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ABSTRACT

The availability of multiple bacterial genome se-
quences has revealed a surprising extent of variabil-
ity among strains of the same species. The human
gastric pathogen Helicobacter pylori is known as
one of the most genetically diverse species. We
have compared the genome sequence of the
duodenal ulcer strain P12 and six other H. pylori
genomes to elucidate the genetic repertoire and
genome evolution mechanisms of this species. In
agreement with previous findings, we estimate that
the core genome comprises about 1200 genes and
that H. pylori possesses an open pan-genome.
Strain-specific genes are preferentially located at
potential genome rearrangement sites or in
distinct plasticity zones, suggesting two different
mechanisms of genome evolution. The P12
genome contains three plasticity zones, two of
which encode type IV secretion systems and have
typical features of genomic islands. We demon-
strate for the first time that one of these islands is
capable of self-excision and horizontal transfer by a
conjugative process. We also show that excision is
mediated by a protein of the XerD family of tyrosine
recombinases. Thus, in addition to its natural trans-
formation competence, conjugative transfer of
genomic islands has to be considered as an import-
ant source of genetic diversity in H. pylori.

INTRODUCTION

The evolutionary interplay between pathogenic or com-
mensal microorganisms and their hosts is a constant
process of adaptation. Microbial genomes reflect these

adaptive processes by continuously developing new
variants of host adaptation factors, but also by acquisition
and loss of genes via horizontal gene transfer. It has
become clear in recent years that the entire gene pool
available in a given species (the pan-genome) may be
much larger than the genome of a single organism or the
core genome common to all isolates of the respective
species (1). Thus, genome comparison of many isolates
of the same species is required to obtain a picture of the
genetic repertoire of this species. The human gastric
pathogen Helicobacter pylori, a Gram-negative bacterium
that colonizes the stomach of half of the world’s popula-
tion and causes diseases ranging from mild gastritis to
gastric cancer (2), is considered as highly adapted to its
host, and it has a comparatively small genome (3).
Helicobacter pylori is usually acquired in childhood by
intrafamilial transmission and establishes a lifelong infec-
tion in the absence of treatment, although horizontal
transmission and co-infection with multiple strains are
also possible (4). Due to high mutation rates and
frequent recombination events, H. pylori is one of the
most genetically variable pathogenic bacteria (5). Thus,
basically each individual host harbors a different
H. pylori strain, a fact that has been exploited to define
geographically distinct populations and to reconstruct
prehistoric and historic human migrations by comparing
their H. pylori sequence types in housekeeping genes (6,7).
This genetic diversity is postulated to be required for per-
sistent colonization of the stomach, where different micro-
environments and changing conditions are likely to be
encountered (8-10). A comparison between the first two
H. pylori genome sequences (3,11) suggested that about
7% of all genes are strain-specific, and a strain isolated
from a gastric atrophy patient was shown to lack many
further genes (12). A microarray-based study with a larger
strain collection has suggested that up to 25% of all genes
in an individual isolate may be accessory genes (13). Due
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to the limited number of complete H. pylori genome se-
quences, an estimation of this flexible H. pylori gene pool
has not been possible so far.

While it is clear that H. pylori is unusual in its genetic
diversity, the mechanisms of horizontal gene transfer
leading to this diversity are not well-understood. It is
assumed that natural transformation competence plays a
major role in genetic exchange, but conjugative processes
may also have an important function (14). Many H. pylori
strains contain cryptic plasmids, and the plasmid se-
quences suggest that extensive gene shuffling among
plasmids or between plasmids and chromosome occur
during their evolution and spread (15). In contrast to
other naturally competent bacteria, H. pylori uses a
specialized type IV secretion system, the ComB system,
for DNA uptake during transformation (16). One add-
itional type IV secretion system that may have a
function in horizontal DNA transfer has also been
described (17), indicating a preference of Helicobacter
for this type of macromolecule transport systems.

We have recently determined the complete genome
sequence of H. pylori strain P12, a strain isolated from a
duodenal ulcer patient in Germany. Using this sequence
and other complete H. pylori genome sequences, we per-
formed a comparative analysis with respect to the flexible
gene pool of this species. Most strain-specific genes are
either clustered in genome plasticity regions, or located
at integration hot spots that are often coincident with
genome rearrangement sites. In contrast to all other
strains, the P12 genome features three different plasticity
zones, two of which are integrated as genomic islands into
restriction—modification system pseudogenes. One plasti-
city zone harbors a complete set of genes encoding a novel
type IV secretion system which seems to be involved in
horizontal transfer of DNA between H. pylori strains. We
show that this plasticity zone represents a genomic island
capable of self-transfer by a conjugative mechanism, and
that this transfer involves an XerCD-family tyrosine re-
combinase encoded on the island.

MATERIALS AND METHODS
Bacterial strains and culture conditions

Helicobacter pylori strains were grown on GC agar plates
(Difco) supplemented with vitamin mix (1%), horse serum
(8%), vancomycin (10mg/l), trimethoprim (5mg/1), and
nystatin (1 mg/l) (serum plates), and incubated for
16-60h in a microaerobic atmosphere (85% N,, 10%
CO,, 5% 0O,) at 37°C. Escherichia coli strains were
grown on Luria—Bertani (LB) agar plates supplemented
with ampicillin (100 mg/1), chloramphenicol (30 mg/l), or
kanamycin (40 mg/l), as appropriate.

Whole-genome sequencing, annotation and bioinformatic
procedures

The genome of H. pylori strain P12 was sequenced by a
whole-genome shotgun method. Bacteria were subjected
to minimal passage before DNA was prepared by the
cesium chloride method. Two shotgun libraries of 2kb
and of 5kb were constructed in pSMART-hcKan

(Lucigen). High-throughput sequencing of the libraries
was performed using ABI 3730 technology to a 5-fold the-
oretical coverage. Raw sequence data were assembled with
the SeqMan program of the LaserGene software package
(DNASTAR). Metacontigs obtained by SeqMan were
arranged based on BLAST (18) alignments to the
genomic sequences of strains 26695, HPAG1 and J99.
Gaps were filled by primer walking on shotgun library
plasmids or by sequencing PCR fragments. Coding se-
quences were predicted based on homology to 26695,
HPAGI1 and J99 proteins as well as EasyGenel.0 (19),
GeneMarkS (20) and Reganor (21) predictions. Open
reading frames were assumed to be coding if they were
predicted by at least two of the three prediction-tools or
if their translated sequences showed significant similarities
to 26695, HPAGI1 or J99 proteins (using tblastn; thresh-
olds: bit-score >100, e-value <1071, identity >30%, pro-
portion of aligned ORF-sequence >66%) and were at
least 40 amino acids long. Start codons (ATG, GTG or
TTG) were chosen using majority vote (tool predictions
and homology approach); if non-unique, the most
upstream start codon was chosen. Gene predictions were
partly manually curated. Assignment of protein functions
was based on the annotations of H. pylori strain HPAGI,
H. acinonychis strain Sheeba as well as PyloriGene anno-
tations of H. pylori strains 26695 and J99 (22), BLASTP
searches versus nr- and cdd-databases (thresholds: E-value
<107%°, identity >35%) as well as manual curation.
Groups of orthologous genes were derived based on
homology and synteny, allowing identification of
orthologs despite possibly low sequence homology, inser-
tion/deletion or recombination events, frameshifts, or pre-
mature stops. An orthologous group contains all genes or
gene fragments presumably originating from a single
ancestor gene, although this ancestor gene may be split
in all organisms considered. Dendrograms of VirB4,
VirB9 and VirB10 homologs of H. pylori 26695,
HPAGI1, J99, Shi470, G27 and P12, H. acinonychis
Sheeba, and C. jejuni 81-176 (pTet and pVir) were
created using ClustalW2 (23). Pairwise distances of
homologs were obtained from these dendrograms, and
distances between whole type IV secretion systems were
calculated as averages of gene-to-gene distances. Type IV
systems were clustered using Neighbor Joining. A phylo-
genetic tree of H. pylori and H. acinonychis strains based
on nucleotide similarity of the core genome was calculated
as a consensus tree of 1117 independent phylogenetic trees
for each orthologous group of genes within the core
genome of the strains examined.

