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Abstract Infection with Helicobacter pylori has been
linked to numerous severe gastroduodenal diseases in-
cluding peptic ulcer and gastric cancer. Severa tech-
niques have been used to measure the genetic heteroge-
neity of H. pylori at several different levels and to deter-
mine whether there is any correlation with severity of
disease. The availability of two completed genome se-
guences from unrelated strains (J99 and 26695) has al-
lowed an analysis of the level of diversity from a large-
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scale yet detailed perspective. Although the two chromo-
somes are organized differently in a limited number of
discrete regions, the genome size and gene order of these
two “high-virulence” (cagA* and vacA*) H. pylori iso-
lates was found to be highly similar. The regions of orga-
nizational difference are associated with insertion se-
guences, DNA restriction/modification genes, repeat se-
guences, or a combination of the above. A significant
level of variation at the nucleotide level is seen across
the genome, providing an explanation for why the nucle-
otide-based typing techniques have such high discrimi-
natory power among independent H. pylori isolates. This
nucleotide variation together with the organizational re-
arrangements appears to have provided an over-estima-
tion of the gene order diversity of H. pylori as assessed
by pulse-field gel electrophoresis. Functional assign-
ments are assigned to approximately only 60% of the
gene products in each strain, with one-half of the re-
maining gene products of unknown function having ho-
mologues in other bacteria, while the remainder appear
to be H. pylori-specific. Between 6% and 7% of the cod-
ing capacity of each strain are genes that are absent from
the other strain, with amost one-half of these strain-spe-
cific genes located in a single hypervariable region
called the plasticity zone. The magjority of the strain-spe-
cific genesin each strain are also H. pylori-specific, with
no homologues being identified in the public databases.
Significantly, over one-half of the functionally assigned
strain-specific genes in both H. pylori J99 and 26695 en-
code DNA restriction/modification enzymes. Analysis of
the level of conservation between orthologues from the
two strains indicates that the H. pylori specific genes
have a lower level of conservation than those ortho-
logues to which a putative function can be assigned. The
plasticity zone represents one of several regions across
each genome that is comprised of lower (G+C)% content
DNA, some of which has been detected in self-replicat-
ing plasmids, suggesting that both horizontal transfer
from other species and plasmid integration are responsi-
ble for the strain-specific diversity at this locus. These
analyses have yielded results with important implica-



tions for understanding the genetic diversity of H. pylori
and its associated diseases, and imply a need to reassess
the respective roles of bacterial and host factorsin H. py-
lori associated diseases.
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Abbreviations PCR: Polymerase chain reaction -
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Introduction

The discovery in the early 1980s of curved, flagellated
bacilli in patients suffering from severe gastroduodenal
diseases [1] has had a significant impact on world health.
The responsible organism, Helicobacter pylori, repre-
sents the second most common bacterial infection in the
world today, with approximately one-half the world's
population being infected, and a rate approaching 100%
in some less developed countries [2]. H. pylori colonizes
the gastric mucosa and is now recognized as the
aetiological agent of superficial and chronic gastritis, du-
odenal ulcer, and many gastric ulcers [3, 4, 5]. Further-
more, the strong association of H. pylori infection with
gastric cancer and mucosa-associated lymphoid tissue
lymphoma has resulted in this organism being classified
asaclass| carcinogen by the World Health Organization
[6]. Indeed, the eradication of H. pylori has been shown
to reverse low-grade mucosa-associated lymphoid tissue
lymphoma[7].

The magjority of persons infected with H. pylori do not
present with clinical symptoms, with fewer than 10%
progressing to serious disease. This enigma, together
with hypotheses as to the wide spectrum of diseases as-
sociated with H. pylori infection, has been the cause of
considerable debate. The human host-parasite relation-
ship with H. pylori is an ancient one, with recent evi-
dence detecting H. pylori in stool samples from pre-Co-
lumbian mummies which are over 1700 years old [8].
H. pylori is extremely well adapted to the human host, as
evidenced by its ability to persist chronically in its
unique gastric niche, and the finding that the bacterial
surface carries carbohydrate structures which are identi-

Table 1 Evidence of diversity by various methods in H. pylori
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cal to those found on human cells [9, 10]. Further, H. py-
lori is not isolated from other animals except some non-
human primates and one colony of felines. The low inci-
dence of severe disease associated with infection has led
to the suggestion that there may be ‘beneficial’ H. pylori
organisms in addition to those which cause disease, and
that global eradication of this organism may not be justi-
fied [11, 12]. The clinical benefits of H. pylori eradica-
tion have been clearly demonstrated with duodenal ulcer
patients, although several clinical trials with non-ulcer
dyspepsia patients have resulted in conflicting data [13,
14]. In addition, there are reports that the lowering of in-
tragastric acidity by H. pylori may protect against gastro-
esophageal reflux disease [12], especialy in patients
producing high levels of gastric acid. H. pylori has been
reported to be genetically extremely variable, and it has
been proposed that this heterogeneity is involved in the
ability of H. pylori to cause different diseases [15, 16], to
play arole in the life-long chronicity of infection [17],
and to result in some strains being beneficial to the in-
fected human host [11].

H. pylori was the first bacterial species to have the
genome from two independent isolates completely se-
guenced and compared [18, 19], and this analysis is
available on the Internet (http://www.astra-boston.com/
hpylori, strain J99 and genome comparison web site and
http://www.tigr.org/tdb/CM R/ghp/html s/ Splash-
Page.html, strain 26695 web site). H. pylori J99 was iso-
lated in 1994 in the United States from a duodenal ulcer
patient whereas strain 26695 was isolated in the mid-
1980s in the United Kingdom from a patient with gastri-
tis. The comparison of these two genomes should begin
to provide a framework for understanding the level and
mechanisms of genetic variability in this gastroduodenal
pathogen.

