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Helicobacter pylori is the dominant member of the gastric microbiota and has been associated with an
increased risk of gastric cancer and peptic ulcers in adults. H. pylori populations have migrated and diverged
with human populations, and health effects vary. Here, we describe the whole genome of the cag-positive strain
V225d, cultured from a Venezuelan Piaroa Amerindian subject. To gain insight into the evolution and host
adaptation of this bacterium, we undertook comparative H. pylori genomic analyses. A robust multiprotein
phylogenetic tree reflects the major human migration out of Africa, across Europe, through Asia, and into the
New World, placing Amerindian H. pylori as a particularly close sister group to East Asian H. pylori. In
contrast, phylogenetic analysis of the host-interactive genes vacA and cagA shows substantial divergence of
Amerindian from Old World forms and indicates new genotypes (e.g., VacA m3) involving these loci. Despite
deletions in CagA EPIYA and CRPIA domains, V225d stimulates interleukin-8 secretion and the hummingbird
phenotype in AGS cells. However, following a 33-week passage in the mouse stomach, these phenotypes were
lost in isolate V225-RE, which had a 15-kb deletion in the cag pathogenicity island that truncated CagA and
eliminated some of the type IV secretion system genes. Thus, the unusual V225d cag architecture was fully
functional via conserved elements, but the natural deletion of 13 cag pathogenicity island genes and the

truncation of CagA impaired the ability to induce inflammation.

Helicobacter pylori is a microaerophilic bacterium of the
Epsilonproteobacteria that has colonized the stomach since
early in human evolution (45) and diverged with ancient hu-
man migrations (24, 45, 92). Thus, several major H. pylori
populations, such as hpAfrical, hpEurope, hspEAsia, and
hspAmerind, whose names indicate their original geographic
associations (45, 51), have been defined. In particular, similar-
ities between the hspAmerind and hspEAsia populations sug-
gest that the first colonizers of the New World brought H.
pylori with them (24, 28). With recent mixing of human groups,
H. pylori populations are also mixing and competing, with an
apparent dominance by the hpEurope population at least in
Latin America (19).

H. pylori usually does not cause illness, but colonization with
strains bearing the cag (cytotoxin-associated gene) pathogenic-
ity island (cag PAI) (3, 7, 25, 52, 57, 61, 63) is associated with
an increased risk of noncardia gastric adenocarcinoma and
peptic ulcer disease (56, 64). Nonetheless, a high prevalence of
cag-positive H. pylori strains occurs concurrently with low gas-
tric cancer rates in Africa (40) and some regions in Latin
America, such as the Venezuelan savannas and Amazonas (29,
53). Moreover, clinical and epidemiological data provide evi-
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dence for an inverse relationship between H. pylori coloniza-
tion and the prevalence of certain metabolic disorders, esoph-
ageal diseases, asthma and allergic disorders, and acute
infectious diseases, as well as a direct relationship with im-
proved nutritional status of rural children (3, 14, 34, 37, 49, 68).
That the host interaction with an indigenous gastric microbe
provides some health benefits to the host is not unexpected
given the well-established role of gastrointestinal microflora in
maintaining gastroenteric homeostasis (8).

The most thoroughly studied H. pylori proteins that interact
with human cells are CagA and VacA. CagA is an effector
protein injected into gastric epithelial cells by a type IV secre-
tion system encoded by the cag PAI (10, 12, 15, 83). VacA is
initially secreted from the bacterial cell by an autotransporter
mechanism (16). Both proteins have multiple effects on host
cells. Inside the host cell, phosphorylation of CagA on EPIYA
repeats in the phosphotyrosine (PY) region (73) induces cel-
lular elongation known as the hummingbird phenotype (72).
CagA may also induce secretion of interleukin-8 (IL-8) (11), a
process commonly attributed to NF-kB, and disrupt the barrier
function of the tight junctions in polarized epithelial cells,
leading to a loss of adhesion (1, 5). Other motifs in the PY
region promote phosphorylation-independent effects (79). In
addition, cagA may be considered an oncogene (60), since
transgenic expression of cagA4 in mice leads to gastric epithelial
hyperplasia through aberrant epithelial cell signaling and gas-
tric carcinogenesis (60, 62). In contrast, VacA is a multifunc-
tional protein with several activities in epithelial and immune
cells (16). VacA induces cell vacuolation (43), alters mitochon-
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drial membrane permeability (27, 41, 90), and increases epi-
thelial monolayer permeability. VacA also activates several
signal transduction pathways that are important in immune
and epithelial cells, including the mitogen-activated protein
(MAP) kinase and p38/ATF-2-mediated signal pathways
(9, 55).

Genomic analysis provides insights into the evolution of H.
pylori strains and their relation with their human hosts and may
be useful for the development of diagnostic tools and novel
therapies. To date, there are six published complete H. pylori
genomes, mostly from the hpEurope population (see Table
SALl in the supplemental material). Here, we report the whole
genome of a newly characterized hspAmerind strain, V225d,
and assess its genetic structure in comparison to those of Old
World H. pylori strains through a comprehensive multiprotein
phylogenetic analysis, as well as through single-gene examina-
tion of cagA and vacA, revealing clues to the evolution and
migration of this strain into the New World and the implica-
tions for human health. We also present the results of func-
tional and genomic studies using gastric epithelial cells dem-
onstrating that V225d can induce an inflammatory host
response, an effect that was lost following passage through the
mouse stomach.

MATERIALS AND METHODS

Strain information and DNA extraction and characterization. H. pylori strain
V225d was isolated from a gastric antral biopsy specimen from a Piaroa Amer-
indian who underwent a gastroscopy and was found to have acute superficial
gastritis. The human-subject protocol was approved by the Institutional Review
Board (IRB) at the Venezuelan Institute of Scientific Research and at the
University of Puerto Rico (0809-051), which allows available specimens and
cultures to be used without patient identifiers. H. pylori V225 pure culture
(01-225) has been available since 2001 in the clinical isolate repository of the
microbial ecology laboratory at the University of Puerto Rico. Genomic DNA
was extracted, using a DNeasy tissue kit (Qiagen, Chatsworth, CA), from strain
V225 samples originating from gastric corpus biopsy specimens previously ho-
mogenized in 200 pl of 0.9% saline solution with approximately 0.1 ml of 0.5-mm
glass beads in 1.5-ml tubes and mixed at high speed for 20 s in a bead beater (29).
The quality and quantity of genomic DNA were assessed using a bioanalyzer
(Agilent Technologies, Santa Clara, CA). An aliquot of DNA (10 ng) was used
for Roche/454 pyrosequencing, as described below.