Plasmid constructions

All cloning procedures were performed according to
standard protocols (24). Deletion and replacement of
genes or genomic regions was achieved using the strepto-
mycin susceptibility contraselection strategy (25). An
rpsL-erm cassette cloned into the BamHI restriction site
of pBluescript 11 SK+, which was a kind gift of Douglas
Berg, was used for all cloning procedures. For the deletion
of the #fs3 system, the corresponding upstream and down-
stream regions were amplified by PCR using primers
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SR17/SR18, and SR30/SR35 (Supplementary Table S7),
respectively. Likewise, #fs4 upstream and downstream
regions were amplified using primers SR13/SR14 and
SR32/SR34, respectively. Upstream and downstream
regions were restricted with Xhol/Clal and Notl/Sacll,
respectively, and cloned together with or without the
rpsL-erm cassette into the corresponding sites of
pBluescript II SK+. The plasmids obtained were used in
sequential transformations to generate marker-free dele-
tions of the #£53 and/or #fs4 systems. For reconstitution of
frameshifted virB4tpss and topArpss alleles of P12, a
fragment spanning both mutations was deleted using a
plasmid obtained by PCR amplification of the flanking
regions with primer pairs SR48/SR49 and SR50/SR5I,
respectively, and cloning together with rpsL-erm, as
above. In a second step, the rpsL-erm cassette was
replaced by a fragment obtained with primers SR48 and
SR51 from chromosomal DNA of strain ATCC43526.
The correct replacement was confirmed by sequencing.
To monitor DNA transfer, donor strains were constructed
by transformation of the virB4/topAtgss-reconstituted
P12 strain with plasmids containing either an insertion
of a catge chloramphenicol resistance cassette in the
intergenic region between /ppl2 453 and hppl2 454, or
replacement of the xerD (hppl2_437) or virD4
(hpp12_454) genes with the catge cassette. These
plasmids were generated by inverse PCR using primer
pairs WS395/WS396, WS433/WS434, or WS348/WS352
from appropriate plasmids of the 2kb or 5kb shotgun
libraries, and insertion of catgc via BamHI and Sall.

Bacterial transformation and co-cultivation experiments

Shuttle plasmids and suicide plasmids were introduced
into H. pylori strains by conjugation or transformation,
as described (26,27). Helicobacter pylori transformants
were selected on serum agar plates containing 6 mg/l
chloramphenicol, 10 mg/l erythromycin, 500 mg/I strepto-
mycin, or § mg/l kanamycin. For co-cultivation experi-
ments, suspensions of donor and recipient strains in
Brucella broth were adjusted to a density of 6 x 10
cells/ml and preincubated with 0.5mg/ml DNase I and
0.5mM MgCl, for 30min at 37°C in the presence of
10% CO,. Equal amounts of donor and recipient strains
(1.5 x 107 cells in 25 ul each) were mixed in 20mM Tris—
HCI, pH 7.5, 1mM MgCl, in the presence of DNase I
(1 mg/ml), spotted onto serum agar plates and incubated
at 37°C, 10% CO, for 12-16h. Co-cultivation mixtures
were resuspended in Brucella broth and plated on
double selective medium. To determine live cell counts,
serial dilutions were also plated on chloramphenicol and
kanamycin-containing plates, respectively. All plates were
incubated under standard conditions for 4-6 days.

Microarray hybridization

Genomic DNA of H. pylori strains was isolated using the
cesium chloride method. DNA fragmentation, labeling
and hybridization to microarray DNA chips was per-
formed according to standard protocols (Affymetrix).
Briefly, Spg of purified DNA were fragmented by
limited DNase I digestion to 50-200bp products, and
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fragmentation was confirmed by acrylamide gel electro-
phoresis. Biotinylation of DNA fragments was performed
using the GeneChip DNA labeling reagent and terminal
desoxynucleotidyl transferase, and labeling efficiency was
monitored by a gel-shift assay after incubation with
NeutrAvidin. Logarithmic intensities derived from the
microarray hybridizations were used to calculate a
matrix indicating the presence or absence of individual
genes in each strain. A gene was considered as absent in
a strain if the intensity of the corresponding probe set was
at least 2 SD values lower than the intensity of the same
probe set for P12.

RESULTS
Strain-specific genes and the H. pylori pan-genome

We have determined the complete genome sequence of
H. pylori strain P12 (formerly designated 888-0), a type I
strain containing a vacA4 s1/ml genotype (28) and a func-
tional cag pathogenicity island (29) that was isolated from
a duodenal ulcer patient in Germany in 1992 (26). The P12
genome consists of a circular 1673813 bp chromosome
(GenBank accession CP001217) and a 10225bp plasmid
termed pHell2 (GenBank accession CP001218). Using an
integrated approach of different gene prediction algo-
rithms (see ‘Materials and Methods’ section), 1567
protein-coding genes were predicted on the chromosome,
and 11 on the plasmid (Table 1 and Figure 1A).

A comparison of the gene content of P12 with that of
other published H. pylori genome sequences (strains
26695, 199, HPAGI, Shi470, G27 and B38) revealed the
presence of 1223 genes (orthologous groups; see ‘Materials
and Methods’ section for details) common to all H. pylori
strains (the core genome; Figure 1B). This value corres-
ponds well to the core genome size estimated recently for
five H. pylori genomes (30), but it may drop to about
1100-1150 genes if many more genomes are considered
(13). The pan-genome of these seven complete H. pylori
genome sequences (the total number of distinct genes/
orthologous groups present in these genomes) comprises
2070 genes. Thus, 847 genes are absent from at least one
genome and might thus be considered as strain-specific.
Two individual strains may differ in as much as 13% of
their gene content (Figure 1B), and each strain contains a
fraction of 5-12% of all coding sequences that is absent
from at least four other H. pylori genomes (Table 1), and a
fraction of 2-9% that is unique for this strain. However,
since many unique genes have no orthologs in the data-
bases, it is not clear at this point how many of them are in
fact pseudogenes. For strain P12, strain-specific genes
include genes encoding active components of restriction—
modification systems, as described previously (31), as well
as plasmid-related genes and genes encoding membrane
proteins or ATPases (Supplementary Table S1).

