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ABSTRACT 
The human body comprises of complex microbial ecosystems that have co-evolved 
with its host and play important roles in the maintenance of health and in the etiology 
and outcome of various disease states. The microbiota that resides in the stomach has 
not been completely identified, and focus has previously been mainly on the gastric 
pathogen Helicobacter pylori. This bacterium colonizes a substantial part of the human 
population, almost 40% of the population in many western countries, often in a 
life-long persistence. H. pylori infection as a cause of gastric disease has been 
extensively studied and some, but not all, risk factors have been identified. This gives 
rise to the question of involvement of other factors such as presence of other bacteria 
and their possible protecting or aggravating effects. In the normal acidic stomach a 
sparse cultivable microbiota has been found, but in studies using the 16S rRNA gene to 
determine the bacterial microbiota an increased diversity has been seen. To what extent 
this represents resident or transient populations of ingested microbes is not known.  
 
In this thesis both molecular and cultivation based approaches were used to study the 
bacterial composition in the human gut. One specific aim was to further develop the 
454 pyrosequencing as a tool for assessing changes in the human microbiota. Using the 
454 pyrosequencing approach PCR-products can be sequenced without prior cloning 
and sample-specific sequence tags enable sequencing of hundreds of samples in one 
single run. In order to function well in samples with both high and low bacterial/host 
cell ratios, primers were selected not only to maximize the number of hits to bacterial 
16S rRNA genes but also minimize matches to sequences in the human genome. Using 
this sequence tag approach the gastric microbiota in healthy individuals compared to 
individuals with corpus predominant atrophic gastritis and individuals treated with 
proton pump inhibitors was analyzed and a shift in the microbiota between stomachs 
with atrophy compared to controls. A second aim was to determine changes in the 
gastric microbiota in gastric cancer patients compared to healthy controls using a 
different molecular approach, terminal-restriction fragment length polymorphism 
(T-RFLP) in combination with cloning and sequencing. The composition between the 
dyspeptic controls and stomachs with cancer was similar with a dominance of 
streptococci and Firmicutes. 
 
There are bacterial groups that are known to be able to survive in an acidic environment 
and one of these groups is the Lactobacillus sp. group. Some of these lactobacilli may 
be able to colonize the human stomach and also co-exist with H. pylori.  A cultivation 
based approach was chosen since the aim was to investigate the possible colonization 
of this specific group in the human stomach. In molecular based approaches, when 
using extracted DNA in the analyses, there can be no distinction between DNA coming 
from dead or alive bacterial cells. Our results show that Lactobacillus spp. are as 
common in the human stomach as H. pylori. We also found Lactobacillus strains that 
were present in the same stomach when sampling four years apart. This indicates that 
Lactobacillus spp. are constantly present in the stomach and could even be long-term 
colonizers. In conclusion, the gastric microbiota is highly diverse but still very similar 
between individuals. However, shift in the gastric microbiota was found in individuals 
with corpus predominant atrophic gastritis. 
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1 INTRODUCTION 
 
The human microbiota consists of about 100 trillion microbial cells that outnumber our 
human cells by 10 to 1 (Savage, 1977). Especially the human oral and gastrointestinal 
(GI) microbiota has been extensively studied but is yet not fully described. However, it 
has been established that the microbiota is partly site-specific (Dethlefsen et al., 2007). 
The human GI-tract consists of several compartments with varying physiological 
conditions and as a result different microbiotas (Fig.1). On their passage through the GI 
tract the bacteria will be exposed to peristaltic activity, food particles, gastric-, 
pancreatic- and bile secretions at different locations of the tract. In the stomach and 
upper part of the small intestine the low pH, fast peristaltic and high bile concentrations 
will limit the bacterial colonization and survival (Manson et al., 2008). Further down in 
the colon the restrictive feature is the anaerobic environment and as a consequence the 
anaerobic bacteria outnumber the aerobic by 1000:1. 
 

 
Figure 1.  pH and distribution of bacterial phyla and the bacterial density (cfu/mL) at different anatomical 
sites along the gastrointestinal tract. Data derived from ((O'Hara & Shanahan, 2006; Manson et al., 2008; 
Tap et al., 2009; Zaura et al., 2009) and paper IV). 
 
Most of the microbiota in the GI-tract is located in the intestinal lumen or in the loose 
mucus close to the lumen without direct contact to the epithelium (van der Waaij et al., 
2005; Swidsinski et al., 2007a). The mucus layer (which consists mainly of different 
mucins) in the stomach and colon is divided into the firmly attached mucus layer and 
the loose mucus layer. The mucus layer is a protective barrier that prevents epithelial 
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colonization of microbes and prevents diffusion of damaging chemicals, including 
gastric acid, to the epithelial surface. Thus, inflammation in the GI-tract is caused either 
by bacterial penetration of the mucus layer or by a disruption of the mucus layer 
(Swidsinski et al., 2007a). Mobility and ability to get through the mucus layer is highly 
dependent on the bacterial motility and shape (Swidsinski et al., 2007b) and by their 
mucus degrading ability (Corfield et al., 1992). In addition, the viscosity of the gastric 
mucus layer is pH dependent where an increase in pH results in a lower viscosity that is 
easier to penetrate for microorganisms (Goddard & Spiller, 1996).  
 
The relationship between the microbiota and different diseases in the gut has been 
extensively studied especially in the colonic microbiota and some correlations have 
been observed. In ileal Crohn's disease a decrease in the proportion of 
Faecalibacterium prausnizii combined with an increase in Escherichia coli have been 
associated with disease (Willing et al., 2009). Despite that Crohn’s disease and 
ulcerative colitis are both inflammatory bowel diseases (IBD) they are associated with 
different modifications in the fecal microbiota (Qin et al., 2010) with difference in 
abundance in two Clostridium species (Sokol et al., 2006). In addition, the fecal 
microbiota of IBD patients is characterized by a lower proportion of Firmicutes and a 
higher proportion of Gram-negative bacteria and bacteria that are more atypical for the 
normal fecal microbiota can be found in these patients (Sokol et al., 2006). In the oral 
cavity, periodontitis is caused by subgingival plaques consisting of multispecies 
biofilms including the indigenous microbiota which could also include more 
pathogenic species (Armitage & Robertson, 2009) and by antimicrobial components in 
the saliva. Species like Atopobium rimae, Fusobacterium animalis, Streptococcus 
constellatus and Filifactor alocis have been  correlated to formation of subgingival 
plaque (Paster et al., 2001). 
 
