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Isolates of the gastric pathogen Helicobacter pylori harvested from
different individuals are highly polymorphic. Strain variation also
has been observed within a single host. To more fully ascertain the
extent of H. pylori genetic diversity within the ecological niche of
its natural host, we harvested additional isolates of the sequenced
H. pylori strain J99 from its human source patient after a 6-year
interval. Randomly amplified polymorphic DNA PCR and DNA
sequencing of four unlinked loci indicated that these isolates were
closely related to the original strain. In contrast, microarray anal-
ysis revealed differences in genetic content among all of the
isolates that were not detected by randomly amplified polymor-
phic DNA PCR or sequence analysis. Several ORFs from loci scat-
tered throughout the chromosome in the archival strain did not
hybridize with DNA from the recent strains, including multiple
ORFs within the J99 plasticity zone. In addition, DNA from the
recent isolates hybridized with probes for ORFs specific for the
other fully sequenced H. pylori strain 26695, including a putative
traG homolog. Among the additional J99 isolates, patterns of
genetic diversity were distinct both when compared with each
other and to the original prototype isolate. These results indicate
that within an apparently homogeneous population, as deter-
mined by macroscale comparison and nucleotide sequence analy-
sis, remarkable genetic differences exist among single-colony iso-
lates of H. pylori. Direct evidence that H. pylori has the capacity to
lose and possibly acquire exogenous DNA is consistent with a
model of continuous microevolution within its cognate host.

The highly diverse bacteria Helicobacter pylori persist in the
human stomach and induce chronic gastritis for the lifetime

of their hosts, a process that increases risk for developing peptic
ulceration, noncardia gastric adenocarcinoma, and gastric lym-
phoma (1–4). However, clinical sequelae develop in only a
fraction of colonized individuals (1, 2, 5) and likely depend on
differentially represented bacterial determinants, host charac-
teristics that are governed by genetic polymorphisms (6), and�or
the specific interactions between a particular strain and its host
that occur during decades of coexistence.

Although the H. pylori population structure appears to be
clonal over short periods of time, isolates obtained from differ-
ent individuals exhibit substantial genetic diversity, consistent
with extensive recombination and a panmictic population struc-
ture (7–12). Differences among strains include point mutations
in highly conserved genes (11, 13), the presence of nonconserved
(14, 15) and�or mosaic forms of genes (16, 17), and chromosomal
organization (18–20). Putative mechanisms for the generation of
diversity within H. pylori include frequent horizontal genetic
exchange among strains and a high level of spontaneous muta-
tion occurring over a long evolutionary time period within a
highly restricted niche (9, 21, 22). To examine the extent and
types of genetic diversity that are present during chronic colo-
nization of the human stomach, we harvested additional H. pylori
isolates from the source patient from whom the completely
sequenced strain J99 was obtained, 6 years after the original
isolate was cultured. Differences in genetic content among

recent and archival J99 single-colony isolates were examined by
randomly amplified polymorphic DNA (RAPD) PCR analysis,
DNA sequencing, and hybridization to an H. pylori microarray in
an effort to take advantage of this unique opportunity to study
the composite genetic profile of an H. pylori strain within the
gastric niche of a single individual.

Methods
Bacterial Strains and Culture. The human source patient of the fully
sequenced H. pylori strain J99 (20) was a 48-year-old Caucasian
male resident of Tennessee with no family history of peptic
ulceration. He underwent upper gastrointestinal endoscopy ini-
tially in 1994 and was found to have a duodenal ulcer, and strain
J99 was isolated from a gastric antral biopsy as described (23).
For the current study, 12 additional single-colony isolates were
purified from the original culture sweep recovered from this
biopsy specimen. The J99 source patient refused antimicrobial
treatment and, because of persistent dyspepsia, he underwent
repeat upper endoscopy in 2000, 6 years after the original J99
strain was isolated. Thirty single-colony isolates were isolated
from gastric cardia (n � 1), corpus (n � 12), antral (n � 12), and
duodenal biopsies (n � 5). All procedures were approved by the
Vanderbilt University and Nashville Department of Veterans
Affairs institutional review boards. Bacteria were routinely grown
on trypticase soy agar plates with 5% sheep blood (BBL) at 37°C
with 5% CO2. Antibiotic resistance was determined on Brucella
agar plates with 5% FCS containing either metronidazole (16
�g�ml), clarithromycin (1.0 �g�ml), or ampicillin (1.0 �g�ml).

