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ABSTRACT
Helicobacter pylori, bacteria that colonize
the human gastric mucosa, are naturally competent for
transformation by exogenous DNA, and show a panmictic population structure. To understand the mechanisms involved in its horizontal gene transfer, we
sought to define the interval required from exposure to
substrate DNA until DNA uptake and expression of a
selectable phenotype, as well as the relationship of
transforming fragment length, concentration, homology, symmetry, and strandedness, to the transformation
frequency. We provide evidence that natural transformation in H. pylori differs in efficiency among wild-type
strains but is saturable and varies with substrate DNA
length, symmetry, strandedness, and species origin. We
show that H. pylori cells can be transformed within one
minute of contact with DNA, by DNA fragments as
small as 50 bp, and as few as 5 bp on one flank of a
selectable single nucleotide mutation is sufficient substrate for recombination of a transforming fragment,
and that double-stranded DNA is the preferred (1000fold >single-stranded) substrate. The high efficiency of
double-stranded DNA as transformation substrate, in
conjunction with strain-specific restriction endonucleases suggests a model of short-fragment recombination
favoring closest relatives, consistent with the observed
H. pylori population biology.—Levine, S. M., Lin, E. A.,
Emara, W., Kang, J., DiBenedetto, M., Ando, T., Falush,
D., Blaser, M. J. Plastic cells and populations: DNA
substrate characteristics in Helicobacter pylori transformation define a flexible but conservative system for
genomic variation. FASEB J. 21, 3458 –3467 (2007)
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Many bacterial species have evolved mechanisms for
taking up exogenous DNA, thus using the advantage of
sex for the generation of diversity (1, 2). Natural transformation of prokaryotes by free DNA involves release of
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DNA from donor cells, its dispersal and persistence in the
environment, the development of competence for DNA
uptake by adjacent recipient cells, and their interaction
with DNA, leading to uptake, recombination, and potentially, the expression of an acquired trait (2). Host cell
incorporation of exogenous DNA can be affected by
expression of competence proteins, restriction endonucleases, and DNA repair and recombination enzymes,
among other factors (1, 3– 6).
Helicobacter pylori are Gram-negative curved bacteria
that colonize the human gastric mucosa, leading to
increased risk of peptic ulcer disease and gastric malignancies (7). The lifelong persistence of H. pylori in the
human stomach may result from its ability to adapt to
changes in its environmental niche (8, 9). H. pylori cells
are naturally competent for DNA uptake (10 –12), with
specialized machinery (including reverse type IV secretion systems) for DNA uptake (13, 14) and horizontal
gene transfer that generate substantial genetic diversity
(15, 16). Studies of paired H. pylori isolates from the
same host provide evidence that recombination is frequent and that the introduced fragments are short [417
bp, 95% confidence interval 259 –732 bp] compared
with Streptococcus pneumoniae, Neisseria menigitidis, Bacillus subtilis, and Escherichia coli (16). Moreover, H. pylori
can proficiently take up both homologous and homeologous DNA, consistent with lack of a mismatch repair
pathway, which in other organisms hinders incorporation of nonhomologous DNA (17, 18). Consideration
of the mechanisms involved in genetic exchange may
aid understanding of H. pylori adaptation to changing
environments (19, 20).
Prior studies have examined the structural components of H. pylori required for or facilitating transformation (21–24). We now focus on substrate DNA
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requirements for H. pylori transformation. To accomplish this aim, we first defined the time required for
DNA uptake after exposure to a suitable substrate and
for expression of a selectable phenotype, as well as the
relationship of transformation efficiency to transforming fragment length, concentration, homology, species
origin, symmetry, and strandedness. This work provides
evidence for the existence of a highly efficient and
versatile H. pylori system for transformation and defines
its limits and preferences, with findings consistent with
the extensive intraspecies restriction barriers (4, 5,
25–27), and lack of RecBCD exonuclease activities (28).
This work provides a model to explain plasticity of
bacterial cells within a population, and potential solutions to the biological trade-offs between fidelity and
diversification in a highly dynamic system (3).
MATERIALS AND METHODS
Strains and growth conditions
The primary H. pylori isolates used in this study were wild-type
and streptomycin-resistant (StrR) mutants of strains 26695 and
HPK5 (29, 30) (Supplemental Table 1), as well as wild-type H.
pylori strains 9999, HP1, 9886, HPK1, 8822, B128, J99, JP26, and
J166, which have been the subject of prior studies (4, 5, 27,
31–35), and Helicobacter cetorum strain MIT 99 –5656. H. pylori
cells were grown on Trypticase soy agar (TSA) with 5% sheep
blood (BBL Microbiology Systems, Cockeysville, MD, USA) or
Brucella-serum (BS; BBL) agar with 10% newborn calf serum
(Serologicals Corporation, Norcross, GA, USA) at 37°C in 5%
CO2 for 48 h. To avoid contamination by Gram-positive bacteria
and fungi, 20 !g/ml of vancomycin, and 10 !g/ml of amphotericin B were added to all plates, and as expected, had no effect
on H. pylori growth (36). Spontaneously occurring StrR mutants
were selected by inoculating "1010 H. pylori or H. cetorum cells on
TSA medium containing streptomycin (10 !g/ml), as described
(29); the H. pylori StrR mutants have an A128G substitution in
rps12, resulting in K43R that confers the resistance phenotype
(10). StrR H. pylori transformants were selected on BS or BL
plates with streptomycin (20 !g/ml) added.
DNA techniques
Standard molecular techniques for DNA preparation, cloning, and PCR were used (37). Chromosomal DNA was prepared, as described (38), from H. pylori cells of each strain
after 48 h growth on two agar plates. PCR was performed by
standard methods with 30 cycles (see Supplemental Table 2
for primers) in a reaction volume of 50 !l containing 0.5 U of
Taq (Qiagen, Valencia, CA), 1.5 mM MgCl2 and 200 ng of
each primer (Supplemental Table 2). All PCR products were
electrophoresed at 120V for 60 min through agarose gels,
with ethidium bromide. The desired band was extracted from
the gel, the DNA was purified, using the Gel Extraction Kit
(Qiagen), and then stored at –20° until ready for use.
DNA Sequencing
For analysis of specific sequences surrounding the rps12 loci
in H. pylori and H. cetorum, PCR products were generated with
relevant primers (Supplemental Table 2), then purified using
the QIAquick gel extraction kit (Qiagen). These products
then were examined using sequences obtained from both
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strands, utilizing an automated Applied Biosystems sequencer
in the New York University Cancer Center Core Laboratory,
and analyzed using Sequencer 3.1.1 (Gene Code Corp., Ann
Arbor, MI, USA).
Natural transformation
H. pylori cells, grown for 48 h on two TSA plates with 5%
sheep blood agar, were harvested into 1 ml of phosphatebuffered saline (PBS), centrifuged at 8,500 g for 5 min, and
the pellet resuspended in 300 !l PBS. In the standard
procedure, each transformation mixture, consisting of "108
H. pylori cells in 25 !l of elutant and 30 ng of donor DNA, was
spotted onto a TSA plate. Preliminary studies showed that 20
ng of H. pylori chromosomal DNA per 25 !l of H. pylori cells
is saturating (10). Plates were incubated for 24 h at 37°C in
5% CO2; then the transformation mixture was harvested from
the plate surface into 1 ml of PBS. These suspensions were
subjected to serial 10-fold dilutions, and 100 !l aliquots were
inoculated onto (nonselective) TSA plates and onto (selective) BS agar plates with 10% newborn calf serum and 20
!g/ml streptomycin, and plates were incubated for 5 days at
37°C in 5% CO2. Transformation frequency was calculated as
the number of StrR colonies per recipient cfu per microgram
of donor DNA. Transformation frequencies were normalized
for the number of StrR-conferring mutations per 30 ng of
donor DNA. To determine the time interval necessary for
DNA to be secluded into a DNase-protected state, natural
transformation experiments were performed as above, but
included 3 !l DNase/buffer solution (Qiagen) added to the
transformation mixture at differing time points. For control
transformations, an equal volume of buffer solution was
added to the mixture.
Preparation of single-stranded and double-stranded
transforming DNA
To compare the relative efficiencies of single-stranded (SS)
and double-stranded (DS) DNA templates to transform H.
pylori, an 800 bp PCR product encompassing rpsL from StrR
strain 26695 was molecularly cloned into phagemid M13 in
both orientations; DS (plasmid) and SS (phage) DNA was
harvested from E. coli cells or their supernatants, according to
standard M13 methods (37). A parallel M13 construct also
was designed using the identical protocol, but including an
800-bp PCR product encompassing rpsL from StrS strain
26995, and both DS and SS DNA products were harvested for
use as control DNA. Confirmation of the correct inserts and
standardization of DNA concentrations was done by sequence
analysis and by fluorometry, respectively.
Competition inhibition assays
To characterize DNA concentration-dependent rate-limiting
steps in natural transformation of H. pylori cells, we first
determined whether transformation frequency is a saturable
phenomenon in the experimental system employed. Increasing concentrations of 800 bp PCR products amplified from H.
pylori strain 26695 StrR cells were added to wild-type 26695
cells to determine the quantity of DNA necessary to saturate
the transformation process. In subsequent experiments, wildtype 26695 cells were transformed with mixtures of “hot”
(containing StrR marker (A128G) rpsL) and “cold” (wild-type,
without StrR marker) PCR products. The marked and unmarked DNA fragments were mixed together in equimolar
ratios or at 10- or 50-fold excess, and then added simultaneously to the wild-type H. pylori cells. Calf thymus DNA
(Sigma-Aldrich, St. Louis, MO, USA), and 800 bp PCR
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products amplified from an irrelevant 26695 locus (mutS),
and from rpsL from an Escherichia coli K12 strain, were used in
other experiments to compete with the marked PCR product
conferring StrR from 26695 rpsL.

