S, Darfeuille F, Reignier J, Findeiss S, Sittka A,
Chabas S, Reiche K, Hackermuller J, Reinhardt R, Stadler PF, Vogel J.
2010. The primary transcriptome of the major human pathogen Helicobacter pylori. Nature 464:250 –255.
49. Sousa C, de Lorenzo V, Cebolla A. 1997. Modulation of gene expression
through chromosomal positioning in Escherichia coli. Microbiology 143:
2071–2078.
50. Schmid MB, Roth JR. 1987. Gene location affects expression level in
Salmonella typhimurium. J. Bacteriol. 169:2872–2875.
51. Thompson A, Gasson MJ. 2001. Location effects of a reporter gene on
expression levels and on native protein synthesis in Lactococcus lactis and
Saccharomyces cerevisiae. Appl. Environ. Microbiol. 67:3434 –3439.
52. Georgi C, Buerger J, Hillen W, Berens C. 2012. Promoter strength
driving TetR determines the regulatory properties of Tet-controlled
expression systems. PLoS One 7:e41620. doi:10.1371/journal.pone
.0041620.

aem.asm.org 7359

Downloaded from http://aem.asm.org/ on November 28, 2020 by guest

42. Cormack BP, Valdivia RH, Falkow S. 1996. FACS-optimized mutants of
the green fluorescent protein (GFP). Gene 173:33–38.
43. Heuermann D, Haas R. 1998. A stable shuttle vector system for efficient
genetic complementation of Helicobacter pylori strains by transformation
and conjugation. Mol. Gen. Genet. 257:519 –528.
44. Josenhans C, Friedrich S, Suerbaum S. 1998. Green fluorescent protein
as a novel marker and reporter system in Helicobacter sp. FEMS Microbiol.
Lett. 161:263–273.
45. Kamionka A, Bertram R, Hillen W. 2005. Tetracycline-dependent conditional
gene knockout in Bacillus subtilis. Appl. Environ. Microbiol. 71:728–733.
46. Gossen M, Bujard H. 1993. Anhydrotetracycline, a novel effector for
tetracycline controlled gene expression systems in eukaryotic cells. Nucleic Acids Res. 21:4411– 4412.
47. Stieger M, Wohlgensinger B, Kamber M, Lutz R, Keck W. 1999. Integrational plasmids for the tetracycline-regulated expression of genes in
Streptococcus pneumoniae. Gene 226:243–251.