Molecular Biology. Chromosomal DNA was prepared from 48-h
plate-grown bacteria with the cetyltrimethylammonium bromide
method (24). Randomly amplified polymorphic DNA (RAPD)
PCR analysis was performed as described by using primers
D11344 and 14307 (7). Additional PCRs were performed by
using primers based on the sequence of strain J99 (Table 2, which
is published as supporting information on the PNAS web site,
www.pnas.org) under typical conditions, and products were
analyzed by agarose gel electrophoresis.

DNA Sequence Analysis. Purified PCR (QiaQuick PCR purifica-
tion, Qiagen, Chatsworth, CA) was sequenced on both strands by
using an automated sequencer (ABI 377, Applied Biosystems).
Regions sequenced correspond to nucleotides 156616–157275
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(recA), 147484–146787 (mutY), 44524–45009 (JHP0039–001),
and 1344381–1345021 (JHPJHP1211–1212) of the sequence J99
chromosome (20) (GenBank accession no. AE001439). Se-
quence analysis was performed with VECTOR NTI (InforMax,
Bethesda, MD), and homology searches were performed by
BLAST (25).

Microarray Analysis. Microarray design and hybridization condi-
tions have been described (26, 27). Briefly, the array consists of
probes representing ORFs of the H. pylori 26695 genome
supplemented with probes for J99-specific ORFs printed in
duplicate. Cy3- or Cy5-labeled probes were generated by priming
of 250 ng genomic DNA with random octamers and extension
with Klenow. Labeled DNA from each isolate was hybridized on
multiple H. pylori microarray as described (26, 27). Data points
were excluded because of low signal or slide abnormalities. For
this analysis three measurements were required for each gene of
each strain, and only those genes with three measurements in
80% of the strains were included. Data were normalized by using
the default-computed normalization of the Stanford Microarray
Database (http:��genome-www4.stanford.edu�MicroArray�
help�results�normalization.html) and the mean of the log2(red�
green ratio) was computed. The cutoff for absence of a gene was
defined as a log2(red�green) of ��1.0 based on test hybridiza-
tions (26). Data were simplified into a binary score, analyzed
with XCLUSTER software (http:��genome-www.stanford.edu�
�sherlock�cluster.html), and displayed with TREEVIEW (28).
The false positive and false negative rates were determined to be
3.5% and 0.34%, respectively. The complete data set is available
as supporting information on the PNAS web site.

Results
RAPD PCR Analysis of H. pylori Strain J99 Isolates. To determine
whether the same strain persisted in the J99 source patient 6
years after primary isolation, we obtained 30 additional single
colony isolates from distinct biopsy sites (antrum, corpus, duo-
denum, cardia). Because RAPD PCR analysis can reliably
distinguish H. pylori strains isolated from different individuals
(7), we explored whether this method also could distinguish
isolates from a single individual, by performing RAPD PCR
analysis on the new isolates as well as a representative isolate of
the archival strain. Results using two different primers demon-
strated that all of the recent isolates have similar amplification
profiles. This finding indicates that they represent a closely
related population and the similarity of these profiles to that of
archival J99 also indicates that this patient was colonized by the
same strain at both time points (Fig. 1). However, patterns of
amplification were not identical and subtle differences in RAPD
profiles of recent isolates were present when compared with the
archival J99 isolate (Fig. 1). These data suggest that, although
this patient was persistently colonized by a single strain of H.
pylori, genetic variants may exist among these isolates.

Sequence Analysis of Four Unlinked Chromosomal Loci. Another
indicator of H. pylori genetic diversity is nucleotide sequence
variation. Therefore, DNA sequences from four different intra-
genic and intergenic chromosomal loci from a subset of recent
isolates (C3, C6, and C10, Fig. 1) and the archival J99 isolate
were compared. Selected intragenic regions were within the
highly conserved gene recA (660 bp) and the more variable gene
mutY (698 bp) (11). Because intergenic regions that do not
include promoter elements should be subject to less selective
pressure and may have greater potential to accumulate sponta-
neous point mutations, the regions between JHP0039 and
JHP0040 (486 bp) and between JHP1211 and JHP1212 (641 bp),
which are flanked by convergent operons, were chosen for
analysis (20). In all cases, the nucleotide sequences of recent
isolates were 100% identical to archival J99, supporting the

RAPD PCR results indicating that the recent isolates are very
closely related to the original J99 isolate.

