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THESIS ABSTRACT  

Helicobater pylori colonizes the human stomach and is the major cause of chronic active 
gastritis, peptic ulcer disease (PUD) and gastric carcinoma. Contrary to adults, the 
development of PUD in children occurs over a short period of time, suggesting that these 
strains are potentially more pathogenic, and hence could provide an excellent model for the 
research of novel bacterial virulence factors. 

Accordingly, comparative genomics between H. pylori strains isolated from two young 
children, one presenting PUD and the other non-ulcer dyspepsia (NUD), was carried out. Two 
putative virulence determinants were found to be significantly associated with PUD in 
children and with other H. pylori-virulence factors: jhp0562, involved in lipopolysaccharide 
biosynthesis, and homB, a putative outer membrane protein (OMP). Moreover, homB was 
also strongly associated with PUD in adults aged <40 years.  

The few studies concerning jhp0562 performed have not provided concrete conclusions 
regarding its role on virulence. 

Regarding HomB, its expression at the membrane level of H. pylori and its antigenicity in 
humans were shown, much like HomA, whose gene is 90% similar to homB, and is associated 
with NUD. In vitro assays showed that HomB contributes to the proinflammatory 
characteristics of H. pylori, and it is involved in bacterial adherence. Extensive sequence 
analysis suggests that homB and homA are regulated by gene duplication and phase variation. 
Both genes display allelic variation which is conserved worldwide, and for each gene a 
dominant allelic variant was observed. All of the alleles were expressed in vivo, suggesting 
their contribution to antigenic variation, and thus immune evasion. No association was found 
between any allele type and the clinical outcome.  

Overall, the results suggest that jhp0562 and homB are co-markers of H. pylori strains 
associated with PUD. homB is likely to be involved in H. pylori persistence and constitutes a 
novel putative virulence factor. 
 
Key-words: Helicobacter pylori; peptic ulcer disease; virulence genes; jhp0562; homB; 
homA. 
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RESUMO DA TESE 

A infecção por Helicobacter pylori é uma das infecções crónicas mais difundidas em todo 
o mundo, estimando-se que cerca de metade da população mundial esteja infectada. Embora 
na maioria dos casos a infecção seja assintomática, a sua associação etiológica com a gastrite, 
úlcera péptica (UP) (gástrica e duodenal), carcinoma gástrico e linfoma de MALT (mucosa-
associated lymphoid tissue) está bem documentada e é universalmente aceite.  

Em Portugal, os dados de prevalência disponíveis indicam uma taxa de infecção ainda 
muito elevada, oscilando entre 80% na população adulta e 40% na população pediátrica. Dada 
a sua associação com a patologia gástrica severa, a infecção por H. pylori persiste como um 
sério problema de saúde pública em Portugal. 

O desenvolvimento de doença gástrica depende de vários factores, dos quais se destacam 
factores de susceptibilidade genética do hospedeiro, factores ambientais e diferenças no 
conteúdo genómico das estirpes de H. pylori, nomeadamente no que se refere aos genes 
implicados na sua virulência. Até à data, diversos factores bacterianos foram identificados 
como estando envolvidos nos mecanismos de patogenicidade da bactéria. No entanto, nenhum 
marcador universal de virulência de H. pylori foi ainda estabelecido. Sabe-se que a 
cronicidade da infecção e o processo inflamatório a ela associada estão na base do 
desenvolvimento de patologias severas como a UP e o carcinoma gástrico. Assim, a 
identificação de factores bacterianos que contribuam para a persistência de H. pylori e para a 
resposta inflamatória é ainda um assunto premente.  

Contrariamente ao que é observado nos indivíduos adultos infectados com H. pylori, o 
desenvolvimento da UP na criança ocorre num período relativamente curto em relação à 
aquisição da infecção, o que sugere que as estirpes ulcerogénicas que infectam as crianças 
possam constituir um grupo de estirpes clínicas mais agressivas. Assim, a análise de estirpes 
de H. pylori isoladas de crianças com UP constitui um excelente modelo para a identificação 
de novos factores de virulência de H. pylori. 

De acordo com esta hipótese, o presente estudo teve como objectivo principal a pesquisa 
de novos genes de H. pylori implicados na sua virulência, nomeadamente de factores que 
contribuam para o desenvolvimento de UP, utilizando como modelo a doença ulcerosa péptica 
na criança. Para tal, procedeu-se à análise comparativa, por PCR-hibridação subtractiva, do 
genoma de 2 estirpes de H. pylori, uma isolada de uma criança, de 5 anos de idade, do sexo 
masculino, apresentando uma úlcera duodenal, e uma outra estirpe isolada de uma criança, da 
mesma idade e sexo, apresentando uma gastrite simples. Esta técnica permite isolar genes 
específicos de uma determinada estirpe bacteriana, relativamente às sequências comuns entre 
as 2 estirpes em estudo, que por sua vez são subtraídas e eliminadas. Neste estudo, foram 
identificadas 30 sequências específicas da estirpe ulcerogénica. A prevalência destas 
sequências foi testada, por PCR ou Dot-Blot, em estirpes de H. pylori isoladas de crianças e 
adultos, apresentando UP ou gastrite não-ulcerosa (GNU). Destas, foram significativamente 
associadas à UP na criança 2 sequências codificantes para proteínas putativas do envelope 
celular de H. pylori: jhp0562 que codifica para uma glicosiltransferase putativa envolvida na 
biossíntese do lipopolissacárido (LPS); e homB que codifica para uma proteína putativa da 
membrana externa (Outer Membrane Protein, OMP). Nenhuma das 30 sequências foi 
associada à UP nos adultos. Foi ainda desenvolvida uma técnica de PCR para pesquisa dos 
genes jhp0562 e homB em estirpes clínicas de H. pylori (Capítulo III). 

O objectivo seguinte do estudo centrou-se na avaliação da importância clínica dos novos 
factores de virulência putativos, de modo a compreender o seu papel na patogenicidade da 



Mónica Oleastro 

 - 5 - 

bactéria (Capítulo IV). Assim, explorou-se a associação previamente encontrada entre os 
genes jhp0562 e homB com a UP, através do estudo da sua distribuição numa colecção mais 
alargada de estirpes clínicas de H. pylori, isoladas de crianças e adultos, apresentando UP ou 
GNU, utilizando-se a metodologia de PCR anteriormente desenvolvida (Capítulo III). Nestas 
estirpes foi também avaliada a associação destes genes com outros determinantes de 
virulência de H. pylori. Procedeu-se ainda a uma análise molecular detalhada, de modo a 
avaliar o grau de polimorfismo dos mesmos em estirpes clínicas. Estudos de expressão 
genética, por transcrição reversa, foram igualmente efectuados.  

Ambos os genes jhp0562 e homB foram significativamente associados à UP em estirpes de 
crianças, corroborando os resultados anteriormente obtidos. Mais, o gene homB foi ainda 
associado a esta patologia em jovens adultos, com idade inferior a 40 anos. A presença destes 
genes foi ainda correlacionada com a presença de outros factores de virulência de H. pylori. 
Curiosamente, o gene homA, 90% semelhante a homB, foi associado à GNU e mostrou ser 
um marcador das estirpes menos patogénicas. A análise das sequências dos genes jhp0562, 
homB e homA revelou a presença de uma região codificante em todas as estirpes testadas, o 
que foi confirmado pelos estudos de expressão de RNA. Esta análise permitiu ainda 
determinar uma localização genómica constante destes genes, e verificar que homB e homA 
podem trocar de posição entre eles. Foi ainda determinado que no genoma das estirpes 
clínicas, os genes homB e homA podem estar presentes em cópia única ou em cópia dupla ( 2 
cópias do mesmo gene ou 1 cópia de cada gene). É de destacar que 2 cópias do gene homB foi 
o genótipo mais fortemente associado à UP, enquanto que 1 cópia do gene homA foi o 
genótipo significativamente mais prevalente em estirpes de gastrite.  

Tendo-se estabelecido que o gene homB codifica para uma OMP putativa associada à 
virulência de H. pylori, o trabalho posterior teve como objectivo um estudo mais aprofundado 
desta proteína de modo a compreender o seu papel nos mecanismos de patogenicidade da 
bactéria. A localização da proteína codificada pelo gene homB, HomB, à superfície da 
membrana externa de H. pylori, bem como o seu potencial carácter antigénico, foram 
avaliados por técnicas de proteómica. Para tal, foram preparadas e analisadas as fracções 
proteicas da membrana externa de uma estirpe selvagem e de uma estirpe mutante com o gene 
homB inactivado. A obtenção da estirpe mutante foi conseguida por inserção de uma cassete 
de resistência à Canamicina no gene homB, por transformação natural e recombinação 
homóloga. A comparação de ambas as fracções proteicas, separadas por electroforese 
bidimensional, levou à identificação, por espectrometria de massa, da proteína HomB, 
sugerindo que a mesma é expressa in vivo e é exportada para a membrana externa da bactéria. 
As fracções proteicas presentes nos géis bidimensionais das 2 estirpes, a selvagem e a 
mutante, foram transferidas para uma membrana e incubadas com 2 pools de soros, uma pool 
de soros de doentes com títulos de anticorpos anti-H. pylori positivos, e outra de soros de 
indivíduos não infectados. A proteína identificada como HomB mostrou ser reactiva com a 
pool de soros positivos, e não reagiu com a pool de soros negativos. Estes resultados foram 
confirmados por ensaios de Western-blot, utilizando-se uma proteína HomB recombinante 
como antigénio.  

Foi ainda investigada a contribuição da proteína HomB para as características 
proinflamatórias de H. pylori, bem como o seu envolvimento na aderência da bactéria à 
mucosa gástrica. Para tal, 7 pares de estirpes selvagens e mutantes homB, foram incubadas em 
co-cultura com células epiteliais gástricas humanas, para avaliar a indução da secreção in 
vitro da citoquina inflamatória, interleucina-8 (IL-8). Ensaios in vitro de adesão a células 
epiteliais gástricas foram também realizados. Demonstrou-se que a inactivação do gene homB 
levou a uma redução significativa da secreção de IL-8, bem como a uma diminuição 
significativa da capacidade de adesão da bactéria às células epiteliais. É de realçar que esta 
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diminuição foi ainda mais significativa quando as 2 cópias do gene homB, presentes na 
mesma estirpe, foram inactivadas (Capítulo IV).  

Globalmente, estes resultados são indicativos de que o gene homB é um novo marcador de 
virulência de H. pylori. Os estudos seguintes foram então focados neste gene e no seu 
parólogo homA (Capítulo V). Procedeu-se ao estudo da distribuição destes genes num painel 
de estirpes de H. pylori, isoladas de doentes provenientes de países ocidentais e orientais, 
apresentando diferentes patologias gástricas (GNU, UP e carcinoma gástrico), utilizando-se as 
técnicas de genotipagem previamente descritas (Capítulo III). Os resultados mostraram uma 
forte associação do gene homB com a UP nas estirpes Ocidentais, enquanto que o gene homA 
foi associado à GNU e carcinoma gástrico. Nas estirpes Orientais não foi possível estabelecer 
uma correlação com a doença gástrica. Independente da origem geográfica das estirpes, foi 
confirmada a associação previamente descrita entre o gene homB e os genótipos de virulência 
de H. pylori, e entre o gene homA e os genótipos menos virulentos. 

Neste painel de estirpes geograficamente diversificado, procedeu-se à determinação da 
sequência dos genes homB e homA, utilizando-se as técnicas de PCR anteriormente descritas 
(Capítulo IV). Uma análise molecular exaustiva destas sequências revelou diversidade ao 
nível da localização genómica e número de cópias dos genes homB e homA, entre as estirpes 
Ocidentais e Orientais, sugerindo uma adaptação específica a hospedeiros com características 
de genética populacional diferentes. Os resultados da análise genómica sugerem ainda que os 
genes homB e homA são regulados por mecanismos de duplicação genética e variação de fase. 
Foram ainda observados polimorfismos na região média dos genes, o que levou ao 
estabelecimento de variantes alélicas conservadas, tendo-se identificado 5 variantes em homB 
e 3 em homA. Ambos os genes apresentaram uma variante dominante, presente em mais de 
80% das estirpes, independentemente da sua proveniência geográfica. Os ensaios de Western-
blot mostraram que todas as variantes alélicas são expressas in vivo, embora nenhuma 
variante fosse associada a uma patologia gástrica particular. Estes resultados sugerem 
fortemente que os genes homB e homA contribuem para a persistência de H. pylori, 
nomeadamente na geração de variação antigénica, o que contribui para a evasão ao sistema 
imunitário do hospedeiro (Capítulo V). 

Uma análise bio-informática mais detalhada mostrou ainda que fenómenos de 
recombinação intra-genómica estão na base da diversidade alélica verificada para os genes 
homB e homA, nomeadamente, que as variantes alélicas mais comuns resultaram de 
recombinação entre os alelos mais raros. Este facto sugere que as variantes dominantes 
conferem uma vantagem biológica à bactéria (Capítulo VI).  

Em resumo, este estudo pretendeu contribuir para o conhecimento dos genes/mecanismos 
envolvidos na virulência de H. pylori. Os resultados sugerem que os genes jhp0562 e homB 
são co-marcadores de estirpes de H. pylori associadas à UP. A proteína HomB está envolvida 
na resposta inflamatória e na adesão da bactéria, constituindo um novo determinante de 
virulência de H. pylori. Ambas as OMP, codificadas pelos genes homB e homA, parecem 
estar envolvidas na mediação entre a bactéria e o hospedeiro, contribuindo para a persistência 
da infecção e, deste modo, para o desenvolvimento da doença gástrica.  

Estes novos genes poderão representar uma mais valia para o diagnóstico precoce da 
doença gástrica, permitindo identificar os indivíduos com maior risco de desenvolverem uma 
patologia gástrica severa. Finalmente, poderão constituir novos alvos para terapia 
anti-microbiana ou para o desenvolvimento de novas vacinas.  
 
Palavras-chave: Helicobacter pylori; úlcera péptica, genes de virulência; jhp0562; homB; 
homA. 
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LIST OF ABBREVIATIONS  

APC  antigen-presenting cell 

BMDC  bone marrow–derived cell 

cag PAI cag pathogenicity island 

CagA   cytotoxin-associated gene A 

DC  dendritic cell 

dupA   duodenal ulcer-promoting gene 

ELISA  Enzyme-linked immunosorbent assay 

iceA   induced by contact with epithelium 

IFN-γ   interferon-γ 

IL1RN  interleukin-1 receptor antagonist 

HP-NAP  H. pylori neutrophil activating protein 

IL-1β   interleukin-1β 

IL-6  interleukin-6 

IL-8  interleukin-8 

IL1RN  interleukin-1 receptor antagonist 

KatA   catalase  

Lea  Lewis a antigen 

Leb   Lewis b antigen 

Lex   Lewis x antigen 

Ley   Lewis y antigen 

sLex  Sialyl-Lewis x 

sLea  Sialyl-Lewis a 

LPS   lipopolysaccharide 

kbp   kilobase pairs 

kDa   kilodaltons 

MALT  mucosa-associated lymphoid tissue 

MHC  major histocompatibility complex  

NF-AT  nuclear factor of activated T cells 

NO  nitric oxide  

OMP   outer membrane protein 

ORF  open reading frame 
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PCR   polymerase chain reaction 

PFGE   pulsed-field gel electrophoresis  

PPI  proton pump inhibitor  

PUD  peptic ulcer disease 

RAPD  amplified polymorphic DNA 

RFLP   restriction fragment length polymorphism  

ROS   reactive oxygen species 

SabA   sialic acid binding adhesin 

SodB   superoxide dismutase 

T4SS  type IV secretion system 

Th1   type 1 helper T cells 

Th2   type 2 helper T cells 

TLR  toll-like receptors 

TNF-α  tumor Necrosis Factor-α 

Treg   regulatory T cells  

VacA   Vacuolating cytotoxin A 
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CHAPTER I –INTRODUCTION 
 
1. GENERAL CONSIDERATIONS REGARDING Helicobacter pylori 
1.1. Brief history of the discovery of Helicobacter pylori 

The first known reference to microorganisms which have since been identified as 
Helicobacter began before the turn of the XIXth century, with the description of 
“spirochaetes” in the gastric mucosa of animals, by Bizzozero in 1893, and Salomon in 
1896, in the stomach of cats and dogs [1, 2]. The first observation of spiral-shaped 
microorganisms in the human stomach was made in 1906 by Krienitz [3]. Since that time 
and until the eighties, several observations of these organisms were reported in gastric 
tissues, either from post-mortem individuals or from patients with peptic ulcer and gastric 
carcinoma [4, 5], although the culture of the organism was never achieved, and the 
microbiologists concluded that the human stomach was sterile. In the early 1980s, 
gastroenterologist Barry Marshall and his pathologist colleague, Robert Warren, found 
spiral-shaped bacteria in about half of the routine biopsies, obtained from patients attending 
the gastroenterology consultation, and their presence was closely associated with mucosal 
inflammation [6]. At the beginning, attempts to culture the bacteria failed, and the first 
bacterial culture from a gastric specimen was obtained accidentally, when the plates were 
left incubated for a longer time, during the Easter holiday. These results were first published 
in 1983 in the form of two letters to The Lancet, and it was the beginning of the Helicobacter 
era [6, 7]. The bacterium was first named Campylobacter pyloridis and it was found in all 
patients with duodenal ulcer and the majority of patients with gastric ulcer, so it was 
suggested that C. pyloridis could be an important factor in the development of peptic ulcer 
disease [8]. In an attempt to fulfil Koch’s postulates, Marshall himself ingested a culture of 
C. pyloridis and developed acute dyspeptic illness, and biopsies taken showed spiral-shaped 
bacteria in his inflamed gastric mucosa, proving the link between gastritis and C. pyloridis 
infection [9]. Moreover, his clinical situation was resolved with antibiotic therapy. Only after 
several clinical trials, including successful antibiotic treatments and clearance of the gastric 
disease associated, the scientific community finally accepted the causal role of C. pyloridis 
infection in the development of peptic ulcer disease. In 1987, the nomenclature of the 
organism was revised to Campylobacter pylori and only in 1989 a new genus, Helicobacter, 
was established, and the organism was then designated as Helicobacter pylori [10, 11].  

 

1.2. Microbiology 
1.2.1. Genus description and phylogeny 

The genus Helicobacter belongs to the Epsilon subdivision of the Proteobacteria, order 
Campylobacterales, family Helicobacteraceae [12, 13]. This family also includes the genera 
Wolinella, Flexispira, Sulfurimonas, Thiomicrospira, and Thiovulum. To date, the genus 
Helicobacter consists of over 20 recognized species, with many species awaiting formal 
recognition [14]. Members of the genus Helicobacter  are all microaerophilic organisms and 
in most cases are catalase and oxidase positive, and many species but not all are urease 
positive. 

Colonization of the stomach or intestinal tract with Helicobacter species is ubiquitous in 
the animal kingdom. These species can be subdivided into two major lineages, the gastric 
Helicobacter species and the enterohepatic (non-gastric) Helicobacter species. Both groups 
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demonstrate a high level of organ specificity, such that gastric Helicobacters in general are 
unable to colonize the intestine or liver, and vice versa (reviewed in [15].  

H. pylori displays the unique feature of colonizing the human gastric epithelium, and of 
non-human primates. It is usually localized in the less acidic antrum (lower part) region of 
the stomach, but colonizes also the corpus (mid part) region in conditions of low acid 
secretion (Figure 1). H. pylori survives the low pH in the stomach by producing high levels 
of the enzyme urease, which hydrolyzes urea into ammonia (NH3) and carbonic acid. 
Ammonia buffers the cytosolic and periplasmic pH, as well as the microenvironment 
immediately surrounding the bacteria [16]. H. pylori is localized beneath the mucus layer, at 
the surface of epithelial cells where part of the population can be attached, but the great 
majority of bacteria are motile, using the mucus pH for chemotactic orientation [17].  

 

 
 

Figure 1. Anatomy of the human stomach and localization of Helicobacter pylori. 
  Source: http://www.helico.com/ 
 

More recent data suggest that H. pylori can invade the gastric mucosal cells and be 
present within gastric epithelial cells and immunocytes. In addition, H. pylori can repopulate 
the extracellular environment after complete elimination of extracellular bacteria with 
antibiotics, suggesting it may be considered a facultative intracellular bacterium. This 
invasiveness can play a role in the persistence and pathogenicity of the bacterium (reviewed 
in [18]).  

1.2.2. Morphology 
H. pylori is a spiral-shaped, non-spore-forming Gram-negative rod, with a length of 2.5 to 

5 µm and a width of 0.5 to 1.0 µm, possessing 5 to 7 unipolar sheathed flagella [19]. The 
sheath most likely protects the polymeric filament core of the flagella from dissociation by 
low pH and from being recognized by the immune system [20]. The spiral morphology and 
the presence of flagella are essential for colonization of the gastric mucus [21]. Under 
physical or chemical stress conditions bacterial cells acquire a coccoidal form, a 
morphological change also observed in aged cultures [15]. Several studies suggest that the 
coccoidal forms of H. pylori maintain the cell structure, metabolism and gene expression 
[22-24], and are capable of colonizing the gastric mucosa and causing gastritis in mice [25]. 
Coccoidal forms may therefore play a role in the survival and eventually in the transmission 
of this organism. 
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1.2.3. Physiologic characteristics  
H. pylori is sensitive to oxygen and requires a microaerophilic atmosphere 

(approximately 5% O2 and 5-10% CO2), it has an optimal growth at 37ºC on a variety of rich 
agar bases supplemented with whole blood or serum (reviewed in [26]). H. pylori is a 
chemoorganotroph and has a respiratory type of metabolism, using oxygen as a terminal 
electron receptor. Initially it was thought that the bacterium was not able to catabolize 
sugars, but several data indicate that glucose oxidation occurs in H. pylori, and both the 
pentose-phosphate and the Entner-Doudoroff pathways were shown to be present [27-30]. 
Among others, H. pylori possesses catalase and oxidase activities and exhibits a strong 
urease activity, characteristics used for its presumptive identification [19].  

 

2. Clinical manifestations of Helicobacter pylori infection 
H. pylori colonizes the stomach of humans for years, inducing a chronic gastritis, which 

increases the risk of a wide spectrum of clinical outcomes in 10-20% of the infected persons. 
This wide spectrum ranges from peptic ulcer disease (PUD) to distal adenocarcinoma and 
gastric mucosal lympho-proliferative diseases such as mucosa-associated lymphoid tissue 
(MALT) lymphoma (Figure 2). 

H. pylori

Normal gastric mucosa

Acute H. pylori infection

Chronic H. pylori infection

Antral predominant
gastritis

Nonatrophic
pangastritis

Corpus predominant
atrophic gastritis

Duodenal ulcer

MALT lymphoma
Asymptomatic

H. pylori infection

Intestinal 
metaplasia

Dysplasia

Gastric ulcer

Gastric
adenocarcinoma

ACID PRODUCTION

A
G

E

H. pylori

Normal gastric mucosa

Acute H. pylori infection

Chronic H. pylori infection

Antral predominant
gastritis

Nonatrophic
pangastritis

Corpus predominant
atrophic gastritis

Duodenal ulcer

MALT lymphoma
Asymptomatic

H. pylori infection

Intestinal 
metaplasia

Dysplasia

Gastric ulcer

Gastric
adenocarcinoma

ACID PRODUCTION

A
G

E

 
 

Figure 2. Relationship of Helicobacter pylori induced gastric inflammation with 
variable disease outcomes. Adapted from [31]. 
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2.1. Gastritis 

A high percentage of individuals infected by H. pylori present complaints such as 
persistent abdominal pain, epigastric post-prandial pain, vomiting and indigestion. The 
histological analysis of the gastric biopsies of these individuals reveals the presence of 
gastritis [32]. The healthy, uninfected human stomach contains very few immune and 
inflammatory cells. Initial colonization by H. pylori results in an acute inflammatory 
response (acute gastritis), which is characterized by infiltration by neutrophils into the 
gastric mucosa [33]. The acute infection is also accompanied by transient hypochlorhydria, 
i.e. reduced gastric acidity. If these initial responses fail to clear the infection, there is a 
gradual accumulation of neutrophils, lymphocytes (T cells, CD4+ and CD8+, and B cells) 
and macrophages into the gastric mucosa. After a few weeks, there is a massive invasion of 
the tissue by immune and inflammatory cells, which is a characteristic histological picture of 
chronic active gastritis [34]. The continuous presence of H. pylori elicits a local mucosal IgA 
antibody response and a systemic humoral response, neither of which can eradicate the 
infection [35, 36]. Once established, the infection persists for the lifetime of the host if not 
eradicated with antibiotics. In some cases, it progresses to severe gastric diseases such as 
duodenal ulcer, gastric ulcer, gastric atrophy and gastric carcinoma. However, in the great 
majority of infected individuals the H. pylori-related chronic gastritis is asymptomatic. The 
pattern and distribution of gastritis correlate strongly with the risk of clinical sequelae. It is 
known that patients with high level acid secretion develop antral-predominant gastritis when 
infected with H. pylori, being more predisposed to duodenal ulcers, whereas patients with 
low acid production have a corpus-predominant gastritis and are more likely to develop 
gastric ulcers, gastric atrophy, intestinal metaplasia and ultimately gastric carcinoma 
(reviewed in [37-39]) (Figure 2). 

 

2.2. Duodenal Ulcer 
H. pylori is present in more than 95% of patients with duodenal ulcers and in more than 

80% of patients with gastric ulcer [40]. The most convincing evidence for a causal 
relationship between H. pylori and PUD is healing of the ulcer following antibiotic therapy 
[41-43]. Duodenal ulcers are often associated with excess gastric acid secretion [37]. In 
hypersecretor individuals, H. pylori infection results in an even greater acid secretion due to 
high gastrin levels, an important acid regulator, which leads to an increase in parietal cell 
mass, the acid-producing cells [44]. Hypersecretion of acid into the duodenum promotes 
development of gastric metaplasia, i.e. the presence of gastric-type mucus secreting cells in 
the surface epithelium of the duodenum. The appearance of gastric epithelial cells in the 
duodenum allows colonization by H. pylori, which will establish a chronic inflammatory 
response, duodenitis [45]. The inflammation process and bacterial effect on the epithelial 
cells render the duodenal mucosa sensitive to gastric acidity, thus predisposing it to 
ulceration. Eradicating the infection restores the normal control of acid secretion with 
induced secretion and duodenal acid load and thus cure of the ulcer disease (reviewed in [37-
39]).  

However, when considering the relationship between the incidence of duodenal ulcer and 
H. pylori infection, the prevalence of gastric metaplasia needs to be taken into account. 
Accordingly, it seems likely that in countries where there is a high rate of infection but a low 
incidence of duodenal ulcer, there will also be a low frequency of gastric metaplasia as a 
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consequence of the lower acid secretion observed in these populations (reviewed in [38, 
39]). 

 

2.3. Gastric ulcer 
In contrast to duodenal ulcers, gastric ulcers are associated with low acid secretion in 

addition to H. pylori infection [37, 46]. In individuals with normal or high acid secretion, 
H. pylori does not normally colonize the corpus because of the low pH, whereas in 
individuals with low acid secretion, the colonization will be more widespread throughout the 
stomach, leading to a more generalized gastritis, also involving the gastric corpus [47]. 
Colonization by H. pylori leads to continuing inflammatory cell infiltration, epithelial 
degeneration and increased exfoliation of the epithelial cells. This leads to impaired mucin 
and bicarbonate production, which compromises the mucus barrier and makes the tissue 
more susceptible to ulceration (reviewed in [37-39]). As with duodenal ulcers, the cure of 
gastric ulcer is also associated with eradication of H. pylori [48]. 

 
2.4. Gastric adenocarcinoma 

Individuals with low acid production combined with H. pylori infection, besides gastric 
ulcer, are also at a high risk of developing gastric adenocarcinoma. In fact, this pathology is 
a long-term consequence of H. pylori infection and can be considered as an end result of a 
multistep process leading from normal gastric mucosa via chronic gastritis to atrophic 
gastritis, intestinal metaplasia, dysplasia and finally carcinoma (Figure 3) [49]. Gastric 
carcinogenesis should be regarded as a multifactorial disease in which H. pylori, host genetic 
factors and environmental factors play a role (reviewed in [50]). 
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Figure 3. Sequential histological events induced by Helicobacter pylori infection in the 

progression to gastric adenocarcinoma. Adapted from [49]. 

 

Atrophic gastritis is defined as the gradual loss of gastric glandular tissue as a 
consequence of long-term mucosal damage, in particular due to chronic inflammation. The 
tissue destruction may involve progressive loss of all specialized mucosal cells including the 
acid-producing parietal cells, pepsinogen-producing cells and mucus-producing gland and 
foveolar cells. When these cell types are diminished, the protective mucus layer gradually 
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disappears and the acid secretion ceases. Such pathological changes increase the risk of 
gastric ulceration and the development of gastric adenocarcinoma, but they are protective 
against duodenal ulcers because acid secretion is lowered [51]. In parts of the stomach with 
atrophic gastritis, the cells of the mucosa layer, either of the superficial or the foveolar 
epithelium, tend to be replaced by an intestinal type epithelium which is known as intestinal 
metaplasia. These changes appear as a consequence of continuous regeneration of tissue and 
abnormal stimulation of growth during chronic inflammation. Both atrophic gastritis and 
intestinal metaplasia occur during long-term H. pylori infection and both are considered to 
be risk factors for the development of gastric cancer (reviewed in [38]). Gastric dysplasia is a 
precancerous lesion and in carcinogenesis it involves increased cell proliferation and altered 
tissue structure, and the high-grade type is almost always irreversible [52]. 

A number of epidemiologic investigations and studies in animal models have reported a 
positive association between H. pylori infection and distal gastric adenocarcinoma [53]. In 
1994, the International Agency for Research on Cancer (IARC), a World Health 
Organization agency included H. pylori as a group 1 carcinogen in humans [54]. The 
difference in prevalence of infection versus incidence in gastric cancer (0.1-1%) suggests a 
multifactorial etiology such as bacterial strains, host genotypes, and environmental 
conditions (reviewed in [53]). First, gastric cancer is strongly associated with a corpus 
predominant or pan-gastritis (affecting the whole stomach), which is more likely to occur in 
individuals with low acid secretion [55]. Individual differences in host responses are also 
very important and polymorphism in the proinflammatory cytokine interleukin-1β (IL-1β) 
was the first described host-related risk factor for H. pylori associated gastric cancer. IL-1β 
is a powerful inhibitor of gastric acid secretion, and individuals who are colonized by 
H. pylori and possess “high expression” alleles of IL-1β have an increased risk of developing 
hypochlorhydria, gastric atrophy and gastric adenocarcinoma [56]. Second, it has been 
recognized that some strains damage the mucosa at different degrees. H. pylori strains that 
carry the cag pathogenicity island (cag PAI) and the vacuolating cytotoxin gene (vacA) 
induce more severe gastric injury and increase the risk for developing gastric cancer [57-60]. 
Moreover, infection with certain strain types in the presence of genetic polymorphisms leads 
to a dramatic increase in the relative risk to develop gastric cancer [61, 62]. Thus, both host 
and bacterial factors, acting independently or in synergism, contribute to development of 
disease. Also various environmental factors such as high salt and nitrate intake and 
inadequate consumption of fruits and vegetables have been considered as risk factors for the 
development of gastric cancer. Given the role of H. pylori infection in the development of 
gastric cancer, the question of the eradication of the bacteria to prevent this disease has 
become a topic of controversy and several large-scale trials are ongoing (reviewed in [63]).  

Epithelial cancers are believed to originate from transformation of tissue stem cells. 
However, a recent study performed by Houghton et al. suggests that bone marrow–derived 
cells (BMDCs), which are frequently recruited to sites of tissue injury and inflammation, 
might also represent a potential source of malignancy. The authors used a mouse model of 
Helicobacter felis induced gastric cancer to address the role for BMDCs in the etiology of 
gastric cancer [64]. They showed that although acute injury, acute inflammation, and 
transient parietal cell loss in the stomach do not lead to BMDC recruitment, a chronic 
infection of C57BL/6 mice with H. felis, a known carcinogen, induces repopulation of the 

stomach with BMDCs. Subsequently, these cells progress through metaplasia and dysplasia 
to intraepithelial cancer. These findings suggest that epithelial cancers can originate from 
marrow-derived sources [64].  
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2.5. Gastric extranodal marginal zone B cell lymphoma of MALT-type  
The uninfected stomach has no MALT, so its acquisition depends upon infection with 

Helicobacter species, usually H. pylori. In fact, MALT can be acquired in the stomach in 
response to antigenic stimulation, frequently associated with chronic inflammation as a 
result of the presence of H. pylori [65]. This tissue will then transform into low-grade 
extranodal B cell lymphoma of MALT-type (MALT lymphoma), as a result of the 
uncontrolled polyclonal expansion of a subset of IgM memory B cells, eventually leading to 
the emergence of a monoclonal tumor [66]. The risk factors involved in the development of 
gastric MALT lymphoma are poorly defined. In contrast to strains associated with gastric 
carcinoma, the proinflammatory character of strains isolated from gastric MALT lymphoma 
does not seem to be involved in the occurrence of this pathology. In fact, most of the studies 
did not show an increased proportion of cag PAI positive strains related to this disease [67, 
68]. Nevertheless, the role of bacterial factors in the development of this lymphoma may be 
related to the fact that IgM memory cells are susceptible to the mitogenic effect of microbial 
products (reviewed in [69]).  

Several studies  point to the implication of H. pylori in the etiology of MALT lymphoma: 
analysis of surgical specimens of gastric lymphoma show H. pylori gastritis in 87.0–98.3% 
of the cases [70, 71] and antibiotic eradication of the bacteria results in complete remission 
in most patients at an early stage of the lymphoma [72-74]. 

 
2.6. Clinical manifestations in children  

The natural history of H. pylori infection in children has not yet been extensively studied, 
but there are several reports that infected children develop a chronic gastritis, localized 
especially in the gastric antrum, similar to adults [75-77]. The majority of the infected 
children remain asymptomatic, but the inflammatory response may result in an ulcerogenic 
process. Although the prevalence of the H. pylori-associated peptic ulcers in children is not 
clearly known, it is thought to be low, based on studies of large pediatric endoscopy units, 
which report an incidence of 5-9 new peptic ulcer cases per year ([78, 79]. H. pylori is a 
crucial factor in the pathogenesis of peptic ulcer, especially duodenal ulcer, since almost all 
children with this disease were positive for the bacterium [80]. The virulence profile of the 
infecting strain is an important determinant of the clinical outcome, although these 
conclusions are based on studies focused on adults. However, as with adults, the association 
of the H. pylori genotype and gastroduodenal disease in children is controversial. Although 
some studies claim that colonization with H. pylori strains considered to be virulent in adults 
does not correlate with the severity of endoscopic and histologic findings in children [81-
83], other studies show a higher prevalence of virulent genotypes in children with peptic 
ulcer than in children with gastritis only [84, 85], indicating possible geographical 
differences.  

Genetic factors are also implicated in the clinical outcome of H. pylori infection. Recent 
studies showed that the presence of the polymorphic allele 2 in the interleukin-1 receptor 
antagonist (IL1RN) gene increases the risk of duodenal ulcer by 2.5 times in children [86], 
while in adults it is associated with an increased risk of atrophy and intestinal metaplasia 
[87]. These differences may indicate different etiopathogenic mechanisms for peptic ulcer in 
children and adults. Other factors besides H. pylori infection, such as nonsteroidal 
anti-inflammatory drug use, physiologic stress and vascular insufficiency, may also be 
implicated in the development of peptic ulcer in children [88]. 
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Pre-neoplastic lesions, such as atrophy and metaplasia, are rarely seen in children, 
suggesting that a more prolonged period of infection is needed to establish these conditions 
[89, 90]. 

 

3. DIAGNOSIS AND TREATMENT OF Helicobacter pylori INFECTION  
3.1. Diagnosis of Helicobacter pylori infection 

Different invasive and non-invasive diagnostic tests are available for the diagnosis of H.  
pylori infection (reviewed in [91]). Invasive methods require an endoscopy and the 
collection of a gastric mucosal biopsy.  

The in vitro culture of H. pylori from a gastric biopsy specimen in a selective medium is 
one of the methods used to diagnose the infection. This method is becoming increasingly 
important in populations with a high prevalence of drug resistance, since it allows testing for 
susceptibility to antibiotics [92].  

The gastric biopsy collected during the endoscopy can be embedded in paraffin and 
further processed for histological evaluation. The modified Giemsa and Warthin-Starry 
stains are the most widely used coloration methods for the identification of H.  pylori [93]. 
Histology allows the identification of the microorganism, as well as the evaluation of the 
morphological parameters of the gastric mucosa. A total of five criteria (activity, 
inflammation, atrophy, intestinal metaplasia and the presence of H.  pylori infection) are 
studied and quantified as either mild, moderate or severe. Practical guidelines for 
comprehensive reporting of these parameters in gastric biopsies are provided by the updated 
Sydney System, which helps to generate reproducible and clinically useful diagnosis [94]. 

Molecular methods based on PCR (multiplex PCR, Real-Time PCR) can also be used for 
H.  pylori DNA detection directly on gastric biopsies, gastric juice, oral mucosa and fecal 
samples [95-97], as well as for determining virulence factors [98], macrolide [99] and 
tetracycline susceptibility [100]. 

The production of the enzyme urease by H.  pylori is the basis of several diagnostic tests. 
In the rapid urease tests, a biopsy specimen is placed in a solution containing urea. The 
presence of H.  pylori is detected by an increase in pH, due to the production of ammonia, 
indicated by a color change of the indicator dye in the solution [101]. The urea breath test is 
based on the principle that labelled urea, when swallowed, will be hydrolyzed by the H.  
pylori urease. The labelled carbon dioxide in expired breath is measured. One of the 
advantages of this non-invasive method is the detection of current active infection. 
Therefore, this method is indicated to confirm eradication early after treatment [92].  

Several serological tests are also used in H.  pylori diagnosis. Crude antigen preparations 
can be used, such as whole cell sonicates or even filtrates of culture supernatants [102, 103]. 
Enzyme-linked immunosorbent assay (ELISA) is the most commonly used method to 
measure anti-H. pylori antibodies in serum samples [104]. Another format of serological 
tests is the immunoblot, which consists of an electrophoretic separation of H.  pylori 
antigens followed by an electrical transfer of the separated proteins onto a nitrocellulose 
membrane. This test format has the advantage that the individual serological response to 
different antigens can be determined [105]. In addition to serum and whole blood tests, H.  
pylori antibodies can also be detected in urine, saliva and gastric juice. However, these tests 
have shown low sensitivities [92]. The major disadvantage of the serological tests is the 
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persistence of antibodies after eradication of the infection. Therefore, serology can be used 
as a diagnostic screening procedure but not routinely as a measure of current infection [106]. 

More recently, an antigen assay has been developed for the detection of H.  pylori 
antigens in stool specimens [104]. This non-invasive assay may be of interest for the 
diagnosis of infection in children [107].  

The choice of a diagnostic test for H. pylori depends on the characteristics of the test 
being used, its cost-effectiveness and clinical circumstances, and requires an appropriate 
validation in the target population [91].  

 

3.2. Treatment of Helicobacter pylori infection 
Several therapeutic regimens are available for the treatment of H. pylori infection. The 

main strategy is based on a triple therapy [108]. 