DNA sequencing and annotation. Initially, two rounds of Roche/454 GS-20
sequencing and one round of genome sequencer flexible system (GS-FLX) se-
quencing were performed on H. pylori strain V225 (01-225) DNA, resulting in
over 800,000 reads (average read lengths of 222 bp for the GS-FLX run and 110
bp for the GS-20 runs). During the assembly, we observed that the DNA sample
was a 4:1 mixture of two distinct strains (designated V225d and V225b, respec-
tively) of H. pylori. The two strains were clonally purified, and two rounds of
sequencing using Roche/454 GS-FLX were performed on the V225d clone.
Shotgun and paired-end libraries were prepared following the manufacturer’s
instructions (48). A round of shotgun sequencing generated 62-fold coverage (a
total of 422,314 reads). The second round of paired-end sequencing generated
31,448 paired reads. The sequence reads were assembled to obtain a draft
genome assembly consisting of 29 contigs in 4 scaffolds. Both replicon sequences
were completed using a combination of in silico repeat resolution and targeted
Sanger sequencing. Automated nucleic acid and protein sequence annotation
was accomplished using the PATRIC pipeline (74). The annotation protocol
containing the full list of applications and parameters is available online at
http://patric.vbi.vt.edu/about/standard_procedures.php.

Sequencing of the V225-RE cag PAI was performed using targeted Sanger
sequencing, with primers designed from the V225d cag PAI as a template (see
Table SAT in the supplemental material). Primers were designed using primer-
BLAST (http://www.ncbi.nlm.nih.gov) to amplify an 800- to 1,000-bp region of
the V225d sequence, with a 50- to 200-bp overlap between adjacent amplicons.
Sequencing was performed by the Virginia Bioinformatics Institute (Blacksburg,
VA) Core Laboratory Facility. Contig assembly was executed using the SeqMan
program (Lasergene, Madison, WI).
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Genome alignment. Multiple alignments of whole genomes and the cag patho-
genicity island (cag PAI) were prepared for seven complete H. pylori genomes
(strains V225d, Shi470, P12, G27, HPAGI, J99, and 26695) by using MAUVE
2.2.0 (17).

Phylogenetic analyses. A phylogenetic tree was prepared from the analysis of
1,931 phylotypes from the multilocus sequence typing (MLST) database (35, 47).
Specifically, in order to compare the consistencies of protein phylogenetic trees
with maximum-likelihood trees that contain a larger number of sequences, we
used sequences from 7 housekeeping genes, atpA (627 bp), efp (410 bp), mutY
(420 bp), ppa (398 bp), trpC (456 bp), urel (585 bp), and yphC (510 bp) (35, 47),
in a concatenated string of 3,406 bp. The multilocus sequences (MLSs) were
from H. pylori strains from hosts from Africa, Europe, Asia, and the Americas.
The data set was partitioned into the seven genes, and each gene was partitioned
into one fragment containing the third-codon positions and another containing
the first- and second-codon positions. The maximum-likelihood program
RAXML (77) was used, with its GTRGAMMA model. For a more robust phy-
logenetic analysis, the protein sequences of H. pylori V225d were collected along
with those from the complete or incomplete genome projects for 10 other H.
pylori strains, eight additional Helicobacter species, and two organisms from other
genera of the Helicobacteraceae. The proteins were sorted into 3,432 families by
using OrthoMCL (44), and the 603 families that were represented once and only
once in each of the 10 complete Helicobacter genomes were processed further.
The families were subjected to “decimation,” removal of the 10% with the most
divergent phylogenies, as follows. For each family, proteins were aligned using
MUSCLE (20), masked using Gblocks (80) in its default mode except using the
—b5 = h setting, which allows a position to contain gaps if they occur in less than
half of the sequences. Trees were prepared for 50 bootstrap samples by using
RAxML, with its PROTGAMMAWAG model, as previously shown (18, 67, 89,
91). Taxon bipartitions occurring in =75% of the bootstrap trees were collected
and compared pairwise with the bipartition set for each other family. The 10%
of families whose bipartition set most frequently conflicted with the others
(which may include cases of horizontal gene transfer) were eliminated, and
masked alignments for the remaining 543 families were concatenated, with the
maximum-likelihood tree built using RAXML as described above. Bootstrap
support values were obtained using the quick mode of RAXML. Rooting was
based on trees prepared similarly for all of the genomes, which also included the
genome from Campylobacter jejuni RM1221 as an outgroup.

For V225d and the other six available complete H. pylori genomes, the con-
formity of proteins with their orthologs was measured. The proteins were sorted
into families by using OrthoMCL (44), and the 1,231 families with representation
in all seven genomes were retained. Within each family, all pairwise Smith-
Waterman alignments were performed, and for each protein, the conformity
score was defined as the average score of alignment to the best-scoring repre-
sentative from each of the other six genomes, normalized to the self-alignment
score. In cases in which a genome had multiple representations in a family, only
the protein with the highest conformity score was retained.

Classification of CagA EPIYA units. The 1,118 unique CagA sequences avail-
able at GenBank on 4 April 2009 were collected, and CagA and CagA, from H.
pylori V225d were added to the collection, after artificial correction of the
frameshift mutation of the latter. A seed alignment of the 11 complete CagA
sequences from nine H. pylori genomes was prepared by manual adjustment of
the MUSCLE (20) alignment. The remaining sequences were incorporated into
the alignment sequentially in descending order of length, using the profile mode
of MUSCLE, with periodic pauses to adjust the alignment manually. A portion
consisting of the phosphotyrosine (PY) region and a small number of flanking
positions (corresponding to N884 to L1000 of H. pylori 26695 CagA) was ex-
tracted from the alignment, and all sequences not reaching both flanks were
removed. The remaining 834 PY regions were divided into overlapping segments
consisting of one EPIYA motif continued in both directions up to but not
including the neighboring EPIYA motif. The unique segments were aligned
without gaps according to their EPIYA motifs, and a pairwise scoring system was
implemented. Successive positions in either direction from the center of the
aligned EPTYA motif were weighted less by a factor of 1.07, and for each position
in which the pair had identical amino acids, the weight was added to the score.
The matrix of similarity scores was processed by the Markov cluster algorithm
(84), with an inflation factor of 1.2, which sorted the unit segments into four
clusters. Segment sequences in each cluster were aligned. Within each cluster,
the right portions of the segments were heterogeneous, but the left portions of
the segments were substantially homogeneous, corresponding to the previously
described A, B, C, and D EPIYA unit types (32). By comparing in a cluster the
segments from the right flank of the PY region to the PY-internal segments, the
highly conserved position corresponding to S999 of H. pylori 26695 CagA was
clearly identified as the endpoint of the shared sequence. The corresponding
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FIG. 1. Multilocus sequence typing (MLST) scheme of the Helicobacter pylori hspAmerind cluster. A maximum-likelihood phylogenetic tree
was prepared for the 1,939 unique 7-gene concatenations (types, identified numerically) available from the MLST database and from H. pylori

genome projects (GTRGAMMA, unpartitioned) and midpoint rooted,

which effectively roots with the hpAfrica2 population. Only the hspAmerind

portion of the tree is shown, with arctic hspAmerind types shown in blue, equatorial hspAmerind types in red, and three types of special interest

in purple.

position could be identified in all four clusters and was used to precisely identify
PY region endpoints and to divide each PY region into abutting EPTYA units.
The B cluster was readily divided into B, (usually neighboring C units) and By
(usually neighboring D units) subclusters. A small number of miscategorized
units were moved to their proper cluster. Each EPIYA unit was typed according
to its cluster or subcluster, as well as whether it represented fusion with another
unit or with a PY-flanking sequence and whether it had insertions or deletions of
>2 codons, and each PY region was typed as the concatenation of its unit types.
Sequence logos were generated with WebLogo (http://weblogo.berkeley.edu/)
after removal of positions in unit alighments missing in >50% of the sequences
and removal of redundant identical copies of the trimmed units.