RESULTS
Frequency of transformation of H. pylori strain 26695
by PCR products and chromosomal DNA
Since imported mosaics in H. pylori are much smaller
than other bacteria (16), we sought to determine the
smallest length of DNA that could be used to transform
strain 26695. Cells from a StrR 26695 mutant (26695StrR) were used as a source of transforming chromosomal DNA, as well as a template to obtain 50 to 4400
bp PCR products that contained the A128G rpsL mutation (Fig. 1A). Under the conditions used, each of the
PCR products that carried the A128G rpsL transformed
cells of wild-type strain 26695 to StrR, whereas control
PCR products induced no transformation as expected
(data not shown). The transformation frequencies varied directly with the length of the transforming DNA
(Fig. 1B); there was a nearly 2 log10 difference in
frequency between the 4400 bp PCR product and the
chromosomal DNA used as a positive control. Although
products of 100 and 50 bp transformed the recipient
strain, there was #2 log10 difference from a 224 bp
product. The results of these experiments provide a
standardized procedure in which H. pylori cells can be
reproducibly transformed by PCR products of known
length. These findings were consistent with observations involving other organisms (39, 40) that transformation efficiency for very short fragments was much
reduced compared with longer fragments.

Interval required for expression of transformed
phenotype
Transformation is an in vivo phenomenon, constrained by
physical limitations; in the stomach, peristaltic gastric flow
(41) limits contact time between free DNA and recipient
H. pylori cells. To better understand H. pylori transformation dynamics, we sought to define the time required for
transformed cells to express a detectable phenotype, in
this case streptomycin-resistance. To address this question, we varied the duration of contact of recipient
wild-type 26695 cells with the transforming DNA, an 800
bp rps12 PCR product amplified from StrR 26695 cells,
prior to inoculation of the transformation mixture onto
streptomycin-containing media. No transformants were
observed from the mixtures with !3 h of contact before
cells were exposed to the antibiotic selection (Fig. 1C).
However, transformants were observed in all experiments
with "6 h contact before the antibiotic challenge. Transformation efficiency increased by "1 log10 for each added
6 h of contact (through 24 h) before exposure to the
antibiotic selection. These data, indicating "3 log10
increased transformation efficiency as H. pylori incubation on the nonselective plates lengthened, is
consistent with cell replication under these conditions, permitting cycles of incorporation of the DNA
substrate conferring antibiotic-resistance (12). On
the basis of these studies, we used a 24-h period
before exposure to the antibiotic to optimize phenotypic expression of the selected allele, with minimal
contamination risk (data not shown).
Interval required for DNA uptake
We now were prepared to determine the duration of
contact necessary for DNA uptake in H. pylori 26695 cells.
In these experiments, DNase was added at differing times