Genetic heterogeneity in H. pylori

Several techniques examining nucleotide, amino acid
and genomic diversity have been used to document the
genetic heterogeneity of H. pylori (Table 1). Severd
studies, one using Japanese strains [20] and the other us-
ing North American strains [21], have been carried out to
demonstrate macrodiversity in H. pylori genomes using

Type of diversity Evidence

Macrodiversity
Microdiversity
Allelic variation

Gene organizational and physical map differences identified by PFGE
Individual nucleotide changes observed during sequencing of orthologous genes from various strains.
Global microdiversity measured using DNA-based techniques such as randomly

amplified polymorphic DNA PCR and restriction fragment length polymorphism PCR
and by multilocus enzyme electrophoresis.

Strain-specific genes

Some strains lack the cag pathogenicity island. Subtractive hybridization

also demonstrates strain-specific differences.

Insertion elements
between strains.
Mosaicism

Identification of 1S605 and 1S606 at different physical locations or present in different numbers

Shown with the vacuolating cytotoxin (vacA) gene and the 3' end of the cagA gene.
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pulse-field gel electrophoresis (PFGE). These studies in-
dicate that essentially al strains that can be digested with
the Notl restriction endonuclease produce a unique pro-
file, athough two strains, UA800 and UA802, isolated
from unrelated patients at different times, produce identi-
cal restriction patterns [21]. Sequential biopsy specimens
taken from the same patient together with laboratory pas-
sage of the isolates suggest that the physical genomic or-
ganization of H. pylori is stable over time both in vivo
and in vitro [22]. Physical maps of five H. pylori isolates
have been generated by PFGE and subsequent hybridiza-
tion with specific probes [23, 24]. Comparison of these
maps suggest that, independent of the source of the
strain, the gene order amongst H. pylori isolatesis highly
variable [23].

Population genetic analyses on H. pylori using multi-
locus enzyme electrophoresis to estimate alelic variation
of 16 distinct enzyme loci in a total of 97 strains has
demonstrated that H. pylori has a higher alelic variation
than other human or animal pathogens [25, 26]. These
data have led to the suggestion that H. pylori does not
constitute a single species [26]. Two novel insertion ele-
ments, 1S605 and 1S606, have been identified in H. py-
lori, and each contains two genes that appear to contain
transposases from unrelated 1S elements [27]. These IS
elements are present in approximately one-third of
H. pylori strains tested, often in multiple copies[18, 27],
and 1S605 has been associated with the disruption of
the cag pathogenicity island (cagPAl) in H. pylori
NCTC11637 [28, 29].

The extent of microdiversity and allelic variation
within H. pylori has been extensively studied using a va-
riety of techniques, and these have been used to develop
typing methods for differentiation between clinical iso-
lates. These methods were used to examine specific
genes as well as the genome randomly. The method of
randomly amplified polymorphic DNA polymerase chain
reaction (PCR) has been extremely successful in dis-
criminating large numbers of isolates [30, 31] and has
been used to distinguish differences between indepen-
dent isolates from the same patient [32, 33]. Other DNA-
based fingerprinting techniques that have been used to
randomly sample the genome are repetitive PCR, restric-
tion fragment end labeling, and oligofingerprinting [34,
35]. Sequencing or PCR restriction fragment length
polymorphism of specific genes has also demonstrated a
high degree of nuclectide diversity between H. pylori
strains. Flagellin genes (flaA and flaB), several urease
genes (ureA-D; the ureC and ureD genes are now called
IspA and glmM, respectively [18, 36]), and ribosomal
RNA patterns have been used to type clinical isolates
[37, 38, 39, 40, 41, 42], although the level of discrimina-
tion depends on the number of enzymes used to generate
a particular restriction fragment length polymorphism
type. Kansau et al. [43] sequenced an internal portion of
the ureC gene (now called glmM) from 29 clinical iso-
lates and found that each one is unique. Recent sequence
analysis of 9 gene fragments from a geographically di-
verse collection of 20 strains demonstrated that the ma-

jority of sequences are unique [44]. Indeed, only at two
loci (efp: elongation factor EF-P and ppa: inorganic py-
rophosphatase) were identical sequences seen between
two individual strains [44]. These data, together with the
fact that no orthologous gene pairs were identical be-
tween strains J99 and 26695 [19] suggest that identical
gene sequences between H. pylori isolates are extremely
rare. While all of these methods are highly discriminato-
ry between independent isolates, there is no clear evi-
dence that any particular typing method can be used to
reproducibly predict the clinical outcome of a H. pylori
infection. However, one study using amplification be-
tween repetitive DNA segments demonstrated a signifi-
cant, albeit not complete, clustering between strains iso-
lated from either duodenal ulcer or gastritis patients [45].

The presence of strain-specific genes is another mea-
sure of genetic diversity, and the variable clinical out-
come of infections caused by H. pylori has been associ-
ated with strain-to-strain differences in genetic content
with corresponding phenotypic diversity. The presence
of the cagPAI has been associated with an enhanced risk
for the development of duodenal ulcers and adenocarci-
noma of the distal stomach [29, 46], likely due to the in-
volvement of the gene products in the induction of inter-
leukin-8 secretion from gastric epithelial cells [28]. The
cagPAIl in NCTC11637 is split into two segments, cagl
and cagll, [28, 29] while from J99 and 26695 it is found
as one locus [18, 19]. However, recent studies have con-
firmed that the cagPAI is not always present either as a
conserved island, or as cagl and cagll, as deletions can
occur within the island [47, 48], and that the clinical out-
come of H. pylori infection cannot be reliably predicted
by the presence or absence of any gene within the
cagPAI [47]. This supports the evidence that the pres-
ence of anti-CagA antibodies does not differentiate be-
tween patients with peptic ulcer disease and those with
asymptomatic gastritis [49]. In addition, while there is
evidence that the mgjority of strains from Asian coun-
tries possess the cagA gene irrespective of the associated
clinical disease state [48, 50, 51, 52], this finding is not
always consistent [53].