Triple therapy usually consists of a proton pump inhibitor (PPI), and two antibiotics; 
those most frequently used are metronidazole, amoxicillin and clarithromycin [108]. The 
quadruple therapy was developed by adding an anti-secretory agent (PPI or 
histidine-2-receptor antagonists) to a bismuth–based triple regimen, although in some 
countries this compound is not available [109]. Quadruple therapy is mostly used as a 
second-line treatment, in cases of triple therapy failure, since it has a higher cure rate [108]. 
However, this is a more complicated regimen, with a large number of tablets taken per day 
and for a longer duration, and it normally has more negative side effects [109].  

The European Helicobacter pylori Study Group consensus guidelines on the management 
of H. pylori strongly recommend eradication therapy for all H. pylori positive patients with 
PUD. Eradication can also be considered for H. pylori-positive patients with functional 
dyspepsia with no other known cause of symptoms, for patients with low grade MALT 
lymphoma and for those with gastritis with severe abnormalities such as atrophic gastritis. 
H. pylori eradication is also strongly recommended for patients who are first-degree relatives 
of gastric cancer patients [108].  

The success of therapy will depend on several factors, such as side effects, patient’s 
compliance and, most importantly, antimicrobial resistance (reviewed in [110, 111]). Ideally, 
the treatment choice should be guided by susceptibility testing of the infecting H. pylori 
strain. The widespread and uncontrolled use of antibiotics has contributed to the increase in 
the prevalence of resistant H. pylori strains. Several studies report that H. pylori resistance to 
the two most commonly used anti-H. pylori antibiotics, metronidazole and clarithromycin, is 
increasing worldwide [111-114].  

The occurrence of side effects due to aggressive and prolonged use of antibiotics can 
reduce the patient’s compliance to treatment regimens and also lead to the development of 
bacterial resistance. This has led to the development of alternative treatment options. 
Adjuvant therapies with probiotics, bovine lactoferrin and curcumin have been explored in 
recent years (reviewed in [115, 116].  

Attempts are being made to develop a vaccine against H. pylori. This could prevent the 
infection, eliminating compliance problems of antibiotic treatment regimens as well as 
decreasing strain resistance to antibiotics. There are some vaccine candidates, such as urease 
[117], catalase [118], and VacA and CagA cytotoxins [119]. However, none of these 
vaccines have showed satisfactory performances. More recently, other experimental vaccine 
strategies have become available, such as DNA vaccines. Immunization with eukaryotic 
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expression vectors containing DNA encoding target antigens results in protein expression in 
eukaryotic cells and generation of antigen-specific humoral and cellular responses (reviewed 
in [120]). 

 

4. HUMAN IMMUNE RESPONSE TO Helicobacter pylori INFECTION 
H. pylori infection persists in the gastric mucosa of human hosts for decades unless the 

bacterium is eradicated. During its long co-existence with humans, H. pylori has adapted 
itself via complex strategies to maintain an inflammation of the gastric epithelium while 
limiting the extent of the immune response in order to prevent its elimination, which include 
reduced recognition by immune sensors, downregulation of immune cells and escape from 
immune effectors (Figure 4). 

 

4.1. Innate immune response 
4.1.1. Innate immune response 
The innate immune system represents the “first line of defense” in the response to 

pathogens. The recognition of bacterial molecules is mediated by the Toll-like receptors 
(TLRs) expressed on antigen-presenting cells (APC). Bacterial contact with APCs leads to 
secretion of proinflammatory cytokines. Indeed, H. pylori infection has been shown to be 
associated with increased levels of proinflammatory cytokines, such as tumor necrosis 
factor-α (TNF-α),  IL-1β, interleukin-6 (IL-6) and interleukin-8 (IL-8) [121]. This 
immediate response promotes an inflammatory reaction characterized by the presence of 
polymorphonuclear cells, and also leads to mucosa injury because of the release of 
cytokines, reactive oxygen species (ROS) and nitric oxide (NO).  

4.1.2. Evasion of innate immune response 
Having arrived at the gastric epithelium, H. pylori must avoid the action of the effector 

cells of the innate response and, in particular, avoid the engulfment by phagocytes and the 
risk of being destroyed by ROS and NO produced by those cells. Several studies indicate 
that H. pylori is ingested by professional phagocytes but is more resistant to phagocytic 
killing than other Gram-negative bacteria. It has been shown that phagocytosis of H. pylori 
by macrophages is delayed and that viable bacteria accumulate in “megasomes” resulting 
from phagosome fusion [122]. Subsequently, H. pylori induces macrophage apoptosis, 
enabling the bacteria to escape [123]. It was shown that H. pylori strains lacking the 
virulence-associated genes, cag PAI and VacA, are more susceptible to phagocytic 
elimination [122, 124]. 

The H. pylori neutrophil activating protein (HP-NAP) induces oxidative burst, by 
activating neutrophils and monocytes to produce ROS [125, 126]. H. pylori avoids the 
negative effects of these species, via the action of its catalase and superoxide dismutase 
enzymes [127, 128]. NO is a key component of the innate immune system and an effective 
antimicrobial agent [129]. It was shown that H. pylori prevents NO production by host cells 
by producing the enzyme arginase [130].  

Another escape mechanism used by H. pylori is the weak recognition of some bacterial 
factors which are normally recognized by the host innate immune system. H. pylori LPS is 
considerably less active than that of Enterobacteriaceae and only weakly activates 
macrophages [131]. In addition, H. pylori LPS is not recognized by TLR4, the specific 
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recognition molecule of Gram-negative LPS [132]. It has been demonstrated that H. pylori 
possesses flagellin molecules which cannot be recognized by TLR5. Their unique flagellin 
sequences contain amino acid differences in the TLR5 recognition site that permit TLR5 
evasion, as well as compensatory mutations that preserve bacterial motility [133]. H. pylori 
also avoids recognition by TLR9, which is the receptor for the unmethylated CpG motif 
present in DNA from bacteria and viruses. Since H. pylori DNA shows a high rate of 
methylation, it can evade the recognition of its DNA by TLR9 [51].  

Dendritic cells (DCs) represent an important population of APCs found in the 
gastrointestinal mucosa. These cells express various TLRs able to recognize structures on 
pathogens. However, a study showed that activation of DCs is independent of H. pylori LPS 
[131], and  suggested that they are stimulated by cag PAI products. The subsequent IL-12 
production by these cells would then induce the Type 1 helper T cell (Th1) acquired immune 
response [134]. It has been reported that DCs also produce IL-10 moderately, a cytokine 
more typical of the Type 2 helper T cells (Th2) response, which may be important in the 
activation of the T regulatory (Treg) cells [135]. The Tregs can, in turn, suppress the 
memory T-cell response to H. pylori (discussed below in “Evasion of adaptive immune 
response”). Thus, in the context of H. pylori infection, DCs represent a bridge between the 
innate and adaptive immune responses. 

More recently, a new mechanism for bacterial escape from the innate immune system was 
described involving modifications of the bacterial cell wall peptidoglycan occurring during 
the morphological transition from spiral rod to coccoidal forms. It is known that H. pylori 
peptidoglycan is injected in host cells by a type IV secretion system (T4SS) and is 
recognized by Nod1, an intracellular pathogen-recognition molecule with specificity for 
Gram-negative peptidoglycan, which is essential for the inflammatory response by gastric 
epithelial cells [136]. The phenotype resulting from the morphological transition from spiral 
rod to coccoidal forms is not recognized by the Nod1 pathway, resulting in an impaired 
activation of NF-κB and abolished in vitro cytokine production by gastric epithelial cells 
[137]. Thus, the coccoidal forms might allow the bacteria to escape from the innate immune 
system and persist in the human stomach. 

 

4.2. Adaptive immune response 
4.2.1. Humoral response 

H. pylori induces both humoral and cellular immune responses. Both local and systemic 
antibody responses, which include IgA, IgG and IgM antibodies, have been demonstrated 
[35, 36]. However, several examples of the inefficacy of the antibody response in 
eliminating H. pylori can be found. For example, children in Gambia who were breastfed by 
mothers had high titers of specific anti-H. pylori IgA in their milk and were protected from 
infection for a longer period than children whose mothers had lower anti-H. pylori antibody 
titers. Accordingly, the authors postulated that specific antibodies in human milk passed 
from mother to child during breast feeding are protective against infection by H. pylori; 
however, most children were infected by 12 months of age [138]. Furthermore, people with 
an IgA deficiency have not been described as having an increased frequency of H. pylori 
infection compared to subjects with normal IgA levels [139]. Immunization against H. pylori 
could be induced in antibody deficient mice, also indicating that a humoral response is not 
essential to fightH. pylori [140]. 
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4.2.2. Cellular response 
Chronic active gastritis is associated with an increased CD4/CD8 T-cell ratio within the 

gastric mucosa, due to the accumulation of CD4+ T-helper lymphocytes [141]. Moreover, 
H. pylori-infected patients have increased interferon-γ (IFN-γ) producing T cells, which is 
consistent with a Th1 cytokine response. Indeed, mucosal T cells in H. pylori infection 
produce abundant levels of Th1 proinflammatory cytokines IL-12, IL-18 and TNF-α, and 
low levels of Th2 cytokines [141]. Thus, this immune response to H. pylori infection 
contributes to the chronic inflammation and consequent gastric epithelium damage, and at 
the same time is not fully protective, since infection persists for life. A more robust mucosal 
Th1 response has also been associated with progression to atrophic gastritis and gastric 
cancer, as confirmed by studies using animal models [142]. Interestingly, in Malt lymphoma, 
more Th2 cytokines are found (IL-4 and IL-10) [143]. 

4.2.3. Evasion of adaptive immune response 
Pathogens which are capable of causing chronic infection must also deal with the 

continual attack from the adaptive immune system. H. pylori has developed complex 
mechanisms to interfere with all levels of the adaptive response, from antigen presentation to 
antibody production. 

Despite a vigorous humoral immune response observed in H. pylori-infected individuals, 
bacteria are not eradicated. One of the reasons why H. pylori is not killed by antibodies may 
be due to the fact that the gastric mucus offers a protective niche in which bacteria exist and 
are relatively inaccessible to specific antibodies or their effector functions. Furthermore, the 
antigenicity of the infection may change due to shifts in the dominant strain within a mixed 
infection or by gene mutations that alter the structure of surface molecules. The H. pylori 
genome encodes a diverse repertoire of outer membrane proteins (OMP), displaying 
homology at the amino-terminal and the carboxy-terminal ends, which suggests that 
recombination events might lead to a mosaic organization of OMPs that could be the basis 
for antigenic variation [144]. Many of the OMPs also have their expression regulated by 
phase variation through slipped-strand mispairing [145]. Thus, the plasticity in the profile of 
H. pylori OMPs may provide a mechanism contributing to the immune evasion. Other 
H. pylori genes display phase variability, including genes associated with LPS biosynthesis 
[146, 147], flagella expression and motility [148], adaptation to acidic environments [149] 
and DNA restriction modification systems [150]. In the mouse model of gastric colonization, 
all of these classes of phase-variable genes have been shown to change their expression 
status over the course of the infection, indicating that they are important in the process of 
adaptation and colonization [151].  

Several H. pylori virulence factors have immune-modulatory activities. The VacA toxin 
has the ability to interfere with antigen presentation mediated by the class II major 
histocompatibility complex (MHC), as well as to block proliferation of T cells [152, 153]. 
The apoptotic death of T cells as a means of immune evasion was also described for 
H. pylori. The induction of apoptosis is restricted to strains bearing the cag PAI, and occurs 
through Fas-Fas ligand interactions [154]. The ability of the H. pylori cag PAI to induce 
apoptosis in monocytes, precursors of DCs, resulting in reduction of immature DCs, has also 
been reported as being involved in immune evasion [155]. More recently, it was 
demonstrated that another H. pylori factor, the gamma-glutamyl transpeptidase, is a novel 
immunosuppressive factor, which inhibits T-cell proliferation by induction of a cell cycle 
arrest in the G(1) phase [156]. 
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Recent studies suggest that Treg cells also play a role in H. pylori persistence, since they 
contribute to the equilibrium between the host and the bacterium. It was shown that 
H. pylori-specific CD4+ memory T-cell responses are reduced in infected versus uninfected 
individuals, and that CD4+ CD25+ high Treg cells suppress T-cell responses to H. pylori in 
infected individuals [157]. These results were corroborated by a study performed on a mouse 
model, showing the depletion of Tregs with anti-CD25 antibody increased gastritis, Th1 
response and proinflammatory cytokines, and decreased colonization. The authors suggested 
that Treg response contributes to H. pylori persistence but also limits inflammatory damage 
[158]. 

MHC class II in the epithelium is also considered to have a role in colonization and 
persistence of H. pylori by enhancing bacterial adherence. Since activation of MHC class II 
is regulated by inflammatory cytokines including TNF and IFN-γ, their expression is 
augmented due to the Th1 response to the infection. Thus, the type of inflammatory response 
triggered by H. pylori selects for increased binding and therefore contributes to colonization 
and persistence [159]. 
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Figure 4. Interplay between Helicobacter  pylori and the human immune system 

(Mechanisms used by H. pylori to evade innate and adaptive human immune 
response). Adapted from [31, 160]. 

 

5. EPIDEMIOLOGY AND TRANSMISSION OF Helicobacter pylori INFECTION 
H. pylori infection is a common bacterial infection among humans. Current knowledge 

suggests that acquisition of H. pylori occurs predominantly in childhood and a major role of 
intrafamilial spread is now well established. The main factors that place an individual in risk 
of acquiring H. pylori infection are inadequate sanitary practices, low social class and 
high-density living conditions. However, other variables such as geographic area and age are 
also significantly and independently associated with an increase in H. pylori prevalence 
(reviewed in [161]). The increase in prevalence with age is considered to be due to a birth 
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cohort effect, rather than late acquisition of infection, i.e. a progressive reduction of the 
infection rate in successive birth cohorts, which is a reflection of the improvements in 
general living conditions [162].  

The prevalence of H. pylori infection is markedly variable between developing and 
developed countries. In less developed countries the infection rate reaches almost 50% in 
very young children and more than 90% in adults, whereas in industrialized countries 
H. pylori infects 20-50% of adults, but has been declining over time [163, 164]. In Portugal, 
the prevalence of H. pylori infection is closer to the situation observed in developing 
countries than in developed ones, reaching 80% among the adult population and varying 
from approximately 20% in young children (less than 5 years old) to 50% in children aged 
between 10 and 15 years old [165, 166]. 

Several studies suggest that a direct person-to-person route is the most likely mode of 
transmission, either by oral-oral, gastric-oral or fecal-oral routes: the human stomach being 
the only well established reservoir of H. pylori; increased prevalence rates in 
institutionalized individuals [161]; transmission between family members [167, 168], 
especially from mother to child [169]; and acquisition of the infection at an early age [170]. 
The detection of H. pylori DNA in vomitus [161], saliva, dental plaque [171], gastric juice 
[172] and feces [173] also supports these modes of transmission, although the difficulty in 
distinguishing between living and dead organisms makes the pathogenic capacity of these 
biological products indeed controversial. Additional transmission routes, such as water or 
zoonotic transmission have been also proposed [174-176]. However, the narrow host range 
of H. pylori, which is found almost exclusively in humans and non-human primates, the 
extreme sensitivity of H. pylori to atmospheric oxygen pressure, lack of nutrients and 
temperatures outside the 34-40ºC range, make these two routes much less probable, playing 
some role only in developing countries [161]. 

 

6. GEOGRAPHIC VARIATION 
Phylogenetic analyses based on sequence comparisons show that distinct alleles of 

H. pylori genes exist in different geographical regions. Since H. pylori is transmitted mainly 
within families, it is likely that the geographic variations originate from H. pylori strains 
which have evolved over long periods in different geographical locations. The distinct allele 
types of H. pylori genes found in isolates from various regions are thought to reflect either 
the original founder population that was first introduced in the particular area, or the 
selection of antigenic or functional variants with growth and persistence advantages in a 
particular host population (reviewed in [177, 178]. By studying H. pylori sequence data from 
both housekeeping and virulence-associated genes from isolates from different geographical 
locations, East Asian strains were found to cluster – as did the alleles of African strains – 
whereas strains from Europe, America and Australia formed a heterogeneous third group 
[179]. Similarly, Kersulyte et al. analyzed more than 500 H. pylori strains from five 
continents and found that genetic subtypes based on variations in cag PAI, cagA and vacA 
clustered according to geographical origin. Interestingly, their study showed a genetic 
relatedness between South American Amerindian strains and Spanish strains, despite the 
closer genetic relatedness of Amerindian and Asian peoples. This led to the suggestion that 
Spanish Conquistadors brought the European strains to South America some 500 years ago 
[180]. The European influence is also supported by other studies, which demonstrate genetic 
clustering of babA (hopS) alleles from Spanish and Peruvian Amerindian isolates [181]. 
However, Ghose et al. showed that isolates from Venezuelan Amazonian Amerindians 
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carried East Asian genetic influence. The accumulation of mutations in the “Asian alleles” 
suggested that H. pylori accompanied humans when the ancestors of present day South 
American Amerindians migrated from Asia more than 11,000 years ago [182]. Similarly, 
Falush et al. used H. pylori geographic subdivisions to trace both modern and ancient human 
migrations. Based on their reconstruction of H. pylori history, they suggested that the 
migration routes are complex and that H. pylori was brought to the Americas both by ancient 
human migrations from Asia and by modern migrations from Africa and Europe [183]. 
However, the origin of the South American Amerindian H. pylori strains is still controversial 
(discussed in [184]).  

Thus it is clear that H. pylori strains from different geographic areas are associated with 
clear phylogeographic differentiation, however the age of an association between these 
bacteria with humans remains to be elucidated. Recently, Linz et al. showed that H. pylori, 
like humans, seems to have spread from East Africa around 58,000 years ago. Their results 
show that anatomically modern humans were already infected by H. pylori prior to their 
migrations from Africa and demonstrate that H. pylori has remained intimately associated 
with their human host populations ever since [185]. 

 

7. GENETIC DIVERSITY  
H. pylori displays one of the highest genomic variabilities known among bacteria, and it 

is so diverse that it is almost impossible to find two unrelated isolates with identical genomic 
profiles. This marked diversity may derive from genomic changes that occur during the 
lifelong association of the bacterium with its human host. Evidence of genetic diversity with 
respect to gene organization and nucleotide variability has been demonstrated by several 
fingerprinting methods such as pulsed-field gel electrophoresis (PFGE) [186], random 
amplified polymorphic DNA (RAPD) [187], restriction fragment length polymorphism 
(RFLP) [188], multilocus enzyme electrophoresis [189], and oligofingerprinting [190]. The 
sequence diversity even extends to the housekeeping genes. Moreover, direct comparison of 
the genomes of the two sequenced strains J99 and 26695 revealed that 6-7% of genes are 
strain-specific [191].  

There are several mechanisms conferring this diversity, of which the two most important 
are the high frequency of recombination and an elevated mutation rate. The recombination 
rate in H. pylori is higher than that of any other organism characterized to date [192, 193]. 

H. pylori is naturally competent for transformation, allowing uptake of DNA, 
chromosomal or plasmid, from neighboring H. pylori strains followed by recombination 
events for integration of the foreign DNA in the chromosome (reviewed in [194]). H. pylori 
is able to differentiate between homologous and heterologous DNA, and will not integrate 
DNA from other Helicobacter species or genera, the only exception being the successful 
transformation of H. pylori with DNA from its phylogenetically closest relative, according to 
16S RNA sequences, Helicobacter acinonychis, a species infecting large felines [15, 195]. 
The strain-specific methylation seems to influence the transformation efficiency of plasmid 
DNA [196], however the uptake of genomic DNA is unaffected by the methylation status 
[197]. The natural competence of H. pylori is mediated by the comB operon, which encodes 
homologous to the core components of a T4SS [198-200], but appears to work in the 
opposite direction, i.e. it translocates the DNA from the outside to the inside of the cell. 
Additional genes that are possibly involved in transformation competence include comH, 
coding for a putative exported protein necessary for DNA translocation [201], dprA, 
involved in the uptake of the DNA [202], comE3 required for DNA binding and uptake 
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during transformation [203] and the membrane-associated nuclease nucT [204]. Other genes 
such as HP0017, a virB4 homolog, and the open reading frames HP0015, HP1089, HP1424 
ad HP1473, were identified as transformation genes because their absence impairs or 
eliminates the transformation process, however, their specific roles are still unknown [194, 
198, 205].  

A result of the horizontal gene transfer is the existence of regions with G+C contents of 
35% (average G+C content of the H. pylori genome, 39%). Among these (there are eight in 
26695 and nine in J99), one is called “plasticity region” and encodes strain-specific genes. It 
is a large region of 45 kb in strain J99 and 68 kb in strain 26695, encoding 38 genes in J99, 
of which 33 are absent in 26695 [29, 191]. 

H. pylori has the capacity of conjugative plasmid transfer. Several studies support this 
hypothesis: observation of a DNase-resistant DNA transfer mechanism [206]; existence of 
plasmids carrying putative mobilization genes involved in conjugative transfer [207]; and 
identification of homologues of the traG and relaxase (rlx) in H. pylori chromosome which 
act independently of the three T4SSs of H. pylori [208]. 

Uptake of foreign DNA, by transformation or conjugation, and subsequent homologous 
recombination results in genetic diversity. The annotation of two genomes of H. pylori 
detected a limited number of genes with a predicted function in recombination and 
recombinational repair (reviewed in [194]). The recA gene, codes for the only known RecA 
recombinase in H. pylori with a key role in recombination [209]. With regard to 
recombinational repair systems, some pathways have also been identified in H. pylori 
(reviewed in [194]). 

Genetic recombination plays an important role in the adaptation of the organism to its 
environment. In the case of H. pylori, adaptation to its host during the long-term infection 
seems to result from genetic exchange between strains during mixed colonization [210-212]. 
A study performed using DNA microarrays to characterize clinical isolates obtained from the 
same patient 6 years after the first endoscopy showed that all isolates were related to the 
original, yet some strains had lost some genes but had also acquired others, suggesting 
recombination during a transient mixed colonization [211]. Evolution during disease 
progression has been also observed. A whole-genome genotyping approach by GeneChips 
showed both gain and loss of genes in isolates obtained after a 4 year time interval from an 
individual who progressed from chronic atrophic gastritis to gastric adenocarcinoma [213].  

The high frequency of recombination and the small size of the recombined fragments 
(around 417 bp) results in a mosaic gene structure [193]. Intragenomic recombination has 
also been reported to occur in H. pylori, especially between genes of the large family of 
paralogous OMP genes or between repetitive sequences, leading to variation in the absence 
of mixed colonization [144, 214, 215].  

Occurrence of point mutations is another mechanism of genetic diversity in H. pylori, 
involved for example in the development of antibiotic resistance [216]. It is possible that the 
high rate of mutation in H. pylori is due to a relative deficiency in DNA repair systems, since 
many of these systems appear to be absent in this organism (reviewed in [194]). 

Many genes identified in H. pylori contain sequence repeats (homopolymeric or 
dinucleotide repeats), namely genes encoding OMPs, components involved in LPS and DNA 
restriction/modification systems [29, 191]. These simple sequences are mutation hotspots, 
since frameshift mutations are easily generated at these sites due to slipped strand mispairing 
during DNA replication, providing a mechanism to regulate gene expression by turning 
genes “on” or “off” or affecting the promoter activity [217].  
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Major genomic rearrangements involving translocation, inversion, deletion or insertion or 
duplication of large fragments of DNA comprise another mechanism contributing to the 
genetic diversity in H. pylori. This mechanism seems to be associated with the presence of 
transposable elements such as insertion sequences and transposons, which are known to 
induce these rearrangements or which mediate recombination through segments of 
homologous sequences (reviewed in [218]). 

Finally, another mechanism of genetic diversity relies on the H. pylori specific 
restriction-modification systems exhibiting significant interstrain variation. Indeed, every 
clinical isolate is thought to have a unique set of type II restriction-modification systems, 
each of which consists of two enzymes, a restriction endonuclease for degrading foreigner 
DNA, and a methyltransferase for protecting endogenous DNA [219]. This diversity can 
contribute to differences in the competence of H. pylori strains towards natural 
transformation [220, 221]. 

 

8. VIRULENCE OF Helicobacter pylori 
Much research has focused on defining markers for strains associated with the 

development of more severe gastric diseaseand many putative virulence factors have been 
proposed. To date, the best known markers of H. pylori pathogenicity are the cagA, vacA 
and babA genes. 

 

8.1.Virulence factors  
8.1.1. cag Pathogenicity Island 
The cagA gene is a marker for the pathogenicity island cag PAI, which is a genomic 

region of ~40 kb containing 31 putative genes [222]. The G+C content of the cag PAI (35%) 
differs from the rest of the H. pylori chromosome (39%), suggesting that it was acquired 
horizontally [179, 191]. This pathogenicity island is integrated into the chromosomal 
glutamate racemase gene and is flanked by direct repeats of 31 bp [222]. The cag PAI can be 
found as a single uninterrupted unit or split into 2 segments, cagI and cagII, either by an 
insertion sequence IS605, or by a large piece of chromosomal DNA, and in some cases, it is 
partially deleted [222-224]. The cagA gene is commonly used as a marker for the entire cag 
locus, although the presence of cagA does not always signify the presence of an intact cag 
island [225, 226]. The cagA gene is present in 50-70% of Western isolates [227] and in 90% 
of strains isolated in East Asia [228], and has been statistically associated with duodenal 
ulceration and gastric carcinoma [227, 229-233]. 

An intact cag PAI encodes, besides the CagA protein, the components of a T4SS 
responsible for delivering CagA into the cytoplasm of the host cell, where it becomes 
tyrosine phosphorylated on specific sequence repeats (EPIYA), by the host cell tyrosine 
kinases [234-236].  

It was recently reported that the carboxy-terminal region of the CagA protein is 
polymorphic, especially when comparing Western and East Asian strains, and can exhibit a 
variable number of tyrosine phosphorylation motifs as well as distinct sequences flanking 
these motifs. In fact, this CagA diversity alters the degree of phosphorylation-dependent 
CagA activities and thus it constitutes one important variable in determining the biological 
activity of CagA and consequently the clinical outcome of the infection [237-239].  
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CagA interacts with intracellular signal transducers, deregulates their activities and elicits 
pathobiological actions. Phosphorylated CagA specifically binds to and deregulates a 
eukaryotic tyrosine phosphatase, SHP-2, and initiates changes in host cell signalling, 
coupled with the induction of the proinflammatory cytokine IL-8 [240-242]. It is known that 
SHP-2 is implicated in the regulation of cellular responses, including proliferation, 
morphogenesis and cell motility [243]. Consistent with this is the finding that CagA-positive 
bacteria, but not CagA-negative, induce a growth–factor-like phenotype, known as the 
“hummingbird”-like phenotype in host gastric cells. This phenotype is characterized by a 
dramatic cell spreading and elongation and is associated with increased cell motility. 
Inhibition of CagA tyrosine phosphorylation or disruption of the CagA-SHP-2 complex 
inhibits the induction of the “hummingbird” phenotype [237, 244]. Furthermore, 
phosphorylated CagA induces cortactin dephosphorylation affecting actin cytoskeletal 
rearrangement, which may also play a role in the induction of the “hummingbird” phenotype 
[245]. 

CagA also exhibits pathophysiologic activities that are independent of CagA tyrosine 
phosphorylation. Recently, it was shown that injected CagA targets host cell intercellular 
junctions which leads to disruption of epithelial junction-mediated functions and dysplastic 
changes in epithelial cell morphology, alterations that have been shown to play a role in 
carcinogenesis [246, 247]. Thus, the signalling events induced by CagA that alter cellular 
functions might explain why cag PAI-positive isolates are associated with severe 
gastroduodenal pathology, including the promotion of gastric carcinoma.  

Mutations in several genes of the cag PAI interfere with CagA tyrosine phosphorylation 
and induction of IL-8 secretion [222]. A complete mutagenesis of the cag PAI showed that 
most of the genes are involved in assembly and arrangement of the secretory apparatus, more 
specifically 17 out of 27 genes were found to be essential for translocation of CagA into host 
cells, and 14 out 27 for the ability of H. pylori to induce transcription of IL-8 [248, 249]. 
Among these genes, cagE, cagG and cagM have also been considered as good markers for 
the presence of the cag PAI, and may be useful for genotyping this locus in clinical strains 
[250, 251]. 

IL-8 is the major chemokine that causes the infiltration of neutrophils to the infection site, 
resulting in a strong inflammatory response in the gastric mucosa [32, 252]. 
H. pylori-induced IL-8 secretion is dependent upon activation of the nuclear factor-kB 
(NF-kB), a transcription factor localized in the cytoplasm, and of the cell signalling 
molecules mitogen-activated protein kinases and the activator protein-1 [253-255]. The 
levels of IL-8 are directly related to the severity of the gastritis [256]. Thus, carriage of 
cagA-positive strains augments mucosal IL-8 expression in vivo and such increases are 
directly related to the more severe inflammatory response induced by these strains [257]. 

8.1.2. VacA 

The vacA gene, coding for the VacA toxin, is considered to be an important virulence 
factor in H. pylori, since it displays multiple host cellular effects and is associated with 
gastroduodenal ulcer and gastric adenocarcinoma (reviewed in [258]). In vitro, VacA protein 
is secreted by the bacteria either as monomers or as oligomers that contain six or seven 
copies of the 88 kDa protein. The mature VacA cytotoxin exhibits the structure of an A-B 
toxin with N-terminal (p37) and C-terminal (p58) polypeptides separated by an exposed 
protease-sensitive loop (P) [258]. When exposed to low pH, the VacA oligomers dissociate 
into monomers that bind to epithelial cells, with the p58 acting as the host cell 
receptor-binding domain, and form flower-shaped anion-selective channels [259, 260]. 
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Membrane-associated VacA can be endocytosed, and accumulate in late endosomes where 
vacuoles originate [261], or can be translocated across the plasma membrane into the cytosol 
where it exerts its action [262].  

The VacA protein was originally identified based on its capacity to cause vacuolation in 
several cultured human cell lines [263]. After initial binding, VacA inserts into the plasma 
membrane, forming anion-selective channels. The toxin is internalized by endocytosis and 
forms a pore located in a membrane-delimited vacuole. These vacuoles contain both late 
endosomal and lysosomal markers and appear to result from successive fusion between 
internal membranes with the limiting membrane of late endosomal compartments [264]. The 
influx of anions alters the permeability of the vacuoles, eventually leading to water flux and 
vesicle swelling, thus forming the large vacuoles characteristic of VacA activity. The p34 
subdomain is considered to be the enzymatically active part of VacA, which becomes 
exposed to the host cell cytosol and influences the regulation of endosome-endosome fusion 
[265]. Host cell vacuolation may slowly lead to the eventual death of primary human gastric 
epithelial cells [266]. It is not known if this process reflects events occurring in vivo, 
although animal work clearly points to a loss of epithelial cells [267].  

VacA has recently been implicated as a H. pylori factor capable of inducing apoptosis 
both in vivo and in vitro [268-270]. Intracellular expression of VacA in HeLa cells or the 
application of purified toxin to HeLa monolayers has been reported to induce the release of 
cytochrome c from the intermembrane space of mitochondria, suggesting that VacA-induced 
apoptosis occurs via a mitochondria-dependent pathway [268]. Both cellular vacuolation and 
mitochondrial c release are dependent on anion-selective membrane channel formation 
[271].  

It has also been suggested that VacA blocks proliferation of T cells efficiently via two 
different mechanisms: i) formation of anion-selective channels, which causes membrane 
depolarization, preventing Ca2+ influx from the extracellular milieu; as a consequence, the 
key transcription factor NF-AT (nuclear factor of activated T cells) is not translocated to the 
nucleus and is not able to activate key cytokines [153, 272]; ii) the other mechanism is 
independent of VacA channel-forming capacity, and occurs via the induction of the 
phosphorylation of a subset of protein substrates with a consequent cascade of 
phosphorylation/activation events leading to the GTPase Rac activation and to a 
reorganization of the actin cytoskeleton, which could inhibit T cell activation and division 
[153]. In this context, a study also showed that VacA partially mimicked the activity of 
immunosuppressive drugs possibly by inducing a local immune suppression [272]. VacA 
also exerts a local immunosuppressive activity by interfering with the process of antigen 
presentation in B cells, through the inhibition of the correct proteolytic processing of 
internalized antigens and presentation of the resulting peptides by MHC, which takes place 
in prelysosomal compartments [152]. 

Similar to CagA, VacA seems to be implicated in the loosening of tight junctions in 
monolayers of polarized epithelial cells, increasing the permeability of the host cells [273]. 
Recently, Boncristiano et al. has demonstrated that VacA promotes the expression of the 
proinflammatory enzyme COX-2 in T cells, neutrophils and macrophages [153]. The finding 
that VacA activates mast cells to produce proinflammatory cytokines such as TNF-α and 
IL-6 also points to the proinflammatory activity of VacA [274]. 

In addition to direct damage to gastric epithelial cells, VacA is thought to contribute to 
the capacity of H. pylori to colonize and persist in the human gastric mucosa, allowing the 
passage of important nutrients. In fact, VacA increases the permeability of polarized 
epithelial cells to low molecular weight molecules and ions [273], and forms channels in the 
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plasma membrane, allowing the release of important nutrients, such as urea [275]. The 
moderate proinflammatory activity of VacA may also promote the release of nutrients from 
the damaged tissues. On the other hand, the local immunosuppressive activity of VacA may 
help H. pylori to prevent an effective immune response leading to chronic colonization of its 
gastric niche.  

The structure of the vacA gene and the secretion and proteolytic processing of the VacA 
protein are characteristic of a family of autotransporter proteins secreted by Gram-negative 
bacteria [276-279]. The vacA gene is present in all H. pylori strains, although there are 
differences in expression levels [263, 280]. The vacA gene is composed of 3 regions with 
allelic diversity: the signal (s) region (allele types s1a, s1b, s1c or s2), the middle (m) region 
(allele types m1 or m2) [281], and an intermediate (i) region (i1 or i2) recently described 
[282]. The s1type  produces a fully active cytotoxin, whereas s2type  produces a toxin with a 
hydrophilic N-terminal extension that blocks vacuolating and pore-forming activities [283]. 
The middle region of vacA encodes the part of the toxin which confers cell specificity, and 
the m2 type induces formation of vacuoles in fewer cell lines than the m1 type [284]. Strains 
possessing the s1/m1 type of vacA therefore show an enhanced cytotoxic activity compared 
to s1/m2 and s2/m2, and are epidemiologically associated with PUD and gastric carcinoma 
[227, 285]. The vacA i-region was also found to be an important determinant of H. pylori 
toxicity [282]. 

8.1.3. IceA 
The iceA gene (induced by contact with epithelium), showing homology to a putative 

bacterial restriction enzyme, displays two allelic variants, iceA1 and iceA2, and the iceA1 
type has been associated with peptic ulcer [227, 286]. The exact function of iceA1 is not 
clear, but it shows homology to a type II restriction endonuclease from Neisseria lactamica. 
The expression of iceA1 is upregulated by contact between H. pylori and human epithelial 
cells [286]. The function of iceA2 is unknown. 

8.1.4. DupA 
More recently, a novel virulence factor, dupA (duodenal ulcer-promoting gene), a 

homologue of VirB4 ATPase, was described [287]. The VirB4 ATPase is contained within 
T4SS, and their function is typically to provide energy for the correct assembly of the 
secretion apparatus or the delivery of the effector proteins.  

In strain J99, dupA corresponds to two contiguous open reading frames (ORF), 
jhp0917-jhp0918, localized in the plasticity region, while in the other H. pylori strains these 
two ORFs form a contiguous reading frame, due to the existence of an additional base (C or 
T after position 1385 in the 3’ region of jhp0917). The dupA has been correlated with an 
increased risk for duodenal ulcer and a reduced risk for gastric carcinoma. In vitro studies in 
gastric epithelial cells using dupA-deleted and -complemented mutants showed that dupA 
plays a role in IL-8 secretion, in activation of transcription factors responsible for IL-8 
promoter activity, and in increased survivability at low pH. It remains, however, to be 
elucidated whether there is a relation between dupA and type IV secretion, since in the 
plasticity region of strain J99 no other genes coding for putative components of a T4SS were 
found. 

8.1.5. LPS  
The lipopolysaccharide (LPS) is essential for bacterial survival and, similar to other 

Gram-negative bacteria, the cell envelope of H. pylori contains LPS, also termed endotoxin. 
LPS consists of an O-specific polysaccharide chain, a core oligosaccharide, and a lipid part 
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called lipid A, embedded in the outer membrane. LPS is often highly toxic for the host, but 
H. pylori LPS is low in activation of the host immunological responses [288]. 

The O-antigen of H. pylori LPS contains different human Lewis antigens, including 
Lewis x (Lex), Lewis y (Ley), Lewis a (Lea) and Lewis b (Leb), which are also expressed on 
gastric epithelial cells [289]. Thus, a potential biological role for bacterial Lewis antigens 
would be molecular mimicry, allowing H. pylori to escape host immune defense 
mechanisms [290]. Another potential consequence of H. pylori Lewis expression would be 
the induction of a gastric autoimmune response by inducing pathogenic anti-Lex antibodies 
that bind to its LPS and also to gastric epithelium, enhancing gastric inflammation and injury 
[291]. H. pylori Lewis antigens may also play a role in adherence to gastric epithelial cells, 
and since they undergo phase variation, through length variation of polytracts in the genes 
encoding the fucosyltransferases, this would provide the bacteria with a dynamic adherent 
phenotype [292, 293]. More recent data however indicate that Lewis antigens seem to only 
have a limited role in this propertie, overcome by the strong adherence phenotype mediated 
by H. pylori adhesins [293, 294]. Moreover, Lewis antigen expression appears to be 
involved in the internalization of H. pylori by the gastric epithelium [295], which could 
potentially affect the innate immune response.  

8.1.6. HP-NAP  
The infiltration of neutrophils and mononuclear inflammatory cells within the 

H. pylori-infected stomach mucosa is a common finding, and the degree of mucosal damage 
correlates with neutrophil infiltration. As a consequence, leukocytes may be responsible for 
the tissue damage seen during H. pylori infection [296]. The HP-NAP has been shown to 
induce adherence of neutrophils to endothelial cells in culture and has thus been suggested to 
play an important role in activation and recruitment of neutrophils from the bloodstream to 
the infected tissue [125]. The HP-NAP protein is also chemotactic for human leukocytes and 
has been described to induce oxidative burst [125, 126]. Recently, it was shown that 
HP-NAP is capable of crossing epithelial monolayers and of inducing the activation of the 
underlying mast cells [297]. These data support the idea that HP-NAP plays an important 
role in the in vivo triggering and maintaining of the inflammatory events observed during 
H. pylori infection. Once released from the bacterium, HP-NAP would cross the stomach 
epithelial layer, reaching the underlying tissue where mast cells reside. The subsequent 
activation of mast cells by HP-NAP with the release of the proinflammatory cytokine IL-6 is 
known to recruit monocytes and neutrophils. Thus, HP-NAP acts at different stages of the 
inflammatory response by activating mast cells and additionally by acting directly on 
neutrophils and monocytes [298]. The stimulation of the neutrophil attack might be to obtain 
nutrients from damaged cells due to inflammation, allowing the bacteria to survive in a poor 
nutrient environment. In addition, HP-NAP expression is controlled by factors involved in 
iron uptake [299]. Hence, this protein might be involved in iron acquisition by the bacterium. 
It has been hypothesized that HP-NAP displays functions which are necessary for the 
survival of the bacteria and that the host responds to this bacterial factor by mounting a 
neutrophil attack. HP-NAP has been shown to be immunogenic in mice and humans [126].  