To obtain an estimate of the H. pylori pan-genome, the
number of newly identified genes was calculated for the
seven complete genome sequences analyzed, and plotted
versus the number of genomes, as done previously for
other species (1). This resulted in a very slow decrease
with increasing number of genomes (Figure 1C),
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Table 1. Comparison of the P12 genome with other complete H. pylori genomes

Strain® P12 26695 J99 HPAGI1 Shi470 G27 B38
Chromosome size (bp) 1673813 1667867 1643831 1596366 1608 548 1652982 1576758
Plasmid size (bp) 10225 - - 9370 - 10031 -

GC content 38.8% 38.9% 39.2% 39.1% 38.9% 38.9% 39.2%
GC content plasmid 35.1% - - 36.4% - 34.9% -
Number of CDS® 1567+11 1566° 1491 1536+8 1569 1493+11 1528
Average CDS length 958 bp 954 bp 997 bp 954 bp 913bp 959 bp 946 bp

Strain-specific CDS?
Plasticity zones (PZ)

54456 (7.0%)
PZ1 (40.7kb)

83+48 (8.4%)

PZ2 (14.1kb) PZ (31.0kb) PZ (45.4kb)"
PZ’ (28.3kb)°

PZ3 (30.0kb)
No. of PZ CDS 90 56¢ 38
PZ GC content 33.4%" 33.2% 34.1%
Cag-PAI (TFS1Y + + +
ComB (TFS2y + + +
TFS3/TFS4 +/+ Kk — [k

33+40 (4.9%)

68434 (6.6%)  158+36 (12.4%)

PZ1 (38.9kb)

45+41 (5.8%)
PZ1 (39.4kb)

96+20 (7.6%)

PZ (4.1kb) PZ2 (7.9kb) PZ2 (12.0kb) PZ (18.1kb)
6 46 46 18

n.d. 32.5%' 32.7%' n.d.

+ + + -

+ + + +

— —+ —+ —

4GenBank accession numbers of chromosome sequences: P12, CP001217; 26695, AE000511; 199, AE001439; HPAG1, CP000241; Shi470, CP001072;

G27, CP001173; B38, FM991728.
®Coding sequences on chromosome + plasmid.
“Revised annotation according to (22).

dCDS that are absent from all other six genomes + additional CDS absent from at least four of the other genomes. Numbers in brackets indicate the

percentage of these genes in relation to all CDS.

“Parts of a single PZ2 that was split by a genome rearrangement and contains PZ1- and PZ3-like elements

PZ2 that contains PZ1- and PZ3-like elements.
¢Excluding IS elements.

f“PZl, 33.8%; PZ2, 33.9%; PZ3, 32.8%.
'PZ1-like regions only.

JPresence or absence of type IV secretion systems (TFS) is indicated by (+) or (-), respectively.

XOnly fragments present.

suggesting that a considerable number of further
strain-specific genes are expected to be found upon
sequencing of further H. pylori genomes, and that
H. pylori is accordingly a species with an open pan-
genome.

Strain-specific genes localize preferentially to plasticity
zones or genome rearrangement sites

Analysis of the localization of strain-specific genes on the
chromosome of strain P12 showed a preference for the
replichore halves surrounding the origin, and a clustering
in three large (>10kb) plasticity zones (PZs) with signifi-
cantly lower GC content that we refer to as PZ1, PZ2 and
PZ3 (Figure 1A and Table 1). Comparison of the overall
gene arrangement of H. pylori strains revealed large
regions of gene synteny, but also small or large genome
rearrangements in many cases (Supplementary Figure S1).
To check whether these rearrangements are congruent
with strain histories, we determined the strain phylogeny
based on overall nucleotide similarity within the core
genome (Supplementary Figure S2). We found that at
least some rearrangements are not congruent with strain
phylogeny, indicating that they must have occurred re-
peatedly and therefore represent rearrangement hot
spots (Supplementary Figure S1). Interestingly, the
borders of one rearrangement hot spot contain different
specific genes in different strains (Supplementary Figure
S3) and were thus considered as an insertion hot spot
for strain-specific genes as well. Insertion of these
strain-specific genes is also incongruent with strain

histories, indicating that rearrangements and gene inser-
tion events might be linked. Therefore we asked whether
other hot spots for insertion of strain-specific genes exist
and where they are located.

To estimate this, we analyzed 101 genes of strain P12
that are absent from at least four out of the seven
complete H. pylori genome sequences analyzed. About
half of these genes are located in one of the PZs, and
the remainder at one of 37 other integration sites
(Table 2). Most integration sites outside the PZs contain
different genes in different strains and were thus con-
sidered as hot spot sites, whereas only 10 sites are
unique integration sites where always the same gene is
inserted. To examine whether integration sites coincide
with potential genome rearrangement sites, we considered
all rearrangement sites between the H. pylori genomes
(Supplementary Table S2) and also between H. pylori
and H. acinonychis (Supplementary Table S3), reasoning
that the latter synteny breakpoints might be potential re-
arrangement sites for H. pylori as well. Although insertion
sites were as frequent within synteny regions as at synteny
breakpoints, the majority of insertion sites at synteny
breakpoints (18 out of 21) was classified as insertion hot
spots (Table 2), suggesting that potential genome re-
arrangement sites represent preferential insertion sites
for novel genes. A closer examination of rearrangement
sites revealed that many of them contain fragments of IS
elements or other repetitive sequences, which strongly
suggests that both genome rearrangements and insertion
of specific genes into these sites depend on recombination
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Figure 1. Strain-specific genes in the H. pylori P12 genome. (A) Circular representation of the genome. Genes predicted on the plus and minus
strands are shown as bars on the outer circles. Third and fourth circles: Positions of strain-specific genes (being absent from at least three out of six
complete genome sequences). Fifth and sixth circles: GC content and GC skew calculated with a window size of 10000 and steps of 100 bp. Positions
of the putative origin and terminus of replication, the cag pathogenicity island (cagPAlI), the comB genes and the plasticity zones (PZ1-3) with their
corresponding type IV secretion systems (tfs) are indicated. (B) Venn diagrams showing numbers of common and strain-specific genes for the
complete genome sequences indicated. (C) Power law regression fit for the identification of new genes in H. pylori genomes [according to (1)].
The x-axis indicates the number N of complete genome sequences examined, and the y-axis the number n of newly identified genes in each genome.
The straight green line, representing a regression fit of the mean numbers of n, indicates a power law progression (n ~ N~%), and a power law
coefficient (o = 0.339) <1 (dashed line) indicates that the rate of newly identified genes is decreasing very slowly and that H. pylori has thus an open
pan-genome.

020z AIn gz uo Jasn BangsBny gn Aq 2022901/6809/81/8€/19€11SqE-0[0lE/IEU/WOo"dNO"0IWSpEdE/:SA)Y WOl PSpEojuMOq



6094 Nucleic Acids Research, 2010, Vol. 38, No. 18

Table 2. Analysis of integration sites of 101 strain-specific genes in
strain P12

No. of No. of Unique Hot

genes sites sites® spots®
Syntenic regions® 20 16 7 9
Synteny breakpoints® 32 21 3 18
Plasticity zones 49 3 3 0
Total 101 40 13 27

“Insertion sites containing either a certain specific gene or no insertion
at all.

®Insertion sites containing different strain-specific genes in different
strains.

