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Abstract

Genomic sequences have been determined for a number
of strains of Helicobacter pylori (H pylori) and related
bacteria. With the development of microarray analysis
and the wide use of subtractive hybridization techniques,
comparative studies have been carried out with respect
to the interstrain differences between # py/ori and
inter-species differences in the genome of related
bacteria. It was found that the core genome of 4 pylori
constitutes 1111 genes that are determinants of the
species properties. A great pool of auxillary genes are
mainly from the categories of cag pathogenicity islands,
outer membrane proteins, restriction-modification
system and hypothetical proteins of unknown function.
Persistence of A pylori in the human stomach leads to
the diversification of the genome. Comparative genomics
suggest that a host jump has occurs from humans to
felines. Candidate genes specific for the development
of the gastric diseases were identified. With the aid of
proteomics, population genetics and other molecular
methods, future comparative genomic studies would
dramatically promote our understanding of the evolution,
pathogenesis and microbiology of A4 pyiori.
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INTRODUCTION
The gastric pathogen, Helicobacter pylori (H pylori), is a

member of the epsilon-bacteria. This microaerophilic,
Gram-negative bacterium colonizes the human
stomach!. It is estimated that over half of the human
population are infected by Hpj/orz'm. The infection
causes mucosal inflammation, atrophy, ulceration
and cancer™. Five strains of H pylori and a number
of related bacteria have been sequenced. Genomics,
evolutionary studies and population genetics have
advanced our understanding of this bacterium.

GENOMIC FEATURES

In 1997, H pylori strain 26695 was firstly sequencedm.
It was isolated from an English patient with chronic
gastritis. The chromosome of strain 26695 is circular
and composed of 1667867 base pairs. The average GC
content is approximately 39%. In the initial annotation,
it has 1590 open reading frames that are possibly
protein—codingm, in addition to the RNA coding genes
(2 copies of 16S rRNA and 23S rRNA genes, 36 tRNA
genes). Later analysis of the genome sequence suggested
a smaller number of ORFs in strain 26 695" The
ongoing studies have found genes that were neglected
in the initial analysis. A general secretion machinery is
widely present in bacteria, which functions in secretion
of outer membrane proteins from the inner membrane
and delivery of proteins to extracellular environments'”.
The initial annotation revealed a partial general secretion
machinery because it lacked SecE in 26695, A further
analysis of the genome sequences with GeneMark,
Glimmer and BlastX found a small open reading frame
between nusG and rmpG (HP1203-HP1204)™. Tt has
a high homology and structural similarity to the SecE
protein in related bacteria. Therefore, strain 26 695
has a complete general secretion machinery, which is
consistent with the fact that the bacterium is capable
of protein secretion. In addition, small RNA genes are
universally present in bacteria”. The tmRNA gene (ssrA4)
has been found in H pylori, which encodes a functional
RNA molecule and a small peptide that is involved in
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quality control of translation"”. In addition, H Pylori also
possesses a SRNA gene encoding the RNA component
of Rnase P and the 4.558 RNA gene which is involved in
secretion "%,

In 1999, strain J99 was sequenced which was isolated
from an American patient with a duodenal ulcer!®.
Compared to strain 26695, it has a slightly smaller
circular chromosome (1643831). The overall genomic
organization, gene order and predicted proteomes of
the sequenced strains are very similar. The predicted
open reading frames are less in strain J99, amounting to
1495. There are 1406 genes shared by both strains, but
86 open reading frames are absent from strain 26 695.
Both strains contain a complete cag pathogenicity island
that codes for a type IV secretion system which delivers
the CagA cytotoxin protein into gastric epithelial cells"”
Comparison of the two genomes reveals the occurrence
of translocation and inversion events. A 83 kb inversion
contains most of the strain specific genes. This region
was named a plasticity zone since it has a much lower
GC content (35%) than the rest of the genome.

In 2006, a chronic atrophic gastritis H pylori strain,
HPAG1, was sequencedm. It was isolated from an 80
year-old female patient who was enrolled in a Swedish
case-control study of gastric cancer'”. Similar to the
sequenced strains 26695 and J99, HPAGT is a type 1
strain that contains g4 and a virulent allele of vacA™.
The genome of HPAG1 (1596366 bp) is the smallest
in the three sequenced strains. A total of 1536 open
reading frames were predicted. Of these, 43 genes are
only present in HPAG1. Analysis revealed that 29 genes
that are found in both J99 and 26 695 were missing
from HPAGT. If genes in a strain are absent from
other strains, they are called strain-specific genes. The
comparison of three sequenced H pylori strains shows
that the majority of strain-specific genes are functionally
unknown. Another group of strain-specific genes is
composed of genes of the R-M system (restriction-
modification). They encode proteins involved in DNA
restriction or modification. Other strain-specific genes
include those encoding outer membrane proteins and ¢ag
proteins.