Figure 1. DNA substrate characteristics for H. pylori natural transformation. Chromosomal DNA or PCR products amplified from
homologous StrR cells were used to transform cells of a wild-type StrS H. pylori strain to StrR. Each transformation experiment
included negative controls in which no DNA was added and in all cases yielded no detectable transformants (6$10%8). A)
Representation of PCR products used as substrate in transformation experiments. The dashed line indicates the location of the
A128G point mutation in codon 43 of rps12, resulting in a lysine arginine change conferring StrR (D. A. Israel et al., unpublished
results). The location of the PCR products in relation to the location of the point mutation (nucleotide 1268162 in the 26695
genome) is indicated by the hatched bar showing the genomic coordinates (30). Transformation used the following substrates:
B) Transformation used chromosomal DNA and 50 – 4400 bp PCR products (see A). C) Contact time required for expression of
selected (StrR) phenotype after natural transformation of wild-type H. pylori strain 26695 with 800 bp (400/400) PCR products.
The recipient cells were exposed to the transforming DNA for 1 to 24 h, and then the cells were plated to streptomycincontaining media. D) Duration of contact needed for DNA uptake event. After incubation of cells with the transforming 800 bp
PCR product conferring StrR, DNase was added at varying intervals (1– 60 min), and the remainder of the transformation
protocol was completed. E) PCR products of "800 bp with the StrR mutation with 400 bp upstream and downstream, or 790 bp
downstream and 0, 1, 5, 7, or 10 bp upstream, and identical fragments with inverse orientation. *Experiment yielded no
detectable transformants per 108 cells. F) DNA from coding (&) and noncoding (%) strands (SS) of M13 containing an rps12
800bp PCR product, as well as double-stranded (DS) plasmid DNA containing the same PCR product; for the DS DNA, (&) and
(%) to orientation with reference to the origin of replication. SS DNA from M13 with a PCR product from wild-type rps12 (Strs)
yielded no transformants (not shown). G) GCR products (100 and 800 bp) amplified from isogenic StrR cells of strains 26695
(black columns) and HPK5 (gray columns), and isogenic chromosomal DNA. H) Chromosomal DNA from StrR cells of strain
26695 was transformed into 26695 (homologous) and nine other (homeologous) recipient strains. The black column indicates
the homologous transformation. I) PCR products (800 bp) amplified from StrR cells of strain 26695 were transformed into 26695
(homologous) and into nine other (homeologous) recipient strains. The black column indicates the homologous transformation.
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to the transformation mixture to remove free (noncellassociated) DNA. The transforming substrate again was
the 800 bp rps12 PCR product amplified from StrR strain
26695. Each experiment included negative controls in

H. PYLORI TRANSFORMATION

which no transforming DNA was added, and in all cases
no transformants were detected (frequency '10%8).
Transformation was essentially complete after DNA contact for 15 min before DNase addition (Fig. 1D). That
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DNA uptake was already well underway within 1 min of
contact is consistent with the presence of the specialized
comH-dependent uptake system (23). For positive controls, in which no DNase was used, transformants were
detected at the expected frequencies (data not shown).
Transformation of H. pylori by fragments with
asymmetric flanking sequence length
Since the prior studies (Fig. 1B) indicated that length
of the sequence flanking the selectable marker is a
determinant of transformation frequency, because of
interstrain restriction barriers, we next examined the
constraints related to symmetry around the transforming allele. Experiments were conducted using
an 800 bp PCR product in which the point mutation
(A128G) conferring StrR was equidistant (400/400
bp) from each end, or using "800 bp asymmetric
PCR products with the StrR mutation 790 bp, and 0,
1, 5, 7, or 10 bp from the downstream and upstream
ends, respectively. Thus, in these experiments, the
total length of the transforming fragment remained
essentially constant, but the length of one of the
flanking sequences was progressively shortened. To
determine whether orientation in relation to the
origin of replication affected recombination rates, we
also examined fragments with the inverse asymmetries. Each experiment included negative controls in
which no transforming DNA was added, and in all
cases, no transformants were detected (frequency
'10%8). For the experiments using asymmetric PCR
products with 0, 1, or 3 bp flanking DNA, no transformed 26695 cells were detected. The other asymmetrical PCR products with longer short arms transformed strain 26695, but at frequencies (#2 log10)
lower than that of the symmetrical PCR product of
similar size (Fig. 1E). These results indicate that with
sufficient homology on the opposite flank, as few as 5
bp flanking the selectable alleles are sufficient for
recombination of the transforming fragment, although at much reduced efficiencies. The same
phenomena were observed when the asymmetry had
the opposite orientation in relation to the chromosomal origin of replication, indicating independence
from lagging or leading strand differences during
DNA replication (Fig. 1E).
Transformation of H. pylori by single-stranded or
double-stranded DNA
Haemophilus influenzae and Neisseria gonorrhoeae, two
other naturally competent bacteria, are transformable
by both single-stranded (SS) and double-stranded (DS)
DNA (42, 43). Although homologous recombination
ultimately involves SS DNA invading the host cell
double helix to form a D-loop, the relative efficiencies
of DS and SS DNA for earlier events in H. pylori
transformation had not been defined. Since H. pylori
cells possess numerous active strain-specific restrictionmodification (RM) systems that target DS DNA (4, 5,
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25, 26, 30, 31), this question is of particular biological
relevance. To address this question, we used the ability
of the phagemid M13 to provide otherwise identical DS
or SS DNA molecules (37). DNA from the 800 bp rps12
PCR product conferring StrR was introduced into the
coding or noncoding strand of M13, each version of the
phage (SS) or plasmid (DS) DNA was purified, and
then used to transform wild-type 26695 cells. The
transformation efficiencies of both SS forms of DNA
were similar ("6$10%5 transformants), also indicating
that strand invasion has no bias with relation to the
leading or lagging strand (Fig. 1F). As expected, (control) SS DNA from M13 with a PCR product from
wild-type (Strs) rps12 yielded no transformants (not
shown). The DS plasmid DNA in both orientations
transformed H. pylori cells at a nearly 3 log10 greater
frequency than did the SS DNA. These data demonstrate that H. pylori cells can be transformed by both DS
and SS DNA but that the pathway for DS DNA is highly
("1000-fold) facilitated.
Homologous and homeologous transformation of
wild-type H. pylori strains
Most, but not all, H. pylori isolates are competent (11),
which requires activity of its specific type IV-like uptake
system involving comH (13, 23, 44). We next sought to
determine whether the ability to undergo transformation differs among H. pylori strains known to be competent. Chromosomal DNA from spontaneously StrR
cells of strains HPK5 and 26695 (Supplementary Table
2) were used as sources of transforming DNA and as a
template for 100 and 800 bp rps12 PCR products.
Whether homologous chromosomal DNA or PCR product DNA was used for transformation, HPK5 cells were
consistently (0.7–1.3 log10) more efficiently transformed than 26695 cells (Fig. 1G). As expected, for
both strains, transformation by homologous chromosomal DNA was the most highly efficient, but differences in transformation frequency between the two
strains were similar for each of three types of DNA
substrate. These experiments confirm the initial studies
of strain 26695 in another strain.
We next examined homeologous transformation,
since there is known to be interstrain variation of
conserved genes in H. pylori (27, 31, 45). Examination
of the 800-bp region flanking the rpsL A128G among
the nine strains studied shows 94.7% to 98.3% (mean
96.4%(2.3) variation in pairwise comparisons, an extent typical for H. pylori (4). The 800 bp PCR product
and chromosomal DNA from strain 26695 were used to
transform eight other wild-type H. pylori strains (Supplemental Table 1). Transformation with strain 26695
donor DNA showed that the ability to undergo recombination varies among the isolates, ranging from nearly
2 log10 differences for chromosomal DNA (Fig. 1H) to
over 5 log10 differences for PCR products (Fig. 1I).
Cells of strain 26695 were less competent for transformation by its homologous chromosomal or PCR product DNA than were most of the other strains exposed to
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homeologous DNA. The enhanced transformation by
homeologous DNA among the strains provides evidence that the differences are mechanism based rather
than sequence based and indicate a very broad range
among these naturally competent cells. The competence of the strains (frequency of transformation) for
these two markedly different forms (800 bp unmethylated PCR product and chromosome) of homeologous
substrate DNA showed essentially the same rank order,
indicating that fundamental strain-specific mechanistic
differences exist, that are independent of transforming
fragment size and of DNA methylation. In total, these
results (Fig. 1G–I) show that even highly competent H.
pylori cells differ in their ability to be transformed by
homologous and homeologous DNA.
Interspecies transformation in H. pylori
Since non-H. pylori bacteria, or at least their DNA, are
present in or transiting the human stomach (46), we
next sought to determine the susceptibility of H. pylori
to non-pylori DNA. Since in other bacteria, a minimum
extent of homology is necessary for the formation of
the donor-recipient DNA complex, interspecies transfer is largely limited to members of the same genus (1).
Because interspecies transformation may occur preferentially at conserved loci (47), we examined a 716-bp
region surrounding the StrR mutation in rpsL from
Helicobacter cetorum. This sequence was aligned with the
published rpsL sequences of H. pylori strain 26695 (30)
and Campylobacter jejuni strain 11168 (48) to determine
the extent of conservation (Fig. 2A). The mutation
conferring the StrR mutation in H. cetorum was A128G
in rpsL, exactly as determined for strain 26695. In the
immediate region surrounding the StrR mutation,
H. PYLORI TRANSFORMATION
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Figure 2. Interspecies transformation in H. pylori.
Transformation of wild-type H. pylori 26695 cells to
StrR with isogenic H. pylori and H. cetorum DNA. A)
Location of single nucleotide polymorphisms
(SNPs) between 26695 and H. cetorum within a
716-bp region surrounding the StrR mutation,
indicated as 0 on the abscissa. Upstream and
downstream of A128G are indicated by negative
and positive signs, respectively, on the abscissa. In
the top line, each point denotes the distance from
the StrR mutation of a SNP between the two
species. The rpsL and rpoB ORFs are shown as
arrows, reflecting their orientation in H. pylori
(middle line) and H. cetorum (bottom line). In H.
cetorum, the stop codons of rpsL and rpoB occur 20
bp downstream and 7 bp upstream, respectively, of
the corresponding codons in 26695. StrS H. pylori
26695 recipient cells were incubated with chromosomal DNA from strain 26695 (isogenic) and H.
cetorum (heterologous) (B), or 800bp PCR products amplified from rpsL locus from StrR cells of
strain 26695 and H. cetorum (C). Each transformation experiment included negative controls in
which no DNA was added, and in all cases, it
produced no detectable transformants.