Most of the studies analyzing the microbiota have looked at its involvement in disease 
development in addition to the affect of different diets, drug treatments, differences 
between individuals etc. Recently focus has moved to determine the core microbiome 
that is common to all individuals and thereby revealing what is normal and what can be 
predicted in a healthy individual. How to define the core microbiome has been 
discussed, if it should be defined on phylogenetic level or on the level of shared 
bacterial gene families or functional genes (Turnbaugh & Gordon, 2009).  In both the 
oral and gastric microbiota a core microbiome at the operational taxonomic unit (OTU)  
level has been defined as those OTUs that are present in all individuals included in 
those studies (Paper IV, (Zaura et al., 2009)). For the intestinal microbiota which has a 
much higher variability between individuals the core microbiome has been defined as 
those OTUs detected in more than 50 percent of the individuals investigated (Tap et al., 
2009). The assessment of the core microbiota has recently become easier to reach by 
deeper sequencing detecting more species present in the intestine (Turnbaugh & 
Gordon, 2009; Qin et al., 2010). In addition, the intestinal microbial metagenome as a 
set of core genes, e. g., bacterial housekeeping genes and genes specific for the gut 
microbiota, have been determined. The putative gut-specific genes include genes 
involved in adhesion of host proteins and harvesting of sugars (Qin et al., 2010). 
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The normal intestinal microbiota can be disrupted by diseases, antibiotics or other 
drugs and cause alterations in the composition of the biota. Introducing beneficial 
microbes to the GI tract has been proposed to help re-establish the microbiota and 
prevent disease. The health promoting bacteria, probiotics, are defined by WHO as 
“live microorganisms which when administered in adequate amounts confer a health 
benefit on the host”. The most commonly used genera in probiotics are Lactobacillus 
and Bifidobacterium and these genera are indigenous members of the human normal 
microbiota. There are several mechanisms that are associated with probiotic properties 
including production of metabolites like hydrogen peroxide, bacteriocins which prevent 
the growth of pathogens, use of enzymatic mechanisms to modify toxin receptors and 
block toxin mediated pathology, prevent colonization of pathogens by competitive 
inhibition. Some of the probiotic stains may in addition lower the intestinal pH, 
regulate mucus production and the intestinal motility (Gupta & Garg, 2009). Several 
Lactobacillus sp. strains have been examined for their ability to affect 
Helicobacter pylori infections and strains with antagonistic or immunomodulatory 
effects have been reported (Michetti et al., 1999; Sakamoto et al., 2001; Rokka et al., 
2006; Ryan et al., 2008a). Different probiotic products have also been found to reduce 
the risk of antibiotic-associated diarrhea and reduce the risk of recurrence of 
Clostridium difficile infection (Sullivan & Nord, 2002; Weichselbaum, 2010).  
 
With new molecular based methods the information about the microbiota in the GI tract 
is constantly growing and provides deeper understanding on microbial ecology and the 
involvement of the microbiota in health and disease. In this thesis the use of 16S rRNA 
gene based methods in combination with culturing of the microbiota in the human 
gastro intestinal tract, with specific emphasis on the stomach, has been extensively 
explored and correlations between the microbiota and gastric disease have been 
examined.  
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2 THE ORAL AND ESOPHAGEAL MICROBIOTA 
 
The saliva contains several different antimicrobial peptides and allows for an effective 
response to microorganisms that enter the oral cavity (Gorr, 2009). In addition, 
different mucins and enzymes for digestion of difficult food particular such as starch 
are found in saliva. Despite the presence of antimicrobial peptides and the constant 
flow of saliva the oral cavity has a very high abundance of microorganisms with 
109 bacteria per mL saliva and 1011 bacteria per gram dental plaque (Aas et al., 2005). 
The microbiota in the healthy oral cavity is site specific but some species, such as 
Streptococcus mitis, Gemella adiacens and several Prevotella sp. are detected in most 
sites. The mouth has both soft and hard tissue and different species seem to 
preferentially colonize either of the tissue types. Great similarities have been found in 
the oral microbiota in different individuals and these species and genera have been 
identified as the core microbiome. The most prevalent genera and families in this core 
microbiome are Streptococcus, Corynebacterium, Neisseria, Rothia, Veillonellaceae, 
Heamophilus, Actinomyces, Granulicatella and Prevotella (Zaura et al., 2009).  This is 
also consistent with our findings in throat swabs (paper II). It would be expected that 
these genera follow the swallowed saliva further down in the GI tract. In biopsies 
obtained from esophagus a similar but more sparse biota has been found, with 
Streptococcus, Rothia, Veillonellaceae, Granulicatella and Prevotella as the most 
prevalent genera (Pei et al., 2004).  
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3 THE GASTRIC MICROBIOTA 
 
3.1 ANATOMY OF THE STOMACH 
A meal can take only minutes to eat, but takes hours to digest, therefore, the main 
function of the stomach is to store food and send gastric contents ahead with a speed 
that maximizes digestion in the small intestine. Some digestion of proteins and starch 
takes place in the stomach. 
 
Under fasting condition the pH in the human gastric lumen is < 2 and about 5-6 close to 
the epithelial cells. This pH gradient is caused by the mucus layer that covers the 
stomach. In the healthy stomach MUC1, MUC5AC, MUC5AB and MUC6 are the 
most common mucins. MUC1 is a transmembrane mucin and constitutes the main 
factor in the firmly attached mucus layer. The other mucins are secreted mainly to the 
loose mucus and the most secreted is MUC5AC (Corfield et al., 2001; Jass & Walsh, 
2001).  
 
An adult produces 2 liters of gastric juice daily. Most of the juice is formed in the 
tubular glands in the gastric corpus- and fundus-regions (Fig. 2A). The glands form 
deep pockets into the gastric wall and comprises of different cell types (Fig. 2B). Some 
of the cell types are; mucous neck cells that produce the mucus gel layer; parietal 
(oxyntic) cells that produce gastric acid and intrinsic factor, chief (zymogenic) cells that 
produce pepsinogen and enteroendocrine cells that produce different hormones as 
gastrin, histamine, endorphins, serotonin, cholecystokinin and somatostatin. 
 

 
    
Figure 2. A. Illustration of the human stomach anatomy. B. Schematic presentation of a gastric unit. 
 
 



 

6 
 

3.2 THE GASTRIC MICROBIOTA IN HEALTH 
Even though the human microbiota along the intestinal tract has been extensively 
studied, the environment in the stomach has been considered too harsh for most 
bacteria to survive in for any length of time, and therefore this environment has not 
been studied to any great extent. However, since the discovery in 1984 of H. pylori as 
the causative agent of peptic ulcers and a risk factor for the development of gastric 
cancer this specific bacterium has been extensively studied. H. pylori will be further 
discussed in section 3.3.  
 
In the normal acidic stomach a sparse cultivable non-Helicobacter microbiota has been 
found dominated by Veillonella sp., Lactobacillus sp., and Clostridium sp. (Zilberstein 
et al., 2007). A more diverse microbiota has been seen when using 16S rRNA based 
methods and the main genera found in stomachs have except Helicobacter been, 
Streptococcus, Prevotella, Veillonella and Rothia (Fig. 3) (paper IV, (Bik et al., 2006; 
Li et al., 2009)). If these other genus belongs to a colonizing biota or are just swallowed 
bacteria from the oral cavity has not yet been determined. The main stomach biota 
consists of the same genus as found in the oral cavity and also in esophagus biopsies 
(Pei et al., 2004; Aas et al., 2005; Keijser et al., 2008), however, it is not a direct 
reflection of these microbiotas (Paper IV, (Bik et al., 2006; Zilberstein et al., 2007)). 
The gastric microbiota is well adapted to the gastric environment and also to 
environmental changes in their specific stomach (Paper IV).  

 
Figure 3. The most prevalent non-Helicobacter genera in ■ controls, ■ individuals with corpus atrophy 
and in ■ individual treated with proton pump inhibitors. * Significant differences between the controls 
and individuals with atrophy p = < 0.05 and q = < 0.06 (Paper IV).  
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3.2.1 The lactobacilli and streptococci communities in the stomach 
Both lactobacilli and streptococci are among the species that have been cultured from 
stomach samples (Paper III, (Roos et al., 2005; Hemmes & Hertel, 2006; Zilberstein et 
al., 2007; Ryan et al., 2008b; Li et al., 2009) and both genera include species that are 
tolerant to low pH.  
 
Using molecular based methods the most commonly found genus in the stomach is 
streptococci (Paper IV, (Bik et al., 2006; Li et al., 2009)). In study IV two specific 
streptococci OTUs were found a majority of the individuals and a higher abundance of 
these OTUs could be seen in atrophic stomachs. These OTUs represent the mitis 
Streptococcus group. These streptococci are aciduric, can survive in a pH around 4, 
they are hydrogen peroxide producers (Kilian et al., 1989; Takahashi & Yamada, 1999; 
Brailsford et al., 2001) and are considered to belong to the commensal oral microbiota 
(Paster et al., 2006; Papaioannou et al., 2009). In addition, the mitis group 
Streptococcus was the most frequently isolated streptococci by culturing (Li et al., 
2009) and was the most common sequence match within the streptococci grouping in 
other16S rRNA gene based studies (Bik et al., 2006; Li et al., 2009). When analyzing 
the cultivable lactic acid bacteria (LAB) community on Rogosa agar plates S. salivarius 
was the most commonly isolated streptococci (paper III) and present in 7% of the 
individuals. In a more general streptococcal cultivation on blood agar plates comprised 
S. salivarius of 18% of the isolated streptococci (Li et al., 2009).  
 
