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+HOLFREDFWHU�S\ORUL is a gastric bacterial pathogen that infects an estimated half of the human 
population. The infection is primarily acquired during early childhood and causes a 
persistent infection that is usually not eradicated by the host immune system. Although 
most infected individuals remain asymptomatic, a significant proportion develops peptic 
ulcer disease and gastric cancer. This thesis aimed to study diversity of the FDJ pathogenicity 
island (PAI) and Lewis antigen expression in the lipopolysaccharide (LPS). These two traits 
in +��S\ORUL may both play a role in persistence of infection and disease progression.  
 The FDJ PAI of +��S\ORUL codes for a type IV secretion system and promotes cellular 
proliferation and conformational changes in host epithelial cells. We used microarray to 
study the complete composition of FDJ PAI genes and found that a significant part of 
clinical isolates carried incomplete islands. There was a correlation between harboring a 
complete FDJ PAIs and induction of IL-8 in host cells, as well as diagnosis of severe disease 
in the colonized host. Moreover, we observed clonal variants with different FDJ PAI 
genotypes that co-existed within one host. In order to further analyze the structure of the 
FDJ PAI, the complete region was sequenced in four of the isolates. The general layout of 
the FDJ PAI was similar in all four isolates, but some distinct features were observed, 
including the presence of an IS606 element in one isolate and a large rearrangement 
and/ or insertion at the 3’ end of the FDJ PAI of another isolate. An interesting finding was 
the discovery of a previously undescribed gene at the HP0521 locus, designated HP0521B, 
in three of the isolates. This gene showed no significant matches in the database, but was 
present in about half of Swedish clinical isolates, as determined by PCR. None of the 
observed genetic variants did however affect the strains ability to express a functional type 
IV secretion system. 
 The LPS of +��S\ORUL contains carbohydrate Lewis antigens, which may be involved in 
the interaction with host cells and immune evasion. We observed extensive diversity within 
+��S\ORUL populations that occurred LQ�YLYR over time and in different gastric regions. 
Moreover, we described a mechanism by which +��S\ORUL varies Lewis glycosylation 
patterns and suggest a molecular ruler regulatory mechanism for the α1,3-
fucosyltransferases FutA and FutB. Variation in the sizes of O-antigen polymers being 
fucosylated depends on the number of heptad repeats in the C-terminal region of FutA 
and FutB, where one heptad repeat corresponds to one O-antigen repeat unit. Diversity of 
Lewis expression may arise in a random fashion or be induced during certain conditions. 
We could demonstrate that phase variation of Lewis expression occurs during LQ�YLWUR 
passages on agar plates, and that the size of the bottleneck in each transfer may affect the 
frequency of diversification. Moreover, after transfer to a new animal host, a relatively 
higher degree of diversity is induced, as exemplified by extensive LPS diversity in clonal 
descendants after experimental infection in mice. Our data suggest that although 
microdiversity exist after LQ�YLWUR passages, diversity is more pronounced after LQ�YLYR 
passages, possibly due to adaptation to the new host. 
 The presence of bacteria with different genetic backgrounds and hence different 
properties at a given time, in a certain niche, provides a great advantage for the bacterial 
population. When the environmental conditions change, clones with a survival advantage 
will expand, whereas less fit variants will be restrained or even disappear. Since an +��S\ORUL 
infection can result in various outcomes, the diversity of the bacterium is likely significant 
for the disease development. Studies of microdiversity between subclones and their 
interplay can provide valuable information about the population fitness and why +��S\ORUL 
causes persistent infections as well as gastro-duodenal disease. 
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The gastric bacterium +HOLFREDFWHU�S\ORUL is estimated to colonize more 
than half of the human population. This makes it one of the most 
common bacterial infections worldwide. The gastric environment was 
long considered sterile, with no colonizing microbes due to the harsh 
acidic conditions. Spiral-shaped bacteria were observed in histological 
sections from stomachs as early as at the end of the 19th century, and 
publications of similar observations have sporadically appeared since 
[1]. It was, however, not until 1982 that +��S\ORUL was successfully 
cultured from human gastric biopsies [2,3], and bacterial colonization of 
the stomach was then widely accepted in the scientific community. 
 The initial observation that these “&DPS\OREDFWHU-like organisms” 
were associated with, and a possible cause of, gastritis and gastric and 
duodenal ulcers was met with considerable skepticism. In 1985, 
Marshall HW�DO. attempted to fulfill Koch’s postulate for this bacterium 
being a gastric pathogen, and demonstrated development of gastritis 
after ingestion of the bacterium [4]. Since then, a number of studies 
have described the relationships between this bacterial pathogen and the 
development of gastro-duodenal diseases. Originally called &DPS\OREDFWHU�
S\ORULGLV, the name was changed to &DPS\OREDFWHU�S\ORUL and then later to 
+HOLFREDFWHU�S\ORUL [5]. 
 
 
0,&52%,2/2*<�
The +HOLFREDFWHU genus is rapidly growing, and to date, more than 35 
species have been described [6,7]. A number of +HOLFREDFWHU species 
colonize the gastric tissue of various vertebrates, whereas others 
colonize other parts of the gastro-intestinal tract. +HOLFREDFWHU spp. are 
Gram-negative bacteria with a curved, spiral or fusiform morphology, 
but the cells may become coccoid during prolonged culturing. Most 
+HOLFREDFWHU spp. are slow-growing and require rich medium and a 
microaerobic atmosphere for growth at 37° C. 
 +��S\ORUL is spiral-shaped with one to three turns, 0.5 × 5 µm in 
length, and has unipolar flagella (Figure 1) [8]. The flagella confer 
motility and are required for successful colonization [9]. A potent urease 
enzyme is produced by clinically isolated +��S\ORUL strains. This enzyme 
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converts urea to carbon dioxide and ammonia, which increases the pH 
of the surroundings, neutralizing the micro-environment around the 
bacterium and thus protecting it against the gastric acid. Urease 
production also facilitates colonization [10]. For biochemical 
identification of +��S\ORUL, the criteria are urease, catalase, and oxidase 
enzyme activity together with Gram negative staining [11]. 
 
 
 

   
  )LJXUH���� +��S\ORUL strain 26695. 
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The gastric tissue of humans and other primates appears to be the only 
natural reservoir of�+��S\ORUL. Although +��S\ORUL DNA has been isolated 
from environmental sources, such as water [12], the primary route of 
transmission is believed to be person-to-person, possibly through oral-
oral, gastro-oral or fecal-oral transfer. 
 Colonization by +��S\ORUL occurs early in life, and the incidence of 
infection is highest before the age of five [13,14]. Epidemiological 
studies have shown that transmission primarily occurs within families, 
mainly from an infected mother to her children or between siblings [15-
17]. Factors that increase the risk of being infected are large family size, 
familial connections to high-prevalence countries, and low 
socioeconomic status [16,18,19]. These are conditions often present in 
developing countries and the prevalence of +��S\ORUL infection is also 
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higher in such countries. Infection of adults has been described [20,21], 
but probably plays a minor role in the incidence of +��S\ORUL. 
 Once the bacterium has colonized the gastric tissue, a chronic 
infection is established and, although an immune response is evoked in 
the host, the infection is usually not eradicated but becomes persistent 
and follows the individual for life [13,22,23]. Nevertheless, spontaneous 
clearance of the infection has been observed, but appears to be more 
important in children [14,24] than in the adult population [20,21,25]. 
Eradication of an +��S\ORUL infection using antibiotics is often successful, 
but reinfection occurs in a subset of individuals [26,27]. 
 The prevalence of +��S\ORUL infection differs largely worldwide. In 
most developing countries the majority of individuals become infected 
during childhood and the prevalence in the adult population can be as 
high as 90%. This is in contrast to developed countries where the 
incidence of infection in childhood is much lower. The older population 
in these countries has, however, a higher prevalence of +��S\ORUL 
infection. The difference in prevalence among young and old 
populations in developed countries is not believed to be the result of 
colonization of older individuals, but rather due to a birth-cohort effect. 
In the past, the living conditions in developed countries were different, 
more similar to the situation in developing countries today, and the 
incidence of infection was thus higher [13,22,23]. 
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Gastritis is defined as the presence of inflammation in the gastric 
mucosa and is usually present in an +��S\ORUL infected stomach. 
Diagnosis of gastritis cannot be done through macroscopic evaluation 
during endoscopy, but requires analysis of histological samples. 
 
$FXWH�JDVWULWLV�
It is not feasible to study gastric histological changes shortly after natural 
infection in children due to ethical reasons, and giving that the acute 
infection is subclinical and thus the exact time of acquiring the infection 
is unknown. However, an initial acute gastritis may be present within 
weeks after transmission to a new host. Experimental infection of 
human volunteers has shown that acute gastritis appears shortly after 
colonization by +��S\ORUL [4,28-30]. The acute phase affects the entire 
stomach and is accompanied by neutrophil infiltration and 
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hypochlorhydria [31]. Although there is a small proportion of infected 
individuals where spontaneous eradication of the organism occurs, the 
majority of infected individuals fail to eliminate the infection. 
Continuous accumulation of inflammatory cells in the gastric mucosa 
will eventually lead to progression to chronic active gastritis [32]. 
 
&KURQLF�DFWLYH�JDVWULWLV�
A chronic +��S\ORUL infection of the stomach is typically associated with 
pronounced inflammation, which is in contrast to uninfected individuals 
that have very low levels of inflammatory cells invading the gastric 
tissue. Direct tissue damage is mediated by bacterial factors and other 
potentially harmful substances, such as reactive oxygen and nitrogen 
species that are induced during infection. The immense infiltration of 
immune cells and their subsequent production of inflammatory 
mediators, such as cytokines, further disrupt the gastric mucosa and 
contribute to development of chronic active gastritis [33-35]. Most 
infected individuals do not develop significant clinical complications 
[36]. However, in a subset of infected individuals, estimated to 10–20%, 
gastro-duodenal disease develops as a result of the inflammation. 
 Depending on the topographic distribution of the gastritis�during 
chronic +��S\ORUL infection, the consequences for gastric physiology and 
clinical sequel vary significantly. It appears that the early phase of 
chronic gastritis involves all parts of the stomach and is associated with 
hypochlorhydria. In individuals with intrinsically high acid production, 
the bacterial density and inflammation in the corpus will gradually 
decline and an antrum-predominant gastritis will develop. Other 
individuals will continue to produce low levels of gastric acid and the 
bacterial infection and inflammation will remain in the corpus. These 
subjects will develop corpus predominant gastritis or diffuse pan-
gastritis. An antrum-predominant gastritis predisposes for duodenal 
ulcer, whereas gastritis that involves the corpus is considered to be a risk 
factor for gastric ulcer or gastric cancer (Figure 2) [31,37,38]. 
Furthermore, the divergent outcomes are mutually exclusive, illustrated 
by the lower risk of gastric cancer development in duodenal ulcer 
patients [39-41]. 
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)LJXUH��� $) The anatomy of the stomach. %) Pathways for the development of +��S\ORUL-
associated diseases. &) Group of +��S\ORUL cells, strain 26695. 
 