there is 89% (356/400) nucleotide identity between H.
pylori strain 26695 and H. cetorum. For the remaining
316 bp flanking the StrR mutation that was examined,
there was only 77% identity between the two species.
Chromosomal DNA from spontaneously StrR forms of
strains 26695 and H. cetorum (Supplemental Table 2)
was used as a source of transforming DNA, as well as for
templates for PCR amplification of 800-bp products. As
expected, homologous chromosomal or PCR product
DNA transformed strain 26695. Both the H. cetorum chromosomal DNA and the PCR product amplified from H.
cetorum DNA also were capable of transforming the 26995
H. pylori cells, but the homologous DNA transformed at
"1.5 log10 higher frequency (Fig. 2B,C). As expected,
chromosomal DNA transformed at higher frequency than
did the PCR products. C. jejuni rpsL has 76% identity to
H. pylori strain 26695 rpsL. Attempts to transform H.
pylori 26695 cells with either chromosomal or PCR
product DNA from StrR C. jejuni cells yielded no
transformants (per 108 cells), even using DNA quantities #1000 ng for transformation. These data provide
evidence that, as expected, H. pylori transformation is
most efficient with H. pylori sequences but can function
with sequences from other Helicobacter species.
Saturability of H. pylori natural transformation
Since transformation is Helicobacter DNA-specific, understanding whether the ability of H. pylori to be
transformed can be saturated with excess DNA will help
define rate-limiting steps. In prior studies, 600 fg of
chromosomal DNA was sufficient for the transformation of 108 H. pylori cells to be detected, with 6 ng
providing maximum efficiency ("10%3 transformants/
cfu) (10). For H. influenzae, maximum transformation
3463

efficiency (7$10%3 transformants/cfu) was similarly
provided by 5–10 ng of chromosomal DNA (49 –51). To
more fully characterize the relationship between donor
DNA concentration and transformation efficiency in H.
pylori, wild-type (StrS) 26695 cells were naturally transformed with 3 to 6,000 ng of the 800 bp rps12 PCR
product amplified from StrR 26695 cells. Transformation rates steeply increased between 3 and 300 ng of
donor DNA and showed saturation at "10%4 transformants/cfu with " 30 ng of PCR product (Fig. 3A). That
the system could be reproducibility saturated using
PCR product DNA permits examination of the specificity of uptake using competition studies.

DNA that encoded StrR, even at 1000-fold excesses (Fig.
3B, C), indicating specificity of uptake in H. pylori. In
contrast, “cold” PCR products of both the identical
(rpsL from StrS cells) and unrelated (the mutS locus) H.
pylori DNA both effectively competed with dose-related
effects (Fig. 3D, E). These results confirm and extend
our observation (Fig. 3A) that natural transformation
in H. pylori is saturable. Since PCR products do not
include H. pylori-specific methylation patterns, these
results indicate that H. pylori and foreign DNA are
differentiated at the level of primary DNA sequence.

