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“Somewhere, something incredible is waiting to be known.” 
 

—Carl Sagan— 
 
 
 

Para mi familia, con cariño.  
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ABSTRACT 

More than half of the people in the world are infected with Helicobacter 
pylori, a bacterium that has succeeded in colonizing the stomach, a very 
acidic and unattractive environment for microbes. Given the absence of 
symptoms, most infections can go unnoticed and last for a lifetime causing 
chronic gastritis. Other infections can develop into severe disease such as 
peptic ulcer disease or gastric cancer. The harsh conditions found in the 
stomach, including acidic gastric juice, rapid mucosal shedding, peristalsis, 
and inflammatory responses, pose a significant challenge to H. pylori. 
Adherence to the gastric epithelium is an essential factor that contributes to 
its successful colonization of the stomach. 

We first set out to understand the mode of transmission of H. pylori in the 
context of a developing country where H. pylori prevalence is almost 
universal. Studies from developed countries have established the mother-to-
child route as the predominant route of transmission. Here, by studying the 
genotypes of H. pylori isolates from 62 families from a developing 
community in Peru, we found that only 30% of mother and child pairs 
shared the same H. pylori strain. This suggests that under conditions of 
poverty and hardship parents are not the main source of infection.  

H. pylori has infected humans since ancient times, and due to this long-term 
relationship and high level of genetic diversity H. pylori is now an 
established marker of human population migrations. Previous findings have 
shown that H. pylori strains from South American cities are related to H. 
pylori from southern Europe suggesting that the H. pylori infection was 
brought to the Americas by the Spanish conquistadors some 500 years ago. 
Through genetic characterization of unique strains from a remote and small 
community in the Peruvian Amazon jungle, however, we could show that 
these indigenous strains originated from East Asia. These novel findings 
show that H. pylori was present in South America long before any European 
contact, i.e. 10 000–15 000 years ago. Further functional studies of these 
Amazonian strains focused on the adherence properties mediated by BabA, 
the ABO blood group antigen binding adhesin. BabA is unique to H. pylori, 
and it binds to ABO carbohydrate structures expressed in the mucosal lining 
of the stomach. 

An H. pylori strain is considered a generalist if it binds the series of A, B, 
and O antigens or a specialist if it prefers the blood group O antigens. Our 
previous studies had shown that approximately 60% of South American 
strains were specialists but that the great majority of strains in the rest of the 
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world were generalists. In this thesis, we demonstrate that almost all strains 
from the remote Peruvian Amazon are specialists, which strongly correlates 
with the predominant blood group O phenotype in the population and 
provides further evidence that the adherence properties of H. pylori can be 
adapted to suit the host environment. In addition, we found that every strain 
exhibited a unique BabA sequence and had unique binding properties. This 
extraordinary degree of diversity in strains from such a small and remote 
indigenous community was unexpected because these Amazonian H. pylori 
strains were 3 to 4 times less genetically diverse compared to strains from 
other locations in the world. In other words, the strains were genetically 
closely related but still demonstrated high BabA diversity and significant 
variation in their ABO-binding properties.	  	  

The acidic gastric juice in the human stomach is an efficient first line of 
defense against enteric infections. However, H. pylori has made the stomach 
its unique niche by successfully colonizing the slimy mucous layer and 
attaching to the epithelial cells where the surrounding pH is buffered and 
more suitable for survival and replication. The BabA adhesin binds unusually 
tightly to gastric epithelial cells. Thus the bacterial cells need mechanisms to 
readily detach from the ABO sugars on the mucus-mucin polymers and 
epithelial cell debris to avoid coming into contact with the acidic gastric juice 
during turnover of the epithelial cells and mucous layer. Here we show that 
the BabA-mediated binding to ABO sugars is acid-labile but, importantly, 
fully reversible. This unique acid tolerance mechanism would allow the 
bacteria to detach from the ABO sugars and successfully swim back to the 
protective and pH buffered epithelial cells and start up new cycles of 
infection. We have also found that clinical isolates display different acid-
lability profiles of ABO binding that correlate with amino acid substitutions. 
Furthermore, we have found that acid adaptation of BabA binding and 
amino acid substitutions occur during long-term infection. The detailed 
molecular understanding of H. pylori adherence presented in this thesis 
opens up new possibilities for disease prevention and treatment. 	  
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Introduction 
 

H. pylori is a major human pathogen and infects the majority of the world’s 
population. Even though the bacteria was only isolated in the 1980s, it has 
been colonizing humans since about 100 000 years ago, long before the first 
human migration out of Africa. It is well adapted to humans and is the 
causative agent of most peptic ulcer disease and gastric cancers. 

 
The infection is acquired in early childhood, and the main route of 
transmission is person-to-person. Several socio-economic factors influence 
the prevalence of the infection, and both host and bacterial factors determine 
the outcome of the infection. An individual can be infected for a lifetime with 
H. pylori without experiencing any symptoms, but others can develop more 
serious complications such as gastric cancer that often has poor prognosis. 
  
H. pylori is a motile, spiral-shaped bacteria that colonizes the gastric 
mucosa. It benefits from the pH gradient present in the mucous layer that 
covers the gastric epithelium and protects it from the acidic gastric juice. 
Most of the bacteria reside close to the epithelial cells and a minor 
subpopulation is found attached to them.  

 
Bacterial adhesion is one of the mechanisms that allow H. pylori to survive 
and persist in the harsh environment of the stomach. The bacteria bind to 
the ABO/Lewisb (Leb) carbohydrate structures that are expressed in the 
gastric mucosa, and different receptor preferences and binding affinities are 
found among H. pylori strains. A more detailed understanding of these 
properties is necessary to elucidate the successful strategies that have 
enabled this carcinogenic bacterium to co-exist with its human host since the 
dawn of modern humans.  

 

Background 
 
Discovery of H. pylori 
It was long believed that no microorganism could survive and grow in the 
stomach because the gastric juice is too acidic. The discovery of H. pylori in 
1982 changed this paradigm. In Europe, reports of spiral-shaped bacteria 
(H. pylori) in the human stomach began appearing at the beginning of the 
20th century. First, these were thought to be the result of postmortem 
contamination, but the bacteria were then observed in stomach tissue 
removed from patients (gasterectomy). Later, during the 1970s, the first 
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report of an association between gastritis and the gastric spiral bacteria was 
published, but the isolation of the bacteria was not possible1.  

 
In Australia, investigations into the gastric bacteria began in the late 1970s. 
Dr. Robin Warren, a pathologist, observed the bacteria in the stomach tissue 
of many patients with gastritis, and the bacteria were present in large 
numbers. In 1981, Barry Marshall joined the investigation and together they 
carried out the first systematic study of the spiral bacteria2.  

 
The results of this study were very important because they found a 
significant association not only with gastritis but also with peptic ulcers 
(both gastric and duodenal) that had always been thought to be caused by 
stress and lifestyle factors. In addition, they managed to isolate the bacteria 
responsible for these diseases3 (Fig. 1). The bacteria turned out to be a novel 
genus and species that was later named Helicobacter pylori4. The discovery 
of the bacterium and its role in gastritis and peptic ulcer disease won Warren 
and Marshall the Nobel Prize in Physiology or Medicine in 2005.  

 

 
Courtesy of Annelie Olofsson 

Figure 1. Electron micrograph of Helicobacter pylori.  
 

Characteristics of H. pylori 
H. pylori are Gram-negative, microaerophilic, helix-shaped bacteria with a 
bundle of sheathed flagella at one end of the cell (Fig. 1). It thrives at neutral 
pH, which is quite surprising considering its ability to colonize an 
environment surrounded by extremely high acidity. It resides in the most 
buffered part of the stomach mucus, i.e. in close contact with the epithelial 
cell surface5, where a bacterial subpopulation can be found attached to the 
cells6.  
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One of the most interesting features of H. pylori is its ability to persist for 
decades within the host. This is because on a day-to-day basis over the 
lifetime of the host the stomach is subjected to many physiological and/or 
pathological changes to which H. pylori must rapidly adapt. Population 
diversity offers an efficient way to adapt to fluctuating environments, and H. 
pylori is one of the most diverse of the known bacterial species. The genetic 
diversitya generated by a single H. pylori strain ensures that at any given 
moment and under any given condition a sub-population of the bacteria will 
be of the "right" phenotype, i.e. will have the best fitness. 

 
Among the essential features that allow H. pylori to colonize and establish a 
chronic infection are 1) acid acclimation, 2) environmental sensing and 
motility, and 3) adhesion to the gastric mucosab.  

 
Acid acclimation 
H. pylori cannot survive for prolonged periods at low pH. It is a 
neutralophile, but it must confront the acidity of the gastric juice every time 
a new host is infected and every time the mucus and gastric epithelial cells 
are shed into the gastric lumen. Thus the bacteria have been forced to 
develop ways to overcome acidic stress. 

 
A hallmark of H. pylori is its cytoplasmic enzyme urease. Urease is produced 
in large amounts and represents about 10% of the total H. pylori protein 
content at neutral pH7. The high enzymatic activity of H. pylori urease allows 
the bacteria to survive in the gastric acid (pH ≤2) for short periods8 and is 
indispensable for colonization9. In the absence of urea, survival at acidic pH 
is not possible8. α-carbonic anhydrase and β-carbonic anhydrase 
complement the activity of urease, and together they maintain the H. pylori 
periplasmic pH at 6.1. This maintains the neutral pH inside the cytoplasm 
and ensures the survival of the bacteria10,11. 

 
Chemotaxis and Motility 
H. pylori are highly motile and motility is linked to chemotaxis, whether to 
move toward attractants (urea, bicarbonate, cholesterol) or away from 
repellents (low pH, nickel). Both activities are essential for H. pylori 
colonization and persistent infection12,13. Motility in H. pylori is driven by its 
multiple sheathed flagella. The flagellar sheath, which is a continuation of 
the outer membrane, is characteristic of H. pylori and has been suggested to 
protect the flagellar filaments (which are composed of flagellins FlaA and 
FlaB) from the low pH of the stomach14.  

                                                             
a Genetic diversity of H. pylori will be discussed in a later section. 
b H. pylori adherence will be explained in another section. 
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Chemotaxis influences the localization of H. pylori in the stomach and their 
proper orientation in the mucus layer. Using the Mongolian gerbil model, it 
has been shown that H. pylori uses the mucus pH gradient for precise spatial 
orientation15.  

 
 

H. pylori’s ecological niche: The human stomach 
The stomach can be divided into three regions – the cardia, fundus/corpus, 
and antrum – according to the organization and type of cells in the region 
(Fig. 2). The fundus/corpus comprises 80% of the stomach and is the region 
where the gastric acid is produced. H. pylori prefer to colonize the antrum.  

 

Corp

Cardia

Fundus

Antrum

Corpus

Esophagus

Duodenum

 

Figure 2. Schematic illustration of the human stomach. 
 

Type of cells 
The gastric mucosa forms the lining of the stomach and is composed of a 
single layer of columnar epithelial cells. These cells are continuous and give 
way to indentations (gastric pits) and tubular formations (gastric glands) 
(Fig. 3). The combinations of pits and glands are called gastric units.              
H. pylori can adhere to mucus-producing surface mucous cells (SMCs)16, but 
not to other mucus-producing cells located deeper in the gastric units (neck 
and gland cells) nor to specialized cells such as acid-producing parietal cells, 
chief cells, or endocrine cells (Fig. 3).   

 
Gastric acid 
Gastric acid is produced by the parietal cells in response to hormone 
(gastrin) and neurotransmitter (histamine, acetylcholine) stimuli. Parietal 
cells secrete hydrochloric acid at a concentration equivalent to pH 0.817, and 
this represents a concentration of hydrogen (H+) ions in the stomach lumen 
that is 3 million times greater than in blood and tissue. 
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Surface mucous cells 

Neck mucous cells 

Parietal cells 

Chief cells 

Endocrine cells 

Gland cells 

 
Figure 3. Schematic representation of fundic (left) and antral (right) gastric units.  