 
 
3HSWLF�XOFHU�GLVHDVH�
The normal stomach maintains a balance between protective factors (i.e. 
mucus and bicarbonate secretion) and aggressive factors (i.e. acid 
secretion and pepsin). When an imbalance occurs, peptic ulcer disease 
(PUD), which may involve the stomach or duodenum, might develop. 
 It has long been known that peptic ulceration is associated with 
chronic gastritis, but the underlying mechanisms were largely unknown. 
The discovery of +��S\ORUL�and its association to peptic ulceration has 
radically changed the view of PUD, and +��S\ORUL is today regarded the 
most important factor contributing to gastric mucosal injury leading to 
PUD. The causal link is supported by presence of +��S\ORUL in the 
stomachs of as much as 95% and 80% of patients suffering from 
duodenal ulcers and gastric ulcer, respectively [42,43]. Furthermore, the 
most convincing evidence was the finding that eradication of +��S\ORUL 
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with antibiotic treatment drastically reduces the recurrence rate in peptic 
ulcer patients [44-47]. 
 
'XRGHQDO�XOFHU�
In an antral predominant gastritis, most bacteria are found in the lower 
part of the stomach, the antrum. This is believed to be the preferred 
niche for +��S\ORUL colonization in the majority of infected individuals, at 
least in developed countries [37]. In such patients, elevated levels of 
gastrin stimulate the acid producing parietal cells of the corpus 
[38,48,49]. A consequence of the increased acid secretion in the corpus 
region is higher acid output to the duodenum that may lead to gastric 
metaplasia, defined as gastric-type mucus-secreting cells in the surface 
epithelium of the duodenum [50,51]. These cellular alterations in the 
duodenum are induced as a protective measure that provides better 
tolerance against the acidic environment. +��S\ORUL cannot colonize the 
normal duodenal mucosa, but subsequent to gastric metaplasia it can 
establish an infection in the duodenum, which may lead to inflammation 
and eventually duodenal ulcer [31,37,38,52]. 
 
*DVWULF�XOFHU�
Some infected individuals display a corpus predominant gastritis or 
diffuse pan-gastritis, involving the entire stomach. This distribution of 
gastritis is regarded less frequent in developed countries, but may be 
more prevalent in developing countries [37,38]. These individuals 
generally present low acid output in response to +��S\ORUL induced 
inflammatory mediators. This is in part achieved by a direct inhibition of 
parietal cell function, mediated by increased levels of the 
proinflammatory cytokine interleukin (IL)-1β [53]. The pronounced +��
S\ORUL colonization of the corpus induces damage in the gastric mucosa, 
both directly through bacterial products and indirectly through the 
elevated inflammatory response. The impaired mucosal resistance makes 
it more susceptible to acid attack and thus predisposes for gastric 
ulceration [31,37,52]. 
 
 
*DVWULF�FDQFHU�
Although the incidence and mortality rate of gastric cancer have 
decreased in recent decades, it is still one of the most common 
malignancies worldwide. Only lung and breast cancer have higher 
incidence rates, and gastric cancer is the second most common cause of 
cancer-related death, after lung cancer [54]. 
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 The incidence of gastric cancer varies greatly between 
geographical regions and is more common in developing countries. 
High-risk areas include Asia, Eastern Europe, and Central and South 
America [54,55]. However, even within these high-risk areas there are 
variations in incidence. Furthermore, in developed countries with a 
generally low incidence of gastric cancer, certain ethnic groups and 
individuals with low socio-economic status are more likely to develop 
the disease [55]. These observations indicate that demographic and 
cultural characteristics are more important in cancer development than 
geographic location. 
 There is convincing evidence that infection by +��S\ORUL is 
associated with cancer development in the stomach. Based on sero-
epidemiological studies the International Agency for Research on 
Cancer (IARC), a sub-organization of the World Health Organization 
(WHO), designated +��S\ORUL a class I, i.e. definite, carcinogen in 1994 
[56]. Since then, the view on +��S\ORUL as a causative agent for gastric 
cancer development has been strengthened [41,57-59]. An estimated 
six-fold increase in risk of non-cardia gastric cancer in +��S\ORUL infected 
individuals suggests that as much as 65% and 80% of these malignancies 
are attributable to +��S\ORUL infection in developed and developing 
countries, respectively [58]. 
 Findings in epidemiological studies, assessing the relationship 
between +��S\ORUL infection and gastric cancer have been inconsistent, 
demonstrating variations in odds ratios and relative risk. These 
observations may be ascribed to the interval between sample collection 
and cancer diagnosis. Since +��S\ORUL has a limited niche in the normal 
gastric mucosa, the bacterium is often not present in the cancerous 
stomach, which is characterized by intestinal metaplasia and altered 
physiology. Thus, assessing +��S\ORUL�status at the time of cancer 
diagnosis underestimates the magnitude of its association with gastric 
cancer, due to loss of infection at the disease onset [58-60]. 
 Moreover, experimental +��S\ORUL infection in Mongolian gerbils 
leads to gastric cancer development, further confirming the causative 
role of +��S\ORUL in carcinogenesis [61,62]. The link between +��S\ORUL 
infection and development of cancer may be direct, due to bacterial 
factors that promote carcinogenesis, or indirect, through mucosal injury 
during long-term inflammation [63,64]. 
 
*DVWULF�DGHQRFDUFLQRPD�
The majority of cancers in the stomach are adenocarcinomas, i.e. 
derived from glandular epithelial cells. These can further be sub-divided 
into two histologically distinct variants, intestinal and diffuse type, where 



 

8 

the former type is well differentiated with glandular epithelium and the 
latter consists of poorly differentiated cells. Intestinal type gastric 
adenocarcinoma usually occurs later in life, predominates in men and is 
more frequent in high-incidence areas. Diffuse type gastric 
adenocarcinomas are more common in the younger population and 
affect men and women equally [54,65]. 
 Progression to intestinal type gastric adenocarcinoma usually 
occurs through a multi-step chain of events, referred to as “Correas 
cascade” [66,67]. The process starts when normal gastric mucosa 
evolves into chronic superficial gastritis, often initiated by +��S\ORUL. 
Through the advancement of atrophic gastritis, intestinal metaplasia and 
dysplasia, the cascade ends with adenocarcinoma (Figure 2). Gastric 
atrophy results from repeated or continuing mucosal injury in the 
stomach and is characterized by destruction and loss of glandular tissue 
that may develop after prolonged inflammation or ulceration. The 
accompanying loss of parietal cell function in atrophic gastritis results in 
hypochlorhydria, which is a prerequisite for intestinal metaplasia, 
defined as the replacement of gastric mucosa by epithelium that 
resembles that of the small intestine [68]. Both atrophic gastritis and 
intestinal metaplasia development are increased in individuals infected 
with +��S\ORUL [69]. 
 
0XFRVD�DVVRFLDWHG�O\PSKRLG�WLVVXH�O\PSKRPD�
As a consequence of +��S\ORUL induced chronic gastritis, gastric 
lymphomas, which are usually of the non-Hodgkin’s type B-cell 
lymphoma, may develop. The healthy stomach lacks organized 
lymphoid tissue, but following infection with +��S\ORUL, mucosa-
associated lymphoid tissue (MALT) is commonly present [70]. In the 
chronic +��S\ORUL infection, continuing antigen stimulation results in the 
persistence of MALT in the gastric mucosa that eventually may progress 
to form, usually low-grade, MALT lymphomas. These consist of 
monoclonal proliferations of neoplastic B cells that have the ability to 
infiltrate gastric glands. +��S\ORUL-associated chronic gastritis is observed 
in as much as 90% of gastric MALT lymphomas, which supports a role 
of the bacterial infection in development of these lymphomas [71,72]. 
Moreover, eradication of the organism leads to regression of the 
lymphoma, further strengthening the causative relationship [73-75]. 
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The presence of +��S\ORUL in the stomach of an individual can be 
detected using either invasive or non-invasive methods. Invasive 
methods require endoscopy and sampling of biopsies that can be used 
for histological examinations or culture of the bacterium. Non-invasive 
methods include serological tests detecting anti-+��S\ORUL antibodies, or 
urea breath test (UBT). In the latter, the potency of the bacterial urease 
enzyme is used to indirectly detect colonizing bacteria. The patient 
ingests 13C-urea and presence of 13C-labelled carbon dioxide in the 
exhaled air will indicate presence of urease-producing bacteria in the 
stomach. Non-invasive methods are generally faster and cheaper. 
However, for correct diagnosis, macroscopic evaluation during 
endoscopy and histological examinations of the gastric tissue are 
necessary [11]. 
 A chronic +��S\ORUL infection is not cleared by the host immune 
system, but must be treated with antibiotics to be eradicated. The 
general therapy includes a combination of three components. Two 
antibiotics, clarithromycin and either amoxicillin or metronidazole, are 
administered together with a proton pump inhibitor, e.g. omeprazole. 
The treatment is commonly successful, but recurrence occurs in some 
individuals [26,27]. Treatment failure might be due to resistance of the 
colonizing bacteria to the antibiotics used in the therapy. Such resistance 
has been observed both LQ�YLWUR and in clinical samples, and may spread 
between +��S\ORUL isolates, but also contributes to the global problem of 
resistance to antibiotic treatments [76,77]. 
 
 
,1)/$00$725<�5(63216(�
All strains of +��S\ORUL invariably cause gastric mucosal inflammation. 
Presence of infiltrating macrophages (mononuclear cells), B and T 
lymphocytes, neutrophils (polymorphonuclear cells) and plasma cells 
characterize this immune response [78,79]. The interaction of +��S\ORUL 
with gastric epithelial cells triggers the production and release of IL-8. 
This proinflammatory cytokine is a potent stimulus of neutrophils, 
whose recruitment and infiltration in the lamina propria and gastric 
epithelium is typical for active gastritis. The stimulation by +��S\ORUL of 
epithelial cells to produce IL-8 requires close contact between bacteria 
and epithelial cells and involves the FDJ pathogenicity island [80,81]. 
Moreover, recruitment and activation of neutrophils is further enhanced 
by another secreted bacterial protein, HP-NAP (+��S\ORUL neutrophil-
activating protein) [82,83]. 
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 Processing and presentation of +��S\ORUL antigens by professional 
antigen presenting cells, such as macrophages and dendritic cells, is 
followed by the activation of T and B lymphocytes and by their 
subsequent infiltration in the gastric mucosa. Plasma cells that 
synthesize IgA antibodies may be organized into lymphoid follicles in 
the gastric mucosa, constituting MALT, which is believed to be 
universally present in an +��S\ORUL infection [70]. The combined effect of 
stimulated epithelial cells and the activation and infiltration of 
inflammatory cells in the gastric mucosa provides production of an array 
of cytokines in the inflamed tissue. Elevated gastric mucosal levels of 
IL-1β, IL-2, IL-6, IL-8, IL-12, tumor necrosis factor (TNF)-α, 
interferon (IFN)-γ, and transforming growth factor (TGF)-β have been 
described in +��S\ORUL infected patients [35,78,84,85]. 
 In the adaptive immune response, different subgroups of T 
lymphocytes emerge. Stimulation of T helper (Th) 0 cells by antigen 
presenting cells result in differentiation into two different subtypes, Th1 
and Th2 cells, depending on the array of stimulating cytokines. Th1 cells 
secrete IL-2, IFN-γ, and TNF-α, and are mostly active against 
intracellular pathogens. In contrast, Th2 cells secrete IL-4, IL-5, IL-6, 
IL-10, and TGF-β, and are required for stimulation of B cells and 
antibody production, necessary for eradication of extracellular 
pathogens. Although +��S\ORUL occasionally has been observed 
intracellularly in gastric epithelial cells [86-89], the bacterium is mainly 
extracellular, residing freely in the mucous layer or attached to epithelial 
cells. Thus, the predominating Th1 response seen in +��S\ORUL infected 
individuals is somewhat unexpected [34,79]. 
 