The vacuolating cytotoxin gene (vacA) has been
shown to possess a mosaic structure. Initially, three vari-
ations in the signal sequence (s-region; sla, slb and s2)
and two variations in a middle domain (m-region; ml
and m2) of vacA were identified, and the sl signal se-
guence was highly correlated with the presence of the
cagA gene and peptic ulceration [54]. Recently the mo-
saic diversity in vacA has been expanded at both posi-
tions to include slc and m2b variants [55]. The new m2b
domain has to date been found exclusively in eastern
Asian strains, and only 7 of the 114 strains with the slc
sequence were isolated from outside this region [56].
While other geographic regions also demonstrate a bias
towards specific combinations of vacA ‘s and ‘m’ re-
gions, sl and the presence of the cagA gene remain high-
ly associated [56]. As more data on cagA and vacA ge-
notypes and their association with disease accumulate, it
is becoming apparent that generalized conclusions can-



not be drawn, and that geographic differences are com-
mon.

Diversity analysis in two complete H. pylori genome
sequences

The genomic comparison of two completely sequenced
H. pylori isolates has provided some important informa-
tion regarding genetic heterogeneity. There is evidence
for some genetic loci (cagA, ureC/gimM and vacA) that
European and Asian strains represent two distinct lineag-
es of H. pylori strains [56, 57, 58]. Using vacA, North
American strains bear closer resemblance to western Eu-
ropean strains [56]. Recent sequence analysis of severa
other genetic loci from geographicaly diverse strains
also demonstrate distinction of these lineages [44]. It
will be interesting to determine whether this delineation
holds true for all genes. Does the comparison of J99 and
26695 [19], then, represent a true indication of the diver-
sity within H. pylori? It is important to note that many of
the studies using the techniques in Table 1 were from
single geographical populations. Therefore the compari-
son of two strains (J99 and 26695) isolated a decade
apart on two continents from patients presenting with
different diseases would be expected to capture many as-
pects of genetic diversity within H. pylori.

Comparison of the two genomes shows that H. pylori
J99 is 24,036 bp smaller and contains 57 fewer predicted
open reading frames than strain 26695. Each strain con-
tains a set of specific genes which are absent from the
other (89 in J99, and 117 in 26695), and in both strains
almost half of these are clustered into one locus called a
plasticity zone [19]. The mgjority (approximately 60%)
of the strain-specific genes in both J99 and 26695 are
also H. pylori specific and share no sequence similarity
to information in the public databases.

837
Analysisof H. pylori J99 and 26695 PFGE maps

PFGE is an essential tool for construction of physical
maps of bacterial genomes and for epidemiological dif-
ferentiation between strains, and enormous diversity of
gene order has been observed between the five published
physical maps of H. pylori [23]. There are 1406 genesin
J99 that have orthologues in 26695, and to align these
orthologues requires several artificial translocation
and/or inversions. The extent of gene order conservation
was determined by comparing each of the 1495 J99
genes to its orthologous 26695 partner (if present) with
respect to itsimmediate neighbouring gene flanking each
side. A total of 1267 genes (84.7%) have the same gene
located on both sides in both genomes. There are 161
(10.8%) genes where the gene order is disrupted on one
side by the insertion/deletion of a strain-specific gene(s)
while maintaining the gene order on the other side. Forty
genes (2.7%) are flanked by strain-specific genes on
both sides, although only one (JHP1295) even possesses
an orthologue in strain 26695 at all. Surprisingly, only
27 genes (1.8%) have the same neighbouring gene on
one side and are flanked on the other side by a gene
common to both strains which is out of order due to an
organizational rearrangement such as a translocation
and/or inversion. Importantly, the only gene used by
Jiang et a. [23] to construct the physical maps that does
not have identical neighbouring genes in both J99 and
26695 is vacA, as J99 has a single strain-specific gene
(JHP820) inserted downstream. The area downstream of
vacA has been shown to contain a vapD homologue in
other strains, which has been shown to exhibit positional
diversity [59]. In addition, one of the 23S-5S rRNA loci
is associated with the plasticity zone, and is flanked by
strain-specific genes in both strains. There were nine
strings of conserved genes over 50 genes in length, rep-
resenting 46% of the total number of common genes,

Table 2 Comparison of Notl fragment sizes and specific gene localization in the genomes of H. pylori strains J99 and 26695 (boldface
genes not used in the physical maps generated experimentally by Jiang et a. [23] to compare diversity)

Notl fragment H. pylori strain J99

H. pylori strain 26695

(relative size)

Calculated size (bp)  Genelocalization Calculated size (bp)  Genelocalization
1 361,657 16SrRNA, 23S-5SrRNA, 435,377 ureA, fucU, hopA, flaB, sodB
tsaA, [pp20
2 340,979 flaA, cagA, copA, gyrB 427,615 16STRNA, 23S-5SrRNA, flaA,
M. Hpyl, tsaA, Ipp20
3 211,595 ureA, flaB 397,668 23S-5SrRNA, fucT, cagA, pfr,
gyrB
4 137,024 23S-5SrRNA 245,518 16SrRNA, copA
5 122,233 fucT, pfr 74,479 hpaA
6 120,364 hopA 43,787 vacA, hopB
7 82,042 16STRNA 43,423 katA
8 76,944 hpaA
9 61,271 M. Hpyl
10 40,240 katA
1 36,497 fucU, sodB
12 25,610 hopB
13 22,902 vacA

14 4,473
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with the longest being 133 genes. The limited gene shuf-
fling observed is consistent with a low level of evolu-
tionary divergence within H. pylori [19].