 
H. pylori can induce increased (hyperchlorhydria) or decreased 
(hypochlorhydria) levels of gastric acid depending on the time course of the 
infection and the area of the stomach that has been colonized. Acute 
infection causes hypochlorhydria. Chronic infection of the antrum mucosa is 
associated with hyperchlorhydria, and chronic infection of the 
fundus/corpus mucosa is associated with hypochlorhydria18. 

 
Mucous layer 
The viscous mucous layer that covers the entire gastrointestinal epithelium 
forms an excellent barrier against the acidity and proteolytic activity of the 
gastric juice. The mucous layer in the stomach is about 300 µm thick, half 
the thickness of the mucous layer in the intestine19. It is composed primarily 
of mucins, heavily O-glycosylated glycoproteins that can be membrane-
associated or secreted (gel-forming). The main mucins in the stomach are 
membrane-associated MUC1 and secreted MUC5AC and MUC619. MUC5AC 
is the major structural component of the mucous layer and is secreted by the 
SMCs. MUC6 is secreted by both mucous neck and gland cells20. 

  
The gastric epithelium remains undamaged even though the gastric lumen 
has an acidity that is capable of digesting the stomach itself. This is because 
the mucous layer acts as a diffusion barrier against the H+ ions and can 
neutralize them thanks to the presence of bicarbonate (HCO3

−) ions in the 
mucous layer. HCO3

− ions are produced in the parietal cells, diffused into the 
capillary until they reach and are secreted by the superficial epithelium 
cells21. This establishes a pH gradient from pH 5–7 at the cell surface to pH 
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1–2 at the lumen22. As mentioned above, the survival of H. pylori depends on 
the neutral end of this pH gradient. 
 
 
Spectrum of disease  
H. pylori infection can take multiple courses depending on strain virulence, 
host genetic susceptibility, and environmental factors. H. pylori causes 
inflammation of the stomach lining (gastritis) in virtually all infected people, 
but even though gastritis and the presence of H. pylori can be easily detected 
by histological analysis the infection is often not diagnosed because of the 
non-specific and transient symptoms during childhood23. Because the 
bacteria have the ability to persist in the human stomach for decades in the 
absence of treatment, H. pylori infections often lead to the development of 
more serious diseases including duodenal ulcers, gastric ulcers, gastric 
lymphoma, and gastric adenocarcinoma24. Thus, ulcers occur mainly in mid 
or late adulthood, and gastric adenocarcinoma occurs in late adulthood after 
a more prolonged period of chronic inflammation and epithelial damage25. 

 
H. pylori infection and associated inflammation can progress from the 
antrum — where it prefers to colonize — to the adjacent corpus, at a rate that 
differs between countries, different regions of the same country, and 
between H. pylori related diseases. In antral-predominant gastritis there is 
an increased gastrin response with the consequent increase in acid secretion 
(hyperchlorhydria). This state of hyperchlorydria is enough to cause 
duodenal ulcer disease in some individuals. In other cases, the continued 
inflammation gradually destroys the cells producing gastrin (G cells), and 
this makes the parietal cells reduce the secretion of gastric acid 
(hypochlorhydria). This state of hypochlorhydria would facilitate the 
migration of H. pylori to the mucosa of a less acidic corpus causing 
inflammation (pangastritis) and later corpus atrophy. This is the scenario 
where gastric ulcers occur24. Further changes in the epithelium can progress 
into gastric adenocarcinoma (chronic atrophic gastritis → intestinal 
metaplasia → dysplasia → cancer)26. 

 
 

Epidemiology 
 

Prevalence 
The prevalence of H. pylori infection varies widely by geographic area, age, 
and socio-economic status27. It has been established that the prevalence of 
H. pylori is inversely related to socio-economic status28, and this could help 
explain the differences in prevalence seen between the developed (40% 
prevalence) and developing countries (90% prevalence)29. Socio-economic 
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status also varies in subpopulations within the same country, and this leads 
to differences in prevalence among these subpopulations. In this way, rural 
areas and shantytowns of a developing country would present the higher 
rates of infection due to factors such as overcrowding, poor sanitation, and 
contamination of food and water supplies.  

 
The differences in prevalence related to age follow two distinct patterns   
(Fig. 4). The first pattern is high prevalence during childhood that remains 
into adulthood and the second pattern is an increase of prevalence with age. 
The first pattern (A) is usually seen in developing countries, for example, it 
was found that in Peru 50%–70% of children younger than 10 years of age 
were infected30,31. The second pattern (B) is more prevalent in developed 
countries. The birth cohort effect makes it appear that the prevalence 
increases with age, but in reality the acquisition rate during childhood is 
lower and is decreasing with every new generation29.  

 
Approximately 10%–20% of all individuals with chronic H. pylori develop 
peptic ulcer disease, which is 3–4 times higher than in non-infected people32. 
In addition, about 0.5%–2% of chronically infected individuals will develop 
stomach cancer25. In 2008 there were close to 1 million new cases of stomach 
cancer reported making it the second leading cause of cancer death 
worldwide33. The highest mortality rates are estimated to be in Eastern Asia, 
but they are also high in Central and Eastern Europe and in Central and 
South America. A small group of infected people will develop B-cell mucosa-
associated lymphoid tissue (MALT) lymphoma of the stomach. H. pylori has 
been detected in 90% of MALT lymphoma cases34, and eradication of the 
bacterium is usually an effective treatment25. 
 
The prevalence of H. pylori infection decreases when there is an 
improvement in the standard of living, better community sanitation, and 
better access to healthcare facilities28,29. In some cases where there has been 
a change in environmental factors, the rate of disappearance of H. pylori 
infection has been greater than the rate of acquisition35,36.  

 
Transmission and Acquisition  
H. pylori infection is predominantly acquired in early childhood, and the 
person will usually remain infected for the rest of their life unless treated 
with drugs. This persistence of the infection is the ultimate cause of overt 
disease. 
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.

 
Figure 4. Two patterns of H. pylori prevalence. Acquisition of the infection takes place in early 

childhood, but the rate of acquisition is higher in children of developing countries (A) than in 

children from the developed countries (B) where the rate of acquisition is becoming lower with 

every new generation. Adapted from C. A. Fallone, 199929.  

 
The acquisition of the bacteria has been seen as early as 6 months, and a 
study of Peruvian infants showed that 70% were positive for the infection as 
determined by the 13C-urea breath test31. Another study with children (1–6 
years old) from two Colombian communities showed positive H. pylori 
status in about 30% of the children by the age of 1 year. The prevalence had 
more than doubled to around 70% to 80% by the time the children were 6 
years old37. Other studies have also demonstrated that H. pylori is often 
acquired early in life (within the first 1 to 2 years) and that the prevalence 
increases along with the children’s ages38-41. In developed countries, the 
prevalence of early infection is substantially lower, for example, only 1.2% of 
Swedish children were H. pylori seropositive at 6 months42.  

 
The consensus is that children are often infected with H. pylori at a very 
young age. A plausible explanation for this is differences in gastric 
physiology (e.g. pH dynamics) related to age, and this theory has recently 
been tested in Mongolian gerbils in which the gastric conditions of different 
age groups were simulated. It was shown that H. pylori efficiently colonized 
the deep mucous layer under after-meal (postprandial) conditions that 
simulated those of young children, but not those in adults and babies. Those 
conditions were moderate increase of pH and relative slow reacidification43. 

 
The exact mode of transmission has not been deciphered yet, but it has been 
approached by studies of 1) H. pylori prevalence within families, 2) the 
presence of the bacteria in biological samples (feces, saliva), 3) possible 
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reservoirs and vectors (food, water, house insects), and 4) the observation of 
shared strains between individuals44,45. 

 
The person-to-person mode of transmission – whether oral-oral or fecal-oral 
– is widely accepted and has been evidenced by the clustering of H. pylori 
infection within families. This intrafamilial mode of transmission has been 
observed mostly in developed countries46-50. Several studies have also 
provided strong evidence for the role of the mother as the main source for 
childhood infection51-54.  

 
Although intrafamilial transmission appears to play an important role for 
childhood infection in developed regions, this has not necessarily been the 
case in the poorest areas or low-income communities of developing 
countries. In these areas, the environment appears to play a central role as 
the source of infection30,38,55,56. This potential difference in transmission led 
us to study the relatedness of H. pylori strains isolated from family members 
living in a shantytown in Lima, Peru. We found that 70% of mother-child 
strain pairs did not match and that strains from siblings and other paired 
family members were also unrelated. Among the strains that did match, we 
found that the frequency of matched mother-child pairs did not depend on 
the age of the child57. This suggested that H. pylori transmission among 
unrelated people could play an important role in childhood infection in such 
poverty-stricken communities. 
  
Later studies have supported our findings that extrafamilial transmission 
occurs more often in developing countries than in developed ones58,59. This 
does not exclude intrafamilial transmission, but emphasizes that the contact 
children have with persons outside the core family is more frequent and this 
– together with poor sanitation and bad hygiene practices – contributes to 
the acquisition of the bacteria from a source that is not predominantly the 
mother or a close relative. Both intrafamilial (vertical) and extrafamilial 
(horizontal) modes of transmission reflect an infection that is derived from 
the people with whom children have closer social contact and interactions44. 

 
 

Adhesin-mediated adherence of H. pylori  
Successful establishment of infection by bacterial pathogens often requires 
adhesion to host cells60. Bacterial adhesion can be mediated by receptor-
ligand binding, and one of the most studied forms of such binding is that of 
lectins (carbohydrate-binding proteins) to their corresponding glycosylated 
receptors on the surfaces of host cells.  
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In H. pylori, two lectin-like adhesins and their respective receptors have 
been identified, characterized, and studied extensively. These are the BabA 
and SabA adhesins that bind to fucosylated and sialylated structures, 
respectively, that are expressed in the gastric mucosa61-64. These adhesins – 
which mediate adherence and are important for the persistence of infection 
and severity of the disease induced by H. pylori – belong to the Hop family, 
the largest family of outer membrane proteins (OMPs) in H. pylori65. Other 
proteins within this family have also been described to have a role in 
adherence or to be putative adhesins (e.g. HopZ, HopQ, AlpA/B, OipA), but 
the corresponding receptors on the epithelial surface for these proteins have 
yet to be identified66,67. 

 
 

BabA binding to histo-blood-group antigens 
The carbohydrate structures that determine human ABO blood type and 
related Lewisb (Leb) structures are present in the gastric mucosa where they 
are called histo-blood-group antigens. They are binding sites (receptors) for 
H. pylori attachment63,68 (Fig. 5). This attachment is mediated by BabA, the 
blood-group antigen binding adhesin61. 
 
ABH/Leb antigens 
H. pylori can bind the antigens of the A (A and ALeb), B (B and BLeb), and O 
(H and Leb) blood groups presented on type-1 chains in the gastric mucosa. 
In this way, the H antigen (Fucα1-2Gal) to which H. pylori can bind is 
formed by the addition of fucose in α1-2 linkage to the terminal galactose of 
the type-1 core structure (Galβ1-3GlcNAc), and serves as precursor for the A 
and B antigens, which are formed by the addition of GalNAc (A antigen) or 
Gal (B antigen) to the H antigen (Fig. 5). The Lewis blood group (bg) 
antigens are a related set of glycans that carry α1-3 or α1-4 fucose residues. 
The Leb antigen is formed by the action of both the secretor (Se) and the 
Lewis (Le) transferases (Fig. 5), where the last one adds a branched fucose in 
α1-4 linkage to the H antigen. In individuals of bgA or bgB, the 
corresponding ALeb or BLeb antigens are formed (Fig. 5). The Lewisa (Lea) 
antigen is formed by the action of the Le transferase alone on type-1 
precursors. This happens when there is no functional or a weak Se 
transferase. The Lewisx (Lex) and Lewisy (Ley) antigens, isomers of the Lea 
and Leb antigens, respectively are formed in type-2 core chains              
(Galβ1-4GlcNAc-R), therefore the branched (Lewis) fucose is in α1-3 linkage. 
Thus, H. pylori can bind to ABH and Leb (Leb, ALeb, and BLeb) antigens – 
but not to Lea, Lex, or Ley antigens – that are expressed in the gastric 
mucosa16,61,63,68,69. 
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Figure 5. Receptors for H. pylori BabA adhesin. Fucosylated ABO/Leb blood group antigens. 

