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Biogeographic partitioning of the genome is typical of the gastric pathogen Helicobacter pylori. Such popu-
lation-specific evolution could serve as a model for understanding host-pathogen interaction and the impact of
genetic drift and recombination on insular populations. With a total of 320 isolates from six geographic regions
(Japan, India, England, Spain, Ireland, Africa, and Peru) analyzed by enterobacterial repetitive intergenic
consensus (ERIC)-based genotyping, we examined genetic affinities among various H. pylori populations in the
world. Several strain-specific and region-specific differences were observed by ERIC-based typing. Polymorphic
ERIC patterns indicated that the ERIC sequences are in fact dispersed in the H. pylori chromosome at different
locations separated by various distances. Phylogenetic analysis of 61 representative isolates revealed three
distinct genetic clusters populated by isolates with shared ERIC types independent of the cag right-junction
motif type and vacA allele status. Among the notable genetic relationships were the genotypic similarities
between Irish and Japanese and between Peruvian and Japanese isolates. Insular genotypic characteristics of
Irish isolates amid genetic similarity to East Asian, as well as North European, strains have been once again
proved in this study. Peruvian genotypes were more similar to those of Japanese isolates than to those of
Iberian or European isolates. Given the current debate on the origin and age of present-day H. pylori, this is
a significant finding that supports the possibility of ancient colonization of Amerindians with East Asian
strains. Genotypic data presented here will be additionally helpful in realizing the importance of H. pylori

geographical genomics in the development of gastroduodenal pathology.

Stomach infection with Helicobacter pylori is the second most
common infectious disease of humans. The severe pathological
consequences of this infection include gastric and duodenal
ulcer disease, the development of gastric mucosal atrophy,
gastric carcinoma, and, more rarely, malignant tumors of the
lymphoma (12, 14, 15, 17, 18). H. pylori infections cause very
high morbidity and mortality and are of particular concern in
developing countries, where H. pylori prevalences as high as
90% have been reported (6, 20, 31).

H. pylori isolates obtained from different individuals and
ethnic groups in the world exhibit substantial genomic diversity
due to synonymous substitutions, insertion-deletion (indel)
polymorphisms, and mobility of repetitive elements. This di-
versity could be further enhanced by chromosomal rearrange-
ments due to a high level of interstrain recombination. Geo-
graphical partitioning of the gene pool exists within H. pylori,
and sequences are less related between isolates from different
populations than between isolates from families (1). Several
molecular typing tools were tried for strain typing and identi-
fication of H. pylori isolates. These include pulsed-field gel
electrophoresis (32), random fragment length polymorphism
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(28), randomly amplified polymorphic DNA (4, 24), amplified
fragment length polymorphism (2, 11), and PCR-based geno-
typing of repetitive sequences, namely, repetitive extragenic
palindromes (21, 22) and enterobacterial repetitive intergenic
consensus elements (5). All these techniques indicate that the
H. pylori population genetic structure is panmictic, and a high
level of DNA diversity is found within strains. Despite this,
reliable molecular methods are needed to generate data on
isolate divergence and relatedness on a global scale to help us
better understand the nature and consequences of host patho-
gen interaction in H. pylori. The importance of genome se-
quence-based fingerprinting techniques in explaining virulence
characteristics, such as identification of tubercle bacilli linked
to human immunodeficiency virus-positive patients (3) and
those related to virulent Beijing genotypes (16), has been ap-
preciated in a post-genome sequencing scenario.

The coevolution of H. pylori with the human host has been a
subject of intense debate. Possible symbiotic relationships have
been debated since the discovery of H. pylori.