Antibiotic Susceptibility of Recent Isolates. The above analyses
suggested genotypic relatedness between original and recent H.
pylori J99 isolates. We next sought to determine whether phe-
notype was similarly conserved by testing 30 recent isolates and
12 single-colony isolates from the archival sweep for suscepti-
bility to metronidazole, ampicillin, and clarithromycin. All iso-
lates were susceptible to metronidazole and ampicillin; however,
four recent isolates (three antral, one duodenal) were resistant
to clarithromycin. Because specific point mutations in the H.
pylori 23S rRNA sequence confer resistance to clarithromycin
(29–31), this region was sequenced for each of the clarithromy-
cin-resistant isolates along with three recent clarithromycin-
sensitive isolates and the archival J99. The sequences were
identical except at position 2142 where resistant isolates were
found to have an A2142G transition to which clarithromycin
resistance has previously been attributed, confirming the signif-
icance of this locus for clarithromycin susceptibility (29–31).

Analysis of Recent and Archival J99 Isolates by Whole-Genome
Microarray. RAPD PCR and sequence analyses indicated that
recent and archival J99 isolates belong to the same strain.
However, subtypic RAPD amplification patterns also suggested
that subtle genetic differences may exist among isolates. There-
fore, we used whole-genome microarray hybridization to more
comprehensively assess differences in genetic content among
three recent isolates (C3, C6, and C10, Fig. 1) compared with the
original J99. DNA hybridization revealed several differences in
genetic content between the archival and new isolates as well as
among the new isolates themselves (Fig. 2, Table 1), and some
of these differences included regions of linked genes. One such
region in recent isolate C10 was of particular interest, as a group
of contiguous ORFs within the J99 plasticity zone was absent
(Fig. 2 A). PCR analysis of selected ORFs within this region
confirmed that isolate C10 lacks ORFs JHP0925, JHP0926,
JHP0929–0931, JHP0941, JHP0942, and JHP0944. All of the
missing ORFs in this region are predicted to encode hypothetical
proteins with the exception of JHP0931 and JHP0941, which are
predicted to encode a topoisomerase (topA3) and recombinase
(xerD), respectively. Gene-specific PCR analysis also indicated
that JHP0929–0931 and JHP0944 were present in 100% of 12
archival single colony isolates tested, but were absent in 59% and

Fig. 1. RAPD PCR analysis of recent and archival H. pylori J99 isolates from
the original human source patient. RAPD PCR patterns of 10 representative
recent isolates and the archival J99 strain are shown. PCR was performed with
primers D11344 and 14307, and products were analyzed by agarose gel
electrophoresis. Results for corpus samples C1–C10 are shown in lanes 1–10,
respectively, and results for the archival strain are indicated.
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30% of recent isolates, respectively. Notably, despite the absence
of numerous ORFs, all of the genes within the cag island were
present in all of the recent isolates tested.

The published genomic sequence of H. pylori strain 26695
includes many ORFs not present in the sequenced J99 isolate,
and the inclusion of these ORFs on the microarray provided the

ability to examine whether sequences absent in the sequenced
J99 genome might be present in the recent isolates (20, 26, 32).
DNA from the recent J99 isolates hybridized with several
26695-specific ORFs, whereas archival J99 DNA did not (Fig.
2B, Table 1, and Table 3, which is published as supporting
information on the PNAS web site). The presence of one such
locus (HP1000–HP1006) was confirmed by PCR in three recent
J99 isolates (C3, C6, and C10) and found to be organized in the
same order found in sequenced H. pylori strain 26695. These
ORFs are predicted to encode hypothetical proteins with the
exceptions of HP1000 and HP1006, which are predicted to
encode a putative partitioning protein, ParA, and a putative
conjugal transfer protein, TraG (32), respectively. PCR analysis
of the 12 archival single-colony isolates with primer pairs for
HP1000 and HP1006 yielded no product, whereas products for
HP1000 and HP1006 were obtained for 100% of recent isolates
(n � 30), supporting findings from the microarray analysis.