Lactobacillus as well as Streptococcus belongs to the LAB group. Although lactobacilli 
have been isolated from the human stomach they do not seem to be as common as 
streptococci (paper IV). Lactobacillus spp. are generally isolated from mucosal 
membranes of humans and animals including the oral cavity, intestine and vagina. 
Lactobacilli can also be found on plants, in manure, sewage, in fermented foods and are 
also ubiquitous in non-fermented food (Bernardeau et al., 2008). The production of 
organic acids is relatively similar for different isolates of lactobacilli although the 
homofermentative species like L. gasseri and L. acidophilus produce only lactic acid 
while the heterofermentative species like L. reuteri and L. fermentum produce a mixture 
of lactic and acetic acid together with ethanol and carbon dioxide. Of the different 
lactobacilli species that has been isolated from the human stomach L. gasseri, 
L. fermentum and L. rhamnosus are most dominant (Paper III, (Ryan et al., 2008b)). If 
the lactobacilli isolated from the stomach are true colonizers or derived from food or 
the oral cavity is however not known. The individuals included in paper III had been 
fasting at least 12 hours before the endoscopy suggesting that the lactobacilli are likely 
not to originate from food. In addition clonally related Lactobacillus strains were 
isolated from two sampling occasions, four years apart, in four individuals. These 
strains also survived in an acidic environment and were able to adhere to gastric mucus, 
indicating that there are Lactobacillus strains capable of colonizing the stomach. 
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3.3 THE GASTRIC MICROBIOTA IN DISEASE 
 
3.3.1 Helicobacter pylori  
Helicobacter pylori was first isolated in 1984 by Barry Marshall and Robin Warren 
(Marshall & Warren, 1984). H. pylori is a microaerophilic, spiral shaped gram-negative 
rod and is the only bacterium identified to colonize the human stomach. H. pylori 
transmission is generally thought to occur during childhood and in urban settings 
predominantly within families. In rural settings it is also common with transmission via 
food or contact with non-parental caretaker, however, improved sanitation and standard 
of living seems to reduce the transmission route to becoming more like the urban 
setting with the transmission within the family (Schwarz et al., 2008). H. pylori 
survives in the acidic gastric lumen by production of urease that coverts urea to 
ammonia and carbon dioxide which neutralize the microenvironment close to the 
bacterium. As a result of the urease activity the pH around the bacteria will increase 
leading to reduced viscosity and enables H. pylori movement trough the mucus (Celli et 
al., 2009). H. pylori can adhere to the gastric epithelial cells but the majority (99%) are 
free-living in the mucus (Falk et al., 2000) and especially in association with mucin 
MUC5AC, which is the most common mucin in the gastric mucus layer (Van de 
Bovenkamp et al., 2003). 
 
 
3.3.2 The gastric microbiota in Helicobacter positive individuals 
The presence of Helicobacter in the human stomach does not seem to affect the rest of 
the gastric microbiota including microbial α-diversity (paper IV, (Bik et al., 2006)). In 
paper IV it was shown that all of the Helicobacter positive individuals were also 
positive for this bacterium in other conventional tests such as serology. The 
Helicobacter sequences constituted as much as 94% of the total number of sequences in 
one individual.  
 
 
3.3.3 Interactions between H. pylori and lactobacilli or streptococci 
Lactobacilli are as common but not as abundant (at most 6%) (our own unpublished 
data) as H. pylori in gastric biopsies from a Swedish adult population (Paper III). 
Twenty three percent of the individuals harbored lactobacilli, and half of the lactobacilli 
positive individuals also harbored H. pylori, no specific Lactobacillus sp. were found in 
more or less co-existence. However, a strong correlation was found between presence 
of S. salivarius and H. pylori where 83% of the S. salivarius positive biopsies also 
harbored H. pylori. S. salivarius is known to have urease activity (Paper III) which 
creates a less acidic environment and could further enhance survival and even increase 
the incidence of H. pylori. 
 
The high level of co-existence could not be correlated to any positive effect on the 
inflammatory status of the patients. It has previously been shown that the probiotic 
properties of bacteria, such as Lactobacillus sp.,  are very strain-dependent (Ryan et al., 
2008a).  
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3.3.4 H. pylori induced atrophic gastritis and gastric cancer 
H. pylori is the causative agent of gastritis, peptic ulcers and a risk factor for the 
development of gastric cancer and colonizes almost 40% of the population in many 
western countries. In 2008, H. pylori caused gastric cancers was 5.4% of all cancers 
caused by infectious agents worldwide (Thun et al., 2010). The persistence is often 
life-long unless treated and H. pylori causes gastritis in all infected individuals. Most 
individuals with gastritis will have an asymptomatic infection but about 10-20% of the 
infected individuals develop ulcer and 1-2% develop cancer (reviewed by (Kusters et 
al., 2006)). 

 
Figure 4. Model of disease development following H. pylori infection, adapted from (Correa, 1992; 
Suerbaum & Michetti, 2002; Correa & Piazuelo, 2008). 
 
 The outcome is depending on the location of infection (Fig. 4). Patients with 
antral-predominant gastritis are predisposed to duodenal ulcer, whereas patients with 
corpus-predominant gastritis are more likely to develop gastric ulcer, atrophic gastritis, 
intestinal metaplasia and gastric adenocarcinoma. Although most patients infected with 
H. pylori secrete less than normal amounts of acid, those with predominant antral 
gastritis manifest hypergastrinemia and increased acid secretion partly due to indirectly 
induced proliferation of parietal cells. The hypochlorhydria in corpus predominant 
gastritis is due to atrophy, antibodies to H. pylori that cross-react with H+,K+-ATPase, 
products secreted by H. pylori that inhibit H+,K+-ATPase gene expression, and 
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inflammatory cytokines such as IL-1β that directly inhibit acid secretion (Schubert, 
2008). 
 
H. pylori infection induces a vigorous systematic and mucosal humoral response. This 
antibody production does not lead to eradication of the infection but may instead 
contribute to cell damage (Suerbaum & Michetti, 2002). Since the infection is not 
cleared by the immune response, antibiotic treatment is necessary to eradicate the 
bacterium. Treatment of a H. pylori infection is a combination of two antibiotics 
clarithromycin and amoxicillin/or metronidazole and an acid suppressive drug extended 
to more than seven days (Malfertheiner et al., 2007). The acid suppressive drug such as 
proton pump inhibitors (PPI) is necessary to increase the gastric pH to reach optimal 
effectiveness of the antibiotics. Acid suppressive drugs such as are also used in 
treatment of gastroesophagal reflux disease (GERD) and dyspepsia. 
 
Chronic H. pylori induced inflammation can lead to changes in the gastric mucosa. In 
corpus dominated atrophy the acid producing parietal cells has been changed into more 
intestinal like non-acid producing cells resulting in intestinal metaplasia and a less 
acidic stomach. The acidity may though be restored by compensational acid production 
from the remaining parietal cells (El-Omar, 2006). The change in cell types also 
changes the mucin production in the stomach to the intestinal mucins MUC2 and 3 
(Taylor et al., 1998; Babu et al., 2006). Because bacteria often bind to different mucins, 
this change can affect how well and which bacteria adhere to the mucus. H. pylori has 
been found to spontaneously disappear in patients with severe corpus predominant 
atrophy where the bacteria gradually disappear as the atrophy worsens. There is 
however a very weak recovery of the disrupted mucosa (Kokkola et al., 2003). 
 