 
Mucins expressed in the stomach can present the blood group antigens, 
especially the Leb antigen, to which H. pylori binds via the BabA adhesin. It 
has been shown that the MUC5AC mucin, produced by the surface 
epithelium, is the most important carrier of the Leb antigen and is the major 
receptor for H. pylori69,70. The membrane-associated mucin MUC1 also 
carries structures to which H. pylori can bind, including Leb, but instead of 
acting as a receptor for the establishment of adherence, it acts as a releasable 
decoy for MUC1-binding bacteria or a steric hindrance for non-MUC1 
binding bacteria71. Moreover, during chronic infection H. pylori can reduce 
the turnover rate and expression levels of MUC1, likely to avoid clearance of 
the infection, while the levels of MUC5AC, receptor for the bacterium, 
remain unchanged72.  

 
BabA binding activity  
BabA was originally described as the adhesin responsible for binding to the 
Leb glycans in the gastric mucosa61. However, clinical isolates of H. pylori 
can display a wide spectrum of binding affinities for the series of ABH/Leb 
antigens63 (Paper III).  

The expression of the BabA adhesin and consequent H. pylori adherence 
depend on a positive secretor phenotype73. Secretor status can vary 
according to ethnicity, for example, ∼80% of Caucasians and ∼100% of 
South Americans Amerindians are secretors. H. pylori strains from South 
America, together with strains from other parts of the world, were tested for 
their abilities to bind the ABO/Leb blood group antigens63. In comparison to 
strains from Europe and Asia that bound both Leb (bgO) and ALeb (bgA) 
antigens, 60% of the strains from South America bound the Leb antigen best. 
This specialization in binding to the Leb antigen was in accord with the 
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predominance of bgO in South American populations. From these 
demographic distributions and based on binding ratios, H. pylori strains 
were classified as generalists (ABO/Leb antigen binding) or specialists 
(preferred binding to bg O antigens such as Leb)63. The study of H. pylori 
isolates from two indigenous communities of the Peruvian Amazon showed 
that almost all of the strains were specialists and that this correlated very 
well with the almost universal bgO of the community members (Paper III).  

Besides differences in receptor specificity, BabA binding affinity for the Leb 
antigen can vary from strain to strain. Specialist strains isolated from heavily 
populated districts in Lima, Peru, had differences in binding affinity as high 
as ∼1600-fold63. A similar difference of ∼500-fold in binding affinity was 
observed in Peruvian Amazon strains, and such diversity in binding affinities 
suggests that H. pylori can readily adapt to the gastric conditions present in 
each infected person in terms of type and density of receptors, immune 
response, etc., which can also vary over the course of the infection (Paper 
III). 

The diversity in binding affinities and binding specificities of the BabA 
adhesin is further supported by our recent results showing that BabA 
binding affinity for Leb is acid labile and that H. pylori strains display 
polymorphism in the acid labilities of Leb binding (Paper IV). It has been 
shown that at acidic pH the bacterial binding to Leb is abolished74. However, 
our studies demonstrate that when the binding is inactivated by acidity it can 
be fully recovered because the BabA adhesin recovers its binding abilities 
when the environment returns to a neutral pH (Paper IV). In addition, 
clinical isolates from different human populations exhibit acid-labile binding 
patterns that might reflect the pathophysiology of the gastric diseases 
prevalent in those populations (Paper IV). 

 
BabA phase variation 
The babA gene can be found in one of at least three possible chromosomal 
loci designated as locus A, B, and C, but it is most frequently found in      
locus A75 (our own observations). When babA is located in one locus, the 
other loci can be occupied by the babB or babC genes or a duplication of 
babA61,75. Loci A and B were first described based on genomic studies of H. 
pylori strains J99 and 2669576,77. Later, the locus that contains babC in 
strain 26695, designated locus C, was found to contain babA in other 
unrelated H. pylori strains75. The formation of bab chimeras (e.g. babA/B, 
babB/A) have also been reported, and these are made possible due to 
intragenomic recombination because babA shares significant 5' and 3' 
sequence similarity with babB and babC78-81. With this mechanism of 
recombination, the BabA adhesin might modulate its binding activity by 
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turning its expression on or off79, increasing or decreasing its binding 
affinity, or switching its receptor preference in a periodic way that might 
contribute to the ability of H. pylori to maintain a chronic infection.  

 
Experimental infection in rhesus macaque, Mongolian gerbil, and mouse 
animal models have shown that BabA expression is lost within 2-6 months 
post-infection either by slipped-strand mispairing or homologous 
recombination82 as well as through point mutations83,84. This loss of BabA 
production in all three animal models could indicate similar selective 
pressures against babA expression.  In clinical isolates, there are differences 
in BabA expression/Leb binding depending on the host population63,85,86. 
For example, there is high prevalence in Leb binding (or BabA expression) in 
H. pylori strains from urban South America (100%) and Japan (83%), while 
in Western Europe can be as low as 42% (Spain)63.   
 
BabA: clinical and pathologic relevance 
Colonization of the stomach with BabA-expressing H. pylori is associated 
with the development of severe gastric disease. Initially, the presence of the 
babA gene was found to be associated with duodenal ulcers and gastric 
adenocarcinoma. Additionally, the presence of babA in type I strains 
(vacAs1c and cagA positive), namely “triple-positive” strains, proved to be a 
better predictor for disease outcome and suggested the use of babA as a 
diagnostic marker87. Later studies have supported the role of the BabA 
adhesin in the development of inflammation, bacterial colonization, and 
gastric disease73,88-92. 

 
H. pylori CagA is a major virulence factor that takes advantage of the host 
cell signaling pathways to induce inflammation, stimulate epithelial cell 
proliferation, and disrupt cell-cell junctions, all of which contribute to H. 
pylori pathogenesis. CagA is delivered into the host cells through a type IV 
secretion system (T4SS) encoded in the cag (cytotoxin-associated genes) 
pathogenicity island. Recently, it has been shown that BabA-mediated 
adherence of H. pylori potentiates the effects of T4SS in the host cells. BabA 
binding to Leb was necessary to increase the production of proinflammatory 
cytokines and precancerous-stage factors induced by the T4SS93.  
 
H. pylori attachment to gastric epithelial cells was necessary to introduce 
DNA double-strand breaks in the epithelial cells; a phenomenon that was 
dependent on BabA binding to Leb, and independet from other virulence 
factors, such as VacA and CagA. The DNA damage caused by a prolonged 

                                                             
cs1 is one of two possible alleles in the signal region of the vacuolating cytotoxin VacA. 
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infection with H. pylori exceeded the repair capabilities of the eukaryotic 
cell, which eventually could be lethal for the cell94.  
 
SabA binding to sialylated antigens 
SabA is the adhesin that mediates the binding of H. pylori to sialyl-Lewisx 
(sLex) and sialyl-Lewisa (sLea) antigens that are expressed in gastric mucosa 
during periods of inflammation. These antigens are upregulated during 
infection with H. pylori, which is consistent with the upregulation of β3GnT5 
by the bacteria95. β3GnT5 is a GlcNAc transferase essential for the 
biosynthesis of Lewis antigens. In this way, the increased expression of sLex 
allows H. pylori to adhere more extensively to gastric cells and this 
contributes to the persistence of the infection62,95. The presence of SabA has 
been associated with gastric atrophy, decreased neutrophil infiltration, 
severe intestinal metaplasia, and gastric cancer. In addition, SabA has been 
shown to be less prevalent in strains from duodenal ulcer patients compared 
with those from gastritis or gastric cancer patients86.  

 
SabA expression is frequently switched on or off62, and the stability of its 
expression is lower than BabA and BabB, members of the same OMP 
family86. However, binding to sialylated conjugates is common, for instance, 
∼40% of Swedish clinical isolates displayed such binding. These H. pylori 
isolates exhibited polymorphism in the binding to sialylated antigens, a 
property attributed to the SabA adhesin64. Similarly, in our study, 44% of the 
H. pylori strains from the Peruvian Amazon bound to sialylated conjugates 
(sLex and/or sLea) with preferential binding to sLex in most strains (Paper 
III).  

  
The sequencing of nine H. pylori isolates from Japan and three genome-
sequenced strains (26695, J99, and HPAG1) revealed that sabA is genetically 
diverse96. The deduced amino acid sequences from the Amazon strains we 
have studied here demonstrated that sabA is not only genetically, but that 
SabA is the second most diverse protein after BabA among the members of 
the Hop family (Paper III).  
 
 
Phylogeographical variation and human migrations 
The relationship between humans and H. pylori is ancient. It started in 
Africa97, probably around 100 000 years ago, and came long before the first 
human migrations out of Africa around 60 000 years ago98. Since then, H. 
pylori infection has followed the routes of human migration and is now 
universally distributed in all human populations99. 
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H. pylori exhibits a clear phylogenetic differentiation based on geographic 
origin. This, together with its high DNA sequence diversity, makes H. pylori 
genotyping a tool for tracking both recent and ancient human population 
movements100-103. Analysis of representative housekeeping genes by 
multilocus sequence typing (MLST) has revealed distinct H. pylori 
populations specific for large geographical areas: hpAfrica1, hpAfrica2, 
hpNEAfrica, hpEurope, hpEastAsia, hpAsia2, and hpSahul98. The similarity 
in global population structure between humans and H. pylori confirms an 
evolutionary time-scale association.  

 
Genetic diversity 
H. pylori is one of the most diverse of all bacterial species. It displays a 
remarkable allelic diversity and difference in gene content and this generates 
a wide diversity in phenotype23. Every H. pylori strain has a unique genome, 
and no two isolates, unless related, have been found to be the same104-106. 
This has been shown by different molecular typing methods, and genome 
sequencing has shown that two individual strains can differ in as much as 
13% of their gene content107. This suggests extreme genome plasticity that 
might be necessary for H. pylori to rapidly evolve to adapt to new 
environments. Besides the differences among individual strains, genetic 
differences are also seen in H. pylori isolates from the same patient over 
time, and even from different regions of the stomach, demonstrating that H. 
pylori needs to evolve to persist in the human stomach in the face of 
changing and challenging conditions108-110.  

 
The genetic variability found in H. pylori genomes can be achieved by 
mutation and especially recombination109,111,112. Recombination can be intra-
genomic – within a single bacterium – or inter-genomic between strains or 
between genetic variants of the same strain. H. pylori is naturally competent 
for transformation with exogenous DNA, but the efficiency of transformation 
varies between strains in part due to strain-specific restriction modification 
systems that limit the incoming DNA113,114. The average length of imported 
DNA is ~400 base pairs109,115, which is smaller than in other competent 
bacteria, and they can be as small 50 base pairs113. Among the genes that 
exhibit high recombination rates are those for DNA transformation, basic 
cellular functions, and host interactions. These include genes for such things 
as lipopolysaccharide synthesis and OMPs (babA, hopZ)115,116. RecA is the 
master regulator of recombination and is essential for nearly all 
recombination events in H. pylori. It is also required for natural competence 
and resistance to many DNA-damaging agents117,118. A recombination event 
introduces three times more substitutions than de novo mutation events119. 
Nonetheless, mutation frequencies in H. pylori are higher than in wild type 
Enterobacteriaceae and hypermutable strains are common; around 25% of 
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H. pylori strains have higher mutation rates than Enterobacteriaceae strains 
that are deficient in mismatch repair. The strains also exhibit a wide range of 
mutation frequencies compared to each other (~700-fold)120. The high 
mutation rate observed in H. pylori can be explained in part due to the lack 
of proofreading activity of its DNA polymerase I. H. pylori strains lacking 
DNA polymerase I show reduced mutation frequencies, and overexpression 
of the enzyme generates a hypermutator phenotype121.  