 
+267�)$&7256�&2175,%87,1*�72�',6($6(�
Despite the high worldwide prevalence of +��S\ORUL� only a sub-fraction 
of these develop disease, with different outcomes that are mutually 
exclusive [39-41]. Thus, infection by +��S\ORUL is by itself not sufficient to 
generate malady, but several contributing factors seem to play a role. 
Diversity in bacterial features has been appointed a role in virulence, but 
cannot be the exclusive explanation since several of the proposed 
virulence factors are present in the majority of strains in some 
populations. Epidemiological studies have revealed both host genetic 
and environmental factors that predispose for disease development. 
 The inflammation, which is evoked in response to an infection, is 
probably of importance for carcinogenesis during chronic infections. 
Over the last years, evidence has accumulated that point to a direct 
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effect of inflammatory mediators in causing mucosal injury that 
predispose for atrophy and cancer [63,64]. In an +��S\ORUL infection, pro-
inflammatory cytokines are produced by epithelial cells and infiltrating 
cells of the immune system. During a persistent infection, the 
continuing production of such cytokines may alter the gastric 
environment. Thus, variations in cytokine levels in different individuals 
may affect the severity of inflammation. In fact, polymorphisms in 
genes coding for pro-inflammatory cytokines that are associated to their 
expression level have been described to affect the outcome of gastric 
disease. 
 El-Omar HW�DO. first described that genetic polymorphisms in IL-1β 
may predispose for atrophic gastritis development, and hence increase 
the risk of gastric cancer in susceptible individuals [90]. IL-1β, which is 
a proinflammatory cytokine, is induced during +��S\ORUL infection and is 
believed to be a key-player in the inflammatory response through its 
stimulatory effect on other cytokines, as well as on the proliferation of 
epithelial cells. In addition, IL-1β interferes with the acid secretion by 
parietal cells in the stomach. An inhibitory effect on acid production is 
achieved both via direct action on parietal cells, as well as indirectly 
through inhibition of gastrin-stimulated histamine release by 
enterochomaffin like (ECL) cells [53,85]. The acid suppressive effects 
that IL-1β exerts on parietal cells are the most potent known to date. It 
is estimated that IL-1β is 100 times more potent than both 
prostaglandins and the proton pump inhibitor omeprazole, and 600 
times more potent than cimetidine, in inhibiting acid secretion. [91]. 
 The levels of IL-1β in +��S\ORUL infected tissues vary significantly 
between individuals, and it is believed that these variations contribute to 
differences in gastric acid secretion potentials. As described above, the 
location of +��S\ORUL colonization and accompanying gastritis is tightly 
connected to the acid production. In hosts with low secretory capacity, 
+��S\ORUL colonization is able to extend from the antrum to the corpus, 
mediating more aggressive gastritis and further inhibition of acid 
secretion, leading to gastric mucosal atrophy [31,37,38]. Since IL-1β 
affects such secretory alterations in +��S\ORUL infected mucosa, it might 
also be involved in the development of gastric atrophy and eventually 
gastric adenocarcinoma. 
 Polymorphisms in the IL-1B and IL-1RN genes that code for IL-
1β and IL-1Ra (a receptor antagonist to IL-1β), respectively, have been 
associated with different levels of mucosal IL-1β. Epidemiological 
studies have linked such genetic polymorphisms to an increased IL-1β 
production and an enhanced risk of gastric atrophy and gastric 
adenocarcinoma. However, some investigations did not find any 
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significant relationships, thereby questioning the importance of IL-1β 
polymorphisms as conferring a risk for gastric cancer [85,90,92-97]. 
 TNF-α is another cytokine, which is found at elevated levels in 
the gastric mucosa of +��S\ORUL infected individuals. It is involved in the 
immune response against the infection, but like IL-1β it can also affect 
gastric acid secretion. TNF-α has an apoptotic effect on ECL cells that 
results in decreased histamine release, which thereby reduces the gastric 
acid output. However, the same cytokine has been shown to induce 
gastrin release by G-cells in the antrum, which would stimulate parietal 
cells to enhanced acid production [85]. The net effect on gastric acidity 
is likely to be a balance of these two opposite actions. Furthermore, 
TNF-α influences tumors in multiple ways and may be involved in 
promoting carcinogenesis [98,99]. Several polymorphisms in the 
promoter region of the gene encoding TNF-α have been described and 
these may affect the transcription and levels of protein synthesis. 
Investigations of these polymorphisms have revealed a correlation 
between some of the alleles and peptic ulcer and gastric 
adenocarcinoma. However, again there are conflicting data regarding the 
importance of these findings [85,94,96,97,100]. 
 Polymorphisms in other cytokines may also affect +��S\ORUL 
inflammation and disease development. IFN-γ is important in the 
induction of gastric inflammation in an +��S\ORUL infection. IL-10, on the 
other hand, is mainly anti-inflammatory and may reduce mucosal 
inflammation. Various alleles in genes coding for both of these 
cytokines have been associated with higher transcription levels of the 
cytokines and may thus affect the level of inflammatory response [85]. 
Moreover, individuals with certain polymorphisms in IL-10 have been 
described to be at increased risk of non-cardia gastric cancer [94,96]. 
IL-4 and IL-6 are also significantly enhanced in +��S\ORUL infected 
mucosa and play important roles in chronic inflammation. 
Polymorphisms in these genes have nonetheless not been linked to +��
S\ORUL-associated disease [94,101]. 
 Although some investigations of cytokine polymorphisms have 
found significant relationships between +��S\ORUL and related diseases, 
others have obtained conflicting data that suggest no effect of the 
studied polymorphism. It is likely that the inconsistency is an effect of a 
multi-factorial pattern of gastric disease induced by +��S\ORUL. A 
combination of factors contributes to disease development, and 
conclusions based on analyses of a single selected component may be 
misleading or incorrect. Indeed, when investigating polymorphisms in 
more than one cytokine, the significance for disease development 
increases with the number of cytokines studies [94]. Moreover, the 
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studies differ in setup and population origin, which will reflect on both 
host and bacterial genetic background, further affecting the outcome of 
the investigation. 
 Additional host factors are also important in development of 
+��S\ORUL-associated disease. The correlation between blood group and 
gastro-duodenal disease was investigated already in the 1950’s. 
Frequency of gastric cancer was higher in individuals with blood group 
A, but in contrast, blood group O individuals had a lower risk [102]. A 
relationship between blood group O and peptic ulcer was also observed 
[103] and this higher risk of ulcer disease was found to be specific for 
duodenal ulcer [104]. The increased risk in blood group O individuals 
was subsequently confined to non-secretors of this blood group, which 
are unable to secrete blood group antigens [105,106]. It is possible that 
the observed differences between risk of gastric cancer and duodenal 
ulcer in blood group A and O individuals, respectively, reflect the 
mutually exclusive nature of these disorders [39-41]. The findings in the 
1990’s of blood group antigens on the surface of +��S\ORUL and their role 
as bacterial receptors on gastric epithelium may relate to the observed 
associations between blood group and gastro-duodenal disease in the 
studied population. 
 Other host genetic factors, such as HLA genotype, have also been 
suggested to play a role in development of +��S\ORUL-associated diseases 
[107-109]. Moreover, there is evidence that diet affects the progression 
of gastric cancers. Individuals with high salt consumption are at 
increased risk, whereas diets high in fresh fruit and vegetables protect 
against stomach cancer, possibly due to dietary antioxidants [54,55]. 
 
 
*(1(7,&�',9(56,7<�
+��S\ORUL is one of the most genetically variable bacterial organisms. It 
was early discovered that almost every infected individual harbors a 
unique strain of +��S\ORUL and unrelated strains display different 
fingerprinting patterns in molecular typing methods, such as arbitrary 
primed (AP)-PCR and PCR-restriction fragment length polymorphism 
(RFLP) [110,111]. With the exception for clonality within families 
[112], evidence point to +��S\ORUL being a panmitic species, i.e. the 
opposite of epidemic [113]. 
� +��S\ORUL was the first bacterium for which two genomes were fully 
sequenced and comparisons of these revealed pronounced intra-strain 
variation [114,115]. However, the overall genome organization was 
similar between the two strains and much of the nucleotide diversity 
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was silent at the amino acid level and thus did not confer biological 
changes. Nevertheless, a large number of genes were found to be strain-
specific and only present in one of the two strains. Whole-genome 
microarray analyses of +��S\ORUL strains have further confirmed this 
finding, and, in addition to a pool of conserved +��S\ORUL genes, each 
strain may possess strain-specific genes that compose up to 18% of the 
genome [116,117]. Most of these strain-specific genes were unique to 
+��S\ORUL and coded for hypothetical proteins with unknown function. 
Other classes of genes that were represented in this group were 
restriction modification system components and transposase genes. 
These latter groups of genes may participate in DNA transfer between 
bacteria and thus be involved in creating genetic diversity [116]. 
 The high genetic diversity in +��S\ORUL may be accounted for by an 
unusually high frequency of point mutations and recombination events 
[113,118,119]. Moreover, +��S\ORUL is naturally transformable, having the 
ability to obtain foreign DNA from the surroundings [120]. Most 
individuals appear to be colonized by a single +��S\ORUL strain [121,122], 
but infection with multiple strains has been observed [123]. 
Consequently, DNA from an unrelated strain that persistently or 
transiently colonizes the same niche may be acquired and recombined 
into the chromosome and thus create diversity [124,125]. In addition, 
intra-chromosomal recombination between repetitive DNA sequences 
contributes to variation in the +��S\ORUL population [126-128]. The +��
S\ORUL genome appears to lack homologues to several gene regulatory 
components and there is a low abundence of two component systems 
[114,115]. Thus, other mechanisms of gene regulation may be 
important. A high number of homopolymeric and di-nucleotide repeats 
in the +��S\ORUL genome suggests that phase variation is frequent 
[129,130]. This is a common mechanism to generate intra-strain 
diversity and may account for a significant part of the phenotypic 
diversity in +��S\ORUL. 
 During a persistent +��S\ORUL colonization micro-diversity may 
exist within the bacterial population that resides in the stomach. 
Sequencing and microarray analyses demonstrate a high intra-patient 
diversity within clonal +��S\ORUL populations. [119,131,132]. The great 
diversity between related +��S\ORUL variants within a bacterial population 
that reside in a host may be referred to as quasispecies [133,134]. Every 
single isolate being studied appears to be unique with regard to its 
nucleotide sequence, setup of genes, and phenotype and it is tempting 
to speculate that no two cells within an +��S\ORUL population are entirely 
identical. 
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9,58/(1&(�)$&7256�
The different disease outcomes of an +��S\ORUL infection and the fact that 
only a minor part of infected individuals develop clinical symptoms 
implicate a multi-factorial pathway in disease development. Bacterial 
factors that affect the gastric mucosa and lead to abnormal functions 
may be involved in pathogenesis. A number of virulence factors have 
been described in +��S\ORUL and some strains are considered more 
pathogenic than others. However, none have been exclusively associated 
to disease and it is likely that a combination of bacterial virulence 
factors, in association with host genetics, determine the outcome of the 
infection. In this section some of the best characterized +��S\ORUL 
virulence factors are described. 
 