The sizes of Notl restriction fragments were generat-
ed from the complete genomes of H. pylori J99 and
26695 (Table 2). H. pylori J99 has 14 Notl sites, com-
pared to 7 in 26695, which would provide a totally dif-
ferent PFGE restriction pattern. All seven of the 26695
Notl sites are also found in the corresponding ortho-
logues in J99. Nucleotide changes in orthologous genes,
which fail to affect the sequence of the encoded protein,
are responsible for 6 of the additional 7 Notl sitesin J99,
whereas the last difference is due to a single amino acid
change. When the positions of 20 representative genetic
loci were mapped to specific Notl fragments (Table 2),
few genes mapped to similar fragments. Given the gene
order similarity between H. pylori J99 and 26695, it ap-
pears that PFGE alone provides an over-estimated view
of macrodiversity in H. pylori, and any such results
should be viewed cautiously. Furthermore, of the ten or-
ganizational differences that were required to align the
orthologous genes from the two genomes [19], only the
two large inversions would have been detected with a
Notl restriction digest. However, these two inversions,
coupled with the additional Notl fragments introduced
due to minor nucleotide variations in the restriction sites,
provide a diverse picture of two genomes which have
85% of their genes preserved in the same genetic order.

Comparison of orthologous sequences
between H. pylori J99 and 26695

Comparative annotation of the two completed H. pylori
genomes predicts the functions of 877 (58.7%) and 898
(57.9%) genes for strain J99 and 26695, respectively,
and grouped them into a functional hierarchy (Table 3).
The remaining genes of unknown function are either
H. pylori-specific (343 and 364 for J99 and 26695, re-
spectively) or share similarity with other gene products
in the database (275 and 290 for J99 and 26695, respec-
tively).

Several H. pylori genes have been examined at the
nucleotide level among independent strains. Nucleotide
variation has been detected in the cagA, vacA, flaA, flaB,
cysS and ureC/glmM genes, as well as the thpA/B genes
from 1S605 [43, 60, 61, 62, 63]. This variation is oftenin
the range of 5-10%, and in many cases every isolate
possesses a unique seguence.

The extent of nucleotide variation for all the ortholog-
ous genes from H. pylori J99 and 26695 has been deter-
mined, and averages based on functional group designa-
tions are presented in Table 3. The average nucleotide
identity for all orthologues is 92.6%. However, the aver-
age nucleotide identity for the orthologues with a pre-
dicted function is higher, at 94.0%. The expected in-
crease in the predicted protein similarity due to ‘silent’
nucleotide changes is evident in both classes, being
93.4% and 95.4% for al the orthologous proteins and

those with a predicted function, respectively. Within the
genes that have been assigned a predicted function, the
genes (and corresponding proteins) predicted to be in-
volved in DNA restriction and modification display the
highest level of divergence with only 90.6% identity,
similar to those orthologues that have no predicted func-
tion (Table 3). The lower identity level among some of
the members in the DNA restriction/modification group
suggests that some of the pairs may not be true ortho-
logues but possess different DNA specificities. Of all the
designated groups the H. pylori-specific genes have the
lowest level of identity (Table 3). As a further measure
of divergence, the lengths of all the orthologous proteins
have also been compared. A total of 162 protein pairs
(19%) with a predicted function are different in length,
with an average difference of 13.9 residues (Table 3).
However, a few protein classes are responsible for the
majority of this divergence, including the three large
VacA homologues, the Vir homologues, DNA restric-
tion/modification enzymes, and the outer membrane pro-
teins (Table 3). Analysis of the length divergence in the
“metabolic” functional groups demonstrates that only 49
protein pairs (6%) differ in length, and these only by an
average of 3.6 residues. In contrast, the length diver-
gence of the proteins with no predicted function is an av-
erage of 29.4 residues and occurs in 28% of the genes,
with the H. pylori specific genes contributing the majori-
ty of the diversity (Table 3).

The level of nucleotide sequence variation and corre-
sponding protein variation seen between J99 and 26695
would provide the individuality that has been detected
with various fingerprinting methods such as PCR with
randomly amplified polymorphic DNA, PCR with am-
plification between repetitive DNA segments, and oligo-
fingerprinting. Analysis of 12 of the enzymes used in
multilocus enzyme electrophoresis studies [25, 26] (acid
phosphatase, diaphorase, valine-leucine peptidase [26]
and indophenol oxidase [25] were not unambiguously
identified in either J99 or 26695) demonstrates that the
average nucleotide and amino acid identities are 95.3%
and 97.4%, respectively (amino acid similarity 98.9%).
Moreover, al 12 enzymes are of identical length be-
tween the two strains.