 
Thus, through recombination, mutation, and a lack of a canonical mismatch 
repair system, H. pylori ensures a phenotype heterogeneity that allows for 
the evolution of bacterial lineages that will survive the continuous changes in 
the individual host. This provides a means to successfully colonize the 
stomach and establish a persistent infection118,122,123.  

 
Molecular typing 
A variety of molecular methods have been used to discriminate between H. 
pylori isolates as well as to determine their genetic relatedness. There are 
methods that are based on the action of restriction enzymes on chromosomal 
or PCR-amplified DNA (RFLP, PFGE). Another method is based on the 
random amplification of polymorphic DNA (RAPD). This is a genome-wide 
method and is useful when there is no previous knowledge of the DNA 
sequence being analyzed. It is a mid-resolution method that offers good 
discriminatory power44.  

 
High-resolution methods include DNA sequencing of single genes and 
MLST. This sequencing allows mutations to be observed directly, and these 
methods are even more accurate if many sites are considered. For MLST of 
H. pylori, internal fragments of housekeeping genes are analyzed. This 
method has been used for phylogenetic analysis of H. pylori from all over the 
world and has revealed modern and ancient population types of H. pylori in 
accordance with its geographic origin and has become a useful tool for 
tracking human migrations44,102. 

 
H. pylori in Amerindian groups  
Amerindians are the native people of North and South America who 
inhabited the Americas before any European or African immigration. 
Amerindian communities can still be found in the Andes (a mountainous 
area) and the Amazon (a rainforest area). Natives from the Amazon region 
often have less contact with other human populations, and some 
communities have remained very isolated and maintained traditional 
lifestyles. They belong to different tribes and have different languages. In 
this thesis, we have studied H. pylori isolates from two indigenous 
communities of the Peruvian Amazon, the Shimaa and the Satipo, who live 
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in remoteness and are separated by ~800 km. These communities belong to 
the Machiguenga and Asháninka ethnic groups, respectively. 

  
In spite of living in remoteness, indigenous people of the Amazon rainforest 
are also infected with H. pylori and with high prevalence (76%–95%)124,125. 
Besides H. pylori, these individuals are also infected with intestinal 
parasites. Interestingly, a study of Amerindians from the Venezuelan 
Amazon claimed that both H. pylori and intestinal parasites were not 
detrimental to their nutritional status126. It might not be obvious from the 
nutritional status, but individuals could still develop H. pylori associated 
disease as might be the case for the residents of the Shimaa community 
where several of them presented with different degrees of atrophy and some 
intestinal metaplasia.  

 
Initially, it was thought that the first Amerindians were devoid of H. pylori 
and that the bacteria had been brought to the Americas by the Spaniards 
~500 years ago. This conclusion was based on the study of the genotypes of 
virulence genes (cagA, vacA) in 500 H. pylori strains from all over the 
world. The genotypes of native Peruvians from the capital city of Lima were 
more similar to those from Spaniards than those from Asians127. After that, 
another extensive study using the same virulence genes and including 41 
strains from "New World" populations including Eskimos, Aleuts, Navahos, 
and Huitotos (from the Colombian Amazon) suggested that H. pylori was 
present in the Americas before Columbus128. In a similar way, a study with 
H. pylori isolates from two ethnic groups from the Venezuelan Amazon 
showed evidence for the ancient human carriage of H. pylori. This implied 
that the ancestors of the present-day Amerindians carried H. pylori when 
they crossed the Bering Strait from Asia to the Americas124. 

 
Our study with H. pylori strains from the Peruvian Amazon is in line with 
these findings of East Asian ancestry in H. pylori from Amerindian 
populations (Paper II). Instead of using virulence genes, we tested the 
genetic diversity and relatedness of the strains using sequence information 
from housekeeping genes. We found that the Shimaa strains were much 
closer to Japanese strains (East Asia) than to Spanish ones (Europe). This 
was in contrast to strains from the city of Lima – where the majority of the 
population is mestizo (an admixture that stems from European and 
Amerindian origins) – that were indistinguishable from the Spanish strains. 
In addition, the Shimaa strains showed low genetic diversity compared to the 
strains from metropolitan Lima (~3-fold difference) reflecting the isolation 
in which the community lives and the small size of the population (~600 
people). Taken together, these results suggest that the Shimaa strains have 
descended from strains carried to the Americas from East Asia, presumably 



 

 
 

18 

more than 15 000 years ago, which is when the first American ancestral 
population is believed to have entered the New World129. These results are 
also consistent with the “selective sweep” hypothesis where preexisting 
genotypes/strains were displaced by European genotypes/strains as 
exemplified with the urban Peruvian and Spanish strains (Paper II).  

 
 

Aims of the Thesis 
 

1. To study the mode of transmission of H. pylori in a low-income setting 
using a shantytown in Peru as a model. 

 
2. To characterize and determine the origins of H. pylori isolated from a 

native community in the Peruvian Amazon. 
 
3. To study the diversity in BabA-mediated adherence of H. pylori isolated 

from native communities of the Peruvian Amazon. 
 
4. To investigate the effect of pH on adaptation of H. pylori BabA-mediated 

adherence to the gastric mucosa. 
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Results and Discussion 

Paper I 

DNA-level diversity and relatedness of Helicobacter pylori strains 
in shantytown families in Peru and transmission in a developing-
country setting 

The transmission of H. pylori, an infection acquired in early childhood, is 
known to occur within families. These observations have come mostly from 
developed countries where the main route of transmission appears to be 
from mother to child. The aim of our study was to investigate the mode of 
transmission in a low-income community, a very common setting in Peru, 
where conditions for a high prevalence of H. pylori infection are present. 

We used a minimally invasive test, the string test, to sample H. pylori from 
the stomachs of family members of 62 families living in the shantytown of 
Las Pampas, San Juan de Miraflores, in Lima, the capital city of Peru. The 
string test is an alternative to gastroendoscopy to recover viable cells of H. 
pylori or DNA from the stomach by swallowing a capsule attached to a 
string. This method is cost-efficient and easier to implement in a 
community-based study than traditional gastroendoscopy, and in our study 
this method proved to be particularly suitable for isolating H. pylori from 
younger children (≥ 1 year). 

We determined strain relatedness by molecular typing using RAPD 
fingerprinting and gene sequencing of one or two housekeeping genes (glr 
and cysS). The methods used here are important because previous inferences 
on intrafamilial, in particular mother-to-child, transmission have been 
assessed mostly by serological and urea breath test data that show only a 
statistical association and do not provide information on whether members 
of a family share the same strain or not. Here, we compared the genotypes of 
H. pylori isolates from 166 individuals from 62 families. We found that only 
30% of strains isolated from children were closely matched to those from 
their mothers, and this suggested that mother to child was not the main 
route of transmission as seen in developed countries. In addition, the 
frequency of matched strains did not depend on the child’s age (1 to 39 
years), and this could mean that when a strain was transmitted by the 
mother, though rare in this population, the strain remained in the stomach 
of the child during the course of their life. In contrast, only 18% of father-
child strain pairs matched. Pairwise comparisons among members of 
different households showed that only 0.4% of strain pairs were closely 
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related. Families were chosen at random, so households were not necessarily 
physically close. From where or from whom in the community the H. pylori 
infection was acquired is not known, but common sources and people with 
whom children have close contact are likely sources. We believe that most 
children are exposed to their mother’s strain, but many of these infections 
are transient31,35,42 leaving space for colonization by more virulent strains or 
strains that are better fit to the child’s stomach.  

To discard mixed infections, we analyzed five single colonies and a pool of 
another five or more single colonies. The presence of mixed infection was 
rare. For all the cases catalogued as matches (two people sharing the same 
strain) there was an agreement between the RAPD profiles and sequence of 
one gene (glr), or between the sequences of the two genes (glr and cysS).  

At the time the study was performed, it was not clear if most established 
infections in developing countries would also stem from mother-to-child 
transmission rather than from other sources130, particularly in this district 
where a previous study had shown that childhood infection was inversely 
related to the quality of the household water30. Our results suggest that H. 
pylori infection in this setting is in large part community-acquired whether 
from unrelated people or from unidentified environmental sources57. Our 
findings agree with an earlier study carried on in a rural community in South 
Africa that also used molecular typing to investigate H. pylori transmission. 
They found a strong nonfamilial component in the transmission of the 
pathogen131. Later studies with more South African rural families reported 
that horizontal or extrafamilial transmission occurs frequently and is a result 
of the living conditions of the societies studied58,59.  

In conclusion, an all-in-the-family model for H. pylori transmission is not 
applicable to settings with low socioeconomic status and where the 
prevalence of H. pylori infection is high. This understanding is important 
when establishing measures to prevent and eradicate the infection. 
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Paper II 

Helicobacter pylori from Peruvian Amerindians: traces of human 
migrations in strains from remote Amazon, and genome sequence 
of an Amerind strain. 

 
The aim of this study was to characterize and determine the origins of H. 
pylori isolated from native people of the Peruvian Amazon because H. pylori 
exhibits a marked phylogeographic structure that can be used to trace 
human migrations and because of the relationship between certain 
genotypes and gastric disease. 
 
The Peruvian Amazon is home to several indigenous peoples, among which 
is the Machiguenga ethnic group. The Machiguenga is one of the biggest 
groups in the southern Peruvian Amazon with a population of ~10 000 
individuals organized in small, scattered, and highly autonomous 
settlements. One of these settlements is the remote and isolated community 
of Shimaa, a small community of ~600 members. The construction of 
pipelines for the exploitation of natural gas in the region provided the 
opportunity to access the community — which is otherwise rarely visited by 
outsiders — and to carry out a medical survey. Symptomatic individuals were 
brought to the hospital — with their consent — to undergo a diagnostic 
endoscopy and treatment of intestinal parasites if medically warranted. As a 
result, H. pylori was isolated from the antral biopsies of >40 Shimaa 
villagers, all adults. 

 
We used MLST to investigate the genotypes of the Shimaa strains and their 
relationship with strains from other populations relevant to the peopling and 
history of the Americas and Peru. We found that the Shimaa strains were 
more related to, but not intermingled with, those from Asia (Japan) 
suggesting that the H. pylori infecting the Shimaa population were 
descended from ancient H. pylori carried by the people who migrated from 
Asia to the Americas more than 15 000 years ago. Studies of H. pylori 
isolated from Amerindian ethnic groups from Colombia and Venezuela, 
using virulence genes as markers, also conclude that the ancestors of 
present-day Amerindians carried H. pylori when they came from Asia 
through Beringia, the land bridge that existed between Asia and America 
during the last ice ages85,124,132. Another interesting observation was that 
strains from metropolitan Lima, the coastal capital of Peru, were 
intermingled with those from Europe (Spain) and it was not possible to 
distinguish between the two groups. This indicated that ancestral Asian-like 
H. pylori was displaced by European type H. pylori probably because they 
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were more fit. Recently, it has been shown that the Shimaa strains contain 
novel alleles of the oncoprotein gene cagA, and the resultant CagA proteins 
are significantly reduced in their abilities to stimulate gastric epithelial 
proliferation and inflammation during infection compared to prototype 
Western or East Asian strains133. The displacement of native strains is 
supported by the observations of European genotypes in strains from 
Amerindian groups that have had more contact with outsiders, and in Latin 
American mestizo (European and Amerindian admixture) populations124,132-

134.  
 