For the CagA phylogenetic tree, the alignment of the 110 complete protein
sequences was split into the left and right flanks of the PY region (itself excluded
due to its poor ability to be aligned) and converted to the corresponding nucle-
otide alignments. Maximum-likelihood analysis was performed as described
above for the MLST data.

Analyses of VacA. A total of 88 full-length vacA gene sequences and their
corresponding protein sequences were downloaded from GenBank on 4 April
2009. The sequences were aligned using MUSCLE, and phylogenetic trees were
constructed as described above. To identify genotype variants of H. pylori VacA
based on the 5’ terminus (s region) and the midregion (m region), we used
electronic PCR (71) to perform in silico PCR analysis using vacA diagnostic
primers (78). Up to 2 mismatches and 2 gaps were allowed during primer
annealing.

Bacterial strains used for coculture experiments and experimental infection.
All H. pylori strains were cultured under microaerobic conditions (N,, 85%; O,,
5%; CO,, 10%) at 37°C as previously described (86). Two H. pylori strains were
used as controls for determining IL-8 secretion and the hummingbird phenotype
on the human gastric adenocarcinoma cell line AGS, the potent proinflammatory
cag PAI-positive H. pylori strain ATCC 43504 (39) and the weakly proinflam-
matory cag PAl-negative H. pylori strain B38 (81).

The V225-RE strain was obtained after reisolation from the stomach of an
experimentally infected C57BL/6]J mouse 33 weeks postinfection. Briefly,
7-week-old C57BL/6J female mice (Charles River Laboratories, L’Arbresle,
France) were infected by oral gavage with 200 ul of 10 CFU/ml of H. pylori
'V225d suspension every other day for a total of three doses. Mice were housed
at five per microisolator cage on ventilated shelves on a 12-h day/12-h night cycle,
with constant humidity and temperature control and with food and water ad

libitum. Control groups were given peptone trypsin broth alone (100 pl). At 33
weeks postinfection, mice were sacrificed by cervical dislocation, and each stom-
ach was isolated. H. pylori culture was performed on the aseptically collected
antrum and body part of the stomach, and cultures were homogenized, plated
onto selective medium, and incubated under microaerobic conditions at 37°C for
3 to 5 days as previously described (42). Helicobacter growth was confirmed
morphologically by phase-contrast microscopy and Gram staining and biochem-
ically by urease, catalase, and oxidase reactions. All animal experiments were
performed in accordance with institutional guidelines as determined by the
Central Animal Facility Committee of the University Victor Segalen Bordeaux 2,
in conformity with the French Ministry of Agriculture Guidelines for Animal
Care. All animal protocols were approved by the Institutional Animal Care and
Use Committee and met or exceeded the requirement of the Office of Lab-
oratory Animal Welfare at the National Institutes of Health and the Animal
Welfare Act.

Cell lines and culture conditions. AGS cells (ATCC CRL-1739; ATCC, Ma-
nassas, VA) were maintained in Ham’s F-12K culture medium (Invitrogen,
Cergy-Pontoise, France) supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen) and 50 pg/ml of vancomycin (Sigma, Saint-Quentin-Fallavier,
France) at 37°C in a 5% CO, humidified atmosphere. Cells were seeded onto
culture plates or glass coverslips 24 h before addition of bacteria to the culture
medium.

Coculture experiments. All coculture experiments were performed at a mul-
tiplicity of infection (MOI) of 100 bacteria/cell. Cells were seeded on glass
coverslips at a density of 5 X 10* cells/well in 24-well plates 24 h before addition
of bacteria. The H. pylori strains grown on agar plates were collected in phos-
phate-buffered saline (PBS) (Invitrogen), and the optical density (600 nm) was
adjusted to 1.0, corresponding to a concentration of 2 X 10% bacteria/ml. The
volume corresponding to an MOI of 100 was added to each cell culture well for
a further 24 h of incubation at 37°C in a 5% CO, humidified atmosphere.
Coculture supernatants were collected and deep-frozen after centrifugation, and
cells were processed for immunofluorescence staining.

Similar experiments were performed with semipermeable Transwell culture
inserts (0.2 wm pore size, Anopore; Nunc, Naperville, IL) fitted into culture wells
containing epithelial cells. In some experiments, H. pylori was heat killed by a
20-min incubation of part of the bacterial suspension at 60°C as previously
described (86, 88). The absence of bacterial viability of the heated bacterial
suspension was verified after 72 h of culture on blood agar under microaerobic
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FIG. 2. Alignment of seven complete Helicobacter pylori genomes. Each genome is represented horizontally, with homologous segments
presented as colored rectangles. Each region is oriented relative to the corresponding region from H. pylori V225d. Segments aligned between
genomes are joined by vertical lines. Average sequence similarities within a segment are proportional to the heights of the interior colored bars.
Large sections of white within blocks and gaps between blocks indicate strain-specific sequences. Colored rectangles below the median line indicate
inversions. Numbers above the rectangles measure the genome lengths in base pairs.

conditions; in parallel, the unheated part of the bacterial suspension was used as
a positive control to determine bacterial growth.

Cytokine measurement. IL-8 levels in culture supernatants were determined
by an enzyme-linked immunosorbent assay performed using a D8000C kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions and an
ETIMax-3000 reader (DiaSorin, Saluggia, Italy), as described previously (86). In
these assays, the lower and upper limits of detection were 5 and 4,500 pg/ml,
respectively.

Antibodies. Monoclonal antibodies generated against human vinculin (hvinl;
Sigma) were used at a 1:400 final dilution for immunofluorescent staining.