A Subset of Recent J99 Isolates Has Novel Sequences. In the process
of confirming microarray data by PCR, an amplified product
spanning JHP0929 to JHP0931 was noted to be larger in isolates
C3 and C6 relative to the archival J99 isolate (Fig. 3). As
predicted by microarray data, isolate C10 lacked this region (Fig.
2A). Sequence analysis of this region from isolates C3 and C6
revealed a 674-bp insertion between ORFs JHP0929 and
JHP0930 (Fig. 3; GenBank accession numbers AF433040 and
AF433041). This insertion does not appear to contain an ORF,
nor does it exhibit homology to any sequence in the nonredun-
dant or microbial genomes National Center for Biotechnology
Information databases. PCR analysis of this region indicated that
59% of the recent isolates lack this locus, whereas the remaining
41% yielded products of similar size as for isolates C3 and C6
(data not shown). The archival J99 single-colony isolates tested
did not yield the larger product indicative of this insertion. Thus,
microarray-based genetic comparisons led to the identification
of H. pylori sequences that are not present in the genome
sequences of J99 or 26695 (20, 32).

All Isolates Examined by Microarray Analysis Are Unique. Having
demonstrated both the absence and the presence of sequences in
recent isolates versus the archival strain, we extended this
analysis by performing microarray hybridizations on 10 addi-
tional recent J99 isolates. This group included isolates from the
gastric corpus as well as the cardia, antrum, and duodenum. A
total of 44 variable loci were identified that were either absent
or present among this population as compared with the archival
J99 (Fig. 4). There was no single locus universally absent from
the recent isolates; conversely, homologues of eight ORFs from
strain 26695 not present in the original isolate were present in all

Fig. 2. Absence and presence of ORFs in recent J99 isolates as determined by
microarray analysis. Representative isolates C10, C3, and C6 were compared
with archival J99 by whole-genome microarray analysis. The presence (red) or
absence (black) of genes is displayed according to their position on the
chromosome for each isolate (missing data are gray). (A) The ORFs of archival
J99 are represented vertically in chromosomal order. (Left) The entire chro-
mosome starting at JHP0001. (Right) An enlarged image showing a region of
contiguous ORFs within the J99 plasticity zone missing in isolate C10. (B)
Variably present ORFs specific to H. pylori strain 26695. (Left) All of the 26695
ORFs not present in sequenced strain J99. The red ORFs shown in the archival
J99 lane are indicative of false positive hybridization. (Right) An enlarged
image showing a region of linked ORFs present in all three recent J99 isolates.

Table 1. ORFs that have putative identities that were present or
absent in recent isolates of J99 as compared with archival J99
based on microarray hybridization

J99 ORF 26695 ORF
Putative

gene C10 C3 C6 J99 archival

ORFs lost
JHP0673 HP0736 serC � � � �

JHP0976 HP0941 alr � � � �

JHP0931 N�A topA3 � � � �

JHP0941 HP0995 xerD � � � �

ORFs gained
N�A HP0459 virB4 � � � �

N�A HP1006 traG � � � �

N�A HP1000 parA � � � �

N�A, not applicable.
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13 recent isolates (Fig. 4). Cluster analysis to group strains based
on their gene content combined with previously reported data
from 14 unrelated strains (26) indicated that, despite the differ-
ences between J99 variants, these isolates are much more closely
related to each other than to the independent strains (Fig. 5).
Further, anatomic distribution of J99 isolates within the gastric
niche is not reflected in the patterns of genetic diversity as
isolates harvested from the cardia, corpus, antrum, and duode-
num were distributed heterogeneously throughout the J99
branch of the cluster (Fig. 5).

Discussion
Remarkable genetic variation exists between H. pylori strains
isolated from unique individuals, yet the origins and determi-
nants of this diversity are not completely understood. Previous
data indicate that although point mutation may be one source of
generating diversity, recombination is the predominant mecha-
nism within this species (9, 11). Further, although isolates from
a single individual or family members are frequently clonal, the
overall population structure of H. pylori is panmictic (9).