We also found that Shimaa strains exhibited low genetic diversity (1.3%), 
which is three times lower than that of urban Peruvian strains (3.9%). H. 
pylori is one of the most diverse of bacterial species, so it was surprising to 
find this difference in the Peruvian population. For any of the housekeeping 
genes analyzed here, the Shimaa strains contained identical or nearly 
identical alleles with just a few alleles predominating among the strains. 
Finding identical alleles between H. pylori isolates is extremely rare among 
most human populations. The low genetic diversity of the Shimaa strains can 
be ascribed to a small number of ancestral H. pylori lineages, localized 
transmission in a small village, the lack of gene flow between Shimaa and 
other populations due to geographic isolation, a low mutation rate, and a 
tendency to lose individual lineages. 

 
All Shimaa strains contained the vacA (s1 allele) and the cagA genes that 
code for the major virulence factors of H. pylori. Among the OMPs of the 
major Hop family, all Shimaa strains were positive for the babA and sabA 
genes that code for the most studied and pathogenesis-associated adhesins 
of H. pylori. For the closest homologs and recombination partners of babA, 
babB was detected in about 55% of the strains, but babC was not found in 
any of the strains. Similarly, sabA’s closest homolog, sabB, was not found in 
any of the strains. 

 
In conclusion, our data indicate that Shimaa H. pylori strains have 
descended from strains carried by the ancestral people who migrated to the 
Americas from Asia more than 15 000 years ago and that these Amerindian 
H. pylori strains have been displaced by European strains in large 
populations of South America. 
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Paper III 

Functional polymorphism and blood group tropism in 
Helicobacter pylori BabA from remote diasporas in the Amazon.  

As a follow-up of the phylogenetic study with the Shimaa strains, we 
continued with a functional analysis of the strains that focused on BabA-
mediated adherence. This was prompted by the observation that the babA 
adhesin gene was present as a distinct allele in each strain in spite of the low 
genetic diversity of the strains — only a few alleles were predominant in the 
housekeeping genes — and the fact that identical alleles of the major 
virulence factors cagA and vacA were found in several strains. The part of 
the babA gene analyzed was the middle variable region, and this was 
compared to babA in strains from Lima, Peru; Spain; and Japan that had 
previously been sequenced63. We found that Shimaa babA diversity was 7 
times higher than that of the housekeeping genes. Among the populations 
tested, Shimaa babA was the least diverse while babA from Lima, Peru, was 
the most diverse, though the difference between them was only 1.5 fold and 
the diversity of strains from Lima was only ~4 times higher than that of their 
housekeeping genes. In addition, substitutions in Shimaa babA were 
predominantly non-synonymous, and insertions/deletions were frequent. 
We estimated the selective pressures in all the babA sequences included in 
this study, i.e. Shimaa and other populations, and found 26 codons out of 
~250 under positive selection. The pattern of sites under positive selection 
was similar to the pattern reported for strains from worldwide locations63. 
Taken together, the higher diversity of babA over the housekeeping genes, 
the high rate of non-synonymous substitutions, and several sites under 
positive selection – especially in domains predicted to be of functional 
importance – indicate that babA exhibits fast adaptation rates. This is 
somewhat unexpected in a host population that possesses the characteristics 
for lower genetic variability (e.g. pure ancestry and lower levels of gene flow 
due to living in isolation from other populations)135,136.  

This valuable collection of strains could also serve to directly test the 
specialization in Leb binding observed in H. pylori strains from South 
America63. Although the specialization in the bacterial binding coincided 
with the predominance of bgO in the Latin American population, there was 
no specific information about the blood type of every subject in the study. In 
this study we provide paired information on the blood type of the individual 
and the adherence properties of their respective H. pylori strain. We found 
that almost all Shimaa strains (95%) preferentially bound Leb over ALeb, 
and this prevalence was much higher than that previously found (60%) in 
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strains from other South American communities. This high prevalence is in 
striking contrast to the rare presence of specialist strains in the rest of the 
world63. We later added to the analysis a collection of strains from another 
ethnic group – the Satipo – who are also located in the remote Amazon ~800 
km away from the Shimaa village. Results were similar to the Shimaa; we 
found that 97% of the strains in this population were specialists. In both 
cases, the clear Leb tropism displayed by the Amazon strains fits well with 
the blood group O prevalence in the populations.  

All Shimaa strains expressed BabA and bound to Leb. This 100% prevalence 
in binding has only been observed before in other Peruvian strains from the 
capital city, Lima, but H. pylori isolates from other places in South America 
also exhibited high prevalence in binding (>86%) compared to the rest of the 
world (42%–83%)63. It seems that bacterial adherence via the BabA adhesin 
is constantly active and is probably required by Amazonian H. pylori 
because the strains were isolated from people between 20 to 63 years of age. 

The binding affinity for Leb displayed by H. pylori strains is very strong and 
covers a wide range of values. Affinity measurements of Shimaa and Satipo 
strains confirmed this trend and even provided support for an increased Leb 
binding affinity in specialist strains. The bacterial binding capacity (the 
number of binding sites) for Leb also varies among strains, and the 
Amazonian strains were no exception. In order to learn how the binding 
affinity of BabA for Leb relates to the efficiency of bacterial adherence to the 
gastric mucosa, we selected the three Shimaa strains with the highest Leb 
binding affinity and the three with the lowest affinity. The strains were 
analyzed for adherence to their cognate gastric biopsy tissue. Paired tissue 
and strain from the same infected person did not result in the best match in 
terms of adherence, but instead we observed that most high-affinity strains 
adhered better to all tissues compared to the low-affinity strains.  

In conclusion, our results indicate that BabA sequence diversity and 
functional polymorphism is needed for the bacteria to continually adapt to 
the individual host – to persist in the harsh and highly dynamic stomach 
environment for the host’s lifetime – even in a population that is 
homogeneous and isolated like the Shimaa. Also, the predominance of blood 
group O in the indigenous Amazon populations has selected for babA 
specialization and high-affinity Leb binding.  
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Paper IV 

pH-Regulated H. pylori Adherence: Implications for Persistent 
Infection and Disease. 

The strong binding affinity of the BabA adhesin for the Leb antigen does not 
seem to be compatible with the fast turnover of the gastric epithelium and 
continuous shedding of the mucous layer into the acidic gastric juice of the 
lumen. Permanent binding of the bacteria to the epithelium would mean the 
end of the bacteria that remain attached, but because the infection is 
persistent the question we asked was how H. pylori escapes this fate.  

We found that H. pylori adherence to gastric mucosa is acid sensitive; the 
more acidic the pH, the less able the bacteria are to attach to gastric mucosa. 
This reduced ability of the bacteria to attach to the gastric mucosa was the 
result of a decrease in Leb binding by the BabA adhesin. The inactivation of 
the binding under acidic conditions occurred rapidly. However, restoring the 
pH to neutrality allowed H. pylori to bind the Leb antigen again. Thus, H. 
pylori adhesins can quickly detach from their respective receptors when the 
pH becomes detrimental or dangerous for the bacteria. In the stomach 
environment, this would allow them to swim back to a safer and more pH-
neutral niche close to the epithelial cells.  

Bacterial clones from a single Swedish patient were isolated from two 
different regions of his stomach, the corpus (acidic) and antrum (less acidic). 
The region of the stomach was the determinant for the acid lability of the Leb 
binding found in the bacterial clones. In addition, the BabA sequences 
between the corpus and antrum strains differed and amino acids that 
contribute to acid tolerance in Leb binding were identified. Thus, differences 
in local gastric acidity appear to select for adhesin alleles that are better 
adapted to the local pH.  

 
Populations from different geographical regions can be associated with 
distinct gastric diseases. For example, in this work we studied H. pylori 
clinical isolates from Peru and India. In India, gastritis induced by H. pylori-
is mostly antral and can progress to hyperchlorhydria with a high risk for 
developing duodenal ulcers. In Peru, however, H. pylori causes pangastritis 
that can lead to gland atrophy and hypochlorhydria with a high risk for 
gastric adenocarcinoma. The Leb binding of Peruvian isolates was more acid 
resistant than the binding of Indian isolates even though the opposite had 
been expected based on the patterns of acid secretion and associated 
diseases mentioned above. However, the higher acidic conditions possibly 
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found in the stomachs of Indian people could have selected for adaptation of 
these strains to the antrum region where the pH is higher and more 
amenable to colonization and more fitting with the acid sensitivity of their 
Leb binding. BabA sequences of the Peruvian and Indian isolates revealed 
similar critical positions – as seen in the bacterial clones of the single 
Swedish patient mentioned above – that influence the acid lability of the 
strains. 

 
We were able to investigate the adaptation of BabA during chronic infection 
by analyzing H. pylori isolated from a 5-year experimental infection of 
rhesus macaques. Rhesus macaques were infected with an H. pylori strain 
isolated from a patient with gastric cancer. We found that Leb binding of 
bacterial clones from the corpus and antrum differed in acid lability. BabA 
protein sequences again showed amino acid changes between strains from 
the antrum and the corpus, and real-time binding experiments confirmed 
that these amino acid substitutions were responsible for their respective acid 
labilities. Additionally, one of these positions was previously observed in the 
BabA sequences from the single Swedish patient studied earlier.  

In conclusion, the BabA-mediated adherence of H. pylori is acid labile and 
fully reversible. BabA can adapt to local conditions of stomach pH and 
gastric acid secretion patterns associated with disease through amino acid 
replacements. This mechanism allows the bacteria to detach from shed 
mucus or epithelial cells and swim back to the surface of the epithelium to 
start a new cycle of infection. This activity contributes to the persistence of 
the bacteria in the stomach. 
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Concluding Remarks and Perspectives 
 

This thesis focuses on different aspects (transmission, phylogeny, adherence) 
of H. pylori infection that contribute to the understanding of its ability to 
persist in the gastric environment and cause a variety of disease in different 
human populations. A major part of the thesis deals with understanding the 
adherence properties of the bacteria that are mediated by the BabA adhesin, 
which is unique to H. pylori, and its remarkable way of adaptation to 
changing conditions through the generation of functional variants. 
  
In this thesis, we first showed that the predominant mother-to-child 
transmission observed in developed countries is not the main mode of 
transmission in communities of low socio-economic status that have a high 
prevalence of H. pylori. In the Peruvian community studied here, half of the 
H. pylori infections could have been acquired from people that did not 
necessarily live in the same household. These could be, however, people that 
had frequent and close contact with uninfected children because the 
infection is usually acquired in early childhood. Another possible source of 
infection was the presence of H. pylori in community-wide or household 
reservoirs. Further studies investigating the presence of bacteria with the 
same genotype in infected people and the potential reservoir would increase 
the evidence for an environmental source of H. pylori. So far, it has not been 
possible to culture the bacteria from environmental samples, which has 
supported the direct person-to-person transmission. However, if H. pylori 
strains are present in dormant states then new culturing methods will need 
to be developed to address this issue.  
 
Next, we carried out studies with H. pylori strains from isolated Amerindian 
communities in the Peruvian Amazon. We demonstrate that Amerindian H. 
pylori is closely related to Asian H. pylori strains suggesting that the original 
H. pylori in Peru (and South America) are descended from the bacteria 
carried >15 000 years ago by the people who migrated from Asia to the 
Americas. The presence of European genotypes among H. pylori strains 
from metropolitan Lima, Peru, suggests that Amerindian H. pylori were 
displaced by the European type. This most likely occurred during the 
colonization of South America by the Spanish ∼500 years ago. Although the 
reasons for such displacement are still unknown, we believe it occurred due 
to better fitness of the European/Spanish strains. One way to evaluate this is 
to test the relative fitness of H. pylori populations to see if one population 
manages to outcompete the other or if some balance between the strains is 
established. If the first is true, it would also be interesting to identify the 
mechanisms or quantitative traits that make one of the bacterial populations 
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more fit than the other. Comparing the competitive abilities of the bacterial 
infections, instead of focusing only on single bacterial factors, would add to 
the understanding of how — over thousands of years — H. pylori has 
adapted to the indigenous communities that live in remoteness and have 
little contact with the outside world. 
 