“Insertion sites within regions of gene synteny.

YInsertion sites at breakpoints of gene synteny between H. pylori strains
or between H. pylori and H. acinonychis.

events at such repeats (Supplementary Tables S2, S3 and
data not shown).

Plasticity zones contain distinct type IV secretion systems

All H. pylori strains have PZs of different sizes in a defined
location on the chromosome (11,32) (Supplementary
Figure S4; Table 1), but P12 is the only strain known so
far that contains two additional PZs. Both PZ1 and PZ3
are inserted into non-functional restriction—modification
system genes (Figure 2A and Supplementary Figure S5),
and both harbor complete type IV secretion systems and
genes encoding coupling protein homologs, relaxases, and
several other DNA-processing enzymes, such as topoisom-
erases, helicases and XerCD-family tyrosine recombinases
(Figure 2A and Supplementary Tables S4 and SS5). As
noted previously (32), different PZI-like elements
contain both conserved and variable regions that suggest
a composition of different modules (Figure 2A). Since the
PZ3 type IV secretion system is very similar to the TFS3
type IV secretion system described previously (17,32),
whereas the PZ1 type IV secretion system shows much
less similarity, we refer to these systems as TFS3 and
TFS4, respectively. To determine relationships between
the different type IV secretion systems, we constructed
multiple sequence alignments and neighbor joining trees
of the corresponding coupling protein homologs, the
relaxase homologs, and all secretion apparatus compo-
nents. In all cases, the TFS3 and the TFS4 representatives
clustered in distinct groups, and the TFS3 components
were more closely related to the corresponding ComB
system components than to the TFS4 components (data
not shown). To confirm this finding, we constructed a
phylogenetic tree based on the VirB4, VirB9 and VirB10
homologs of type IV secretion systems in Helicobacter and
Campylobacter including the different TFS4 variants
(Figure 2B). Again, we found that the TFS3 system is
more closely related to the ComB system than to the
TFS4 system, and all three systems (ComB, TFS3 and
TFS4) are more closely related to the Campylobacter
pVir type IV secretion system than to the Cag type IV
secretion system, indicating that the Cag system has a
completely different evolutionary origin. Taken together,
these data suggest that the TFS3 and TFS4 systems are
distinct and independent secretion systems.

Since fragments of PZ1- or PZ3-like elements are also
present in the PZs of strains 26695 and J99 (Figure 2A),
we tested the frequency and integrity of PZs in a set of
37 H. pylori strains including clinical isolates and reference
strains (Supplementary Table S6). Southern blot hybrid-
izations were positive for a TFS3 probe in 24% and for a
TFS4 probe in 30% of the strains. In contrast, probes
from other PZ regions hybridized with higher percentages
(Supplementary Table S6), suggesting that genes encoding
type IV secretion components are more often subject to
loss after integration of a PZ. To find out more precisely
whether type IV secretion system genes are collectively lost
and which genes are retained in the PZs, we designed
custom DNA microarray chips containing all genes
present in the three PZs of strain P12. Using these micro-
array chips, we performed whole-genome genotyping with
a set of representative H. pylori strains, including two ref-
erence strains, mouse- and Mongolian gerbil-adapted
strains and several clinical isolates. Consistent with
previous studies, many genes in the PZs are variably
present (Figure 3). Although complete TFS3 and/or
TFS4 type IV secretion systems were found in some
strains (ATCC43526, B128), partial absence of type IV
secretion system genes seems to be more common. This
may indicate that PZ1 and PZ3 genes other than secretion
apparatus genes provide stronger selective advantages.
However, we cannot exclude that strains lacking parts of
TFS4 may be complemented by the corresponding parts
from either TFS3 (or a divergent TFS4 variant) to obtain
functional type IV secretion systems. Furthermore, frame-
shift mutations in the virB4tprss and topArpss genes of
different strains (Figure 2A) suggest that even complete
systems are frequently non-functional.

Plasticity zone 1 is a transferable genomic island

The integration of PZ1 and PZ3 into restriction—modifi-
cation system genes or other genomic regions suggested
that these regions are in fact genomic islands or
conjugative transposons that may be transferred as inde-
pendent entities (32). Sequence analysis of PZ1 borders in
P12 showed that eight nucleotides of the /hp464 gene
ortholog (AAAGAATG) are duplicated at the left and
right borders of the integration site (Supplementary
Figure S6), suggesting that these eclements might be
integrated by site-specific recombination. Therefore, we
asked whether PZ1 or parts of it can be transferred
between H. pylori strains. To examine this, we con-
structed suitable donor and recipient strains and per-
formed co-cultivation experiments. Since the virB4rgsy
and topAtpss genes in strain P12 contain frameshift
mutations that are likely to render both proteins
nonfunctional, we first reconstituted both genes in P12.
Sequence analysis of the virB4tgss and topAtpss genes
of strains B128 and ATCC43526 revealed no correspond-
ing frameshifts in these strains (GenBank accession
ABSY01000034.1, position 4607-6517 and data not
shown). Therefore, we constructed a virB4/topAtrss-
reconstituted P12 strain in which the region containing
the frameshifts was replaced with a corresponding DNA
fragment of strain ATCC43526, using a marker-free gene
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Figure 2. Type IV secretion systems in plasticity zones. (A) Gene arrangement in PZ1 and comparison with corresponding regions in other genome
sequences. PZ1 of strain P12 is inserted into a restriction—modification system pseudogene (similar to gene /ip464 in strain 26695). Genes encoding
type IV secretion system components are indicated as black arrows, and frameshift mutations are indicated by asterisks. Genes encoding proteins
with 90-95% sequence similarity to the P12 proteins are shown in full colour, genes encoding proteins with 50-75% sequence similarity are hatched.
Note that #f54 has been termed #fs3a (for strains Shi470 and G27) or tfs3b (for strain P12) previously (32). PeCanl8B plasticity zone, GenBank
accession AF487344.3. (B) Neighbor-joining tree showing relationships between PZ type IV secretion systems and other Helicobacter and
Campylobacter type IV secretion systems, based on average distances of the corresponding VirB4, VirB9 and VirB10 homologs. The TFS4
systems of strains P12 (tfs4-HPP12), G27 (tfs4-G27) and Shi470 (tfs4-HPSH) are depicted individually to show their mutual relationships. pTet,
C. jejuni 81-176 pTet plasmid; pVir, C. jejuni 81-176 pVir plasmid.
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Figure 3. Gene content analysis of plasticity zones in H. pylori isolates by microarray hybridization. Fragmented and biotin-labeled genomic DNA
preparations of the indicated strains were used as probes for array hybridization. Plasticity zone genes are indicated by their ppl2 gene numbers on
the left, and putative gene functions are indicated on the right. The presence of individual genes is indicated in white, and their absence in black

color. The #fs3 and #fs4 gene clusters are boxed.

deletion/replacement procedure which leaves the genetic
environment intact (25). Using the same technique, we
constructed isogenic ffs3 and #fs4 deletion mutants
lacking the complete respective type IV secretion gene
clusters, as well as double mutants. Respective experi-
ments with these reconstituted and mutated strains
showed that neither the ¢fs3 nor the ¢fs4 system is
involved in DNA uptake by natural transformation or
in type IV translocation of the CagA protein to AGS
cells (data not shown).