 
3.3.5 The gastric microbiota in corpus predominant atrophic gastritis 
The atrophic stomach has an increased pH enabling better survival of bacteria than in a 
normal acidic stomach. In addition a shift can be seen in the most prevalent genera 
from Prevotella to Streptococcus in the atrophic stomach (Fig. 3) but the microbial 
α-diversity did not seem to be affected (paper IV). This shift further confirms that the 
gastric biota is not only a reflection of the oral biota. The OTU with the greatest 
increase in the atrophy group represent the mitis group within the Streptococcus sp..  
 
In a study where H. pylori negative individuals with antral gastritis, where the pH 
should be expected to be decreased if changed, was compared to non-symptomatic 
controls (Li et al., 2009) similar shifts, in the antrum biopsies, in Prevotella, 
Streptococcus and Rothia as described for the corpus predominant atrophy stomach 
(paper IV), could be seen. However, Pasteurellaceae and Neisseria showed the 
opposite tendency compared to paper IV and the abundance was decreased in the 
gastritis stomach and increased in the atrophic stomach.  
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3.3.6 The gastric microbiota in gastric cancer 
As in the atrophic stomach the pH is increased in gastric cancer and both conditions can 
also lead to an increased amount of bacteria. In gastric cancer especially the number of 
bifidobacteria/lactobacilli, Veillonella and streptococci are increased (Sjöstedt et al., 
1985). Among the Streptococcus especially a group including S. mitis and 
S. parasanguinis increases (paper I). The changes in the microbiota in individuals with 
gastric cancer resemble those seen in the atrophic stomach (paper I and paper IV). 
 
 
3.3.7 The gastric microbiota in individuals treated with PPI 
Treatment with proton pump inhibitors (PPI) has been shown to alter the gastric 
microbiota by providing bacterial overgrowth in the stomach. This overgrowth consists 
mainly of oral bacteria that instead of being killed in the normally acidic stomach 
survives (Sanduleanu et al., 2001a). It has also been speculated that acid suppressive 
drugs may lead to gastric cancer because of the bacterial overgrowth. As discussed in 
Williams & McColl review (Williams & McColl, 2006) there is a possibility that 
bacteria can enhance the production of carcinogenic nitrosamines. It has been found the 
gastritis in mice can be caused by other bacteria (e.g. Acidobacter) than H. pylori. 
However, it in several studies has been proved that the increased risk of atrophy 
development is only seen when acid suppressive drugs are used in H. pylori positive 
subjects (Moayyedi et al., 2000; Naylor & Axon, 2003). No increased risk has been 
seen in H. pylori negative individuals or after eradication. This suggests that the 
microbiota acquired cannot cause atrophy on its own but could affect atrophy 
development together with H. pylori (Sanduleanu et al., 2001b). It has also been shown 
that a previously antrum dominated H. pylori infection after treatment with acid 
inhibitors shifted to a more corpus predominant infection (Sanduleanu et al., 2001c). 
The less acidic pH in corpus promotes H. pylori to penetrate deeper in the gastric pits 
and increase the inflammation and provide a faster progression to atrophy (Meuwissen 
et al., 2001). As discussed above treatment with acid inhibitory drugs has by cultivation 
methods been shown to effect survival of bacteria in the stomach. However, no 
significant differences has been found regarding diversity and composition of the 
microbiota by using 16S rRNA gene based methods (Fig 3) (paper IV, (Bik et al., 
2006)). In paper IV we found that the PPI treated group was very heterogenic, probably 
due to different treatment regimens.  
 
It has been shown that a pH value lower than 4 for 10 minutes is enough to prevent 
overgrowth of the stomach (Theisen et al., 2000) indicating that treatment regimen 
involving acid suppressive drugs could be of great importance regarding bacterial 
overgrowth.    
 
 
3.4 THE GASTRIC CORE MICROBIOME 
The gastric microbiota is totally dominated by five phyla Firmicutes, Proteobacteria, 
Bacteroidetes, Actinobacteria and Fusobacteria and each phylum comprises of only a 
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few genera all in high abundance. In the same way as a core microbiome for the oral 
cavity has been determined (Zaura et al., 2009) it is possible to determine a core 
microbiome for the healthy human stomach. In paper IV we determined that, among 13 
individuals with normal pathology and without dominance of Helicobacter sequences, 
the majority of the OTUs were represented in all individuals (Table 1). The most 
prevalent sequences belonged to Streptococcus, Prevotella and Veillonella. In addition 
the five most abundant genera from two other studies (Bik et al., 2006; Li et al., 2009) 
were all among the ten most abundant in paper IV. These similarities can be seen 
regardless that different approaches for DNA extraction, primer design and sequencing 
were used in the different studies. This is an indication that the core gastric microbiome 
is dominated by these ten genera. I addition, it has been found that there are no big 
differences in the microbiota present in the antrum and corpus portion of the stomach 
(Bik et al., 2006; Li et al., 2009) with the exception of the higher proportion of 
Prevotella in antrum found by Li et al.. On the whole, the most prevalent genera in the 
healthy gastric core microbiota are Prevotella, Streptococcus, Veillonella, Rothia, 
Haemophilus, Actinomyces, Fusobacterium, Neisseria, Porphyromonas and Gemella. 
 
Table 1. OTUs present in all 13 controls without dominance of Helicobacter sequences. The OTUs 
present in all controls comprises of 62% of the total number of sequences in these samples.  

Phyla;genera Prevalence
Bacteroidetes;Prevotella* 11.8%
Firmicutes;Streptococcus* 8.8%
Firmicutes;Veillonella* 8.3%
Proteobacteria;Pasteurellaceae† 5.7%
Bacteroidetes;Prevotella* 3.9%
Actinobacteria;Actinomyces† 2.6%
Bacteroidetes;Prevotella* 2.6%
Firmicutes;Streptococcus* 2.4%
Fusobacteria;Leptotrichia† 2.0%
Firmicutes;Streptococcaceae* 2.0%
Proteobacteria;uncl_Oxalobacteraceae* 1.7%
Firmicutes;Veillonella* 1.5%
Firmicutes;Granulicatella† 1.3%
Firmicutes;Gemella* 1.3%
Firmicutes;Megasphaera 1.3%
Firmicutes;Selenomonas 1.1%
Actinobacteria;Atopobium 0.9%
Firmicutes;uncl_"Lachnospiraceae" 0.7%
Firmicutes;Bulleidia* 0.6%
Actinobacteria;Actinomyces 0.5%
Proteobacteria;Curvibacter* 0.4%
Proteobacteria;Incertaesedis5* 0.3%
Firmicutes;Oribacterium 0.2%
Proteobacteria;Acinetobacter 0.1%

* Present in all 29 individuals, † only absent in 1-3 individuals of all. 
 
Even though changes are found at different states of disease most of the OTUs found in 
the core microbiome of healthy individuals can also be represented in the diseased or 
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PPI treated stomach. This demonstrates how stable and well adapted the core 
microbiome is in this harsh environment. 
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4 THE INTESTINAL MICROBIOTA 
 
The microbiota in an adult comprises of about 1011-1012 bacteria per gram of intestinal 
content and is represented by 500 to 1000 different species (Xu & Gordon, 2003). The 
colonization of the intestine begins immediately after birth and begins to resemble the 
adult microbiota in about one year. In comparison to adults the infants have a lower 
proportion of anaerobic bacteria, such as Bacteroides and Clostridium, but instead a 
greater proportion of the facultative anaerobic bacteria, Enterobacteriaceae, 
Enterococcus and Streptococcus. These  bacteria will create an environment favorable 
for the establishment of more strictly anaerobic genera (Bifidobacterium, Bacteroides 
and Clostridium) (Vael & Desager, 2009). The infant microbiota has been found to 
vary between individuals especially the first days to months of life depending on what 
the baby is exposed to. The microbiota has been found to consist of bacteria that also 
can be found in breast milk or vaginal swabs (Palmer et al., 2007). In addition, other 
compounds in the early diet, formula compared to breast feeding as well as mode of 
delivery may also influence the microbiota (Grönlund et al., 1999; Magne et al., 2008). 
These changes in the microbiota may also affect the development of immunological 
functions (Huurre et al., 2008). 
 