Immunofluorescence and image analysis. Cells were seeded on glass coverslips
at a density of 5 X 10* cells/well in 24-well plates 24 h before the addition of
bacteria. After 24 h of coculture with bacteria, cells were fixed with 3% para-
formaldehyde prepared in cytoskeletal buffer and processed as described previ-
ously (86, 87). Cell cultures grown on glass coverslips were washed two times with
PBS to remove cellular debris/bacteria and then fixed with 3% paraformaldehyde
prepared in cytoskeletal buffer and processed as described previously (86, 87).
Coverslips were washed in water and mounted on microscope slides with
Fluoromount (Clinisciences SA, Montrouge, France). Cells were analyzed by
fluorescence imaging using a Nikon fluorescence microscope (Nikon France
S.A.S., Champigny-sur-Marne, France) equipped with NIS-Elements BR (basic
research) acquisition software and a 63X (numerical aperture, 1.4) oil immersion
objective. Triple-color imaging with Hoechst 33342 compound, phalloidin-Alexa
Fluor 568, and Alexa Fluor 488-labeled secondary antibodies (Molecular Probes,
Eugene, OR) was performed using selective optical filters. Fluorescent images
were processed with Adobe Photoshop 7.0.

Statistical analysis. Each experiment was performed in triplicate. Quantifica-
tion values represent the means of the triplicate values = standard deviations
(SD) from one representative experiment out of three. Significance was deter-
mined using Student’s ¢ test.

Nucleotide sequence accession numbers. All random shotgun and paired-end
sequencing data from this study are available in the NCBI Sequence Read
Archive under accession number SRA008809. The entire chromosomal and
plasmid sequences of H. pylori V225d have been deposited in GenBank under
accession numbers CP001582 and CP001583, respectively. The plasmid sequence

of H. pylori V225-RE has been deposited in GenBank under accession number
GU370068.

RESULTS

In the initial phase of sequencing, we found that the original
V225 strain from the gastric biopsy specimen of a Piaroa Amer-
indian was a 4:1 mixture of two closely related strains. These two
strains were purified from the mixture and renamed V225b and
V225d; V225d was selected for further sequence characterization,
since it represented the major component of the original sample
and was also found to be more distant than V225b from the other
available Amerindian genome, Shi470 (Fig. 1).

Genome anatomy of H. pylori strain V225d. The genome of
H. pylori V225d comprises two replicons: a 1,588,278-bp circu-
lar chromosome and a 7,326-bp circular plasmid, pHPV225d
(see Fig. SA1 in the supplemental material). The average G+C
content is 38.97% for the chromosome and 32.88% for the
plasmid. Based on sequence coverage, we calculate 6.2 plasmid
copies per chromosome. The plasmid encodes 11 coding se-
quences (CDS). The chromosome has properties similar to
those of other complete H. pylori genomes (see Table SA2 in
the supplemental material), containing a total of 1,544 CDS
and 40 RNA features. Of the 1,544 predicted open reading
frames (ORFs), more than 68% had BLASTP hits to the clus-
ter of orthologous groups (COG) database with an E value of
<le—4. The COG classifications of V225d and other complete
genomes of H. pylori are provided in Table SA2 in the supple-
mental material.
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FIG. 3. Cytotoxin-associated gene (cag) pathogenicity islands in seven complete Helicobacter pylori genomes. The topology of the phylogeny
represented in Fig. 4 is indicated on the left side. The single letters represent CagA (A) through CagZ (Z). Genes encoding non-Cag proteins are
not labeled. Numbers above the rectangles measure the genome lengths in base pairs. See the legend for Fig. 2 for descriptions of other features.

Genome alignment with other H. pylori strains. Chromo-
somal sequences for the seven complete H. pylori genomes
were aligned. MAUVE alignment returned 11,660 matches
constituting 52 locally colinear blocks spanning 1.5 Mb of ho-
mologous sequence common to all strains (Fig. 2). The major-
ity of rearrangements in H. pylori genomes are inversions and
translocations. Chief among them is an inversion in Shi470 of
an ~400-kb segment including the cag pathogenicity island.
Additionally, an ~100-kb segment (around coordinate 1.5 Mb
of V225d) was rearranged, apparently independently, in V225d
and 26695.

On a finer scale, the cag pathogenicity island of V225d was
compared to those of the other six complete H. pylori genomes
by use of MAUVE (Fig. 3). Rearrangements specific to the two
Amerindian strains are a small inversion of 750 bp and an
adjacent duplication of a 4.5-kb segment containing the genes
cagA and cagB; we designate these duplicates cag4, and cagB,,
respectively. In both Amerindian genomes, cagA, is shorter
than the parent gene cagA4 and contains several deletions and
insertions that may have rendered it nonfunctional, especially
for V225d cagA,, which has a single frameshift mutation.

Phylogenetic analysis of Helicobacteraceae genomes. The
multilocus sequence typing (MLST) scheme for H. pylori, em-
ploying a segment from each of seven housekeeping genes,

allows comparison to >1,900 genotypes, over half of which
have been assigned to a specific H. pylori population and/or
subpopulation (23). The seven gene segments from V225d and
other available genomes were included with those from the
MLST database, and a maximum-likelihood tree was prepared.
This allowed assignment of all of the H. pylori genomes studied
here to populations and delineation of the relationships among
the hspAmerind genotypes. V225d was closest to the genotypes
found among the Huitoto people of Colombia, while V225b
was closest to Shi470, isolated from the Machiguenga people of
Peru, and these two clades were sisters (Fig. 1).

The availability of many more genes allows more-robust
phylogenetic analysis of genomic data. V225d was placed
among other Helicobacteraceae genomes by use of a maximum-
likelihood phylogenetic analysis that employed over 500
protein families (Fig. 4). While Sulfurimonas denitrificans was
outside the Helicobacter clade, the other available non-Helico-
bacter genome Wolinella succinogenes was within the Helico-
bacter clade, specifically with the H. canadensis/H. pullorum/H.
winghamensis subgroup, indicating that the taxonomy of this
subgroup needs revision. The H. pylori strains, together with H.
acinonychis, were tightly clustered and distant from other
Helicobacter strains. The close relationship between H. pylori
and H. acinonychis, found in large cats, has been noted before
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FIG. 4. Phylogenetic analysis of Helicobacteraceae genomes. (Left)

Maximum-likelihood tree based on a concatenation of masked alignments

for 543 protein families. Incomplete genomes are indicated in parentheses. Bootstrap support values for the concatenated alignment were 100%
for all nodes except those indicated in the inset (an elongated view of the H. acinonychis/H. pylori clade, denoting genotypes). Rooting was based
on a similar analysis that included Campylobacter jejuni RM1221 (omitted, but represented by dashed line at left) as an outgroup. (Right) Stacked
bar categorizing the 1,589 V225d proteins according to membership in families with proteins from the other 11 complete genomes. The proteins
were sorted into four main categories: (i) unique proteins found only in V225d (white segment), (ii) non-clade-matching V225d proteins in families
whose membership breaks the tree topology (black segment), (iii) clade-matching V225d proteins whose family membership matches an exclusive
clade of the tree (gray segment), and (iv) ubiquitous proteins found in all 12 complete genomes (dotted segment, marking the fractions that are

strictly single copy or multicopy, with at least one case of duplication).