Next we constructed a virB4/topArtgss-reconstituted
P12 strain containing a chloramphenicol resistance gene
cassette in a PZ1 intergenic region and additionally a recA4
deletion to prevent backward transformation by recipient
strain DNA (Figure 4A), and used this strain as a donor
strain in co-cultivation experiments. As recipients, we used
either wild-type or tfs4-deleted P12 strains with kanamy-
cin resistance markers. Co-cultivation experiments were
performed in the presence of DNase to select for
conjugative transfer and against transformation events.
Transconjugant clones selected by double resistance to
chloramphenicol and kanamycin were obtained at a

frequency of 4.2x 1077 from wild-type recipients
(Figure 4B). When a Atfs4 strain was used as a recipient,
transconjugants were obtained at a similar average rate
(5.5%x 107"). These data are indicative of a conjugative
transfer process, but they do not discriminate between
transfer of small DNA fragments surrounding the resist-
ance marker, or of the whole PZ. To obtain evidence for
the transfer of the whole island or at least of the #f54 genes,
transconjugant clones were further analyzed by PCR and
sequencing to determine their virB4/topA alleles and thus
whether a co-transfer of the reconstituted virB4 allele had
occurred. Wild-type recipients had acquired the
reconstituted virB4 allele together with the cat resistance
marker in 64% of the cases examined, and Azfs4 recipients
in all cases (Figure 4C). This shows that transconjugants
resulted from transfer of large genome fragments
(>13kb), even in cases where integration of the cat resist-
ance marker would have been possible via homologous
recombination of small fragments. Thus, a fragmented
or deleted PZ1 type IV secretion system can easily be
reconstituted by horizontal gene transfer from #fs4-
positive donor strains.
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Figure 4. Horizontal gene transfer mediated by the plasticity zone 1 T4SS. (A) DNA transfer experiments were performed in the presence of DNase
with a virB4/top Argss-reconstituted P12 donor strain containing a chloramphenicol resistance cassette inserted into an intergenic region of PZ1, and
a recA deletion to render the donor strain non-transformable. As recipient strains, we used a P12 wild-type strain with a AmoeB(hpp12_765)::aphA-3
insertion conferring kanamycin resistance, or a tfs4 deletion variant with the same aphA-3 insertion. Growth of chloramphenicol/kanamycin
double-resistant clones indicated a unidirectional transfer of (parts of) PZl to the recipient strains. (B) DNA transfer rates from co-cultivation
experiments using the donor and recipient strains indicated. Data shown are mean values of at least four independent experiments including standard
deviations (C) Chromosomal DNA of transconjugant clones was examined by PCR and sequencing for co-transfer of the intact (non-frameshifted)
virB4 allele, indicating transfer of the whole PZ or the whole /54 system. Proportions of transconjugants containing intact virB4 alleles are expressed
as percentages of at least 12 independent clones sequenced. (D) Detection of a circular PZ1 intermediate. PCR products spanning the junction sites of
circular intermediates were generated using primers WS362 and WS363 from the donor strains indicated. (E) Empty-site PCR with primers WS429
and WS432 was used to obtain DNA fragments from chromosomal DNA prepared from a co-cultivation mixture. Sequences of empty-site PCR
fragments and circular intermediates are shown.

PZ1 uses a XerCD-like tyrosine recombinase as genomic

. .. process. We constructed isogenic virD4 mutants in the
island excisionase

virB4/top Atgss-reconstituted P12 strain, provided them
Having established that PZ1 genes can be transferred with a recA mutation and used them as donors for
between H. pylori strains, we next examined whether the co-cultivation experiments, as before. In comparison to
PZ1-encoded type IV secretion system is involved in this the experiments with wild-type donors, the rate of
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double-resistant clones decreased to 1.7 x 107’ when
wild-type recipients were used, and to 0.9 x 10~® when
Atfs4 recipients were used (Figure 4B). Despite these
lower transfer rates, some wild-type recipients and all
Atfs4 recipients had acquired the donor virB4 allele
(Figure 4C), suggesting that PZ1 transfer was still
possible in the absence of the virD4 gene hppl2_454.

Since PZ1 contains a gene encoding an XerC/XerD-like
tyrosine recombinase, which is unlikely to be involved in
resolution of chromosome dimers (32,33), we further
asked whether site-specific excision activity of this
protein may play a role in PZ transfer. To examine this,
we constructed a donor strain with an isogenic deletion of
the PZ1 xerD homolog hppl2 437. When this strain was
used in co-cultivation experiments, we still obtained
double-resistant clones, but sequencing showed that the
reconstituted virB4 allele had not been transferred in any
case (Figure 4C). Thus, transfer of the AxerD.:cat
mutation did not involve horizontal transfer of the
entire PZ, which suggests that PZ transfer is dependent
on the activity of the PZl-encoded XerD-like
recombinase.

To further corroborate the conclusion that XerD
mediates excision from the host chromosome and thus
enables PZ self-transfer, we sought to obtain direct
evidence for the excision event. Therefore, we prepared
chromosomal DNA from donor strains and from
co-cultivation mixtures of donor and recipient strains,
and used different primer sets targeting PZ1 left and
right junctions to amplify circular PZ intermediates or
empty-site fragments by PCR. Circular intermediates
were detected from both wild-type and AvirD4 donor
strain DNA, but never from AxerD donor strain DNA
(Figure 4D), which clearly demonstrates that excision of
the PZ occurs in a XerD-dependent manner. Sequencing
of empty-site PCR products revealed that the PZ had been
excised precisely to leave one of the duplicated AAAGAA
TG motifs behind and thus to restore the original gene
context prior to PZ1 insertion, and sequencing of the
circular intermediate PCR confirmed that the excised
fragment had re-circularized to contain the other AAAG
AATG motif (Figure 4E).

DISCUSSION
The H. pylori pan-genome and genome evolution

With a rapidly increasing number of bacterial genome se-
quences available, it has become evident that genetic vari-
ability and horizontal gene transfer are important
evolutionary requirements (34). Bacterial genomes are
subject to constant evolution involving gene gain, gene
loss, or genome rearrangements, and different strains are
often equipped with strain-specific genes that may provide
them with an adaptive potential while maintaining large
pan-genome pools (1). The ability to adapt to host popu-
lations is particularly important for pathogenic micro-
organisms such as H. pylori, where genes under positive
selection have indeed been identified in certain geographic
groups (35). Although H. pylori is considered as a species
well-adapted to its niche in the human host, our data

indicate that it possesses an open pan-genome, as
observed for other bacterial species (36,37). A recent esti-
mation of the H. pylori pan-genome size suggested the
presence of 4000-5000 genes, which would exceed the
size of the core genome by about 4-fold (38). This under-
scores the requirement for maintaining a diverse gene
pool, possibly to colonize different human populations
or to adapt to changing environments within a single
host (9).