 

8.2. Helicobacter pylori outer membrane proteins 
Bacterial surface proteins mediate important pathogen-host interactions that are essential 

for colonization, adherence, survival and virulence of the pathogens. They may be 
implicated in transport of molecules across the bacterial membranes, adherence to host 
tissue, and escape from host immune responses. Analysis of the genome sequences of strains 
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J99 and 26695 revealed the presence of a large family of genes encoding H. pylori OMPs 
that represent approximately 4% of each strain’s coding regions [29, 191]. Five OMP gene 
paralogous families were identified, containing between 3 and 33 members which vary in 
length between 27 to 135 kDa (family 1, Hop and Hor; family 2, Hof; family 3, Hom; family 
4, FecA and Frp; family 5, Hef) [300] (Figure 5). 

Within the major H. pylori OMP family (family 1), there are 21 members that contain 
both the N-terminal and the C-terminal conserved motifs, and these proteins are called the 
Hop proteins (for H. pylori OMP). The other 11 members do not contain the N-terminal 
motif and are therefore called the Hor (Hop-related) sub-family [300]. The conserved 
C-terminal region of these proteins contains alternating hydrophobic and hydrophilic amino 
acids, which have been predicted to form membrane-spanning β strands [29, 301]. Within 
family 1, the highly conserved regions could have similar structures and functions, such as 
integration of the proteins into the outer membrane or protein-protein interactions with other 
family members. On the other hand, the sequence in the variable domain that differs between 
members of the OMP family could encode unique functions such as the ability to act as 
adhesins or porins [300]. Some members of the major family, HopA to HopE, exhibit 
N-terminal sequence homology and have been shown to function as porins [302], with two, 
HopB (AlpB) and HopC (AlpA), also acting as adhesins for gastric epithelial cells [303]. 
Four other OMPs have been identified as involved in adherence: BabA (HopS) [304], SabA 
(HopP) [305], HopZ [306] and OipA (HopH) [307] (discussed below in “H. pylori 
adherence”).  

Family 2, the hof family (for H. pylori OMP family), contains eight members displaying a 
high level of amino acid similarity (>95%) [300].  

Within family 3, the hom family (for H. pylori OMP), there are three members in 
H. pylori strain 26695 (HomA, HomC and HomD), whereas H. pylori J99 contains an 
additional strain-specific member (HomB). All of these members have conserved N and 
C-terminal domains, while the central domain of the molecule displays significant 
variability. The J99 strain-specific member of this paralogous family, JHP870 (HomB) is 
90% identical to JHP649 (HomA), with all of the differences being confined to the central 
domain (residues 147 to 344), suggesting that the presence of the homB gene may have 
resulted from a relatively recent gene duplication. The corresponding locus occupied by 
homB in the H. pylori J99 genome is occupied by an intergenic space in the H. pylori 26695 
genome, with the flanking genes being orthologs. Interestingly, this intergenic space 
contains a stretch of 219 nucleotides which displays 96.8% identity to the jhp0870 gene 
[300]. The presence of this DNA in H. pylori 26695 at this genomic location strongly 
suggests that a jhp0870 ortholog once existed in this strain. No specific function of any 
member of these two families is known.  

The fourth family (FecA and FrpB) displays homology with the iron-regulated OMPs 
from other bacteria, and comprises 2 sub-families with three members each, the FecA-like 
proteins and FrpB-like proteins, due to their similarity with the ferric citrate receptor of 
Escherichia coli and to a major iron-regulated OMP in Neisseria species, respectively [300].  

Both sequenced H. pylori strains J99 and 26695 contain three clusters encoding 
homologues of efflux systems, each including an OMP component [308]. The three 
members of H. pylori, HefA, HefD and HefG, are highly conserved, sharing >92% amino 
acid identity [300]. 
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Figure 5. Phylogenetic tree of the 5 gene paralogous families of Helicobacter pylori 
reference strain J99. Gene sequences were obtained from the NCBI database. The 
neighbor-joining phylogenetic tree of the nucleotide alignments was constructed using the 
MEGA (Molecular Evolutionary Genetics Analysis) 3.1 software [309], on the basis of 
distances estimated using a Kimura two-parameter model [310]. The branch length index is 
represented below the tree. 

 

Gram-negative bacterial OMP mediate the interaction with the surrounding environment. 
Thus, variability in expression of these proteins with subsequent alterations in the bacterial 
surface may play a role in the colonization and persistence of the H. pylori infection and 
therefore in the severity of the associated disease. Several mechanisms for generating 
diversity at the level of OMP expression have been identified in H. pylori, and include i) 
gene duplication, ii) regulation by phase variation, iii) allelic diversity and iv) the presence 
of strain-specific OMP genes. 
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i) Gene duplication: Sequence analysis revealed that some hop genes are present in 
duplicate copies within the same strain. Strains 26695 and J99 both contain three pairs of 
duplicated hop genes, hopJ/hopK, hopM/hopN and hopS(babA)/hopT(babB) which are also 
present in the great majority of clinical isolates [300, 304]. The presence of duplicated hop 
genes may indicate ongoing evolutionary processes where genes duplicate, by intragenomic 
recombination, and then accumulate mutations to gradually diverge into genes encoding new 
and functionally distinct Hop entities. This is probably similar to the processes that once 
generated the entire Hop family. Also, hop gene duplications have been suggested to 
represent a means of regulating expression of proteins for adaptation to changes in 
inflammation and host response during inflammation (discussed below in “BabA”) [214, 
300].  

ii) Regulation by phase variation: Some of the hop genes such as babB [311], sabA and 
sabB [305], hopZ [306] and oipA [312] contain CT-dinucleotide repeats in their 5´ coding 
region and are most likely regulated by phase variation. During DNA replication, mispairing 
of complementary bases at the site of an existing tandem repeat can occur, which leads to 
strand slippage resulting in the addition or deletion of CT units. Changes in the number of 
repeats can cause the addition or removal of premature stop codons, and thus on/off phase 
shift in protein expression [217]. The bacterial population never “knows” what 
environmental challenges it will encounter, and on/off phase variations of several OMPs will 
provide it with a survival advantage, like dynamic adherence properties and antigenic 
variation [145, 214] (discussed below in “BabA” and “SabA”). The generation of surface 
structure diversity by phase variation is a common feature in several bacterial species and 
has been shown to contribute to antigenic variation and virulence during infection (reviewed 
in [313]). 

iii) Allelic variation: Several H. pylori genes encoding OMP display allelic variation, as is 
the case of babA, babB [314], hopQ [315] and hopZ [306]. In all of these cases, a conserved 
profile of gene segmentation is observed, with the variable region occurring in the middle 
region of these genes, and with the existence of at least two highly conserved allelic variants. 
For example, two distinct families of hopQ alleles have been found and designated as type I 
or type II. Although the specific function of the HopQ protein is unknown, type I hopQ 
alleles were found significantly more frequently in cag PAI+/vacAs1 strains from patients 
with PUD than in cag PAI-negative strains from patients with no ulcer disease. Based on 
these results, hopQ alleles could provide useful markers for identification of ulcerogenic 
H. pylori strains [315]. For babA and babB, five and three different alleles were described, 
respectively; however, none of these variants was related either to cagA and vacA genotypes 
or to the ability of the strain to bind to its specific receptor [314]. 

iv) Presence of strain-specific OMP genes: Some H. pylori strains contain strain-specific 
OMP genes, such as hopU and homB, which may reflect an adaptive advantage during the 
evolution of host-parasite interaction [300]. 

 

8.3. Helicobacter pylori adherence 
In the human stomach, the vast majority of H. pylori cells are found motile in the mucus 

layer lining, which protects the epithelial cells from the acidity of the stomach lumen. Only 
part of the bacterial population is found adherent to the epithelial cell surfaces. Nevertheless, 
adherence to the gastric epithelium is considered to be important for the ability of H. pylori 
to colonize and cause disease. Intimate attachment to the host cells would facilitate: 1) 
colonization, by preventing the bacteria from being eliminated from the stomach by mucus 
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turnover and gastric peristalsis, 2) efficient delivery of toxic proteins such as CagA and 
VacA from the bacteria to the host cell, and 3) gain of nutrients which are released from cells 
that are damaged by the inflammation. Therefore, bacteria with better adherence properties 
would colonize the host at higher densities. In line with this, there is a study showing that the 
intensity of gastric Leb antigen, the BabA receptor, could be correlated to the density of 
H. pylori in the gastric mucosa of Taiwanese patients [316]. However, intimate adherence 
can be dangerous for H. pylori since it will also stimulate the host immune response and 
expose the bacteria to high levels of bactericidal compounds [61, 317]. Thus, regulation of 
adherence to host cells is required for H. pylori to survive in the gastric mucosa. 

Different receptor structures have been described for mucosal adherence, including 
fucosylated glycans [181, 318], charged glycans with sialylated [305, 319] or sulphated 
modifications [320], as well as unsubstituted core chain glycans [321]. H. pylori expresses a 
multitude of different adhesins, nevertheless, the best characterized H. pylori adhesins to 
date are the blood group antigen-binding adhesin, BabA, mediating the attachment to ABO 
and Leb antigens [304], and the sialic acid-binding adhesin, SabA, whose receptors are the 
inflammation-associated sialylated glycans such as sialyl-Lewis x/a (sLex/sLea) antigens 
[305]. The blood group antigens, besides being expressed on erythrocytes, are also highly 
expressed in the epithelium and mucus lining in the oro-gastrointestinal tract [322].  

8.3.1 BabA 
Several studies suggested that attachment of H. pylori to human gastric epithelium was 

mediated by blood group antigens, more specifically the H1 and Leb [318, 323]. Since 
individuals of blood group A or B phenotype have fewer Leb antigens available than 
individuals of blood group O phenotype, that finding could explain why blood group O 
individuals are more susceptible to PUD than blood group A and B individuals [318]. In 
1998, Ilver et al. purified the blood group antigen binding adhesin BabA, using the receptor 
activity-directed affinity tagging technique [304]. Analysis of the babA gene showed the 
presence of two allelic variants, the babA1 and babA2 alleles, which are identical except for 
a 10-bp insertion encoding a translational initiation codon, present in babA2 and absent in 
babA1. Deletion of the babA2 allele resulted in loss of Leb binding activity, whereas 
deletion of babA1 had no effect whatsoever. This result suggested that the babA2 allele 
encodes the Leb adherence [304]. Several studies indicated that the babA2 allele is of clinical 
relevance due to its association with the PUD and adenocarcinoma [59, 233, 324, 325]. 
Classification of H. pylori strains by their simultaneous expression of vacAs1, cagA and 
babA2 (triple-positive strains) identified a subgroup of type 1 strains that showed a highly 
significant correlation to the prevalence of PUD and adenocarcinoma, but not to gastritis 
[59]. However, neither babA2-positive nor triple-positive strains constitute useful markers 
for “high-risk” infections in all human populations, especially in East Asian strains, where 
almost all strains are positive for the babA gene [316, 326, 327].  

Sequence comparisons revealed that BabA belongs to the H. pylori OMP family (Hop) 
(HopS) [300]. The babA gene has an 88%-similar gene, denoted babB (hopT) [300]. The 
high similarity between these and other additional members of the H. pylori OMP family can 
make them subject to homologous recombination. Indeed, the presence of naturally 
occurring in-frame babA/babB chimeras has been demonstrated in clinical isolates from the 
USA and Japan, and suggests that recombination occurs between these two loci [144]. 
Recently, Solnick et al. showed that H. pylori had lost the ability to bind Leb during 
experimental infection of Rhesus monkeys. Loss of babA expression occurred either by 
recombination events in which babA was deleted and replaced by a second copy of babB, or 
by a change in the number of CT repeats in the babA 5´coding region, resulting in a frame 



Mónica Oleastro 

 

 - 38 - 

shift and loss of gene expression. Absence of babA and duplication of babB was also 
observed in H. pylori human clinical isolates. Taken together, these results suggest that 
mechanisms of on/off phase variation and gene duplication by recombination events between 
babA and babB provide H. pylori with the ability to shift between adherent and 
non-adherent phenotypes, in order to adjust to changes in the host immune and inflammatory 
response [214].  

8.3.2. SabA 
The second best characterized H. pylori adhesin is the sialic acid binding adhesin (SabA) 

which mediates attachment to the inflammation associated (sLex/sLea) antigens [305]. In 
fact, gastric tissue inflammation and malignant transformation promote synthesis of 
sialylated glycoconjugates, which are rare in healthy human stomachs [305, 322]. 
Accordingly, high levels of sialylated glycoconjugates were found in H. pylori-infected 
persons, which decreased after eradication of the infection and resolution of the gastritis 
[328]. Therefore, a sialylated carbohydrate used to signal infection and inflammation and to 
guide defense responses can be used as a receptor for pathogen adherence. Similarly to 
BabA, SabA belongs to the Hop family (HopP) and has been purified and identified by the 
retagging technique based on its affinity for sialyl-Lewis x (sLex) [305]. H. pylori was 
shown to agglutinate erythrocytes and neutrophils in vitro, and the SabA adhesin was shown 
to be the hemagglutinin of H. pylori [319, 329, 330]. H. pylori adherence to blood cells may 
result in systemic dissemination of the bacteria. Moreover, it was also recently demonstrated 
that the binding of H. pylori SabA to sialic acid-carrying neutrophil receptors is essential for 
the nonopsonic activation of human neutrophils [330]. Neutrophils play a major role in the 
epithelium injury, because these cells have direct toxic effects on the epithelial cells, through 
the induction of an oxidative burst, with the release of reactive oxygen and nitrogen species 
[331]. Thus, the neutrophil activating capacity of SabA makes this protein an additional 
virulence factor which is important in the pathogenesis of H. pylori infection. 

SabA shows high homology to SabB (HopO) in strains 26695 and J99, for which no 
function has yet been assigned [300]. Both sabA and sabB contain CT-dinucleotide repeats 
in their 5´ coding region and may be regulated by phase variation [305]. This finding 
supports the hypothesis of flexible binding properties of H. pylori in response to 
environmental changes. The functional status of the sabA and sabB adhesin genes as 
putative markers for disease outcome was evaluated and the “off” status of both genes was 
found to be associated with PUD in several populations [145, 332]. An explanation for this 
may stem from the fact that at sites of vigorous inflammation the bacteria undergo phase 
variation and switch “off” the sLex binding, in order to escape to host defense cells. On the 
other hand, sabA “on” status was associated with gastric cancer and intestinal metaplasia, 
suggesting that there may be a relation between sabA and receptors expressed by this altered 
epithelium state [145].  

8.3.3. Modulation of Helicobacter pylori adherence  
BabA and SabA adhesins are organized and expressed as independent units and confer a 

dynamic adherence ability to the bacteria, both in a concerted and independent manner. 
H. pylori uses BabA for strong and specific recognition of the Leb [304]. Then, during 
persistent infection and chronic inflammation, H. pylori is capable of exploring other host 
receptors. In fact, gastric inflammation is associated with periodic changes in the 
composition of mucosal fucosylation and sialylation patterns. Therefore, dynamic adaptation 
in sialyl-binding properties through SabA might specialize H. pylori both for individual 
variation in mucosal glycosylation and tropism for local areas of inflamed and/or dysplastic 
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tissue [305]. Moreover, two types of H. pylori binding modes via BabA have been recently 
identified. Initial observations suggested that BabA binded specifically to Leb and 
fucosylated H1 antigens expressed by gastric epithelial cells [304]. However, more recently, 
it was reported that BabA adhesins from strains isolated in different geographic regions have 
a broad range of binding specificities which include the ALeb and BLeb antigens, in addition 
to the Leb antigen [181]. The proposal was made that these binding specificities reflect strain 
adaptation to different glycosylation patterns that predominate in local populations. For 
example, the strains that bind only Leb and fucosylated H1 antigens (the blood group 
antigens that define the blood group O phenotype) are considered ‘‘specialist’’ strains and 
are commonly found in South American populations which are unique in being almost 
entirely of blood group O phenotype. Strains that bind ALeb and BLeb antigens, in addition 
to Leb, are considered ‘‘generalist’’ strains, and their broad distribution reflects the 
abundance of A, B, and O blood groups in most human populations. 

8.3.4. Other Helicobacter pylori adhesins - AlpA, AlpB, HopZ and OipA 
The adherence-associated lipoproteins AlpA and AlpB are encoded by highly 

homologous genes located in the alpAB operon, and both belong to the hop family (hopC 
and hopB, respectively). The AlpA and AlpB proteins may be involved in the adherence of 
H. pylori to the gastric epithelium, since deletion mutants lack the ability to adhere to gastric 
epithelial cells [303, 333]. A study has also been shown that AlpAB may induce gastric 
injury modulating proinflammatory intracellular signaling cascades [333].  

The HopZ protein may also be involved in adherence. Comparison of a wild-type and an 
isogenic hopZ knock-out mutant strain for adherence to the AGS cell line (human gastric 
adenocarcinoma) showed that the mutant strain had significantly decreased adherence [306].  

Another member of the Hop family, the OipA (outer inflammatory protein) (HopH), was 
proposed to be an H. pylori adhesin since oipA mutagenesis resulted in a reduced bacterial 
adherence [307, 312]. This protein may induce activation of IL-8 secretion from gastric 
epithelial cell lines in vitro and in vivo and also be linked to proinflammatory epithelial 
signaling; however, controversial results were reported by different authors [307, 312, 334]. 

Similar to sabA, hopZ and oipA contain CT-dinucleotide repeats in their 5´ coding region 
and have been suggested to be regulated by phase variation [306]. The functionality of hopZ 
has not been associated with clinical outcome, while the oipA “on” status has been 
correlated with PUD [335]. 
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CHAPTER II – AIMS AND OUTLINE OF THE THESIS 
 

Helicobacter pylori is one of the most common bacterial pathogens, infecting more than 
50% of the world population. However, less than 20% of those infected individuals will 
develop a gastroduodenal disease. H. pylori is the major cause of chronic gastritis and is 
etiologically associated with peptic ulcer, gastric adenocarcinoma (the second highest cause 
of cancer deaths worldwide) and mucosa-associated lymphoid tissue (MALT) lymphoma. 
Furthermore, H. pylori was classified as a group 1 carcinogen by the International Agency for 
Research on Cancer, a World Health Organization agency. The group of individuals who will 
develop a gastroduodenal manifestation such as peptic ulcer disease (PUD) or gastric cancer 
should be regarded as intervention targets, as there is a need to identify bacterial factors 
involved in the development of severe gastric disease. 

The outcome of H. pylori infection depends on a number of factors, including host genetic 
susceptibility factors, environmental factors and differences in gene content of H. pylori 
strains, in particular, virulence genes. To date, several bacterial genes have been identified as 
involved in the pathomechanism of infection caused by this bacterium. Nevertheless, the 
pathogenicity of H. pylori is not fully understood, and the identification of other factors 
responsible for the enhanced virulence of the bacteria leading to the development of more 
severe diseases remains necessary. For that purpose, the study of H. pylori strains isolated in 
specific clinical situations can be useful.  

The onset of H. pylori infection occurs during childhood, but severe gastroduodenal 
diseases such as PUD and gastric adenocarcinoma appear mostly in adulthood, after a 
long-term infection. Nevertheless, the development of a peptic ulcer in a young child can 
occur, but it is a rare event and consequently a little studied entity. Interestingly, this type of 
ulcer occurs over a short period of time after infection, suggesting that the H. pylori strains 
involved may be potentially more pathogenic. Moreover, the occurrence of peptic ulcers in 
children offers a unique opportunity for "purer" studies on the possible association between 
virulence factors of the bacterium and disease. Indeed, in older adult populations, it is likely 
that environmental and possibly host susceptibility factors play a greater role than bacterial 
factors in the development of gastric disease. Considering the above, the study of clinical 
H. pylori strains isolated from young children presenting PUD can constitute an excellent 
model for the research of novel putative H. pylori virulence-associated factors.  

This thesis focuses on the search of new virulence factors implicated in the pathogenicity 
of H. pylori, especially in the development of ulcer disease. For all the reasons mentioned 
above, PUD in children was used as a model in the present study. 

This research project was carried out at the National Institute of Health in Lisbon in 
collaboration with the INSERM U853 at the Laboratory of Bacteriology of the University of 
Bordeaux 2 and the French National Reference Center for Campylobacters and Helicobacters 
in Bordeaux. 

One of the specific aims of this work was to identify ulcer-associated genes by 
comparative genomics studies between H. pylori ulcer strains isolated from children. Having 
identified those putative virulence factors, molecular typing methods were developed in order 
to study their distribution in H. pylori clinical strains. Then, the potential of these new factors 
as virulence markers was evaluated by exploring their association with severe gastric clinical 
outcome, more specifically the ulcer disease, as well as with the other previously described 
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H. pylori virulence-associated genes. For that purpose, H. pylori clinical strains isolated from 
patients with different gastric diseases and from different geographical regions were used.  

Our main goal was then to determine the clinical significance of these new H. pylori ulcer 
marker candidates, in order to clarify their role as virulence factors. For that, both in vitro and 
in vivo gene expression studies were undertaken. Taking in consideration that one of the 
virulence candidates, homB, codes for a putative outer membrane protein (OMP), this part of 
the study also focused on clarifying the role of HomB in the pathogenesis of H. pylori, by 
evaluating its contribution to the inflammatory reaction caused by H. pylori and to the 
bacterial adherence properties. 

Finally, we performed a detailed and extensive molecular study of the homB gene, 
including phylogenetic studies, in order to evaluate its diversity and evolution.  

The results of our investigations are described in four manuscripts (Chapters III to VI). In 
the Chapter VII of the thesis the results obtained from these investigations are discussed and 
future perspectives are addressed.  

This study attempts to contribute to the understanding of the genes/mechanisms implicated 
in the virulence of H. pylori. Moreover, the new virulence genes identified may be useful in 
determining specific genetic patterns associated with different degrees of H. pylori 
pathogenicity, allowing a determination of those infected persons who bear the highest risk 
for the subsequent development of clinical disease. Ultimately, these virulence factors may 
constitute new therapeutic targets and/or vaccines. 
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CHAPTER III – PUBLICATION I 
Identification of markers for Helicobacter pylori strains isolated from 
children with peptic ulcer disease by suppressive subtractive hybridization 
 
Key words: Helicobacter pylori; peptic ulcer disease; children; genetic marker. 
 

Summary: 
The identification of putative H. pylori virulence factors was the first specific goal of the 

work. Ulcer formation in children occurs shortly after H. pylori colonization in contrast to 
adults, which might suggest that differences are present between ulcer strains that infect 
children and adults, and that strains associated with peptic ulcer in children may be more 
pathogenic. This supposition makes children’s strains useful for the detection of virulence 
factors. 

In the present study, we describe the use of PCR-based suppressive subtractive 
hybridization for comparative genomics between two H. pylori clinical strains: one isolated 
from a 5-year old child with peptic ulcer disease (PUD) (the tester strain) and the other from 
a sex- and age-matched child with non-ulcer gastritis (the driver strain). This technique has 
already been successfully used on many bacteria, including H. pylori, and allows the 
isolation, by successive hybridization and elongation steps, of genes or specific DNA 
sequences of a given strain (tester) in comparison to a control strain (driver). We chose a 
commercial kit (ClonTech® PCR-SelectTM Bacterial Genome Subtraction Kit) which offers 
an easy analysis, with a control at each step.  The genes that were common in both strains 
were subtracted and the DNA fragments unique to the PUD strain were cloned, and then 
validated as tester-specific by PCR and sequencing. Thirteen subtracted tester-specific 
unique sequences were obtained, whose products belong to several functional categories: 
putative outer membrane proteins (OMP), lipopolysaccharide (LPS), restriction-modification 
systems and putative proteins with unknown functions. The prevalence of these sequences 
was then determined on a collection of H. pylori clinical strains isolated from paediatric (n-
=45) and adult (n=90) patients presenting PUD or gastritis, by PCR and/or Dot-blot. When 
compared to gastritis, two genes were found to be significantly associated with PUD in 
children: jhp0562, coding for a putative glycosyltransferase involved in LPS core 
biosynthesis, and homB, coding for a putative OMP. Among adult strains, none of the 30 
subtracted sequences was associated with PUD. 

Simple and reliable PCR-based techniques were developed for the detection of jhp0562 
and homB genes in H. pylori clinical isolates. Then, in order to measure the strength of the 
association of these factors with peptic ulcer, the prevalence of both genes was evaluated by 
PCR on H. pylori strains isolated from adult patients with gastric MALT lymphoma and 
gastric adenocarcinoma. With regard to MALT lymphoma strains, no important difference 
was observed for jhp0562 and homB genes when compared to other pathologies, whereas 
both genes were less prevalent in adenocarcinoma strains than in ulcer strains, the difference 
being statistically significant for homB.  

This study allowed the identification of two putative virulence factors involved in the 
pathogenesis of H. pylori, jhp0562 and homB, which were found to be strongly associated 
with PUD in strains isolated from children. Both genes encode for putative surface exposed 
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proteins and thus they likely play a role in the interface with the host, which suggests that 
they could be novel virulence factors of H. pylori. 

 

Link to the PDF document containing the above mentioned publication. 
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Peptic ulcer disease (PUD) occurs after a long-term Helicobacter pylori infection. However, the disease can
develop earlier, and rare cases have been observed in children, suggesting that these H. pylori strains may be
more virulent. We used suppressive subtractive hybridization for comparative genomics between H. pylori
strains isolated from a 5-year-old child with duodenal ulcer and from a sex- and age-matched child with
gastritis only. The prevalence of the 30 tester-specific subtracted sequences was determined on a collection of
H. pylori strains from children (15 ulcers and 30 gastritis) and from adults (46 ulcers and 44 gastritis). Two
of these sequences, jhp0562 (80.0% versus 33.3%, P � 0.008) and jhp0870 (80.0% versus 36.7%, P � 0.015), were
highly associated with PUD in children and a third sequence, jhp0828, was less associated (40.0% versus 10.0%,
P � 0.048). Among adult strains, none of the 30 sequences was associated with PUD. However, both jhp0562
and jhp0870 were less prevalent in adenocarcinoma strains than in PUD strains from children and adults, the
difference being statistically significant for jhp0870. In conclusion, two H. pylori genes were identified as being
strongly associated with PUD in children, and their putative roles as an outer membrane protein for jhp0870
and in lipopolysaccharide biosynthesis for jhp0562, suggest that they may be novel virulence factors of H. pylori.


Helicobacter pylori, a spiral-shaped gram-negative bacterium,
can lead to various gastroduodenal diseases. A causal associ-
ation has been established with chronic gastritis, peptic ulcer,
gastric adenocarcinoma, and gastric mucosa-associated lym-
phoid tissue (MALT) lymphoma (10). The mechanisms for
such a clinically diverse profile are not totally clear but may
include host and environmental factors, as well as bacterial
virulence factors (7, 20, 23, 47).


In adult patients, severe gastroduodenal diseases such as
duodenal ulcer, gastric adenocarcinoma, and MALT lym-
phoma occur after a long-term colonization (22, 47), while the
onset of H. pylori infection is essentially during childhood (26).
Indeed, the majority of H. pylori-infected children remain
asymptomatic, except for a very small group which will develop
peptic ulcer. Other factors such as nonsteroidal anti-inflamma-
tory drug use, physiologic stress, and vascular insufficiency also
play an important role beside H. pylori infection in the devel-
opment of peptic ulcer in children (28). Moreover, coloniza-
tion with H. pylori strains that are considered virulent in adults
does not always correlate with the severity of endoscopic and
histologic findings in children (24). These conflicting results
may be due to the short-term infection, the association becom-
ing possibly stronger as the duration of infection increases (53).
Ulcers in children, in contrast to adults, appear shortly after H.
pylori colonization, suggesting that differences exist between
the ulcerogenic strains which infect children and adults and
that strains associated with peptic ulcer in children may be


more aggressive against the gastroduodenal epithelium. Ac-
cording to this hypothesis, we chose to use molecular methods
to identify new genes involved in the virulence of H. pylori by
comparing the genome of clinical isolates, using suppressive
subtractive hybridization (SSH) (1, 3). Thus, the aim of the
present study was to look for new markers that could be po-
tential virulence candidates by studying H. pylori DNA frag-
ments from an ulcer strain and a gastritis strain isolated from
two young children and obtained by genetic subtraction. The
new bacterial genotypic markers found were then tested on a
larger population, including adult patients with peptic ulcer
disease (PUD), gastric adenocarcinoma, and gastric MALT
lymphoma, to measure the strength of the association.


MATERIALS AND METHODS


H. pylori strains. Two H. pylori strains were compared: the tester strain (68/00),
isolated from a 5-year-old male Caucasian child a presenting a duodenal ulcer,
and the driver strain (139/00), also isolated from a young age- and sex-matched
Caucasian child, presenting with recent abdominal pain and gastritis alone. Both
children were subjected to upper gastrointestinal endoscopy because of vomiting
and abdominal pain. Several episodes of bleeding were reported for the patient
presenting with the duodenal ulcer. The isolated strains were previously typed for
some H. pylori genes and presented the same genotype. Both strains were neg-
ative for the entire cag pathogenicity island (PAI), namely, cagA (54), cagE,
cagG, and cagM (56), and the “cag empty site” was positive (2). They were
vacAs1m2 (8), babA2�, (21), iceA1 (55), hopQI (13), and both had a functional
oipA gene (56) and nonfunctional sabA (40) and hopZ (46) genes. Another
characteristic shared by the strains is that they both carry plasmidic DNA, which
was estimated to have approximately 10.0 and 6.0 kb for the tester and driver
strains, respectively.


The distribution of the ulcer-specific sequences obtained was evaluated in a
panel of H. pylori strains isolated from pediatric and adult patients, presenting
either peptic ulcer or non-ulcer dyspepsia. The pediatric group was comprised of
45 patients: 15 with PUD, of whom 2 had gastric ulcers (GU), and 13 with
duodenal ulcers (DU) (64% male; mean age, 11.7 � 3.8 years), and another 30
presenting with recurrent abdominal pain and gastritis (57% male; mean age,
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9.1 � 3.6 years). All of these pediatric patients were members of different
families, with no parental relationship. In the adult population, strains from 90
patients were included; 46 of these patients presented with peptic ulcer, 12
presented with GU, and 34 presented with DU (52% male; mean age, 49.5 �
16.2 years), and 44 presented with non-ulcer dyspepsia (44.7% male; mean age,
51.3 � 14.6 years). A group of 15 strains isolated from patients with gastric
adenocarcinoma (43% male; mean age, 62.3 � 10.8 years) were also included in
order to study the prevalence of specific-subtracted sequences associated with
PUD in this particular group. All of these strains were isolated from Portuguese
patients and are part of the collection of Centro Bacteriologia, from Instituto
Nacional Saúde Dr Ricardo Jorge. All of the strains used in the present study
were cultured from antral biopsies, preserved in brucella broth supplemented
with 20% glycerol, and maintained at �80°C until used.


In addition, a French collection of 43 H. pylori strains obtained from gastric
MALT lymphoma patients (62.8% male; mean age, 48.2 � 13.4 years) described
previously (39) was also included.


The two H. pylori strains with completely sequenced genomes, 26695 (ATCC
700392) and J99 (ATCC 700824), were used as reference strains (6, 52).


Total DNA from all strains was extracted from a 48-hour-old culture grown in
10% horse blood agar, using a QIAamp DNA minikit (QIAGEN GmbH, Hilden,
Germany), according to the manufacturer’s instructions.


SSH. The genomic content of the two H. pylori strains, the tester (DU) strain
and the driver (gastritis) strain, was compared by PCR-SSH, using the PCR-
Select bacterial genome subtraction kit (Clontech, Palo Alto, CA) according to
the manufacturer’s instructions, with some minor modifications. The restriction
enzyme used was AluI (New England Biolabs, Ipswich, MA) according to the
method of Akopyants et al. (3). The treatment of both tester and driver DNAs
with the AluI restriction enzyme generated fragments with sizes between 1,250
and 178 bp, as previously reported (3, 39). The analysis of the subtraction efficacy
was performed by real-time PCR with the SYBR-Green format in a LightCycler
thermocycler (Roche Diagnostics GmbH, Mannheim, Germany), using the H.
pylori 16S rRNA gene as the target gene. The 10-�l PCR mixture contained 1 �l
of LightCycler DNA Master SYBR Green I mixture (Roche Diagnostics), 3 mM
MgCl2, 0.4 �M concentrations of forward MON1 (5�-GGATGAAGGTTTTAG
GATTGT-3�) and reverse MON2 (5�-CATCCATCGTTTAGGGCGT-3�) prim-
ers and 1 �l of template DNA. After an initial denaturation for 10 min at 95°C,
amplification steps (95°C for 0 s, 54°C for 10 s, and 72°C for 17 s) were repeated
40 times with a temperature transition rate of 20°C/s. Fluorescence was mea-
sured at 300 nm after each cycle and plotted versus the cycle number to deter-
mine the threshold cycle at the end of the PCR.


Construction and identification of the subtracted library. For this purpose,
the mixture of fragments resulting from the secondary suppressive PCR was
cloned in the pCR2.1-TOPO plasmid, using the TOPO TA Cloning kit, accord-
ing to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). The recom-
binant DNAs were transformed into Escherichia coli TOP10 cells and selected by
the blue/white screening on selective Luria-Bertani (LB) agar plates supple-
mented with 100 �g of ampicillin (Sigma-Aldrich, Madrid, Spain)/ml. White
colonies were randomly picked and grown in LB liquid medium supplemented
with 100 �g of ampicillin/ml at 37°C overnight with agitation. This culture was
used to prepare boiled supernatants and also to preserve the clones in brucella
broth supplemented with 20% glycerol and 100 �g of ampicillin/ml at �80°C.


For the identification of clone inserts, an amplification reaction was performed
by PCR, in a 25-�l final volume, using 5 �l of crude DNA in boiled suspensions
and the vector specific primers M13 forward and M13 reverse. The products were
then purified using the Jetquick kit (Genomed, Lohne, Germany) and subjected
to sequencing on both strands, with the PCR primers, by the dye termination
method using the Big Dye Terminator v1.1 Sequencing standard kit (PE Applied
Biosystems Chemistry, Foster City, CA) and the Automated Sequencer Genetic
Analyser ABI-Prism 3130 xl (PE Applied Biosystems). Sequence analysis was
performed with the DNAstar Lasergene (version 5.0) (12). Homology searches
with GenBank data were done by using BLAST at the Web server at the National
Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST).
Functional classification of genes from both sequenced H. pylori genomes was
carried out according to the method of Boneca et al. (11; http://genolist.pasteur
.fr/PyloriGene/genome.cgi).


Validation of the subtracted sequences. The validation of each subtracted
sequence as tester specific was performed by PCR using the DNAs of both tester
and driver strains, as well as the DNAs of the J99 and 26695 strains as positive
controls. The primers were designed by using the Web Primer3 software (http:
//www.broad.mit.edu/cgi-bin/primer/primer3_www.cgi) in regions of homology
between the H. pylori databases and the subtracted sequences. PCRs were car-
ried out under a final volume of 25 �l with the following composition: 1� PCR
Buffer (Roche Diagnostics GmbH), 1.5 mM MgCl2 (Roche), 200 �M concen-


trations of each deoxynucleoside triphosphate (Roche Diagnostics GmbH), 0.5
�M concentrations of each primer, 1 U of Taq polymerase (Roche Diagnostics
GmbH). The amplification reaction consisted of 1 cycle of 5 min at 94°C,
followed by 35 cycles of 30 s at 94°C, 30 s at 55 to 60°C, and 30 s at 72°C, with
a final extension cycle of 7 min at 72°C, to complete elongation.


Evaluation of the prevalence of subtracted tester-specific sequences in H.
pylori strains by dot blotting and PCR. The prevalence of subtracted tester-
specific sequences was evaluated by dot blotting, except for two open reading
frames (ORFs) (jhp0562 and jhp0870), whose prevalence was determined by
PCR, because of the high degree of homology displayed with other H. pylori
genes.


Dot blot. All of the sequences with a PCR-positive result for the tester-strain
and PCR negative for the driver-strain were analyzed by dot blot DNA hybrid-
ization according to conditions previously reported (39, 44) in the collection of
H. pylori strains, in order to look for possible associations. The J99 and 26695
strains were also included as controls for hybridization. All of the probes were
digoxigenin-labeled by PCR using the same primers for the PCR validation
previously mentioned.


PCR amplification of the jhp0562 gene. In order to screen for the presence of
the jhp0562 gene, PCR primers were designed in the region of homology be-
tween subtracted and database sequences, allowing the amplification of an in-
ternal region that enables a distinction between the two 80% homologous genes,
jhp0562 and jhp563 (Fig. 1A). The primers designed by using the Web Primer3
software, F1-jhp0562/jhp0563 (5�-TGAAAAGCCCTTTTGATTTTG-3�) and
R1-jhp0562/jhp0563 (5�-GCTGTAGTGGCCACATACACG-3�), were used un-
der the following PCR cycle conditions: initial denaturation for 5 min at 95°C, 35
amplification steps (95°C for 30 s, 56°C for 30 s, and 72°C for 30 s), and a final
extension cycle of 7 min at 72°C. These primers generate two PCR products with
301 and 602 bp in the J99 strain and only one PCR product with 558 bp in the
26695 strain (Fig. 1).


PCR amplifications of the jhp0870 gene. The two 90% homologous genes,
jhp0870 and jhp0649 (5), were aligned by using a multiple sequence alignment
with hierarchical clustering (http://prodes.toulouse.inra.fr/multalin/multalin
.html) (15), and a search was carried out to identify conserved regions outside of
the divergent 27-, 2-, and 4-bp additional sequences present in jhp0870 but
absent in jhp0649 (Fig. 2 and 3A). Primers were designed using the Primer
Express software package (PE Applied Biosystems). The primers F1-jhp0870/
jhp0649 (5�-AGAGGGTGTTTGAAACGCTCAATA-3�) and R1-jhp0870/
jhp0649 (5�-GGTGAATTCTTCTGCGGTTTG-3�) were designed to amplify
two sequences of 128 and 161 bp in the J99 strain and only one 128-bp sequence
in the 26695 strain (Fig. 3B). The PCR cycles conditions were as follows: initial
denaturation for 5 min at 95°C, 35 amplification steps (95°C for 30 s, 60°C for
30 s, and 72°C for 17 s), and a final extension cycle of 7 min at 72°C.


In order to determine the genomic positions of the jhp0870 and jhp0649 genes
in the clinical strains, two different PCRs were developed. The flanking regions
of the jhp0870 and jhp0649(HP0710) genes (Fig. 2) were aligned between the J99
and 26695 strains (15), and a search was carried out to identify conserved
regions. As a result, two sets of primers were designed by using the Web Primer3
software in the jhp0869(HP0935)/jhp0871(HP0936) and jhp0648(HP0709)/
jhp0650(HP0711) regions for amplification of the entire jhp0870 and jhp0649
(HP0710) genes, respectively. The primer sets F1-jhp0869/HP0935 (5�-AAGAGG
ATTGCGTGGTGGAGTTG-3�) with R1-jhp0871/HP0936 (5�-TCCAAGCCCAA
AGGCAACCC-3�) and F1-jhp0648/HP0709 (5�-TAATTTCGCGCAAAAACAT
C-3�) with R1-jhp0650/HP0711 (5�-ATTCCAGCGCCTAATGGAC-3�) were used,
under the following amplification conditions: initial denaturation for 5 min at 95°C,
35 amplification steps (95°C for 30 s, 58°C for 30 s, and 72°C for 2 min), and a final
extension cycle of 7 min at 72°C.