There have been few reports of H. pylori genetic changes that
may occur during long-term colonization within the gastric niche
of a single individual. Kuipers et al. (33) studied pairs of isolates
obtained 7–10 years apart from individual patients and, using
RAPD PCR and amplified fragment length polymorphism
analyses, identified differences in amplification profiles, suggest-
ing that genetic changes develop during colonization of a single
host. However, neither the identity nor the genomic location of
the variable genes was characterized. Another study that exam-
ined strains isolated from members of a single family found
evidence that DNA exchange occurred in vivo, resulting in loss

of the cag pathogenicity island (34). The data presented here
extend these studies by implementing both traditional molecular
and whole-genome microarray techniques to examine the extent
of genetic diversity present in the fully sequenced strain H. pylori
strain J99 during long-term colonization of its natural host.

As expected for most individuals persistently colonized by a
single H. pylori strain, RAPD PCR amplification patterns were
similar for archival and recent isolates. However, subtle differ-
ences in amplification profiles suggested that although the
population consisted of very closely related bacteria, it was not
completely homogeneous (Fig. 1). We further confirmed relat-
edness of new and archival J99 isolates by demonstrating an
absolute concordance in DNA sequence of four unlinked inter-
genic and intragenic chromosomal regions (Table 1). Bereswill
et al. (35) recently reported that polymorphisms within regions
upstream of ribA and vacA and downstream of cagA could be
used to differentiate H. pylori isolates from the corpus and
antrum of individual patients. In contrast, PCR analysis of these
loci in the current study revealed no differences among recent
and archival J99 isolates, regardless of the anatomical site of

Fig. 3. Identification of an insertion sequence between JHP0929 and JHP0930 in recent isolates. (A) PCR products generated by amplification with primers
within JHP0929 and JHP0931 were analyzed by agarose gel electrophoresis. MW, 1-kb ladder (Promega); lane 1, J99-archival; lane 2, C3; lane 3, C6; lane 4, C10;
lane 5, negative control. (B) Location of insertion as determined by sequence analysis is indicated between ORFs JHP0929 and JHP0930.

Fig. 4. Presence of variable loci among a population of recent J99 isolates
(n � 13). The presence of loci that varied between the archival and recent J99
isolates as determined by microarray analysis are shown. Black bars represent
the percentage of recent J99 isolates that possess ORFs present in the archival
J99 and gray bars indicate the percentage of recent isolates that have DNA
with homology to 26695-specific genes.

Fig. 5. Relatedness of archival and recent J99 isolates as compared with each
other and to independent H. pylori strains. Cluster analysis of microarray data
for J99 isolates and 14 unrelated strains (26) shows that all J99 isolates cluster
together on a branch distinct from other isolates.

14628 � www.pnas.org�cgi�doi�10.1073�pnas.251551698 Israel et al.



isolation (data not shown). These results, along with the finding
that three recent isolates had absolute sequence identity to the
archival J99 over 2,485 bp, confirmed that they are indeed
derivatives of the same strain.

Although sequence analysis from these unlinked loci revealed
no point mutations, antibiotic susceptibility testing reiterated the
population heterogeneity inferred from RAPD PCR analysis.
Four (13%) of 30 recent isolates were resistant to clarithromycin,
data that are concordant with previous reports indicating that
antibiotic sensitive and resistant isolates of a single H. pylori
strain may exist within a single bacterial population (36–46).
Whether the J99 source patient was exposed to clarithromycin or
another macrolide antibiotic (e.g., azithromycin) over the 6-year
interval is unknown, but this represents a plausible hypothesis for
the development of clarithromycin-resistant isolates.

Analysis by whole-genome microarray revealed both the dif-
ferences that exist among the J99 isolates (recent and archival)
as well as the relatedness of these isolates to each other when
compared with H. pylori isolates from other individuals (Fig. 5).
Despite a difference in genomic composition in 3% of J99 loci,
the extent of variation is much less than between a similar
number of strains from different individuals for which 22% of
loci showed variation (26). Although it has been proposed that
the cag island in an unstable locus, subject to either deletion or
loss by homologous recombination (15, 34, 47), all of the recent
J99 isolates tested possess an intact cag island as did the archival
isolate. Cluster analysis also indicated that H. pylori isolates
harvested from the same region of the stomach are no more
similar to each other than to isolates from an anatomically
distinct site, suggesting that, at least within this patient, genetic
variation is not related to bacterial adaptation exerted by con-
ditions in a particular gastric microniche.