The main functions of the intestinal microbiota are (i) metabolic; fermentation of 
non-digestible dietary residue and endogenous mucus, recovery of energy as 
short-chain fatty acids, production of vitamin K and absorption of ions, (ii) trophic; 
control of epithelial cell proliferation and differentiation; development and 
homoeostasis of the immune system, and (iii) protective; protection against pathogens 
(the barrier effect) (Guarner & Malagelada, 2003). The bacteria present in the 
beginning of the colonization of the intestine can modulate expression of genes in host 
epithelial cells, thus creating a favorable habitat for themselves, and prevent growth of 
other bacteria introduced later on (Hooper et al., 2001). The microbiota is also involved 
in inducing antimicrobial peptides and increasing the intestine’s absorptive capacity 
through promotion of angiogenesis (Stappenbeck et al., 2002). 
 
The adult intestinal microbiota is dominated by Firmicutes and Bacteroidetes (Eckburg 
et al., 2005; Tap et al., 2009) and most of the Firmicutes belong to the Clostridia class. 
There are great variations in the microbiota between individuals but it has been shown 
that the it is stable over time within an individual (Zoetendal et al., 1998). However 
there are significant differences between the fecal and mucosa associated microbiota, 
giving the postulation that the fecal microbiota represents a combination of shed 
mucosal associated bacteria and non adherent bacteria (Eckburg et al., 2005). The great 
variations between individuals are partly explained by difference in diet and in 
comparisons between vegetarians and omnivorous 5% of the variation could be 
explained by differences in diet (Tap et al., 2009). Furthermore, Ley et al. (Ley et al., 
2006) found that fat- or carbohydrate-restricted low calorie diets in obese individuals 
significantly altered the microbiota to resemble the biota in lean controls. It has also 
been suggested that host genotype and early exposures have a significant effect on 
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determining the dominant bacterial composition in the GI tract (Zoetendal, 2001; 
Turnbaugh et al., 2009). The intestinal microbiota is more diverse between individuals 
than the oral or gastric microbiota. By comparison of the intestinal microbiota in 17 
subjects, there was no single OTU that was represented in all individuals. However, 
2.1% of all OTUs, corresponding to 35.8% of the sequences, were present in a majority 
of the individuals (Tap et al., 2009).  The corresponding numbers for the gastric 
microbiota in 13 individuals without dominance of Helicobacter was 24 OTUs, 
accounting for 62% of the sequences and were present in all individuals (paper IV). 
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5 MOLECULAR BASED METHODS TO STUDY 
MICROBIOTA COMPOSITION 

 
Since most of the bacteria in the intestine are strictly anaerobic or have other complex 
requirements for growth, about 80% of the microbiota in the intestine has not yet been 
cultured (Eckburg et al., 2005). Similar limitations are also seen in the identification of 
the microbiota from other habitats. Thereby it has been important to develop new 
culture independent approaches when analyzing diversity and composition of the 
human microbiota.  
 
There are many intermediate steps needed to identify the microbiota and each step 
gives rise to new limits and biases. However with proper planning, sampling and 
optimization of methods many of these limits and biases can be prevented or reduced. 
 
 
5.1 DNA EXTRACTION 
There are a variety of methods and commercially available kits for DNA extraction 
from different types of material. When extracting DNA from fecal samples, throat 
swabs or gastric biopsies there are different conditions to take into consideration, such 
as the sample material and bacterial load. The choice of DNA extraction method has 
been shown to affect the results regarding the composition of the microbiota. In a study 
where several DNA extraction approaches were investigated where  replicates were 
used for each method it was shown that the replicate samples within the same 
extraction method clustered tightly together in the analysis compared to the samples 
were a different extraction method was used (Scupham et al., 2007).  It has furthermore 
been shown that there are considerable variations in DNA yield and purity depending 
on extraction method (Scupham et al., 2007; Nechvatal et al., 2008). 
 
One of the major differences between the different DNA extraction methods is the 
choice of approach for the cell lysis step. The more harsh methods necessary for lysis 
of Gram-positive bacteria may cause shearing of DNA of Gram-negative bacteria, 
potentially resulting in artifacts and chimerical PCR-products (Brugere et al., 
2009).The most common methods for cell lysis are mechanical methods (bead beating), 
enzymatic methods (proteinase K, lysozyme) and chemical methods (phenol, 
chloroform, SDS, EDTA). For DNA extraction from feces it has been found that bead 
beating in combination with chemical lysis and SDS and EDTA gives the best DNA 
yield and purity in addition to maximal phylogenetic diversity (Salonen et al., 2010). 
Each step in the DNA extraction involves a risk of losing bacterial DNA which is 
specifically important to take into consideration in material with low bacterial content. 
For example, the addition of a bead beating step in this kind of material can lead to 
unnecessary loss of DNA. Instead, enzymatic lysis with proteinase K and lysozyme can 
be a better option. 
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5.2 THE 16S rRNA GENE AND PRIMER DESIGN 

The 16S rRNA gene is evolutionary homologous in all bacteria and is highly conserved 
in overall structure. The gene does not transfer between organisms, and thereby it 
reflects the evolutionary relationship between organisms (Woese, 1987). The 16S 
rRNA gene is about 1600 nucleotides long (Olsen et al., 1986) and contains 9 variable 
regions with more conserved regions in between (Fig. 5) (Baker et al., 2003) and 
provides sufficient information for phylogenetic characterization (Lozupone & Knight, 
2008). To determine species affiliation using molecular based microbiota analyses of 
the 16S rRNA gene more than 97% sequence identity threshold has been applied 
(Martin, 2002). This threshold was chosen because whole genome DNA-DNA 
hybridization (DDH) of  bacterial isolates with more than 70% homology has been 
considered the same species (Gevers et al., 2005) and DDH values more than 70% 
usually gives more than 97% sequence identity in 16S rRNA gene analyses 
(Stackebrandt & Goebel, 1994). However, it is not a perfect correlation between these 
two values (Fox et al., 1992). Therefore, the terms operational taxonomic unit (OTU) 
or phylotype usually are used instead of species in analyses of the 16S rRNA gene.  
 

Figure 5. Variability within the 16S rRNA gene (Paper II). 
 
There are data bases depositing 16S rRNA gene sequences. Two of the largest are the 
ribosomal database project (RDP) (Cole et al., 2009) at http://rdp.cme.msu.edu/ today 
with more than 1.3 million 16S rRNA gene sequences  (March 2010) and greengenes 
(DeSantis et al., 2006) at http://greengenes.lbl.gov/cgi-bin/nph-index.cgi. These kinds 
of databases increase the possibilities to use 16S rRNA gene sequencing to identify 
bacteria and determine phylogenetic relationships within microbiotas.  
 