Within the clade-matching segment, proteins are stacked according to the

size of the V225d-containing clade, with the smallest clade at the top; lines from the 11 other complete genomes indicate the numbers of V225d
proteins shared by that taxon and all closer relatives of V225d. For example, the line from H. hepaticus shows that 718 V225d proteins are shared

with all other complete Helicobacter genomes.

and has been attributed to infection of a cat by ingestion of an
early human (22, 50, 84). A comparison of the available H.
pylori strain sequences revealed a pattern of human migration:
the hpAfrical genotype is basal, passing through hpEurope
genotypes to a tight clade with the hspEAsia genotype as a
sister to the two hspAmerind genotypes. The common se-
quences among V225d and other completely sequenced Helico-
bacter genomes are represented in Table SA3 in the supple-
mental material. Specifically, V225d proteins were classified
based on orthology group memberships established by consid-
ering only the other 11 fully sequenced Helicobacteraceae ge-
nomes. The first level of classification comprised the following
categories: unique, clade matching (membership perfectly
matching a clade represented in Fig. 4), or non-clade matching.
The clade-matching proteins were subdivided according to
which V225d-containing clade they matched or into the ubig-
uitous category (found in all taxa).

Characterization of the core H. pylori genome. Ortholog
group (OG) analysis was performed for all complete Helico-
bacteraceae genomes (n = 6), resulting in 765 OGs common to
all of the genomes (containing a total of 908 V225d proteins)
(Fig. 4). We identified 1,231 core ortholog families (comprising
1,428 V225d proteins) that are represented in all seven com-

plete H. pylori genomes by using OrthoMCL, which employs
the Markov clustering algorithm (21, 84). These results are
consistent with prior studies of different genomes and methods
that reported core sets ranging from 1,091 to 1,281 genes (30,
31, 50, 70). We compared this set of core genes with lists of H.
pylori genes shown to be essential for microaerobic growth on
rich medium (33 genes) (13) or for gastric colonization in
gerbils (47 genes) (38) or mice (23 genes) (6). All of these
essential genes were present in our core gene set, except that
the RNase P protein gene was missing from our set because it
had not been annotated in H. pylori G27. However, upon
reexamination, it was found to be intact in the G27 genome
(data not shown). An in silico metabolic-reconstruction study
(82) predicted 128 genes essential for growth in nutrient-rich
medium, all of which were present in the core OG set. A
microarray survey identified 1,150 H. pylori genes present in all
56 strains tested (30), all but 77 of which were present in the
core OG set. These studies provide independent partial vali-
dations of our methodology.

We identified 112 strain-specific genes in V225d, most with
no known function and not closely related to any genes/pro-
teins in the nonredundant databases (BLASTN E value of
=1le—10). However, most of the strain-specific genes matched
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FIG. 5. Low conformity of key interactive proteins of Helicobacter pylori strain V225d. (A) Conformity scores (average normalized scores of
alignment to orthologs) for 1,231 proteins of V225d. (B) Conformity scores (and ranks among 1,231 families, shown in parentheses) for key

interactive proteins of complete H. pylori genomes.

the genes of partially sequenced genomes of H. pylori strains
HPKX 438 _AGOC1 and 98-10 and H. acinonychis strain
Sheeba. Thus, only two V225d genes, encoding FtsK/SpollIE
and DjlA, have no known orthologs in the Helicobacter genus.

We identified 110 proteins unique to V225d, 60 singletons
and 50 from 16 multimember OGs specific to V225d (see Table
SA4 in the supplemental material). Of these, 90 proteins have
no known function. We examined the remaining proteins to
remove proteins that were smaller than 40 amino acids (aa) or

that had no significant hits (E value of =1e—10) to the non-
redundant protein database and rechecked their uniqueness.
Most notably, the remaining 19 singleton proteins are outer
membrane proteins, including a truncated HomB homolog, an
FtsK/SpollIE family protein, and two type III restriction en-
zyme R proteins (see Table SA4 in the supplemental material).
We identified 26 OGs specific to the Amerindian strains of
V225d and Shi470; all but one (exodeoxyribonuclease 7 large-
subunit protein) have no known function.
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FIG. 6. CagA EPIYA units. All unique sequences (numbers in parentheses) for each of the five EPIYA unit classes were aligned, and a
sequence logo was produced. Some logos are split (dotted lines) to maximize cross-class alignment. An additional sequence relationship between
B, and By is underlined. The dashed box marks the EPIYA segment, and the solid boxes mark the active portion of the CRPIA domain (starred
positions reduced NF-«B activation by >40% upon Ala replacement [79]). CagA usually contains combinations of either B, and C units or B, and
D units. V225d CagA (and five additional South American examples) has a B unit (V225.2) with a deletion; assignment to the By type (alignment
1) is preferred (11 distinguishing matches; blue circles), and V225d may therefore unusually mix B, with C, but an alternative placement of the
deletion (alignment 2) shows similarity to B.. The last two EPIYA units of V225d (V225.3 and V225.4) have also undergone deletions, but V225.3
is readily assigned to the C type, while V225.4 has lost all positions that can distinguish between the C and D classes. Additional CagA sequences
that mix EPIYA units include one from an Alaskan hspAmerind strain, with a fused B,/B, unit followed by a C unit, and two from Japan that mix
B, with D. Amino acid types are color coded, and the total height of each column represents its information content.
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Divergent genes in H. pylori V225d. The V225d representative
may not be uniformly divergent from other H. pylori strains in all
of its OGs. Conformity scores for V225d were obtained for each
of 1,231 proteins from the core OGs, by averaging the Smith-
Waterman scores for pairwise alignment to the orthologs from
the other six genomes and normalizing the data (Fig. SA). Inter-
estingly, among the least conforming V225d proteins were three
well-known interaction proteins, CagA, VacA, and the adhesin
BabA; others are listed in Table SAS in the supplemental mate-
rial. According to the corresponding 1,231 conformity scores for
the other six genomes, these three important interaction proteins
have even lower conformity scores in the two hspAmerind strains
than in the other tested strains (Fig. 5B).