Phenotypic diversity

Each of the two strains contains a set of specific genes
absent from the other genome (89 in J99 and 117 in
26695), of which almost one-half lie in the hypervariable
plasticity zone. Relatively few of these strain-specific
genes can be attributed a function (25 and 26 for J99 and
26695, respectively) with the majority (approx. 60%) in
both strains encoding DNA restriction/modification en-
zymes (Table 4). Several strain-specific genes encode
products that are likely to be able to alter the complexion
of the bacterial cell envelope and subsequently may alter
the interaction with the host immune system (Table 4). A
comparison of functionally attributed genes in these two
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Table 3 Sequence similarity of orthologous genes between two H. pylori strains

Functional group and subgroup Number of genesin Average identity Genes of different length
J99 26695 Both nt% aa% No. Av. diff. (aa)
Amino acid biosynthesis
Aromatic family 14 14 14 94.0 95.5 2 3
Aspartate family 14 14 14 94.8 96.1 1 5
General 6 6 6 94.5 96.3 1 1
Glutamate family 3 3 3 93.9 95.5 0 0
Pyruvate family 2 2 2 94.8 96.0 0 0
Serine family 5 5 5 93.8 96.0 0 0
Totals a4 a4 44 94.3 95.9 4 3
Biosynthesis of cofactors
Biotin 5 5 5 93.9 95.0 1 3
Folic acid 8 7 7 93.4b 92,90 20 6.5
Heme and porphyrin 10 10 10 94.0 94.7 2 2
M enaquinone and ubiquinone 5 5 5 94.6 95.7 0 0
Molybdopterin 8 8 8 91.8 91.5 2 45
Pantothenate 4 4 4 94.3 95.0 0 0
Pyridine nucleotides 3 3 3 93.8 95.7 0 0
Pyridoxine 3 3 3 94.3 96.6 0 0
Riboflavin 6 6 6 94.5 95.3 0 0
Thiamine 3 3 3 89.4 88.4 1 2
Thioredoxin, glutaredoxin, glutathione 5 5 5 95.7 98.4 0 0
Totals 60 59 59 93.6 94.4 8 39
Cell envelope
Membranes and porins 61 65¢ 60 92.6 934 28 24.1
Murein sacculus and peptidoglycan 16 16 16 93.9 95.2 3 10.7
Surface polysaccharides and antigens 41 40d 38 92.4 925 14 10.4
Surface structures 42 43¢ 42 93.6 95.7 7 17.6
Totals 160 164 156 92.9 93.9 52 18.8
Cellular processes
Cell division 9 9 9 94.2 96.2 3 4.7
Cell killing 5 6f 5 91.3 90.5 4 37.3
Chaperones 8 8 8 95.1 96.2 1 2
Detoxification 4 4 4 95.9 98.1 0 0
DNA transfer and Cag island 35 389 33 93.4 93.8 7 39.3
General 9 10 9 93.6 94.9 1 45
Phosphorus compounds 2 2 2 96.4 98.0 0 0
Polyamine biosynthesis 3 3 3 95.1 96.8 0 0
Protein and peptide secretionh 13 13 13 94.2 95.8 5 2.2
Insertion elements 2 14 0 i i i i
Urea 6 6 6 96.4 98.5 1 2
Total 9% 113 92 9.1 95.1 22 22.8
DNA replication
Totals 23 23 21 9.1 95.1 8 55
DNA restriction, modification, recombination and repair
Totals 67 68 51 90.6 90.6 25 21.1
Energy metabolism
Amino acids and amines 7 6 6 95.5 96.7 1 2
ATP-proton motive force interconversion 9 9 9 95.6 97.6 0 0
Electron transport 52 52 52 95.0 97.1 4 35
Entner-Doudoroff 2 2 2 94.7 97.1 0 0
Fermentation 4 4 3 92.6 93.9 3 3
Gluconeogenesis 10 10 10 95.3 97.1 0 0
Other 6 7 6 94.7 95.4 0 0
Pentose phosphate pathway 5 5 5 94.3 95.5 0 0
Sugars 1 1 1 95.8 98.5 0 0
TCA cycle 8 8 8 95.8 98.1 1 2
Totals 104 104 102 95.0 96.9 9 3
Fatty acid and phospholipid metabolism 28 29 28 95.0 96.6 3 37
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Table 3 (continued)

Functional group and subgroup

Number of genesin

Average identity Genes of different length

J99 26695 Both nt% aa% No. Av. diff. (aa)
Purines, pyrimidine, nucleoside and nucleotide biosynthesis
2'-Deoxyribonucleotide metabolism 4 4 4 95.5 98.4 0 0
Purine ribonucleotide biosynthesis 3 3 3 95.0 96.7 0 0
Pyrimidine ribonucleotide biosynthesis 11 11 11 95.0 96.6 0 0
Salvage and interconversion 13 13 13 94.9 96.3 0 0
Sugar-nucleotide biosynthesis and conversions 3 3 3 94.6 96.2 0 0
Totals 34 34 34 95.0 96.7 0 0
Regulatory functions
General 22 22k 21k 94.2 96.2 3 4.3
Chemotaxis and motility 10 10 10 94.7 96.8 2 6.5
Totals 32 32 31 94.4 96.4 5 52
Transcription
Degradation of RNA 3 3 3 94.4 94.8 0 0
DNA-dependent RNA polymerase 3 3 3 96.0 97.9 1 2
RNA processing 2 2 2 93.4 93.3 0 0
Transcription factors 5 5 5 96.5 98.9 0 0
Totals 13 13 13 95.4 96.9 1 2
Trangdlation
Amino acyl tRNA synthetases 21 21 21 94.4 95.7 4 35
Degradation of proteins and peptides 23 23 23 94.3 96.0 5 3
Nucleoproteins 2 2 2 94.0 95.4 0 0
Protein modification 5 5 5 94.6 97.1 0 0
Ribosomal proteins: synthesis and modification 55 55 55 95.8 98.3 2 4
Trandlation factors 12 12 12 95.5 97.8 2 3
tRNA modification 10 10 10 92.9 929 3 2.3
Totals 128 128 128 95.0 96.9 16 31
Transport and binding proteins
Amino acids, peptides and amines 18 18 18 94.8 97.0 2 2
Anions 4 4 4 94.9 96.2 0 0
Carbohydrates, alcohols and acids 6 6 6 94.4 96.7 1 11
Cations 26 26 26 94.5 96.6 4 5
General 33 32 32 94.3 96.4 2 45
Nucleosides, purines and pyrimidines 1 1 1 94.1 95.5 0 0
Totals 88 87 87 94.5 96.6 9 4.9
Conserved with no function 275 290 267 925 93.3 62 21.0
H. pylori specific with no function 343 364 288 88.4 87.3 95 34.9
Totals for predicted function 877 898 846 94.0 95.4 162 139
Total for no known function 618 654 555 904 90.2 157 294
Total 1495 1552 1401m 92.6 93.4 319 215

aRelative to the number of JHP genes

b Does not include JHP862 which represents a partial duplication
of the folE gene