The debate has been further intensified as recent studies
have posed the intriguing possibility that H. pylori infection
may be advantageous in some cases, like infant diarrhea and
esophageal disease, where it confers protection on the individ-
ual (34). It is believed that H. pylori infects >50% of the
world’s population. However, only a small subset of infected
people experience H. pylori-associated illnesses. The cause of
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this mystery can be known if we analyze the genetic diversity of
the pathogen juxtaposed with the host diversity in the world.
The available typing methods, therefore, must be robust
enough with respect to reproducibility, specificity, resolving
power, stability, and the molecular clocks of the markers used.
Unfortunately, for H. pylori, no single method has been
deemed a “gold standard” for strain typing and phylogeny.
Enterobacterial repetitive intergenic consensus (ERIC)-
PCR was originally developed for typing Mycobacterium tuber-
culosis (29) and has been useful for differentiating strains of
Vibrio cholerae, Salmonella enterica serovar Typhimurium, S.
enterica serovar Typhi, Escherichia coli, and Klebsiella pneu-
moniae (13, 23). These sequences are a novel class of highly
conserved DNA elements in gram-negative bacteria and other
enterobacteria. The ERIC sequence is 126 bp long and in-
cludes a central inverted-repeat sequence which could form a
stem-loop structure when transcribed into RNA. ERIC se-
quences are highly conserved at the nucleotide sequence level,
but their chromosomal locations differ among species and
strains (19). The elements have been successfully used for
molecular typing purposes. By use of ERIC-PCR, differences
in band sizes representing polymorphism due to repetitive el-
ements in different genomes can be analyzed for developing
phylogeographic relationships. This also allows the identifica-
tion of interstrain genotypic diversity (35). ERIC sequences
have been of special interest to us, as they have been reported
to be conserved in enteric bacteria that have very long evolu-
tionary histories. This contrasts with the evolutionary history of
H. pylori, whose phylogenetic descent has been a subject of
intense argument. It is believed that H. pylori might have re-
cently diverged from its ancestor after agriculture began in
Europe (17). These concerns and our continued interest in
understanding the nature and extent of H. pylori diversity in a
global scenario (2, 7) has led to the present study to establish
the global phylogeny of H. pylori based on ERIC profiling.

MATERIALS AND METHODS

Patients, bacterial isolates, and DNA samples. A total of 320 different isolates
recovered from unrelated patients from seven different countries were selected
irrespective of the disease severity. All of the isolates were recovered from
patients undergoing upper gastrointestinal endoscopy after informed consent.
All the protocols related to the collection and analysis of patient samples were
approved by the institutional biosafety committees of the concerned institutes
and hospitals participating in the study. Bacterial isolates were cultured from
antral biopsy specimens as described previously (2). Almost all of the isolates
were positive for the presence of cag4 and vacA genes. Only two English isolates
were cagA negative. Genomic DNA samples were prepared, quantified, and
preserved according to methods described elsewhere (2). Genomic-DNA prep-
arations belonging to patients from Peru, Spain, Japan, England, and South
Africa were received from Douglas E. Berg, Washington University, St. Louis,
Mo. DNA isolates from Ireland were provided by Ian M. Carroll (Department of
Microbiology, Moyne Institute of Preventive Medicine, Trinity College, Dublin,
Ireland).

ERIC-PCR. PCRs were carried out using ERIC primers (forward primer-1R,
5" ATGTAAGCTCCTGGGGATTCAC 3, and reverse primer-2R, 5" AAGTA
AGTGACTGGGGTGAGCG 3') (5). This primer pair had been extensively
used previously (8, 25, 26, 29, 35). All the PCRs were performed in a total volume
of 20 pl containing 1.0 wl of DNA (100 ng/ul), 10X PCR buffer (Applied
Biosystems), 2 mM MgCl, (MBI), 80 uM deoxynucleoside triphosphates (Am-
ersham Biosciences), 10 pM (each) forward and reverse primers, and 2 U of Tag
DNA polymerase (Applied Biosystems). The total volume was made up with
autoclaved Milli-Q water. Furthermore, appropriate positive controls containing
purified genomic DNA that gave the maximum number of distinct bands and
negative controls lacking either DNA or primers or both were included along
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with each test run. Dedicated pipettes and gloves and plugged pipette tips were
used to prevent template carryover. Different laboratory spaces were dedicated
to template preparation and PCR setup to avoid contamination. PCR was per-
formed in a 9700 thermal cycler (Applied Biosystems). The amplification con-
ditions were optimized as follows: initial denaturation for 5 min at 94°C, followed
by 35 cycles of denaturation at 90°C for 30 s, annealing at 49°C for 1 min, and
extension at 70°C for 5 min. After a final extension at 70°C for 10 min, the
amplified products were separated on a 1% agarose gel in 1X TAE buffer (40
mM Tris-acetate, 1 mM EDTA, pH 8.0) containing ethidium bromide (0.5
pg/ml). The DNA was then visualized under UV light. Interlaboratory repro-
ducibility of the method was established after repeating the experiments with
sample replicates in two different laboratories (at the Centre for DNA Finger-
printing and Diagnostics [CDFD] and Deccan College of Medical Sciences,
Hyderabad, India).