Microarray analysis revealed further evidence of diversity by
demonstrating both the absence of sequences and presence of
additional DNA relative to the archival J99. The total number of
ORFs lost by at least one of the recent isolates represents 2.3%
of the J99 ORFs assayed and each individual isolate had lost
between 0.28 and 1.52% (mean � SEM � 0.83 � 0.45%). Isolate
C10, which appeared most similar to the archival strain by
RAPD PCR analysis (Fig. 1), lacks a large group of contiguous
genes within the J99 plasticity zone (Fig. 2 A). ORFs with
homology to those in this region of J99 have been found in
numerous H. pylori strains tested (26, 48); however, the number
of these ORFs varies dramatically among unrelated strains (48),
confirming the pliant nature of this region. In addition to the
absence of ORFs, all of the recent isolates appear to possess
DNA with homology to ORFs HP1000–HP1006 of sequenced
strain 26695 (Figs. 2B and 4). In contrast, none of the 12 archival
J99 single-colony isolates possessed either HP1000 or HP1006,
suggesting that these ORFs were not present within the archival
population colonizing the specific site of original biopsy harvest.
A potential explanation for the presence of these previously
undetected sequences is that a distinct J99 subpopulation pos-
sessing these ORFs was present in a different gastric location at
the time of the original endoscopy and during chronic coloni-
zation, these sequences were disseminated throughout the pop-

ulation. Alternatively, it is possible that these loci were acquired
in the 6-year interval by means of horizontal gene transfer from
another strain of H. pylori or closely related organism that was
transiently present in the stomach. Based on the data presented
in this study and sample availability, neither possibility can be
eliminated. Most of the newly identified ORFs are hypothetical
genes, with the notable exception of HP1006, predicted to
encode a protein belonging to the TraG family (32). In Esche-
richia coli and Agrobacterium tumefaciens, TraG family members
are required for the delivery of DNA to the transport machinery
for conjugation (49–51). Although it has been demonstrated that
HP1006 is not required for transformation in H. pylori, its
potential role in H. pylori conjugation has not been determined
(52, 53). If this protein does participate in DNA transfer,
acquisition of this gene might confer an evolutionary advantage
by providing an additional mechanism through which DNA
exchange may occur. Based on %GC content, codon usage, and
amino acid usage, Garcia-Vallve et al. (54) have suggested that
strain 26695 originally acquired ORFs H1002-HP1006 by hori-
zontal gene transfer (http:��www.fut.es��debb�HGT). This hy-
pothesis, together with the newly identified presence of these
ORFs as a contiguous locus in recent J99 isolates, suggests that
this may represent a highly mobile genetic element.

The microarray used for this study was designed to assay ORFs
of sequenced H. pylori strain 26695 and J99 (26) and other H.
pylori sequences that may exist, but that are not present within
either of these genomes, cannot be detected by this method. One
such sequence was serendipitously identified during the course
of confirming the microarray data (Fig. 3). It is likely that
additional sequences without homology to 26695 or J99 ORFs
are present within the genomes of the recent J99 isolates, but
remain to be identified.

In conclusion, these results indicate that H. pylori exists within
its ecological niche as a bacterial population in a continuous
state of genetic f lux, which may allow the bacteria to rapidly
adapt to changing conditions in its current host as well as being
poised to colonize a new host (55–57). Further, these data also
suggest that the proposed concept of core and flexible gene
pools may not be applicable only to the genomes of bacterial
species, but also to bacterial strain populations (58–61). Genes
common to all isolates of a strain may comprise a core strain
genome, whereas the remainder of the genes retained in the
population comprise the flexible, or auxiliary, gene pool, with
the sum of both of these groups of genes constituting the
composite strain genotype. In the case of H. pylori, it is likely that
the natural competence and potential for conjugation of this
species facilitates the formation of recombinants within an
individual strain population, which subsequently results in the
varied distribution of the genes belonging to the flexible genome.
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