 
$WWDFKPHQW�DQG�FRORQL]DWLRQ�
The gastric mucosa consists of epithelial cells, organized in gastric units, 
and a layer of mucus that protects the cells from the acidic content of 
the gastric lumen. +��S\ORUL colonization is specific for the gastric tissue 
of human and other primates and requires gastric mucosa [135]. 
Consequently, +��S\ORUL is not able to persistently colonize a stomach 
that has undergone intestinal metaplasia, in which gastric epithelial cells 
have been replaced by cells of the intestinal morphology. Moreover, 
gastric metaplasia of the duodenum provides a niche for +��S\ORUL 
colonization that is not accessible in the normal duodenum. 
 The majority of an +��S\ORUL population is present as free-living 
and motile organisms in the mucus layer. However, a minor fraction of 
colonizing bacteria is in close contact with the epithelial cells, adhering 
to specific host receptor structures [135]. Attachment facilitates 
colonization by prevention of bacterial eradication via mucosal turnover 
and gastric peristalsis. Moreover, intimate contact with epithelial cells is 
required for much of the pathogenic effects that +��S\ORUL exerts on the 
gastric mucosa, such as morphological changes and induction of an 
inflammatory response. A vigorous immune response may however be 
harmful for the bacteria. Thus, too profound host attachment within the 
bacterial population would potentially be detrimental for +��S\ORUL 
colonization, while a balanced interaction would favor persistence. 
 A number of +��S\ORUL proteins have been suggested to be 
involved in mediating attachment to epithelial cells, the best 
characterized being the blood group antigen binding adhesin (BabA) 
and the sialic acid binding adhesin (SabA). BabA binds to Lewis b 
receptors in the gastric mucosa [136-138]. This attachment induces an 
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inflammatory response and might be involved in disease development in 
the host [139-142]. Furthermore, by interaction between SabA and 
sialyl-Lewis x, +��S\ORUL is able to tightly adhere to gastric mucosal cells in 
an inflamed tissue, which displays an abundance of this blood group 
antigen [143]. 
 The attachment to these receptor structures is sophistically 
regulated via phase variation and allele switching. Phase variation in 5’ 
poly-CT tracts that results in translational frameshifts has been 
described in the genes coding for both BabA and SabA [143-145]. 
Attachment to Leb may furthermore be regulated via genetic 
reorganization in the EDE$ locus. By recombination between the 
homologous EDE$ and EDE% loci, chimeras with altered adhesion 
properties may arise [144-146]. Moreover, +��S\ORUL EDE$ genetic 
variants that show specificity for different blood group antigens exist. 
The worldwide distribution of these isolates matches the availability of 
host receptors in the corresponding human population [147]. 
Collectively, using two different adhesins, +��S\ORUL can attach to a variety 
of host receptors, whose prevalence may vary in the host population as 
well as during pathological changes in the gastric mucosa. 
 
 
7KH�YDFXRODWLQJ�F\WRWR[LQ�
One of the first identified virulence factors of +��S\ORUL�was the 
vacuolating cytotoxin (VacA). This protein was initially recognized for 
its ability to induce vacuoles in epithelial cells, and its presence in 
+��S\ORUL isolates was associated with increased inflammation and 
diagnosis of disease in patients [148-150]. 
 The YDF$ gene is present in all isolates of +��S\ORUL, but allelic 
variants that are associated to the cytotoxic activity of the protein exist. 
Thus, genotyping of YDF$ has been a means of analyzing potential 
virulence in an +��S\ORUL isolate. The signal sequence of YDF$ is of 
importance for the toxic activity of the protein and can be genotyped as 
s1 (subgroups s1a, s1b and s1c) or s2. The second variable part of the 
gene is in the mid region, which is involved in binding of the toxin to 
epithelial cells and consists of two different alleles, m1 and m2. Isolates 
of the YDF$ s1/ m1 genotype are considered most virulent and possess 
the highest levels of vacuolating activity, which is lower in s1/ m2 
genotypes and absent in s2/ m2 genotypes [151]. 
 Recently, other activities than vacuole formation have been 
ascribed to VacA. The toxin was found to induce apoptosis in epithelial 
cells via a mitochondria-dependent pathway. Vacuole formation was 
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closely related to this apoptotic activity, but was not required when the 
toxin was expressed intracellularly. Thus, the main function of 
vacuolation may be the need for VacA to reach the cytosol in order to 
trigger apoptosis. [152]. Moreover, VacA blocks the activation and 
inhibits proliferation of T lymphocytes, and thus confers 
immunosuppression [153,154]. These newly described functions of 
VacA are likely to play a role in +��S\ORUL persistence and pathology. 
 
 
7KH�FDJ�SDWKRJHQLFLW\�LVODQG�
One of the most studied virulence loci in +��S\ORUL is the FDJ 
pathogenicity island (PAI). Even before the structure and function of 
the FDJ PAI was discovered, its presence was associated with strains that 
were more prone to induce disease. Over the last years, extensive 
investigations of the FDJ PAI have unraveled a bacterial system that 
interacts with and modulates signaling cascades within host cells, but 
also is detected by the same cells, thereby inducing an inflammatory 
response. 
 The first component of the FDJ PAI to be discovered was the 
CagA protein. Production of antibodies to this high molecular weight 
protein was observed in patients with peptic ulcer, and a correlation to 
vacuolating activity was found [155,156]. Subsequent cloning and 
analysis of the corresponding gene confirmed its association to 
cytotoxin production in +��S\ORUL, but also revealed that the gene product 
itself did not mediate toxin activity. This observation gave the newly 
discovered gene its name; cytotoxin-associated gene A (FDJ$) [157,158]. 
Based on this relationship, strains of +��S\ORUL are classified in two major 
types; type I strains express both CagA and cytotoxic VacA, whereas 
type II strains lack the FDJ$ gene and do not possess cytotoxic activity 
[159]. The link between YDF$ and FDJ$ is still not fully understood. The 
two genes are not close on the chromosome and the association may 
rather be a selection of more virulent phenotypes in certain bacteria 
than due to a genetic linkage. 
 FDJ$ positive strains were found to be associated with a higher 
inflammatory response and disease development in the host [160-163]. 
However, genetic manipulations of +��S\ORUL strains showed that 
induction of an IL-8 response in epithelial host cells was not dependent 
on the FDJ$ gene product itself, but was abolished when a gene 
upstream of FDJ$, named SLF%, was inactivated [164]. Further analyses of 
the FDJ$ locus and surrounding nucleotide sequence revealed that the 
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gene was part of a 40 kb PAI, designated the FDJ PAI [165,166]. The 
SLF% gene was at the same time renamed FDJ(. 
 A PAI is a large chromosomal DNA segment that carries 
virulence genes. Mobility elements, such as insertion sequence (IS) 
elements, integrases, transposases, and origins of plasmid replication, are 
often found within PAIs. Such mobility elements may promote 
horizontal transfer, and the different G+C contents of PAIs compared 
to the remaining bacterial genome, reflects their acquisition by 
horizontal transfer at a later time in an evolutionary aspect. Short direct 
repeats that may act as targets for recombinases commonly flank PAIs 
and they are frequently integrated within or in the close vicinity of 
tRNA genes. PAIs often display instability and their presence is 
common in pathogenic strains of a given species, but in contrast, they 
are absent or rare in less virulent strains [167]. 
 The FDJ PAI of +��S\ORUL fulfill most of these criteria [165,166]. It 
is a segment of approximately 40 kb with a G+C content of 35%, which 
is lower than the calculated 39% in the total genome of +��S\ORUL 
[114,115]. It harbors 27 open reading frames (ORF) and the FDJ$ gene 
is located at the far 3’ end of this region. The FDJ PAI is not associated to 
tRNA genes, but is integrated in the glutamate racemase gene and is 
flanked by 31 bp direct repeats. IS elements are also occasionally found 
within the FDJ PAI and have been suggested to split the region in two 
parts and possibly mediate deletion events within the PAI. Moreover, 
presence of the FDJ PAI in +��S\ORUL isolates has been shown to affect IL-
8 induction, cytoskeletal rearrangements and tyrosin phosphorylation in 
host cells [165,166,168,169]. 
 
 
 
 
 
 
 
)LJXUH��� Owerview of the FDJ PAI. ORFs with sequence homology to YLU genes in 
$��WXPHIDFLHQV are indicated with black arrows. 
 
 
 