Gel analysis and phylogeny construction. All of the gel images were analyzed
using Quantity version 1.0 software in a gel documentation system (Bio-Rad).
The images were then uploaded into the Diversity version 2.2.0 database (Bio-
Rad). Band sizes, band attributes, and standard molecular weights were assigned
according to the molecular weight markers. Cluster analysis of all 61 isolates was
conducted on the basis of the fingerprint characteristics generated. Based on the
data for the presence or absence of 3 to 15 different DNA fragments in the
fingerprints of the 61 strains of H. pylori, a binary data matrix was created.
Opverall similarity between the pairs of strains was calculated from the binary data
matrix using the simple matching-dice coefficient. The resulting similarity matrix
was used as the input data for cluster analysis by the unweighted-pair-group
method with arithmetic averages (27) to generate a dendrogram (Fig. 1 and 2).

RESULTS

Amplification of H. pylori genomic DNA with ERIC oligonu-
cleotides. All of the strains were found to be analyzable by the
ERIC-PCR method and yielded significant PCR products.
This indicates that the ERIC sequences are in fact dispersed in
the H. pylori chromosome at different locations separated by
various distances. These widely spread repetitive sequences
could be used as primer binding sites, and PCR amplification
between them might yield divergent fingerprints when sepa-
rated by agarose gel electrophoresis. Depending upon the
abundance and availability of ERIC sequences, fingerprints of
the isolates representing different geographic regions com-
prised 3 to 15 bands of various sizes. The maximum number
(up to 15) of amplified fragments was observed for strains from
South Africa and India, whereas a few polymorphic fragments
were observed for East Asian, European, and South American
isolates. The sequenced strain J99 produced four amplified
fragments. All the isolates were found to have ERIC amplicons
sufficient to score for similarity indices. However, a couple of
Indian isolates failed to generate many fragments and could
amplify only a single locus. We believe that this might be due
to degradation of the genomic DNA.

Specificity of ERIC amplification. All the profiles generated
by ERIC PCR were found to be highly specific. This was
confirmed by homologies for DNA sequence similarity to the
two sequenced genomes (http://genolist.pasteur.fr/PyloriGene
/index.html). Both the primer sequences and short stretches of
amplified fragments were mapped to several important genes,
particularly those coding for GuaB, NhaH, Ppic, Fba, Tbr,
PpsA, and UvrA and rRNA. It appears that the sequences of
primers we used were fairly abundant in the genome, flanking
the sequences of variable length, thus generating robust, poly-
morphic profiles.

Reproducibility and resolution power. In our experiments,
the ERIC profiling results were 100% reproducible on all oc-
casions and were not found to be discrepant within and be-
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FIG. 1. Phylogenetic tree based on ERIC-PCR profiles of representative isolates from different geographical regions. The scale bar at the top
indicates the extent of genetic relatedness among the isolates, with 1.00 corresponding to 100% identity.
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FIG. 2. Symbolic banding patterns for ERIC fingerprints generated with representative isolates using Quantity version 1.0 software. Short
horizontal lines denote ERIC amplicon traces observed on the agarose gel. Each vertical line signifies a single lane on the gel corresponding to

one genotype identifier for a single isolate.