In cases where PCR products of different lengths were obtained, the results
were confirmed by sequencing.


Statistical analysis. For univariate analysis, the Fisher exact test and the �2


test, with Yates’ continuity correction, were used to compare differences in the
prevalence of subtracted sequences between groups. P values of �0.05 were
considered significant.


RESULTS


Analysis of the subtracted library. The real-time PCR quan-
tification analysis of the SSH between DNA from the tester
and driver strains indicated a successful subtraction experi-
ment since a difference of 17 threshold cycles between the
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subtracted and unsubtracted products was observed (data not
shown).


Among the 138 clones analyzed by sequencing, 71 (51.4%)
were H. pylori plasmid-related sequences, and 67 clones
(48.6%) showed homology with H. pylori chromosomic DNA.
Of the 71 plasmid-related clones, only 12 were nonredundant
sequences, whereas for the 67 chromosome-related clones, 63


were unique sequences. Overall, there were 75 unique DNA
sequences, indicating 45.7% redundancy, the plasmid se-
quences being the most represented, in this category.


The assignment of each clone as tester specific was per-
formed by amplification of the region of homology between the
cloned and the database sequences, using both tester and
driver strain DNAs. For the chromosomic sequences, PCRs


FIG. 1. Schematic representation of the PCR assay for the detection of the jhp0562, jhp0563(HP0619)-like genes in H. pylori strains (A) and
analysis of their detection by PCR in an ethidium bromide-stained 1.5% agarose gel (B). (A) The black arrows represent the forward F1-jhp0562/
jhp0563, labeled F, and the reverse R1-jhp0562/jhp0563, labeled R, conserved primers between H. pylori strains, respectively. These F and R
primers hybridize both on jhp0562 and on jhp0563-like genes. Genes that belong to the same family are represented in an identical way. (B) MW,
molecular weight marker 	X174 RF DNA/HaeIII fragments (72-1353 pb; Invitrogen).
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were validated with the DNAs of H. pylori J99 and 26695
reference strains, whereas the screening of plasmid-related
clones was validated by a positive result with the tester strain.
Accordingly, 30 clones were identified to be tester specific
either by the absence of amplification with the driver strain
DNA or by the generation of PCR products with different
lengths between the tester and the driver strain DNAs, includ-
ing 9 of the 12 plasmid-related sequences (75%) and 21 of the
67 chromosome-related sequences (33.3%).


With regard to the nine tester-specific plasmid-related se-
quences, the great majority showed full-length extent homol-
ogy with H. pylori plasmids, with a degree of homology from 87
to 97% (Table 1). Six fragments were homologous to se-
quences within singular coding regions, while three comprised
the end of one gene and the beginning of the flanking down-
forward gene. All of these tester-specific sequences matched
with database sequences, namely, with ORFs described for H.
pylori plasmid pHel4 and, to a lesser extent pHel5, two cryptic
plasmids described in H. pylori, which suggests the presence of
a similar plasmid in the tester strain (30). Three functional
categories were distinguished, along with a group of proteins of
unknown function (Table 1). Thus, three clones matched with
putative mobilization genes involved in conjugative transfer
and one matched with replication protein A, which is the
predominant replication protein of H. pylori (29). Two clones
matched two ORFs described for pHel4, orf4A and orf4B, with
significant homology to two genes of the microcin mccC7 gene
cluster of E. coli plasmid pMccC7, involved in the MccC7
biosynthesis and secretion (30).


Concerning the 21 tester-specific chromosome-related se-
quences, all of them displayed homology with chromosomic
and/or plasmidic H. pylori database sequences, although in one
case (clone 34/1), only partial homology was observed, with
30% of the sequence displaying no homology with database
sequences. In this case, the 5� and 3� regions of this original


sequence showed homologies with nonadjacent H. pylori genes.
In addition, the majority of cloned sequences presented each
homology with a single coding region, whereas in four cases
(clones 34/1, 13/2, 48/2, and 68/2) the homology was with more
than one ORF. Different situations must, however, be distin-
guished: in two cases (clones 34/1 and 68/2), the 5� and 3� ends
of the subtracted sequences showed homology with two non-
adjacent H. pylori ORFs: jhp1081/HP1154 and jhp1329/HP1436
ORFs, respectively, for the clone 34/1, and jhp0742/HP0806
and jhp0142/HP0154, respectively, for the clone 68/2. In both
of these cases, the two ORFs were screened separately and,
for each clone, only one ORF was tester specific (Table 2).


In the two other cases (clones 13/2 and 48/2), the subtracted
sequence recognized more than one ORF in the H. pylori J99
strain genome, probably reflecting the existence of duplicated
genes or genes belonging to the same family of paralogous
genes.


The sequence of clone 13/2 showed homology with the J99
ORFs jhp0562 and jhp0563. The jhp0562 gene is a J99-specific
ORF located upstream of jhp0563. No homologue of this gene
exist in the 26695 strain, whereas the HP0619 in the 26695
strain is homologous to the jhp0563 (Fig. 1A). Both of these
genes code for putative glycosyltransferases involved in the
synthesis of the lipopolysaccharide (LPS) core (16).


There was another situation (clone 48/2) of homology of the
subtracted sequence with two ORFs present in the J99 strain
genome (jhp0870 and jhp0649) and one present in the 26695
strain (HP0710, a jhp0649 homologue) (see Fig. 2). The two
ORFs, jhp0870 and jhp0649, are 90% identical and encode for
putative outer membrane proteins (OMPs) (5) but are located
in different regions of the genome from J99 strain. The jhp0649
and its homologue HP0710 are flanked by the same ORFs in
both strains. On the other hand, no homologue of the jhp0870
exists in the 26695 strain. Instead, an intergenic space is ob-


FIG. 2. Genomic organization of the jhp0870 (A) and jhp0649/HP0710 (B) loci in J99 and 26695 H. pylori strains. The jhp0870 gene is specific
for the J99 strain. No homologue of this gene exists in the 26695 strain (5). Instead, an intergenic space is observed, flanked by genes homologous
to those flanking jhp0870 in the J99 strain (52). Genes which belong to the same family are represented in an identical way. The boxes represent
the 27-, 2-, and 4-bp additional sequences present in jhp0870 but absent in jhp0649/HP0710.
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served, flanked by ORFs homologous to those which flank
jhp0870 in strain J99 (Fig. 2).


Overall, within the 21 chromosome-related tester-specific
sequences, 8 (38.1%) were previously identified as strain spe-
cific, 6 being specific for the J99 strain and 2 specific for the
26695 strain (6). In terms of function, three clones exhibited
homology with restriction modification systems, namely, puta-
tive methyltransferases, four putative OMPs, two matched pu-
tative LPS biosynthesis genes, one restriction enzyme, one
putative enolase, one remnant pseudogene of an ancestral
ATP/GTP-binding protein, and nine clones exhibited homol-
ogy with a predicted coding region with no assigned function
(Table 2).


The prevalence of subtracted tester-specific sequences was
then determined by using the collection of H. pylori strains
provided from children and from adults.


PCR screening of the jhp0562 and jhp0870 subtracted se-
quences. The two homologous genes, jhp0562 and jhp0563 (6),
share no specific region long enough to design a dot blot probe
to differentiate these genes. Thus, a PCR was developed al-
lowing the amplification of an internal region which enable the
distinction between these two genes (Fig. 1A). The results are
presented on Fig. 1B. Two PCR products of 602 and 301 bp


were obtained for J99 strain, and only one 558-bp amplicon
was obtained for the 26695 strain. Concerning the tester strain,
a profile similar to that of the J99 strain was obtained, with two
PCR products with 576 and 301 bp, while for the driver strain
only one 613-bp fragment was obtained. PCR products were
identified by sequencing, showing the presence of both jhp0562
and jhp0563 genes in J99 and tester strains (301 bp for jhp0562
in J99 and tester strains; 576- and 602-bp products for jhp0563
in the J99 and tester strains, respectively), and the presence of
only the jhp0563 homologue in both the 26695 (HP0619) and
the driver strains (558- and 613-bp products, respectively). This
PCR was performed on the H. pylori strain collection; PCR
products from several clinical strains were also sequenced,
showing the validity of this PCR (data not shown). Moreover,
among the clinical strains, the sequencing results revealed a
size variable sequence for the jhp0563/HP0619 gene, in con-
trast to the well-conserved jhp0562 gene.


An identical situation was observed for the two genes,
jhp0870 and jhp0649, which are 90% homologous (5), exclud-
ing the possibility of dot blot experiments. In order to deter-
mine which gene was present in H. pylori clinical strains, a PCR
was developed to detect the three additional sequences with
27, 2, and 4 bp present in jhp0870 but absent in jhp0649 (Fig.


FIG. 3. Schematic representation of the PCR assay for the detection of the jhp0870 and jhp0649-like genes in H. pylori strains (A) and analysis
of their detection by PCR in ethidium bromide-stained 2,5% agarose gel (B). (A) The black arrows represent the forward F1-jhp0870/jhp0649,
labeled F, and reverse F1-jhp0870/jhp0649, labeled R, conserved primers between the jhp0870 and jhp0649-like genes in H. pylori strains,
respectively. These F and R primers hybridize both on jhp0649 and jhp0870-like genes. The three internal boxes in the jhp0870 scheme represent
the 27-bp, 2-bp and 4-bp additional sequences present in jhp0870 but absent in jhp0649. (B) MW, molecular weight marker 	X174 RF
DNA/HaeIII fragments (72-1353 pb; Invitrogen).
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3A). The results are presented in Fig. 3B. As expected, two
PCR products of 161 and 128 bp were obtained for J99 strain,
and a 128-bp amplicon was obtained for the 26695 strain.
Concerning the tester and driver strains, single PCR products
of 161 and 128 bp, respectively, were obtained. This PCR was
performed on the H. pylori strain collection, and PCR products


from several clinical strains were sequenced, confirming the
presence or absence of the three additional sequences (data
not shown).


The jhp0870 and jhp0649 genes are located in different po-
sitions in the genome of the J99 strain. Thus, in order to
understand the genomic position of these genes in the tester


TABLE 1. Results from the screening of plasmid-subtracted sequences in H. pylori strains isolated from children
with peptic ulcer or non-ulcer gastritis


Subtracted sequence Homology with H. pylori plasmids
H. pylori strains


No. (%)


P c


Clonea Length
(bp)


GenBank
accession no. ORF, plasmid Gene product and/or


functionb
Ulcers


(n 
 15)
Gastritis
(n 
 30)


5p 438 DQ364775 ORF4O, pHel4 Putative 5 (33.3) 9 (30.0) 0.909
12p 727 DQ364770 ORF4C, pHel4 MobA-like protein 5 (33.3) 9 (30.0) 0.909
13p* 491 DQ364771 ORF4M, pHel4 Putative 6 (40.0) 16 (53.3) 0.598


ORF4N, pHel4 Putative 6 (40.0) 14 (46.7) 0.916
24p 353 DQ364772 ORF4N, pHel4 Putative 6 (40.0) 14 (46.7) 0.916
25p 367 DQ364779 ORF4C, pHel4 MobA-like protein 5 (33.3) 9 (30.0) 0.909
62p 677 DQ364780 repA, pHel5 H. pylori replication protein A 8 (53.3) 17 (56.6) 0.916
99p 349 DQ364781 ORF4A, pHel4 MccC-like protein 4 (26.7) 7 (23.3) 0.902
B1-F1p* 969 DQ364776 ORF4C, pHel4 MobA-like protein 5 (33.3) 9 (30.0) 0.909


ORF4F, pHel4 MobC-like protein 7 (46.6) 9 (30.0) 0.441
B1-F16p* 935 DQ364778 ORF4A, pHel4 MccC-like protein 4 (26.7) 7 (23.3) 0.902


ORF4B, pHel4 MccB-like protein 4 (26.7) 7 (23.3) 0.902


a *, Tested separately by dot blotting.
b Gene product or function is according to Hofreuter and Haas (30).
c The P value was determined by using the Fisher exact test.


TABLE 2. Results from the dot blot screening of genome-subtracted sequences in H. pylori strains isolated from children
and adults with peptic ulcers or non-ulcer gastritis


Subtracted sequence Homology with ORFs of H. pylori reference
strains


Strains from children Strains from adults


No. (%)


P c


No. (%)


P c


Namea Length
(bp)


GenBank
accession no. J99 26695 Gene product and/or


functionb
Ulcers


(n 
 15)
Gastritis
(n 
 30)


Ulcers
(n 
 46)


Gastritis
(n 
 44)


18/1 588 DQ364763 jhp0820 None Putative LPS biosynthesis 6 (40.0) 8 (27.0) 0.569 19 (41.3) 20 (45.4) 0.854
27/1 218 DQ364766 jhp1272 HP1354 Putative adenine-specific


DNA methyltransferase
7 (46.7) 13 (43.0) 0.915 27 (58.7) 22 (50.0) 0.538


32/1 526 DQ364777 jhp0899 HP0965 Remnant pseudogene of
an ancestral ATP/GTP-
binding protein


14 (93.3) 26 (86.7) 0.866 45 (97.8) 42 (95.5) 0.593


34/1* 487 DQ364787 jhp1081 HP1154 Putative 13 (86.7) 25 (83.3) 0.884 44 (95.7) 40 (90.9) 0.632
39/1 535 DQ364786 jhp1050 HP1121 Putative type II cytosine-


specific DNA
methyltransferase


12 (80.0) 24 (80.0) 0.693 43 (93.5) 41 (93.2) 0.714


41/1 363 DQ364785 jhp0650 HP0711 Putative 9 (60.0) 19 (63.3) 0.913 31 (67.4) 26 (59.0) 0.550
4/2 427 DQ364782 jhp0784 HP0846 Type I restriction enzyme 13 (86.7) 22 (73.3) 0.526 39 (84.8) 37 (84.1) 0.841
13/2*§ 422 DQ364783 jhp0562 None Putative LPS biosynthesis 12 (80.0) 10 (33.3) 0.008 30 (65.2) 30 (68.2) 0.941
30/2 639 DQ364784 jhp0439 HP0487 Putative OMP 13 (86.7) 27 (90.0) 0.867 44 (95.6) 42 (95.4) 0.641
47/2 210 DQ364762 jhp0816 HP0884 Putative 13 (86.7) 25 (83.3) 0.884 42 (91.3) 35 (79.5) 0.198
48/2*§ 1089 DQ364761 jhp0870 None Putative OMP 12 (80.0) 11 (36.7) 0.015 28 (60.9) 24 (54.5) 0.694
52/2 598 DQ364758 jhp0100 HP0108 Putative 7 (46.7) 12 (40.0) 0.915 27 (58.7) 23 (52.3) 0.689
64/2 603 DQ364759 None HP0446 Putative 5 (33.3) 4 (13.5) 0.236 7 (15.2) 5 (11.4) 0.820
68/2* 362 DQ364760 jhp0142 HP0154 Putative enolase 11 (73.3) 23 (76.7) 0.902 38 (82.6) 31 (70.5) 0.266
82/2 737 DQ364769 jhp0600 HP0655 Putative OMP 14 (93.3) 28 (93.3) 0.526 45 (97.8) 42 (95.5) 0.969
89/2 427 DQ364768 jhp0755 None Putative type II cytosine-


specific DNA
methyltransferase


3 (20.0) 2 (6.6) 0.402 3 (6.5) 5 (11.4) 0.663


103/2# 262 DQ364767 jhp0825 None Putative 7 (46.7) 8 (26.7) 0.314 14 (30.4) 14 (31.2) 0.931
108/2# 158 DQ364764 jhp0828 None Putative 6 (40.0) 3 (10.0) 0.048 13 (28.3) 8 (18.2) 0.378
B3/1 178 DQ364765 jhp0797 HP0863 Putative 15 (100) 29 (96.7) 0.721 46 (100) 43 (97.7) 0.672
B3/8 510 DQ364773 jhp0110 HP0120 Putative 14 (93.3) 24 (80.0) 0.467 33 (71.7) 36 (81.8) 0.827
B4/2 128 DQ364774 None HP0317 Putative OMP 3 (20.0) 3 (10.0) 0.642 5 (10.9) 2 (4.5) 0.432


a *, Clones that showed sequence homologies with more than one ORF; #, clones that showed high-level sequence homologies also with H. pylori plasmidic
sequences; §, tested only by PCR and sequencing. ORFs significantly associated with PUD in children are indicated in boldface.


b Gene product or function according to Boneca et al. (11; http://genolist.pasteur.fr/PyloriGene/genome.cgi).
c The P value was determined by using the Fisher exact test.
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and driver strains, two PCRs were developed to amplify spe-
cifically the jhp0870 and jhp0649/HP0710 regions, respectively,
by using primers designed in the conserved flanking genes of
these two regions [jhp0869(HP0935)/jhp0871(HP0936) and
jhp0648(HP0709)/jhp0650(HP0711); see Fig. 2]. PCRs with
these primers led to the following results. For the jhp0870
flanking regions a 3,500-bp fragment was obtained for the
tester and J99 strains, whereas for the driver strain a 1,350-bp
fragment was observed, similar to that obtained for the 26695
strain, where an intergenic space is observed since no jhp0870
homologue exists (Fig. 2A). On the other hand, for the jhp0649
flanking regions, an approximate 2,600-bp product was ob-
served for all of the strains (not shown), suggesting that this
region is always occupied. Sequencing of the PCR products
showed, for the tester strain, the presence of a jhp0870-like
gene at the genomic position jhp0869(HP0935)/jhp0871
(HP0936) but also at the genomic position jhp0648(HP0709)/
jhp0650(HP0711), these two jhp0870-like genes being 99%
identical. Concerning the driver strain, the genomic position
jhp0869(HP0935)/jhp0871(HP0936) is occupied by an inter-
genic space, and a jhp0649-like gene is observed in the other
position, a situation similar to that observed for the 26695
strain (Fig. 2).


The results of the PCR screenings for jhp0562 and jhp0870
are presented in Table 2 and described below.


Evaluation of the prevalence of subtracted tester-specific
sequences in H. pylori strains by dot blotting and PCR. The
distribution of the tester-specific sequences, 9 plasmid and 21
chromosome related, was evaluated by dot blot DNA hybrid-
ization or PCR only for the jhp0562 and jhp0870 genes, as
described in the previous paragraph, in a panel of H. pylori
strains isolated from patients presenting with either PUD (n 

61) or non-ulcer gastritis (n 
 74) in order to test whether
these sequences were disease specific. The results are pre-
sented separately according to the type of patients, adults or
children, and the type of sequences (Tables 1 and 2).


The results of the dot blot analysis were in agreement with
the first validation PCR results, i.e., the absence of hybridiza-
tion with the driver strain and a positive signal with the tester
strain. This suggests that the negative results obtained by PCR
truly reflect the absence of the sequence and not a mispairing
of the primers.


The plasmid-related sequences were only screened in the
group of strains isolated from children and none was PUD
associated. Their prevalence varied between 23.3 and 56.6%
(Table 1).


Regarding the distribution of the 21 chromosome-related
sequences in the clinical strains three of these ORFs were
significantly associated with PUD, but only in the strains iso-
lated from children: jhp0562 (80.0% versus 33.3%, respec-
tively, P 
 0.008), jhp0828 (40.0% versus 10.0%, respectively,
P 
 0.048), and jhp0870 (80.0% versus 36.7%, respectively,
P 
 0.015) (Table 2). Interestingly, all of these three genes
were reported to be strain specific, being also present in the
genome of the J99 strain and absent in the 26695 strain (Table
2). In strains isolated from adults, both jhp0562 and jhp0870
were present in more than 50% of the strains, either isolated
from patients with PUD or isolated from subjects with gastritis,
whereas jhp0828 showed a low prevalence (�30%). Also, in
the children’s strains, although a significant difference exists


between the two diseases, the prevalence of jhp0828 was less
than 50% in both cases (Table 2). The jhp0562 ORF codes for
a putative LPS biosynthesis, while jhp0870 codes for a putative
OMP; however, no function could be assigned for jhp0828 (6).
Among the 18 other subtracted sequences in the present study,
none of the five other strain-specific genes from 26695 or J99
strains were associated with PUD, nor were any of the 13
conserved ORFs in 26695 and J99 H. pylori strains (Table 2).


In order to verify the specificity of the PUD markers found,
their distribution was also evaluated in a collection of H. pylori
strains isolated from patients presenting with gastric adeno-
carcinoma (n 
 15) and gastric MALT lymphoma (n 
 43)
(Fig. 4). Only the sequences that showed a high prevalence
within PUD strains (jhp0562 and jhp0870) were studied. The
frequency of these ORFs was lower in strains isolated from
patients with adenocarcinoma than in PUD strains, with chil-
dren and adults combined (53.3% versus 68.9%, P 
 0.406, for
jhp0562; 33.3% versus 65.6%, P 
 0.047 for jhp0870) (Fig. 4).
Considering only the adult strains, a difference was also ob-
served between the prevalence of these ORFs in the two dis-
eases, a difference that was more pronounced for jhp0870,
although it was not statistically significant due to the small
number of cancer strains studied (53.3% versus 65.2%, P 

0.604 for jhp0562; 33.3% versus 60.9%, P 
 0.119, for jhp0870)
(Table 2 and Fig. 4). On the other hand, the prevalence of
jhp0562 was similar in adenocarcinoma and in gastritis strains
isolated from both children and adults together (Fig. 4) but
was lower than in adult strains only (53.3 and 68.2%, respec-
tively). As for jhp0870, its prevalence in the cancer group was
lower than that observed for gastritis strains in either of the
two populations (Fig. 4) or in the adults only (33.3 and 54.5%,
respectively). With regard to the MALT strains, the prevalence
of jhp0562 was similar to that of PUD strains, either for all of
the strains together (Fig. 4) or for the adult strains only (67.6
and 65.2%, respectively), whereas the jhp0870 was less fre-
quent in both groups, although the difference was not statisti-
cally significant (Fig. 4). Comparing MALT and gastritis
strains, the prevalence of both jhp0562 and jhp0870 genes was
similar in the strains from adults (67.6 and 68.2%, respectively,
for jhp0562; 53.5 and 54.5%, respectively, for jhp0870) but
slightly higher when both populations are considered together,
with no significant associations being found (Fig. 4).


Interestingly, a correlation was observed between the three
PUD markers. In fact, among all strains from PUD and gas-
tritis patients, 30 of the strains were positive for jhp0828, 16 of
them were also jhp0562 positive (53.3%, P 
 0.015), and 19 of
them were also jhp0870 positive (63.3%, P 
 0.014). Regard-
ing the association between jhp0562 and jhp0870, 56 of the 82
strains positive for jhp0562 were also positive for jhp0870
(68.3%, P 
 0.009). The presence of the three genes was
observed in 12 strains. Moreover, when the association of all of
the combinations of these three genotypes was evaluated in
strains from PUD and gastritis, a stronger association of both
jhp0562-positive and jhp0870-positive genotypes was found
with PUD in strains isolated from children (69.2% versus
14.6%; P � 0.001; odds ratio [OR] 
 13.18; 95% confidence
interval [CI] 
 3.65 to 50.58) compared to each genotype alone
(80% versus 33.3%; P 
 0.008; OR 
 8.00; 95% CI 
 1.55 to
46.78 for jhp0562; and 80% versus 36.7%; P 
 0.015; OR 

6.91; 95% CI 
 1.35 to 39.84 for jhp0870) (Table 2).
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DISCUSSION


H. pylori is one of the most diverse bacterial species, and this
variability can explain its involvement in various gastroduode-
nal diseases and in the establishment of a long-term infection
(37). Many pathogenic factors of H. pylori have already been
identified, with markedly different distributions worldwide (34,
57). However, it can be hypothesized that other genes contrib-
uting to the virulence of the bacterium still remain unidenti-
fied, and the study of strains isolated in particular clinical
situations can be a useful contribution to this purpose.


There are several techniques to compare the genomic con-
tent of bacterial strains, namely, SSH, representational differ-
ence analysis (RDA), and DNA microarray (1, 18, 41). Many
examples of the potency of SSH to compare bacterial genomes
of related species can be found in the literature. Species- or
strain-specific virulence genes (9, 38), virulence plasmid-re-
lated sequences, prophage sequences (19), and PAI (49) have
been identified in several bacterial species through the use of
this technique. In H. pylori, the cag PAI was discovered by
using the RDA approach (14), which is also based on the
principle of subtractive hybridization coupled with the use of
PCR. By comparing H. pylori 26695 and J99 strains, SSH iden-
tified ca. 95% of the unique ORF in each strain, demonstrating
an effective approach (1). This technique proved to be useful
also in the identification of H. pylori strain-specific genes such


as putative restriction modification enzymes, metabolic en-
zymes, a completely new ORF with an unknown function (3),
transposable elements such as IS607 and ISHp608 (33, 35), and
new type IV secretion systems such as tfs3 (36). Concerning the
search for disease-specific genes, SSH allowed the identifica-
tion of potential markers for gastric ulcer (27), intestinal meta-
plasia (17), and Malt lymphoma (40). In addition, SSH proved
to be of great interest for comparing the gene expression of H.
pylori in two different physiological states since it allowed the
identification of numerous genes with enhanced expression at
low pH such as the wbcJ acid-induced LPS-associated gene,
thus providing new insight into mechanisms used for gastric
survival (42, 43).


In the present study, SSH was used to compare the total
DNA content of two H. pylori clinical strains, one isolated from
a young child with DU (tester strain) and another from a child
presenting with recurrent abdominal pain (driver strain), in
order to isolate DNA sequences encoding determinants spe-
cific for the H. pylori ulcerogenic strain. The choice of these
clinical isolates is based on the fact that, in contrast to adults,
ulcer formation in children occurs shortly after H. pylori colo-
nization, suggesting that strains associated with PUD in chil-
dren may be more virulent. Moreover, we believe that in young
children this disease is more “pure,” i.e., not as dependent on
environmental factors, such as smoking and other toxic sub-


FIG. 4. Distribution of jhp0562 and jhp0870 genes among H. pylori strains isolated from subjects with PUD, gastritis, gastric adenocarcinoma,
and gastric MALT lymphoma, including both children only and children and adults together (all strains). P values, determined by the Fisher exact
test, are shown for the significant associations only.
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stances, as in adults, and thus bacterial factors can play a more
important role. To overcome the differences between children
and adults and, more specifically, to minimize the influence
that host characteristics may have in the selection of the type of
infecting strain, we compared two strains isolated from two
young children who were age and sex matched.


Overall, two types of subtracted sequences were identified:
chromosomic and plasmid related. A high degree of redun-
dancy was observed, mostly due to the fact that the plasmid
sequences were the most efficiently subtracted and thus repre-
sented. This suggests that (i) several copies of the plasmid
exists in the bacterial cell, creating an imbalance between the
number of genomic and plasmid sequences, and (ii) a high
degree of divergence exists between the tester subtracted plas-
midic sequences and the sequences present in the driver strain,
either genomic or plasmidic, thus facilitating their subtraction.
Moreover, half of the subtracted sequences were plasmid re-
lated, and thus it may be hypothesized that the presence of the
plasmid decreases the overall efficiency of this subtractive ex-
periment. However, many plasmids carry genetic determi-
nants, also found in genomic strains without a plasmid, which
may contribute to the virulence of the bacterial strains, namely,
secretion systems and genes encoding antibiotic resistance
(29). In addition, both isolates carry this extrachromosomal
element, which could lead to the elimination of similar plas-
midic sequences. A possibility would have been to determine
the plasmid sequence and to test its ORF by dot bloting in the
driver strain but, as demonstrated in the present study, the
SSH is a powerful method that allowed the identification of
very short tester-specific sequences (such as the presence of
the 27-, 2-, and 4-bp additional sequences in the jhp0870). Such
short sequences, if present in the plasmid, would have not been
detected by dot blot hybridization. For these reasons, we de-
cided to compare the total DNA of each strain.


Among the plasmid tester-specific sequences, none consti-
tute a PUD marker, since their distribution in clinical isolates
from children with PUD or gastritis was similar, ranging from
23.3 to 56.6%, which is in agreement with the expected prev-
alence of H. pylori strains carrying plasmidic DNA (48, 51).


Regarding the chromosomic tester-specific sequences,
among the strain-specific genes the great majority are present
in the genome of J99 but absent in the genome of 26695, which
is not surprising since both the tester strain and the J99 strain
were isolated from DU patients. In terms of functional cate-
gories, the most abundant class of strain-specific genes is
unique to H. pylori with unknown function, as was reported in
other studies (39, 50). The homologies of the other classes of
strain-specific genes imply functions that may aid the bacte-
rium under certain circumstances or in certain hosts, such as
OMP and LPS genes, and also restriction modification systems
that help promote the genetic diversity and thus contribute to
the adaptation of the bacterium. Salama et al. (50) observed,
by DNA microarray, the same functional categories among H.
pylori genes presenting different patterns of distribution within
clinical strains and among them the two LPS genes (jhp0820
and jhp0562) and one of the OMP (HP0317) tester-specific
ORFs referred to in the present study. However, none of these
ORFs belong to the group of genes showing coinheritance with
the cag PAI, as observed in that same study. Other studies on
functional genomics using DNA microarrays have also inves-


tigated the genetic diversity of H. pylori clinical isolates in
different situations, leading to the identification of strain-spe-
cific genes important for the adaptation to a particular niche
and/or to host-changing conditions, and in the induction of
distinct pathological outcomes (31, 32).


The present study is in agreement with these findings, and all
of them emphasize the importance of the existence of “flexi-
ble” genes that can be easily acquired or lost and allow H.
pylori to adapt to different hosts, to evolve in a single host, and
to modulate the host response, thereby influencing the clinical
outcome.


Since at least 6 to 7% of the genes are unique features of a
particular H. pylori genome, when the genomes of the two
strains J99 and 26695 (6) are compared, other strain-specific
genes not present in the 26695 and J99 sequences were ex-
pected; however, no original sequences were obtained in this
SSH experiment. Only one sequence showed a region with no
homology to database sequences, whereas in other similar
studies original sequences were identified in H. pylori (3, 39).
There are two possible explanations for this result: either no
original sequence exists in the strain tested in the present study
or such sequences exist and were missed, indicating that a
more exhaustive screening of the E. coli colonies should have
been performed. Both hypotheses are possible. Indeed, the
plasmid copies could have masked some chromosomal se-
quences, and the high level of redundancy in the subtracted
plasmid sequences compared to the low level of redundancy in
the subtracted chromosomic sequences is an argument in favor
of the latter. However, as explained above, the SSH is a pow-
erful method that allowed the identification of very short se-
quences, so the probability not to have subtracted original
sequences is low, since short differences between the tester and
driver strains were detected.


All of the genomic subtracted sequences clearly represent
genes with great potential in the virulence role of the bacte-
rium and, when screened in a panel of H. pylori clinical strains,
three sequences were found to be associated with PUD, al-
though only in the children’s isolates. Interestingly, all of them
are also J99-specific genes. Two of the ORFs, jhp0562 and
jhp0870, are unique members of the H. pylori J99 LPS glyco-
syltransferases and OMP families, respectively, and thus have
sequence homology with the other members of these families.
However, the fact that they were subtracted by SSH, indicates
that sequence divergence does exist between these homolo-
gous genes and different numbers of copies at different
genomic localizations between strains. This was verified for the
strains studied, resulting in poor hybridization, and thus lead-
ing to the subtraction of one of the members. This result is
consistent with a previous study where 94% of the J99-specific
ORFs were identified, including jhp0562 and jhp0870, when
this strain was used as the tester against 26695 as the driver
strain, using the same restriction enzyme used in the present
study (1). Another aspect deserving attention in the present
study is the validation of the subtracted sequences as tester
specific, as determined by PCR and sequencing instead of dot
blotting, to avoid the elimination of tester-specific sequences
containing stretches of sequences also matching with the driver
strain, as was the case for jhp0562 and jhp0870, which other-
wise would have been lost in subsequent analyses. Other stud-
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ies have emphasized the importance of performing this screen-
ing (1, 3).


The presence of these two ORFs in clinical isolates was
determined by PCR. Compared to the dot blot technique, PCR
can give false-negative results due to the lack of primer an-
nealing. For this reason, in these two cases the PCR primers
were designed in a region with cross-homology with other
homologous genes in the genome, and a positive PCR result
was obtained for all of the strains studied, demonstrating the
accuracy of the amplification reaction. Gene identification was
based on the length of the amplified products, and sequencing
of the PCR products has confirmed the validity of the PCR.


The three PUD-associated genes showed different preva-
lence profiles, with the jhp0562 and jhp0870 genes being
present in almost all of the children’s ulcer strains compared to
the gastritis only strains. However, for adult strains these genes
showed a homogeneous distribution within ulcer and gastritis
strains. These results are in agreement with other studies that
highlighted important differences in strains infecting the mu-
cosa of adults and children (4, 25, 45).


Concerning the jhp0828 gene, although a different preva-
lence exists between PUD and gastritis strains, there is an
overall weak distribution in clinical isolates and thus less prob-
ability that this particular gene may be a true virulence candi-
date marker.


The specificity of jhp0562 and jhp0870 as PUD markers was
verified by the evaluation of their prevalence in strains isolated
from gastric adenocarcinoma and MALT lymphoma. Both of
these genes were less prevalent in cancer strains than in PUD
strains isolated from children and adults, the difference being
statistically significant for jhp0870. With regard to MALT lym-
phoma strains, no important difference was observed com-
pared to other pathologies.


In conclusion, the present study has contributed to the iden-
tification of putative virulence factors in the pathogenic H.
pylori species. Two genes were identified as being strongly
associated with PUD in strains isolated from children, and
their putative roles as OMP and in LPS biosynthesis, i.e.,
surface exposed and likely to have a role in the interface with
the host, strongly suggest that they could be novel virulence
factors of H. pylori. Moreover, a simple and reliable PCR-
based technique was established for the detection of these
genes in H. pylori clinical isolates.


Future studies, including an evaluation of the association
between these and other previously described H. pylori viru-
lence factors, are needed to clarify their role in the pathogen-
esis of this microorganism. Moreover, the study of the distri-
bution of these genes in other populations would also be
interesting to further elucidate the associations found in the
present study and the possible virulent role of these factors in
H. pylori infection.
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CHAPTER IV – MANUSCRIPT II 
 
Evaluation of the clinical significance of two ulcer markers candidates on 
Helicobacter pylori virulence 
 

Key words: H. pylori; peptic ulcer disease; genetic marker; OMP. 
 

Summary: 
The previous study (Chapter III) allowed the identification of two ulcer-associated genes 

in a duodenal ulcer strain, isolated from a young child, by subtractive hybridization: the 
jhp0562, coding for a putative glycosyltransferase involved in LPS biosynthesis, and homB, 
coding for a putative OMP.  

In the present work, we attempted to bring insight to the clinical significance of these two 
H. pylori ulcer marker candidates, in order to help clarify the role of these genes as virulence 
factors associated with the development of PUD. Accordingly, we explored the previously 
found association of the new virulence genes with PUD in children, by studying their 
prevalence in a larger collection of H. pylori strains isolated from patients, children (n=84) 
and adults (n=106), presenting either PUD or non-ulcer gastritis, using the PCR-based 
techniques previously described (Chapter III). A molecular analysis of these strains was also 
performed in order to asses the genomic variability of those two genes in clinical isolates. 
For that, PCR primers located in the conserved genomic flanking regions of the respective 
loci were used for the amplification and sequencing of the entire genes. We also evaluated 
the correlation among virulence genotypes, by studying the relationship between these new 
virulence markers with the previously described H. pylori virulence-associated genes. Gene 
expression studies, by RT-PCR, were also undertaken to clarify if the new factors were truly 
genes or only pseudogenes. The homA gene, which has a 90%-similarity to homB, was also 
analyzed for the points described above. 

Since the homB product, HomB, is a putative virulence-associated OMP candidate, we 
then attempted to clarify the role of this protein in the pathogenesis of H. pylori. Its surface 
localization and antigenic potential were first evaluated, by proteomic and immunoblot 
approaches, in which the OMP fractions of a wild-type and the corresponding 
homB-knockout mutant strain were compared. Finally, the contributions of HomB to the 
inflammatory response of H. pylori and to the bacterial adherence properties were also 
investigated, by comparing the ability of wild-type and the corresponding homB-knockout 
mutant strains to induce in vitro the production of the proinflammatory cytokine IL-8, and by 
using in vitro adherence assays. 

Both jhp0562 and homB were found to be significantly associated with PUD in isolates 
from children, confirming the association previously described on Chapter III. More, homB 
was also strongly associated with PUD in young adults aged < 40 years. Interestingly, the 
homB duplicate, homA, was strongly associated with non-ulcer gastritis in H. pylori strains 
isolated from both children and young adults. When evaluating the relationship between 
jhp0562 and homB with the previously reported H. pylori virulence genes, we found that 
jhp0562 and homB correlated with the presence of the H. pylori virulence-associated 
genotypes, while homA was present in strains lacking these factors. These associations were 
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observed in all of the strains tested, independently of the patient’s characteristics and clinical 
origin of the strain.  

Sequence analysis of jhp0562, homB and homA revealed a complete ORF in all the 
strains tested, which was confirmed by the RNA expression studies, suggesting that they are 
truly genes. Furthermore, the results showed that all of these genes occupy conserved loci in 
the genome of H. pylori strains and that homB and homA are present as single-copy or 
two-copy genotypes in the genome. Interestingly, we found that the presence of two copies 
of homB was the genotype most strongly associated with PUD, while the single-copy of 
homA was the most frequent genotype found in non-ulcer strains. 

The comparison of the OMP fractions of a wild-type strain and the corresponding homB 
isogenic mutant strain, separated by two-dimensional gel electrophoresis, led to the 
identification, by mass spectrometry, of HomB in the protein fraction of the wild-type strain, 
suggesting that this protein is expressed at the H. pylori outer membrane. Then pools of sera 
from H. pylori positive and negative patients were used as probes on two-dimensional gels, 
and a positive immune reaction was observed for the protein spot corresponding to HomB, 
revealing its antigenic character. This spot was not reactive against the pool of sera from 
H. pylori negative patients. These immunoblot results were confirmed by Western blot 
against a recombinant HomB protein using the same pools of sera.  

Inactivation of the homB gene was performed for 7 pairs of H. pylori strains, the 
wild-type strains and the corresponding homB isogenic mutants. This inactivation led to a 
significant reduction in IL-8 secretion, as well to a significant decrease of bacterial 
adherence. Both of these effects were more pronounced when the two copies of homB in a 
single strain were inactivated.  

Overall, these results suggest that jhp0562 and homB can be considered as co-markers of 
H. pylori strains associated with peptic ulcers and they may be involved in the appearance of 
more intense clinical symptoms. Moreover, the results strongly suggest that HomB is 
involved in the inflammatory response and in adherence of H. pylori, constituting a novel 
putative virulence factor.  
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ABSTRACT 

Background. jhp0562 and homB code for putative proteins of the Helicobacter pylori cell 
envelope and were previously associated with peptic ulcer disease (PUD) in children. 

Methods. A total of 190 H. pylori strains from children and adults patients were studied to 
evaluate the clinical importance of these two ORFs. The involvement of HomB in bacterial 
pathogenicity was also investigated. 

Results. jhp0562 and homB were significantly associated with PUD in isolates from 
children (n=86; jhp0562: OR=12, 95% CI: 3.62-39.78; homB: OR=7.64, 95% 
CI: 2.65-22.05); homB was also strongly associated with PUD strains from young adults 
(n=32, OR=11.25, 95% CI: 1.86-68.13). jhp0562 and homB were correlated with the 
presence of cagA, babA2, vacAs1, hopQI and oipA “on” (p<0.001). HomB was found to be 
expressed in the H. pylori outer membrane and to be antigenic in humans. Disruption of 
homB caused a significant reduction in interleukin-8 secretion, as well as in binding capacity 
to human gastric epithelial cells. Both these functions were correlated with the number of 
copies of homB present in a strain. 