Although there are nine variable regions, there are differences in how much 
information can be obtained from the different regions. In paper II, we concluded that 
the V6 region, with a sequence length of 50 bp, was the most variable, while Wang et 
al. (Wang et al., 2007) found that V1 and V2, but also V4 were the most variable 
regions when analyzing 100 nucleotides. In addition V4 and a sequence length of ~250 
nucleotides (E. coli 16S rRNA gene position 548-798) has been found to be one of the 



 

18 
 

best regions regarding both coverage and correct assignment for analyzing the 
microbiota in the human gut (Liu et al., 2008). This sequence includes the 200 
nucleotide sequence used for analyzes in paper IV (E. coli 16S rRNA gene position 
580-780). However, it is not only the choice of region that is critical but also the primer 
design and location of the primer. As the 16S rRNA gene databases grow, the 
possibility to find optimal primer increases and in addition primers used in previous 
studies have been re-evaluated and found not to be bacterial specific or universal 
enough (Baker et al., 2003). A non-optimal primer may lead to over- or under-
representation of or completely missing specific genera. As described in paper II, 
biased primer sensitivity probably lead to over representation of Actinobacteria and 
under representation of Bacteroidetes. 
 
In paper II and IV two different variable regions were used in the analyses, primer pairs 
784F-1061R amplifying V6 in paper II and 341F-805R amplifying V4 in paper IV. The 
microbiota in one specific gastric biopsy was specifically characterized using these two 
primer pairs in an attempt to reveal any differences in coverage (Fig. 6). In addition, the 
primer pair 341F-805R was used in three replicate analyses. The most pronounced 
differences found using this approach were probably due to sequencing of different 
variable regions and the possibility to distinguish between genera within different 
regions. Using the V4 region the most abundant sequences were assigned to 
Pasteurellaceae while sequencing of the V6 region gave a more specific identification 
and assigned these sequences to Haemophilus, a genus within the Pasteurellaceae 
phyla. Furthermore, the abundance of Veillonella was much lower using primer pair 
784F-1061R while Coprococcus only was detected with this primer pair, and as 
discussed above, these primers are also more sensitive for detection of Actinobacteria 
than Bacteroidetes.  
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Figure 6: Comparison of relative abundance of genera from one gastric biopsy using the two primer pairs 
used in paper II and IV.  ■, ■ and ■ are triplicate reactions using primer pair 341F-805, ■ is primer pair 
784F-1061R. 
 
The number of OTUs that get a match in the RDP database also varies between the two 
primer pairs. Primer pair 784F-1061R resulted in 82 OTUs and 341F-805R in 110 
OTUs. When aligning the primer sequences to all the different 16S rRNA genes in the 
RDP database 341F-805R primer pair produced the highest number of hits and to a 
broader range of bacterial phyla making the pair suitable for use in samples from a 
wide variety of environments and can thereby be considered the to be the best choice of 
the two.  
 
Regardless of gel-purification of the PCR-products, sequences of human origin were 
produced with both primer pairs. The primer pair 341F-805R produced the most human 
DNA sequences (Fig. 7) (2.6%), while the primer pair 784F-1061R produced only 
1.3% human sequences. If the primers also match eukaryotic DNA it can cause 
problems in microbiota analyses of biopsy material where the vast majority of the DNA 
may be eukaryotic. The problem is most pronounced when using fingerprinting 
methods not involving sequencing where the amplified human DNA may lead to 
overestimation of bacterial diversity (Huys et al., 2008). The amplification of human 
DNA also causes problems in sequencing-based methods since the number of bacterial 
sequences included in the analysis will be reduced. Measures that can be taken to avoid 
this problem are to raise the annealing temperature in the PCR and to include 
purification steps after the amplification.  
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Figure 7. Agarose gel showing the PCR-products from six gastric biopsies using primer pair 341f and 
805r (paper IV). Marker, Invitrogen 100 bp DNA ladder. 
 
In short, the most important aspects of primer design for microbiota analysis by 
sequencing is to choose a variable region of the 16S rRNA gene that distinguish 
different species of bacteria and find adjacent conserved regions. In addition, in 
analyzes of biopsy materials, it is also important to avoid amplification of human DNA  
 
 
5.3 METHODS FOR DETERMINATION OF MICROBIAL COMMUNITY 

STRUCTURE 

At present there are many different methods for fingerprinting techniques and tools for 
determination of microbial community composition available. Fingerprinting 
techniques, including Terminal-Restriction Fragment Length Polymorphism, are often 
cheap and fast to perform but provides limited information of the microbial community. 
Sequencing based techniques often requires extensive work and high costs but provides 
more information about the microbiota.  
 
 
5.3.1 T-RFLP 

Terminal-Restriction Fragment Length Polymorphism (T-RFLP) analysis is a 
molecular fingerprinting that has been used to compare microbial communities in many 
different environments. It is a PCR based method using the 16S rRNA gene where one 
of the primers is fluorescently labeled. The PCR products are digested with a restriction 
enzyme and the fragments are separated by an automated sequence analyzer. Since only 
one of the primers is labeled, only that terminal restricted fragment will be detected. 
Different species most often give different sizes of the cleaved fragments and, 
therefore, the 16S rRNA gene is, a suitable gene to amplify using universal primers. 
T-RFLP is a robust and reproducible method suited for comparisons between different 
biotas (Osborn et al., 2000) e.g. between individuals or changes due to diseases, 
diversity analyses but not for bacterial identification. It is possible to do in silico 
digestion of 16S rRNA genes to get suggestions of identifications of specific terminal 
restriction fragments (TRFs). However, every fragment size is not unique for only one 
species. The choice of restriction enzyme is crucial to enable differentiations of as 
many bacterial groups as possible (Dunbar et al., 2001). The most reliable phylogenetic 
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information is retrieved by combining T-RFLP with cloning and sequencing (Dunbar et 
al., 2001).  
 
 
5.3.2 Cloning and sequencing 

Cloning in combination with sequencing has been used to determine the microbial 
community (Suau et al., 1999; Pei et al., 2004; Bik et al., 2006). The amplified 
16S rRNA genes are cloned into a bacterial plasmid vector, resulting in a clone library. 
The inserted fragments are sequenced using primers targeting adjacent sequences in the 
vector. In this method the entire 16S rRNA gene can be amplified and sequenced. Since 
it is time consuming and costly this method is usually used in studies containing few 
samples or where few sequences per sample are required. 
 
 
5.3.3 454-pyrosequencing 

The 454-pyrosequencing platform was first described by Marguiles et al. in 2005 
(Margulies et al., 2005), then mainly with the purpose to be used for whole genome 
sequencing. Through the development of an approach to use different variants of 
sample identification tags in the sequencing, 454-pyrosequencing has been used for 
microbiota analysis (Paper II and IV (Sogin et al., 2006; Binladen et al., 2007; 
Dethlefsen et al., 2008; McKenna et al., 2008; Meyer et al., 2008)) 
 
5.3.3.1 General principle 
454-pyrosequencing performs parallel sequencing of a large amount of templates 
without the need for cloning (Fig. 8) (Margulies et al., 2005). This is achieved by 
mixing DNA templates with beads under conditions favoring binding of a single DNA 
fragment per bead. The DNA fragments are amplified on the beads in separate reagent 
droplets in an oil emulsion resulting in the beads carrying about 10 million copies of 
the DNA templates. Sequencing is performed in a plate with picolitre-sizes wells, the 
wells being big enough to contain exactly one bead, and is based on pyrosequencing 
(Ronaghi et al., 1998). In pyrosequencing nucleotides are sequentially added to the 
reaction and incorporation of nucleotides is detected in real-time by an enzymatic 
reaction that generates a light upon incorporation of nucleotides. The picolitre-sized 
wells are designed to enable sensors to be in contact with the bottom of the wells to 
detect the photons released at nucleotide incorporation. Each well is read separately to 
determine every DNA-template sequence. Using the FLX version one sequencing run 
will result in several hundred thousand 200-400 nucleotides long sequences. 
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Figure 8. A: Fragments are bound to beads under conditions that favor one fragment per bead, the beads 
are captured in the droplets of PCR-reagents in an oil emulsion and PCR amplification occurs within each 
droplet, resulting in beads each carrying ten million copies of a unique DNA templates. The emulsion is 
broken, and beads carrying single-stranded DNA are deposited into wells of a fibre-optic slide. Smaller 
reagent beads for the pyrosequencing are deposited into each well. The thin arrow points to a 28- m bead 
in a reagent droplet in the oil emulsion; the thick arrow points to an approximately 100- m droplet. B: 
Scanning electron micrograph of a portion of a fibre-optic slide, showing fibre-optic slide and wells 
before bead deposition. Adapted from (Margulies et al., 2005) and printed here with permission from the 
Nature Publishing group. 
 