H pylori strain G27 was sequenced recently”. Tt was
" and has been
used widely in H pylori research. This strain is naturally
transformable! capable of delivering CagA into

epithelial cells in culture”?”, and capable of adapting to
1]

originally isolated from an Italian patient

variable environments

The G27 genome has a similar size to the other
three sequenced strains. It is 1652983 bp long and has
a GC content of 38.9%. 1515 open reading frames was
predicted. In addition, G27 also contains one 10032 bp
AT rich (65.2%) plasmid resembling that found in strain
HPAG1". The plasmid encodes 11 genes. In agreement
with the previous reportm, the ¢ag pathogenicity island
of G27 is disrupted by a transposon. This, however,
does not seem to interfere with any of the open reading
frames or to the delivery of CagA into host cells. Unlike
strain 26695, there is a single plasticity region in G27
which contains a large number of H pylori specific genes.

It is predicted that strain G27 has 58 genes that are not
found in 26695, ]99, or HPAGT.

The H pylori $hi470 genome has also been sequenced
by Washington University Medical School. It is 1.61
Million bp long and contains approximately 1609
predicted genes. The sequences are available on the
university website (http://hpyloti.ucsc.edu).

The finding of strain-specific genes from the
comparison of the sequenced strains is in agreement with
the earlier studies which demonstrated the high diversity
of the H pylori genomem'm. No identical strains of
H pylori have been found in their genetic types unless they
are isolated from a family™*), H Pylori has great mutation
and recombination capacities. Analysis of the genomic
sequences failed to identify a complete mismatch repair
system controlling the confidentiality of replication,
despite the presence of a homology of MutS™?. This
results in a high mutation rate of H pylori. Examination
of 29 clinical isolates revealed that approximately 1/4
of them had mutator phenotype with higher mutation
frequencies than Enterobacteriaceaec mismatch-repair
defective mutants”™. In another study, examination
of paired strains isolated from a patient at different
times suggested a mutation rate of 4.1 X 10”, which
1s comparable to that of E. co/i mutator”", H pylori is
naturally competent for transformation””, Nonrandomly
distributed repetitive sequences are found in the genome,
which leads to frequent recombination events™. The
recombination rate (recombination events starting at any
particular nucleotide) is estimated to be 6.9 x 10777,
High levels of recombination and mutation could explain
the observed genomic diversity in H pylori.

DETERMINATION OF THE CORE GENOME
OF H PYLORI

Inter-strain diversity, represented by variations in number
and contents of genes, chromosomal rearrangements
and allelic diversities, is not unique to H p)//m{%]. This has
been noted in a number of other bacterial species. For
H pylori, each strain contains many strain-specific genesm4J
It has been proposed that a particular bacterial species
contains a core set of genes and the auxiliary genes™.
The core genome contains genes that are present in all
or nearly all of the strains. It determines the properties
that are characteristic of the species. The auxiliary genes
are present in some of strains. They are determinants of
the biological properties unique to some of the strains.
Salama ez /™ firstly explored the core set of genes in
H pylori. A total of 15 strains of H pylori mainly isolated
from Western countries were examined using a microarray
method™. Tt was found that 1281 genes were common
to all the examined strains, therefore constituting the
core genome of H pylori. Considering the limited number
of strains examined and the fact that H pylori is highly
prevalent in human, could these genes represent the
actual core set of the H pylori species? Additionally, these
strains were only isolated from Western individuals. In
fact, molecular typing of global strains has found that
the modern population of H pylori divides into five major
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groups, hpEurope, HpAfrical, hpafrica2, hpEastAsia and
hpAsia2[39’4m. They are possibly derived from different
ancestral groups. Gressmann e/ al*" further examined 56
globally representative strains of H pylori. The number
of the genes in the core set of H pylori was diminished to
1150. The author concluded through a calculation that the
core genome of H pylori only consists of 1111 genes.

The auxiliary set of genes in H pylori amounts to
22%-27% of the genomem’m. In agreement with the
findings from the whole genome sequencing of H pylori
strains, the auxiliary genes consist of those coding
for functionally unknown proteins, cag protein, outer
membrane proteins and proteins of DNA metabolism!”.

Candidate genes specific for development of gastric
diseases.