Conclusion. jhp0562 and homB can be considered as co-markers of H. pylori strains 
associated with PUD, and HomB probably contributes to bacterial pathogenicity. 
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Abbreviations used in this paper 

Blood group antigen-binding adhesin (BabA); cag pathogenicity island (cag PAI); Capillary 
liquid chromatography tandem mass spectrometry (LC/MS/MS); Confidence Interval (CI); 
Duodenal ulcer (DU); Electrospray ionization tandem mass spectrometry (ESI/MS/MS); 
Gastric ulcer (GU); H. pylori outer membrane protein family (Hom); Immobilized pH 
gradient (IPG); Interleukin-8 (IL-8); Isoelectric focusing (IEF); Isoelectric point (pI); 
Lipopolysaccharide (LPS); Mass spectrometry (MS); Molecular weight (Mr); Non-ulcer 
dyspepsia (NUD); Odds ratio (OR); Open reading frame (ORF); Outer membrane protein 
(OMP); Peptic ulcer disease (PUD); Receiver operating characteristic (ROC) curve; 
Two-dimensional gel electrophoresis (2DE); Multiplicity of infection (MOI). 

 

GenBank accession numbers: The sequences determined in this study were assigned 
GenBank accession numbers EF648309 to EF648445 and EF656577 to EF656579. 
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INTRODUCTION 
The onset of Helicobacter pylori infection occurs essentially during childhood [1], but 

severe gastroduodenal diseases appear mostly in adulthood, after a long-term infection [2, 3]. 
Nevertheless, the development of a peptic ulcer disease (PUD) in a young child can occur, 
but it is a rare event and has been the subject of few studies. Interestingly, this type of ulcer 
occurs shortly after infection, suggesting that the H. pylori strains implicated may be 
potentially more pathogenic, and therefore could serve as an excellent model for the research 
of novel putative bacterial virulence factors. Two ulcer-associated open reading frames 
(ORFs) jhp0562 and jhp0870, were recently identified from a young child presenting a 
duodenal ulcer (DU) [4]. Both ORFs are present in the J99 strain, the ulcer-associated 
sequenced strain, and encode for putative cell envelope proteins [5].  

The jhp0562 ORF is a member of the lex2B lipopolysaccharide (LPS) biosynthesis 
family, coding for a putative glycosyltransferase involved in the synthesis of the chemical 
structure of the LPS core. The genomic position of this ORF is well conserved in H. pylori, 
located immediately upstream of another member of this family, the jhp0563 ORF, and both 
ORFs share 80% identity with the same predicted glycosyltransferase function [5, 6].  

The jhp0870 ORF, homB, is a member of a small group of outer membrane proteins 
(OMP), the hom family (for H. pylori OMP), and is 90% identical to another member, the 
jhp0649, homA, with the differences being confined to the middle region of these ORFs. The 
ORFs flanking both homB and homA are also well conserved in H. pylori. According to the 
H. pylori sequenced strains 26695, J99 and HPAG1 [5, 7, 8], the homA locus is occupied 
either by homA or homB, whereas the homB locus is either occupied by one of these ORFs 
or empty with a segment displaying 96.8% similarity with homB. This suggests that homB 
can exchange positions with homA, and that the presence of homB may have resulted from 
gene duplication [9]. 

In order to elucidate the clinical importance of these two novel putative ulcer-associated 
factors, the jhp0562 and homB ORFs, this study aimed to: 1) evaluate the distribution and 
diversity of jhp0562 and homB in a collection of H. pylori strains isolated from patients 
presenting either PUD or gastritis only; 2) evaluate the relationship between jhp0562 and 
homB with the previously described H. pylori virulence-associated genes, namely cag 
pathogenicity island (cag PAI), vacAs, babA2, iceA, hopQ, oipA, sabA, hopZ and dupA; 
and 3) evaluate the in vitro expression of jhp0562 and homB in order to determine whether 
they are authentic genes or just pseudogenes. Since homB and homA are duplicate genes, 
homA was also included in the analysis.  

The exposed components, usually OMP, can contribute to the colonization and 
persistence of H. pylori, as well as influence the pathogenesis of the disease process, 
including stimulation of the inflammatory response of the host [10]. Taking in consideration 
that the product of homB is a virulence-associated OMP candidate, this study also aimed to 
confirm this hypothesis by investigating: 4) the surface membrane localization of the HomB 
protein and 5) the patient’s immunological response to HomB.  

Finally, in order to clarify the role of HomB in the pathogenesis of H. pylori, 6) the 
contribution of this factor to the inflammatory response of H. pylori and to the bacterial 
adherence properties were also investigated. 
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PATIENTS, MATERIALS AND METHODS  
Patients and bacterial strains. The H. pylori strains examined in this study were 

comprised of 190 clinical isolates obtained from Portuguese patients, 84 children and 106 
adults. The pediatric group was comprised of 31 patients with PUD (67.7% male, mean age 
12.3 ± 3.8 years), including 3 gastric ulcer (GU) and 28 DU, and 53 presenting abdominal 
pain and gastritis (56.6% male, mean age 9.1 ± 3.6 years). The adult group was comprised of 
106 patients, 50 with PUD (52.0% male, mean age 49.5 ± 16.2 years), including 14 GU and 
36 DU, and 56 presenting non-ulcer dyspepsia (NUD) (44.7% male, mean age 51.3 ± 14.6 
years). In order to homogenize the clinical outcome in both children and adults strains, 
abdominal pain and gastritis will be included in the NUD category. None of the patients 
included in this study took non-steroidal anti-inflammatory drugs or an anti-acid therapy 
(proton pump inhibitors, H2 antagonists). 

Two H. pylori strains with completely sequenced genomes, 26695 (ATCC 700392), 
positive for homA and negative for both homB and jhp0562, and J99 (ATCC 700824), 
positive for homA, homB, and jhp0562, were used as reference strains [5, 7]. 

All of the strains were cultured from antral biopsies as previously reported [11]. Genomic 
DNA was extracted from a 48 h culture grown in 10% horse blood agar, using the QIAamp 
DNA mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer’s 
instructions. DNA was stored at -20°C until required for analysis. 

PCR-based genotyping of virulence factors. Genotyping of the virulence factors was 
performed by PCR for cag PAI markers cagA [12], cagE, cagG, cagM [13] and “cag empty 
site” [14], vacAs1 [15], babA2 [16], iceA [17] and hopQ [18]; while the frame status of 
oipA, sabA, hopZ and dupA was determined by PCR with subsequent sequencing, as 
previously described [13, 19-21].  

The jhp0562 gene was detected by PCR using the set of primers previously described, 
F1-jhp0562/jhp0563 / R1-jhp0562/jhp0563, which distinguishes between jhp0562 and its 
homologue jhp0563, based on the length of the PCR products [4]. 

For detection of homB and homA, the set of primers F1- / R1-jhp0870/jhp0649 was used, 
which distinguishes the two genes based on the length of the PCR products (161 bp for 
homB and 128 bp for homA) [4].  

Sequencing of PCR products was performed on both strands by the dye termination 
method, using the Big Dye® Terminator v1.1 Sequencing standard kit (PE Applied 
Biosystems Chemistry, Foster City, CA, USA) and the Automated Sequencer Genetic 
Analyzer Abi-Prism 3130 xl (PE Applied Biosystems Chemistry). Sequence analysis was 
performed with the DNAstar Lasergene (Version 5.0) [22].  

Diversity in jhp0562, homB and homA genes. To study the sequence diversity of 
jhp0562, homB and homA genes in H. pylori clinical strains, PCR primers previously 
described, located in the conserved genomic flanking regions of the respective loci were 
used for the amplification of the entire genes [4]. Purification and sequencing of PCR 
products were performed as described above. 

Reverse-transcription. RNA was extracted from a 48 h culture, using the High Pure 
RNA Isolation kit (Roche Diagnostics GmbH, Mannheim, Germany), according to the 
manufacturer’s instructions, and quantified by spectrophotometry. A reverse transcription 
reaction was carried out with 500 ng of RNA using the First Strand cDNA Synthesis Kit for 
RT-PCR (Roche Diagnostics GmbH), according to the manufacturer’s instructions. The 
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cDNA obtained was then used as template in PCRs targeting jhp0562/jhp0563 and 
homB/homA. In order to check the quality and integrity of the RNA, a PCR targeting the 
23S rRNA gene was performed in parallel [23].  

Construction of homB knock-out mutant strains. To obtain homB knock-out mutant 
strains, seven H. pylori clinical strains were used: six carried a single copy of the homB gene 
at the jhp0649 corresponding locus, of which four were cag PAI-positive: strains 771/99, 
1776/05, 559/02 and 351/99, Genbank accession numbers EF648357, EF656577-79; and 2 
cag PAI-negative: strains 36/00 and 565/99 (Genbank accession numbers EF648369-70). 
The strain 417/02 contained 2 copies of homB at the jhp0870 and jhp0649 corresponding 
loci and was cag PAI-positive (Genbank accession numbers EF648377-78 for both loci, 
respectively). All of these strains were homA-negative. 

The homB knock-out mutant strains were constructed by insertion of a kanamycin 
cassette by double homologous recombination. A suicide plasmid containing the targeted 
gene (HP0710, a homB-homolog) disrupted by a kanamycin resistance gene cassette 
(pILL570Hp710∆TnKm plasmid) was used for natural transformation of H. pylori. The 
correct and unique insertion of the kanamycin cassette in the target region was confirmed by 
PCR and sequencing using the PCR primers located in the homB genomic flanking regions, 
and Southern-blot. Bacterial culture, homB mutagenesis and Southern-blot procedures are 
described in detail in the section Supplementary Material. 

Membrane protein preparation. Sarcosine-insoluble outer membrane fractions, from the 
wild-type 1776/05 strain and the corresponding knock-out mutant strain, were prepared as 
previously described [24]. Protein quantification was done according to the Bradford method 
using the Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Hemel Hempstead, UK), with 
bovine serum albumin as a standard [25].  

Two-dimensional gel electrophoresis (2DE). Two hundred µg of protein membrane 
pellets of each H. pylori strain were separated by 2DE, by isoelectric focusing (IEF), using 
an immobilized pH gradient strip (IPG) with a nonlinear pH 3-10 (GE Healthcare, 
Buckinghamshire, UK), followed by SDS-PAGE in 10% w/v polyacrylamide gels using SE 
600 Ruby equipment (GE Healthcare). Procedures of the 2DE are described in detail in the 
section Supplementary Material. 

Gels prepared in duplicate were either stained with Coomassie Blue [26] or used for 
Western-blot.  

Trypsin digestion of 2DE gel spots and mass spectrometric analysis. After gel analysis, 
selected protein spots were excised from the gel and kept in microtubes at -20ºC until 
analyzed. The protein spots were washed, destained and digested with 125 ng of trypsin 
(Sequencing Grade, Promega). The resulting peptides were analyzed by capillary liquid 
chromatography tandem mass spectrometry (LC/MS/MS) on a Magic C18 100 µm x 10 cm 
reverse-phase column (Thermo Fisher Scientific, Basel, Switzerland) connected to an 
LTQ-Orbitrap instrument (Thermo Fisher Scientific, San José, CA, USA). Peptides were 
ionized by electrospray ionization and were automatically selected and fragmented in the 
ion-trap. Protein spots preparation, trypsin digestion and LC/MS/MS procedures are 
described in detail in the section Supplementary Material. 

Immunoproteomics. 2DE gels were transferred to nitrocellulose membranes using a TE 
62 Transfer Unit apparatus (GE Healthcare) and incubated with a pool of 10 sera obtained 
from adults patients (64.7% male; 51.2 ± 6.8 years) with IgG antibodies against H. pylori. A 
pooling sample of 5 sera from H. pylori-uninfected individuals (53.3% male; 42.7 ± 5.4 
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years), with a level of anti-H. pylori IgG antibodies under the positivity threshold, was used 
as negative control. The IgG antibodies against H. pylori were determined with the 
serological kit Pyloriset EIA-G III (Orion Diagnostica, Espoo, Finland). Western-blot 
procedure is described in detail in the section Supplementary Material. 

Data Analysis. Individual MS/MS spectra, recorded by Xcalibur, were compared using 
the TurboSequest software [27] against the protein data bank and a subset of the NCBI 
database consisting of protein sequences from H. pylori J99 and 26695 strains. The search 
parameters were as follows: minimum cross correlation coefficients of 1.5, 2.0, and 2.5 for 
singly, doubly, and triply charged precursor ions. In all cases, ∆Cn have to be greater than 
0.1. 

Preparation of recombinant HomB and Western-blot. A recombinant HomB protein, 
rHpHomB, was prepared using a Glutathione S-transferase (GST) Gene Fusion Vector 
pGEX-4T-3 (GE Healthcare,). Briefly, the ORF corresponding to homB of the J99 strain was 
amplified using PCR primers including the SalI and NotI restriction sites. After double 
digestion with these enzymes, restriction fragments were cloned into the digested vector 
pGEX-4T-3. The resulting plasmid was transformed into Escherichia coli BL21 
(Invitrogen), according to the manufacturer’s recommendations. Cells were cultured on 
Luria-Bertani broth supplemented with ampicillin (50 µg/mL) (Sigma-Aldrich, Madrid, 
Spain) and IPTG (0.1 M) (Invitrogen), in order to chemically induce the expression of the 
recombinant protein. Because the rHpHomB is not soluble, the crude extracts of E. coli 
BL21 grown both in presence and in absence of IPTG, were separated, in parallel, by SDS-
PAGE in an 8% polyacrylamide gel electrophoresis. The band corresponding to the 
rHpHomB protein was excised from the crude extract of the cells expressing it, and eluted at 
30ºC for 18 h with 50 mM Tris (pH 7.5), 150 mM NaCl, and 0.mM EGTA. The purified 
protein was probed with an antibody anti-GST (1:1000) (Chemicon Australia, Boronia, 
Australia), in order to confirm its expression, and also with the same two pools of sera 
described above (see the section Immunoproteomics).  

Interleukin-8 (IL-8) secretion and adherence assays. The two H. pylori reference strains 
26695 and J99 and the seven pairs of H. pylori strains described above (see the section 
Construction of homB knock-out mutant strains) were harvested from 48 h culture plates and 
then resuspended in brucella broth. The broth sample was tested by phase-contrast 
microscopy to assure purity, motility and viability of the strains and was adjusted to an 
optical density of 0.6 at 600 nm, corresponding to 3 x 107 CFU/ml. For IL-8 secretion, the 
bacterial suspensions were inoculated in triplicate on gastric epithelial AGS cells (ATCC 
CRL-173) to 60-70% confluence at a multiplicity of infection (MOI) of 100, in F-12K 
medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% fetal bovine serum 
(FBS, Invitrogen) and 50 µg/ml of vancomycin. After 18 h of coculture at 37°C, the 
supernatants were recovered in order to quantify by ELISA the proinflammatory cytokine 
IL-8 (Quantikine Human IL-8 Immunoassay, R&D Systems Europe Ltd, Lille, France). The 
results were expressed after deduction of the basal secretion by bacteria-free AGS cells.  

For adherence assay, the bacterial suspensions were labelled with a PKH2 Green 
Fluorescent Linker Kit (Sigma, Saint-Quentin Fallavier, France) as previously described 
[28]. After a centrifugation at 3,000 rpm for 10 min, the bacterial pellet was resuspended in 
0.5 ml diluent A (PKH2 Green Fluorescent Linker Kit, Sigma). Then, an additional 0.5 ml of 
diluent A containing 0.5 µl PKH2 dye was added for 2 min. The labelling reaction was 
stopped with 1 ml of FBS for 2 min and then 2 ml of cell culture medium was added for 
another 2 min. After a 3000 rpm centrifugation, the pellets were washed twice with culture 
medium. Finally, the bacterial suspensions were inoculated in triplicate on AGS cells to 
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60-70% confluence at a MOI of 100. After 18 h of co-culture at 37°C, cells were washed 
twice in PBS and harvested. Cellular fluorescence was analyzed on the FACSCalibur Flow 
Cytometer (Beckton Dickinson) using CellQuest Software.  

Quantification values represent the means of the triplicate ± standard deviation (SD). 
Significance was determined using the Student’s t-test.  

Statistical analysis. Statistical analysis was performed with the statistical programs 
package SPSS 14.0. To identify possible associations between the H. pylori genotypes and 
clinical outcome, a univariate analysis was performed using the Fisher’s exact test and χ2 
test, with Yates’ continuity correction. In order to evaluate which genotypes or groups of 
genotypes presented the most discriminatory capacity to distinguish between PUD and 
NUD, a binary logistic regression analysis was applied. The different models proposed were 
evaluated by the adjusted odds ratio (OR) and their respective significance; the goodness of 
fit of each model to the data was evaluated by the Hosmer and Lemeshow test and the 
capacity to discriminate between PUD and NUD was analyzed by the area under the receiver 
operating characteristic (ROC) curve. The level of significance was set at 5%, rejecting the 
null hypothesis when the p-value was less than 0.05.  
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RESULTS 
Prevalence of jhp0562, homB, homA and other virulence genes according to clinical 

outcome. A total of 190 H. pylori clinical strains, isolated from children (n=84) and adults 
(n=106), were examined for the presence of jhp0562, homB and homA genes, as well as the 
virulence-associated genes cag PAI, vacAs1, babA2, iceA, hopQ, oipA, sabA, hopZ and 
dupA. 

With regard to cag PAI markers, the presence of cagA, cagE, cagG and cagM genes and 
the simultaneous absence of a “cag empty site” product, or the inverse situation (negative for 
the genes and positive for the “cag empty site”), were observed in 71% (135/190) of the 
strains. Moreover, in only 14.7% (28/190) of the strains, a discrepancy was observed 
between the presence of cagA, cagE, cagG and cagM genes suggesting the presence of an 
incomplete island or mixed infections, of which only 5 were cagA-positive (2.6%). 
Accordingly,, the cagA gene was considered to be representative of an intact cag PAI in this 
study.  

Prevalence and statistical significance of the association between H. pylori virulence 
genotypes and jhp0562, homB and homA genotypes with clinical outcome are presented 
after univariate analysis in Table 1. 

In strains isolated from children (31 PUD and 53 NUD), 6 H. pylori genotypes were 
associated with PUD: cagA (p<0.001; OR=14.06), vacAs1 (p<0.001; OR=14.13), oipA “on” 
status (p<0.001; OR=14.06), hopQI (p=0.004; OR=5.67), and the two new genes, jhp0562 
(p<0.001; OR=12.00) and homB (p<0.001; OR=7.64). The sabA “on” genotype was strongly 
associated with gastritis (p=0.028; OR=0.298), as well as homA (p=0.006; OR=0.263). As 
for the prevalence of babA2, iceA1 and hopZ “on” genotypes, no significant difference was 
observed between the two clinical status. With regard to the dupA gene, a PCR fragment 
corresponding to jhp0917-jhp0918 was detected in all of the strains tested, and the presence 
of a functional gene was confirmed by sequencing.  

In strains isolated from adults (50 PUD and 56 NUD), only cagA was significantly 
associated with PUD (PUD versus NUD: 68% versus 48.2%; p=0.05; OR=2.28). Similarly 
to children strains, all adult isolates had a functional gene dupA gene. Concerning the 
jhp0562, homB and homA genes, they were equally distributed among the strains, regardless 
of the clinical outcome (PUD versus NUD: 64% versus 66.7% for jhp0562; 60.4% versus 
57.4% for homB; 41.7% versus 46.3% for homA).  

 

In older adult populations, it is likely that environmental and possibly host susceptibility 
factors play a greater role than the bacterial factors in the development of gastric disease 
[29]. Accordingly, the adult population was stratified by age and two groups were 
constituted: <40 years and >40 years. In the group of patients with an age <40 years, when 
comparing strains isolated from PUD (n=17 PUD; 64.7% male; 33.5 ± 6.5 years) and NUD 
(15; 58.3% male; 34.7 ± 5.4 years), homB was found associated with PUD (88.2% versus 
40.0% in NUD; p=0.008, OR= 11.25, 95% CI: 1.86 - 68.13), while the higher prevalence of 
jhp0562 in PUD (76.5%) than in NUD (66.7%) was not statistically significant. A higher 
prevalence in PUD than in NUD strains was also observed for cagA (82.4% versus 53.3%), 
vacAs1 (82.4% versus 53.3%), oipA “on” (88.2% versus 60.0%) and hopZ “on” (70.6% 
versus 40.0%), although in all cases the difference was statistically significant. homA was a 
marker for NUD in this group of patients (NUD versus PUD: 60.0% versus 17.6%; p=0.027, 
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OR= 7.0, 95% CI=1.11-50.44). In the group of adults with an age > 40 years, no genotype 
was significantly associated with clinical outcome (not shown).  

Association of jhp0562, homB and homA with other virulence genes. The relationship 
between jhp0562, homB, homA and the other virulence markers was evaluated in all 190 
strains. The jhp0562 gene was strongly associated with vacAs1 (p<0.001), cagA (p<0.001), 
babA2 (p<0.001), hopQI (p<0.001) and oipA “on” (p<0.001). Similarly, the presence of 
homB was associated with vacAs1 (p<0.001), cagA (p<0.001), babA2 (p<0.001), hopQI 
(p<0.001) and oipA “on” status (p<0.001). homA was strongly associated with the less 
virulent genotypes, more specifically vacAs2 (p<0.001), cagA-negative (p=0.01), and 
babA2-negative (p=0.001), hopQII (p<0.001) and oipA “off” (p<0.001). When the 
relationship between jhp0562, homB and homA genes was evaluated, a strong association 
between the presence of jhp0562 and homB genes (p<0.001) was observed and, as expected, 
the presence of the homA gene was significantly correlated with the absence of jhp0562 
(p=0.016) and homB (p<0.001). The same degree of association was found when strains 
isolated from children and adults were analyzed separately, as well as when considering 
strains from different clinical origin (not shown).  

Results of the binary logistic regression analyses. In order to evaluate which 
combination of genotypes presented the most discriminatory capacity to distinguish between 
PUD and NUD, a binary logistic regression analysis was performed in the groups of strains 
for which jhp0562 and/or homB were strongly associated with PUD (Table 2).  

In H. pylori strains isolated from children, the genotype combinations including both 
jhp0562 and homB as well as the genotypes presenting the highest risk for PUD (cagA, 
vacAs1 and oipA) were tested. The analysis of the adjusted OR showed that the cagA gene 
was the most important predictor of PUD in every model considered. Both vacAs1 and oipA 
“on” also presented the highest and most significantly adjusted OR when combined with 
either jhp0562 or homB. In the model including both jhp0562 and homB, both genes were 
independently associated with PUD, although jhp0562 presented a higher OR. Analysis of 
the area under the ROC curves showed that all models proposed presented a high and similar 
discriminatory capacity to distinguish between PUD and gastritis. With regard to the 
goodness of fit of each model to the data, evaluated by the Hosmer and Lemeshow Test, the 
models which showed the best adjustment were the combination of jhp0562 with either 
cagA or vacAs1. These results indicate that in strains isolated from children the best 
combination of genotypes to discriminate between PUD and gastritis were cagA+/jhp0562+ 
and vacAs1/jhp0562+.  

In strains isolated from adults aged <40 years all of the genotypes showing an association 
with PUD, even those not statistically significant, were analyzed by binary logistic 
regression analysis, and included homB, cagA, vacAs1, oipA “on” and hopZ “on” (Table 2). 
The homB gene was the most important predictor of PUD, showing the highest value for the 
adjusted OR in every model considered, and in accordance with the univariate analysis. 
Regarding the global results of the logistic regression analysis, the best model for 
discriminating PUD and NUD in young adults was the combination of homB with hopZ 
“on”.  

Diversity in jhp0562 and jhp0563 genes. Based on the results obtained for the 190 
strains, using the internal PCR which discriminates between jhp0562 and the upstream 
80%-homologous jhp0563 gene, a subgroup of 34 strains was randomly chosen, in order to 
study the sequence diversity of these genes: eight strains carried jhp0562 only, 13 strains 
with jhp0563 only, and 13 strains carried both genes. The results indicated that these genes 
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occupy the same region as in reference strains and display a similar genomic organization, 
i.e., when the two ORFs are present, jhp0562 always precedes jhp0563. The jhp0563 ORF 
presented a variable length (from 1230 to 1409bp) and 16 of the 26 (61.5%) sequences 
analyzed were out-of-frame, due to the presence of a variable number of C repeats (8 to 15) 
in the middle of the ORF, resulting in a nonsense frameshift mutation. Interestingly, in the 
13 cases where jhp0563 was present alone, 9 (69.2%) were in-frame, whereas in the 13 cases 
positive for both genes, 12 (92.3%) of the jhp0563 ORFs were out-of-frame. The ORF 
corresponding to jhp0562 had a constant length of 999 bp in the majority of the cases, except 
for two cases with lengths of 993 and 1002 bp, and was always in-frame. Full sequences of 
the jhp0562- and jhp0563-like genes from the 34 H. pylori clinical strains are available at 
GenBank with the accession numbers EF648399-EF648445. 

Diversity in homB and homA genes. One copy of each gene, homB and homA, is present 
in the genome of J99 strain at two different positions, i.e., jhp0870 and jhp0649 loci, 
respectively, according to the numbering of the J99 strain [9]; whereas only one copy of 
homA is observed in 26695 strain at the corresponding jhp0649 locus [7]. The presence of 
homB and homA and their genomic position in the H. pylori clinical strains were analyzed in 
the 190 H. pylori clinical strains, using the previously reported PCRs targeting the genomic 
flanking regions at both loci [4]. At least one of these two genes was always present in the 
genome of clinical strains, and different combinations were observed: single-copy genotype 
(homA or homB) and two-copy genotype (either two copies of homA or homB, or one copy 
of each gene). The entire nucleotide sequence of both homB and homA genes was 
determined in 58 clinical strains, randomly chosen, presenting different homB/homA 
combinations: 13 with two copies of homB, 6 with two copies of homA, 16 with one copy of 
homB, 10 with a single copy of homA and 13 cases harboring one copy of each gene. Both 
genes presented a variable length, from 1974 to 2025-bp for homB and from 1941 to 1998 bp 
for homA. In cases where only one copy was present, homB or homA, the gene always 
occupied the same genomic position, corresponding to the jhp0649 locus, whereas a 
conserved intergenic space was observed at the corresponding jhp0870 locus. When two 
copies were found in the same strain, genes were present indifferently in one of these loci. 
Moreover, when duplicates of the same gene were present, their identity varied between 98 
and 99%. The homB and homA sequences determined in this study were assigned GenBank 
accession numbers EF648309 and EF648398, respectively. 

The presence of homB/homA in the single- or two-copy genotype varied significantly 
among PUD and gastritis strains isolated from children and young adults. Indeed, the 
single-copy genotype was much more frequent in gastritis than in PUD (79.4% versus 
37.5%) while the inverse situation was observed for the two-copy genotype (62.5% in PUD 
versus 20.6% in gastritis). More specifically, one copy of homA was the most frequent 
genotype in gastritis (61.8% in gastritis versus 10.4% in PUD, p<0.001; OR=13.89; 95% 
CI=4.49-45.99), whereas two copies of homB was the genotype most strongly associated 
with PUD (39.9% in PUD versus 11.8% in gastritis, p=0.001; OR=4.91; 95% 
CI=1.77-14.02).  

Study of jhp0562 and homB RNA expression. The cDNA reverse transcribed with 
random primers was used in two PCRs targeting jhp0562/jhp0563 and homB/homA [4]. The 
jhp0562 ORF, when present, was always transcribed, while jhp0563 was expressed 
differently according to the frame status of the sequence. These results were confirmed with 
the J99 and 26695 strains, in which jhp0563-like gene was out-of-frame. Both homB and 
homA were always expressed when present (data not shown). 
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Evaluation of HomB surface expression and antigenicity. An H. pylori homB isogenic 
mutant was constructed with the wild-type strain 1776/05, isolated from a 15-year old child 
with DU, carrying homB at the jhp0649 locus and with an intergenic space at the jhp0870 
locus. The OMP fractions of wild-type strain 1776/05 and the corresponding homB 
knock-out mutant were recovered and analyzed by 2DE. Nine spots were identified as being 
expressed differentially (Figure 1A). In two spots, the corresponding proteins identified were 
found to belong to the class of H. pylori putative OMP, HomD and HopN, not yet described 
in H. pylori proteomic studies. The MS/MS analysis of 6 other spots showed the presence of 
previously described surface proteins, validating the preparation of the OMP extracts [30, 
31, Kimmel, 2000 #8347, 32] (Table S1, presented in the section Supplementary Material). 
The remaining spot, presenting a similar isoelectric point (pI) and molecular weight (Mr) as 
those deduced for the expected HomB protein, was identified in the 2DE of the wild-type 
strain, and the MS/MS analysis confirmed that this spot was the HomB protein (data not 
shown). This spot was absent in the 2DE homB knock-out mutant (data not shown). 

The antigenicity of HomB was investigated by an immunoproteomic approach, in which 
the 2DE OMP fractions from both the wild-type and the mutant strains were used as antigens 
to react with IgG antibodies in the pooled sera of 10 H. pylori-positive patients. The 
immunoblot shows that HomB was immunoreactive to sera from H. pylori-positive patients 
(Figure 1B). This result was confirmed by the immunoreaction with the rHpHomB 
(Figure 1C). The protein showed no reactivity with the pool of sera from H. pylori-negative 
patients, neither against the proteins separated by 2DE nor against the rHpHomB (data not 
shown). The Western-blot of the 2DE also shows that HomD and HopN were 
immunoreactive to sera from H. pylori-positive patients (Figure 1B). The global proteomic 
results suggest that the HomB protein is an H. pylori membrane component which is 
antigenic in humans.  

In vitro cellular IL-8 secretion according to the homB status of the strains. The level of 
IL-8 secretion by gastric epithelial AGS cells cocultured with H. pylori was evaluated for the 
two reference strains and seven pairs of wild-type homA negative strains and their homB 
corresponding mutant strains, cag PAI-positive or cag PAI-negative. IL-8 secretion by 
epithelial cells has been shown to be dependent on the presence of a functional cag PAI [33, 
34]. As expected, the average increase of IL-8 secretion was significantly higher in cag 
PAI-positive strains (772.1 ± 215.7 pg/ml) than in cag PAI-negative strains (102.5 ± 
12 pg/ml) (p<0.05). With regard to the five cag PAI-positive, the IL-8 levels obtained with 
the homB-single mutants were significantly lower than those obtained with the parent strains 
(p < 0.05) (Figure 2A). For the strain 417/02 carrying two copies of homB, the IL-8 level 
obtained for the double mutant was significantly lower than that obtained for the 
corresponding single mutant (675 ± 40.2 pg/ml versus 492 ± 17.2 pg/ml, respectively) 
(p < 0.05). A reduction in IL-8 secretion was also observed for the strain 565/99, one of the 
two cag PAI-negative homB-single mutants.  

Adherence according to the homB status of the strains. Adherence of the seven pairs of 
wild-type homA negative strains and their homB corresponding mutant strains was evaluated 
on AGS cells (Figure 2B). With regard to the H. pylori strains tested in this study, all of the 
strains were able to adhere to the human cells. The homB disruption in the two H. pylori 
strains (771/99 and 36/00) did not lead to a significant modification in adherence properties. 
This may be due to the fact that the corresponding wild-type strains presented the lowest 
adherence ability among the strains tested, making any change difficult to detect. However, 
with regard to the four H. pylori strains 1776/05, 559/02, 351/99 and 565/99, the inactivation 
of the single genomic copy of homB led to a significant decrease in adherence (p < 0.05). 
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For the strain carrying two copies of homB (417/02), the disruption of one copy of homB led 
to a significant decrease of adherence compared to the wild-type strain (p < 0.05), and this 
decrease was more important when the two copies were disrupted as compared to the single 
mutant strain (p < 0.05). 
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DISCUSSION 
This study reports on the analysis of two H. pylori genes, coding for proteins from the cell 

envelope, whose presence was related to peptic ulcer: jhp0562, a putative 
glycosyltransferase involved in LPS core biosynthesis, and homB, a putative OMP. Their 
association with clinical outcome was determined in clinical H. pylori strains isolated from 
both pediatric and adult Portuguese patients. Both jhp0562 and homB genes were 
significantly associated with PUD in strains isolated from children. The homB gene was also 
a marker for this disease in the strains isolated from young adults (<40 years old). In 
addition, cagA-positive, vacAs1, hopQI and oipA “on” genotypes were also strongly 
associated with PUD in Portuguese children, while for adults, only cagA was a PUD marker. 
Several studies reported differences in strains infecting the mucosa of adults and children, 
which could explain the differences observed among the Portuguese isolates from children 
and adults [4, 35-38]. On the other hand, the fact that homB was a PUD marker only in 
young adults suggests that the younger the population, the stronger the influence of bacterial 
factors is in the determination of the clinical outcome, and thus, the severity of the disease 
would be strongly related with the virulence of the infecting strain. In older populations, the 
bacterial factors are more “diluted” with environmental factors, such as smoking, 
consumption of nonsteroidal anti-inflammatory drugs and/or aspirin and alimentary habits, 
which play a major role [29]. 

The results of the logistic regression analyses support those of the univariate analysis. In 
children’s strains, the combination of jhp0562 with either cagA or vacAs1 genotypes 
presents a good capacity to discriminate between peptic ulcer and gastritis, even better than 
the typical classification of type I (cagA+/vacA+) and type II (cagA-/vacA-) strains. With 
regard to homB, the combination of this factor with cagA, vacAs or oipA genotypes does not 
improve the discrimination between the two clinical situations, suggesting a weaker 
association of homB with peptic ulcer than that observed for jhp0562, cagA or vacAs. In 
young adults’ strains, homB in combination with hopZ “on” was the best predictor of PUD. 
Nevertheless, for both groups, children and adults, more strains should be tested in order to 
confirm these results and increase the power of the logistic regression analysis. 

The overall profile of the association between jhp0562 and homB with clinical outcome is 
supported by the correlation of these factors with the other H. pylori-associated virulence 
genotypes, namely cagA, babA2, vacAs1, hopQI and oipA “on” genotypes, independently 
of the patient’s age and the clinical origin of the strain. These results suggest that these new 
genes are much more frequent in highly pathogenic strains, and thus can be good markers for 
a more virulent profile.  

The homA gene, a 90% homolog and duplicate of homB, was strongly associated with 
both gastritis and the less virulent genotypes. Moreover, the presence of two copies of homB 
in a single strain was the genotype most strongly associated with ulcerogenic strains, 
whereas the strongest marker of non-ulcerogenic strains was one copy of homA. These 
results suggest that, although homB and homA share a high similarity and are duplicates of 
one another, they probably evolved for different functions, with homB most likely 
contributing more to the proinflammatory properties of H. pylori strains. Other H. pylori 
genes encoding OMP are present in duplicate copies within the same strain and functional 
diversification has been observed; for example, babA codes for the blood group 
antigen-binding adhesin BabA, while the babB product leads to a non-binding phenotype 
[39]. 
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The existence of duplicated genes in a single genome can lead to gene conversion, by 
recombination between loci, leading to the duplication of a unique gene [39-41]. This 
phenomenon was observed in H. pylori clinical strains, with regard to the presence of homA 
and homB, where two copies of the same gene or one copy of each gene within a single 
strain were detected. Thus, it seems that different strains may duplicate different genes, and 
whether this constitutes a random event or whether it confers any biological advantage to the 
bacterial cells remains unknown. The observation that the two-copy genotype was much 
more prevalent in peptic ulcer than in gastritis strains points to a non-random event of 
duplication. Instead, the two copies suggest a biological advantage, either by facilitating an 
elevated expression of a particular protein by facilitating the adaptation to an individual host. 

Analysis of the complete sequence of each of the genes, jhp0562, homA and homB, 
showed the presence of a complete ORF, which was confirmed by in vitro expression 
studies, suggesting that they represent true genes and not pseudogenes. In turn, the presence 
or absence of jhp0562 seemed to influence the functionality of its 80% homolog gene 
jhp0563. In fact, when the two genes were present within a single strain, the jhp0563 was 
non-functional in the majority of cases, whereas in the absence of jhp0562, only a small 
proportion of strains presented a truncated jhp0563 ORF. Both genes belong to the lex2B 
LPS biosynthesis family, coding for putative glycosyltransferases, which contains two more 
common members in H. pylori, jhp0563 being the only phase-variable gene [5, 6]. These 
results suggest that the enzymes expressed by jhp0563 or jhp0562 are essential for the 
bacteria, but whether the presence of strain-specific glycosyltransferases results in different 
LPS core structures remains to be elucidated.  

HomB was shown to be expressed at the H. pylori outer membrane level and recognized 
by human sera, indicating that it possesses surface exposed regions. Moreover, the 
inactivation of homB caused a significant reduction in IL-8 production, a phenomenon 
observed in both cag PAI-positive and cag PAI–negative strains. The double knock-out of 
homB had a stronger reduction effect, suggesting that both HomB proteins are active and 
share the same function. This result is in accordance with the finding that two copies of 
homB in a single strain was the genotype most frequently found in ulcerogenic strains. 
Nonetheless, it should be emphasized that the decrease in IL-8 secretion obtained with the 
homB mutants is considerably lower than the decrease observed with cag PAI mutants [33, 
34]. Together, these results suggest that HomB, in association with the cag PAI, is able to 
promote an in vitro proinflammatory response by gastric epithelial cells. 

It is known that H. pylori-related IL-8 induction requires attachment of live bacteria to 
epithelial cells, because physical separation of the bacteria from the cells by a membrane or 
the use of killed bacteria does not lead to IL-8 secretion [42, 43]. Moreover, bacterial 
attachment is required for CagA translocation and consequent induction of IL-8 secretion 
[44]. Accordingly, it is likely that HomB is involved in bacterial adherence. Indeed, it was 
demonstrated that H. pylori wild-type strains adhered to human gastric epithelial cells, 
whereas the corresponding knock-out mutant strains showed significantly reduced binding to 
the cells. However, the fact that the disruption of homB did not completely abolish 
adherence suggests that HomB is not the major OMP involved in this mechanism. 

In conclusion, jhp0562 and homB can be considered as co-markers of H. pylori strains 
associated with PUD and they may participate in the development of more intense symptoms 
like those observed in children with H. pylori-positive ulcers.  
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Figure 1. (A) Coomassie blue-stained two-dimensional gel electrophoresis (2DE) of the 

outer membrane protein (OMP) fraction of a Helicobacter pylori clinical strain, with an 

intact copy of homB, showing the positions of the 9 identified spots: 

gamma-glutamyltranspeptidase–GGT; ATP Synthase F1 (subunit alpha)–AtpA; Flagellar 

hook protein–FlagE; Flagellin A–FlaA; Peptidyl-prolyl cis-trans isomerase C–PpiC; 

Hypothetical protein (jhp0216); HomB; HomD; HopN. For each protein spot, the number of 

matching peptides, the Xcorr with charge for each peptide and the sequence coverage are 

described in Table S1 (Supplementary Material). Mr: molecular weight. 

(B) Western-blot of a duplicate 2DE hybridized with the pool of sera from Helicobacter 

pylori-positive patients, showing the positions of the 7 reactive spots. The positions of the 

Mr are indicated on the right. The isoelectric point (pI) of some proteins present in the gel 

are indicated at the bottom, and were deduced from the theoretical pI of the corresponding 

proteins of the three H. pylori reference strains 26695 [7], J99 [5] and HPGA1 [8]. 