tween laboratories. In our analysis, no two isolates were found
to be 100% similar. All the isolates produced highly specific
and individualized fingerprints. This reflects the resolution
power of this technique, by which isolates from the same pop-
ulation or geographic region can be distinguished and assigned
a unique genotype identifier for tracing the movement and
descent of pathogenic clones in communities. This contrasts
with earlier observations of Vibrio parahaemolyticus and other
pathogens in which the amplification of a large number of
monomorphic fragments was recorded for unrelated isolates
(35). In our case, ERIC-PCR was able to resolve even the
microevolution of paired isolates (Fig. 3) obtained from some
patients months apart. These isolates were equally resolvable
with other typing techniques, such as fluorescent amplified
fragment length polymorphism (FAFLP) analysis (data not
shown). FAFLP is based on selective PCR amplification of
restriction fragments of genomic DNA (11), while ERIC-PCR
involves amplification of the genomic DNA flanked by the
ERIC sequences. Overall, the ERIC-PCR technique was
found to be robust, reproducible, portable, easy to perform,
and highly discriminating once standardization was accom-
plished.

Genetic affinities and identification of population-specific
clusters. Genetic relationships among H. pylori strains were
examined through cluster analysis of the PCR-generated pat-
terns from representative isolates (n = 61) and were presented
in the form of a dendrogram (Fig. 1). The most important
relationships obtained were as follows. Cluster A (European-
African) included 23 of 61 isolates (37.7%), mainly from En-

gland, Spain, South Africa, and India. Clustering, however, was
independent of the disease type or severity, as clusters con-
tained isolates irrespective of cag4 gene status and vac allele
type. Also, the genetic affinities for clustering were indepen-
dent of the motif types based on indel and substitution patterns
found at the right end of the H. pylori cag pathogenecity island,
as described previously (17). Isolates belonging mainly to two
different indel categories, such as type III and type I, were
found to be genetically similar based on ERIC profiles. A few
English strains belonging to indel type III and vac allele type
sIm2, however, formed a separate branch within the cluster.
Subcluster B1 (European-East Asian) comprised 15 isolates
(24.5%) representing mainly Japanese and European isolates.
These again included mixed indel profiles but had mainly s1m2
alleles of the vacA gene. The cluster comprised independent
isolates from Japan and Peru. One Irish isolate with rare type
IV indel motifs was also found to cluster with Japanese isolates
in this subcluster. Subcluster B2 (Irish-East Asian-Amerin-
dian) included equal number of isolates from Japan and Ire-
land, highlighting the possibility of some genetic relatedness
between the two insular human populations. It is also com-
posed of a dedicated lineage leading to an exclusively Irish
subsubcluster. The Irish aggregate belonged to vac allele type
slam?2, although the indel motif type varied. However, none of
the Irish isolates were found to be clonal, although a few weak
clonal associations were discerned. A third branch in subclus-
ter B2 described genetic relationships among Japanese and
native Peruvian isolates. None of the isolates in this class
showed similar indel motifs as well as vac allele types. The cag



2376 HUSSAIN ET AL.

M
1008P 17 18 19 20 21 22

LR

23 24 51 52

J. CLIN. MICROBIOL.

M
53 54 55 56 1kB

A1 >l s: LbLAl

TRY RS e

FIG. 3. ERIC profiles generated with paired Irish isolates. Numbers identifying isolates are given at the top. M, molecular mass markers with

100-bp (left) and 1-kb (right) ladders.

motif types and vacA allele statuses for isolates included in the
study are listed in Table 1.

The main message from phenetic analysis of the isolates in
our collection revealed no impact of indel motif type and vac
allele status on the phylogeographic clustering based on ERIC
patterns. Highly shared ERIC types among Irish isolates are a
striking observation. Our analysis revealed homogeneous fin-
gerprinting profiles among Irish isolates (compared to isolates
from other geographical regions) that have major genetic re-
latedness with European and East Asian isolates. These find-
ings are in agreement with a recent report (9) highlighting an
Asian or oriental influence on certain European populations of
H. pylori. Japanese and Peruvian isolates may be genetically
linked due to ancient Asian ancestry of the present-day Am-
erindians in the Americas. Interestingly, these findings are
perfectly in agreement with recent (9, 10) studies highlighting
the possibility that Amerindian strains may carry certain alleles
from their ancient predecessors of Japanese origin.