¢ Includes eight HP genes which make up four JHP genes (73, 238,
851, 1138).

dncludes two HP genes which make up JHP86

e|ncludes two HP genes which make up JHP625

fIncludes two HP genes which make up JHP556

91ncludes four HP genes which make up JHP35 and JHP36

h Does not include the recently identified JHP1126A (HP1203A)
gene which displays similarity to the functionally required do-
mains of the E. coli SecE protein [64]. The secE gene and its pre-

strains has suggested that they would be physiologically
quite similar [64]. Importantly, the genomic locations of
the J99- or 26695-specific genes are very similar. In ap-
proximately one-half of the loci in which one strain con-
tains a specific gene(s), the other strain aso contains a

dicted protein display 95.5% and 96.6% identity, respectively, be-
tween the J99 and 26695 strains, and both proteins are 59 amino
acid residues in length

i See text; J99 has one 1S606 copy, while 26695 has two 1S606
copies and five 1S605 copies. The orthologous transposase genes
in 1S606 were not included in this analysis

I Includes two HP genes which make up JHP841

k Includes two HP genes which make up JHP151, J99 has two du-
plicate orthologues of HP1365

I'Includes an additional partial duplication of HP0818 in J99

m The 94 gene difference represents the 89 J99-specific genes,
three duplications and tnpA/tnpB from 1 S606

specific gene(s), with orthologous flanking genes [19],
suggesting that the H. pylori genome has limited regions
where these genes can be located. Other H. pylori strains
would be expected to contain their own set of *specific’
genes, possibly both in a plasticity zone and elsewhere
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Table 4 Distribution of H. py-

lori JO9 and 26695 strain spe- Annotation H. pylori J99 H. pylori 26695
cific genes ; o ;
H. pylori specific with no known function 56 69
Conserved hypothetical with no known function 8 22
Genes with predicted function (25)a (26)2
DNA restriction/modification 15 16
DNA replication 2 2
Cell envelope 4 2
Cellular processes 2 4
. . Energy metabolism 2 1
aThe total geneswith predicted Phos%kl\olipid metabolism 0 1
function are shown intheir pre- 1o girai n-specific genes 89 17

dicted functional groups

on the chromosome, and this has been shown experimen-
tally in an additional H. pylori strain using subtractive
hybridization [65].

Mechanisms of diversity generation in H. pylori

While not al the mechanisms of generating diversity in
H. pylori can be identified from the genome analyses,
there are several important features identified from the
comparison, and they can be separated into genetic and
antigenic diversity. Genetic diversity can arise from
within the H. pylori species or by acquisition of heterol-
ogous DNA from other species. There are several areas
of each H. pylori genome, including the plasticity zones,
the cagPAl, and several DNA restriction/modification
genes, which are of significantly different (G+C)% than
the remainder of the genome [19]. All of the ten organi-
zational differences which are required to align the or-
thologous genes from J99 and 26695 are associated with
either an insertion element, a strain-specific DNA re-
striction/modification gene, a repeat element, or a com-
bination of these.

The 1S605 element was first associated with a physi-
cal rearrangement of the cagPAl in strain NCTC11638
[28, 29]. The prevalence of this element is found in
H. pylori irrespective of the cag status of the strain and
is located, often in multiple copies, at various locations
on the chromosome [60]. While H. pylori 26695 contains
five complete copies of 1S605, strain J99 lacks a com-
plete copy [19]. Three of these elements are in the plas-
ticity zone of 26695, whereas the other two are located at
positions of organizational rearrangements between the
two strains [19]. Further, both strains contain | S605 frag-
ments containing the left and/or right dyadic repeats.
Both J99 and 26695 have complete copies of the related
element 1S606 [18, 19, 27], athough the single full copy
in JO9 is present in a different location than either of the
two copies in strain 26695, and none is associated with
any organizational differences. Both 1S606 transposase
genes (tnpA and tnpB) in J99 differ from their counter-
parts in 26695. The J99 tnpB gene, as with that of H. py-
lori strain 84-183 (GenBank U95957), lacks the truncat-
ing frameshift seen in both 26695 copies. In addition, the
J99 tnpA gene product is 74 codons shorter at the N-ter-
minal end than both 26695 copies and the copy in

84-183. There are five cases of coincidence in the loca-
tion of partial or complete copies of insertion elementsin
the two sequenced strains, suggesting either that certain
loci are more receptive to insertion sequences, or that
these elements are inherited from a common progenitor
strain. The J99, but not the 26695, sequence contains an
80-basepair fragment of an 1S606 element transposase
gene near the 31-basepair repeat on one side of the
cagPAIl and a 100-basepair fragment from another por-
tion of the same 1S606 gene near the other 31-basepair
repeat. One of these fragments is found at the same loca-
tion in strain NCTC11638. The location of these 1S606
transposase fragments, i.e., adjacent to the 31-basepair
repeats but proximal to the cagPAl genes, suggests that
the cagPAI originated by horizontal transfer into, or by
means of, an | S606-related element.