(C) Analysis of the production of the rHpHomB protein  

Coomassie blue-stain of the SDS-PAGE of 1) crude extract of Escherichia coli BL21 cells 

not expressing the rHpHomB protein, 2) crude extract of E. coli BL21 cells expressing the 

rHpHomB protein and 3) purified rHpHomB; 4) Western-blot of the purified protein with 

anti-antibody anti-GST and 5) a pool of sera from H. pylori-positive patients. 
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Figure 2. Involvement of HomB in interleukin 8 (IL-8) secretion and adherence. 

(A) In vitro IL-8 secretion from gastric epithelial AGS cells and (B) adherence on AGS cells 

was determined after an 18 h incubation with Helicobacter pylori wild-type and homB 

knock-out mutant strains at a multiplicity of infection (MOI) of 100. IL-8 secretion was 

determined by ELISA and the results were expressed after deduction of the basal secretion 

by bacteria-free AGS cells. Adherence was determined by flow cytometry with labelled 

bacteria. Values represent the means of the triplicate ± standard deviation.  
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TABLES 

Genotype Number of strains (% PUD versus NUD) 

 Pediatric strains  Adult strains 

 PUD (n=31)  NUD (n=53)  P value†  OR [95% CI]  PUD (n=50)  NUD (n=56)  P value†  OR [95% CI] 

cagA+ 23 (74.2%)  9 (17.0%)  <0.001  14.06 [4.78-41.29]  34 (68.2%)  27 (48.2%)  0.05  2.28 [1.03-5.04] 

vacAs1 23 (76.7%)  10 (18.9%)  <0.001  14.13 [4.75-42.04]  31 (63.3%)  26 (46.4%)  N.S.  N:A 

oipA on 26 (83.9%)  17 (32.1%)  <0.001  14.06 [4.78-41.29]  34 (68.0%)  28 (50.0%)  N.S.  N:A 

hopQ type I 17 (77.3%)  15 (37.5%)  0.004  5.67 [1.73-18.53]  29 (74.4%)  25 (58.1%)  N.S.  N:A 

babA2+ 9 (29.0%)  6 (11.3%)  N.S.  N.A.  25 (50.0%)  18 (32.1%)  N.S.  N:A 

iceA1 5 (23.8%)  14 (34.1%)  N.S.  N.A.  9 (25.0%)  10 (22.7%)  N.S.  N:A 

hopZ on 16 (51.6%)  34 (64.2%)  N.S.  N.A.  30 (60.0%)  27 (49.1%)  N.S.  N:A 

sabA on 7 (28.0%)  30 (56.6%)  0.028  0.298 [0.11-0.83]  28 (56.0%)  39 (69.6%)  N.S.  N:A 

jhp0562+ 27 (87.1%)  18 (36.0%)  <0.001  12.00 [3.62-39.78]  32 (64.0%)  36 (66.7%)  N.S.  N:A 

homB+ 25 (80.6%)  18 (35.3%)  <0.001  7.64 [2.65-22.05]  29 (60.4%)  31 (57.4%)  N.S.  N:A 

homA+ 12 (38.7%)  36 (70.6%)  0.006  0.263 [0.10-0.67]  20 (41.7%)  25 (46.3%)  N.S.  N:A 
 

† p-value was determined by the Fisher’s Exact Test; OR, odds ratio; CI, confidence interval; N.S., not significant; N.A., not applicable; PUD, peptic ulcer 

disease; NUD, non-ulcer dyspepsia 
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Table 2. Logistic regression analysis of the Helicobacter pylori virulence genotypes 

associated with clinical outcome in strains isolated from Portuguese children and adults aged 

<40 years, presenting peptic ulcer disease (PUD) and non-ulcer dyspepsia (NUD). 

Model  p value  Adjusted OR [95% CI]  Area under the ROC Curve 
(%) (p value) 

 H.L. Test 

Children strains 
cagA+ 
vacAs1 

 0.019 
0.062 

 5.94 [1.34-26.23] 
4.12 [0.93-18.22] 

 83.4 
(<0.001) 

 0.056 

         
cagA+ 

jhp0562+ 
 0.002 

0.040 
 7.40 [2.13-25.73] 

4.29 [1.07-17.16] 
 83.5 

(<0.001) 
 0.972 

         
cagA+ 
homB+ 

 <0.001 
0.054 

 8.26 [2.58-26.44] 
3.31 [0.98-11.18] 

 83.4 
(<0.001) 

 0.005 

         
vacAs1 

jhp0562+ 
 0.01 

0.038 
 7.65 [2.22-26.33] 

4.30 [1.08-17.07] 
 83.5 

(<0.001) 
 0.939 

         
vacAs1 
homB+ 

 0.001 
0.182 

 8.42 [2.41-29.47] 
2.43 [0.66-8.98] 

 81.6 
(<0.001) 

 0.438 

         
oipA “on” 
jhp0562+ 

 0.002 
0.011 

 7.05 [2.06-24.17] 
5.58 [1.49-20.83] 

 82.9 
(<0.001) 

 0.259 

         
oipA “on” 

homB+ 
 0.003 

0.026 
 6.12 [1.83-20.40] 

3.81 [1.17-12.36] 
 82.1 

(<0.001) 
 0.209 

         
jhp0562+ 
homB+ 

 0.001 
0.004 

 8.87 [1.77-18.50] 
5.72 [2.49-31.58] 

 83.5 
(<0.001) 

 0.639 

Adults strains (age <40 years) 
cagA+ 
homB+ 

 0.366 
0.020 

 2.33 [0.37-14.65] 
9.00 [1.41-57.44] 

 77.8% 
(0.007) 

 0.885 

         
vacAs1 
homB+ 

 0.366 
0.020 

 2.33 [0.37-14.65] 
9.00 [1.41-57.44] 

 77.8% 
(0.007) 

 0.885 

         
oipA “on” 

homB+ 
 0.366 

0.020 
 3.00 [0.40-22.77] 

9.00 [1.41-57.44] 
 78.6% 

(0.006) 
 0.553 

         
hopZ “on” 

homB+ 
 0.066 

0.008 
 2.06 [0.89-36.17] 

15.81 [2.06-121.61] 
 82.0% 

(0.002) 
 0.762 

         
† P value was determined by the Wald Test; OR, odds ratio; CI, confidence interval;  

H.L., Hosmer and Lemeshow; ROC, receiver operating characteristic.  



Mónica Oleastro 
 

- 101 - 

SUPPLEMENTARY MATERIAL 
Construction of homB knock-out mutant strains. The homB knock-out mutant strains 

were constructed by insertion of a kanamycin cassette by double homologous recombination. 
A suicide plasmid containing the targeted gene (HP0710, a homB-homologue) disrupted by a 
kanamycin resistance gene cassette (pILL570Hp710∆TnKm plasmid) was used for natural 
transformation of H. pylori. Transformation was performed on an agar surface. Briefly, 24 h 
after inoculation, bacteria were harvested from an agar plate, suspended in 200 µl of brucella 
broth, spread on an agar base supplemented with 10% horse blood and incubated at 37°C for 
5 h. Approximately 50 ng of plasmid DNA were spotted directly onto the inoculated agar, and 
incubation was continued for 10 h. Then, the incubated mixture was spread on a non-selective 
medium for 18 h (Columbia agar supplemented with 10% horse blood). Bacteria were then 
suspended in 300 µl of brucella broth, spread on selective plates Columbia agar supplemented 
with 10% horse blood and 20 µg/mL kanamycin, and incubated at 37ºC in a microaerobic 
atmosphere for 5 days.  

For construction of the double mutant, a second transformation experiment was performed 
on a single mutant, with the homB gene localized at the jhp0649 locus previously inactivated. 
Double mutant colonies were selected on Columbia agar supplemented with 10% horse blood 
and 250 µg/mL of kanamycin. 

The correct insertion of the kanamycin cassette in the target region was confirmed by PCR 
with external primers located on the flanking genes and subsequent sequencing. Southern blot 
hybridization was also performed in order to verify that there was no illegitimate insertion of 
the kanamycin cassette elsewhere in the H. pylori genome. A 172-bp probe was prepared 
from the pILL570Hp710∆TnKm plasmid with the primers F1-Clone 
(ACTAATGCTTGAAACCCAG)/ R1-clone (CTCCAATTCACTGTTCCTTGC) and used to 
hybridize to the genomic DNA digested with HindIII (Promega GmbH, Mannheim, 
Germany). The signal was detected using the DIG Luminescent Detection kit, according to 
manufacturer’s instructions (Roche Diagnostics GmbH). A single fragment of 1700-bp was 
detected for both the single and double mutants (data not shown). In addition, PCR with the 
internal primers F1- / R1-jhp0870/jhp0649 confirmed that neither homB nor homA was 
present in the transformed strain (data not shown). 

Two-dimensional gel electrophoresis (2DE). Two hundred µg of protein membrane pellets 
of each H. pylori strain were precipitated with 20% tricloroacetic acid (TCA), washed in 
ice-cold acetone and solubilized in Isoelectric Focusing (IEF) buffer [7M urea, 2M thiourea, 
4% w/v 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulphonate, 60 mM 
1,4-dithioerythriol, 0.75% w/v ampholines (pH 3.5-10.0), 0.25% w/v ampholines (pH 4-6)] at 
37ºC, for 30 min. The samples were clarified by centrifugation at 12 000 x g for 5 min and the 
supernatants containing the membrane protein extracts were loaded onto 7 cm immobilized 
pH gradient (IPG) strips, Immobiline DryStrips, with a nonlinear pH 3-10 (GE Healthcare, 
Chalfont St Giles, Buckinghamshire, UK). IEF was performed via step-wise voltage 
increments from 100 V to 6500 V to a total of 29000 V/h in Protein IEF Cell equipment 
(Bio-Rad Laboratories), after an active rehydration at 50 V for 12 h. For the second 
dimension, IPG strips were equilibrated in equilibration solution (50 mM Tris-HCl pH 8.8, 
6M urea 6M, 30% w/v glycerol, 2% w/v SDS and traces of bromophenol blue) with 2% w/v 
1,4-dithioerythriol for 15 min and with 2.8% w/v iodoacetamide for another 15 min. The IPG 
strips were sealed with agarose (0.5% in running buffer) in 10% w/v polyacrylamide gels 
(1 mm thick) and ran for 16 h at 50 V, using SE 600 Ruby equipment (GE Healthcare). 

Tryptic digestion of 2DE gel spots and mass spectrometric analysis. After gel analysis, 
selected protein spots were excised from the gel for mass spectrometry (MS) analysis, and 
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kept in microtubes at -20ºC until analyzed. The protein spots were cut with a razor blade into 
small cubes and washed 5 times with 40% w/v 1-propanol followed by 5 washes with 50% 
w/v acetonitrile/0.1 M NH4HCO3. The gel pieces were shrunk with 50 µl 100% w/v 
acetonitrile and dried completely in a SpeedVac. The dried gel pieces were rehydrated with 10 
µl of 50 mM NH4HCO3 containing 125 ng of trypsin (Sequencing Grade, Promega). Once the 
gel pieces were impregnated with the trypsin solution, additional 50 mM NH4HCO3 was 
added until the gel pieces were completely immersed in liquid. Digestion was performed at 
37oC overnight. After completion of digestion, the supernatant was transferred into a new 
tube and the gel pieces were extracted with 50 µl of 50% w/v acetonitrile / 0.1% w/v formic 
acid and the extract was combined with the digest. The digest was dried in a SpeedVac and 
redissolved in 25 µl of 0.1% w/v formic acid containing 2% w/v acetonitrile. The peptides 
were analyzed by capillary liquid chromatography on a Magic C18 100 µm x 10 cm 
reverse-phase column (Thermo Fisher Scientific, Basel, Switzerland) that was connected to an 
LTQ-Orbitrap instrument (Thermo Fisher Scientific, San José, CA, USA). A linear gradient 
from 5 to 75% w/v solvent B (80% w/v acetonitrile containing 0.1% w/v formic acid) was 
delivered with a Rheos 2200 HPLC system (Thermo Fisher Scientific, Basel, Switzerland) at 
50 ml/min. A precolumn flow splitter reduced the flow through the column to approximately 
500 nl/min. The eluting peptides were ionized by electrospray ionization and the peptides 
were automatically selected and fragmented in the ion-trap.  

Immunoproteomics. 2DE gels were transferred to nitrocellulose membranes using a TE 62 
Transfer Unit (GE Healthcare) apparatus for 90 min, at 400 mA. Membranes were blocked 
with 5% skimmed milk in 0.1% w/v Phosphate buffered saline-Tween (PBS-T) for 1 h, at 
room temperature and incubated for 16 h at 4ºC with patients’ sera (1:400 in PBS-T). 
Incubation with the secondary antibody anti-human IgG horseradish peroxidase from sheep 
(GE Healthcare) (1:1500 in PBS-T) was performed for 1 h at room temperature and the 
development was done using the ECL Western-blot kit (GE Healthcare).  
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SUPPLEMENTARY TABLE 
Table S1. List of the proteins identified by mass spectrometry from the 9 spots differentially expressed in the two-dimensional gel 

electrophoresis outer membrane proteome of the two Helicobacter pylori 1776/05 strains, the homB knock-out mutant and the wild-type.  

 Gene number*  Theorethical 
Mr (KDa)& 

 Xcorr  
(charge) † 

 Sequence 
coverage 

(%) 

 Immunogenic 

Spot ($) Protein 
identified& 

Protein annotation& 

 HP no. jhp no. HPGA1 no.    

No. of 
matching 
peptides 

     

GGT Gamma-glutamyltranspeptidase  HP1118 jhp1046 HPGA1_1056  61.151  4 4.49 (3+) 

3.33 (2+) 

2.79 (2+) 

2.75 (2+) 

 10.0  no (B) 

AtpA Predicted ATP synthase F1 (subunit 
alpha) 

 HP1134 jhp1062 HPGA1_1072  55.143  3 3.3 (2+) 

2.9 (2+) 

2.7 (2+) 

 7.4  yes (A) 

FlgE Flagellar hook protein  HP0870 jhp0804 HPGA1_0853  76.207  17 6.16 (3+) 

3.29 (2+) 

4.20 (2+) 

4.83 (2+) 

2.39 (2+) 

3.72 (2+) 

2.70 (2+) 

3.18 (2+) 

4.53 (2+) 

3.11 (2+) 

 32  yes (B) 
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3.47 (2+) 

2.60 (2+) 

3.56 (2+) 

2.58 (2+) 

1.93 (2+) 

3.49 (2+) 

2.52 (2+) 

FlaA Flagellin A  HP0601 jhp0548 HPAG1_0582  53.153  5 5.33 (2+) 

4.75 (2+) 

3.97 (2+) 

3.61 (2+) 

2.17 (2+) 

 15  yes (A) 

PpiC Predicted peptidyl-prolyl cis-trans 
isomerase C involved in protein 

maturation 

 HP0175 jhp0161 HPAG1_0171  34.031  3 2.98 (2+) 

2.32 (2+) 

2.32 (2+) 

 15.5  no (B) 

Hypothetical 
protein 

Predicted coding region JHP0216 
with no homologue in the databases 

 HP0231 jhp0216 HPGA1_0234  29.459  3 4.06 (2+) 

4.01 (2+) 

2.53 (2+) 

 11  yes (B) 

HomD Predicted outer membrane protein 
HomD 

 HP1453 jhp1346 HPAG1_1379  82.360  2 2.55 (2+) 

1.89 (2+) 

 3.1  yes (B) 

HomB Predicted outer membrane protein 
HomB 

 - jhp0870 HPGA1_0695  74.192  2 2.77 (2+) 

2 (2+) 

 6  yes (A) 

HopN Predicted outer membrane protein 
HopN 

 HP1342 jhp1261 HPAG1_1289  75.740  2 2.76 (3+) 

2.57 (2+) 

 5  yes (A) 

*HP, jhp and HPAG1 numbers are according to the numbering of the strains 26695, J99 and HPGA1, respectively. 
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&Gene product/function according to Boneca (http://genolist.pasteur.fr/PyloriGene/genome.cgi). 
†Only peptides with an XC greater than 1.5 (single charge), 2 (double charge), 2.5 (triple charge) were considered. In all cases, ∆Cn was greater 
than 0.1.  
$ Spots apparently absent (A) or less intense (B) in the two-dimensional gel electrophoresis proteome of the Helicobacter pylori homB knock-out 

mutant strain compared to the wild-type strain. 

Mr, molecular weight. 



MANUSCRIPT III 

 

- 106 - 

CHAPTER V – MANUSCRIPT III 
 
Distribution and allelic diversity of homB, a novel peptic ulcer disease-marker 
candidate of Helicobacter pylori 
 

Key words: Helicobacter pylori; peptic ulcer disease; allelic variant; genetic marker. 

 

Summary 
The results previously obtained and described in Chapters III and IV strongly suggest that 

homB is a novel putative H. pylori virulence gene. The present study was thus focused on this 
factor, and on its 90%- similar gene, homA.  

Given that the distribution of a particular gene in strains isolated from different geographical 
regions can be informative regarding its pathogenic character, the present work aimed to evaluate 
the worldwide prevalence of homB and homA, as well as their association with the clinical 
outcome and to other H. pylori-virulence genotypes. For that, a panel of 455 H. pylori clinical 
strains isolated from patients from Western and East Asian countries, presenting different gastric 
diseases (non-ulcer gastritis, peptic ulcer and gastric adenocarcinoma) was used. This work also 
focused on understanding the diversity and evolution of these two H. pylori OMP members, by 
performing both comparative sequences and phylogenetic analyses, using the same panel of 
H. pylori clinical isolates.  

Genotyping of homB and homA was performed using the PCR-based techniques previously 
described (Chapters III and IV). 

The results revealed a varied worldwide distribution for both homB and homA, with a marked 
difference between Western and East Asian strains. While homB and homA were homogenously 
distributed among Western countries, homB was highly frequent among East Asian strains (77.2 
to 95.9%), contrasting to homA which was rare (5.9% to 21.2%). 

The evaluation of the association between homB and homA with clinical outcome showed 
that, in Western strains, homB was statistically associated with peptic ulcer disease (PUD) 
(p=0.025; OR=1.84 95%CI [1.10-3.10]), while homA was closely correlated with non-ulcer 
dyspepsia and gastric carcinoma. In East Asian strains, none of these genes was associated with 
the clinical outcome.  

The evaluation of the association between genotypes showed that, independently of the 
geographical origin of the strains, the homB gene co-exists with the more virulent genotypes, 
while homA was more frequently found in strains lacking these genotypes, in agreement with the 
previously found association among Portuguese strains, described in Chapter IV.  

Extensive sequence analysis of homB and homA revealed diversity regarding the number of 
copies of each gene, genomic localization and regulation mechanisms, with geographic 
specificities. Clinical strains presented either the single-copy genotype (one copy of homA or 
homB), or the two-copy genotype (two copies of the same gene or one copy of each gene).  
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The single-copy genotype was overall the most prevalent worldwide, and was exclusively 
present in all the East Asian strains. When present as a two-copy genotype, homA and homB 
were localized in two well conserved loci (named loci A and B), occupying indifferently one of 
the loci. In the case of the single-copy genotype, the gene was always in locus A, in the Western 
strains, and in locus B, in the Asian strains. The fact that both genes are highly similar, vary in 
copy number and can switch positions between conserved loci in H. pylori genome, suggest that 
they are regulated by gene duplication, occuring by intragenomic recombination. 

Out-of-frame homB and homA corresponding ORFs were rarely found and, in this situation, 
the frameshift mutations occurred mainly in short homopolymeric tracts for homB, which was not 
the case for the out-of-frame homA sequences. This suggests that homB displays phase variation 
and may be regulated by a slipped-strand mispairing mechanism.  

Both homB and homA genes displayed allelic variation, occurring in 300 bp of the middle 
region of the genes. homB displayed greater allelic diversity than homA, and each gene presented 
a dominant worldwide allelic variant. Western-blot assays revealed that all of the allelic variants 
were expressed in vivo, whereas none was correlated with the clinical outcome. The phylogenetic 
reconstruction of homB and homA revealed a geographical segregation, with two predominant 
clusters, the Western cluster and the East Asian. In each main cluster, a separation by allelic 
variant was observed.  

Based on the existence of an allele-defining region, three gene segments were defined, where 
segments 1, 2 and 3 correspond to the regions preceding, matching and following the allelic 
region, respectively. The study of the evolutionary parameters for each segment showed that the 
segment 2 presented both the highest molecular distance and non-synonymous substitution rate, 
which is consistent with the fact that it corresponds to the region of allelic variation. This 
suggests its involvement in antigenic variation. It was also shown that segment 3 of both homB 
and homA was under concerted evolution, further supporting the idea that homB and homA are 
involved in gene conversion events.  

In summary, homB and homA seem to be good candidates to be part of the pool of H. pylori 
OMP coding genes contributing to the mechanisms of H. pylori persistence, and thus implicated 
in the development of disease. 
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odds ratio (OR), confidence interval (CI); synonymous substitutions (Ks), non-synonymous 

substitutions (Ka). 
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ABSTRACT 

homB is a Helicobacter pylori virulence candidate, strongly associated with peptic ulcer 
disease (PUD), while its 90%-similar gene, homA, is correlated with gastritis. The HomB 
encoded outer membrane protein (OMP) was shown to contribute to the pro-inflammatory 
properties of H. pylori and also to be involved in bacterial adherence.  

This study investigated the strain distribution and disease association of these genes in 455 
H. pylori strains from Western and East Asian countries, and to carry out sequence comparison 
and phylogenetic analyses.  

Both homB and homA were heterogeneously distributed worldwide, with a marked difference 
between Western and East Asian strains. In Western strains, homB was statistically associated 
with PUD, while homA was closely correlated with both non-ulcer dyspepsia and gastric 
carcinoma. In East Asian strains, none of these genes was associated with the clinical outcome.  

homB and homA sequence analysis suggests a regulation by gene duplication and phase 
variation. Allelic diversity in the middle region of the genes was observed for both genes. 
Although there was no correlation between any allele and disease, all the homB/homA allelic 
variants were well conserved worldwide and were shown to be expressed in vivo. Phylogenetic 
reconstruction of homA and homB was influenced first by the geographical origin and then by the 
allelic variant.  

These results suggest that homB and homA are good candidates to be part of the pool of 
H. pylori factors involved in the determination of clinical outcome. Furthermore, their regulation 
mechanisms imply that they may participate in the persistence of H. pylori.  
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INTRODUCTION 

Bacterial factors which modulate interactions with human cells, including several outer 
membrane proteins (OMP), have been involved in the pathophysiology of the infection caused by 
Helicobacter pylori. These proteins can contribute to the colonization and persistence of 
H. pylori, as well as influence the disease process (11, 16, 39).  

Peptic ulcer disease (PUD) occurs after a long-term H. pylori infection. However, the disease 
can develop earlier, and rare cases have been observed in children, suggesting that the H. pylori 
strains involved are more virulent. Recently, a novel virulence-associated OMP candidate, homB, 
was identified in the genome of a H. pylori strain isolated from a five-year old child with a 
duodenal ulcer (DU) (22). The homB gene was associated with an increased risk for PUD in 
Portuguese children and young adults (aged <40 years), as well as significantly associated with 
the presence of other H. pylori disease-related genes: cagA, babA, vacAs1, hopQI and functional 
oipA (20-22). Several H. pylori strains, including the J99 reference strain, carry a homologue of 
homB. This duplicate copy, designated homA, has a 90% similarity to homB (1). Interestingly, 
homA is more frequently found in strains isolated from less severe gastric diseases, i.e., non-ulcer 
dyspepsia (NUD), than in strains isolated from PUD, and is also strongly correlated with the less 
virulent H. pylori genotypes, namely cagA-negative and babA-negative, vacAs2, hopQII and a 
non-functional oipA (20, 21). Both homB and homA can be found as a single or double copy in 
the genome of H. pylori strains, or alternatively a copy of each gene can be present within a 
genome, in conserved loci (20-22). When present as a single copy, the gene always occupies the 
HP0710/jhp0649 locus (designated locus A), while when present as a double copy, homA and 
homB occupy indifferently the HP0710/jhp0649 or jhp0870 loci (designated locus B) (20, 21), 
according to the numbering of the 26695 and J99 strains (2, 33).  

Furthermore, among all possible homB and homA combinations, the genotype the most 
significantly associated with PUD was two copies of homB, while a single copy of homA was the 
genotype the most associated with gastritis alone (20, 21).  

The HomB protein is expressed as an OMP and is antigenic in humans. In addition, HomB 
induces activation of interleukin-8 (IL-8) secretion from human gastric epithelial cell lines in 
vitro, and the rate of IL-8 secretion is correlated with the number of homB copies within a 
genome (20, 21). Moreover, HomB is involved in adherence to human gastric epithelial cells in 
vitro and this function is also correlated with the number of copies of homB present in a strain 
(20, 21).  

Using a panel of H. pylori clinical strains isolated in Western and East Asian countries from 
patients suffering from different gastric diseases, namely NUD, PUD and gastric carcinoma 
(GC), the present study aimed: i) to explore the distribution of homB and homA in different 
geographical regions, ii) to study the association of homB and homA with the clinical outcome 
and iii) to evaluate the correlation between the presence of homB and homA with cagA, babA 
and vacA s genotypes. Finally, to better understand the diversity and evolution of these two 
H. pylori OMPs, both comparative sequences and phylogenetic analyses were performed.  
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MATERIALS AND METHODS 

Bacterial strains. A total of 455 H. pylori strains isolated from patients from 10 different 
countries, suffering from NUD, DU, gastric ulcer (GU) or GC, were included in the analysis. 
Table 1 summarizes the characteristics of the study population.  

Three H. pylori reference strains were used: 26695 strain (ATCC 700392), carrying one copy 
of homA (HP0710); HPAG1 strain, carrying one copy of homB (HPAG1_0695) and J99 strain 
(ATCC 700824), carrying one copy of each gene, homA (jhp0649) and homB (jhp0870) (2, 19, 
33).  

H. pylori strains were cultured from gastric biopsies on agar supplemented with 10% horse 
blood, preserved in trypticase soy broth supplemented with 20% glycerol and maintained at 
-80ºC until used.  

Genomic DNA was extracted from a 48 h culture, using the QIAamp DNA mini kit (Qiagen 
GmbH, Hilden, Germany), according to the manufacturer’s instructions.  

Genotyping of homB, homA, cagA, vacA s and babA by PCR and sequencing. For 
detection of homB and homA genes, internal primers flanking a conserved region containing 
three insertions present in homB but absent in homA were used, generating PCR products of 
161 bp and 128 bp for homB and homA, respectively, and allowing a discrimination between the 
two genes in a single PCR assay (22).  

In order to study the diversity of homA and homB genes in H. pylori clinical strains, PCR 
primers targeting a conserved region of the flanking genes of both loci A and B were designed for 
amplification of the entire genes, as previously described (22). PCR fragments were purified 
using the Jetquick kit (Genomed, Lờhne, Germany), and nucleotide sequences were determined 
on both strands using PCR primers and internal primers, as previously described (22). 

The presence of vacA s allelic variants and cagA and babA genes were determined using 
published PCR primers (3, 8, 27, 34).  

Statistical analysis. To identify any possible association between the H. pylori genotypes and 
clinical outcome, a univariate analysis using the Fisher’s exact test and the Chi2 test, with Yates’ 
continuity correction, was performed. The level of significance was set at 5%, rejecting the null 
hypothesis when the P-value was less than 0.05. Statistical analysis was performed with the 
statistical program package SPSS 14.0 (http://www.spss.com/). 

Sequence analysis and phylogeny. Similarity plots, using SimPlot Version 3.5.1 
(http://sray.med.som.jhmi.edu/SCRoftware), were based on multiple alignments of the full 
nucleotide sequences of homA and homB generated by the BioEdit Sequence Alignment Editor 
(Version 7.0.1) (9). Nucleotide sequences were translated using Translate Nucleic Acid 
Sequences software (28) (http://biotools.umassmed.edu/cgi-bin/biobin/transeq). Neighbor-joining 
phylogenetic tree topologies of nucleotide and predicted amino acid alignments were constructed 
using the MEGA (Molecular Evolutionary Genetics Analysis) 3.1 software (13), on the basis of 
distances estimated using a Kimura two-parameter model (12). Evolutionary parameters were 
determined using MEGA 3.1. Molecular distances were determined using the Kimura 
two-parameter method (12), while the overall mean of synonymous (Ks) and non-synonymous 
(Ka) substitutions were determined using the Nei-Gojobori method (18). A sliding window 
analysis of Ka and Ka/Ks ratio was performed using Swaap 1.0.2 software (Pride, D. T. (2000) 
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Swaap – a tool for analyzing substitutions and similarity in multiple alignments). The type of 
evolutionary selection (neutral, positive or purifying) was evaluated by the codon based Z-Test, 
using the Nei-Gojobori method. Due to the existence of alignment gaps, the complete-deletion 
option was used for all statistical analyses to normalize the number of differences on the basis of 
the number of valid sites compared. Bootstrap confidence levels were determined by randomly 
resampling the sequencing data 1,000 times.  

In vivo expression of homB and homA allelic variants. A recombinant Glutathione S-
transferase-HomB protein (rHpHomB) was used to investigate the in vivo expression of the homB 
and homA allelic variants, as previously reported (20, 21). Human sera, for which the 
corresponding strain was previously characterized with regard to homB or homA allelic variants, 
were used in Western-blot assays. All sera were obtained from adult patients (48.7 ± 6.9 years) 
presenting IgG antibodies against H. pylori, determined with the serological test Pyloriset EIA-G 
III (Orion Diagnostica, Espoo, Finland). 

GenBank accession numbers. The sequences used in this study are under the GenBank 
accession numbers EF648331 to EF648354 and EU363366 to EU363460 
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RESULTS 

Distribution of homB and homA genes in H. pylori strains isolated from different 
countries. The presence of homB and homA in the H. pylori clinical strains was determined by a 
single PCR with a set of primers designed on a consensus internal sequence present in both 
genes. A PCR product was obtained for all 455 strains tested, suggesting that at least one of these 
genes is always present in the H. pylori genome. However, in six cases (4 from Korea, one from 
Japan and one from France), PCR fragments of an intermediate length (between 128 and 161 bp) 
were observed. Sequencing analyses revealed that neither the homA nor the homB genotype 
could be attributed to these strains, although phylogenetic analysis showed that the sequences are 
closer to homB (data not shown). These sequences were excluded from further analysis.  

The distribution of homB and homA in the H. pylori strains from the different countries 
studied are presented in Fig. 1. In general, homB and homA were equally distributed among 
Western countries, however homA was found slightly more frequently than homB in strains from 
Portugal (66.5% vs 49.7%), France (58.9% vs 46.7%), Sweden (58.6% vs 41.5%), USA (72.4% 
vs 53.4%) and Brazil (73.4% vs 62.4%), while homB was found more frequently in strains from 
Germany (60% vs 45%) and Colombia (67.8% vs 42.8%). Among strains from East Asian 
countries, homB was highly frequent in both Japan and Korea (95.9% and 77.2%, respectively), 
while homA was rarely found (5.9% and 21.2%, respectively). In strains from Burkina Faso, both 
genes were highly frequent (90.9%).  

Distribution of homB and homA according to clinical outcome in different countries. All 
of the strains carrying both homA and homB, as was the case for those from Burkina Faso, were 
excluded from the analysis of the association of these genes with clinical outcome. A total of 400 
strains were analyzed, 197 isolated from PUD patients (66.3% male; 50.3 ± 14.5 years); 175 from 
NUD (53.7% male; 51.1 ± 13.4 years) and 28 strains from GC (59.0% male; 61.3 ± 14.2 years).  

The distribution of homB and homA in PUD and NUD strains from Western and East Asian 
countries is presented in Fig. 2. Overall, homB was significantly more frequent in PUD than in 
NUD strains (75.9% vs 64.7%, p=0.026, odds ratio (OR)=1.7, 95% confidence interval (CI) 
[1.06-2.74]). The same was observed in Western strains (61.3% vs 46.3%, p=0.025, OR=1.84) 
whereas East Asian strains were predominantly homB-positive regardless of the clinical outcome 
(90.4% in PUD and 83.1% in NUD). Considering the analysis according to the country 
(Table S1), homB was more frequently associated with PUD in France, Sweden, Brazil and 
Colombia. In contrast, the homA gene was more frequent overall in NUD than in PUD strains 
(35.8% vs 25.8%, p=0.046, OR=1.61, 95%CI [1.06-2.74], a tendency also observed in Western 
strains (54.6% vs 41.9%), although not statistically significant (Fig. 2). The analysis by country 
(Table S1) revealed that homA was more frequently detected in strains isolated from NUD than 
from PUD in France, Sweden, Brazil and Colombia, although the difference never reached 
statistical significance. In strains from Portugal, Germany, the USA, Japan and Korea, both homB 
and homA were homogeneously distributed among PUD and NUD strains.  

In a previous study, we found a strong association between homB and PUD in young adults 
(aged <40 years) (20, 21). In the present study, a total of 90 strains were isolated from patients 
less than 40 years old, with 47 PUD (mean age 35.7±6.8, 47.8% male) and 43 NUD (mean age 
33.4±5.2, 55.9% male). The homB gene was significantly associated with PUD when compared 
to NUD strains (78.7% vs 48.8%; p=0.006, OR=3.88, 95%CI [1.41-10.84]), globally as well as 
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when considering only Western strains (74.2% in 31 PUD vs 35.7% in 28 NUD; p=0.007, 
OR=5.18, 95%CI [1.49-18.68]). 

The distribution of cagA, vacA s allele and babA among PUD and NUD strains from Western 
and East Asian countries is presented in Fig. 2. Overall, and similar to homB, both cagA and 
vacAs1 were independently correlated with PUD (78.9% vs 65.0%, p=0.014, OR=2.0, 
95%CI [1.16-3.47] for cagA; 76.8% vs 67.1%, p=0.070, OR=1.6, 95%CI [0.97-2.70] for vacA s), 
a tendency also observed in Western strains (72.2% vs 54.6%, p=0.014, OR=2.2 and 71.0% vs 
57.4%, p=0.039, OR=1.8, respectively). The babA gene was only slightly more frequent in PUD 
than in gastritis, regarding all strains (58.1% vs 54.3%), as well as the Western strains alone (47.6 
vs 40.7%). East Asian strains were all vacA s1, cagA and babA-positive. Concerning the analysis 
according to the country, only the cagA-positive genotype was significantly associated with PUD 
in strains from Portugal (Table S1).  

A group of 28 strains (13 from Portugal and 15 from Brazil) isolated from patients with GC 
were also analyzed. The homB gene was less frequent in GC strains than the overall frequence 
observed in each of these countries, (23.1% vs 46.2% in Portugal; 28.6% vs 42.0% in Brazil). 
Moreover, when comparing PUD with GC, the difference was statistically significant, 
considering the strains from the two countries simultaneously (30.8% vs 60.7%, respectively, 
p=0.022, OR=3.48, 95%CI [1.17-10.60]) and the Portuguese strains only (23.1% vs 59.6%, 
p=0.044, OR=4.91, 95%CI [1.04-26.25]), but not the Brazilian strains (28.6% vs 70.0%). On the 
other hand, homA was present in 10 of 13 (76.9%) GC strains isolated from Portugal, and in 9 of 
15 (60.0%) GC strains from Brazil, a frequency which is higher than the overall frequency 
observed for each country (53.8 and 54.2%, respectively). The difference in homA distribution 
between GC and PUD strains was also statistically significant, for the Portuguese and Brazilian 
strains together (67.9% vs 39.3%, p=0.025, OR=3.26, 95%CI [1.14-9.55]) and for the Portuguese 
strains only (76.9% vs 40.4%, p=0.044, OR=4.91, 95%CI [1.04-26.25]). With regard to the 
distribution of cagA, vacA and babA genotypes, the results were different in both countries. All 
of the GC strains from Brazil were cagA-, babA- and vacA s1-positive, contrary to the 
Portuguese strains for which the frequency of cagA, vacA s1 and babA was low (30.8%, 46.2% 
and 33%, respectively). 

Association of homB and homA with other virulence factors. The association of homB and 
homA with the H. pylori virulence genotypes cagA, vacA s1 and babA was evaluated in the same 
400 strains carrying only one of the homB or homA genes. Considering only the Western strains, 
a strong association was observed between the presence of homB and cagA (p=0.043) as well as 
vacA s1 (p<0.001) genotypes, but not with the babA-positive genotype (p=0.188). The homA 
gene was more frequently found in cagA-negative (p=0.062) and vacA s2_positive (p<0.001) 
strains, but no association was found with babA status. The East Asian strains were all cagA-, 
babA- and vacA s1-positive, among which 94.2% of the Japanese strains and 78.5% of Korean 
strains were also homB-positive, while homA was rare (4.2 and 21.5%, respectively). These 
results confirm the data obtained with the Western strains and they indicate that, generally 
speaking, the homB gene coexists with the more virulent genotypes, while homA is more 
frequently found in strains lacking these genotypes.  

Diversity of homA and homB genes. Using PCR primers located in a conserved region on the 
flanking genes of both A and B loci, the entire nucleotide sequence of both genes was determined 
for 92 randomly chosen clinical strains (14 from Portugal, 7 from France, 10 from Sweden, 10 
from Germany, 10 from the USA, 11 from Brazil, 9 from Colombia, 8 from Japan, 10 from 
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Korea and 3 from Burkina Faso), carrying either one copy of homB or homA (n=60) or two 
copies of these genes (n=32). The analysis of 124 sequences, 71 homB and 53 homA, revealed a 
diversity regarding the number of copies of each gene, their genomic localization and regulation 
mechanisms in Western and East Asian strains and the results are presented in Fig. 3. With regard 
to the number of copies, strains presented either the single-copy genotype (one copy of homA or 
homB), or the two-copy genotype (two copies of the same gene or one copy of each gene). The 
single-copy genotype was more frequently observed than the two-copy genotype in all European 
countries studied: Portugal (9/14 strains), France (5/7), Sweden (8/10) and Germany (8/10), as 
well as in Colombia (6/9), Japan (8/8) and Korea (10/10), and was independent of the clinical 
origin of the strains. The presence of two copies within the same strain was more frequently 
observed in the USA (5/10), Brazil (8/11) and Burkina Faso (3/3). 

Considering the numbering of the J99 strain, the homB and homA genes are localized at the 
jhp0649 locus (locus A) and the jhp0870 locus (locus B), respectively (2). In strain 26695, only 
one copy of the homA gene is present at locus A (33), and in strain HPAG1, only one copy of the 
homB gene is present at locus A (19). In clinical strains, homB and homA were localized in these 
two loci, occupying indifferently one of the loci when one copy of each gene was present within 
the same genome. However, in the case of a single-copy genotype, the gene was always in the 
same genomic position: locus A in one Korean strain and in all Western strains, with the 
exception of three strains from US citizens of Asian origin; and locus B in those three USA 
strains and in all Asian strains, except for the Korean strain. In the case of the single-copy 
genotype, the “empty” locus contained a region ranging from 236 to 573 bp with high sequence 
identity (88-97%) with the 3’ end of both homA and homB genes. 