Competition-inhibition assay of natural transformation
in Helicobacter pylori

In other naturally competent bacteria, transformation
frequency, even for point mutations, depends on the
length of the donor DNA. Neisseria gonorrhoeae cells can
be transformed by fragments " 615 bp, encoding single
point mutations (43). In Bacillus subtilis, shearing of
donor DNA from (mean) 28.5 kb to 4.5 kb decreased
transformation by 100-fold, and further shearing to 2
kb reduced transformation efficiency another 100-fold
(40). In Pseudomonas stutzeri, transformation frequencies did not differ when donor chromosomal DNA
fragments were between 10 and 60 kb, but decreased
10-fold for fragments between 1 and 10 kb (39). For
Acinetobacter calcoaceticus, transformation frequency was
directly related to transforming fragment (between 40

Competition assays were used to determine whether H.
pylori transformation is specific for H. pylori DNA.
Wild-type cells of strain 26695 were incubated with a
constant saturating amount (300 ng) of 800 bp rps12
PCR product amplified from StrR cells of 26695 (Fig.
3). This transforming DNA was mixed with increasing
amounts of “cold” DNA (with no detectable phenotype), from unrelated, or from StrS H. pylori strains, to
determine whether transformation could be effectively
competed. Neither calf thymus DNA nor E. coli (rps12)
DNA showed any competition with the H. pylori rpsL

DISCUSSION

Figure 3. Saturability of H. pylori
transformation. Transformation of
wild-type (StrS) H. pylori 26695
cells with 800 bp PCR products
amplified from rpsL locus from
StrR strain 26695 cells. Each transformation experiment included
negative controls in which no
DNA was added, and in all cases
produced no detectable transformants. A) Effect of donor DNA
concentration (3 to 6000 ng/!˛ l)
on transformation frequency. B–E)
Competition assays. Cells of H. pylori strain 26695 were incubated
with constant amounts (300 ng) of rpsL PCR product amplified from 26695 StrR cell templates, with varying amounts of
competing DNA: calf thymus DNA (B); 800 bp PCR product of rpsL locus from E. coli (C); 800 bp PCR product of rpsL locus
from wild-type 26695 cells (D); 800 bp PCR product from locus unrelated to rpsL from wild-type 26695 cells (E).
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and 10 kb) length (2). Naturally occurring imported
mosaics of H. pylori DNA are smaller (median 417 bp)
than in other competent bacteria (16), suggesting that
the transformation of H. pylori cells by short DNA
segments may be more efficient; our finding that a
50-bp DNA fragment can reproducibly transform H.
pylori is consistent with this hypothesis. Small DNA
fragments generally are susceptible to exonucleases
(28), but the absence of RecBCD in H. pylori (30) may
permit transformation by short fragments.
The use of asymmetric donor DNA fragments showing that H. pylori requires minimal homology ("5 bp)
on one flank to enable recombination, indicates a
highly efficient mechanism, reflecting the lack of mismatch repair (MMR) in H. pylori (52). In E. coli and
other organisms, the MMR proteins MutS1, MutL, and
MutH recognize single bp mismatches between donor
and host DNA during chromosomal integration, which
inhibits the integration event from reaching completion (53). Organisms with defective MMR require less
homology between donor and host DNA for transformation (54, 55); the highly efficient recombination of
homeologous H. pylori DNA (Fig. 1B–I), is consistent
with its lack of MMR (30, 52). Our finding that H. pylori
cells can be transformed by H. cetorum DNA indicates
even greater heterology (89% homologous) than has
been previously shown involving H. acinonychis DNA
(56), which has 94% identity (57).
Although wild-type H. pylori strains generally are
transformable (15, 21, 23, 24, 29), they each contain
strain-specific restriction modification (R-M) systems
(4, 5, 25, 26) that limit incoming DNA, based on the
length of the transforming allele (4, 27). Restriction
endonuclease (RE) recognition and cleavage of double-stranded (DS) DNA impedes transformation by DS
but not SS substrates (4 – 6). Prior experiments showing
that DNA methylated in an H. pylori strain-specific
manner is more efficient than unmethylated DNA for
transforming H. pylori cells (4, 27, 58) indicate that DS
intermediates are at the least transiently present after
DS donor DNA is internalized. Other competent bacteria, including H. influenzae and N. gonorrhoeae, are
transformable by single-stranded DNA (42, 43), but DS
DNA is substantially more efficient for H. pylori cells
(Fig. 1F). Thus, H. pylori has evolved a system for
maximal transformation efficiency by DS DNA substrates, which are subject to restriction. Although transformation ultimately requires substrate SS DNA to
invade the host duplex, this adaptation provides H.
pylori cells and populations (3) substantial surveillance
over incoming DNA, favoring substrates from the most
closely related cells in a gradient based on DNA methylation specificities. The low transformation efficiency
of SS DNA substrate also is consistent with the lack of
bacteriophage sequences in H. pylori genomes (59 – 61).
With DS DNA substrates, strain-specific restriction
would be predicted to curtail the size of the transforming region flanking the selectable allele, consistent with
the calculated small average size of recombining fragments from heterologous strains (16). The lack of
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differences in transformation frequency by the coding
or noncoding M13 strands, or by the asymmetric PCR
products of opposite orientation, indicates that H. pylori
transformation is not polarity-specific, in contrast to
that of S. pneumoniae (62, 63).
The generation of diversity through recombination
may contribute to persistent H. pylori colonization of
individual hosts, by creating a pool of variants from
which best-fit organisms can be selected (3). With
chromosomal DNA transforming at frequencies #10%2
per cell, intergenomic recombination could play a
major role in generation of diversity. Cocolonization of
hosts with multiple H. pylori strains is apparently common (15, 64, 65), and the efficient mechanisms for
horizontal gene transfer that have been characterized
in vitro (10, 11, 21, 23, 66, 67); and this manuscript), if
occurring in vivo, are sufficient to explain the observed
high levels of homoplasy in H. pylori genes, and an
essentially panmictic H. pylori population structure (15).
The ability to generate diversity through intergenomic recombination differs markedly among H.
pylori isolates (Fig. 1G–I), reflecting interstrain differences in magnitude of DNA uptake, recombination
protein activity, and/or restriction barriers (14, 15, 18,
27, 52). Expression of dprA, recA, comB, comE3, and
comH all play important roles in H. pylori competence
(21, 23, 66, 68, 69), but sequence differences in promoters, ORFs, or accessory genes that affect their
function could explain the diverse transformation frequencies observed. Among the 10 H. pylori isolates
tested, the relatively conserved rank-order of transformation frequencies by (methylated) chromosomal and
(unmethylated) PCR product DNA (Fig. 1H, I), indicates that the transformation process is DNA methylation-(restriction-)independent, and is an intrinsic
strain-specific property. Since the transforming allele is
only a single nucleotide, and only short total and
flanking lengths are required for successful transformation (Fig. 1), the effects of restriction are minimized,
consistent with prior findings (27). This property permits a plastic system for rapidly increasing representation (via transformation) of a highly favored allele in a
population when selective pressures change, if the DNA
donors and recipients have a well-conserved genetic
scaffold. Thus, transformation by DNA is maximized from
the most closely related strains in a mixed population,
representing a conservative strategy of sexual exchange.
Are H. pylori cells always maximally ready to take up
DNA from other H. pylori cells? Particular times in the
cell growth cycle appear particularly conducive for
DNA uptake (12, 16). The present experiments, in
which transformation rates increased with incubation
of recipient cells with substrate DNA is consistent with
these observations, suggesting that H. pylori natural
transformation has saturable, rate-limiting steps, that
with cell division, become available to participate in
further transformation events.
We found that transformation of H. pylori by chromosomal DNA was clearly saturable, despite conflicting
prior studies (70). That only a fraction of the H. pylori
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cells were transformed, even with donor DNA in large
excess, indicates the existence of other rate-limiting
phenomena. The specificity of competition suggests
the presence of an H. pylori DNA-specific rate-limiting
step. A prior in silico study that used a frequent word
analysis provided evidence that H. pylori DNA does not
possess uptake sequences (71), but those data may not
have been sufficient to reach that conclusion (72). Our
observations are consistent with the presence of specific
DNA sequences involved in enhancing the binding and
uptake of homospecific DNA, similar to those present
in other Gram-negative bacteria, such as Haemophilus
and Neisseria spp (71), including 1) the #2 log10
increase in transformation efficiency from the shortest
(50 and 100 bp) to the longer (224 bp) transforming
fragments; 2) the absolute barriers to non-Helicobacter
DNA as transformation substrate; 3) the ability of the
non-rpsL H. pylori DNA to compete as transformation
substrate; and 4) parallel competition differences involving chromosomal DNA and PCR products suggests
that transformation substrate recognition is not related
to methylation, but to primary sequence.
In summary, we provide evidence that natural transformation in H. pylori varies in efficiency between
strains but is saturable and sensitive to the length,
symmetry, and strandedness of the substrate DNA. The
tractable experimental system of H. pylori competence
provides a model to explore the tensions between
recombination and genomic integrity (3, 4, 18) and to
improve understanding of gene flow dynamics in natural bacterial populations.
This work was supported in part by National Institutes of
Health grants R01 GM63270 and T35 DK007421 for the NYU
Honors Program and the Diane Belfer Program in Human
Microbial Ecology in Health and Disease. We thank William
Jacobs for his helpful insights, and Cindy Godoy for technical
assistance.