The long term clinical outcomes of the H pylori
infection are diverse. The infected gastric mucosa may
develop inflammation, atrophy, intestinal metaplasia, ul-
ceration, cancer and MALT l}fmphoma[l’3’4]. Genes in the
auxiliary set are specific only for some strains. Do they
play roles in the determination of the final outcome of an
infected individual? H pylori broth culture filtrates cause
the formation of intracellular vacuoles in mammalian
cells™. The protein which has the vacuolation activity
was purified and named VacA (Vacuolating cytotoxin).
Despite of the universal presence of the »ac4 gene in
H pylori, some strains do not cause the vacuolation of
epithelial cells. This is attributed to the mosaic structure
of vaeA™. A signal region in the N-terminal and a mid
region of »acA are polymorphic. The signal region affects
the vacuolating activity of the cytotoxin: a 12 amino acid
extension on the s2 form blocks the activity, although not
all s1 forms have the cytotoxic activitym]. The mid region
is a determinant of the cell specificity of VacA™. There
are three vacA genotypes, s1/ml, s1/m2 and s2/m2 in H
pylori. The association of s1/ml strains with severe dis-
eases has been observed in some studies. A recent study
found an intermediate region (i-region) of zacA between
the signal region and the mid region that also contributes
to the levels of vacuolating actiVityHS]. The genotype il
was more frequently found in gastric cancer associated H
pylori than the 12, Strains possessing zacA i1 are strongly
associated with peptic ulcer™. Another protein has been
found to be co-present in almost all of the strains pos-
sessing the vacuolating activity!””. The protein was named
as cytotoxin-associated gene A (cagA) protein. The gene
is present in the majority of strains. Those possessing the
vacuolating activity and the CagA expression are called
type I strains, or virulent strains™. The presence of
¢cagA is generally the marker for a large DNA region called
cag pathogenicity island™. Proteins produced by the cag
island make up a type IV secretion system which delivers
CagA into the epithelial cells®™". The type IV secretion
system locates across the inner and outer membrane and
forms a pilus-like structure at the surface””"?. The Cagl.
protein is a specialized adhesin that is targeted to the pilus
surface®. Through an arginine-glycine-aspartate motif, it
binds to and activates integrin a5B1 receptor on gastric
epithelial cells. This interaction triggers CagA delivery into
target cells® and activation of Stc of gastric epithelial

5

cells™. Translocated CagA remains associated with the
host membrane and becomes tyrosine phosphorylated
on carboxyl-terminal repeat motifs (Glu-Pro-Ile-Tyr-
Ala, or EPTYA motifs)*" by members of the Src family
of protein tyrosine kinases such as c-Src, Fyn, Lyn, and
Yes®™, Phosphorylated CagA interacts with SHP-2",
which thereafter activates a number of phosphorylases
inducing alteration of signaling pathways. This alters the
spreading, migration, adhesion, polarity and cytoskeletal

structures of epithelial cells™®!

. A large European study,
demonstrated that cagA positive strains are significantly
associated with the development of gastric cancer™, The
cag island is thus an important determinant of the clinical
outcomes of the H pylori infection. Most H pylori strains,
and almost all in certain geographical locations, however,
are virulent (that is they expressing CagA and VacA ). Are
there any other genomic differences associated with the
clinical outcomes?