DISCUSSION

In this study, we analyzed the nature of prevalent genetic
diversity among various H. pylori isolates in the world. The
isolates were carefully selected to fulfill the requirement for a
truly representative international collection of strains. ERIC
sequence-based genotyping was identified as a novel method
for phylogenetic analysis of H. pylori. These sequences are
examples of bacterial interspersed mosaic elements that ap-
pear to be transcribed, although they may be present in the
intergenic regions or in the 3’ or 5” untranslated regions of the
protein coding regions. The presence of intergenic regions in
the bacterial chromosome helps in controlling potential signals
for the processes of transcription and translation. These se-
quences include transcriptional promoters and terminators.
However, there is no correlation between the presence of
ERICs and the function of an operon. Furthermore, ERICs
can be found in either orientation with respect to the direction

of transcription, implying that any function is at a secondary
structural level rather than being determined by the primary
sequence (13). An earlier study by Veralovic and colleagues
(33) indicated that these sequences are fairly conserved across
gram-negative enteric bacteria and related species for at least
hundreds of millions of years. This suggests that their presence
precedes even the formation of the gram-negative enteric bac-
terial lineage. Since these sequences represent sites of inter-
action of DNA with essential proteins (such as DNA gyrase
and polymerase I in E. coli), substitutions, deletions, and ge-
netic rearrangements may be constraints. Also, they may prop-
agate themselves as RNA intermediates, accounting for the
widespread presence and conservation of these prokaryotic
repetitive elements (33).

ERIC-PCR has been employed to investigate the rate of
human intestinal infections with more than a single Campy-
lobacter strain and to study the genetic variabilities of these
strains throughout an infection episode (30).

Recently, fingerprints generated by ERIC-PCR suggested
the presence of such repeating sequences in H. pylori (5). It was
also shown that a mixed population of different H. pylori strains
with marked variation, both genotypically and phenotypically,
may colonize the same patient (5). Our study, however, was
aimed at testing the utility of such a typing system to analyze H.
pylori genotypic partitioning on a global scale and to establish
its merit in identification of isolates for epidemiology and phy-
logeography. In our experiments, the exact positions and po-
tential functionalities of the genomic landmarks of these se-
quences were located in the H. pylori chromosome. However,
there were only partial matches with the total 126-bp ERIC
sequence in the H. pylori genome. It appears that the primer-
annealing regions were found scattered throughout the chromo-
some, separated by regions of various lengths. Furthermore, no
transposons were found in the flanking genes of the open reading
frames in which ERIC sequences have been located.

Of all 61 isolates typed by ERIC-PCR, no two isolates gen-
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TABLE 1. cag right-junction motif types and vac allele statuses of
representative isolates typed by ERIC-PCR

Cluster Isolate cag motif type vac status

A N 97 3a slm2
N 99 3a slm2
N 111 3a slm2
R 76 la/1b ND“
N 105 la slmla
MS 6 3b s2m2
R 82 la/1b ND
MS 2 ND s2m2
SIM 69 la/1b
N 104 CagA minus strain slm2
Ire 20 ND ND
Ire 19 ND ND
HupB 78 la/1b ND
CPY 6271 2 ND
CPY 6081 2 ND
R 66 la/1b ND
R 64 la/1b ND
HUPB 80 la/1b ND
HUBP 76 la/1b ND
R 75 la/1b ND
MS 5 3a s2m1b
R 69 la/1b ND
HUPB 60 la/1b ND

B1 N 94 CagA minus strain slm2
R 56 la/1b ND
JAPAN 157 2 ND
SIM 63 la/1b ND
JAPAN 176 2 ND
N 95 la slmla
N 101 1b slm2
JAPAN 198 2 ND
CPY 001 2 ND
SIM 57 la/1b ND
IRE 26 4 slam2
CPY 1672 2 ND
CPY 2362 2 ND
CPY 1042 2 ND
CPY 0041 2 ND

B2 HUPB 79 la/1b ND
HUPB 77 la/1b ND
IRE 16 ND ND
N 115 2 sl
MS4 3a slmlb
MS11 (2) - slm2
IRE 18 2 slam2
IRE 25 4 slam?2
IRE 17 2 slam2
N 106 1b slm2
IRE 21 la slam2
IRE 22 la slam?2
IRE 24 ND ND
IRE 23 ND ND
SIM 53 la/1b ND
CPY 6021 2 ND
SIM 50 la/1b ND
CPY 6261 2 ND
CPY 6051 2 ND
N 108 2 slmla
JAPAN 133 2 ND
JAPAN 131 2 ND
JAPAN 118 2 ND