Sequence types of housekeeping genes have been used to
group H. pylori strains into geographically distinct popu-
lations and to trace human migrations (6,7). The
underlying genetic drift is superimposed by additional di-
versity caused by horizontal gene transfer events (5). Our
data indicate that geographical distance is neither reflected
in the equipment with strain-specific genes nor in overall
gene synteny. This confirms the previous notation that
common pools of flexible genes have been maintained in
different populations independently (13). The observation
that some genome rearrangements are incongruent with
strain histories suggests that rearrangements partly take
place in a non-random manner, which has also been
found for other bacterial genomes (39). Interestingly, po-
tential synteny breakpoints seem to act frequently as hot
spots for integration of strain-specific genes, indicating
that genome rearrangements and insertion of specific
genes rely on similar mechanisms. Large genome re-
arrangements often occur in a symmetric fashion with
respect to the replication origin and terminus, since they
are under selection for replichore balance (40). It has been
suggested that these rearrangements occur by replication-
dependent recombination (41). Generally, species such as
H. pylori that have a high density of repeats are subject to
more frequent rearrangements (42). Since vestiges of
previous IS element insertions or other repetitive DNA
sequences are frequently found at synteny breakpoints
and integration hot spots, it is very likely that recombin-
ation between such sequences plays a major role for re-
arrangements and gene integration. While recombination
events at sequence repeats have previously been associated
with intragenomic deletion events (43), we propose that
they play a major role for genome rearrangements and
insertion events of strain-specific genes, and thus for
H. pylori genome evolution.

Imported DNA fragments carrying strain-specific genes
might contain sequences similar to the IS or other repeti-
tive elements that may be used for rearrangements.
Alternatively, those strain-specific genes that are consist-
ently integrated in defined locations might be acquired
occasionally, as suggested for the minimal mobile
elements in Neisseria species (44). In both cases, flanking
sequences would not need to be very long, since they
might be processed by the action of restriction enzymes,
which have been suspected to be involved in determining
crossover endpoints (45). Thus, active restriction—modifi-
cation systems may modulate integration of foreign
plasmid or chromosomal DNA (45-47), and non-
functional systems may facilitate the acquisition of
further strain-specific genes or gene clusters, such as the
genomic islands identified here.
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Plasticity zones as transferable genomic islands

While there is no evidence for correlations among individ-
ual sets of strain-specific genes, it is obvious that PZ genes
and other strain-specific genes define two independent
flexible gene pools. This might also reflect two separate
pathways of horizontal gene transfer. Whereas PZs of
extant genomes consistently contain complete or partial
type IV secretion systems and are thus likely to have
been spread by conjugative processes, single strain-specific
genes or small gene groups are most probably transferred
by transformation, which is considered as the main mech-
anism of horizontal gene transfer in H. pylori. Based on
the comparison of sequential isolates from the same
patients, it has been estimated that natural transformation
and recombination are able to replace large portions of the
H. pylori genome in very short time intervals, with a mean
size of recombined fragments of roughly 400 bp (48). In
contrast, transformation experiments in vitro suggest that
DNA fragments integrated by homologous recombination
have a somewhat larger average size (1300—4000 bp) and
may be interrupted by short fragments of recipient DNA
(45,49). 1t has been suggested that this relatively short
average fragment length might be due to restriction
enzyme activity. Thus, transfer of larger genomic frag-
ments containing functional modules such as complete
type IV secretion systems would require a different
transformation-independent  and  restriction-resistant
mechanism.

Although DNase-resistant transfer from H. pylori
donor cells has been shown for RP4 origin-containing
plasmids (50) and for antibiotic resistance-conferring
point mutations (51,52), conjugation mechanisms in
H. pylori are still only poorly understood (14). We show
here for the first time that transfer and integration of large
PZs is possible by a DNase-resistant process. Since
plasmid DNA uptake during conjugation of H. pylori
depends on the ComB transformation system
(S. Rohrer, W. Fischer and R. Haas, unpublished data),
we cannot completely rule out that PZ transfer occurs by a
transformation-like process as well. In any case, it is likely
that this process also occurs in vivo, as both loss and ac-
quisition of PZ genes have been reported for sequential
isolates from the same patients (9,53). Although the GC
content of the PZs is considerably below the genome
average, the broad distribution of PZ genes in the
Helicobacter population (including H. acinonychis)
suggests that these genes have been present in the
Helicobacter gene pool for a considerable time, notably
longer than the cag pathogenicity island (13). Therefore,
their low GC content does not necessarily reflect recent
acquisition from a distinct species, but might rather
be indicative of a general horizontal gene transfer cap-
ability (54).

Although the PZs are genomic elements that are trans-
ferable as a whole, both our microarray data and those
previously published (13) show that they often contain
only subsets of the genes present on complete islands.
Subsequent gene transfer and rearrangement events are
obviously able to reshape these regions considerably.
Although the islands might frequently lose their transfer
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capability due to frameshift mutations or gene deletions
within the type IV secretion system clusters, our results
also demonstrate that functional systems can easily be
reconstituted after horizontal gene transfer from a
PZ-positive donor strain. Thus, the PZs seem to form
a distinct flexible gene pool that is maintained within a
population and distributed by constant horizontal gene
transfer, which also suggests that PZ genes provide a se-
lective advantage to the recipient bacteria.

Site-specific integration of PZs may involve inverted
repeats at their junction sites (32), and the duplicated
target sequence motifs probably represent coupling se-
quences of the putative att sites (55). PZ1 has previously
been considered as a transposable element and termed
TnPZ (32), but mobilization within a strain has not been
shown so far. Mobilization from donor to recipient
strains, as shown here, is rather reminiscent of genomic
island transfer, although there is no clear-cut distinction
between genome islands and (conjugative) transposons. In
most proteobacteria, integrases encoded on genomic
islands cluster in a phylogenetic group (IntG) that is
distinct from integrases of phage, conjugative transposon
or ICE (integrative conjugative element) origin (506).
Interestingly, only e-proteobacteria seem to lack such
genomic island integrases. We show here that in
H. pylori, PZ excision is performed by a XerCD-family
tyrosine recombinase [previously termed XerT (32)]
instead. Usually, XerC and XerD recombinases catalyze
resolution of chromosome dimers at dif sites (57), a
function which is probably mediated by the chromosomal
XerH recombinase in H. pylori (33). Besides their role in
dimer resolution, XerC and XerD proteins have also been
described to control integration of foreign DNA. They
are, for instance, involved in integration of the CTX
phage into the Vibrio cholerae dif site (58), or of the gono-
coccal genetic island into the Neisseria gonorrhoeae
genome (59). However, in these cases the mobile
elements take advantage of the corresponding host Xer
recombinases to accomplish integration into chromosomal
dif sites. Although Xer family recombinases have been
found on other genome islands (60), our data show for
the first time that Xer family tyrosine recombinases are
exploited for horizontal transfer of genomic islands.

Taken together, our findings underscore the importance
of horizontal gene transfer for the maintenance of genome
plasticity. Different H. pylori strains are not only highly
variable in terms of sequence microdiversity, but they
contain also individual sets of strain-specific genes that
are subject to transfer either by natural transformation,
or by a novel conjugative transfer process involving
XerD-family proteins as site-specific excisionases. We
speculate that these different mechanisms enable
H. pylori to adapt to different host organisms (during
transmission) or to spatially and temporally varying
niches within a single host, and thus provide the basis
for the persistence of infection.

ACCESSION NUMBERS
CP001217, CP001218.