 Several of the FDJ PAI genes show homology to type IV secretion 
system (TFSS) components of other bacteria (Figure 3). These are 
systems that often span the inner and outer membrane of Gram 
negative bacteria and deliver effector molecules to the extracellular 
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milieu or directly to the cytosol of host cells. The best-characterized 
TFSS is the VirB/ D system in $JUREDFWHULXP�WXPHIDFLHQV that injects 
oncogenic T-DNA into host plant cells. Other TFSSs include the Ptl 
system in %RUGHWHOOD�SHUWXVVLV, which secretes the pertussis toxin, and the 
Dot/ Icm system of the intracellular pathogen /HJLRQHOOD�SQHXPRSKLOD that 
presumably transfers effector proteins that aid in intracellular survival 
upon uptake by macrophages. TFSSs show homology to systems that 
are involved in conjugative transfer of DNA and have probably evolved 
from conjugation systems [170-173]. 
 Components encoded by the FDJ PAI of +��S\ORUL, including all the 
genes with homology to the YLU genes of $��WXPHIDFLHQV assemble into a 
functional TFSS. The only effector molecule that has been 
demonstrated to be secreted via the FDJ PAI encoded TFSS is CagA. 
This observation was reported by several independent research groups 
and led to further studies that explained some of the hitherto described 
virulence properties associated with CagA and the FDJ PAI. 
 After attachment to epithelial cells, CagA is delivered inside the 
host cell via the TFSS [174-178]. Once translocated, the protein 
associates with the cell membrane and becomes phosphorylated on 
tyrosine residues in C-terminal EPIYA motifs [179,180]. This 
phosphorylation event is achieved by eukaryotic kinases belonging to 
the Src family, which include c-Src, Fyn, Lyn and Yes [176,180,181]. 
CagA may subsequently interact with the protein tyrosine phosphatase 
Shp2, which is involved in regulation of cellular proliferation, 
morphogenesis, and motility. Binding to one or both of the Src 
Homology 2 (SH2) domains in Shp2 stimulates the phosphatase activity, 
leading to intracellular signal transduction [182]. Tyrosine 
phosphorylation of CagA is a prerequisite for interaction with Shp2, 
which induces cytoskeletal rearrangements in host cells that cause cell 
spreading and elongation, defining the hummingbird phenotype [174]. 
In addition to Shp2, CagA is also capable of binding C-terminal Src 
kinase (Csk) via its SH2 domain. Csk is a negative regulator for the Src 
family kinases and following binding of tyrosine phosphorylated CagA 
to Csk, this activity is stimulated. Since the Src family kinases are 
responsible for CagA phosphorylation, this interaction creates a negative 
feedback loop of Shp2-mediated signaling and accompanying 
morphological changes [183]. Moreover, tyrosine phosphorylated 
CagA-mediated inhibition of one of the Src family kinases, c-Src, leads 
to dephosphorylation of the actin binding protein cortacin, which 
presumably also affects actin polymerization [184]. In a phosphorylation 
independent manner, CagA is furthermore able to interact with growth 
factor receptor bound 2 (Grb2). This binding results in the activation of 
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the Ras/ MEK/ ERK pathway and affects the cell morphology in a 
similar manner as the above mentioned pathways [185]. Moreover, 
intracellular CagA may associate with the epithelial tight-junction 
scaffolding protein ZO-1, which is not dependent on previous CagA 
phosphorylation. Subsequent to this interaction, the integrity of the 
apical-junctional complex is disrupted and leakage may occur [186]. 
Collectively, these observations of CagA translocation into host cells 
and its subsequent interaction with eukaryotic signal transduction 
pathways clarify some of the pathogenic properties associated with the 
FDJ PAI. The interference with cellular morphology, motility and 
proliferation may promote oncogenesis in the persistently infected 
gastric mucosa that eventually leads to the development of cancer. 
 The size of the CagA protein varies among isolates, which is 
mainly due to sequence variation in repetitive elements of the C-
terminus. This region contains the EPIYA phosphorylation motifs that 
may be present at four distinct sites, EPIYA-A, -B, -C, and -D. 
Geographical variations in FDJ$ genotypes that are commonly referred 
to as Western and East-Asian types exist. Most Western type CagA 
possess EPIYA-A and -B sites followed by a single EPIYA-C site. This 
last EPIYA-C site may however be repeated up to seven times in some 
Western isolates. East-Asian type CagA do not contain the EPIYA-C 
site, but possess an EPIYA-D site after the EPIYA-A and -B sites 
[187,188]. 
 The EPIYA-C constitutes the most common phosphorylation site 
of Western CagA proteins and multiple copies of this site confers higher 
levels of phosphorylation. In East-Asian CagA, the EPIYA-D site is the 
preferred phosphorylation site. Notably, due to differences in the 
downstream amino acid sequence, EPIYA-D shows stronger affinity for 
the SH2 domain of Shp2 than does EPIYA-C. Moreover, Western 
CagA that possess several EPIYA-C sites and display higher degree of 
phosphorylation, also exhibit increased Shp2 binding. This is reflected 
by the level of Shp2-mediated cellular effects, whereby East-Asian CagA 
induce greater morphological changes than Western CagA. 
Furthermore, in Western CagA the number of repeated EPIYA-C sites 
correlates to the level of morphological changes and severity of disease 
[187-191] 
 A second effect that FDJ PAI positive +��S\ORUL strains exert on host 
epithelial cells is the activation of NF-κB and increased transcription of 
IL-8 secretion [165,166,168,169,192,193]. This is a CagA-independent 
mechanism but it requires several of the remaining FDJ PAI genes. 
Systematic mutagenesis of all FDJ PAI genes has shown that out of the 
27 ORFs in the FDJ PAI, 19 (FDJ$ included) were required for CagA 
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translocation into host cells and among these, 14 were essential for IL-8 
induction in AGS cells [81]. It was postulated that the genes common 
for the induction of both phenotypes are required for assembly and 
function of the TFSS. Some genes were associated with CagA 
translocation only, but none was exclusively involved in IL-8 induction. 
Thus, it is not likely that a second effector protein encoded by the FDJ 
PAI is translocated via the FDJ TFSS and induces the observed IL-8 
induction. 
 Pattern recognition molecules on mammalian cells sense common 
microbial motifs, called pathogen-associated molecular patterns. The 
most extensively studied pattern recognition molecules are the Toll-like 
receptors (TLRs). Stimulation of these by interaction with e.g. 
lipopolysaccharide (LPS), CpG DNA, peptidoglycan, and lipoproteins 
induces intracellular signal transduction and onset of innate immunity 
[194,195]. For the recognition of Gram-negative bacteria, TLR4 plays 
an important role through the sensing of LPS. However, in an +��S\ORUL 
infection TLR4 appears to be unable to recognize +��S\ORUL LPS and is 
not involved in the inflammatory response [196]. 
 Other pattern recognition molecules include the intracellular 
Nod1 (CARD4) and Nod2 (CARD15) molecules that may sense 
bacterial products within the cytosol, thus allowing detection of invasive 
bacteria [197]. Although +��S\ORUL is a mainly extracellular bacterium, 
Nod1 in epithelial cells was found to respond to an +��S\ORUL infection, 
leading to activation of NF-κB. The stimulation of Nod1 was found to 
depend on intracellular delivery of peptidoglycan fragments that was 
mediated by the TFSS encoded by the FDJ PAI [198]. Nod1-deficient 
mice were more susceptible to infection by FDJ PAI positive +��S\ORUL 
than were wildtype mice, suggesting that signaling through this 
intracellular recognition receptor is required for the control of +��S\ORUL 
growth in the stomach [198]. Thus, the FDJ PAI apparently affect the 
host cells by two divergent pathways. First, the delivery of CagA affects 
cell proliferation and cytoskeletal rearrangements, and second, 
intracellular translocation of peptidoglycan fragments induces an 
inflammatory response.  The main function of the FDJ PAI may be the 
delivery of the CagA molecule, but co-transfection of peptidoglycan 
fragments might also occur in FDJ PAI positive +��S\ORUL isolates. Since a 
too intense inflammatory response would be detrimental for the 
pathogen, a balanced host response is essential in persistent infection. 
� +��S\ORUL isolates possessing a FDJ PAI are more virulent than FDJ 
PAI negative isolates. However, this region is an unstable trait and the 
whole FDJ PAI may be deleted from the genome. This may be 
accomplished by homologous recombination at the 31 bp direct repeats 
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flanking the FDJ PAI and excision of the intervening sequence [199]. 
Alternatively, it may be the consequence of homologous recombination 
at the FDJ PAI empty site in DNA from a FDJ negative isolate [124]. Both 
these events will create a mixed population of FDJ PAI positive and 
negative isolates co-existing within the bacterial population 
[112,122,124,199-201]. Moreover, the FDJ PAI region may be 
interrupted by IS elements that split the PAI in two parts, and this 
genotype has been suggested to create internal deletions within the FDJ 
PAI, thereby generating less virulent strains [165,202]. +��S\ORUL isolates 
that possess some but not all FDJ PAI genes have been described in 
different populations and represent intermediate FDJ PAI genotypes 
[117,203-210]. Such strains are in some cases associated with decreased 
virulence and milder disease, but other investigations have found no 
correlation to disease outcome. This discrepancy may be related to the 
co-existence of isolates with different genotypes within the gastric 
population. 
 
 
/LSRSRO\VDFFKDULGH�
The cell wall of bacteria is essential for their physical integrity and 
survival. Moreover, surface exposed molecules are central in interactions 
with the surroundings and, as such provide the first line of defense 
against potential harmful environmental molecules. The major 
component of the Gram-negative cell wall is lipopolysaccharide (LPS), 
which is estimated to occupy 75% of the surface area [211]. LPS 
typically consist of three domains, lipid A, a core antigen, and an O-
antigen [212,213]. The hydrophobic lipid A anchors the molecule at the 
outer membrane and is responsible for the endotoxic activity of the 
molecule. Covalently linked to the lipid A is the carbohydrate core 
oligosaccharide region, consisting of 10–15 sugars. The outermost O-
antigen is composed of polymeric carbohydrate repeat units. Whereas 
the lipid A is highly conserved within a species, the carbohydrate 
components may display diversity, mainly in the O-antigen, which often 
show great antigenic variety. Gram-negative bacteria may express two 
different forms of LPS, representing smooth or rough phenotypes. The 
former constitute an LPS molecule that possesses all three above-
described domains, whereas the latter lack a polymeric O-antigen and 
may be referred to as lipooligosaccharide. 
 The LPS of +��S\ORUL is unique in that it contains carbohydrates 
that show similarity to blood group antigens. These structures are found 
on erythrocytes, thereby the name, but are also expressed by epithelial 



 

  23 

cells throughout the mucosal lining. A number of different blood group 
antigens have been described in the LPS of +��S\ORUL strains, but the type 
2 Lewis antigens Lewis x (Lex) and Ley are most common. A typical 
+��S\ORUL O-antigen consists of an extended chain of N-acetyl-β-
lactosamine (LacNac) units that is partially fucosylated, thus showing 
mimicry to Lex, and is terminated by either Lex or Ley [214-216]. 
However, the type 1 Lewis antigens Lea, Leb, Lec (type 1 chain 
precursor), and Led (H1-antigen), as well as other related antigens, 
including sialyl-Lex and blood groups A and linear B, may also be 
expressed [217-219]. It has been postulated that type 2 antigens 
predominate in isolates from individuals residing in Europe and North 
America, whereas expression of type 1 antigens occur at higher 
frequencies in isolates from Asian hosts [219]. In addition, some 
+��S\ORUL isolates have been described as non-typeable and do not 
contain any of the above-mentioned structures in their O-antigens [220-
222]. 
 The synthesis of Lewis antigens requires addition of fucose 
residues to precursor units, a reaction that is catalyzed by 
fucosyltransferases, of which there are three in the +��S\ORUL genome 
(Figure 4). FutA and FutB are both α1,3/ 4-fucosyltransferases, whereas 
FutC possesses α1,2-fucosyltransferase activity. The activity of FutA 
and FutB vary and may be either α1,3 and/ or α1,4. Thus, in strains that 
express type 1 antigens (Lea and Leb), enzymes with α1,4 activity is 
present, whereas α1,3 activity characterize FutA and FutB of type 2 (Lex 
and Ley) expressing strains. Furthermore, in strains that synthesize both 
type 1 and type 2 Lewis antigens, both activities are found [223-227]. It 
has been shown that a divergent region of seven to ten amino acids in 
the C-terminus determines the acceptor specificity of FutA and FutB 
(Figure 4B) [228]. In strain NCTC11637, which synthesizes the type 2 
antigens Lex and Ley, FutA preferentially fucosylates internal, polymeric 
O-antigen repeats, whereas FutB uses a terminal LacNac unit as 
substrate [229]. The synthesized terminal Lex may subsequently serve as 
a substrate for FutC in the production of Ley. 
 The expression of all three fucosyltransferase genes is regulated 
by slipped strand mispairing. At the 5’ end of IXW$ and IXW% and in the 
center of IXW& there is a stretch of C-residues that vary in number 
between isolates. During replication the polymerase may slip and insert 
or delete one nucleotide, thereby creating translational frameshifts. This 
phase variation occurs at a frequency of 0.5% LQ�YLWUR and creates a 
population of bacteria with various phenotypes [227,229-231]. 
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)LJXUH��� $) Structures of type 2 Lewis antigens and the pathway and enzymes involved in 
their synthesis in +��S\ORUL. %) Scematic representation of FutA and FutB. &) Scematic 
representation of FutC. 
 