“ ND, data not available.
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erated identical profiles, except for a case of paired isolates
and two Indian isolates that failed to generate multiple bands
for unknown reasons. However, prominent bands were com-
mon in strains from individual countries. For instance, an am-
plified product of 800 bp was present in all Japanese isolates,
fragments of 200 bp and 2.0 and 3.5 kb were specific to Irish
isolates, and fragments of 700 and 270 bp demarcated South
African isolates. Phylogenetic analysis revealed interesting
links between isolates from Japan and Peru, contrasting with
earlier observations established with the same set of strains
(17). Our results based on ERIC typing were also not in agree-
ment with recent observations of Japanese and Peruvian iso-
lates based on FAFLP analysis, in which Peruvian isolates were
found to be phylogenetically more closely related to Spanish
isolates than to Japanese isolates (7). However, the number of
isolates analyzed in that study was insufficient to establish
conclusive data (only one Japanese isolate was studied) (7).
Compared to FAFLPs, the reliability of ERIC-based phylog-
enies may be argued on the basis of the fact that these markers
are reported to be evolutionarily conserved and stable across the
enterobacterial branch in evolution (13, 26, 33). Our results, on
the other hand, support the findings based on sequence analysis
of some evolutionarily important gene loci and housekeeping
genes (9, 10) for which a possible evolutionary link between South
American and Japanese isolates has been argued.

Another interesting observation based on ERIC typing was
the distinctiveness of Irish isolates. This is yet more evidence to
confirm previous findings, which argued that Irish isolates have
certain distinctive features compared to isolates from other
European countries (7). These features include weakly clonal
population structure, homogeneous fingerprinting profiles
from unrelated individual isolates, and evolutionary links with
both East Asian and Northern European isolates. We suggest
that such features might have evolved as a result of a complex
interplay between the host and pathogen in which recombina-
tion has not been sufficiently frequent to destroy the evidence
for clonality in this insular European population. This is in
accordance with a recent landmark study based on the se-
quences of seven housekeeping genes (atpA, efp, mutY, ppa,
trpC, urel, and yphC) and one virulence gene (vacA) (9) that
demonstrated that Indian and European H. pylori isolates
grouped in the same subpopulation and that East Asian and a
subset of European isolates share an ancestral relationship and
diverged from each other recently.

During this study, we found the ERIC-PCR technique to be
easy to perform compared to restriction fragment length poly-
morphism or FAFLP, with reproducibility of >95%. We agree
that any molecular marker to be used as a discriminative tool
in molecular epidemiological studies needs to be inherited
stably over the years. This has been proven efficiently with ERIC
sequences, as ERIC-PCR carried out on paired isolates from
Ireland that were obtained from the same patient over a period of
time produced identical profiles (data not shown). These results
might also give an idea of the conserved nature of these se-
quences over time, considering that the rest of the H. pylori ge-
nome is quickly evolving. However, further studies of the molec-
ular clocks of these sequences in H. pylori are clearly required.

We do not believe that shared genotypes observed in our
phylogeny were the result of artifacts or contamination. The
inclusion of appropriate controls and the use of dedicated
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instruments and laboratory spaces made DNA carryover very
unlikely. However, since the technique was used in isolation, its
discriminative potential could not be assessed in comparison
with techniques based on other repetitive sequences, namely,
repetitive extragenic palindromes, etc. The ERIC profiles gen-
erated in this study are suitable for and amenable to electronic
transmission and deposit in various national and international
databases. It may be possible to develop a web-enabled archive
of such fingerprint profiles that allows archiving and compar-
ison of ERIC profiles with fingerprint profiles obtained with
various other typing systems on a populationwide interface.

Finally, the present study of H. pylori genotypes from differ-
ent human populations may be useful to our understanding of
bacterium-host interactions and the origin and evolution of the
bacterium in humans. Furthermore, it will also be helpful to
realize the importance of H. pylori geographical genomics in
gastroduodenal pathology.
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