020z AInp gz uo Jesn Bingsbny gn Ad 2022901/6809/81/8€/10E1SAE-0]01LIE/1EU/WO0D"dNO"DIWLSPEDE//:SA]Y WOl PAPEOJUMOQ



6100 Nucleic Acids Research, 2010, Vol. 38, No. 18

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors are grateful to Evelyn Weiss and Silvia
Weidner for excellent technical assistance, to Uladzimir
Antonenka for helpful discussions, to Luisa F. Jiménez
Soto for critical reading of the manuscript, and to
Douglas Berg for the gift of the rpsL-erm contraselection
system.

FUNDING

Deutsche Forschungsgemeinschaft (HA2697/10-1) and
from ERA-NET PathoGenoMics (0313930D to
R.H.). Funding for open access charge: Deutsche
Forschungsgemeinschaft (HA2697/10-1) and from
ERA-NET PathoGenoMics (0313930D to R.H.).

Conflict of interest statement. None declared.

REFERENCES

1. Tettelin,H., Riley,D., Cattuto,C. and Medini,D. (2008)
Comparative genomics: the bacterial pan-genome. Curr. Opin.
Microbiol., 11, 472-477.

2. Suerbaum,S. and Michetti,P. (2002) Helicobacter pylori infection.
N. Engl. J. Med., 347, 1175-1186.

3. 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., Dougherty,B.A. et al. (1997) The complete genome
sequence of the gastric pathogen Helicobacter pylori. Nature, 388,
539-547.

4. Schwarz,S., Morelli,G., Kusecek,B., Manica,A., Balloux,F.,
Owen,R.J., Graham,D.Y., van der Merwe,S., Achtman,M. and
Suerbaum,S. (2008) Horizontal versus familial transmission of
Helicobacter pylori. PLoS Pathog., 4, €1000180.

5. Suerbaum,S. and Josenhans,C. (2007) Helicobacter pylori
evolution and phenotypic diversification in a changing host.
Nat. Rev. Microbiol., 5, 441-452.

6. Falush,D., Wirth,T., Linz,B., Pritchard,J.K., Stephens,M.,
Kidd,M., Blaser,M.J., Graham,D.Y., Vacher,S., Perez-Perez,G.I.
et al. (2003) Traces of human migrations in Helicobacter pylori
populations. Science, 299, 1582—1585.

7. Linz,B., Balloux,F., Moodley,Y., Manica,A., Liu,H.,
Roumagnac,P., Falush,D., Stamer,C., Prugnolle,F., van der
Merwe,S.W. et al. (2007) An African origin for the intimate
association between humans and Helicobacter pylori. Nature, 445,
915-918.

8. Kuipers,E.J., Israel,D.A., Kusters,J.G., Gerrits, M.M., Weel,J.,
van Der,E., van Der,H., Wirth,H.P., H66k-Nikanne,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.

9. Israel,D.A., Salama,N., Krishna,U., Rieger,U.M., Atherton,J.C.,
Falkow,S. and Peek,R.M. Jr (2001) Helicobacter pylori genetic
diversity within the gastric niche of a single human host.

Proc. Natl Acad. Sci. USA, 98, 14625-14630.

10. Kang,J. and Blaser,M.J. (2006) Bacterial populations as perfect
gases: genomic integrity and diversification tensions in
Helicobacter pylori. Nat. Rev. Microbiol., 4, 826-836.

11. 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.

12. Oh,J.D., Kling-Bickhed,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. USA, 103, 9999-10004.

13. Gressmann,H., Linz,B., Ghai,R., Pleissner,K.P., Schlapbach,R.,
Yamaoka,Y., Kraft,C., Suerbaum,S., Meyer,T.F. and
Achtman,M. (2005) Gain and loss of multiple genes during the
evolution of Helicobacter pylori. PLoS Genet., 1, e43.

14. Fischer,W., Karnholz,A., Jiménez-Soto,L.F. and Haas,R. (2008)
Type 1V secretion systems in Helicobacter pylori. In Yamaoka,Y.
(ed.), Helicobacter pylori. Molecular Genetics and Cellular Biology.
Caister Academic Press, Norfolk, UK, pp. 115-136.

15. Hofreuter,D. and Haas,R. (2002) Characterization of two
cryptic Helicobacter pylori plasmids: a putative source for
horizontal gene transfer and gene shuffling. J. Bacteriol., 184,
2755-2766.

16. 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.

. Kersulyte,D., Velapatifio,B., Mukhopadhyay,A.K., Cahuayme,L.,
Bussalleu,A., Combe,J., Gilman,R.H. and Berg,D.E. (2003)
Cluster of type IV secretion genes in Helicobacter pylori’s
plasticity zone. J. Bacteriol., 185, 3764-3772.

18. Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J.
(1990) Basic local alignment search tool. J. Mol. Biol., 215,
403-410.

19. Larsen,T.S. and Krogh,A. (2003) EasyGene — a prokaryotic gene
finder that ranks ORFs by statistical significance. BMC
Bioinformatics, 4, 21.

20. Besemer,J., Lomsadze,A. and Borodovsky,M. (2001) GeneMarkS:
a self-training method for prediction of gene starts in microbial
genomes. Implications for finding sequence motifs in regulatory
regions. Nucleic Acids Res., 29, 2607-2618.

. McHardy,A.C., Goesmann,A., Puhler,A. and Meyer,F. (2004)
Development of joint application strategies for two microbial
gene finders. Bioinformatics, 20, 1622-1631.

22. Boneca,I.G., De Reuse,H., Epinat,J.C., Pupin,M., Labigne,A. and

Moszer,l. (2003) A revised annotation and comparative analysis

1

~

2

—_

of Helicobacter pylori genomes. Nucleic Acids Res., 31, 1704-1714.

23. Chenna,R., Sugawara,H., Koike,T., Lopez,R., Gibson,T.J.,
Higgins,D.G. and Thompson,J.D. (2003) Multiple sequence
alignment with the Clustal series of programs. Nucleic Acids Res.,
31, 3497-3500.

24. Sambrook,J. and Russell,D.W. (2001) Molecular Cloning. A
Laboratory Manual, 3rd edn. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York, USA.

. Dailidiene,D., Dailide,G., Kersulyte,D. and Berg,D.E. (2006)
Contraselectable streptomycin susceptibility determinant for
genetic manipulation and analysis of Helicobacter pylori. Appl.
Environ. Microbiol., 72, 5908-5914.

26. Haas,R., Meyer,T.F. and van Putten,J.P.M. (1993) Aflagellated
mutants of Helicobacter pylori generated by genetic
transformation of naturally competent strains using transposon
shuttle mutagenesis. Mol. Microbiol., 8, 753-760.

27. Fischer,W. and Haas,R. (2004) The RecA protein of Helicobacter
pylori requires a posttranslational modification for full activity.

J. Bacteriol., 186, 777-784.

28. Schmitt,W. and Haas,R. (1994) Genetic analysis of the
Helicobacter pylori vacuolating cytotoxin: structural similarities
with IgA protease type of exported protein. Mol. Microbiol.,
12(2), 307-319.

. Odenbreit,S., Piils,J., Sedlmaier,B., Gerland,E., Fischer,W. and
Haas,R. (2000) Translocation of Helicobacter pylori CagA into
gastric epithelial cells by type IV secretion. Science, 287,
1497-1500.