Unusual CagA. CagA is a multifunctional effector protein
injected into host cells by the cag type IV secretion system. The
phosphotyrosine (PY) region near the C terminus of CagA has
variable numbers of units, each containing the phosphorylation
site motif EPIYA. These units have been grouped into four
classes, A, B, C, and D (32, 33); among these, the classes C
(associated with hpEurope and hpAfrical genotypes) and D
(associated with hspEAsia genotypes) are phosphorylated at
substantially higher frequencies than are classes A and B (as-
sociated with hspEAsia and hpEurope genotypes) (33). A
higher multiplicity of C or D class units is associated with
increased gastric cancer rates (4, 36). A portion of the C unit
outside its EPIYA sequence, termed the CRPIA (conserved
repeat responsible for phosphorylation-independent activity)
motif, has phosphorylation-independent effects (26, 54). We
freshly analyzed 839 available complete PY region sequences,
including those from the two known cagA, alleles, and we
found that 834 out of 839 were unique, including those from
the two known cagA, alleles. As in previous studies, our anal-
ysis initially identified four EPIYA unit classes, although upon
refining the boundaries of the units, the B unit could be divided
into two classes differing in their C-terminal portions: B,
which usually is followed by a C unit, and By, which usually is
followed by a D unit. Sequence logos for the unit classes are
shown in Fig. 6. Interesting sequence relationships among the
unit classes were observed. The B, unit has a CRPIA motif
virtually identical to that originally described for the C unit
(79), and the D unit has a very similar sequence in the same
location, which probably also has a CRPIA function. The B,
and B, units share a motif that is displaced in our alignment
(underlined in Fig. 6). Unit classification was refined by adding
a notation when a unit had undergone an insertion, deletion, or
fusion. We also noted that some PY regions included various
extents of duplication from either the left or the right flank of
the PY region. The most striking is represented by GenBank
accession no. BAC10448, which has a nearly perfect 165-amino-
acid sequence duplicating an ABD cluster with portions of
both its left and right flanking sequences.

By classifying each unit, all 839 PY regions could be sub-
typed. This analysis yielded 55 types, although only 6 of these
occurred more than seven times. Most (72%) PY regions were
of either the AB,D or the AB.C type, and the next most
common types were AB.CC, AB.CCC, AB,, and AB;B.D (see
Table SA6 in the supplemental material). C units were never
found together with D units. Only one sequence (GenBank ac-
cession no. BAD13935) mixes B. with a D unit, and the seven
sequences that appear to mix B, with C are described below.
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FIG. 7. Phylogeny of the flanks of the CagA phosphotyrosine (PY)
region. All 109 full-length CagA sequences were aligned, and the
regions on the left and right flanks of the PY region were extracted for
separate phylogenetic analysis and converted to the corresponding
gene alignments. The unrooted tree for the left flank is shown here; the
tree for the right flank is highly similar, with the exceptions noted.
Three main clusters appear: a C cluster, whose members all (except
those marked) contain B, or C EPIYA units and have the right flank
in the same cluster; a D cluster, as described above but with By or D
EPIYA units; and an hspAmerind cluster, consisting of CagA and
CagA, from Shi470 and V225d. The indicated exceptions in the C and
D clusters suggest from one to three recombination events. Both left
and right flanks in the hspAmerind cluster form an isolated cluster
approximately equidistant from the C and D clusters. Note that the
CagA, sequences are less similar to each other than to their within-
strain CagA sequences.

The PY region of V225d CagA was originally typed
AB, C C7, signifying that all of the last three EPIYA units
bear deletions. In fact, the terminal unit has such an extensive
deletion that it cannot be distinguished as C or D; we desig-
nated it C because there is no precedent for C/D mixing.
According to its type, V225d CagA is one of a very small group
(710.9%] of 839 sequences) that appear to mix B, with C units;
five others from equatorial South America, including Shi470
CagA, mix B, with C (three of these were AB,  C C", one
was AB, "~ C, and one was AB; " C [bearing a deletion and an
insertion in B,]), and an Alaskan CagA has a unit that fuses B,
and B, followed by a C unit. These analyses raise the question
of whether the V225d CagA sequence might reflect recombi-
nation. From an alignment of the 109 available full-length
CagA (and CagA,) sequences, the left and right flanks of the
PY region were used for separate phylogenetic analyses. Trees
for both flanks produced three clusters; one associated with D
class EPIYA units, another associated with C class units, and
the third consisted of the CagA and CagA, proteins of the only
two hspAmerind genotype strains in the analysis (Fig. 6). Only
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FIG. 8. Helicobacter pylori V225d induces interleukin-8 secretion in gastric epithelial cells, a process that requires bacterial adherence.
(A) Quantitation of IL-8 secretion by AGS cells under basal conditions (control) and after 24 h of coculture with H. pylori V225, 43504, or B38.
(B) Cocultures were performed in the absence or in the presence of Transwell inserts (0.22 pm pore size), preventing cell-bacterium contact, and
with live or heat-killed bacteria. (C) Cocultures were performed as described for panel A, but V225 and V225-RE were compared. *, P < (.05
compared to control; #, P < 0.05 compared to the live-H. pylori V225-induced response without Transwell inserts. Error bars indicate SD from

triplicates in one representative experiment.

a few genomes allow assignment of these CagA groups to H.
pylori populations, the C cluster to the hpEurope and hspW-
Africa populations and the D cluster to the hspEAsia popula-
tion. These trees indicate recombination between C- and
D-type flanks or PY regions, but the distinctness of the
Amerindian CagA, consistently in both PY region flanks, sug-
gests that the unusual mixture of B, and C EPIYA units may
be a long-term association. Ancient recombination between By
and C EPIYA units may not have occurred, because the gene
may be under positive selection, the distinguishing segments
are short, and an alternative alignment of the B, unit is a
reasonable match to the B, consensus (Fig. 6).

A second copy of cagA4 (cagA,) is currently known only from
V225d and another hspAmerind genome, Shi470. Both of
these cagA, products differ from the cagA product by a DESL
peptide unit repeat near the N terminus (17 copies in V225d
and 8 in Shi470). Associated with this repeat in V225d (but not
Shi470) CagA, is an insertion of one additional nucleotide that
breaks the reading frame, indicating that V225d cagA, may be
a pseudogene or subject to phase variation. The two CagA, PY
regions also are highly unusual, typed as C" C~ (V225d) and
CC™ (Shi470), and have deletions in the left flank of the PY
region. An interesting aspect of the CagA phylogenetic tree
(Fig. 7) is that both CagA, sequences, at both flanks of the PY
region, match their within-genome CagA partners better than
they match each other. This suggests gene conversion events
(66) that have homogenized the cagA and cagA, sequences
within each genome, subsequent to an ancestral duplication
event that produced cagA,.