BabA-mediated adherence in H. pylori has adapted to the predominant 
receptors in its host population. Specialist BabA prefers to bind the Leb 
(bgO) rather than the ALeb (bgA) antigen. Thus, we saw a unique 
opportunity to study the adherence properties of H. pylori in the Shimaa 
strains. We found that the almost universal prevalence of bgO in the Shimaa 
population has strongly selected for specialist babA alleles that encode for 
stronger Leb binding affinities compared to generalist strains. It remains to 
be determined what parts of the BabA protein are involved in the generalist 
vs. specialist binding, and also how they contribute to the variations in 
binding affinities. Solving the crystal structure of BabA would help identify 
these domains and the set of amino acids that are important for these 
functions. 
 
Finally, based on a detailed study we can conclude that BabA binding activity 
is regulated by pH. Binding activity is gradually lost as the pH decreases and 
is regained as pH increases toward neutral. This suggests a plausible 
mechanism of adaptation for H. pylori adherence to the different levels of 
acidity found in the stomach and mucous layer. The bacteria could use this 
mechanism to detach from shed mucus or epithelial cells and swim back to 
the surface of the gastric mucosa to start a new cycle of infection. 
Interestingly, we have also observed a correlation between the pH lability of 
BabA-Leb binding and the acid secretion patterns associated with disease. 
This could be exploited as a diagnostic tool, for example, by following the pH 
lability of an H. pylori strain infecting a patient over time. The changes in 
pH lability could provide information on disease development or 
progression. This possibility requires further testing, but if proven right, it 
could help in the early detection of gastric adenocarcinoma, an otherwise 
"too late to treat" disease.  

 

 
 
 
 
 



 

 
 

29 

Acknowledgements 
 
I would like to start by thanking my supervisor Thomas Borén for being a 
continuous source of great ideas and experimental designs as well as your immense 
capacity for scientific discussion and commitment on achieving high academic 
standards. I would also like to thank you for many first-time experiences: downhill 
skiing, ice fishing, dog sledging, and my first snowball fight!!! To my co-supervisor 
Anna Arnqvist for your willingness to discuss ideas and results, for your support 
and advice during key moments, and for being enthusiastic not only about science, 
but about life in general :-) 
 
My great appreciation to Bob Gilman (Johns Hopkins University) and Douglas 
Berg (Washington University in St. Louis) for fruitful collaborations. Bob, thank you 
for giving me my first taste of research in molecular biology. I am very grateful for all 
the projects and scientific discussions in the Lab of Infectious Diseases at UPCH. 
Douglas, it was a blast to be in your lab at WashU. I learned so many things. Your 
excitement when discussing hypotheses and experiments was contagious! Thanks to 
you and Dange for your care during my stay in St. Louis! 

 
Adam, my life in St. Louis would not have been the same without you. Thank you for 
being a great friend! Thank you for your refined sense of humor and for all the 
activities that filled the days with happiness. What a joy to switch between English 
and Spanish at any time! I wish you all the best at Life Technologies!  
 
Rolf, our binding assays wizard, thank you for all your expertise and help in the lab! 
Göran, you helped me so much, especially when I was injured. Special thanks for the 
kantarell picking experience, visit to the observatory, and the group trip to "your 
island". How amazing to watch the stars without any light contamination! Alexej, 
thanks for your particular sense of humor and for being so didactic. Jeanna, thanks 
for the collaboration and for the BBQ at your place during my first summer here. 
Lena, Oh Lena ♪ Thank you for discussions of all kinds, for the moments I felt lost in 
translation with you, and for always looking at the bright side of things! Thanks for 
encouraging me to use the "B" word, I really liked it! Anna Shevtsova, thank you 
for adopting me! :-) Thank you for your delicious cakes and lovely gifts, and for all the 
fun trips! When Anna calls, adventure is on its way! Many thanks for your work and 
advice on binding assays and statistics!!! A big thank you for your help at the last 
stage of my thesis ♥! Dear Sara, I feel so grateful for your advice on scientific, 
technical, and home-related matters! Thank you for all the fikas, going-outs, and for 
just being yourself! Jenny, thanks for the good times in the office. Yevgen, good 
luck with your studies! Misha and Vera, thank you for your friendliness and your 
warm hearts, you two are amazing people and it has been a pleasure to meet you. My 
best wishes for you! 
 
Annelie, my sunshine, thanks for all the love and support! I lost count of all the fun 
and exciting moments I spent with you. Thank you for being awesome! Your sense of 
humor, your nurturing heart, and for being my friend! Lars, I admire your values 
and your kindness. It's been a joy to hang out with you guys. Glad that we finally 
completed the names of our Hp movie trilogy! We’ll break box office records and 
finance our own research! Pär, thank you for all the fun moments, the amusing and 



 

 
 

30 

out-of-the-box conversations. I admire your determination. You can be a doctor 
twice! Mary, it was so awesome to meet you! I appreciate your dedication and 
enthusiasm for science. We did so many things together that it's hard to believe you 
were only here for a couple of months! I hope we can make that road trip someday :-)  
To the Portuguese Musketeers, Maria and Ana, I feel privileged that I got to meet 
you. You are so caring, sweet, and intelligent. I have a pending visit to the Northlands 
of Porto ;) Thank you for accepting me as a Musketeer too! 

 
Munender, my dear BabA, thanks for believing in me and your wonderful smile that 
can cheer anybody up! Thanks for being enthusiastic every time I discussed my 
projects with you. Dinesh, thank you for your optimism. Andrea, thank you for 
your generosity and cheerfulness. By the way, you never got to convince me that you 
were from Barcelona! :D Olga, thank you for always being ready to help, and your 
delicious cooking :) Rob, thank you for extremely amusing conversations, your 
support, and help with the language. I had a great time sharing teaching duties with 
you and applying the "good cop, bad cop" technique ;) Vladimir, thanks for always 
greeting me with a big smile, the little chats, and for advice on how to improve 
techniques. Pradeep, thank you for your coolness and down-to-earth conversations. 
Deepak, thank you for your wisdom and your concern. Shenito, thanks for your 
freshness and positivism! Rima, always gorgeous and super fun! Anna Gharibian, 
thank you for sharing your wisdom and for your encouragement! It felt so easy to talk 
to you, and thank you for the best introduction ever! "This is Melissa, she will tell you 
things that you have never heard before." I took it as a compliment :) 
 
Björn, my tomodachi, thank you for all the anime action, movie nights, high-tech 
advice, and everything! ;) Monika, your work ethic is outstanding! It was nice to 
sense your company in the Department during the nights :) Thanks for all the talks 
and the laughs. Ulf, thank you for all the trips to nature, cakes on my birthdays, and 
for never-ending conversations! :) Maite, thank you for being a good listener and for 
your wonderful advice! I find your sense of humor very refreshing! Ximena, thanks 
for all your tenderness and positive outlook on things!  
 
Big thank you to Clas and Ingrid for your endless help with administrative issues. 
Elizabeth, thank you for your work and your sweetness! Thanks to the Medchem 
Department for providing the necessary resources to perform good research.            
I want to acknowledge all the people that have supported me or contributed somehow 
to my work, but I haven't been able to mention here. Many, many thanks!! 
 
To my friends in Perú, Claudia and Monica, for their friendship throughout the 
years, for always believing in me, and for being an inspiration ;) 
 
Gracias a mi familia por todo su cariño y apoyo incondicional; Deidad, William, 
Onofrio y Jhader, los quiero mucho ♥!!! 

 
 
 
 
 



 

 
 

31 

References 

 
 

1. Steer, H. W. & Colin-Jones, D. G. Mucosal changes in gastric 
ulceration and their response to carbenoxolone sodium. Gut 16, 
590–597 (1975). 

2. Marshall, B. J. History of the discovery of C. pylori. In: MJ Blaser 
(ed), Campylobacter pylori in Gastritis and Peptic Ulcer Disease 
New York: Igaku-Shoin 7–21 (1989). 

3. Marshall, B. J. & Warren, J. R. Unidentified curved bacilli in the 
stomach of patients with gastritis and peptic ulceration. Lancet 1, 
1311–1315 (1984). 

4. Goodwin, C. S. et al. Transfer of Campylobacter pylori and 
Campylobacter mustelae to Helicobacter gen. nov. as Helicobacter 
pylori comb. nov. and Helicobacter mustelae comb. nov., 
Respectively. International Journal of Systematic Bacteriology 39, 
397–405 (1989). 

5. Thomsen, L. L., Gavin, J. B. & Tasman-Jones, C. Relation of 
Helicobacter pylori to the human gastric mucosa in chronic gastritis 
of the antrum. Gut 31, 1230–1236 (1990). 

6. Hessey, S. J. et al. Bacterial adhesion and disease activity in 
Helicobacter associated chronic gastritis. Gut 31, 134–138 (1990). 

7. Bauerfeind, P., Garner, R., Dunn, B. E. & Mobley, H. L. Synthesis 
and activity of Helicobacter pylori urease and catalase at low pH. 
Gut 40, 25–30 (1997). 

8. Marshall, B. J., Barrett, L. J., Prakash, C., McCallum, R. W. & 
Guerrant, R. L. Urea protects Helicobacter (Campylobacter) pylori 
from the bactericidal effect of acid. Gastroenterology 99, 697–702 
(1990). 

9. Tsuda, M., Karita, M., Morshed, M. G., Okita, K. & Nakazawa, T. A 
urease-negative mutant of Helicobacter pylori constructed by allelic 
exchange mutagenesis lacks the ability to colonize the nude mouse 
stomach. Infect. Immun. 62, 3586–3589 (1994). 

10. Bury-Moné, S. et al. Roles of alpha and beta carbonic anhydrases of 
Helicobacter pylori in the urease-dependent response to acidity and 
in colonization of the murine gastric mucosa. Infect. Immun. 76, 
497–509 (2008). 

11. Krulwich, T. A., Sachs, G. & Padan, E. Molecular aspects of bacterial 
pH sensing and homeostasis. Nat. Rev. Microbiol. 9, 330–343 
(2011). 

12. Eaton, K. A., Morgan, D. R. & Krakowka, S. Motility as a factor in 
the colonisation of gnotobiotic piglets by Helicobacter pylori. J. 
Med. Microbiol. 37, 123–127 (1992). 

13. Josenhans, C. & Suerbaum, S. The role of motility as a virulence 
factor in bacteria. Int. J. Med. Microbiol. 291, 605–614 (2002). 

14. Geis, G., Suerbaum, S., Forsthoff, B., Leying, H. & Opferkuch, W. 
Ultrastructure and biochemical studies of the flagellar sheath of 
Helicobacter pylori. J. Med. Microbiol. 38, 371–377 (1993). 



 

 
 

32 

15. Schreiber, S. et al. The spatial orientation of Helicobacter pylori in 
the gastric mucus. Proc. Natl. Acad. Sci. U.S.A. 101, 5024–5029 
(2004). 

16. Falk, P. et al. An in vitro adherence assay reveals that Helicobacter 
pylori exhibits cell lineage-specific tropism in the human gastric 
epithelium. Proc. Natl. Acad. Sci. U.S.A. 90, 2035–2039 (1993). 

17. Schubert, M. L. & Peura, D. A. Control of gastric acid secretion in 
health and disease. Gastroenterology 134, 1842–1860 (2008). 