 
5.3.3.2 The adjusted method for microbiota analyzes 
For sequencing of the 16S rRNA gene, the templates used for PCR amplification are 
300-600 bp long fragments of the 16S rRNA gene. To enable identification of the 
sample from which the sequence originated, an addition of 4-5 bases have been added 
to the 5’ end of one of the primers to function as a sample specific sequence tag 
(Fig. 9). This makes it possible to trace a sequence back to its sample and hence 
analyze a large number of samples from different individuals in parallel (Fig. 10).  
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Figure 9. The strategy of using sample specific sequence tags in 454-pyrosequencing. PCR primers are 
indicated as arrows. Black arrows indicate primer used in the first PCR amplifying 300-600 bp from the 
16S rRNA gene. Green and blue arrows indicate primers used in the second PCR of amplicons from the 
first PCR bound to beads in the PCR reagent oil emulsion. The primer indicated by blue arrows is also 
used in the sequencing reaction in the picotiter plate.  C conserved region, V variable region. The figure is 
kindly provided by Anders F Andersson. 
 

Figure 10. Sample flow for 454-pyrosequencing. Every sample is prepared by DNA extraction, PCR with 
the specific sample identification tag, purification of PCR product, DNA quantification, and finally the 
pooling of all samples to be included in the same sequencing run. After the sequencing the sequences will 
be sorted by the identification tag and subjected to further bioinformatics analysis. 
 
The number of sequences acquired in one sequencing run is increasing with every 
upgrade of the method. By applying a gasket dividing the picotiter plate into physically 
separated lanes some of the sequencing capacity is lost. In paper II we used 16 lanes 
and pooled three samples in each lane resulting in a possibility to run 48 samples 
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simultaneously which resulted in a mean of 2751 sequences per sample. By instead 
using a larger number of sample specific sequence tags and only two lanes, and an 
upgraded version of the technique we got a mean of 4274 sequences per sample in a 
run with 72 samples. The increased number of sequences provides further opportunities 
for either sequencing of a larger number of samples or deeper sequencing of fewer 
samples. In addition, upgrades of the technology also present opportunities for longer 
read lengths, which higher degree of accurate phylogenetic assignment.  
 
 
5.3.4 Bioinformatics 

 The constant development of methods for high throughput analyzes of microbial 
communities, resulting in enormous amounts of data that are not graspable by manual 
analyses, makes it necessary to use and develop bioinformatics tools to enable the 
analyses. These tools include sequence quality control, filtering and sample sorting of 
the sequences, OTU clustering, phylogenetic identification and statistical and diversity 
analyses. The main objectives of these analyses are to taxonomically define the 
microbiota, determine richness (number of phylotypes) and evenness (relative 
abundances of phylotypes), similarities and differences between individual samples or 
groups of samples, and to visualize the data in an orderly manner. In the processing of 
the data from a 454-pyrosequencing run several bioinformatics analyses steps are 
involved (Fig. 11). 

 
Figure 11. Bioinformatics steps included in microbial community analysis of sequences acquired from 
454-pyrosequencing. 



 

  25 

 
Before the sequences are retrieved from the sequencing machine they have already 
undergone a first quality control, where low quality sequences have been removed 
(Margulies et al., 2005).  
 
In sequencing of the 16S rRNA gene all unique sequences, depending on the sequence 
identity threshold, will be regarded as different and will belong to different OTUs, 
therefore sequencing errors may lead to an artificial inflation in number of OTUs and 
overestimations of diversity (Quince et al., 2009; Kunin et al., 2010). Homopolymer 
miscounts are the major source of errors in pyrosequence data (Margulies et al., 2005), 
while PCR-chimeras probably represent a smaller fraction of errors (Quince et al., 
2009). To avoid this problem it is crucial to include a quality filter. To exclude all reads 
with errors in the sample specific barcode or primer sequence, reads with one or more 
undetermined bases (N) and/or short sequences is a basic quality filter used in paper II 
and IV also used by Sogin et al. (Sogin et al., 2006).  However, this is not enough to 
completely correct for sequencing errors. To address the problem with homopolymer 
miscounts Quince et al. developed a flowgram preclustering method (Quince et al., 
2009) where the flowgrams from the pyrosequencing are aligned and clustered instead 
of their translations into sequences. This approach results in removal of an absolute 
majority of false OTUs and more correct relative abundances. 
 
In the determination of microbial diversity there are several aspects to consider and a 
number of methods for diversity measurements available. The methods to determine 
diversity can be divided into different groups depending on the parameters taken into 
account in that specific method. There are three fundamental features to consider when 
choosing method for diversity measurements i) determination of richness or evenness, 
ii) determination of  α-diversity or β-diversity and iii) including species- or divergence 
measurements. In richness (qualitative) measurements only absence or presence of 
phylotypes are taken into account. The simplest way to do this is to count the number 
of observed OTUs, which would correspond to the sample’s observed richness. In 
evenness (quantitative) measurements the relative abundance of different phylotypes is 
taken into account. α-diversity measure diversity within a single community or one 
sample and β-diversity determines how different the communities of a pair of samples 
are. In species-based measurements all phylotypes are considered of equal distance 
other but in divergence-based measurements the distance between phylotypes is taken 
into account.  There are several methods available where the different features are used 
in different combinations. For comparisons of different microbial communities 
analyzed by 454-pyrosequencing to determine similarities usually quantitative 
divergence-based β-diversity are measured, often using weighted UniFrac and principal 
coordinate analyses (PCoA). For T-RFLP data analyses, quantitative or qualitative 
species-based β-diversity measurement may be used, usually either Coordinate analyses 
(CoA) or Bray Curtis. To determine diversity within one sample quantitative or 
qualitative species-based α-diversity are most commonly used, usually Shannon, 
Simpson or Chao1 index (Lozupone & Knight, 2008).  
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Using different methods to measure microbial diversity can lead to completely different 
conclusions. In measurements of species-based β-diversity in obese mice using the 
quantitative method gave a clustering correlated to the obesity genotype but using a 
qualitative measurement a correlation to environment (the mice living in the same cage) 
was found instead (Lozupone et al., 2007). This illustrates how different results and 
conclusions may be drawn depending on method used and the importance to choose 
method carefully. However, it is also important to reflect on the data to be analyzed. In 
paper II both quantitative (Chao 1) and qualitative (Shannon index) species-based α-
diversity were measured. When looking at the values for the stomach samples, both 
with and without Helicobacter it is found that the stomachs with Helicobacter had an 
obvious decrease in diversity. These samples were totally dominated by the 
Helicobacter genera and because of the PCR based method and determination of 
relative abundance less abundant (in comparison to the very abundant Helicobacter) 
genera will not be detected. Using the data from paper IV and Shannon index this 
phenomenon is illustrated in fig.12. In fig. 12A all sequences were included in the 
analysis and in fig. 12B the Helicobacter sequences were removed before analysis and 
the relative abundance in the other samples was adjusted to the remaining sequences. 
These two measurements show completely different results and may lead to very 
different conclusions. So, taken into consideration that relative abundance values are 
the basis for analysis and not absolute counts the second alternative is most likely to 
illustrate the true situation. 

Figure 12. Shannon diversity index for ■controls, ■ individuals with corpus predominant atrophic 
gastritis and ■ PPI treated individuals, ■ H. pylori positive individuals. A. All sequences included, B. 
The H. pylori sequences have been removed and the abundance in the other samples has been adjusted to 
the remaining sequences. 
 