Analysis of the entire nucleotide sequence of both homB and homA genes revealed a complete 
open reading frame (ORF) in 117 of the 124 sequences analyzed (94.4%). The homB gene size 
ranged from 1971 to 2013 bp and homA from 1959 to 2004 bp, leading to putative 656-670 and 
652-667 residue protein lengths for HomB and HomA, respectively. With regard to the seven 
truncated ORFs, the four out-of-frame homB genes were all from gastritis strains whereas among 
the three out-of-frame homA genes, two were from gastritis strains and one from a GC strain. 
These truncated ORFs were due to the presence of frameshift mutations leading to premature 
STOP codons, occurring in repetitive sequence motifs for three of the four homB sequences, 
which was not the case for the three homA sequences. Overall, among the seven truncated cases, 
only one strain harbored a complete gene at the second locus, suggesting that neither HomA nor 
HomB are expressed in vitro at locus A or B for the six remaining strains. 

Allelic variation. Analysis of the similarity plot of the 124 nucleotide sequences of homB and 
homA showed the existence of three distinct regions in both genes, named segments 1, 2 and 3, 
corresponding to the 5’, middle and 3’ regions of the genes, respectively (Fig. 4A). In both 
segments 1 and 3, the sequences were higly conserved between and within both genes (>76% in 
segment 1 and >85% in segment 3). However, within segment 1, a region spanning from 
approximately 470 to 690 bp allowed the discrimination of homA and homB genes (arrow in 
Fig. 4A). Segment 2, spanning from approximately 750 to 1050 bp in homB and from 720 to 
980 bp in homA, was extremely polymorphic in both genes, with nucleotide differences being 
detected among the two genes and within sequences of the same gene from different strains 
(Fig. 4A).  
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The detailed analysis of the 124 nucleotide and predicted amino acid sequences of segment 2 
(Fig. 4A) of homB and homA from the 92 H. pylori strains previously mentioned revealed the 
existence of six distinct and well conserved allelic variants, named AI, AII, AIII, AIV, AV and 
AVI (Fig. 5). Two predominant allelic variants were observed: allele AI, detected in 79.6% of the 
homB sequences and exclusive of the homB gene, and AII, observed in 87.8% of homA 
sequences and in 11.8% of homB sequences. The four other allelic variants were less frequent: 
AIII was present in 3.2% and 12.2% of homB and homA, respectively; AIV was exclusively 
present in 1.2% of homA genes; and finally AV and AVI were exclusively present in 1.1 and 
4.3% of homB, respectively. 

Similarity plot analysis of homB and homA allelic sequences showed that the two predominant 
allelic variants of each gene, AI and AII, were the most distant groups (data not shown).  

Interestingly, the closest variants to the homB predominant allele AI were the AV and AVI 
variants, all three exclusive of homB. The closest variants to the homA predominant allele AII 
were the AIII and AIV (data not shown).  

No geographical predominance of any allele type was observed, nor was there a correlation 
between any allelic variant and gastric disease or cagA, vacA s and babA genotypes (data not 
shown).  

In order to test the in vivo expression of both homB AI and homA AII, ten different human 
sera were tested. For the remaining homB and homA allelic variants, only one serum was 
available, and thus tested. All sera showed an immunoreaction with rHpHomB, suggesting that 
all homB and homA allelic variants are expressed during infection.  

Phylogenetic and evolutionary analysis of homB and homA genes. The phylogenetic 
reconstruction of homB and homA showed two independent branches for each gene (Fig. 6), 
suggesting a divergent evolution for each gene. Two predominant clusters corresponding to East 
Asian and Western countries were observed for homB suggesting a separation by geographical 
origin. In addition, it seems that in each geographical homB cluster, allelic clustering also occurs. 
For homA, the geographical segregation was not evident because the gene is rare in East Asian 
countries, while an allelic clustering also seems to occur. 

Both homB and homA displayed a high similarity at the nucleotide level (92.8% ± 1.82 and 
93.7% ± 2.20, respectively) and the amino acid level (92.8% ± 1.82 and 94.0% ± 2.30, 
respectively). Furthermore, together they shared a similarity of 88.6% ± 0.006 at the nucleotide 
level and 89.4% ±0.009 at the amino acid level. 

The molecular distance and the nucleotide substitution rates, Ks and Ka, were similar for 
homB and homA, as well as the mean Ka to mean Ks ratios (Ka/Ks) (Table 2). The type of 
selection operating at the amino acid level can be detected by comparing Ka and Ks (38). Since 
Ka/Ks was less than 1 for both genes, the purifying selection hypothesis was tested and a 
significant P-value obtained supports the hypothesis of conservation at the protein level (P Z-Test 
<0.001).  

The analysis performed independently for the three segments of each gene showed that 
segment 2 displayed the highest molecular distance as well as the highest Ka, even when 
compared to the entire gene (Table 2). These results were confirmed by the analysis of the 
nucleotide substitution rate over a sliding window, which also showed a significant increase in 
the Ka in segment 2, the allele-defining region (Fig. S1). In fact, the mean Ka for this region 
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(0.191 ± 0.059) was five fold higher than for the rest of the gene (0.037 ± 0.023). The same result 
was observed for homA (data not shown). These observations reveal a higher level of diversity of 
segment 2 in both genes.  

A phylogenetic analysis performed on each gene segment, using 24 strains carrying one copy 
of each gene, was also performed. The phylogenetic reconstruction of segment 1 showed that 
homB presented the highest similarity between orthologous genes, i.e., each homB was closely 
related to the homB in the other strains (Fig. 7A). A similar result was obtained for the homA 
gene (Fig. 7A). In contrast, for segment 3, each homB was strongly correlated with the 
corresponding homA gene presented in the same strain, indicating similarity between paralogous 
genes (Fig. 7B). The mean molecular distance and substitution rate were calculated for all 
possible pairs of paralogous and orthologous genes, within the same strain and between strains. 
As expected, for segment 1, the molecular distance and mean substitution frequencies were 
similar for pairs of homB and homA sequences both within the same strain and between different 
strains. In contrast, for segment 3, these parameters were significantly lower between homB and 
homA sequences in the same strain than between different strains (Table 3A). Additionally, for 
segment 3, the molecular distance and the nucleotide substitution frequencies were similar within 
each gene and between genes, indicating a parallel evolution of this segment in both genes, while 
for segment 1 those parameters were higher between genes than within each gene, pointing to an 
independent and divergent evolution of this segment in each gene (Table 3B). Analysis of 
segment 2 was not conclusive, since clustering of homB and homA sequences was related to the 
allelic variant of the gene (data not shown). 
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DISCUSSION 

In the present study, the distribution and diversity of two putative OMPs, homB and homA, 
was evaluated in H. pylori clinical strains isolated from different geographical regions. Both 
genes displayed a varied worldwide distribution, with a marked difference between Western and 
East Asian countries, which is in agreement with other studies reporting differences in the 
frequency of H. pylori virulence factors between Western and East Asian strains (6, 15, 36, 37).  

At least one copy of either homB or homA was always present in the genome of the H. pylori 
strains, and only less than 6% of the corresponding ORFs were out-of-frame in vitro, suggesting 
that these OMP-coding genes are under selective pressure to be kept in the bacterium, which is 
not the case for other OMPs (11, 16, 39). The presence of an intergenic region at the empty locus 
with high identity with both homA and homB suggests that the gene was lost, leaving short 
remnant sequences which will enable the gene to be integrated again by intragenomic 
recombination, in response to environmental change, as has been hypothesized for other genes 
(14). 

When evaluating the distribution of these genes according to clinical outcome in all of the 
strains from Western countries, homB was statistically associated with PUD. However, when 
considering each country individually, only a tendency was observed probably due to the small 
number of strains tested in each case. The previously reported significant association of homB 
with PUD in young adults (aged <40 years) (20, 21) was confirmed in the present study 
considering all of the Western strains. The cagA-positive and vacA s1 genotypes were also 
independently associated with PUD in Western strains, but not babA. Previous publications 
reported a significant association between the presence of babA and PUD in Western strains (8, 
23), contrasting with the present result. This discrepancy may be explained by the fact that the 
Western group was very heterogeneous with regard to the geographical origin of the strains, and 
also because of a possible absence of PCR amplification. Indeed, several studies suggest that 
allelic variation may exist within babA, impairing the PCR amplification and leading to an 
underestimation of the frequency of babA-positive strains when using PCR based approaches 
(23, 24). Unlike homB, homA was closely correlated with NUD in Western strains. 

The most common H. pylori strain found in the East is extremely virulent, harboring homB, 
cagA, and babA genes and the vacA s1 genotype, regardless of the clinical outcome, and 
consequently no association with a specific disease was found, confirming data from previous 
studies (15, 17).  

A strong link between homB with cagA and vacA s1 was observed, while homA was related 
to the least virulent genotypes, cagA-negative and vacA s2, independently of the geographical 
origin of the strains, and in agreement with the previously reported association observed for 
strains isolated from children (20, 21). Thus, it is likely that the phenotype resulting from the 
expression of cagA, vacA s1 and homB genes confers some biological advantage to the strain, 
with the cumulative effect of each factor contributing at the same time to the fitness of the strains 
in vivo and to a more pronounced proinflammatory response. Another hypothesis could be that 
homB is linked to more severe disease only because of its association with other virulence 
factors. However, homB is associated with increased IL-8 secretion in vitro, therefore linking 
homB to disease development (20, 21). Consequently, homA could constitute a genetic marker 
for strains lacking those virulent genotypes. 
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Another interesting point is that homA is highly frequent among GC strains (>65%), while 
homB is detected in less than 30% of these strains. Moreover, the difference in the distribution of 
both genes is statistically significant when comparing the two clinically divergent situations, GC 
and PUD. Overall, the results suggest that each of these genes, although sharing a high degree of 
similarity, has a specific profile of association with a particular clinical outcome; interestingly, 
homB is closely associated with PUD and, in particular, DU; and homA is more frequently 
associated with NUD and GC. Nevertheless, these results need to be validated on a much larger 
group of strains isolated according to clinical status.  

Analysis of homB and homA genes revealed diversity regarding the number of copies present 
and their genomic localization, regardless of the clinical origin of the strain, but with 
geographical specificity. It is known that copy number polymorphisms of OMP genes can 
contribute to improving the adaptation of a strain to a particular host or to deleterious effects in 
the same host, which are essential to promoting a chronic infection (1). H. pylori OMP gene 
duplications may represent a means of regulating the OMP expression for adaptation to changes 
in inflammation and host response (11, 32). The fact that homB and homA display a high level of 
similarity, especially at the 5’ and 3’ ends, suggests that intragenomic recombination events can 
occur, leading to gene duplication or deletion and consequently to copy number variation, 
probably as a response to environmental changes. Moreover, the fact that the copy number varies 
among strains from Western and East Asian countries suggests that the “duplication” event does 
not seem to be a random event in H. pylori.  

homA and homB sequence analysis of the H. pylori strains revealed a complete ORF in the 
greater majority of the cases, and truncated genes were detected in only 5.7% of the strains. 
Interestingly, in three of the four out-of-frame homB sequences, the frameshift mutations 
occurred in short homopolymeric tracts, suggesting that homB displays phase variation and may 
be regulated by a slipped-strand mispairing mechanism, which was not the case for the 
out-of-frame homA sequences. Phase variability has been reported to be a consistent marker for 
genes involved in niche adaptation and immune evasion (30, 35). Several H. pylori genes 
belonging to different functional classes have been established as phase variable genes (7, 29), 
among which OMP genes are involved in adherence, such as sabA (16), hopZ (25), babB (4) and 
oipA (40). The on/off switch of these genes would provide the bacterial population with a 
dynamic adherence pattern, as was experimentally demonstrated for bab adherence genes (4, 32). 
Based on the two mechanisms proposed for regulation of homB and homA expression, i.e., phase 
variation and gene duplication, it can be speculated that these genes are also implicated in the 
adaptation of H. pylori to its human host. However, the fact that only 5.7% of the strains have 
truncated homA/B genes at loci A and B does not mean that the gene is not expressed in vivo. 
Indeed, the phase variation mechanism may allow the in vivo expression. Furthermore, the 
existence of a third locus, as was reported for babA/B (10), cannot be excluded. 

Sequence analysis of homB and homA revealed allelic diversity in the middle region of these 
genes, with homB displaying greater allelic diversity than homA. Allelic variation was also 
reported for other members of the H. pylori OMP family, as is the case in the BabA/BabB (27), 
HopQ (5) and HopZ (25) proteins which share a conserved profile of gene segmentation, with the 
existence of at least two highly conserved allelic variants.  

For homB and homA, no disease-associated allelic variant was observed nor was any allele 
associated with any particular virulence genotype or with the geographical origin of the strain. 
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Similarly, it was reported that none of the five babA or the three babB allele groups is related to 
either cagA, vacA or iceA genotypes nor to the ability of the strain to bind to Lewis B antigen 
(27). This suggests that a greater allelic diversity may be more important in generating antigenic 
variation than in affecting the virulence of the strain. Nevertheless, the homB and homA 
worldwide allelic conservation observed in a polymorphic region confers a functional or 
structural role to this gene segment in the proteins coded by these genes. These results are 
supported by the detection of an immune reaction against a recombinant HomB protein, observed 
in all of the homB and homA allelic variants, suggesting their in vivo expression. Nevertheless, 
the hypothesis that an individual can be infected with more than one strain, each presenting 
different homB/homA allelic variants which would compromise a reaction against a particular 
allele, cannot be excluded. This is more problematic for the rarest allelic variants, for which only 
one serum was tested.  

Phylogenetic reconstruction of homA and homB was influenced first by geographical origin 
(with Western and East Asian strains showing the greatest divergence) and then by the allelic 
variant of the genes. This same clustering was observed for the duplicate babA and babB genes 
(26). Overall, homB and homA displayed identical molecular mean distance at both nucleotide 
and amino acid levels. Nucleotide substitution rates were also similar for both genes suggesting 
that they are both subjected to parallel functional constraints. The segmental phylogenetic 
analysis showed the highest level of diversity in both genes for segment 2, the allele-defining 
region, in comparison with the more conserved segments 1 and 3. This suggests that a higher 
degree of variation is allowed for segment 2, supporting the hypothesis that this segment is 
involved in the generation of antigenic diversity.  

Another interesting point is the fact that segment 3 of both homB and homA from the same 
strain clustered together in the phylogenetic tree, which is indicative of concerted evolution. This 
situation is observed when paralogous members of a gene family within a strain diverge at a 
slower rate than the homologous genes in other strains, and is a consequence of gene conversion 
events (31). The phylogenetic analysis of pairs of homB and homA sequences from the same 
strain also indicate that segment 3 of these genes is under concerted evolution, in contrast to 
segment 1 which displays a divergent evolution. Recently, Pride et al. showed that segment 3 of 
both babA and babB genes was under concerted evolution and demonstrated that the mechanism 
underlying this event was babA/babB conversion by intragenomic recombination (26). Thus, the 
concerted evolution observed for segment 3 of homB and homA supports the idea that they are 
involved in gene conversion events by intragenomic recombination. Since the rate of concerted 
evolution is expected to be higher when there are structural constraints, the homogenization of 
particular gene segments, such as segment 3 of homA/homB and babA/babB genes, suggests that 
they may encode portions of the protein that are essential for the function or for the structural 
integrity of the molecule. 

In conclusion, homB and homA seem to be good candidates to be part of the pool of H. pylori 
factors involved in the determination of clinical outcome. These genes, regulated by gene 
duplication and possibly phase variation, may be among the H. pylori OMP coding genes 
contributing to the mechanisms of H. pylori persistence, and would therefore be implicated in the 
development of disease. 
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TABLES 

Table 1. Distribution of Helicobacter pylori strains included in the study (n=455), according to 

geographical origin and disease status of patients 

Origin  Disease  No. of strains  Gender 
(% male) 

 Median age ± SD 
(years) 

Western countries 

Portugal 

 

 NUD 
DU 
GU 
GC 

 36 
14 
50 
15 

 44.7 
44.4 
76.9 
42.9 

 51.3 ± 14.6 
47.6 ± 16.6 
54.8 ± 14.1 
62.3 ± 10.8 

  Total number  115  47.3  51.8 ± 15.4 

France  NUD  
DU 

 7 
29 

 100.0 
80.0 

 38.0 ± 7.8 
49.3 ± 14.3 

  Total number  35  82.9  47.7 ± 14.1 

Sweden  NUD 
DU 

 10 
17 

 28.6 
80.0 

 62.1 ± 6.6 
69.7 ± 12.9 

  Total number  27  58.8  66.6 ± 11.2 

Germany  NUD 
DU 

 10 
10 

 40.0 
60.0 

 57.3 ± 11.0 
59.8 ± 13.3 

  Total number  20  50.0  58.6 ± 11.9 

USA  NUD  
DU 

 14 
15 

 57.1 
73.3 

 41.3 ± 8.8 
55.6 ± 10.5 

  Total number  29  67.9  48.7 ± 12.0 

Brazil  NUD 
DU  
GC 

 18 
19 
19 

 45.0 
35.0 
78.9 

 49.3 ± 13.4 
50.0 ± 18.8 
59.6 ± 15.2 

  Total number  56  52.4  52.8 ± 16.4 

Colombia  NUD  
DU 

 9 
10 

 30.0 
88.9 

 53.0 ± 13.6 
46.7 ± 11.5 

  Total number  19  57.9  50.0 ± 12.7 

East Asian countries 
Japan  NUD  

DU 
GU 

 28 
23 
21 

 46.7 
59.1 
76.2 

 55.8 ± 16.1 
40.6 ± 11.5 
54.4 ± 12.1 

  Total number  72  57.9  44.3 ± 12.7 

South Korea  NUD  
DU 

GU*  

 39 
31 
1 

 79.5 
70.8 

- 

 46.4 ± 10.6 
45.8 ± 11.9 

- 
  Total number  71  76.1  44.7 ± 9.9 

African country 
Burkina Faso  DU  11  N.A.  N.A. 
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NUD, non-ulcer dyspepsia 

DU, duodenal ulcer  

GU, gastric ulcer  

GC, gastric carcinoma 

N.A. not available 

* 38 year old male patient 
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Table 2. Analysis of molecular distances, synonymous and non-synonymous nucleotide 

substitutions of homB (n=67) and homA (n=50), for the complete sequences and segments 1, 2 

and 3 

 

  homB (n=67*) homA (n=50*) 

 

 Entire 
gene Segment 1 Segment 2 Segment 3

Entire 
gene Segment 1 Segment 2 Segment 3

Mol. 
distance  
(nt) 

 0.077± 

0.004& 
0.067 ± 

0.005 

0.124 ± 

0.014 

0.075 ± 

0.005 

0.077± 

0.004 
0.087 ± 

0.006 

0.107 ± 

0.013 

0.068 ± 

0.005 

No. 
differences 
(nt) 

 138.847 ± 

7.207 
45.324 ± 

3.377 

23.737 ± 

2.226 

68.178 ± 

4.386 

136.550 ± 

6.403 
55.546 ± 

3.750 

20.104 ± 

2.182 

62.103 ± 

4.002 

Ks 

 0.234 ± 

0.014 

0.223 ± 

0.024 

0.234 ± 

0.048 

0.241 ± 

0.021 

0.240 ± 

0.015 

0.278 ± 

0.027 

0.263 ± 

0.054 

0.215 ± 

0.020 

Ka 

 0.035 ± 

0.003 

0.028 ± 

0.004 

0.088 ± 

0.015 

0.030 ± 

0.005 

0.034 ± 

0.003 

0.039 ± 

0.005 

0.062 ± 

0.014 

0.027 ± 

0.004 

Ka/Ks 

 0.150 ± 

0.017† 

0.125 ± 

0.024 

0.374 ± 

0.100 

0.125 ± 

0.022 

0.142 ± 

0.016† 

0.139 ± 

0.023 

0.234 ± 

0.072 

0.127 ± 

0.024 

* Out-of-frame sequences were excluded. 

nt, nucleotides 

Ks, Synonymous substitutions 

Ka, Non-synonymous substitutions 
† P Z-Test <0.001 for purifying selection hypothesis (Ka/Ks <1).  
&Value ± Standard Error. 

Bold print highlights the higher molecular distance, Ka and Ka/Ks observed for segment 2, 

compared to the entire gene and to segments 1 and 3. 
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Table 3A - Analysis of molecular distances and synonymous and non-synonymous nucleotide substitutions in segments 1 and 3, 

between homB and homA (homB vs homA), within the same strain (intrastrain) and within different strains (interstrain), considering 

pairs of homB and homA sequences of 24 Helicobacter pylori strains 

  homB vs homA 

  Segment 1 (n=48) Segment 3 (n=48)  

  Intrastrain a Interstrain b Intrastrain a Interstrain b 

Mol. distance (nt)  0.100 ± 0.012& 0.113 ± 0.010 0.020 ± 0.004 0.064 ± 0.004 c 

Ks  0.241 ± 0.048 0.286 ± 0.034 0.051 ± 0.013 0.202 ± 0.019 d 

Ka  0.061 ± 0.012 0.067 ± 0.011 0.010 ± 0.004 0.026 ± 0.004 e 

Ka/Ks  0.254 ± 0.071 0.234 ± 0.047 0.202 ± 0.093       0.130 ± 0.023 
&Value ± Standard Error. 

 

Table 3B. Analysis of molecular distances and synonymous and non-synonymous nucleotide substitutions in segments 1 and 3, within 

each gene (homB or homA alone) and between genes in different strains (homB vs homA), considering pairs of homB and homA 

sequences of 24 Helicobacter pylori strains 

  Segment 1 (n=24)  Segment 3 (n=24)  

  homB alone f homA alone f (homB vs homA) b  homB alone f homA alone f (homB vs homA) b 

Mol. distance (nt)  0.061 ± 0.006& 0.077 ± 0.007 0.113 ± 0.010  0.066 ± 0.005 0.065 ± 0.005 0.064 ± 0.004 

Ks  0.199 ± 0.025 0.244 ± 0.026 0.286 ± 0.034  0.209 ± 0.020 0.207 ± 0.020 0.202 ± 0.019 

Ka  0.026 ± 0.005 0.030 ± 0.004 0.067 ± 0.011  0.027 ± 0.005 0.025 ± 0.004 0.026 ± 0.004 

Ka/Ks  0.131 ± 0.029 0.122 ± 0.021 0.234 ± 0.047  0.129 ± 0.027 0.121 ± 0.021 0.130 ± 0.023 

nt, nucleotides 

Ks, Synonymous substitutions 
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Ka, Non-synonymous substitutions 
&Value ± Standard Error. 
a All 48 sequences, totalling 24 comparisons. 
b All 48 sequences, totalling 552 comparisons (each homB was compared to each homA, excluding the pairs within the same strain) 
c Student’s t-test, p<10-14 for interstrain vs intrastrain comparisons of molecular distance for homB and homA segment 3. 
d Student’s t-test, p<10-10 for interstrain vs intrastrain comparisons of Ks for homB and homA segment 3. 
e Student’s t-test, p<10-3 for interstrain vs intrastrain comparisons of Ka for homB and homA segment 3. 
f The 24 sequences, totalling 276 comparisons. 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 1. Distribution of homB and homA in a panel of 449 Helicobacter pylori strains isolated 

from Western countries (Europe: Portugal, France, Sweden, Germany; North America: USA; 

South America: Brazil, Colombia), East Asian countries (Japan and Korea) and an African 

country, Burkina Faso. 
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FIG.  2. Distribution of Helicobacter pylori genotypes among 400 strains isolated from Western 

and East Asian countries with regard to clinical outcome (peptic ulcer disease vs non-ulcer 

dyspepsia). Strains carrying both homB and homA were excluded. 
* p=0.025; OR=1.84; 95%CI [1.10-3.10] 
# p=0.014; OR=2.2 ; 95%CI [1.20-3.86] 
† p=0.039; OR=1.8 ; 95%CI [1.05-3.12] 

PUD, peptic ulcer disease 

NUD, non-ulcer dyspepsia 

OR, odds ratio  

CI, confidence interval 
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FIG. 3. Diversity in the number of copies and genomic localization of homB and homA in 

Western and East Asian Helicobacter pylori strains 

The percentage indicates the frequency of each type of genotype among Western and East Asian 

strains.  

X represents the “empty” locus. 
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FIG. 4. Similarity plot representation of homB genes (black lines) and homA (grey lines), of 

various Helicobacter pylori strains. The plot was generated by using 16 strains representative of 

each gene, with the Jukes-Cantor correction (1-parameter), a 200-bp window, a 20-bp step, 

without Gap Strip and the jhp0870 gene sequence as reference (GenBank accession number 

NC_000921). The arrow delineates the region which discriminates between homA and homB 

genotypes. 
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FIG. 5. Amino acid alignment of 22 homB and homA allelic region fragments from segment 2 

(720 to 1050 bp; predicted amino acids 240 to 350), showing the six allelic variants. The 

sequence of the homB product of the J99 strain was used as reference (Genbank accession 

number NP_223588). The dots refer to sites where the amino acids match those of the reference 

sequence, the hyphens represent deletions. The boxes are used to separate the 6 different allele 

groups named AI to AVI. Country of origin is located at the beginning of each strain designation 

(Pt, Portugal; Br, Brazil; BF, Burkina Faso) followed by the strain number.  

* Allelic variants exclusive of homB; † allelic variant exclusive of homA. 
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FIG 6. Phylogenetic analysis of 58 homB and 48 homA sequences, obtained from Helicobacter 

pylori clinical strains from different geographical regions. The branch length index is represented 

below the tree. Country of origin is located at the beginning of each strain designation (Pt, 

Portugal; Fr, France; Sw, Sweden; Gr, Germany; USA; Br, Brazil; Col, Colombia; Jp, Japan; Ko, 

Korea; BF, Burkina Faso) followed by the strain number and the homB or homA allele groups. 

AI to AVI represent the 6 homB and homA allele groups. Dotted circle, East Asian cluster; Full 

circle, Western cluster. The sequence of the homB and homA genes of the three H. pylori 

reference strains, 26695, J99 and HPAG1, were also included. The dotted line separates the 

homB and homA clusters. 
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FIG 7. Phylogenetic analysis of (A) segment 1 (nucleotides 1 to 750) and (B) segment 3 

(nucleotides 1000 to 2000) for the pairs of homB and homA genes of 24 Helicobacter pylori 

strains carrying one copy of each gene. The branch length index is represented below each tree. 

Country of origin is located at the beginning of each strain designation (Pt, Portugal; Fr, France; 

Sw, Sweden; Gr, Germany; USA; Br, Brazil; Col, Colombia; Jp, Japan; Ko, Korea; BF, Burkina 

Faso) followed by the strain number and the homB or homA allele groups. AI to AVI represent 

the homB and homA allele groups. In Fig. 7A, the dotted line separates the homB and homA 

clusters. 
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Supplemental data 
Table S1- Univariate analysis of the relationship between Helicobacter pylori virulence genotypes and clinical outcome, in strains 

isolated from different countries from patients presenting peptic ulcer disease or non-ulcer dyspepsia.  

  Frequency (%) PUD vs NUD    P-value †; OR [95%CI] 

  homB homA cagA vacA s1 babA 

Portugal           
47 PUD; 50 NUD 

 59.6 vs 56.0        
N.S. 

40.4 vs 44.0        
N.S. 

72.3 vs 40.0            
0.002; 1.88 [1.26-2.81] 

63.8 vs 44.0        
N.S. 

48.9 vs 32.0    
N.S. 

France            
27 PUD; 7 NUD 

 74.1 vs 28.6        
N.S. 

37.0 vs 71.4    
N.S. 

85.2 vs 60.0            
N.S. 

85.2 vs 80.0        
N.S. 

80.0 vs 50.0        
N.S. 

Sweden           
12 PUD; 10 NUD 

 41.7 vs 30.0       
N.S. 

58.3 vs 70       
N.S. 

83.3 vs 70.0            
N.S. 

66.7 vs 70.0        
N.S. 

83.3 vs 40.0        
N.S. 

Germany          
9 PUD; 10 NUD 

 55.6 vs 60.0        
N.S. 

44.4 vs 40.0    
N.S. 

100 vs 80              
N.S. 

100 vs 80.0        
N.S. 

77.8 vs 60.0        
N.S. 

USA             
10 PUD; 12 NUD 

 40.0 vs 33.3        
N.S. 

60.0 vs 66.7    
N.S. 

60.0 vs 91.7            
N.S. 

70.0 vs 91.7        
N.S. 

100 vs 91.7        
N.S. 

Brazil            
10 PUD; 11 NUD 

 70.0 vs 27.3        
N.S. 

30.0 vs 72.7    
N.S. 

60 vs 18.2              
N.S. 

50.0 vs 27.3        
N.S. 

100 vs 100         
N.S. 

Colombia         
9 PUD; 10 NUD 

 77.8 vs 60.0        
N.S. 

33.3 vs 50.0    
N.S. 

55.6 vs 80              
N.S. 

66.7 vs 70.0        
N.S. 

100 vs 70.0        
N.S. 

Japan             
43 PUD; 27 NUD 

 95.5 vs 92.9        
N.S. 

4.7 vs 3.6        
N.S. 

100 vs 100             
N.A 

100 vs 100        
N.A 

100 vs 100         
N.A 

South Korea       
30 PUD; 38 NUD 

 83.3 vs 73.7        
N.S. 

16.7 vs 26.3    
N.S. 

100 vs 100             
N.A 

100 vs 100         
N.A 

100 vs 100         
N.A 

Bold print represents the statistically significant association found between an H. pylori genotype with the clinical outcome. 



 
Mónica Oleastro 
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† P-value was determined by the Fisher’s Exact Test 

OR, odds ratio 

CI, confidence interval 

N.S., not significant 

N.A, not applicable 

PUD, peptic ulcer disease 

NUD, non-ulcer dyspepsia 
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Figure S1. Sliding window analysis of non-synonymous (Ka) substitutions (dotted line) and 

Ka and synonymous (Ks) substition ratios (Ka/Ks) (black line) for 20 homB sequences, 

representative of allelic variants AI to AVI. The window and step sizes were set at 90 and 

18 nucleotides, respectively. 
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CHAPTER VI – MANUSCRIPT IV 

 
Recombination in the generation of allelic diversity among duplicate 
Helicobacter pylori outer membrane protein coding genes, the homA and 
homB 
 

Key words: Helicobacter pylori; outer membrane proteins; allelic diversity; 
recombination. 

 

Summary: 
In the previous Chapter (Chapter V), the extensive sequence analysis of homA and 

homB from H. pylori strains isolated from different geographical regions suggested that the 
borders of the 300 bp allele-defining region could represent recombination breakpoints.  

Furthermore, intragenomic recombination is thought to occur in the H. pylori genome 
between members of the OMP paralogous genes. Accordingly, the present study focused on 
highlighting recombination phenomena that may have occurred within and between the 
highly similar homA and homB allelic variants. For this purpose, we used Simplot, 
Bootscan and statistical analyses. 

The homB gene presents a worldwide distribution, in contrast to homA which is rarely 
found among East Asian strains; furthermore, the most prevalent homB allelic variant (AI 
allele) is present in up to 80% of H. pylori strains (Chapter V). Thus, a detailed molecular 
analysis of the homB AI allele was performed in order to establish its molecular profile. For 
that, the nucleotide variability and evolutionary parameters (molecular distances, overall 
mean of synonymous and non-synonymous substitutions), as well as the G+C percentage 
were determined, using homB AI allele sequences from both Western and East Asian 
strains (n=90). 

We showed that the two most prevalent circulating allelic variants present in homA and 
homB resulted from inter-allelic recombination events between the rarest allelic variants 
observed for each gene, suggesting that the resulting genetic combinations provide a 
biological advantage to H. pylori strains. 

As described in Chapter V, three gene segments were defined, where segments 1, 2 and 
3 correspond to the 5’, middle and 3’ regions of homA/homB, respectively, and segment 2 
is the allelic region. Analysis of the distribution of polymorphic sites in homB, including 
non-synonymous mutations, showed that the inter-allelic variability was mostly observed in 
segment 2. This result is in agreement with the homB evolutionary analysis previously 
described (Chapter V), where this region presented both the highest molecular distance and 
non-synonymous rate. On the other hand, the distribution of genetic polymorphisms within 
the homB AI allele (intra-allelic analysis) was found to be random along the gene for both 
Western and East Asian strains. This result was consistent with the analysis of the 
evolutionary parameters, which revealed no differences between the three gene segments 
for either synonymous or non-synonymous nor for the ratio of non-synonymous to 
synonymous substitutions. On the other hand, the evolutionary analysis based on the 2 
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homB AI consensus sequences (from Western and East Asian strains) revealed that the ratio 
of non-synonymous to synonymous substitutions was much lower for segment 2 than for 
segments 3 and 1 (about 8 to 14-fold lower, respectively). The molecular analysis of the 
homB AI allele also showed a geographic partitioning among Western and East Asian 
strains, although to a lesser extent for segment 2. 

Therefore, although segment 2, the allele defining region, presented the highest 
inter-allelic variation, it showed the least intra-allelic polymorphism, confirming its choice 
in the definition of the allelic variants. These results also suggest that an important 
biological role can be assigned to this particular gene region.  
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ABSTRACT 
homB and homA are paralogous genes coding for H. pylori outer membrane proteins 

(OMP). homB was previously found to be associated with peptic ulcer, and the 
corresponding protein (HomB) is involved in the inflammatory response to the infection 
and in bacterial adherence. Both homB and homA display allelic variation occurring in the 
middle region of the genes. Following the high recombination tendency observed in the H. 
pylori chromosome, intragenomic recombination occurs between members of the OMP 
paralogous genes.  

The present study aimed to evaluate the existence of recombination events that may 
underlie the allelic diversity of homB and homA. We used Simplot, Bootscan and statistical 
analyses to detect recombination. A detailed molecular analysis of the most prevalent homB 
allelic variant was also performed in order to establish its molecular profile.  

We showed that the two most prevalent homB and homA allelic variants (AI and AII, 
respectively) resulted from inter-allelic recombination events between the rarest allelic 
variants observed for each gene, suggesting that the resulting combinations confer a 
biological advantage to the H. pylori strain. The molecular analysis of the homB AI allele 
revealed a geographic partition among Western and East Asian strains, although it was less 
noticeable for the middle allele-defining region. Furthermore, although this region 
presented the highest inter-allelic variation and yet was the most conserved within alleles, 
its eligibility as a definition for the allelic variants is valid. Overall, these results suggest an 
important biological role for this particular gene region.  
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INTRODUCTION 
Helicobacter pylori (H. pylori) infection plays a primary role in the pathogenesis of 

chronic gastritis and peptic ulcer (5, 26). Moreover, H. pylori infection is associated with 
the development of two different gastric cancers, adenocarcinoma (15, 43) and mucosa 
associated lymphoid tissue (MALT) lymphoma (23). The risk of developing severe gastric 
diseases is influenced in part by H. pylori strain-dependent factors, among which are 
several outer membrane proteins (OMP) that have been identified as virulence factors (7, 
16, 22, 30, 45).  

The homB gene, and its 90%-similar gene, homA, are members of the large family of 
H. pylori OMP (2). Genomic analysis of H. pylori reference strains J99, 26695 and 
HPAG1, and from clinical strains, indicated that homB and homA are present in one of two 
loci, jhp0649 or jhp0870, according to the numbering of the J99 strain (3, 27-29, 40). These 
genes can be present in the H. pylori genome as single-copy, occupying one of those two 
loci, while the other contains an intergenic region in the majority of the cases, or as 
two-copy. In this case, one copy of each gene or two copies of the same gene can be present 
(28, 29). 

The homB gene has been proposed as a H. pylori virulence candidate, since its presence 
was correlated with peptic ulcer disease and the corresponding protein (HomB) was shown 
to be antigenic and implicated in the in vitro activation of interleukin-8 (IL-8) secretion (28, 
29). More, a putative role as an adhesin as been suggested for HomB, as a recent study 
based on an in vitro adherence assay revealed that H. pylori wildtype strains adhered to 
human gastric epithelial cells, whereas the corresponding homB knockout mutant strains 
showed significantly reduced binding (28). With regard to homA, it was also demonstrated 
that the corresponding protein can induce an immune response in humans, and it has been 
correlated with the non-ulcer gastritis (28, 29).  

In a recent study comprising 92 H. pylori strains isolated from either East Asian and 
Western countries, it was observed that both genes display allelic variation occurring in a 
300 bp region localized in the middle region of these genes, with homB displaying greater 
allelic diversity than homA (29). Three segments were thus defined for those genes, where 
segments 1, 2 and 3 correspond to the regions preceding, matching and following the allelic 
region, respectively. Five distinct alleles were observed for homB, denominated AI, AII, 
AIII, AV and AVI. These variants, although present worldwide, were heterogeneously 
distributed, with AI allele corresponding to 79.6% of the homB sequences, followed by AII 
allele present in 11.8% of the cases, while the other variants were rare (AIII 3.2%, AV 
1.1% and AVI 4.3%). Three allelic variants were observed for homA gene. The 
predominant variant AII was present in 87.8% of homA sequences, and the alleles AIII and 
AIV were observed in 12.2 and 1.2% of the cases, respectively (29). In the universe of 92 
strains studied, the variants AI, AV and AVI were exclusively observed for homB, while 
AIV was exclusive of homA (29).  

A previously performed extensive genomic analysis over homA and homB sequences 
from 92 H. pylori clinical strains, isolated from East Asian and Western countries (29), 
suggest that the borders of the 300 bp allele-defining region may represent recombination 
breakpoints. Accordingly, in the present study, we aimed to look for recombination 
phenomena that may have occurred within and between homA and homB allelic variants, 
which may underlie the genetic diversity and generation of alleles. More, considering that 
homB presents a worldwide dispersion (homA is rarely found among East Asian strains) 
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and AI allele represents up to 80% of the H. pylori strains (29), we performed a detailed 
molecular analysis of the homB AI allele, in order to establish its molecular profile.  
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MATERIALS AND METHODS 
H. pylori strains. The H. pylori strains used in this study were isolated from patients 

from different countries, 7 Western countries, Portugal, France, Sweden, Germany, USA, 
Brazil and Colombia, and from 2 East Asian countries, Japan and Korea. The 
characteristics of the study population, as well as the culture of the H. pylori strains from 
gastric biopsies and genomic DNA extraction are reported in a previous study (29).  

homB and homA sequences. The homB and homA sequences used in this study were 
previously determined (28, 29) and are under the GenBank accession numbers 
EF648309-EF648398 and EU363366-EU363460.  

Analysis of recombination events. A search for potential mosaic structures was 
performed using the application SimPlot 3.5.1 (http://sray.med.som.jhmi.edu/SCRoftware) 
to study the similarity of one putative recombinant sequence (Query) to the other 
sequences. We used a sliding window size of 200 bp moved across the alignment in a step 
size of 20 bp. Nucleotide pairwise distances were calculated using the 
Jukes-Cantor-parameter method (Jukes and cantor, 1696). Simplot analysis was performed 
for all the 20 possible combinations involving the 6 homB/homA allelic variants (alleles AI 
to AVI). Whenever a putative recombination event was detected, a bootscanning analysis 
(35) was also performed, in which the likely recombinant sequence was compared with 
sequences from the probable parental strain(s) and a known outgroup sequence, generating 
four-member trees. At each nucleotide window range, a phylogenetic analysis was 
performed using the Neighbor-joining topology on the basis of pairwise genetic distances 
(Jukes-Cantor-parameter method; gaps strip on). Bootstrap confidence levels were 
determined by 100 replicates. Significant changes in phylogenetic relationships from 
window to window resulted in changes in BootScan values that were indicative of probable 
recombination events. SimPlot was also used to identify informative sites (33) where two 
sequences share one specific nucleotide but the other two share a different nucleotide. Each 
informative site supports one of the three possible phylogenetic relationships generated by 
bootscan among the four taxa. The likelihood that the observed distribution of sites 
favouring specific phylogenetic groupings might occur randomly was assessed using the 
maximum χ2 test. The most likely crossover region occurred where the observed 
distribution is less likely to occur randomly (maximum χ2 value). The null hypothesis for 
recombination was that informative sites are drawn from a single distribution. A P-value 
for any specified crossover was determined by the Fisher’s Exact Test, based on the 
informative sites upstream and downstream of the crossover, considering the length of the 
region under analysis. 