18. Chu, S. & Schubert, M. L. Gastric secretion. Curr. Opin. 
Gastroenterol. 29, 636–641 (2013). 

19. Linden, S. K., Sutton, P., Karlsson, N. G., Korolik, V. & McGuckin, 
M. A. Mucins in the mucosal barrier to infection. Mucosal Immunol 
1, 183–197 (2008). 

20. Yang, I., Nell, S. & Suerbaum, S. Survival in hostile territory: the 
microbiota of the stomach. FEMS Microbiol. Rev. 37, 736–761 
(2013). 

21. McColl, K. E. L. The elegance of the gastric mucosal barrier: 
designed by nature for nature. Gut 61, 787–788 (2012). 

22. Bhaskar, K. R. et al. Viscous fingering of HCl through gastric mucin. 
Nature 360, 458–461 (1992). 

23. Suerbaum, S. & Josenhans, C. Helicobacter pylori evolution and 
phenotypic diversification in a changing host. Nat. Rev. Microbiol. 
5, 441–452 (2007). 

24. El-Zimaity, H. M. T. Recent advances in the histopathology of 
gastritis. Current Diagnostic Pathology 13, 340–348 (2007). 

25. Atherton, J. C. The pathogenesis of Helicobacter pylori-induced 
gastro-duodenal diseases. Annu Rev Pathol 1, 63–96 (2006). 

26. Correa, P. & Piazuelo, M. B. The gastric precancerous cascade. J Dig 
Dis 13, 2–9 (2012). 

27. Brown, L. M. Helicobacter pylori: epidemiology and routes of 
transmission. Epidemiol Rev 22, 283–297 (2000). 

28. Malaty, H. M. Epidemiology of Helicobacter pylori infection. Best 
Pract Res Clin Gastroenterol 21, 205–214 (2007). 

29. Fallone, C. A. Determinants of ethnic or geographical differences in 
infectivity and transmissibility of Helicobacter pylori. Can. J. 
Gastroenterol. 13, 251–255 (1999). 

30. Klein, P. D., Graham, D. Y., Gaillour, A., Opekun, A. R. & Smith, E. 
O. Water source as risk factor for Helicobacter pylori infection in 
Peruvian children. Gastrointestinal Physiology Working Group. 
Lancet 337, 1503–1506 (1991). 

31. Klein, P. D. et al. The epidemiology of Helicobacter pylori in 
Peruvian children between 6 and 30 months of age. Am. J. 
Gastroenterol. 89, 2196–2200 (1994). 

32. Kuipers, E. J., Thijs, J. C. & Festen, H. P. The prevalence of 
Helicobacter pylori in peptic ulcer disease. Aliment. Pharmacol. 
Ther. 9 Suppl 2, 59–69 (1995). 

33. Ferlay, J. et al. Estimates of worldwide burden of cancer in 2008: 
GLOBOCAN 2008. Int. J. Cancer 127, 2893–2917 (2010). 

 



 

 
 

33 

34. Asenjo, L. M. & Gisbert, J. P. [Prevalence of Helicobacter pylori 
infection in gastric MALT lymphoma: a systematic review]. Rev Esp 
Enferm Dig 99, 398–404 (2007). 

35. Kumagai, T. et al. Acquisition versus loss of Helicobacter pylori 
infection in Japan: results from an 8-year birth cohort study. J 
Infect Dis 178, 717–721 (1998). 

36. Malaty, H. M. et al. Natural history of Helicobacter pylori infection 
in childhood: 12-year follow-up cohort study in a biracial 
community. Clin. Infect. Dis. 28, 279–282 (1999). 

37. Camargo, M. C. et al. Age at acquisition of Helicobacter pylori 
infection: comparison of two areas with contrasting risk of gastric 
cancer. Helicobacter 9, 262–270 (2004). 

38. Goodman, K. J. et al. Helicobacter pylori infection in the 
Colombian Andes: a population-based study of transmission 
pathways. Am. J. Epidemiol. 144, 290–299 (1996). 

39. Rothenbacher, D., Inceoglu, J., Bode, G. & Brenner, H. Acquisition 
of Helicobacter pylori infection in a high-risk population occurs 
within the first 2 years of life. J. Pediatr. 136, 744–748 (2000). 

40. Malaty, H. M. et al. Age at acquisition of Helicobacter pylori 
infection: a follow-up study from infancy to adulthood. Lancet 359, 
931–935 (2002). 

41. Rowland, M. et al. Age-specific incidence of Helicobacter pylori. 
Gastroenterology 130, 65–72– quiz 211 (2006). 

42. Granström, M., Tindberg, Y. & Blennow, M. Seroepidemiology of 
Helicobacter pylori infection in a cohort of children monitored from 
6 months to 11 years of age. J. Clin. Microbiol. 35, 468–470 (1997). 

43. Bücker, R. et al. Helicobacter pylori colonization critically depends 
on postprandial gastric conditions. Sci Rep 2, 994 (2012). 

44. Delport, W. & van der Merwe, S. W. The transmission of 
Helicobacter pylori: the effects of analysis method and study 
population on inference. Best Pract Res Clin Gastroenterol 21, 
215–236 (2007). 

45. Vale, F. F. & Vítor, J. M. B. Transmission pathway of Helicobacter 
pylori: does food play a role in rural and urban areas? Int. J. Food 
Microbiol. 138, 1–12 (2010). 

46. Drumm, B., Perez-Perez, G. I., Blaser, M. J. & Sherman, P. M. 
Intrafamilial clustering of Helicobacter pylori infection. N. Engl. J. 
Med. 322, 359–363 (1990). 

47. Malaty, H. M. et al. Transmission of Helicobacter pylori infection. 
Studies in families of healthy individuals. Scand. J. Gastroenterol. 
26, 927–932 (1991). 

48. Bamford, K. B. et al. Helicobacter pylori: comparison of DNA 
fingerprints provides evidence for intrafamilial infection. Gut 34, 
1348–1350 (1993). 

49. Wizla-Derambure, N. et al. Familial and community environmental 
risk factors for Helicobacter pylori infection in children and 
adolescents. J. Pediatr. Gastroenterol. Nutr. 33, 58–63 (2001). 

50. Kivi, M. et al. Concordance of Helicobacter pylori strains within 
families. J. Clin. Microbiol. 41, 5604–5608 (2003). 



 

 
 

34 

51. Malaty, H. M. et al. Evidence from a nine-year birth cohort study in 
Japan of transmission pathways of Helicobacter pylori infection. J. 
Clin. Microbiol. 38, 1971–1973 (2000). 

52. Konno, M. et al. Five-year follow-up study of mother-to-child 
transmission of Helicobacter pylori infection detected by a random 
amplified polymorphic DNA fingerprinting method. J. Clin. 
Microbiol. 43, 2246–2250 (2005). 

53. Fujimoto, Y. et al. Intrafamilial transmission of Helicobacter pylori 
among the population of endemic areas in Japan. Helicobacter 12, 
170–176 (2007). 

54. Weyermann, M., Rothenbacher, D. & Brenner, H. Acquisition of 
Helicobacter pylori infection in early childhood: independent 
contributions of infected mothers, fathers, and siblings. Am. J. 
Gastroenterol. 104, 182–189 (2009). 

55. Hulten, K. et al. Helicobacter pylori in the drinking water in Peru. 
Gastroenterology 110, 1031–1035 (1996). 

56. Karita, M., Teramukai, S. & Matsumoto, S. Risk of Helicobacter 
pylori transmission from drinking well water is higher than that 
from infected intrafamilial members in Japan. Dig. Dis. Sci. 48, 
1062–1067 (2003). 

57. Herrera, P. M. et al. DNA-level diversity and relatedness of 
Helicobacter pylori strains in shantytown families in Peru and 
transmission in a developing-country setting. J. Clin. Microbiol. 
46, 3912–3918 (2008). 

58. Schwarz, S. et al. Horizontal versus familial transmission of 
Helicobacter pylori. PLoS Pathog. 4, e1000180 (2008). 

59. Didelot, X. et al. Genomic evolution and transmission of 
Helicobacter pylori in two South African families. Proc. Natl. Acad. 
Sci. U.S.A. 110, 13880–13885 (2013). 

60. Pizarro-Cerdá, J. & Cossart, P. Bacterial adhesion and entry into 
host cells. Cell 124, 715–727 (2006). 

61. Ilver, D. et al. Helicobacter pylori adhesin binding fucosylated 
histo-blood group antigens revealed by retagging. Science 279, 
373–377 (1998). 

62. Mahdavi, J. et al. Helicobacter pylori SabA adhesin in persistent 
infection and chronic inflammation. Science 297, 573–578 (2002). 

63. Aspholm-Hurtig, M. et al. Functional adaptation of BabA, the H. 
pylori ABO blood group antigen binding adhesin. Science 305, 
519–522 (2004). 

64. Aspholm, M. et al. SabA is the H. pylori hemagglutinin and is 
polymorphic in binding to sialylated glycans. PLoS Pathog. 2, e110 
(2006). 

65. Alm, R. A. et al. Comparative genomics of Helicobacter pylori: 
analysis of the outer membrane protein families. Infect. Immun. 
68, 4155–4168 (2000). 

66. Loh, J. T., Torres, V. J., Algood, H. M. S., McClain, M. S. & Cover, T. 
L. Helicobacter pylori HopQ outer membrane protein attenuates 
bacterial adherence to gastric epithelial cells. FEMS Microbiol. Lett. 
289, 53–58 (2008). 



 

 
 

35 

67. Backert, S., Clyne, M. & Tegtmeyer, N. Molecular mechanisms of 
gastric epithelial cell adhesion and injection of CagA by 
Helicobacter pylori. Cell Commun. Signal 9, 28 (2011). 

68. Borén, T., Falk, P., Roth, K. A., Larson, G. & Normark, S. 
Attachment of Helicobacter pylori to human gastric epithelium 
mediated by blood group antigens. Science 262, 1892–1895 (1993). 

69. Lindén, S. et al. Strain- and blood group-dependent binding of 
Helicobacter pylori to human gastric MUC5AC glycoforms. 
Gastroenterology 123, 1923–1930 (2002). 

70. Van de Bovenkamp, J. H. B. et al. The MUC5AC glycoprotein is the 
primary receptor for Helicobacter pylori in the human stomach. 
Helicobacter 8, 521–532 (2003). 

71. Lindén, S. K. et al. MUC1 limits Helicobacter pylori infection both 
by steric hindrance and by acting as a releasable decoy. PLoS 
Pathog. 5, e1000617 (2009). 

72. Navabi, N., Johansson, M. E. V., Raghavan, S. & Lindén, S. K. 
Helicobacter pylori infection impairs the mucin production rate and 
turnover in the murine gastric mucosa. Infect. Immun. 81, 829–
837 (2013). 

73. Azevedo, M. et al. Infection by Helicobacter pylori expressing the 
BabA adhesin is influenced by the secretor phenotype. J. Pathol. 
215, 308–316 (2008). 

74. Lindén, S., Mahdavi, J., Hedenbro, J., Borén, T. & Carlstedt, I. 
Effects of pH on Helicobacter pylori binding to human gastric 
mucins: identification of binding to non-MUC5AC mucins. 
Biochem. J. 384, 263–270 (2004). 

75. Hennig, E. E., Allen, J. M. & Cover, T. L. Multiple chromosomal loci 
for the babA gene in Helicobacter pylori. Infect. Immun. 74, 3046–
3051 (2006). 

76. Tomb, J. F. et al. The complete genome sequence of the gastric 
pathogen Helicobacter pylori. Nature 388, 539–547 (1997). 

77. Alm, R. A. et al. Genomic-sequence comparison of two unrelated 
isolates of the human gastric pathogen Helicobacter pylori. Nature 
397, 176–180 (1999). 

78. Pride, D. T. & Blaser, M. J. Concerted evolution between duplicated 
genetic elements in Helicobacter pylori. J. Mol. Biol. 316, 629–642 
(2002). 