 
 
 A unique feature of FutA and FutB is a repetitive region in the C-
terminal, which is not found in mammalian fucosyltransferases (Figure 
4B). Each repeat unit consists of seven amino acids, DD/ NLRV/ INY, 
and the region forms a perfect coiled-coil motif, which often is involved 
in protein dimerization [232]. The numbers of heptad repeats in the two 
fully sequenced strains are two and ten in 26695 and four and seven in 
J99 for FutA and FutB, respectively [114,115]. We have shown that this 
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region varies within a bacterial population and functions as a molecular 
ruler, whereby it determines the sizes of fucosylated O-antigens (Paper 
III). 
  The biological significance of Lewis antigens in the LPS of 
+��S\ORUL has been widely discusses. These molecules are displayed on the 
surface of the bacterium and as such they provide an epitope that may 
interact with the surroundings. One of the first functions assigned to the 
Lewis epitopes in +��S\ORUL was in molecular mimicry. Since these 
antigens are also present in the gastric mucosa of humans, the bacterium 
may cover itself with Lewis antigens that are recognized as self by the 
host, and thus evade immune mediated clearance. Several studies have 
investigated Lewis phenotype in +��S\ORUL isolates and the correlation to 
that of the colonized host. Although a positive relationship between 
host and +��S\ORUL Lewis phenotype has been described [233], it has been 
disputed by others [234,235]. Interestingly, during experimental 
infection in monkeys, the Lewis phenotype of the infecting strain phase 
varied to mimic the phenotype of the host, which supports a role of 
Lewis antigens in adaptation to the host environment [236]. Molecular 
mimicry could aid initial colonization and establishment of a persistent 
infection. +��S\ORUL strains that are deficient in the production of the O-
antigen colonize mice less well in experimental infection studies 
[237,238]. However, isogenic fucosyltransferase mutants that produce 
an O-antigen, but are unable to synthesize Lewis antigens, can still 
colonize mice, indicating that the Lewis antigens SHU�VH play a minor role 
in colonization [239]. In addition, a direct role of the Lewis antigens in 
adhesion to and internalization into host cells has been suggested [240-
243], although data are conflicting and Lewis antigens probably play a 
limited role in adhesion. [239,244]. The expression of Lewis antigens by 
+��S\ORUL has also been associated to production of autoantibodies 
[245,246], but more recent data suggest that Lewis antigens play no role 
in the induction of gastric autoimmunity [247-249]. Furthermore, 
presence of Lewis antigens has been implicated in a more robust 
inflammatory response [235] and the development of disease [250]. It 
has recently been demonstrated that +��S\ORUL isolates that express Lewis 
antigens at the non-reducing end bind to DC-SIGN on dendritic cells. 
This interaction affects the cytokine profile and suppresses stimulation 
of Th1 cells to yield a balanced Th1/ Th2 immune response [251]. 
 The Lewis expression in +��S\ORUL phase varies LQ�YLWUR and there is a 
pronounced intra-strain variation. Within a gastric bacterial population 
LQ�YLYR, variants with different Lewis phenotypes may co-exist [252,253]. 
Furthermore, analyses of Lewis expression in sequential paired isolates 
have identified phenotypic changes over time in persistent infections 
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[133,254]. The extensive variation of carbohydrate epitopes at the 
surface of +��S\ORUL populations may play a significant function in 
immune escape, since bacteriocidal humoral antibodies to carbohydrate 
epitopes are known to provide protection to other primarily 
extracellular pathogens. 
 
 
+��3</25,�,1�3(56,67(17�,1)(&7,21�
There is a major difference between pathogens that induce acute disease 
and those that cause persistent infections. For example, bacteria in the 
intestinal tract that cause diarrhea evoke an acute host response that 
leads to inflammation and disease. Such bacteria infect their host for a 
short time period and the inflammation and subsequent diarrhea 
facilitate transmission to a new host. In contrast, bacteria that cause a 
lifelong infection cannot tolerate such immense inflammation, since that 
could lead to eradication of the pathogen as well as death of the host. 
+��S\ORUL causes a persistent infection in humans and is generally 
transmitted from one generation of hosts to the other. In these 
circumstances, a balance between protective elements and factors that 
cause mucosal injury and inflammation results in equilibrium between 
bacteria and host. The bacteria do not gain any advantage from a 
vigorous host response and need to persist long enough to be 
transmitted to the new generation. 
 In an +��S\ORUL infection there are several factors that contribute to 
mucosal injury and inflammation, such as the production of VacA and 
CagA. However, the bacterium has also developed means to down-
regulate the host response. Both VacA and LPS affect T lymphocytes 
and exert an immunosuppressive effect. The balance between Th1 and 
Th2 responses may be crucial in the induction of protective immunity 
and thus, bacterial interference with this system may prevent eradication 
of the organism. 
 Severe disease develops in a subset of infected individuals. 
However, these clinical manifestations often appear late in life and may 
be the consequence of a skewed balance in the host-bacteria interaction 
that is not beneficial for the bacterium. Many factors likely contribute to 
disease development. Host factors, such as polymorphisms in cytokine 
genes and gastric physiology, as well as bacterial factors, may determine 
the level of inflammation. Consequently, +��S\ORUL would benefit from a 
modest inflammation that promotes persistence, and disease may 
predominantly be the result of an inappropriately regulated host 
immune response. 
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The objective of this thesis was to study the diversity within +��S\ORUL 
and assess its role in persistent infections. The investigations were 
focused on two traits of +��S\ORUL that considerably influence the disease 
potential of the bacterium, the FDJ PAI and the Lewis antigens on the 
LPS. 
 
 
 
6SHFLILF�DLPV��
 
,� To study the composition of the whole FDJ PAI in +��S\ORUL isolates 

and subsequently attempt to correlate the genotype to virulence 
potential and to further investigate genetic variability of the FDJ 
PAI within a colonized host. 

  
,,� To compare the complete nucleotide sequence of the FDJ PAI in 

four +��S\ORUL isolates. 
 
,,,� To investigate phenotypic diversity of Lewis antigen expression in 

persistent infection and to describe the molecular mechanisms 
that generate such diversity. 

 
,9� To examine the level of LPS diversity that is generated after 

LQ�YLWUR and LQ�YLYR passages of +��S\ORUL. 
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3$3(5�,�� Correlation between FDJ pathogenicity island 
composition and +HOLFREDFWHU�S\ORUL-associated disease�
 
The FDJ PAI of +��S\ORUL has been linked to virulence and development 
of gastro-duodenal disease. However, genotyping of clinical isolates 
often involves PCR-based analyses of single genes within the FDJ PAI, 
such as FDJ$ or FDJ(. Such analyses will only give information about the 
targeted genes and not the whole FDJ PAI genotype. Due to the presence 
of isolates with partial deletions within the FDJ PAI, a comprehensive 
genotyping method will be more reliable in defining the FDJ status of an 
isolate. Thus, to analyze the complete FDJ PAI composition, we 
developed a custom-made microarray, containing PCR products from 
all 27 genes of the FDJ PAI. A set of 66 +��S\ORUL isolates was analyzed 
with this method and the FDJ PAI genotypes were determined as shown 
in Table 1. Most isolates (76%) carried an intact FDJ PAI, whereas it was 
entirely absent in 9% of the isolates. Notably, a significant number of 
isolates (15%) harbored only a subset of the FDJ PAI genes and were 
classified as an intermediate genotype. 
 
 
7DEOH��� FDJ PAI genotype and disease outcome in 66 Swedish clinical isolates 
 
 

  Disease outcomea  
Genotype Total no. of strains (%) GC or DU NUD OR (95% CI)c 
FDJ PAI positive 50 (76%) 35 15 5.13 (1.5-17.4) 
FDJ PAI intermediate 10 (15%) 
FDJ PAI negative 6 (9%) 5b 11b 1 (reference) 

Total 66 40 26  
 

 

a  Disease diagnosis in the patients. GC=gastric cancer; DU=duodenal ulcer, NUD= non-ulcer dyspepsia. 
b  Strains with FDJ PAI intermediate and negative genotypes were grouped in the statistical analysis. 
c  OR, odds ratio; CI, confidence interval 
 
 
 A likely mechanism of generating internal deletions in the FDJ PAI 
is recombination events within the PAI. This conception was supported 
by the observation of shorter homologous sequences found on each 
side of the deletion in isolates of the intermediate genotype. Such 
deletion events have been studied in 6WUHSWRP\FHV spp., where deleted 
parts of the chromosome are often flanked by either perfect of non-
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perfect repeats that are suggested to play a role in illegitimate 
recombination [255,256]. 
 Presence of the FDJ PAI in +��S\ORUL isolates has in several studies 
been linked to disease development in the host. In concordance with 
this, we found a significant association between presence of a complete 
FDJ PAI in isolates that were obtained from patients with severe gastro-
duodenal disease, such as gastric cancer and ulcer. Strains lacking the FDJ 
PAI or carrying only parts of it were more frequently found in patients 
suffering from non-ulcer dyspepsia (Table 1). 
 The importance of an intact FDJ PAI in generating a more robust 
host response, predisposing for pathology and disease development, was 
further corroborated by analyses of IL-8 production in gastric epithelial 
host cells. Strains of various FDJ PAI genotypes were co-incubated with 
AGS cells, allowing a functional type IV secretion system to stimulate 
IL-8 synthesis in the host cells. A significant relation between the ability 
to induce IL-8 production and the presence of an intact FDJ PAI was 
observed in the +��S\ORUL isolates. Notably, strains with partial deletions 
in the FDJ PAI induced IL-8 to intermediate levels, when compared to FDJ 
PAI positive and negative isolates. This finding was somewhat 
surprising, since most of these isolates lacked several of the genes that 
code for essential components of the type IV secretion system, and thus 
would be considered devoid of the accompanying ability to induce IL-8 
in host cells. It would be interesting to determine to what extent these 
deletion variants are capable of delivering peptidoglycan fragments to 
intracellular Nod1. 
 Within an +��S\ORUL population, residing in the gastric environment 
of a persistently infected individual, clonal variants of a strain may exist. 
Previous studies have detected co-existence of FDJ PAI positive and 
negative isolates in gastric biopsies [112,122,199]. We analyzed the FDJ 
PAI composition in ten additional single colonies from the biopsy 
specimen of five patients. All isolates within a patient showed 
indistinguishable DNA fingerprinting patterns when analyzed by 
arbitrary primed PCR, indicating a clonal origin. In three of the studied 
patients, all analyzed isolates were of the same genotype with respect to 
the FDJ PAI genes, carrying intact or absent FDJ PAIs. Interestingly, 
mixed +��S\ORUL populations colonized the two remaining patients. In 
both patients, most analyzed isolates were FDJ PAI intermediate, but one 
out of ten isolates from each patient differed in their genotype, carrying 
all or none of the FDJ PAI genes, respectively. The observed micro-
diversity within a bacterial population in the gastric mucosa may provide 
a means for +��S\ORUL to regulate its virulence potential. The level of host-
induced responses is reflected in the degree of inflammation and has a 
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bearing on subsequent disease development. Thus, the capability of an 
+��S\ORUL population to alter FDJ PAI genotypes during a chronic infection 
confers a potential to modify the host response in order to optimize the 
persistence of the bacterium. 
 