Induction of cag PAI-dependent phenotypes in AGS cells by
strain V225d. The unusual features of the hspAmerind cag
pathogenicity island (cag PAI) raise the possibility that this PAI is
no longer functional. We tested for PAI function, assaying host
cells for secretion of the cytokine IL-8 and for the hummingbird
phenotype. V225d strongly induced IL-8 secretion in human gas-

tric adenocarcinoma AGS cells at a level similar to that for the cag
PAl-positive strain 43504 (Fig. 8A). As anticipated, the H. pylori
cag PAl-negative strain B38 did not induce IL-8 secretion. These
results provide evidence that V225d possesses a functional cag
PAI, despite its atypical cag4. Stimulation of IL-8 secretion was
blocked when bacterial adherence to AGS cells was inhibited by
separate coculture across Transwell inserts. Moreover, live bac-
teria were necessary to stimulate IL-8 secretion, as heat-killed
bacteria did not do so (Fig. 8B).

AGS cells in culture displayed a typical epithelial cell mor-
phology, with polygon-shaped adherent cellular clusters (Fig.
9). H. pylori V225d induced the hummingbird phenotype,
marked by the elongation of AGS cells and the disruption of
cell/cell junctions (Fig. 9). V225d showed an activity similar to
that of the positive control, the cag PAl-positive strain 43504,
both stimulating IL-8 secretion and inducing the hummingbird
phenotype. On the contrary, the H. pylori V225-RE strain,
which had been isolated from a mouse 33 weeks after inocu-
lation of V225d, had lost the ability to induce the hummingbird
phenotype (Fig. 9B) and to stimulate IL-8 secretion (Fig. 8C).
Based on these functional differences in the phenotypes of
V225d and V225-RE in AGS cells, we sequenced the cag PAI
of V225-RE and performed comparative genomic analyses
with that of V225d. Our data demonstrate a 15-kb-segment
deletion in the cag PAI region that can be explained by ho-
mologous recombination between the cag4 and cagA4, genes of
V225d (Fig. 10). This deleted region contained 13 cag PAI
ORPFs, including cagP, cagM, cagN, cagL, cagl, cagH, cagG,
cagF, cagE, cagD, cagC, and cagB, many of which are essential
for the type IV secretion system that injects the CagA protein
into epithelial cells. The deletion also effectively eliminated
cagA, since its upstream portion was replaced with that from
cagA,, including the frameshift mutation that severely trun-
cates the CagA protein.
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FIG. 9. Helicobacter pylori strain V225d induces the formation of the “hummingbird phenotype” in AGS cells. AGS cells were cultured under
basal conditions (control) or for 24 h with H. pylori strain 43504, V225, or V225-RE. (A) Phase-contrast microscopy imaging of AGS cells. Bar,
20 pm. (B) Fluorescence microscopy imaging of the actin cytoskeleton and focal adhesions of AGS cells. Shown are merged images of the
fluorescent staining of F-actin (with Alexa Fluor 568-labeled phalloidin, red), vinculin (with primary and Alexa Fluor 488-labeled secondary
antibodies, green), and DNA (with Hoechst 33342 compound, blue). Control cells are organized in clusters of polygon-shaped cells, with focal
adhesions at the cell periphery, few actin stress fibers, and no lamellipodia. Arrows indicate cells after coculture that exhibit cytoskeleton
remodeling, with dissociation of cell clusters, loss of the polygon shape, cellular elongation with lamellipodia and stress fiber formation, and an
increase in focal-adhesion number and size, defining the hummingbird phenotype. Bar, 10 pm.

VacA analysis. The vacuolating protein VacA is another
important H. pylori interaction factor. In addition to the single
distinctive VacA ortholog found in all H. pylori genomes, a
variable number of longer VacA-like paralogs are found in
each genome (46, 59), but their function is not understood.
Multiple sequence alignment of H. pylori VacA orthologs from
the seven complete genomes shows a V225d-specific 4-aa de-
letion in the p55 domain, followed by a region of marked
dissimilarity (Fig. 11A). We collected 88 complete VacA pro-
tein sequences from GenBank to analyze whether this deletion
was specific to V225d. Two East Asian strains (F36 and
OK109) also share similar changes in their putative VacA
products (Fig. 11A; also see Fig. SA2 in the supplemental
material). We also collected nucleotide sequences for these 88
vacA genes and performed in silico PCR using primers for the
s and m regions. A maximum-likelihood tree of VacA proteins
reveals three distinct clusters (see Figure SA3 in the supple-

mental material). The m1 and m2 clusters consist of all VacA
proteins whose genes were amplified by m1 and m2 primers,
respectively. We found that the m regions of V225d and 42 other
vacA sequences clustered in a new category (termed m3) that
would not be amplifiable by these classical primers. A maximum-
likelihood tree of the isolated m region revealed a similar topol-
ogy, with the exception of Shi470 and V225d, which are on a
separate branch within the new m3 cluster (Fig. 11B).

DISCUSSION

In this study, we compared the genome sequence of an H.
pylori strain isolated from a Venezuelan Piaroa Amerindian
with six available H. pylori whole-genome sequences and other
H. pylori sequences, and to relate genomic differences to strain-
specific variation in induction of inflammatory responses, we
also performed functional studies. Sequencing Amerindian



3088 MANE ET AL.

A

J. BACTERIOL.

Deleteleegion

I
116K 17K 118K 19K 2 0K 21K 22K 123K 124K 125K 126K 27K 28K

130K 131K 32K 33K 34K 35K 136K 137K 138K 139K 140K

141K 42 .2K

ISK 16K 7K 18K 9K 110K ] 12K 13K 14K14.5K

v225d

MANETINQTKKPDQTPSQTAFNPQQFITNLQVAFIKLDSAVASFDPDQKPIVDKNDRDNR 60

V225RE MANETINQTKKPDQTPSQTAFNPQQFINNLQVAFIKLDSAVASFDPDQKPIVDKNDRDNR

v225d

v vy

QAFNVISQLREEYANKAIKNPTKKNQYFSDFIDNSNDLINKHHLIDTDSSTKSFEKFGAQ 120

V225RE QAFNVISQLREEYANKAIKNPTKKNQYFSDFIDKSNDLINKNDLIDTDSSTKSFEKFGAQ

v
v225d

RYQIFMNWVSHQKDPSKINTQKIRHFMENIIQPPISDDKEKAEFLRSAKQSFAGIIIGNQ 180

V225RE RYQIFMNWVSHQKDPSKINTQKIRDFMENIIQPPISDDKEKAEFLRSAKQSFAGIIIGNQ

v
v225d

V225RE TRSDEKFMGVEG—————=mmm i

IRSDEKFMGVFDESLKERQEAQNNGEPAGGDWLDIFLSFVFNKEQSSDLKETLNQEPRPH
——————————————————————————————— 192

FIG. 10. Helicobacter pylori strain V225-RE contains a large deletion in the cag pathogenicity island. (A) A 15-kb region affecting 13 cag genes,
between cagA and the pseudogene cagA,, is missing in the strain V225-RE, reisolated from experimentally infected mice. The single letters
represent cagA (A) through cagX (X). Genes encoding non-Cag proteins are not labeled. A boxed E represents the EPIYA region. (B) Alignment
of V225d cagA and predicted coding sequence of the V225-RE cagA,-cagA fusion, subject to the frameshift (fs) mutation in cagA4,, which results

in the formation of a stop codon at amino acid 193.

strains is important due to the bias of available genomes to-
ward strains that are predominantly from people of European
ancestry. The genomes are quite similar in size, number of
genes and proteins, and structural organization of the chromo-
some. By phylogenetic analysis, V225d is most proximal to the
Peruvian strain Shi470, in the hspAmerind cluster, which
shows that they form a clade that is related to the hspEAsia
cluster, confirming prior reports that H. pylori traces the Asian
ancestry of New World natives (24). Indeed, our tree robustly
(based on 543 protein families) supports the prehistoric human
migration out of Africa, through Europe, to Asia, and on to the
New World, as described using independent methods (1-5).