79. Bäckström, A. et al. Metastability of Helicobacter pylori bab 
adhesin genes and dynamics in Lewis b antigen binding. Proc. Natl. 
Acad. Sci. U.S.A. 101, 16923–16928 (2004). 

80. Matteo, M. J. et al. Helicobacter pylori bab genes during chronic 
colonization. Int J Mol Epidemiol Genet 2, 286–291 (2011). 

81. Sheu, S.-M. et al. H. pylori clinical isolates have diverse babAB 
genotype distributions over different topographic sites of stomach 
with correlation to clinical disease outcomes. BMC Microbiol. 12, 
89 (2012). 

82. Solnick, J. V., Hansen, L. M., Salama, N. R., Boonjakuakul, J. K. & 
Syvanen, M. Modification of Helicobacter pylori outer membrane 
protein expression during experimental infection of rhesus 



 

 
 

36 

macaques. Proc. Natl. Acad. Sci. U.S.A. 101, 2106–2111 (2004). 
83. Styer, C. M. et al. Expression of the BabA adhesin during 

experimental infection with Helicobacter pylori. Infect. Immun. 78, 
1593–1600 (2010). 

84. Ohno, T. et al. Effects of blood group antigen-binding adhesin 
expression during Helicobacter pylori infection of Mongolian 
gerbils. J Infect Dis 203, 726–735 (2011). 

85. Yamaoka, Y. et al. Discrimination between cases of duodenal ulcer 
and gastritis on the basis of putative virulence factors of 
Helicobacter pylori. J. Clin. Microbiol. 40, 2244–2246 (2002). 

86. Yamaoka, Y. et al. Helicobacter pylori outer membrane proteins 
and gastroduodenal disease. Gut 55, 775–781 (2006). 

87. Gerhard, M. et al. Clinical relevance of the Helicobacter pylori gene 
for blood-group antigen-binding adhesin. Proc. Natl. Acad. Sci. 
U.S.A. 96, 12778–12783 (1999). 

88. Thoreson, A. C. et al. Differences in surface-exposed antigen 
expression between Helicobacter pylori strains isolated from 
duodenal ulcer patients and from asymptomatic subjects. J. Clin. 
Microbiol. 38, 3436–3441 (2000). 

89. Prinz, C. et al. Key importance of the Helicobacter pylori adherence 
factor blood group antigen binding adhesin during chronic gastric 
inflammation. Cancer Res. 61, 1903–1909 (2001). 

90. Rad, R. et al. The Helicobacter pylori blood group antigen-binding 
adhesin facilitates bacterial colonization and augments a 
nonspecific immune response. J. Immunol. 168, 3033–3041 
(2002). 

91. Yu, J. et al. Relationship between Helicobacter pylori babA2 status 
with gastric epithelial cell turnover and premalignant gastric 
lesions. Gut 51, 480–484 (2002). 

92. Fujimoto, S. et al. Helicobacter pylori BabA expression, gastric 
mucosal injury, and clinical outcome. Clin. Gastroenterol. Hepatol. 
5, 49–58 (2007). 

93. Ishijima, N. et al. BabA-mediated adherence is a potentiator of the 
Helicobacter pylori type IV secretion system activity. J Biol Chem 
286, 25256–25264 (2011). 

94. Toller, I. M. et al. Carcinogenic bacterial pathogen Helicobacter 
pylori triggers DNA double-strand breaks and a DNA damage 
response in its host cells. Proc. Natl. Acad. Sci. U.S.A. 108, 14944–
14949 (2011). 

95. Marcos, N. T. et al. Helicobacter pylori induces beta3GnT5 in 
human gastric cell lines, modulating expression of the SabA ligand 
sialyl-Lewis x. J. Clin. Invest. 118, 2325–2336 (2008). 

96. Shao, L. et al. Genetic diversity of the Helicobacter pylori sialic 
acid-binding adhesin (sabA) gene. Biosci Trends 4, 249–253 
(2010). 

97. Linz, B. et al. An African origin for the intimate association between 
humans and Helicobacter pylori. Nature 445, 915–918 (2007). 

98. Moodley, Y. et al. Age of the association between Helicobacter 
pylori and man. PLoS Pathog. 8, e1002693 (2012). 



 

 
 

37 

99. Falush, D. et al. Traces of human migrations in Helicobacter pylori 
populations. Science 299, 1582–1585 (2003). 

100. Wirth, T. et al. Distinguishing human ethnic groups by means of 
sequences from Helicobacter pylori: lessons from Ladakh. Proc. 
Natl. Acad. Sci. U.S.A. 101, 4746–4751 (2004). 

101. Moodley, Y. et al. The peopling of the Pacific from a bacterial 
perspective. Science 323, 527–530 (2009). 

102. Yamaoka, Y. Helicobacter pylori typing as a tool for tracking human 
migration. Clin. Microbiol. Infect. 15, 829–834 (2009). 

103. Breurec, S. et al. Evolutionary history of Helicobacter pylori 
sequences reflect past human migrations in Southeast Asia. PLoS 
ONE 6, e22058 (2011). 

104. Majewski, S. I. & Goodwin, C. S. Restriction endonuclease analysis 
of the genome of Campylobacter pylori with a rapid extraction 
method: evidence for considerable genomic variation. J Infect Dis 
157, 465–471 (1988). 

105. Taylor, D. E., Eaton, M., Chang, N. & Salama, S. M. Construction of 
a Helicobacter pylori genome map and demonstration of diversity 
at the genome level. Journal of Bacteriology 174, 6800–6806 
(1992). 

106. Taylor, N. S. et al. Long-term colonization with single and multiple 
strains of Helicobacter pylori assessed by DNA fingerprinting. J. 
Clin. Microbiol. 33, 918–923 (1995). 

107. Fischer, W. et al. Strain-specific genes of Helicobacter pylori: 
genome evolution driven by a novel type IV secretion system and 
genomic island transfer. Nucleic Acids Res. 38, 6089–6101 (2010). 

108. Israel, D. A. et al. Helicobacter pylori genetic diversity within the 
gastric niche of a single human host. Proc. Natl. Acad. Sci. U.S.A. 
98, 14625–14630 (2001). 

109. Falush, D. et al. Recombination and mutation during long-term 
gastric colonization by Helicobacter pylori: estimates of clock rates, 
recombination size, and minimal age. Proc. Natl. Acad. Sci. U.S.A. 
98, 15056–15061 (2001). 

110. Kuipers, E. J. et al. Quasispecies development of Helicobacter 
pylori observed in paired isolates obtained years apart from the 
same host. J Infect Dis 181, 273–282 (2000). 

111. Kersulyte, D., Chalkauskas, H. & Berg, D. E. Emergence of 
recombinant strains of Helicobacter pylori during human infection. 
Mol. Microbiol. 31, 31–43 (1999). 

112. Achtman, M. et al. Recombination and clonal groupings within 
Helicobacter pylori from different geographical regions. Mol. 
Microbiol. 32, 459–470 (1999). 

113. Levine, S. M. et al. Plastic cells and populations: DNA substrate 
characteristics in Helicobacter pylori transformation define a 
flexible but conservative system for genomic variation. FASEB J. 
21, 3458–3467 (2007). 

114. Humbert, O., Dorer, M. S. & Salama, N. R. Characterization of 
Helicobacter pylori factors that control transformation frequency 
and integration length during inter-strain DNA recombination. 



 

 
 

38 

Mol. Microbiol. 79, 387–401 (2011). 
115. Kennemann, L. et al. Helicobacter pylori genome evolution during 

human infection. Proc. Natl. Acad. Sci. U.S.A. 108, 5033–5038 
(2011). 

116. Yahara, K. et al. Genome-wide survey of mutual homologous 
recombination in a highly sexual bacterial species. Genome Biol 
Evol 4, 628–640 (2012). 

117. Thompson, S. A. & Blaser, M. J. Isolation of the Helicobacter pylori 
recA gene and involvement of the recA region in resistance to low 
pH. Infect. Immun. 63, 2185–2193 (1995). 

118. Dorer, M. S., Sessler, T. H. & Salama, N. R. Recombination and 
DNA repair in Helicobacter pylori. Annu. Rev. Microbiol. 65, 329–
348 (2011). 

119. Morelli, G. et al. Microevolution of Helicobacter pylori during 
prolonged infection of single hosts and within families. PLoS Genet. 
6, e1001036 (2010). 

120. Björkholm, B. et al. Mutation frequency and biological cost of 
antibiotic resistance in Helicobacter pylori. Proc. Natl. Acad. Sci. 
U.S.A. 98, 14607–14612 (2001). 

121. García-Ortíz, M.-V. et al. Unexpected role for Helicobacter pylori 
DNA polymerase I as a source of genetic variability. PLoS Genet. 7, 
e1002152 (2011). 

122. Amundsen, S. K. et al. Helicobacter pylori AddAB helicase-nuclease 
and RecA promote recombination-related DNA repair and survival 
during stomach colonization. Mol. Microbiol. 69, 994–1007 
(2008). 

123. Amundsen, S. K., Fero, J., Salama, N. R. & Smith, G. R. Dual 
nuclease and helicase activities of Helicobacter pylori AddAB are 
required for DNA repair, recombination, and mouse infectivity. J 
Biol Chem 284, 16759–16766 (2009). 

124. Ghose, C. et al. East Asian genotypes of Helicobacter pylori strains 
in Amerindians provide evidence for its ancient human carriage. 
Proc. Natl. Acad. Sci. U.S.A. 99, 15107–15111 (2002). 

125. Contreras, M. et al. Helicobacter pylori seroprevalence in 
Amerindians from isolated locations. Am. J. Trop. Med. Hyg. 78, 
574–576 (2008). 

126. Marini, E. et al. Helicobacter pylori and intestinal parasites are not 
detrimental to the nutritional status of Amerindians. Am. J. Trop. 
Med. Hyg. 76, 534–540 (2007). 

127. Kersulyte, D. et al. Differences in genotypes of Helicobacter pylori 
from different human populations. Journal of Bacteriology 182, 
3210–3218 (2000). 

128. Yamaoka, Y. et al. Helicobacter pylori in North and South America 
before Columbus. FEBS Lett. 517, 180–184 (2002). 

129. Reich, D. et al. Reconstructing Native American population history. 
Nature 488, 370–374 (2012). 

130. Azevedo, N. F., Guimarães, N., Figueiredo, C., Keevil, C. W. & 
Vieira, M. J. A new model for the transmission of Helicobacter 
pylori: role of environmental reservoirs as gene pools to increase 



 

 
 

39 

strain diversity. Crit. Rev. Microbiol. 33, 157–169 (2007). 
131. Delport, W., Cunningham, M., Olivier, B., Preisig, O. & van der 

Merwe, S. W. A population genetics pedigree perspective on the 
transmission of Helicobacter pylori. Genetics 174, 2107–2118 
(2006). 

132. Kersulyte, D. et al. Helicobacter pylori from Peruvian Amerindians: 
Traces of human migrations in strains from remote Amazon, and 
genome sequence of an Amerind strain. PLoS ONE 5, e15076 
(2010). 

133. Suzuki, M. et al. Attenuated CagA oncoprotein in Helicobacter 
pylori from Amerindians in Peruvian Amazon. J Biol Chem 286, 
29964–29972 (2011). 

134. Domínguez-Bello, M. G. et al. Amerindian Helicobacter pylori 
strains go extinct, as European strains expand their host range. 
PLoS ONE 3, e3307 (2008). 

135. Tarazona-Santos, E. et al. Genetic differentiation in South 
Amerindians is related to environmental and cultural diversity: 
evidence from the Y chromosome. Am. J. Hum. Genet. 68, 1485–
1496 (2001). 

136. Fuselli, S. et al. Mitochondrial DNA diversity in South America and 
the genetic history of Andean highlanders. Mol. Biol. Evol. 20, 
1682–1691 (2003). 

 