10.
11.
12.
13.

14.
15.

16.

17.

18.
19.

20.

21.
22.
23.

REFERENCES
1.
2.
3.
4.

5.

6.
7.
8.
9.

3466

Dubnau, D., and Provvedi, R. (2000) Internalizing DNA. Res.
Microbiol. 151, 475– 480
Lorenz, M. G., and Wackernagel, W. (1994) Bacterial gene
transfer by natural genetic transformation in the environment.
Microbiol. Rev. 58, 563– 602
Kang, J., and Blaser, M. J. (2006) Bacteria as perfect gases:
genomic diversity and diversification tensions in Helicobacter
pylori. Nat Rev Microbiol 4: 826 – 836
Ando, T., Xu, Q., Torres, M., Kusugami, K., Israel, D. A., and
Blaser, M. J. (2000) Restriction-modification system differences
in Helicobacter pylori are a barrier to interstrain plasmid transfer.
Mol. Microbiol. 37, 1052–1065
Xu, Q., Morgan, R. D., Roberts, R. J., and Blaser, M. J. (2000)
Identification of type II restriction and modification systems in
Helicobacter pylori reveals their substantial diversity among strains.
Proc. Natl. Acad. Sci. U. S. A. 97, 9671–9676
Wilson, G. G. (1991) Organization of restriction-modification
systems. Nucleic Acids Res. 19, 2539 –2566
Peek, R. M., Jr., and Blaser, M. J. (2002) Helicobacter pylori and
gastrointestinal tract adenocarcinomas. Nat. Rev. Cancer 2, 28 –37
Normark, S., Nilsson, C., Normark, B. H., and Hornef, M. W.
(2003) Persistent infection with Helicobacter pylori and the development of gastric cancer. Adv. Cancer Res. 90, 63– 89
McGowan, C. C., Necheva, A., Thompson, S. A., Cover, T. L.,
and Blaser, M. J. (1998) Acid-induced expression of an LPS-

Vol. 21

November 2007

24.

25.

26.

27.

28.

29.
30.