30. McClain,M.S., Shaffer,C.L., Israel,D.A., Peek,R.M. Jr and
Cover,T.L. (2009) Genome sequence analysis of Helicobacter
pylori strains associated with gastric ulceration and gastric cancer.
BMC Genomics, 10, 3.

. Lin,L.F., Posfai,J., Roberts,R.J. and Kong,H. (2001) Comparative
genomics of the restriction-modification systems in Helicobacter
pylori. Proc. Natl Acad. Sci. USA, 98, 2740-2745.

2

i

2

Nel

3

—

020z AInp gz uo Jesn Bingsbny gn Ad 2022901/6809/81/8€/10E1SAE-0]01LIE/1EU/WO0D"dNO"DIWLSPEDE//:SA]Y WOl PAPEOJUMOQ



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kersulyte,D., Lee,W., Subramaniam,D., Anant,S., Herrera,P.,
Cabrera,L., Balqui,J., Barabas,O., Kalia,A., Gilman,R.H. et al.
(2009) Helicobacter pylori’s plasticity zones are novel transposable
elements. PLoS ONE, 4, €6859.

Carnoy,C. and Roten,C.A. (2009) The dif/Xer recombination
systems in proteobacteria. PLoS ONE, 4, ¢6531.

Pallen,M.J. and Wren,B.W. (2007) Bacterial pathogenomics.
Nature, 449, 835-842.

Ogura,M., Perez,J.C., Mittl,P.R., Lee,H.K., Dailide,G., Tan,S.,
Ito,Y., Secka,O., Dailidiene,D., Putty,K. et al. (2007) Helicobacter
pylori evolution: lineage- specific adaptations in homologs of
eukaryotic Sell-like genes. PLoS. Comput. Biol., 3, 1455-1467.
Tettelin,H., Masignani,V., Cieslewicz,M.J., Donati,C., Medini,D.,
Ward,N.L., Angiuoli,S.V., Crabtree,J., Jones,A.L., Durkin,A.S.
et al. (2005) Genome analysis of multiple pathogenic isolates of
Streptococcus agalactiae: implications for the microbial
“pan-genome”. Proc. Natl Acad. Sci. USA, 102, 13950-13955.
Hogg,J.S., Hu,F.Z., Janto,B., Boissy,R., Hayes.,J., Keefe,R.,
Post,J.C. and Ehrlich,G.D. (2007) Characterization and modeling
of the Haemophilus influenzae core and supragenomes based on
the complete genomic sequences of Rd and 12 clinical
nontypeable strains. Genome Biol., 8, R103.

Snipen,L., Almoy,T. and Ussery,D.W. (2009) Microbial
comparative pan-genomics using binomial mixture models.

BMC Genomics, 10, 385.

Darling,A.E., Miklos,I. and Ragan,M.A. (2008) Dynamics of
genome rearrangement in bacterial populations. PLoS Genet., 4,
¢1000128.

Hendrickson,H. and Lawrence,J.G. (2006) Selection for
chromosome architecture in bacteria. J. Mol. Evol., 62, 615-629.
Tillier,E.R. and Collins,R.A. (2000) Genome rearrangement by
replication-directed translocation. Nat. Genet., 26, 195-197.
Rocha,E.P., Danchin,A. and Viari,A. (1999) Analysis of long
repeats in bacterial genomes reveals alternative evolutionary
mechanisms in Bacillus subtilis and other competent prokaryotes.
Mol. Biol. Evol., 16, 1219-1230.

Aras,R.A., Kang,J., Tschumi,A.I., Harasaki,Y. and Blaser,M.J.
(2003) Extensive repetitive DNA facilitates prokaryotic genome
plasticity. Proc. Natl Acad. Sci. USA, 100, 13579-13584.
Snyder,L.A., McGowan,S., Rogers,M., Duro,E., O’Farrell,E. and
Saunders,N.J. (2007) The repertoire of minimal mobile elements
in the Neisseria species and evidence that these are involved in
horizontal gene transfer in other bacteria. Mol. Biol. Evol., 24,
2802-2815.

Lin,E.A., Zhang,X.S., Levine,S.M., Gill,S.R., Falush,D. and
Blaser,M.J. (2009) Natural transformation of Helicobacter pylori
involves the integration of short DNA fragments interrupted by
gaps of variable size. PLoS Pathog., 5, ¢1000337.

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.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59

60

Nucleic Acids Research, 2010, Vol. 38, No. 18 6101

. 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.

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. USA, 98, 15056-15061.

Kulick,S., Moccia,C., Didelot,X., Falush,D., Kraft,C. and
Suerbaum,S. (2008) Mosaic DNA imports with interspersions of
recipient sequence after natural transformation of Helicobacter
pylori. PLoS ONE, 3, 3797.

Backert,S., Kwok,T. and Koénig,W. (2005) Conjugative plasmid
DNA transfer in Helicobacter pylori mediated by chromosomally
encoded relaxase and TraG-like proteins. Microbiology, 151,
3493-3503.

. 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.
Oyarzabal,O.A., Rad,R. and Backert,S. (2007) Conjugative
transfer of chromosomally encoded antibiotic resistance from
Helicobacter pylori to Campylobacter jejuni. J. Clin. Microbiol.,
45, 402-408.

Kraft,C., Stack,A., Josenhans,C., Nichus,E., Dietrich,G.,
Correa,P., Fox,J.G., Falush,D. and Suerbaum,S. (2006) Genomic
changes during chronic Helicobacter pylori infection. J. Bacteriol.,
188, 249-254.

Daubin,V., Lerat,E. and Perriére,G. (2003) The source of laterally
transferred genes in bacterial genomes. Genome Biol., 4, R57.
Rajeev,L., Malanowska,K. and Gardner,J.F. (2009) Challenging a
paradigm: the role of DNA homology in tyrosine recombinase
reactions. Microbiol. Mol. Biol. Rev., 73, 300-309.

Boyd.E.F., Almagro-Moreno,S. and Parent,M.A. (2009) Genomic
islands are dynamic, ancient integrative elements in bacterial
evolution. Trends Microbiol., 17, 47-53.

Lesterlin,C., Barre,F.X. and Cornet,F. (2004) Genetic
recombination and the cell cycle: what we have learned from
chromosome dimers. Mol. Microbiol., 54, 1151-1160.

Huber,K.E. and Waldor,M.K. (2002) Filamentous phage
integration requires the host recombinases XerC and XerD.
Nature, 417, 656—659.

. Hamilton,H.L., Dominguez,N.M., Schwartz,K.J., Hackett,K.T.

and Dillard,J.P. (2005) Neisseria gonorrhoeae secretes
chromosomal DNA via a novel type IV secretion system.
Mol. Microbiol., 55, 1704-1721.

. Doungudomdacha,S., Volgina,A. and DiRienzo,J.M. (2007)

Evidence that the cytolethal distending toxin locus was once part
of a genomic island in the periodontal pathogen Aggregatibacter
(Actinobacillus) actinomycetemcomitans strain Y4. J. Med.
Microbiol., 56, 1519-1527.

020z AInp gz uo Jesn Bingsbny gn Ad 2022901/6809/81/8€/10E1SAE-0]01LIE/1EU/WO0D"dNO"DIWLSPEDE//:SA]Y WOl PAPEOJUMOQ