Comparison of the genomic contents of different
strains has found genes that are potentially disease-
specific. Peptic ulcer disease frequently occurs in humans
with severe, or even lethal complications. The disease may
also affect children. Oleastro ez @/ reported the study of
the genomic comparison of a H pylori strain isolated from
a child presenting with duodenal ulcer and a strain from
a sex and age matched child with gastritis. It was found
that genes jhp0562 and jhp0870 are more frequently seen
in children with peptic ulcer than in those with gastritis.
Both genes are located in the plasticity zone. Jhp0562
encodes a putative LPS glycosyltransferase involved in
LPS biosynthesis®”, whereas jhp0870 codes for an outer
membrane protein. LPS and outer membrane proteins play
roles in the induction of an inflammatory response from
the gastric mucosa®*"”. Whether jhp0562 and jhp0870
contribute to the development of ulceration in children
deserves further study. Other genomic comparison studies
have found that the ¢ag island and a 670 bp-long DNA
fragment that is partially homologous to the hymidylate
kinase gene are potentially associated with peptic ulcer
diseases'™. Gastric mucosa infected by H pylori develops
inflammation, and gradually become atrophic. Mucosal
atrophy is an important stage in stomach carcinogenesis.
A thorough examination of the genome of 6 strains from
atrophic gastritis found a set of 121 “ChAG-associated”
(ChAG, chronic atrophic gastritis) genesm’()()l. They are
universally present in these 6 strains but absent from
56 globally derived strains of H p]/0m{69]. Their putative
roles in the development of atrophy and promotion of
carcinogenesis are yet to be studied. Intestinal metaplasia
of gastric mucosa is a precancerous lesion. H pylori in the
patient with intestinal metaplasia is likely associated with
progression into gastric cancer. Comparison of a cancer
strain and a duodenal ulcer strain of H pylori found a novel
sequence named Clone P32 with homology to GepA in
Dichelobacter nodosus”™. Examination of strains from diverse
gastric diseases demonstrated that Clone P32 is inversely
associated with intestinal metaplasia. Gastric B cell
lymphoma of mucosa associated lymphoid tissue is highly
associated with the H pylori infection"'. Eradication of the
bacterium leads to the alleviation of the disease. Compating
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the genome of a strain from gastric B cell lymphoma
with that from gastritis revealed that jhp0950 encoding a
H pylori specific protein of unknown function was
potentially associated with the development of the
disease!!. It was present in about 3 quarters of strains
from gastric lymphoma, but only present in about
half of strains from gastritis, duodenal ulcer or gastric
adenocarcinoma. If other virulent factors were taken
into account, the odds of having gastric MZBL
among patients harbouring JHP950, ieA7 (coding for
a restriction enzyme), and sabA (coding for a major
adhesin) “on” strains were 10 times higher than for the
others™. Although these genes are specific for strains
from a specified disease, it is uncertain whether they are
pathogenic for a particular disease. Actually, different
gastric diseases greatly differ in a variety of environmental
factors that have potential impacts on the biological
behaviors and genetics of the bacterium. For example,
secretion of gastric acid is varied in different diseases'.
Therefore, further studies are required to say that a gene is
specific for the pathogenesis of a particular disease.

INTRA-HOST EVOLUTION OF THE
H PYLORI GENOME

It is believed that the H pylori infection is usually
acquired in childhood™. The bacterium is transmitted
from parents to their children with a bias of mother
to children transmission”"”. Once the infection is
established, the bacterium persists in the host for decades
unless eradicated with antibiotics. Transmission of
bacteria to a new host is a major barrier for bacterial
spreading, It may affect the bacterial genome contents.
Four healthy adults were experimentally infected with
H pylori. Examination of isolates form 15 d or 90 d
postinfection demonstrated that their genomic contents
were identical to the challenging strain'””, A similar result
was found in a study of experimental infected mice™,
These findings suggest that for H pylori, transmission
does not cause any alteration of the gene components of
the genome, or, in the other words, the establishment of
the H pylori infection does not require the involvement of
novel genes. Further evidence supporting this conclusion
comes from a study of the analysis of the strains from
a mother and her three children. Microarray analysis
demonstrated that the genomic contents of isolates from
the mother were identical to those from the children.
H pylori persists in the human stomach for decades,
probably from childhood. It may experience a variety
of ecological alterations, which may in turn have large
impacts on the genome of the organism. The output
of gastric acid alters with aging and with infection by
H pylori. Alterations of the constituents and the quantity
of the gastric mucus underneath which the bacterium
resides are observed during the course of the H pylori
infection. The gastric epithelial cells may undergo
metaplasia and changes in surface proteins, which affect
adhesion and the supply of nutrients. The gastric mucosa
may produce immune and inflammatory products against

the bacterium. The co-infection with other microbes
1s also frequent seen in the stomach. These alterations
may affect genomic contents of H pylori. Kraft ez al™
examined paired strains of H py/ori with respect to
their genomic contents using the microarray method.
Paired strains were isolated from the same patients at
an interval from 3 to 36 mo. Of 21 pairs of strains
examined, 4 pairs showed differences in their genomic
contents, suggesting the occurrence of evolutionary
events. These included a complete deletion and a partial
loss of the cag pathogenicity island, a replacement of
an open reading frame of unknown function with the
restriction-modification system HpyAIV, an acquisition
of 14 genes in the plasticity zone, a duplication of the
cenE genes (HP1561/HP1562) and a truncation of
tandem arranged ackAA and p7a genes resulting in the
formation of pseudogenes. A study has compared 2
pairs of strains obtained from the same patients at
an interval of 4 years[wl. The patients had progressed
from atrophic gastritis to cancer. Six genes were absent,
including 3 genes involved in DNA repair, an outer
membrane protein and two hypothetical proteins. Nine
genes were gained, including a ligase, a metalloprotease,
a tRNA formyltransferase, a putative ribonuclease, a
restriction enzyme and four hypothetical genes. The
comparison suggests that with the progression of the
atrophy to cancer, the bacterium may have a propensity
for losing its diversifying capacity. Findings from these
studies demonstrate that H pylori may acquire or lose
genes during the intra-host colonization™. The genes
involved fall into the same categories as the strain specific
genes. This was further supported by the results from
the comparison of the sequenced strain J99 with isolates
obtained 6 years later™". These comparative studies
of the H pylori genome draw a picture of the genomic
changes during the cycle of invasion, colonization and
transmission to a new host. It appears that invasion into
a new host has little effect on the gene composition of
the genome. This indicates that the current genome
of H pylori has sufficient capacities for permitting
bacterial invasion into a human host ot even into a host
of different species under experimental conditions.
Once the infection is established, the bacterium has to
cope with the dynamic changes of the ecology during
the long-term coexistence with the host. Genomic
diversifications, or gain and/or loss of genes, occur in
response to these changes. The diversifications involve
genes that are mainly those strain specific genes observed
from comparative studies of unrelated strains of
H pylori. Intra-host evolution of H pylori, thus, results in
the creation of a pool of genes that are generally needed
by some strains. This pool of genes can be considered as
the auxiliary set of genes of H pylori.