associated gene in Helicobacter pylori. Mol. Microbiol. 30, 19 –31
Israel, D. A., Lou, A. S., and Blaser, M. J. (2000) Characteristics
of Helicobacter pylori natural transformation. FEMS Microbiol. Lett.
186, 275–280
Tsuda, M., Karita, M., and Nakazawa, T. (1993) Genetic transformation in Helicobacter pylori. Microbiol. Immunol. 37, 85– 89
Baltrus, D. A., and Guillemin, K. (2006) Multiple phases of
competence occur during the Helicobacter pylori growth cycle.
FEMS Microbiol. Lett. 255, 148 –155
Hofreuter, D., Odenbreit, S., and Haas, R. (2001) Natural
transformation competence in Helicobacter pylori is mediated by
the basic components of a type IV secretion system. Mol.
Microbiol. 41, 379 –391
Smeets, L. C., and Kusters, J. G. (2002) Natural transformation
in Helicobacter pylori: DNA transport in an unexpected way.
Trends Microbiol. 10, 159 –162; discussion 162
Suerbaum, S., Smith, J. M., Bapumia, K., Morelli, G., Smith,
N. H., Kunstmann, E., Dyrek, I., and Achtman, M. (1998) Free
recombination within Helicobacter pylori. Proc. Natl. Acad. Sci.
U. S. A. 95, 12619 –12624
Falush, D., Kraft, C., Taylor, N. S., Correa, P., Fox, J. G.,
Achtman, M., and Suerbaum, S. (2001) Recombination and
mutation during long-term gastric colonization by Helicobacter
pylori: estimates of clock rates, recombination size, and minimal
age. Proc. Natl. Acad. Sci. U. S. A. 98, 15056 –15061
Pinto, A. V., Mathieu, A., Marsin, S., Veaute, X., Ielpi, L.,
Labigne, A., and Radicella, J. P. (2005) Suppression of homologous and homeologous recombination by the bacterial MutS2
protein. Mol. Cell 17, 113–120
Kang, J., Tavakoli, D., Tschumi, A., Aras, R. A., and Blaser, M. J.
(2004) Effect of host species on recG phenotypes in Helicobacter
pylori and Escherichia coli. J. Bacteriol. 186, 7704 –7713
Berg, D. E., Gilman, R. H., Lelwala-Guruge, J., Srivastava, K.,
Valdez, Y., Watanabe, J., Miyagi, J., Akopyants, N. S., RamirezRamos, A., Yoshiwara, T. H., et al. (1997) Helicobacter pylori
populations in Peruvian patients. Clin. Infect. Dis. 25, 996 –1002
Hoffman, P. S., Goodwin, A., Johnsen, J., Magee, K., and
Veldhuyzen van Zanten, S. J. (1996) Metabolic activities of
metronidazole-sensitive and -resistant strains of Helicobacter pylori: repression of pyruvate oxidoreductase and expression of
isocitrate lyase activity correlate with resistance. J. Bacteriol. 178,
4822– 4829
Ando, T., Israel, D. A., Kusugami, K., and Blaser, M. J. (1999)
HP0333, a member of the dprA family, is involved in natural
transformation in Helicobacter pylori. J. Bacteriol. 181, 5572–5580
Hofreuter, D., Odenbreit, S., Puls, J., Schwan, D., and Haas, R.
(2000) Genetic competence in Helicobacter pylori: mechanisms
and biological implications. Res. Microbiol. 151, 487– 491
Smeets, L. C., Bijlsma, J. J., Boomkens, S. Y., VandenbrouckeGrauls, C. M., and Kusters, J. G. (2000) comH, a novel gene
essential for natural transformation of Helicobacter pylori. J.
Bacteriol. 182, 3948 –3954
Smeets, L. C., Bijlsma, J. J., Kuipers, E. J., VandenbrouckeGrauls, C. M., and Kusters, J. G. (2000) The dprA gene is
required for natural transformation of Helicobacter pylori. FEMS
Immunol. Med. Microbiol. 27, 99 –102
Kong, H., Lin, L. F., Porter, N., Stickel, S., Byrd, D., Posfai, J.,
and Roberts, R. J. (2000) Functional analysis of putative restriction-modification system genes in the Helicobacter pylori J99
genome. Nucleic Acids Res. 28, 3216 –3223
Takata, T., Aras, R., Tavakoli, D., Ando, T., Olivares, A. Z., and
Blaser, M. J. (2002) Phenotypic and genotypic variation in
methylases involved in type II restriction-modification systems in
Helicobacter pylori. Nucleic Acids Res. 30, 2444 –2452
Aras, R. A., Small, A. J., Ando, T., and Blaser, M. J. (2002)
Helicobacter pylori interstrain restriction-modification diversity
prevents genome subversion by chromosomal DNA from competing strains. Nucleic Acids Res. 30, 5391–5397
Zahrt, T. C., and Maloy, S. (1997) Barriers to recombination
between closely related bacteria: MutS and RecBCD inhibit
recombination between Salmonella typhimurium and Salmonella
typhi. Proc. Natl. Acad. Sci. U. S. A. 94, 9786 –9791
Kuipers, E. J., Israel, D. A., Kusters, J. G., and Blaser, M. J. (1998)
Evidence for a conjugation-like mechanism of DNA transfer in
Helicobacter pylori. J. Bacteriol. 180, 2901–2905
Tomb, J. F., White, O., Kerlavage, A. R., Clayton, R. A., Sutton,
G. G., Fleischmann, R. D., Ketchum, K. A., Klenk, H. P., Gill, S.,

The FASEB Journal

LEVINE ET AL.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
48.

49.
50.
51.

Dougherty, B. A., et al. (1997) The complete genome sequence
of the gastric pathogen Helicobacter pylori. Nature 388, 539 –547
Alm, R. A., Ling, L. S., Moir, D. T., King, B. L., Brown, E. D.,
Doig, P. C., Smith, D. R., Noonan, B., Guild, B. C., deJonge,
B. L., et al. (1999) Genomic-sequence comparison of two
unrelated isolates of the human gastric pathogen Helicobacter
pylori. Nature 397, 176 –180
Dubois, A., Berg, D. E., Incecik, E. T., Fiala, N., Heman-Ackah,
L. M., Del Valle, J., Yang, M., Wirth, H. P., Perez-Perez, G. I., and
Blaser, M. J. (1999) Host specificity of Helicobacter pylori strains
and host responses in experimentally challenged nonhuman
primates. Gastroenterology 116, 90 –96
Guruge, J. L., Falk, P. G., Lorenz, R. G., Dans, M., Wirth, H. P.,
Blaser, M. J., Berg, D. E., and Gordon, J. I. (1998) Epithelial
attachment alters the outcome of Helicobacter pylori infection.
Proc. Natl. Acad. Sci. U. S. A. 95, 3925–3930
Israel, D. A., Salama, N., Arnold, C. N., Moss, S. F., Ando, T.,
Wirth, H. P., Tham, K. T., Camorlinga, M., Blaser, M. J., Falkow,
S., et al. (2001) Helicobacter pylori strain-specific differences in
genetic content, identified by microarray, influence host inflammatory responses. J. Clin. Invest. 107, 611– 620
Wirth, H. P., Yang, M., Karita, M., and Blaser, M. J. (1996)
Expression of the human cell surface glycoconjugates Lewis x
and Lewis y by Helicobacter pylori isolates is related to cagA status.
Infect. Immun. 64, 4598 – 4605
Ferrero, R. L., Thiberge, J. M., Huerre, M., and Labigne, A.
(1994) Recombinant antigens prepared from the urease subunits of Helicobacter spp.: evidence of protection in a mouse
model of gastric infection. Infect. Immun. 62, 4981– 4989
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, NY.
Ausubel, F. M. (Ed.) (1989) Current Protocols in Molecular Biology,
Greene Pub. Associates and Wiley-Interscience: New York
Carlson, C. A., Pierson, L. S., Rosen, J. J., and Ingraham, J. L.
(1983) Pseudomonas stutzeri and related species undergo natural
transformation. J. Bacteriol. 153, 93–99
Morrison, D. A., and Guild, W. R. (1972) Activity of deoxyribonucleic acid fragments of defined size in Bacillus subtilis transformation. J. Bacteriol. 112, 220 –223
Kamba, M., Seta, Y., Kusai, A., and Nishimura, K. (2001)
Evaluation of the mechanical destructive force in the stomach of
dog. Int. J. Pharm. 228, 209 –217
Postel, E. H., and Goodgal, S. H. (1966) Uptake of “singlestranded” DNA in Hemophilus influenzae and its ability to transform. J. Mol. Biol. 16, 317–327
Stein, D. C. (1991) Transformation of Neisseria gonorrhoeae:
physical requirements of the transforming DNA. Can J. Microbiol.
37, 345–349
Chen, I., and Dubnau, D. (2004) DNA uptake during bacterial
transformation. Nat. Rev. Microbiol. 2, 241–249
Pride, D. T., and Blaser, M. J. (2002) Concerted evolution
between duplicated genetic elements in Helicobacter pylori. J. Mol.
Biol. 316, 629 – 642
Bik, E. M., Eckburg, P. B., Gill, S. R., Nelson, K. E., Purdom,
E. A., Francois, F., Perez-Perez, G., Blaser, M. J., and Relman,
D. A. (2006) Molecular analysis of the bacterial microbiota in
the human stomach. Proc. Natl. Acad. Sci. U. S. A. 103, 732–737
Albritton, W. L., Setlow, J. K., Thomas, M., Sottnek, F., and
Steigerwalt, A. G. (1984) Heterospecific transformation in the
genus Haemophilus. Mol. Gen. Genet. 193, 358 –363
Parkhill, J., Wren, B. W., Mungall, K., Ketley, J. M., Churcher, C.,
Basham, D., Chillingworth, T., Davies, R. M., Feltwell, T.,
Holroyd, S., et al. (2000) The genome sequence of the foodborne pathogen Campylobacter jejuni reveals hypervariable sequences. Nature 403, 665– 668
Scocca, J. J., Poland, R. L., and Zoon, K. C. (1974) Specificity in
deoxyribonucleic acid uptake by transformable Haemophilus
influenzae. J. Bacteriol. 118, 369 –373
Barouki, R., and Smith, H. O. (1986) Initial steps in Haemophilus
influenzae transformation. Donor DNA binding in the com10
mutant. J. Biol. Chem. 261, 8617– 8623
Mathis, L. S., and Scocca, J. J. (1982) Haemophilus influenzae and
Neisseria gonorrhoeae recognize different specificity determinants
in the DNA uptake step of genetic transformation. J. Gen.
Microbiol. 128, 1159 –1161