Using pairwise Smith-Waterman alignment within each H.
pylori core OG, we identified the least conforming (most di-
vergent) proteins of V225d, which included the key interaction
proteins CagA, VacA, and BabA. These proteins were more
divergent for the Amerindian genomes than they were for the
other genomes studied (Fig. 5), yet these genomes were not
particularly divergent in the species tree (Fig. 4). This differ-
ence suggests that there has been a greater impact of host
interaction on the hspAmerind lineage than on other H. pylori
lineages. The finding of BabA as highly divergent is consistent
with the highly skewed distribution of its ligand, blood group O
antigen, in Amerindians (2) and suggests that parallel, yet to be
identified host polymorphism skewing relevant to both CagA
and VacA interactions exists in Amerindians.

It has been claimed that Amerindian strains either do not
carry the cag pathogenicity island or carry only a vestigial,
incomplete form (30). We now show that CagA of V225d is
distinctive in many ways from its hpEurope and hspEAsia
counterparts, suggesting altered activities that will be impor-
tant to address experimentally. Its phosphotyrosine region con-
tains four EPIYA units, one of the short A class and three that
are usually longer but that contain deletions. As part of this

variation, the cag4 product contains no intact CRPIA domain,
to which phosphorylation-independent activities have been as-
cribed (69, 79). The deletions may also reduce the high fre-
quency of tyrosine phosphorylation that is usually associated
with units of the C class. hspAmerind CagA appears long
isolated from hpEurope and hspEAsia CagA, likely subject to
positive selection, but further evolutionary studies are needed.
There is great allelic diversity particularly near the 5" termi-
nus of vacA (the s region) and in the midregion of the H. pylori
gene (the m region) (16). Subtypes of vacA alleles (combina-
tions of s and m allelic variants) have a geographically defined
distribution (85). V225d vacA is of the sla type and clusters
with East Asian vacA. The phylogenetic tree of the m region of
the VacA protein shows that the Amerindian strains V225d
and Shi470 form a distinct subgroup along with the other East
Asian strain. However, the distinctive 4-aa deletion in the
oligomerization region of the p55 domain, followed by a region
of marked dissimilarity in the autotransporter domain, in
V225d may have the same origin as those in the two East Asian
strains. One hypothesis (85) is that H. pylori strains have been
under selective pressure to coevolve into either a high-VacA-
level (CagA™) or a low-VacA-level (CagA™) phenotype, with
few intermediate forms. The variation in both of these loci in
the Amerindian strains provides further support that their se-
lection may be linked. Another plausible explanation is that
this mosaic form in V225d might have arisen via homologous
recombination among vacA alleles from East Asian strains.
Functionally, in terms of inducing inflammatory responses,
V225d resembled the H. pylori cag PAl-positive strain 43504
and had a greater IL-8-stimulating ability than the cag PAI-
negative strain B38, providing evidence that V225d, albeit
atypical, carries a functional cag PAI capable of inducing in-
flammatory responses in human gastric epithelial cells. That
the IL-8-stimulating ability was suppressed when bacterial ad-
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FIG. 11. Comparison of VacA sequences. (A) Multiple sequence alignment of VacA proteins. Sequences from seven complete genomes and
two VacA sequences with changes similar to that for V225d are indicated. The multiple sequence alignment of all 8§ complete VacA sequences
is shown in Fig. SA2 in the supplemental material. Stars, identical residues; dots, conserved substitutions; semicolons, semiconserved substitutions.
(B) Phylogenetic tree of the m regions of VacA proteins from 88 strains. The VacA proteins of the seven complete genomes are labeled. The m1
and m2 clusters contain VacA proteins whose genes can be amplified by m1 and m2 genotyping primers, while the newly designated m3 cluster
contains VacA proteins whose gene sequences fail to amplify with either m1 or m2 primers.

herence to AGS cells was blocked or after heat inactivation of
the bacterium indicates that V225d-induced IL-8 secretion re-
quires bacterial adherence and an active mechanism (cag PAI-
encoded type IV secretion system). Consistent with prior stud-
ies (65, 76), the passage of V225d through a mouse stomach for
33 weeks and reisolation as V225-RE resulted in an impaired
ability of the bacterium to stimulate IL-8 secretion and the
hummingbird phenotype. However, the genomic basis for cag
inactivation during murine passage had not been thoroughly
defined. Now, sequencing of the cag PAI from strain V225-RE
and comparative genomic analyses with V225d revealed a
15-kb deletion. This missing region contains 13 genes, includ-
ing cagM, cagL., cagl, cagG, and cagE, reported to play critical
roles in both the operation of the type IV secretion system (63)
and the activation of the transcription factor NF-«B, involved
in mediating IL-8 secretion (62), as well as cagF and cagH,
involved only with the type IV secretion system (63). This work
demonstrates that the missing cag PAI segment in V225-RE
contains genes critical to the operation of the type IV secretion

pathway as well as the stimulation of IL-8 secretion and in-
flammation.

In conclusion, this study presents an analysis of the genome
sequence of the Amerindian H. pylori strain V225d. A com-
prehensive reanalysis of the CagA PY region revealed the
prevalences and geographical distributions of different EPIYA
types in H. pylori. Our robust multiprotein phylogenetic tree
does not show a great divergence of the hspAmerind genomes
from an hspEAsia pangenome, consistent with MLST data.
However, the single-gene trees for cag4 and vacA show strong
divergence from both hspEAsia and hpEurope counterparts.
The exaggerated evolution of these genes that has occurred
over the ~15,000 years since the arrival of Amerindian ances-
tors to the Americas makes them less suitable for deducing
evolutionary relationships but highlights the need to assess the
physiological activities of the Amerindian alleles, as they may
contribute to the effects of hspAmerind H. pylori on gastric
inflammation and human health. It remains unknown whether
the atypical nature of CagA observed in H. pylori strains from
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Africa and Latin America (Amerindian strains) contributes to
the low incidence of H. pylori-associated gastric cancer re-
ported in related locales.
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