 
 
3$3(5�,,��Comparative analysis of the complete FDJ 
pathogenicity island sequence in four +HOLFREDFWHU�S\ORUL 
isolates 
 
In Paper I, we analyzed the FDJ PAI composition of 66 Swedish +��S\ORUL 
isolates using microarray and PCR analyses. Four of these isolates were 
selected for further studies that involved sequencing analyses of the 
complete FDJ PAI region. Comprehensive nucleotide sequences provide 
a more accurate genotype than PCR and microarray-derived data but is 
only feasible on a smaller number of isolates. 
 Comparisons of the complete FDJ PAI nucleotide sequences in the 
four studied isolates demonstrated similar overall structures but also 
revealed inter-strain diversity. The majority of single nucleotide 
insertions and deletions were found in intergenic regions, Among those 
found within open reading frames, most were in multiples of three and 
thus did not alter the reading frame. Intra strain nucleotide differences 
were found in all FDJ PAI genes. This is a typical finding in +��S\ORUL, 
where unrelated isolates always display nucleotide diversity. Most 
nucleotide differences were synonymous, although some regions 
showed higher variety on the amino acid level, most prominently in the 
CagA protein. Taken together, these observations suggest that although 
significant differences exist, the expression of FDJ PAI proteins is fairly 
conserved between unrelated strains of +��S\ORUL. 
 Apart from diversity at the level of insertions, deletions or 
substitutions of a few nucleotides, variability in the FDJ PAI covering 
larger chromosomal regions was also observed. In strain Du52:2 an 
extensive rearrangement in the 3’ part of the FDJ PAI was present. The 
complete nucleotide sequence of this region could not be obtained due 
to its large size and homologies to other parts of the genome. 
Nevertheless, it contained duplications of regions within the FDJ PAI, as 
well as genes outside the FDJ PAI that may be either duplicated or 
chromosomally rearranged. An interesting finding was the detection of 
remnants of IS��� and IS��� within this region. IS elements have 
previously been observed within the FDJ PAI of some +��S\ORUL isolates 
[165]. The presence of these mobile elements has been suggested to 
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interrupt the FDJ PAI and possibly cause internal deletions within the FDJ 
PAI [165]. We furthermore observed an IS element in the FDJ PAI of 
one of the other studied isolates (Ca52). This IS��� element was 
situated in an intergenic region and probably did not alter the 
transcription of any of the FDJ PAI genes. Nor did the presence of this 
IS element confer any deletions in adjacent genes. It is possible that the 
IS elements in strain Du52:2 were involved in generating the observed 
rearrangement. Nevertheless, the insertion of an IS element in the FDJ 
PAI SHU�VH may not invariably be sufficient to generate internal deletions, 
as demonstrated by the intergenic IS��� element in an otherwise intact 
FDJ PAI of strain Ca52. Moreover, in Paper I we demonstrated the 
presence of internal deletions within the FDJ PAI in a number of isolates, 
but no signs of IS elements in the vicinity of the breakpoints. Rather, we 
suggested that the mechanism of generating deletions in these isolates 
was mediated by recombination at homologous repeated sequences on 
each side of the breakpoint. 
 The most unexpected finding in this study was the variability at 
the HP0521 locus. One strain (Ca52) completely lacked this region, 
whereas the other three possessed a previously undescribed ORF. This 
putative protein, designated HP0521B, did not show any similarities to 
the database and its function is still unknown. The detection of this gene 
in 54% (34/ 63 as analyzed by PCR) of Swedish strains indicates a 
possible functional selection for this gene-product in +��S\ORUL isolates 
colonizing this population. Analyses of the distribution of the originally 
described HP0521 and the novel gene HP0521B in +��S\ORUL isolates 
obtained from other populations and geographical regions would give 
further insight in the universal appearance of the two genes. Since 
virulence properties of +��S\ORUL associated with the FDJ PAI differ 
worldwide, such information could clarify the benefit for +��S\ORUL strains 
to possess either of the two genes in the FDJ PAI. Recently, a similar 
study that analyzed FDJ PAI sequences in Japanese isolates described that 
this locus was frequently deleted and eight out of eleven isolates lacked 
the HP0521 gene. However, in this population the HP0521B gene was 
not observed, which may suggest that its presence is mainly confined to 
Western +��S\ORUL isolates [257]. 
 The most variable region of the FDJ PAI is the FDJ$ gene at the 3’ 
end. This gene is also by far the most studied component of the FDJ PAI 
and its importance for virulence has been widely investigated. The CagA 
protein is secreted by the type IV secretion system, encoded by other 
genes of the FDJ PAI, and translocated into host cells where is becomes 
phosphorylated by host kinases. The CagA of all four strains within this 
study harbored the Western repeat region that includes the EPIYA 
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phosphorylation motifs. ,Q�YLYR phosphorylation of CagA after 
translocation to host cells was demonstrated for all strains in a cell 
culture model. This observation together with the ability to induce IL-8 
secretion in host cells revealed the presence of a functional type IV 
secretion system in all four strains. 
 The strains in this study were obtained from patients suffering 
from cancer or duodenal ulcer. To correlate disease outcome and FDJ 
PAI genotype, a larger number of isolates must be compared to reach 
significance, and no such attempts were made in this study. 
Nevertheless, analyses of the FDJ PAI sequences in the studied material 
provides awareness of the diversity within this region, which is highly 
correlated to the virulence potential of an +��S\ORUL strain. 
 
 
 
3$3(5�,,,��+HOLFREDFWHU�S\ORUL lipopolysaccharide diversity in 
persistent infection; a molecular ruler mechanism in 
fucosyltransferases recognizes differently sized O-antigens�
 
Microbial structural diversity is often present in surface exposed 
components and phase variation in genes, required for the biosynthesis 
of such structures, may confer evasion and/ or modulation of the 
immune response evoked by the host. In +��S\ORUL the LPS displays 
diversity between strains and undergoes phase variation with respect to 
the expression of Lewis antigens. We studied LPS diversity in single 
colony +��S\ORUL isolates from two patients. Antral biopies were collected 
with a nine-year interval and, in addition, a sample from the corpus was 
obtained at the second time point. In patient I most isolates were Lex 
expressing in all three samples. However, differences in glycosylation 
patterns were observed at the level of O-antigen polymer sizes. Analyses 
of the isolates from patient II revealed both temporal and spatial 
diversity. Over the nine years of persistent colonization, the studied 
+��S\ORUL population in the antrum displayed a phenotypic shift from Ley 
to Lex. Furthermore, comparisons of the co-existing populations in the 
antrum and corpus at the second time point demonstrated the presence 
of distinct phenotypes at the two locations. These observations suggest 
that within the same organ, there are bacterial populations with different 
properties, although physically separated by a distance of only a few 
centimeters. 
 We analyzed ten single colony isolates from each biopsy 
specimen. One may argue that inclusion of more isolates would identify 
additional variants that were not sampled in this study. However, we 
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consider ten isolates to be representative of the total population in one 
biopsy, reflecting the overall phenotypic diversity. This number of 
isolates has previously shown to be reflective of the +��S\ORUL population 
in a biopsy sample, with respect to Lewis expression [253]. It is, 
however, reasonable to believe that analyses of isolates obtained from 
other biopsies of the stomach would reveal more diversity, as 
exemplified by the observation of distinct populations in the antrum 
and corpus biopsies from patient II of our study. 
 It has previously been described that different strains of +��S\ORUL 
possess distinct tissue tropism. During experimental infection in mice, 
co-infection with two strains led to predominant antrum- or corpus-
colonization for the individual strains, respectively [258]. Furthermore, 
different strains were found to colonize the antrum and duodenum in a 
majority of patients suffering from duodenal ulcer [259]. These 
observations suggest that distinctive physiological characteristics in 
gastro-duodenal niches affect colonization, and the diversity between 
strains determines how efficiently they colonize. In our study, we 
detected phenotypically distinct +��S\ORUL populations in the corpus and 
antrum of patient II. Although these isolates were clonal variants and 
genetically related [132], they differed in Lewis expression. The 
colonization of different niches by the Lex positive and Lex/ y negative 
populations may relate to different environmental conditions in the 
antrum and corpus. 
 Furthermore, we observed a phenotypic phase-switch, with 
respect to Lewis expression, in the antral bacterial population over a 
nine-year interval in patient II. Analyses of sequential paired isolates 
have previously demonstrated that Lewis expression may change over 
time in persistent infections [133,254]. These investigations have 
however been applied on samples comprising the bacterial pool 
obtained from a biopsy sample and not on individual single cell isolates. 
Such an approach will recognize major changes in a population but will 
fail to identify diversity within the colonizing bacterial population. It is 
possible that LQ�YLYR phase variation that creates diversity within the pool 
of colonizing bacteria is essential for establishment of a persistent 
infection. It would be an advantage for the bacterial population to 
include variants with a repertoire of different surface epitopes. The best-
fit clone can then rapidly adapt to selective pressure from the 
environment and expansion of these variants will change the 
predominant bacterial phenotype.  
 To investigate the genetic background of the various Lewis 
phenotypes, we analyzed the sequences of the three fucosyltransferases, 
IXW$, IXW%, and IXW&, in the +��S\ORUL isolates. In patient I IXW$ and IXW% 
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were in frame in all isolates, indicating the presence of two active 
α1,3-fucosyltransferases. In contrast, all but one isolate in patient II 
contained only one or no active α1,3-fucosyltransferase. Notably, in this 
patient isolates from the three different biopsies showed different 
patterns of on/ off status in the studied fucosyltransferases. FutB and 
FutA were predominantly expressed in isolates from the two antral 
biopsies that expressed Ley and Lex, respectively. In isolates from the 
corpus at the second time point, both genes were out of frame in all but 
one isolate. The IXW& gene was studied in isolates from the second time 
point in patient I and it was confirmed that the synthesis of Lewis y 
requires an in frame IXW&. 
 The α1,3-fucosyltransferases of +��S\ORUL (FutA and FutB) that 
synthesize Lex contain a repeat region with a variable number of a seven 
amino acid sequence, in the C-terminal part. This heptad repeat pattern 
forms an α-helical coiled-coil motif that may be involved in enzyme 
dimerization [232]. Using PCR and sequencing, we analyzed the intra-
patient isolates for variation in this region. We found that both IXW$ and 
IXW% contained substantial genetic variation, corresponding to an 
alteration in the number of heptads. This suggested that recombination 
between homologous repeat sequences create sub-populations with 
different amounts of heptads LQ�YLYR. There was an association between 
the number of heptads and the on/ off status of the enzymes, indicating 
a selection for expression of certain genotypes. Moreover, the number 
of heptads correlated to Lex glycosylation in the studied strains. 
Variation in the sizes of fucosylated O-antigen polymers depended on 
the number of heptad repeats in the C-terminal region of FutA and 
FutB. In addition, there was an apparent effect of the heptad repeat 
region in FutA and FutB on Ley glycosylation by FutC, which succeeds 
Lex glycosylation by FutA and FutB. The importance of the heptad 
repeat region was corroborated by analyses of Lewis glycosylation in 
isolates in which IXW$ and IXW% were mutated. An interesting trait in the 
created mutants was the observation that inactivation of IXW$ or IXW% 
often generated frame-shifts in the non-targeted fucosyltransferase gene. 
These findings suggest that Lewis expression is under selective pressure 
at LQ�YLWUR conditions. 
 With support from the data presented in this study, we propose a 
molecular ruler mechanism for α1,3-fucosylation by FutA and FutB in 
+��S\ORUL. In this model, the heptad repeat region is involved in 
dimerization of the enzymes. Depending on which genes are expressed, 
homodimers and/ or heterodimers may form. The size of this 
dimerization region determines where on the O-antigen polymer 
fucosylation occurs, with one heptad repeat corresponding to one O-
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antigen repeat unit. Thus, the ability to alter the number of heptads in 
FutA and FutB in connection to the phase variable nature of these 
genes provides a sophisticated means of creating Lewis diversity in 
+��S\ORUL LPS. 
 