H. PYLORI TRANSFORMATION

52.
53.
54.
55.

56.

57.
58.

59.

60.
61.

62.
63.
64.

65.

66.

67.
68.
69.
70.

71.

72.

Kang, J., Huang, S., and Blaser, M. J. (2005) Structural and
functional divergence of MutS2 from bacterial MutS1 and
eukaryotic MSH4-MSH5 homologs. J. Bacteriol. 187, 3528 –3537
Hsieh, P. (2001) Molecular mechanisms of DNA mismatch
repair. Mutat. Res. 486, 71– 87
Schofield, M. J., and Hsieh, P. (2003) DNA mismatch repair:
molecular mechanisms and biological function. Annu Rev Microbiol 57, 579 – 608
Rayssiguier, C., Thaler, D. S., and Radman, M. (1989) The
barrier to recombination between Escherichia coli and Salmonella
typhimurium is disrupted in mismatch-repair mutants. Nature
342, 396 – 401
Pot, R. G., Kusters, J. G., Smeets, L. C., Van Tongeren, W.,
Vandenbroucke-Grauls, C. M., and Bart, A. (2001) Interspecies
transfer of antibiotic resistance between Helicobacter pylori and
Helicobacter acinonychis. Antimicrob. Agents. Chemother. 45, 2975–2976
Lundstrom, A. M., Sundaeus, V., and Bolin, I. (2001) The
26-kilodalton, AhpC homologue, of Helicobacter pylori is also
produced by other Helicobacter species. Helicobacter. 6, 44 –54
Donahue, J. P., Israel, D. A., Peek, R. M., Blaser, M. J., and
Miller, G. G. (2000) Overcoming the restriction barrier to
plasmid transformation of Helicobacter pylori. Mol. Microbiol. 37,
1066 –1074
Akopyants, N. S., Fradkov, A., Diatchenko, L., Hill, J. E., Siebert,
P. D., Lukyanov, S. A., Sverdlov, E. D., and Berg, D. E. (1998)
PCR-based subtractive hybridization and differences in gene
content among strains of Helicobacter pylori. Proc. Natl. Acad. Sci.
U. S. A. 95, 13108 –13113
Schmid, E. N., von Recklinghausen, G., and Ansorg, R. (1990)
Bacteriophages in Helicobacter (Campylobacter) pylori. J. Med. Microbiol. 32, 101–104
Oh, J. D., Kling-Backhed, H., Giannakis, M., Xu, J., Fulton, R. S.,
Fulton, L. A., Cordum, H. S., Wang, C., Elliott, G., Edwards, J.,
et al. (2006) The complete genome sequence of a chronic
atrophic gastritis Helicobacter pylori strain: evolution during disease progression. Proc. Natl. Acad. Sci. U. S. A. 103, 9999 –10004
Mejean, V., and Claverys, J. P. (1988) Polarity of DNA entry in
transformation of Streptococcus pneumoniae. Mol. Gen. Genet. 213,
444 – 448
Pasta, F., and Sicard, M. A. (1999) Polarity of recombination in
transformation of Streptococcus pneumoniae. Proc. Natl. Acad. Sci.
U. S. A. 96, 2943–2948
Kuipers, E. J., Israel, D. A., Kusters, J. G., Gerrits, M. M., Weel, J.,
van Der Ende, A., van Der Hulst, R. W., Wirth, H. P., HookNikanne, J., Thompson, S. A., et al. (2000) Quasispecies development of Helicobacter pylori observed in paired isolates obtained years
apart from the same host. J. Infect. Dis. 181, 273–282
Ghose, C., Perez-Perez, G. I., van Doorn, L. J., Dominguez-Bello,
M. G., and Blaser, M. J. (2005) High frequency of gastric
colonization with multiple Helicobacter pylori strains in Venezuelan subjects. J. Clin. Microbiol. 43, 2635–2641
Hofreuter, D., Odenbreit, S., Henke, G., and Haas, R. (1998)
Natural competence for DNA transformation in Helicobacter
pylori: identification and genetic characterization of the comB
locus. Mol. Microbiol. 28, 1027–1038
Nedenskov-Sorensen, P., Bukholm, G., and Bovre, K. (1990)
Natural competence for genetic transformation in Campylobacter
pylori. J. Infect. Dis. 161, 365–366
Thompson, S. A., and Blaser, M. J. (1995) Isolation of the
Helicobacter pylori recA gene and involvement of the recA region
in resistance to low pH. Infect. Immun. 63, 2185–2193
Yeh, Y. C., Lin, T. L., Chang, K. C., and Wang, J. T. (2003)
Characterization of a ComE3 homologue essential for DNA
transformation in Helicobacter pylori. Infect. Immun. 71, 5427–5431
Wang, Y., Roos, K. P., and Taylor, D. E. (1993) Transformation
of Helicobacter pylori by chromosomal metronidazole resistance
and by a plasmid with a selectable chloramphenicol resistance
marker. J. Gen. Microbiol. 139 (Pt 10), 2485–2493
Saunders, N. J., Peden, J. F., and Moxon, E. R. (1999) Absence
in Helicobacter pylori of an uptake sequence for enhancing uptake
of homospecific DNA during transformation. Microbiology 145
(Pt 12), 3523–3528
Bart, A., Smeets, L. C., and Kusters, J. G. (2000) DNA uptake
sequences in Helicobacter pylori. Microbiology 146, 1255–1256
Received for publication March 8, 2007.
Accepted for publication May 3, 2007.

3467