COMPARATIVE STUDIES OF H PYLORI
AND ITS RELATED BACTERIA

Since the isolation of H pylori, a number of closely
related bacteria have been identified, constituting a
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Species Helicobacter pylori H. acinonychis H. hepaticus W. succinogenes C. jejuni C. coli C. lari C. upsaliensis
Strain 26695 j99  HPAG1 Sheeba ATCC51449 DSM1740 NCTC11168 RM2228 RM2100 RM3195
Origin Clinical Clinical Clinical Felines Rodents Cattle Clinical ~ Chicken Clinical Clinical
Genome size (bp) 1667867 1643831 1596366 1553928 1799146 2110355 1641481
GC content (%) 39.0 39.0 - 38.2 359 48.5 30.5 31.3 29.6 34.5
Coding sequences
Predicted number 1590 1459 1536 1611 1875 2046 1634 1764 1554 1782
Coding area (%) 91.0 90.8 - 89.7 93.0 93.0 94.3 - - -
Average length (bp) 945 998 - 865 1082 964 948 - - -
Flexible genome pool
Plasmids None None  pHPAGI1 pHacl None None None pCC178 pCL46 pCU3, pCulll
Insertion elements  IS605, 1IS606 1S606 None ISHa1675, None ISWsu1302, None 1S605 - -

ISHa1942, ISWsu1203
ISHa1152
Genomic islands cag PAI cag PAI  cag PAI HacGI HHGI1  WSUGIIand II None - - -

. . 82,83
new bacterial genus named Helicobacter genus[ B3,

Bacteria within this genus have been shown to colonise
the gastrointestinal tract of mammals. Many of these
Helicobacter species are involved in the pathogenesis
of gastrointestinal diseases™™!. Phylogenetic analysis
has shown that the belicobacters can be separated into two
clusters™™. Gastric species that colonise the stomach
of mammals form a cluster. Species that inhabit the
intestine and biliary tracts cluster together to form
the enterohepatic cluster. In addition to H pylori, the
genome sequences have been determined for several
other helicobacters, including H. mustelae from ferret, H.
acinonychis from large felines (cheetahs, lions and tigers)[gsl,
H. hepaticns from mice which causes hepatomalgéj, and
Wolinella succinogenes from cattle™.

General genomic features of these belicobacters are listed
in Table 1, which also includes information for several
species of campylobacter™”". Of these related bacteria, the
size and GC content of H. acinonychis are most similar
to those of H pj/om{ss]. Comparison of 612 orthologues
that ate present in both H. acinonychis and H pylori found
that they differ at only few of their amino acids. The
Blast scores against H pylori of most coding sequences
in H. acinonychis are very high. These findings lead to the
conclusion that a host jump has occurred from human
to felines™. This event probably occurred 100000 years
ago. More studies are required to confirm this conclusion
considering that universally accepted criteria to identify
a host jump event are currently unavailable. The study
also found a set of fragmented genes and newly acquired
genes in H. acinonychis. These genes include a set of genes
encoding outer membrane proteins and a cluster of genes
encoding proteins for sialylation of bacterial surface
carbohydrates. It has been suggested that these genes
are probably beneficial for the bacterium to evade host
immune defenses™.

Information from comparative genomics has greatly
enhanced our understanding of the microbiology,
physiology, evolution and pathogenesis of H pylori.
Candidate genes specific for the development of the
gastric disease, particularly gastric cancer have been
identified. Considering the striking diversities in the

H pylori genome which are intensified by intra-host
evolution, further studies exploring these genes must
take account of them.
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