 
 
3$3(5�,9���+HOLFREDFWHU�S\ORUL lipopolysaccharide diversity 
after LQ�YLWUR and LQ�YLYR passages�
 
We demonstrated in paper III that diversity at the level of Lewis antigen 
expression occurs in +��S\ORUL during persistent infection. Such diversity 
might arise spontaneously in a random fashion or be induced during 
certain conditions due to a selective pressure. To investigate this further 
we examined the generation of LPS diversity in +��S\ORUL isolates 
subsequent to passages LQ�YLWUR and LQ�YLYR. 
 A collection of single cell isolates from a gastric biopsy of a 
patient suffering from gastric ulcer was analyzed with respect to LPS 
glycosylation. All but one isolate expressed Ley in various amounts and 
there was a pronounced diversity in the sizes of fucosylated O-antigen 
polymers. Two of these isolates, 67:20 and 67:21, were selected for 
further studies. Both isolates contained an out of frame IXW$ gene and 
expressed FutB with five and eight C-terminal heptad repeats, 
respectively. 
 We used two different methods for LQ�YLWUR propagation on agar 
plates. First, a sweep of bacteria was transferred in each passage, 
creating a large bottleneck. In the second approach a small bottleneck 
was achieved by the transfer of a single colony in each step. After 50 LQ�
YLWUR passages with a large bottleneck, the LPS pattern and Ley 
glycosylation were indistinguishable from the original isolates. However, 
two out of twelve single colony isolates, obtained after 50 passages of 
strain 67:21, now synthesized Lex. This indicates that although the 
majority of cells within a population remain constant with respect to 
LPS synthesis, a mixed population with various characteristics may exist 
after serial passages LQ�YLWUR. When the two +��S\ORUL isolates were 
passaged LQ�YLWUR with a small bottleneck, more pronounced LPS diversity 
was observed. Out of twelve lineages per strain, six 67:20 re-isolates and 
one 67:21 re-isolate expressed Lewis x in addition to Lewis y after 50 
passages. Moreover, four 67:21 re-isolates did not express any of the 
studied antigens. Analyses of the 3’ repetitive region of IXW$ and IXW%, 
coding for the heptad repeat region, revealed further genetic diversity in 
these isolates, which was not observed in any of the isolates that were 
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passaged with a large bottleneck. Diversity in this region was, however, 
only observed in the IXW% gene. All of the 24 isolates had a IXW$ genotype 
identical to the wildtype strains, but seven isolates had acquired a 
reduction in number of repeats in IXW%. Strain 67:20 possessed 15 repeats 
in IXW$ and this region would theoretically be relatively more unstable 
than the IXW% genes with five or eight repeats. Notably, IXW$ was out of 
frame and IXW% was in-frame in the original isolates and thus the diversity 
was correlated to the expression status of the genes. Generation of 
diversity in the heptad repeat region may be selected for only in an 
expressed enzyme and absent or occurring at low frequencies in a silent 
gene. 
 Strain 67:21 was furthermore used for LQ�YLYR passage by 
experimental infection in mice. Comparisons of the LPS patterns in the 
original 67:21 strain and the emerging isolates showed pronounced 
variation in both O-antigen polymer sizes and Lewis glycosylation. Only 
two out of 30 isolates displayed a phenotype similar to the original 
strain. Most isolates still produced Ley, but the number and sizes of O-
antigen polymers that were fucosylated varied significantly. Notably, 
three isolates that Ley glycosylated O-antigen polymers with lower 
molecular weights all possessed a FutB with a reduced number of C-
terminal heptad repeats, as compared to the other emerging strains and 
the original isolate. This finding corroborates the data from paper III, in 
which we postulated a molecular ruler mechanism for the heptad repeat 
region in determining the sizes of fucosylated O-antigens. 
 Lewis expression patterns in +��S\ORUL isolates have previously 
shown minimal diversity after experimental infection in rodents. 
Infection of Mongolian gerbils or mice with a single +��S\ORUL isolate, for 
between one week and five months, revealed no changes in Lewis 
expression when emerging single colony isolates were compared to the 
infecting strain [253]. However, in that investigation Lewis expression 
was measured using an ELISA-based method that will only detect the 
level of Lewis antigen expression. In contrast to Western blot, variations 
in glycosylation patterns of differently sized O-antigens cannot be 
recognized in an ELISA. Nevertheless, contradicting to the results of 
Wirth HW�DO., we observed LPS diversity after three and ten months of 
infection in mice and this diversity was present both at the level of 
Lewis antigen expression and as expression of differently sized 
glycosylated O-antigens. 
 We have in this study shown that transfer to a new animal host 
induces diversity in the LPS structure. Furthermore, in paper III we 
described a phenotypic shift in Lewis phenotype over a nine-year period 
during a persistent human infection. It would be interesting to follow an 
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+��S\ORUL population in the human stomach from the initial infection 
with subsequent multiple samples obtained at different time points 
through the advancement to persistence. In an attempt to understand 
such changes, four rhesus monkeys, which can be naturally colonized 
with +��S\ORUL, were challenged with a mixture of seven strains and 
studied over ten months [260]. Different strains predominated in the 
different animals and the relative abundance of particular strains 
changed over time. Despite the initial differences in host specificity with 
distinct distributions of strains, one strain predominated in all animals 
after ten months of colonization. This observation demonstrates that a 
strain can persist at a low level in a population and emerge at a later time 
point during infection. We have in our study analyzed +��S\ORUL single 
colony isolates from a 90 year-old individual. A rather homogenous 
population that expressed Ley was present at the time of biopsy 
sampling. This observation may indicate that although an initial 
diversification might have occurred after transmission, one phenotype 
has expanded and predominates in the persistent infection. 
 Diversity and phase variation in surface exposed structures is 
common in microbes. By varying such motifs, the microorganism can 
display different properties to the surroundings. When the 
environmental conditions change, a rapid adaptation is important for 
survival. This can be accomplished by an already existing diversity in the 
colonizing bacterial population and clonal expansion of the best-fit 
isolates. We have in this study presented data, which suggest that 
diversity in +��S\ORUL LPS occurs in response to both LQ�YLWUR and LQ�YLYR 
passages. However, LQ�YLYR passage after transfer to a new animal host 
induced a relatively higher degree of diversity. This may depend on the 
requirement of rapid adaptation after transfer to the distinct 
environment of the mouse stomach. However, subsequent to an initial 
diversification shortly after transmission to a new host, a certain 
phenotype may become established as predominant in the bacterial 
population at a later time point during persistent infection. It is 
conceivable that populations emerging with different patterns of LPS 
structures may be ruled by stochastic principles, meaning that infections 
of different hosts by the same organism may result in different gastric 
populations even when the hosts are genetically the same, i.e. inbred 
mice or homozygous twins. The presence of such stochastic principles 
governing properties among +��S\ORUL populations may partly explain the 
different disease outcomes after infection with related +��S\ORUL�strains. 
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Since the discovery of +��S\ORUL in the early 1980’s much research has 
aimed at understanding the causal relationship between this bacterium 
and gastro-duodenal disease. To date there are more than 20.000 
published articles that relate to +��S\ORUL and have contributed to the 
knowledge we have today. Nevertheless, in spite of much of the recent 
research that has revealed some of the functions of virulence-associated 
traits in +��S\ORUL, significant questions remain unanswered. It is still not 
fully understood how +��S\ORUL causes a persistent infection and why 
only a subset of individuals develops clinical symptoms. Despite the 
presence of an immune response to +��S\ORUL infection, natural 
eradication is usually not observed in adults. This finding suggests that 
+��S\ORUL possesses properties allowing evasion of the host immune 
response. 
 A functional FDJ PAI as well as expression of Lewis antigens in the 
LPS are virulence factors in +��S\ORUL that are important in a persistent 
infection and disease development. The FDJ PAI is involved in induction 
of a host response and disrupts the normal functions of epithelial cells, 
whereas the Lewis antigens may aid colonization and persistence 
through immune evasion. Diversity in these attributes may thus affect 
the outcome of an infection. In paper I and II, we demonstrated that 
the FDJ PAI composition may differ between strains and that isolates 
with intermediate FDJ PAI genotypes are relatively common. Moreover, 
within a colonized host clonal variants with different FDJ PAI genotypes 
may co-exist. In paper III and IV, we analyzed LPS and Lewis 
glycosylation patterns LQ�YLWUR and LQ�YLYR. We found pronounced diversity 
after transfer to a new animal host, but also during a persistent human 
infection, and described genetic variability in fucosyltransferases that 
mediate the observed diversity. 
 Diversity in virulence traits is advantageous for bacteria in a 
persistent infection. This may be a means to regulate the interaction 
with the host and the virulence potential of the infecting population. 
Since a too pronounced host response will eradicate the organism, it is 
critical to establish a balanced host-bacterial interaction. A diverse 
bacterial population may also better adapt to environmental changes and 
selective pressure from the host. By the simultaneous presence of 
bacteria that display different characteristics, the probability to survive 
new conditions is considerably increased. This may be important after 
transmission to a novel environment in a new host or during 
physiological changes in the gastric mucosa that appear in the host over 
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the years of aging. The data presented in this thesis has provided 
insights in +��S\ORUL diversity that may aid in the understanding of how 
this bacterium adapts to its host and causes persistent infection. 
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