Both J99 and 26695 contain numerous strain-specific
DNA restriction and modification genes (Table 4), and
these are associated with four of the ten organizational
differences between the strains. Moreover, many of these
strain-specific genes have a lower (G+C)% DNA con-
tent, which may be consistent with them being acquired
horizontally from other species. The large number of
these genes present in H. pylori (approx. 3% of each ge-
nome), their maintenance in the genome, and their asso-
ciation with genomic rearrangements is consistent with
the proposal that these systems can act as selfish genetic
elements [66]. Moreover, the strain specificity of these
genes (and presumably the specificity of the recognition
sequences) could represent both a consequence of, and a
factor promoting, high levels of recombination between
shorter DNA segments, similar to that proposed by Milk-
man [67] for natural recombination in Escherichia coli.
There are also several repeated areas in the H. pylori ge-
nome apart from the IS elements, and intragenomic re-
combination between them could give rise to organiza-
tional differences. The gene content of independent iso-
lates is also a measure of genetic diversity, and this can
be influenced by plasmids, either self-replicating or inte-
grated into the chromosome. In support of this hypothe-
sis, the highly variable plasticity zone of the H. pylori
26695 genome contains DNA sequence essentially iden-
tical to that found on a plasmid in an independent isolate
[19].

Analysis of both completed H. pylori genomes indi-
cates that several enzymes in the DNA mismatch repair
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system are missing, such as MutL and MutH, suggesting
that H. pylori has less stringent control of replicative er-
rors. However, the absence of this system in other com-
pleted microbial genomes suggests that it is dispensable.
It remains a possibility that a less effective mismatch re-
pair system leads to the higher degree of nucleotide di-
vergence seen between H. pylori isolates than in other
species. However, alarge degree of the nucleotide varia-
tion does not affect the encoded proteins that are under
functionally selective constraints.

H. pylori is naturally competent for transformation in
vitro [68], which allows for uptake of DNA and subse-
guent recombination/integration into the chromosome.
Such exchange of genetic material has the ability to rap-
idly increase the level of genetic diversity by generating
new combinations of sequence polymorphisms. A recent
report [69] has provided the first evidence that recombi-
nation can occur in vivo, when genetic exchanges be-
tween two variants of H. pylori in a natural infection
were identified. Indeed, it has been shown, using several
genetic markers, that recombination in H. pylori is so
common that each locus has undergone extremely fre-
guent recombination and is in linkage equilibrium [44,
61]. Such promiscuous recombination among H. pylori
strains causes considerable diversity, especialy at the
nucleotide level, but it remains to be demonstrated
whether this phenomenon alows the pathogen to adapt
to and to cause different diseases in, individual hosts.
However, the apparent maintenance of geographically
separate clona groupings suggests that selection for cer-
tain alleles of particular genes exist.

The identification of homopolymeric tracts and dinu-
cleotide repeats (and in some cases, associated frame-
shifts) in several genesin the genomes of strains J99 and
26695 has led to the prediction that “slipped-strand re-
pair mechanisms’ modulate gene expression. Indeed,
differences in the length of these polymorphic regions
were first identified during the sequencing of the J99 ge-
nome [19] (Fig. 1A). Such a mechanism could be in-
volved in antigenic variation and adaptive evolution. Al-
most one-half of the genes containing these polymorphic
sites are involved in the composition of the outer cell en-
velope of H. pylori, and differential expression of these
genes would alter the appearance of the organism to the
host immune system (Fig. 1B). The best studied exam-
ples of this phenomenon are the fucosyltransferase
genes, involved in the final stages of lipopolysaccharide
biosynthesis. The two copies of the a-1,3 fucosyltrans-
ferase genes and the single copy of the a-1,2 fucosyl-
transferase gene in H. pylori are involved in the synthe-
sisof Lewis X and Y antigens of lipopolysaccharide, and
may contribute to antigenic mimicry and autoimmune
disease [9, 10]. Thereis along homopolymeric C tract in
the 5’ coding region of each of the four previously se-
quenced H. pylori a-1,3 fucosyltransferase genes [18,
70, 71] and in the central domain of the a-1,2 fucosyl-
transferase gene [72, 73]. The serotype of lipopolysac-
charide-phase variants of strain NCTC11637 and of sev-
eral clinical isolates is correlated with the varying length
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Fig. 1A,B Analysis of the H. pylori genes whose regulation may
be regulated by slipped-strand repair. A Large patterned bars the
number of genesin H. pylori J99 and 26695 with a particular type
of mono- or dinucleotide repeat. Three genes contained two sepa-
rate repeats [19], and in these cases both repeated areas were
counted. H. pylori 26695 lacks an orthologue of JHP820 (C re-
peat); asterisk total gene number for this strain (10). Height of
white box (within each patterned bar) the number of these genes
whose repeat length differ between the orthologues present in J99
and 26695; level of filling of white box the number of genes whose
repeats have been experimentally demonstrated to be polymorphic
during the sequencing of the J99 genome. B Large patterned bars
functional groups (as described in Table 3) of the genes that con-
tain the mono- or dinuclectide repeats. CE Cell envelope; HP H.
pylori specific with no function; RM DNA restriction/modifica-
tion, recombination and repair; C conserved with no function; RF
regulatory functions; T transport and binding proteins. H. pylori
26695 lacks an orthologue of JHP820; asterisk the total number of
Cell envelope genes for this strain (11). Height of solid box (within
each patterned bar) the number of orthologous genes whose pre-
dicted expression status (in-frame or out-of frame) are the same in
thetwo H. pylori strains, regardless of the number of repeats

of the homopolymeric tract and the resulting expression
status of these three fucosyltransferase genes [74]. In
both H. pylori J99 and 26695 the a-1,2 fucosyltransfer-
ase coding region appears prematurely terminated due to
the C string tract length, but is full length in strain
UAB02[73].