To support the recombination regions given by SimPlot and to accurately infer the 
phylogenetic relationships of the putative recombinant strains, the defined crossover 
regions were used to create two separate alignments, each corresponding to the left or right 
region of the crossover, and phylogenetic trees were inferred by Neighbor-joining 
(Kimura-two- parameter) analysis (18).  

Ten different pairs of parental strains and recombinant sequences were tested, for homB 
and homA, in order to confirm the crossover regions. 

Molecular analysis of the homB AI allele. A total of 90 homB AI allele sequences, 70 
from H. pylori Western strains and 20 from H. pylori East Asian strains, were used for the 
molecular analysis of the homB AI allele. 
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The nucleotide variability within homB allelic variants and within homB AI allele was 
inferred by the determination of the variable sites (a site that contains at least two types of 
nucleotides or amino acids), non-synonymous sites (a nucleotide site in which one or more 
changes are non-synonymous) and parsimony-informative sites (a variable site occurring in 
at least two sequences), using MEGA 3.1 (20). Parsimony-informative rather than variable 
sites were chosen because some sequences presented a high number of nucleotide changes 
that were exclusive of a single strain, likely due to the limited number of strains analysed in 
the present study, especially from the East Asian group. 

To study the nucleotide variability within homB allelic variants, a consensus sequence 
for each of the five variants was constructed, based on 10 homB AI allele sequences, 10 AII 
sequences, 3 AIII, 1 AV and 3 homB AVI allele sequences. The difference in the number of 
sequences used to create the consensus of each of the 5 homB alleles is related to the 
prevalence of each one.  

In order to evaluate the differences among East Asian and Western strains, dispersion 
plots were constructed based on the estimated pairwise distances, using the Kimura 
two-parameter method (18), of the 90 homB AI allele sequences (70 from Western strains 
and 20 from the East Asian strains), against homB AI East Asian consensus and homB AI 
Western consensus. 

All the consensus sequences, for both the 5 allelic homB variants, and for the homB AI 
Western and East Asian group, were generated by sequence alignment using the MegAlign 
software (DNASTAR Lasergene, Madison, WI) (6). 

Evolutionary parameters were determined using MEGA 3.1, for all the homB AI allele 
sequences, as well as for homB AI Western and East consensus sequences. Molecular 
distances were estimated using the Kimura two-parameter method (18), while the overall 
mean of synonymous (Ks) and non-synonymous (Ka) substitutions were determined using 
the Nei-Gojobori method (24). We used the Codon Based Z-Test of selection (25) to 
evaluate the significance of the values for the ratio of non-synonymous to synonymous 
substitutions. 

Since the percentage of G+C is a good indicator of genetic exchange among species (1, 
3), the percentage of G+C was also determined using EditSeq software (DNASTAR 
Lasergene) (6). 
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RESULTS 
Analysis of recombination events. The SimPlot software calculates and plots the 

nucleotide similarity of a query sequence against a panel of sequences under study, in a 
sliding window fashion, along the alignment. In a window-based analysis, the putative 
recombination crossover lies in the position where the plots of similarity values cross each 
other (34), as it can be observed in Figs. 1A and 1B. Upstream and downstream of this 
position, the query sequence shows similarity to distinct sequences, evidencing a mosaic 
structure. In the present study, the Simplot analysis was used to search for potential mosaic 
structures for all the 20 possible combinations of the 6 homB/homA allelic variants, 
suggesting the existence of recombination in two cases: 1) the predominant homB allele AI 
seems to result from the recombination between homB allelic variants AV and AVI 
(Fig. 1A1); and 2) the predominant homA AII allele seems to result from the recombination 
between homA allelic variants AIV and AIII (Fig. 1B1).  

The Bootscan analysis is also a sliding window-based analysis that combines phylogeny 
and bootstrapping, to statistically confirm the results obtained using Simplot. In the 
Bootscan analysis, trees are generated, based on the similarity of the query (recombinant) 
sequence to the two probable parental strain(s), and a trees permute is expected to occur 
whenever a recombination phenomenon takes place (34). A more detailed analysis using 
Bootscan confirmed the above recombination events (Fig. 1A3 and 1B3). In fact, for homB 
AI allele, a putative crossover region was found, for which 30 informative sites upstream of 
that region support the similarity to the parental AV allele, whereas 29 informative sites 
downstream that region support the similarity to the parental AVI allele (Fig. 1A2). 
Similarly, for homA AII allele, 20 informative sites upstream of the crossover region 
support the similarity to the parental AIV allele, and 24 informative sites downstream of 
that region support the similarity to the parental AIII allele (Fig. 1B2). These results were 
confirmed by the two incongruent phylogenetic reconstructions presented in Figs. 1A4 and 
1B4, which show that the clustering of the homB and homA recombinant alleles alternates 
between the two respective putative parental alleles. The crossover regions of these putative 
recombination events involve gene segments of 16 and 36 bp for homB and homA, 
respectively (Figs. 2A and 2B), and are located within the 300 bp allelic region for both 
genes (Fig. 2C). Statistically significant P-values were obtained for the two putative 
crossovers (Table 1).  

Molecular analysis of the homB AI allele. The genetic polymorphism within homB is 
shown in Fig. 3. When comparing the consensus sequences of each allele, it is interesting to 
note that 41.7% of the mutations are situated in the segment 2 of the gene. More, almost 
half (44.3%) of the mutations observed, which are the most representative mutations in the 
population, are non-synonymous and, as expected, are concentrated in that gene segment 
(48.4% of the non-synonymous mutations) (Fig. 3A). Contrarily to the nucleotide 
inter-allelic variability (Fig. 3A), the nucleotide distribution within homB AI allele seems to 
be random, for both Western (Fig. 3B) and East Asian (Fig. 3C) strains. The same pattern 
of distribution occurs at the protein level, as shown by the location of the non-synonymous 
nucleotide substitutions. This distribution pattern was supported by the molecular distance 
analysis of 90 homB AI allele sequences, presented in Table 2, where similar values were 
found for both the whole gene and the three gene segments, 1, 2 and 3.  

More, the evolutionary analysis of the homB AI allele revealed no significant differences 
between the three segments studied, for either synonymous or non-synonymous nor for the 
ratio of non-synonymous to synonymous substitutions (Table 2). The GC content revealed 
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no differences as well for the entire gene (38.03 [SE, 0.34]) and for the three segments 
(35.8 [SE, 0.494], 35.6 [SE, 1.283] and 40.3 [SE, 0.538], for segments 1, 2 and 3, 
respectively), presenting a value similar to the H. pylori genome content (≈ 38%) (3).  

Interestingly, the evolutionary parameters calculated for the 2 consensus sequences, 
homB AI from Western and East Asian strains, showed that the ratio of non-synonymous to 
synonymous substitutions was from about 8 to 14-fold lower for the segment 2, the allele 
defining region, than for segments 3 and 1 respectively (Table 2). Although the ratio of 
non-synonymous to synonymous substitutions was 1.84 for homB segment 1 (Table 2), 
suggesting a positive selection (42), this hypothesis was not statistically supported by the 
Codon Based Z-Test of selection (P Z-Test =0.081).  

The evaluation of the dispersion of the homB AI sequences against the East Asian and 
Western consensus showed a clear separation between the East Asian and Western strains 
(Fig. 4A). This dispersion was also noted for each gene segments 1, 2 and 3 (Fig. 4B-D), 
although an intersection of the two clusters of strains could be observed for the segment 2 
of the gene (Fig. 4C). 
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DISCUSSION 
H. pylori displays one of the highest genomic variability among bacteria, originated by a 

high frequency of recombination and a high mutation rate (19)). In fact, the recombination 
rate in H. pylori is higher than that of any other organism characterized to date (10, 38). In 
the present study, we evaluated the existence of inter/intragenomic recombination events 
that underlie the allelic diversity of the OMP coding genes, homB and homA. 

It has been suggested that intragenomic recombination between paralogous genes may 
have been the processes that once generated the large family of OMP genes in H. pylori (2). 
Also, intragenomic recombination between members of the OMP may represent means of 
regulating expression of proteins for adaptation to changes in inflammation and host 
response during inflammation. This mechanism was shown to occur during chronic 
colonization of rhesus monkey, leading to loss of expression of the OMP BabA, a H. pylori 
adhesin that binds to Lewis b antigens (16, 36). Loss of babA expression occurred either by 
recombination events, with replacement of babA by a second copy of babB, encoding for 
an OMP closely related to babA, or by a change in the number of CT repeats in the 
5´coding region (36). Absence of babA and duplication of babB was also observed in 
human H. pylori clinical isolates, suggesting that this gene conversion event is not unique 
of experimentally infected rhesus monkeys. Instead, it provides H. pylori with the ability to 
shift between adherent and non-adherent phenotypes, and to dynamically change the 
adherence and antigenic properties of BabA, in response to host immune an inflammatory 
pressure (36). The genes studied in the present study, homB and homA, seem to mirror 
somehow babA and babB at the genomic level, as they also code for OMP and they also 
can be present as single or two-copy fashion, exchanging positions between them in 
conserved loci (29). Also, as described for babA/babB, and for other OMP genes, hopQ 
and hopZ (7, 30, 32), allelic variation has been reported for homB and homA (29), and it 
has been suggested that intragenomic recombination is likely the mechanism underlying the 
generation of the babA/babB allelic groups (32). 

In the present study we evaluated the existence of recombination events that underlie the 
homB and homA allelic diversity. For that we have used the recombination analysis tools, 
the Simplot and Bootscan, both of which have been extensively used for recombination 
analysis in several pathogens (12-14, 35). The analysis of the homB/homA inter-allelic 
recombination events showed that the rarest circulating alleles, in the analysed H. pylori 
strains, constitute the parental sequences of the most prevalent circulating alleles, a 
phenomenon observed in both homB and homA genes. In fact, an exhaustive Bootscan 
analysis of the homB locus showed that the most prevalent homB allele (79.6%), the AI 
variant, results from a recombination between homB allelic variants AV and AVI, the two 
less frequent variants (1.1% and 4.3%, respectively). Curiously, these three variants were, 
so far, only observed in homB gene. Similarly, the analysis of homA locus showed that the 
allele AII, the most frequently observed in this gene (87.8%), results from the 
recombination between the less frequent homA allelic variants, AIV and AIII (1.2% and 
12.2%, respectively). Considering that the homologous recombination is a random process 
(i.e., it likely does not occur preferentially between specific alleles), it is reasonable to 
speculate that the events promoting the recombination between the two rarest alleles 
yielding the most prevalent one, confer a biological advantage for the H. pylori strain. This 
is supported by the fact that this phenomenon occurs for strains isolated either in East Asian 
or Western countries. In this context, if a role as an adhesin is hypothesized for HomB (28), 
it can be speculated that the protein coded by the homB AI allele is the most well adapted to 
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adhere to human host. On the other hand, if an antigenic role is considered (28), it is likely 
that this protein would be better fitted to mediate the interaction host-bacteria.  

The second most observed allelic variant in homB gene is the AII allele (29). 
Considering that both genes can be present in a single H. pylori genome, and that the 
parental AIV allele is not observed in homB gene, it can be speculated that this variant 
arouse by recombination between each parental allele present in each gene, that is, 
recombination between AIII allele of homB and the AIV allele of homA. Thus, and 
although our results point to recombination involving alleles of the same gene, it is likely 
that alleles present in different genes can be involved in these same recombination events. 

The molecular analysis of the homB AI allele showed that the polymorphic sites were 
randomly distributed along the gene, for both Western and East Asian strains (Figs.  3B and 
3C), which is expected when a single allelic variant is analyzed. Although it can be 
observed a higher degree of polymorphism for the homB AI allele among the Western 
strains than among the East Asian strains, this is likely due to the higher number of Western 
strains analysed in the present study. In fact, considering the immense genetic variability of 
H. pylori chromosome (37), it is likely that homB displays a similar genetic trend, in which 
for any additional strain new polymorphisms are likely found, increasing the variability 
within each allele. Indeed, the analysis of the homB AI allele considering all the nucleotide 
changes (data not shown), instead of the parsimony informative changes (Fig. 3), revealed a 
much greater variability, as about 40% of the nucleotide changes for the Western strains 
and 60% for the East strains occur in a single strain.  

Contrasting to the random distribution of polymorphic sites observed for homB AI allele 
sequences, the inter-allelic variability, when considering all the five homB allelic variants, 
was mostly observed in the middle region of the gene, which corresponds to the allele 
defining region. This result is in agreement with the evolutionary analysis previously 
described for homB gene, including sequences of all the allelic variants (29). It had been 
observed that the segment 2 of homB displayed both the highest molecular distance and the 
non-synonymous rate, even when compared to the entire gene. Accordingly, a sliding 
window analysis showed that the non-synonymous rate in that region was about five fold 
higher than in the rest of the gene (29). Considering that HomB is a putative antigen, these 
results suggest that the segment 2 would be the most implicated in that process. Thus, it 
would be interesting to evaluate the antigenicity of each of the three segments of homB, in 
order to clarify each one’s role.  

The dispersion of the homB AI sequences against the Western and East Asian consensus 
showed a clear separation between the Western and East Asian clusters of strains (Fig.  4). 
This geographical segregation has been fully described for several H. pylori gene 
categories, such as housekeeping and virulence genes (1, 17, 21, 41). Also, as described for 
the two paralogous genes babA/babB (31), phylogenetic analysis for homB revealed that 
the geographic clustering precedes the allelic separation (29).  

Though the factors that underlie the geographic partitioning of H. pylori genes are not 
known, it can be speculated that human populational heterogeneity will select for 
divergence among H. pylori strains. That heterogeneity can include specificity and strength 
of immune and inflammatory responses, but also availability and distribution of receptors 
to which H. pylori can adhere (9, 36). In support of this, previously results indicate a role of 
HomB in H. pylori adherence of (28), and functional adaptation to geographical 
predominant blood groups was reported for BabA adhesin (4). More, several studies 
suggest that H. pylori polymorphisms reflect human phylogeography and historical 
migrations, constituting a reliable biological marker of host-pathogen co-evolution (8, 11, 
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21, 39, 44), which is facilitated by the long term contact between the infecting strain and 
the host. Thus, it is likely that the strains infecting humans from different geographical 
regions, display unique characteristics that reflect unique human population traits.  

However, it is interesting to observe that, when analysing solely the homB AI allele, the 
geographical separation is less noticed for the middle region than for segments 1 or 3 (Fig. 
 4). Thus, the existence of an allelic region less dependent on the geographic origin of the 
strain, flanked by regions that show strong evidence of geographic segregation, indicates 
that segments 1 or 3 are likely more influenced by the host environmental/immune 
pressure. This is clearly supported by the evolutionary parameters, as the ratio of 
non-synonymous to synonymous substitutions obtained by comparing the Western and East 
Asian homB AI consensus (Table 2) reveals a 8 to 14 times higher value for segments 3 
and 1, respectively, than for segment 2. More, considering that the middle region of the 
homB gene is the most polymorphic between all the homB allelic variants (Fig. 3A) (29), 
but the most conserved within homB AI allele sequences, independently of the geographic 
origin of the strain (Table 2 and Fig.  4C), strongly supports its choice for the definition of 
the allelic variants. The fact that homB allelic variants are conserved worldwide, suggest 
that the basis for the unknown biological role of homB resides in this particular region. 
More, the predominance of homB AI allele among Western and East Asian strains (29) 
suggests that this allele may confer some biological advantage for H. pylori strains. To 
clarify this issue, experiments are necessary to evaluate the binding ability of H. pylori 
strains according to homB allelic variants. 

In summary, we have presented statistically supported evidence that the allelic 
variability among the H. pylori OMP coding genes homB and homA is generated by 
recombination events, besides the previously described accumulation of point mutations. 
Finally, the fact that the most worldwide prevalent alleles seem to be quimeras of the rarest 
alleles suggest that the resulting genetic combinations provide a biological advantage to 
H. pylori strains. 
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TABLES 

Table 1- Significance of the crossover region for homB AI and homA AII alleles, based on 

the P-values calculated for the regions upstream and downstream of the two crossovers. 

 homB AI  homA AII 

upstream the crossover 1x10-7  1.9x10-6 

downstream the crossover 1.6x10-4  1.4x10-6 
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Table 2- Evolutionary parameters of Helicobacter pylori homB AI allele. 

  Molecular distance* Synonymous (Ks) Non-synonymous (Ka) Ka/Ks 

homB AI allele (n=90)†      

Entire gene  0.070±0.003& 0.194±0.0100. 0.028±0.003  0.144±0.017  

Segment 1  0.064±0.005 0.150±0.013 0.029±0.004 0.193±0.031 

Segment 2  0.052±0.008 0.147±0.028 0.024±0.007 0.163±0.057 

Segment 3  0.071±0.005 0.205±0.014 0.031±0.005 0.151±0.026 

homB AI allele Western versus East Asian consensus     

Entire gene  0.063±0.006 0.160±0.017 0.032±0.005 0.200±0.038 

Segment 1  0.037±0.007 0.025±0.012 0.046±0.009 1.84±0.954 

Segment 2  0.084±0.02 0.235±0.059 0.031±0.014 0.132±0.068 

Segment 3  0.062±0.007 0.063±0.017 0.064±0.010 1.02±0.317 

* based on Kimura two-parameter method  
& value ± standard error 
† 70 from Western and 20 from East Asian H. pylori strains 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 1. Simplot and Bootscan analysis of the recombination events between: (A) the parental 

strains homB AV allele and homB AVI allele to generate the recombinant (query) homB AI 

allele, using the homA AII allele as the outgroup; (B) the parental strains homA IV allele and 

homA III allele to generate the recombinant (query) homA II allele, using the homB AI allele 

as the outgroup. (1) Similarity plot between each recombinant sequence and the respective 

parental strains (window size 200 bp; step size 20 bp). (2) Number of informative sites shared 

by the recombinant sequence and the parental strains. (3) Bootscan analysis (window size 200 

bp; step size 20 bp) showing the phylogenetic relatedness (% of permuted trees) between the 

recombinant and the parental sequences. For (1) and (3), the crossover regions are located 

between the vertical lines (represented in Fig. 2) and nucleotides at the bottom of each plot 

correspond to alignment positions of the genomic regions. (4) Phylogenetic reconstructions 

for each specific region bounded by the crossover region supporting each putative crossover. 

The sequences used to represent the homB AI, AV and AVI alleles and the homA AII, AIII 

and AIV alleles are available with GenBank accession no. EF648377, EU363409, EF648345, 

EU363372, EF648340, EU363449, EF648321 and EF648336, respectively. 
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A 
 
+760                                                                                                                                          +798                                                +815                              +828  +936 
homB AI   ACTAACA------GCTCAACAGATTGCGATAATGATCCTTCAAAA---TGCGTAAATCCCGGAGTAAATGGGCGTGTT//AGGGTTAGCCAATGG-AT--------ATGGTAATGATGG 
homB AV   .......------...................C............---...............AC...C.........//....C.T.G..G..AT..TACCCCTA CAAC.......A 
homB AVI  .....T.AAGGCG.AGG.GGG..A.......CGAG.AAGGAG..TGAT...............A..............//.........T.....-..--------............. 
homA AII  .....T.AAG---..GG.GAG..A.......C.A..AAAGAG..TGAA...............AC...C........C//...AC.T.GG.G..AT..TACCCCTAGCAAC.......A 
 
                                                                                     +936 
homB AI   TGAA------TATGGCACATTAGG 
homB AV   ..G.AAGCAT......C....T.. 
homB AVI  ....------.............. 
homA AII  ..GTAAGCAT.....TCAG..... 
 
 

B 
 
+638                                                                                                                                                           +768                                                                                                       +805                                                +826  +898 
homA AII  ATAAAGGCGGAGGAGGGGAATGCGATACGAGCAAAGAGAATGAATGCGTGAATCCTGGGACAAACGGGCTTGTCAATTCCCAAA---ATAAAAGTTATGTGTTAAACAAGC//GGGCTT 
homA AIV  ...........................................T..T.................T..............T....---.CC..CAA..............A.//...T.A 
homA AIII .C.---..CC.AC..---.T.......---ATG.TCCTTCAA.......A..............T...G..........T....---......A.................//...... 
homB AI   .C.---..CC.AC.---..T......---.ATG.TCCTTCAA.......A.....C....T...T....G...TG.C..TA..GTTG..C..CAA......C.........//...T.A 
 
                                                                                                                                                         +951 
homA AII  GGGAGTGATATTACCCCTAGCAACAACGATGATGGTAAGCATTATGGC 
homA AIV  .CC.A..G-G.-----------.TGGTA........G.A---...... 
homA AIII ................................................ 
homB AI   .CC.A..G-G.-----------.TGGTA.......CG.A---...... 
 

C 
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FIG. 2. Nucleotide sequences of crossovers of Helicobacter pylori homB (A) and homA (B) genes. Numbers represent positions relative to the 

start codon of homB or homA. Crossover regions are highlighted in grey bordered by informative sites (darker grey). (C) Localization of the 

crossover region within the 300 bp allelic region for homB and homA. The scale bellow is in bp. The GenBank accession numbers of the homB 

and homA sequences used are described in the previous Figure. 
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FIG. 3. Genetic polymorphisms within Helicobacter pylori homB. The distribution was 

determined by comparing: (A) the consensus sequence of each of the five allelic variants, at 

nucleotide (variable site) and protein (non-synonymous site) levels; (B) the homB AI allele in 

Western strains (n=70), at nucleotide (parsimony informative site) and protein 

(non-synonymous parsimony informative site) levels; (C) the homB AI allele in East Asian 

strains (n=20), at nucleotide (parsimony informative site) and protein (non-synonymous 

parsimony informative site) levels.  

 

V, variable site; Ns, non-synonymous site; Pi, parsimony-informative site 
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FIG. 4. Dispersion plots of Helicobacter pylori homB AI allele individual sequences 

against the Western and East Asian AI allele consensus sequences, based on the pairwise 

distances calculated for 70 homB sequences from H. pylori Western strains ( ) and 20 

homB sequences from East Asian strains ( ), considering the entire gene (A) and each of 

the gene segments, i.e. segment  1 (B), 2 (C) and 3 (D). 
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CHAPTER VII – CONCLUSIONS AND FUTURE PERSPECTIVES 
 

H. pylori is well established as the etiologic agent of chronic gastritis and PUD and is 
clearly involved in the development of gastric adenocarcinoma and MALT lymphoma. The 
bacterium has developed a unique set of factors, actively supporting its survival and 
persistence in the special ecological niche of the human stomach. Since lifelong H. pylori 
infection and its associated gastric inflammation underlie peptic ulceration and gastric 
carcinogenesis, identification of the particular bacterial factors contributing to H. pylori’s 
persistence and inflammatory response is crucial. 

 

1. CONCLUSIONS OF THE STUDY 
The work presented in this thesis has contributed to the knowledge in the field of 

H. pylori virulence, with the identification of two new putative virulence gene candidates, 
isolated from a H. pylori duodenal ulcer strain, obtained from a young child. Indeed, such 
strains constitute an excellent model for the implication of bacteria in the development of a 
disease, since PUD occurs shortly after H. pylori infection, and thus environmental factors, 
are less involved than those of the bacteria.  

This work has been possible thanks to a collection of these rare strains, belonging to the 
Departament of Infectious Diseases of the National Institute of Health in Lisbon. Indeed, in 
Portugal, the prevalence of H. pylori infection is still very high, around 80% of the adult 
population and 40% in children. This consequently results in a relatively high incidence of 
severe gastric diseases, such as PUD and gastric adenocarcinoma. As an example, in 2007, 
the Departament of Infectious Diseases analyzed 410 gastric biopsies from pediatric 
patients. Among these cases, approximately 60% were positive for H. pylori infection, of 
which 6.5% had PUD (unpublished results). 

There are several techniques to compare the genomic content of bacterial strains. The 
systematic approach using the DNA chip technique was not chosen for this study because it 
only explores already known sequences, on the basis of the genomes of the 3 H. pylori 
sequenced strains [1-3]. Consequently, we chose the subtractive hybridization technique 
previously used and validated for H. pylori [4, 5] in order to compare the genetic content of 
a H. pylori PUD associated strain, obtained from a young child, with a H. pylori strain 
isolated from another child presenting gastritis only and matched for age and sex. This 
experiment began with the subtractive hybridization of several ulcer-specific sequences 
whose identification revealed strain-specific genes, i.e., genes that are present in some 
H. pylori strains and absent in others. The subtracted genes were of unknown function or 
encoded restriction/modification enzymes and surface proteins (OMP and LPS). Genes 
belonging to these functional classes are likely to encode factors that are potentially 
produced in response to interactions with the host [6-10], having thus a great potential as 
virulence candidates. Indeed, among the subtracted ulcer strain-specific genes, two were 
strongly associated with the ulcerogenic strains infecting children: homB, coding for a 
putative OMP, and jhp0562, coding for a putative glycosyltransferase involved in LPS core 
biosynthesis. 
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1.1. The homB gene 
Reverse genetic experiments were done to search for the functionality of the H. pylori 

homB gene. H. pylori wild-type and the corresponding knock-out mutant strains were used 
for in vitro assays on gastric epithelial cell lines. The assays showed that the homB encoded 
protein, OMP HomB, was able in vitro to induce IL-8 secretion from the gastric epithelial 
cells, suggesting its implication in the proinflammatory characteristics of the strains. IL-8 is 
a potent activator of inflammatory cells in the gastric mucosa [11]. Several H. pylori 
virulence determinants contribute to a gastric inflammatory reaction through the induction 
of IL-8 secretion, such as the cag PAI-encoding factors, the OMP hopH and a 
T4SS-associated gene dupA [12-15]. Two general mechanisms are responsible for the 
induction of proinflammatory cytokine: i) a direct effect in signalling pathways: for 
example, the regulation of the IL-8 gene transcription by cag PAI products is mediated by 
the activation of the nuclear factor-κB, mitogen-activated protein kinases and the activator 
protein-1 [16-18]; and ii) an indirect effect through the adherence of the bacteria to the 
epithelial cell layer, since H. pylori-related IL-8 induction requires the attachment of live 
bacteria to epithelial cells [17, 19, 20]. In the present study, cag PAI-positive strains with 
an intact homB gene induced higher levels of IL-8 secretion than did cag PAI-positive, 
homB isogenic mutants. Therefore, two hypotheses could explain this result: i) both cag 
PAI and homB are involved in the activation of different signaling pathways; and ii) HomB 
is involved in bacterial adherence and the disruption of the corresponding gene leads to a 
decrease in bacterial adherence and lower levels of IL-8 secretion. The results obtained 
with the in vitro adherence assay strongly backup the second hypothesis. Thus, one way 
HomB may contribute to gastric inflammation is likely through bacterial adherence to the 
gastric mucosa.  

The evaluation of the association of homB with clinical disease showed a strong 
association of this factor with PUD. Furthermore, the presence of homB was strongly 
correlated with the presence of the other H. pylori virulence-associated genotypes. 
Interestingly, it was found that homA, a functionally uncharacterized OMP sharing a high 
level of similarity (≈ 89%) with homB, was present in strains lacking these factors, and was 
a marker of NUD. Both genes occupy indifferently two well conserved loci in the H. pylori 
genome and probably exchange positions between these two loci. The results also showed 
that at least one copy of homB or homA is always present in the genome of the H. pylori 
strains, and they can be present as single- or two-copy genotypes. Moreover, the number of 
copies of homB and homA was found to be clinically relevant, as the genotype the most 
significantly associated with PUD was two copies of homB, while a single copy of homA 
was the genotype the most associated with NUD. This was supported by the finding that 
both in vitro induction of IL-8 secretion and adherence were correlated with the number of 
copies of homB. 

Studies have concluded that H. pylori OMP gene duplication is a possible means of 
regulating the OMP expression for adaptation to changes in inflammation and host response 
[21, 22]. Thus, it is likely that H. pylori strains can easily alter their homB/homA status by 
gene duplication, allowing the pathogen to constantly adjust to changes in the host immune 
and inflammatory responses. Considering that homB is implicated in adherence, this 
mechanism would provide the bacteria with the ability to shift between a more or less 
adherent phenotype. Furthermore, if the hypothesis of homB’s role in gastric inflammation 
is true, this mechanism would also contribute to alternate between more or less pronounced 
proinflammatory phenotypes. In fact, an exaggerated inflammation is deleterious for the 
bacterium, as it leads to impairment of tissue structure/function and finally to loss of its 
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niche [23]. A mechanism of regulation by phase variation was also proposed for homB, 
which would help increase the bacteria’s fitness in its host. Indeed, phase variability has 
been reported to be a consistent marker for genes involved in niche adaptation [24-26]. 

In the present study, we have presented ample proof that homB and homA are OMPs 
which are likely to be involved in H. pylori persistence, via immune evasion. One possible 
strategy for H. pylori to escape from the host defence mechanisms would be to modify the 
antigenicity of a protein which is important for immunogenicity [27, 28]. Both HomB and 
HomA are human antigens, thus they are good candidate proteins to be altered. First, they 
are regulated by gene duplication and phase variation, which most likely contributes to 
dynamically change the antigenic properties of these proteins, as has been described for 
other proteins [1, 27-31]. Secondly, both homB and homA are highly polymorphic and 
display allelic variation, which no doubt leads to an increase in antigenic variation. 
Moreover, it was shown that all homB/homA allelic variants were able to induce an 
immune response, constituting experimental evidence that HomB and HomA are involved 
in immune evasion. 

One of the mechanisms in bacterial evolution towards virulence is the allelic variation of 
existing genes, which has been called patho-adaptation [32]. These changes will be 
expected to improve bacterial fitness in response to host environmental/immune pressure 
[33]. The allelic variation displayed by homB and homA was found to occur in a 300 bp 
region localized in the middle region of the genes. Among H. pylori genes displaying allelic 
variation [29, 34-36], certain allelic forms are associated with an increased risk of 
symptomatic gastroduodenal disease, as is the case with the s1 allele of the vacA cytotoxin 
[37] and the type I allele of the OMP hopQ [36] which have been associated with the PUD; 
this implies that they encode proteins which are more related to virulence. To the contrary, 
babA, the BabA adhesin encoding gene, and babB allelic variants are neither related to 
H. pylori virulence genotypes nor to the strain’s adherence ability [35]. Similarly, none of 
the 5 homB or the 3 homA allelic variants showed an association with any particular gastric 
disease or with a strain’s virulence profile. This further suggests that a greater allelic 
diversity may be more important in generating antigenic variation than in affecting the 
strain’s virulence behavior. A relevant fact to be noted is that, for each gene, a dominant 
worldwide allelic variant, present in up to 80% of the H. pylori strains, was observed, 
suggesting that homB/homA allelic variants are independent of the geographical origin of 
the strain. This strongly supports an important functional role for this particular gene 
region. Indeed, if HomB plays a role in H. pylori adherence, one can speculate that the 
protein coded by the homB AI allele is the most well adapted to adhere to its human host. 
In order to clarify this issue, experiments are necessary to evaluate the binding ability of 
H. pylori strains according to their homB allelic variants. Alternatively, as an antigenic 
protein, the HomB AI protein may be better suited to mediate the host-bacteria interaction. 

 

1.2. The jhp0562 gene 
The other putative H. pylori virulence gene candidate identified in the present study was 

the jhp0562 gene, which codes for a putative glycosyltransferase involved in LPS core 
biosynthesis. Extensive sequence analysis and in vitro expression studies showed that 
jhp0562 is highly conserved in H. pylori clinical isolates and codes for a complete protein. 
This gene has an 80% similarity to another LPS glycosyltransferase coding gene, jhp0563, 
which was shown to be regulated by phase variation, according to previous data [2, 38]. 
Results showed that whenever jhp0563 was out-of-frame, a copy of jhp0562 was present, 
suggesting that jhp0563 and jhp0562 code for enzymes that are essential for the bacteria, 
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but whether the presence of strain-specific glycosyltransferases results in different LPS core 
structures remains to be elucidated. In order to clarify the role of the jhp0562 product, the 
same strategy used for homB was applied; however, the first attempts to obtain jhp0562 
knock-out mutants by natural transformation of H. pylori have failed.  

As a major cell-surface component, the LPS is well located to selectively interact with 
surface components of the host, and several lines of evidence indicate that H. pylori LPS is 
involved in host adaptation and virulence. Essentially, three putative roles have been 
assigned to H. pylori LPS: i) evasion to host immune response [39], ii) production of 
auto-antibodies [40], and iii) adherence to gastric epithelial cells [41-43]; all three are 
mediated by the Lewis antigens present in the O-antigen of H. pylori LPS. However, 
several studies report that inactivation of LPS core glycosyltransferase results in incomplete 
LPS that can lead to bacterial outer membrane destabilization [44, 45]. 

 

2. PERSPECTIVES OF THE STUDY 
The data presented here regarding the mechanisms of action of homB were obtained 

from in vitro IL-8 secretion and adherence experiments, and will constitute the basis for 
future work, using both in vitro and in vivo model systems.  

One remaining question that needs to be answered is related to the receptors of HomB in 
the gastric mucosa. Different receptors have been described for H. pylori mucosal 
adherence [46-49]. The receptor activity-directed affinity tagging technique, using the 
fucosylated blood group antigens and sialylated glycan receptors, was used to identify the 
two major H. pylori adhesins, BabA and SabA, respectively [46, 47]. A similar approach 
using other receptors, such as glycans with sulphated modifications, could be used to 
identify the HomB receptors. However, this technique could not target HomB directly and 
therefore is difficult to consider. Alternatively, membrane protein extracts of gastric cells 
could be collected and incubated with recombinant HomB or with H. pylori membrane 
lysates. Then, complexes including HomB could be purified by immunoprecipitation with 
an anti-HomB monoclonal antibody coupled to agarose beads. The proteins associated with 
HomB, including its receptor, would then be separated by denaturing gel electrophoresis to 
be further identified by mass spectrometry. Another possibility would be to fuse HomB to 
tags directly in H. pylori cells by natural transformation, and the transformants would be 
used for co-culture experiments with gastric epithelial cells. Then, monoclonal anti-tag 
antibodies coupled to agarose beads would lead to purification of HomB complexes, and 
possibly to its receptor. 

Adherence of H. pylori to the gastric epithelium is essential for the survival and 
colonization of the host. In order to shed some light on the importance of HomB in vivo, 
mouse colonization experiments could be undertaken, using the wild-type and the 
corresponding homB-knock-out mutant strains. Then the ability of each strain to colonize 
and persist would be compared by evaluating the number of viable bacterial cells recovered 
and H. pylori density on the mouse mucosa. The loss or decrease of colonization ability by 
the homB knock-out mutant strains, compared to the wild-type, would establish HomB as a 
key factor in H. pylori survival in vivo. The mouse model could also be used to evaluate the 
in vivo role of HomB in the promotion of gastric inflammation and to follow the evolution 
of the gastric lesions over long periods. For this purpose, gastric biopsies from animals 
infected either with wild-type or homB-knock-out mutant strains would be histologically 
evaluated for markers of inflammation (neutrophil and lymphocyte/plasma cell infiltration). 
The IL-8 levels in gastric biopsies could also be measured. Considering the results obtained 
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for the in vitro IL-8 induction, higher in vivo inflammation would be expected from the 
homB wild-type strains than from the corresponding knock-out mutants. The studies using 
the mouse model should be complemented with human studies, by assessing these same 
histological parameters and IL-8 levels on human gastric biopsies and correlating these data 
with the homB status of the corresponding infecting strains.  

Given the antigenic potential of homA, future work should also focus on functional 
studies of this protein. First attempts to obtain homA knock-out mutant strains by natural 
transformation have failed. Thus, other strategies such as electroporation should be used.  

Finally, considering the importance of H. pylori OMPs to pathogen-host interactions, the 
fact that H. pylori OMP-encoding genes represent approximately 4% of each strain’s 
coding region and that the majority of the H. pylori OMPs have never been characterized, a 
systematic study of the H. pylori OMPs should be undertaken. This would allow the 
identification of additional OMPs that modulate interactions between H. pylori and the 
human host. 

In the context of the work presented in this thesis, future studies should also be 
performed to elucidate the role of the jhp0562 product, and more specifically, its 
contribution as a virulence determinant. In a preliminary phase, the determination of the 
biosynthetic activity of the jhp0562-encoding protein, using both activity screening and 
gene inactivation, would be useful to establish the jhp0562 product as a functional protein. 
To achieve this goal, a recombinant jhp0562-encoding glycosyltransferase should be 
produced and then be tested in glycosyltransferase assays. Subsequently, jhp0562 knock-
out mutants should be constructed and used to assess whether jhp0562 inactivation leads to 
the production of incomplete LPS molecules on the H. pylori cell surface. Furthermore, 
given that LPS is essential for bacterial survival, a mouse model could be used in order to 
evaluate the in vivo importance of the putative jhp0562-encoded protein, by evaluating the 
mouse colonization ability and bacterial adherence. 

The identification of protein-protein interactions is an important step to determine 
protein function [50]. This functional proteomics approach could therefore be of value to 
increase our knowledge of the novel H. pylori virulence determinants. As a concrete 
example, multiprotein complexes involving the protein of interest could be investigated by 
using the Tandem-Affinity Purification (TAP)-tag method [51] or the two-hybrid screening 
method [52].  

Currently, antibiotic therapy is the only efficient treatment to eradicate H. pylori. 
Considering the increased incidence of resistance of H. pylori and most other pathogenic 
bacteria to current treatments, there is an urgent need to characterize new therapeutic 
targets for the development of novel anti-bacterial agents. [53-56]. Given the antigenicity of 
HomB and HomA, these molecules may constitute new therapeutic targets and/or markers 
for vaccines. Furthermore, since HomB is a marker of other bacterial virulence 
determinants, a vaccine strategy based on this molecule would serve as a means to target 
the most virulent H. pylori strains. Other strategies for preventing and/or treating H. pylori 
infection could also be used. Blocking the primary stages of infection, namely bacterial 
attachment to host cell receptors and colonization of the mucosal surface, may be one 
effective strategy for prevention of bacterial infections. Thus, HomB could be used as target 
for inhibiting adherence of H. pylori to gastric mucosa by exploiting different strategies, 
such as the use of antibodies targeting human receptors or bacterial adhesins.  

On a global scale the burden of disease due to H. pylori is enormous; elimination of 
these bacteria would have a major impact on present and future world health. This goal is at 



Mónica Oleastro 

 

- 171 - 

present logistically and economically improbable, but several means to tackle the problem 
are available including antibiotic therapy, public health measures and vaccination. Current 
treatments are not an effective strategy for worldwide eradication and public health 
measures improving living conditions such as decreased crowding, better sewage disposal 
and sanitary water supplies may help to reduce the transmission of these infections in 
selected areas, but will have only a limited effect on infected individuals and may take a 
generation or more to have an impact on a global scale. Primary prevention of infection 
may eventually be feasible if and when effective vaccines become available. It should be 
noted, however, that the investment in vaccine programmes is decreasing. Thus, diagnosis 
and therapy constitute the only treatment at present. The results of this thesis presentation 
could serve as a basis to carry out a rational design of truly novel anti-bacterial compounds. 
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