To determine differencing taxa in large materials it has been proposed that it is most 
suitable to use the q-value which measures significance in terms of false discovery rate 
and also takes simultaneous testing of thousands of futures into account (Storey & 
Tibshirani, 2003). Tests that do not take into account the great amount of futures 
typically lead to false-positive findings, this is why the p-value is not always 
appropriate to use in that kind of material. 
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5.3.5 Bias and limitations with PCR-based methods 

There are many parameters that can influence and inhibit a PCR-based microbiota 
analysis, (i) co-extracted inhibitors, (ii) formation of artefactual PCR-products 
(chimeras, deletion mutants due to stable secondary structures, point mutations due to 
misincorporations by the DNA polymerase), (iii) contaminating DNA, (iv) variations in 
16S rRNA gene sequence that can lead to a selection bias in the amplification 
(Wintzingerode et al., 1997). However, many of these factors can be prevented or 
mitigated. Co-extraction of inhibitors and to some extent formations of chimeras can be 
prevented by choice of DNA-extracting method, point mutations may be avoided by 
use of DNA polymerase with proof-reading function. When contaminating DNA is 
included in the sample, e.g. human DNA from a biopsy, the primer design as well as 
PCR optimization is of great importance. Variations in the 16S rRNA gene can 
contribute to an uneven amplification of different templates. This can be due to e.g. 
secondary structures, GC content (especially when using degenerate primers) and gene 
copy number (Polz & Cavanaugh, 1998). Because of template inherited PCR-drift 
caused by random variations in the amplification efficiency in the early cycles, giving 
quantitative skewing of the PCR product, the smallest number of amplification cycles 
should be used. Quantitative skewing can depend on differences in amplification 
efficiency in different bacterial species which can be found as early as after 10 cycles. 
This can be avoided by running several PCR replicates and there after pool the 
PCR-products (Polz & Cavanaugh, 1998). However, as seen in figure 6 there are 
relatively small differences after 30 cycles, and the differences shown can probably be 
reduced by pooling the PCR products. When using PCR-based techniques for 
community fingerprinting analysis the bias in quantification can cause relative over- or 
under-representation of a given taxa. Thus, the amplified DNA can only reflect relative 
quantitative abundance if the amplification efficiencies are the same for all molecules 
(Wintzingerode et al., 1997).  
 
The PCR-based methods exponentially amplify the DNA fragments, and as a 
consequence the more abundant DNA fragments will enhance their dominance with 
every PCR-cycle. This needs to be taken into consideration when deciding on 
sequencing depth in the 454-pyrosequencing. Depending on aims and sample 
characteristics in a study there are different number of sequences required. If the aim 
only is to detect the most abundant phyla or genera in a sample relatively few 
sequences are required, but for a deeper coverage the number of sequences need to be 
increased. In addition the number of sequences required also depends on the microbiota 
composition regarding richness and evenness. In molecular terms richness can be 
referred to as the number of different sequence types or OTUs and evenness as the 
abundance of these sequences or OTUs. When analyzing the microbiota composition 
using 454 pyrosequencing it is inevitable that the different samples within a sample set 
will give different amounts of sequences despite that normalization steps, to ensure that 
each sample is represented with an equal amount of DNA-amplicon, are made before 
each run. This variation can be around ±2000 sequences (paper IV). It is important that 
this methodological artifact does not affect the outcome of the results. Whether 
calculations of Shannon diversity index using 454 pyrosequencing data was sensitive 
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towards the number of sequences obtained in the sequencing run was investigated using 
data from a  gastric biopsy from a healthy individual. In total 30900 sequences were 
originally obtained, which could be divided into145 genera, and 616 OTUs and 32 of 
these OTUs had an abundance above 0.5% (Fig. 13).When the number of sequences 
within each OTU had been reduced to correspond to 20, 10, 5 or 1% of the original 
sequences respectively and in addition all OTUs with lower abundance than 0.5% were 
removed from the measurement the Shannon diversity index was recalculated. This 
recalculation would thereby artificially correspond to a sequencing run with variable 
number of sequences obtained from each sample. The impact of the variation in the 
number of sequences obtained does not seem to have a large effect on the diversity of 
the sample, however it seems to have a large effect on the number of OTUs. 
Subsequently, in a study where there is a specific interest in the OTUs with low 
abundance the variability in number of sequences obtained may lead to invalid 
conclusions.   

Figure 13. Shannon diversity index of one gastric sample with the number of sequences removed to 
correspond to 20, 10, 5 or 1% of the original number of sequences.* all OTUs with an abundance of less 
than 0.5% has been removed from the analysis. 
 
By using DNA-based methods it is not possible to differentiate between dead or alive 
bacteria. In fecal samples up to one third of the bacteria may be dead (Ben-Amor et al., 
2005) which can result in a misleading increase of diversity and relative abundance. By 
cultivation only the cultivable bacteria are detected, but because of their specific growth 
requirement about 80% of the bacteria in a fecal sample are missed (Eckburg et al., 
2005). A proposed solution is the use of propidium monozide which interacts with 
DNA and thereby prevent it from acting as a template in the PCR. By only penetrating 
dead cells, the substance enables amplification of DNA solely from living bacteria. 
This method has successfully been applied in analyses of sputum samples (Rogers et 
al., 2008). However, it is important to keep in mind that some of the dead bacteria may 
be a result of the handling of the sample and hence the handling and storage of the 
samples are of great importance. 
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6 CONCLUDING REMARKS 
 
The major findings in this thesis are: 
 

• The healthy human stomach can be assigned a core microbiome dominated by 
ten genera, Prevotella, Streptococcus, Veillonella, Rothia, Haemophilus, 
Actinomyces, Fusobacterium, Neisseria, Porphyromonas and Gemella. 

 
• The major part of the core microbiome is also represented in an unhealthy 

stomach, however a shift in the abundance of Streptococcus and Prevotella can 
be found in the atrophic stomach. 

 
• Lactobacilli are as common as H. pylori in the human stomach but are present 

in low abundance. Four clonally related Lactobacillus strains were found in the 
same stomach over a time of four years indicating possible colonization. 

 
• Both Lactobacillus and Streptococcus species have been found to be able to 

co-exist with H. pylori. However none of the two have any effect on H. pylori 
induced inflammation. 

 
• 454-pyrosequencing with adaptations is a suitable method to characterize the 

microbiota  
 
Although some questions concerning the microbiota in the stomach has been answered 
by analyzing the microbial communities, there are still areas that need to be explored 
further. Most of the existing studies establish the relative abundance of the 16S rRNA 
gene, however in some studies additional measurement of the number of 16S copies or 
number of bacteria could provide additional important information. This might be the 
case in the atrophic or cancerous stomachs and in PPI treated individuals, where 
perhaps more pronounced differences might have been detected with additional 
information on quantity of bacteria. The most usual method to try to achieve this is by 
quantitative PCR using universal bacteria specific primers and relate to either biopsy 
weight or comparison to amount of human DNA. A risk of measuring the amount of 
16S rRNA genes is that different bacteria have different numbers of copies of the gene 
so it cannot be directly translated into number of bacteria. 
 
An important question in microbiota community analysis when studying the differences 
between health and disease is, what came first; is a change or shift in the microbiota a 
result of disease development or has the microbiota changed and thereby caused 
disease? This is a question only possible to answer if there is a “before”, sample i.e. a 
sample obtained before any pathologic changes and symptoms occurred. One way for 
greater understanding of the bacterial involvement in disease development may be 
metagenomics to establish the bacterial gene functions present in health and disease to 
determine increase or decrease of damaging or favorable gene functions. The 
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continuous development of both existing and new technologies increases the ability to 
analyze the human microbiota, both deep and wide and extend the use of metagenome 
analyses.  
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