Five members of the large outer membrane protein
superfamily in both strains J99 and 26695 contain dinu-
cleotide CT repeats in the coding region for the signal
sequence (Fig. 1A). In each case the number of CT dinu-
cleotide repeats in the two strains differ, but the predict-
ed expression status is nevertheless unaffected [19].
Three of the genes are out of frame, and two, including
the Lewis babB adhesin [75], arein frame.



Clinical relevance of diversity in H. pylori infection

Infection with H. pylori causes a wide spectrum of dis-
ease in humans, and attempts have been made to estab-
lish a correlation between these and genetic diversity.
Although the presence of the cagPAI has been associated
with an increased risk of peptic ulcers or stomach can-
cers in some European populations, this association ap-
pears to not be consistent in all populations (see above).
Bacterial, host, and environmental factors can influence
the susceptibility to and the clinical outcome of H. pylori
infection, and since the discovery of VacA and the
cagPAl significant emphasis has been placed on the
identification of additional H. pylori factors that are in-
volved in the colonization and disease process, or that
can be correlated with various types of disease. From the
bacterial perspective, several “diversity” factors could
influence the outcome of infection.

Firstly, differences in gene expression could affect the
clinical outcome. However, J99 and 26695 each possess
only three identifiable o factors (only one of which, 04,
is known to be susceptible to environmental regulation),
six independent two-component response regulators, and
four transcriptional regulators with helix-turn-helix mo-
tifs, suggesting that regulation of gene expression in
H. pylori is simpler than other bacterial pathogens. How-
ever, there are a small number of biologically relevant
genes that are differentially expressed as a result of slip-
page in homopolymeric tracts or dinucleotide repeats.
This method of regulation could affect the ability of the
organism to colonize, persist, and produce disease. Fur-
thermore, there are nine type Il methyltransferases that
appear conserved between the two strains and yet lack an
identifiable restriction subunit partner, suggesting that
H. pylori uses methylation as a method of controlling
gene expression in a manner similar to that employed by
E. coli to regulate pilin expression [76]. Furthermore,
several genes in both strains possess one or more in-
frame trandational termination codons or frameshifts
that would likely inactivate the gene. The presence of
these ‘pseudogenes may represent either another meth-
od by which H. pylori can alter gene expression or sim-
ply unwanted genes undergoing genetic decay.

Secondly, the strain-specific genes are likely also to
play arole in the pathophysiology of the diseases caused
by H. pylori infection. The presence of the highly vari-
able gene content in the plasticity zone may play an im-
portant role in this regard, although, as with J99 and
26695, there would be strain-specific genes outside the
plasticity zone in other H. pylori strains. Although the
majority of strain-specific genes with a predicted func-
tion resemble restriction/modification enzymes that may
not directly participate in the disease process, there are a
significant number of strain-specific genes of unknown
function that may play a critical role in progression of
disease or chronicity of infection. None of the strain-spe-
cific genes, at least in the two strains whose genomes
have been sequenced, appear to have homologues known
to be virulence factors in other pathogenic bacteria. The
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carriage and/or integration of plasmids also represent an
important source of genetic material that may play a cru-
cia rolein genetic diversity and the outcome of the asso-
ciated disease.

Finally, the genomic comparison, together with accu-
mulating epidemiological evidence, suggests that host
factor(s) may play a significant, and perhaps unappreci-
ated, role in the susceptibility, severity, and outcome of a
H. pylori infection. Different mice strains display mark-
edly different susceptibility to H. pylori colonization and
to clinical outcome, for example, in the case of gastric
atrophy [77, 78]. There is also evidence of differencesin
susceptibility in certain human populations. For exam-
ple, in Singapore’s multiethnic Chinese, Malay and Indi-
an population the H. pylori seroprevalence in healthy
volunteers has been determined to be 79%, 13% and
34%, respectively [79]. In addition, the Malay subpopu-
lation exhibit a lower incidence rate of gastric cancer
among those infected [79]. These findings suggest either
a genetic predisposition or a socio-cultural difference be-
tween the various ethnic groups.

Concluding remarks

H. pylori appears unique among bacteria in terms of the
diversity it shows between strains, athough the level of
gene order diversity by PFGE appears to have been over-
estimated. As more intraspecies genomic comparisons are
made in the future, the level of alelic or nucleotide diver-
sity observed within H. pylori will be placed in better
perspective. An initial report comparing two Mycobacte-
rium tuberculosis strains suggests that a single nucleotide
polymorphism occurs approximately every 5 kb (0.02%)
[80], which is two to three orders of magnitude lower
than that observed in H. pylori. Years of passage of an or-
ganism can propagate mutations even within a single
strain. An example of thisis seen by a comparison of ap-
proximately 55 kb of DNA sequence from 12 indepen-
dent GenBank entries which used Pseudomonas aerugi-
nosa PAQL, alaboratory standard for over one-quarter of
a century, to the PAOL1 genome sequencing project cur-
rently being performed (www.pseudomonas.com) which
demonstrated a nucleotide divergence rate of 0.5%.
Therefore, given the chronicity of infection with H. pylori
and the potential rate of mutation combined with the pro-
miscuous recombination, care needs to be taken when de-
fining a ‘different strain’ as opposed to a quasi-species or
subtype. The understanding of the mechanisms of diversi-
ty generation together with future identification of specif-
ic genes that are correlated with specific diseases will
help elucidate the role of H. pylori in gastroduodenal dis-
ease. These mechanisms of generating diversity may also
found to be responsible, at least in part, for the ability of
H. pylori to survive and chronicaly persist in the harsh
gastric environment. H. pylori pathogenesis is clearly a
complex phenomenon, and the balance and interaction
between host and bacteria, or the impact of environmen-
tal factors, should not be overlooked.
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