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CHAPTER 1
 
 
 
 

Introduction into  
the gut microbiota

 



The gut microbiota: an organ of  
the gastrointestinal tract 
 
The gut microbiota – the collections of micro-organisms in the gut – can best be 
viewed as an organ, defined as a group of adjacent cells or cell structure with a 
function (Figure 1). According to the latest estimates, the gut microbiota consists of 
3.8 x 1013 microbial cells, which is approximately equivalent to the number of human 
cells in the human body.1,2 The gut microbiota fulfils a number of important functions3: 
it aids in digesting our food, synthesizes amino acids, trains our immune system and 
helps resist gastrointestinal infections.4,5 The gut microbiota is also a complex and 
diverse organ, and a higher diversity of microbial species is generally associated with 
a healthy gut.6–8 While the species composition of the gut microbiota varies greatly 
between individuals, its function is rather stable, meaning that different microbial 
species can fulfil similar functions.9  
 
 
 
 
 
 

 
 Figure 1. The gut microbiota as an organ.  
 
Confocal microscopy picture of a mouse colon colonized with human microbiota (63x magnification) taken by Kristen 
Earle, Gabriel Billings, KC Huang & Justin Sonnenburg, Stanford University School of Medicine, Department of 
Microbiology and Immunology, Stanford, California, USA. This picture won 2nd place in the 2015 Nikon Small World 
microscopy photography contest. The colon houses a dense community of bacteria (red) that are segregated from the 
colon tissue (blue nuclei) by a layer of mucus (green). Some members of the most abundant phyla, Firmicutes (yellow) 
and Bacteroidetes (fuchsia), are highlighted here.16 (In order to obtain the correct rights, the Nikon Small World contest 
organization was contacted, but unfortunately the author of this thesis did not receive any response. Nikon Small World 
or the photographer can contact the author of this thesis regarding the printing rights)
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The majority of the gut microbiota composition can be stable within an individual 
over a prolonged period of time, with up to 60 to 70% of the microbiome still being 
present after 5 years.10 However, stability differs for different groups of microbes, and 
travel and infections can completely overturn the gut microbiota composition within 
days.10,11 There are hundreds of factors that influence the gut microbiota, including 
diet, medication, lifestyle and host genetics.8,12–15 How these individual factors affect 
the gut microbiota, how the gut microbiota interacts with the host, and how the 
changes in the gut microbiota contribute to health and disease are the main topics of 
gut microbiota research.3

The gut microbiota in inflammatory bowel disease 
and other gastrointestinal disorders

This thesis primarily focuses on the role of the gut microbiota in inflammatory bowel 
disease (IBD), but we also examine two other gastrointestinal disorders: irritable 
bowel syndrome (IBS) and the susceptibility to bacterial gastroenteritis.  
 
IBD is a recurrent remittent inflammatory disorder of the gut, comprised of Crohn’s 
disease (CD) and ulcerative colitis (UC), that affects 0.3-0.5% of the population.17–19 
IBD is believed to be the result of an aggravated immune response to the commensal 
gut flora. Host genetics plays an important role as over 200 genomic variants have 
already been associated with the onset of IBD,20–22 including several protein-coding 
variants in genes involved in the immune response and microbial antigen recognition 
and handling.23 Environmental factors that are associated with the onset of IBD –
including diet, antibiotic use, stress, sleep deprivation and early life factors such as a 
caesarean section and the lack of breast feeding – are also associated with changes 
in the gut microbiota.24,25 

 

IBS is traditionally characterized as a functional disorder, which implies that there 
is no known structural or biochemical abnormality that can be used to diagnose 
IBS, and it constitutes a combination of complaints of largely unknown origin.26–29 
However, emerging evidence suggests that factors in the gut could be part of IBS 
development and pathogenesis, and these include pathophysiological disturbances 
of the neuroendocrine system, permeability and the microbiota. IBS is diagnosed 
based on a combination of complaints described in the ROME IV criteria.30 Depending 
on the predominant stool consistency, it is characterized as one of four subtypes: IBS 
with diarrhoea (IBS-D), IBS with constipation (IBS-C), IBS with mixed symptoms of 
diarrhoea and constipation (IBS-M) and unclassified IBS (IBS-U).29 IBS is one of the 
most common gastrointestinal disorders, affecting 7-21% of the population.27 

Bacterial gastroenteritis is caused by the introduction and/or opportunistic expansion 
of bacterial pathogens, including the Escherichia, Shigella, Salmonella, Yersinia and 
Campylobacter species, as well as the Clostridium difficile species in the gut. The gut 
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microbiota plays an important role in these diseases because it can promote or resist 
these enteric infections depending on its composition.4,5 

IBD, IBS and enteric infections are linked in intriguing ways. Salmonella and 
Campylobacter infections increase the risk of IBD,31 while IBD increases the risk of 
Clostridium difficile enteric infections,32 and intestinal Yersinia infections can mimic 
a form of IBD: ileal Crohn’s disease.33 Enteric infections also increase the risk of 
developing IBS.34 IBS is also more common in patients with IBD.35 The gut microbiota 
is clearly common denominator in IBD, IBS and enteric infections, playing a role 
in all three gastrointestinal disorders.4,5,35–37 Moreover, patients with IBS, IBD and 
bacterial gastroenteritis can suffer from similar complaints including diarrhoea, 
abdominal discomfort and abdominal pain. This shared pattern of gastrointestinal 
complaints means that these disorders are always part of the differential diagnosis of 
diarrhoea.35 Given the delay in diagnosis that sometimes occurs and the evidence for 
the microbiota having a role in these diseases, more extensive knowledge of the gut 
microbiota could lead to novel diagnostic tests that help differentiate between difficult 
cases and open up new avenues of treatment.  

Definitions and methods to analyse  
the gut microbiome
 
The rise of culture-independent DNA technologies has led to a boom in gut microbiome 
research. By sequencing microbial DNA-fragments, these techniques allow entire 
microbial communities to be characterized at once. However, these techniques also 
pose a challenge. Sequencing numerous species at once is like sequencing ‘the 
entire zoo’. It requires complex bioinformatics solutions to disentangle which DNA 
fragment belonged to which microbial species or other taxa (taxonomy = hierarchical 
classification of life: domain, kingdom, class, order, family, genus, species, subspecies 
or strain (Figure 2). 

In this thesis, two DNA-sequencing techniques were used to characterize the gut 
microbiota (Figure 3). The first is the sequencing of the 16S rRNA gene, which encodes 
the RNA of the small subunit of the prokaryotic ribosome. This gene is present in all 
prokaryotic cells and comprises conserved and variable genetic regions. Conserved 
regions have a lower mutation rate and therefore show a higher similarity between 
species, whereas variable regions can be taxa-specific. Using reference databases that 
contain the sequences of all known variable 16S regions, software tools can be used 
to determine the relative abundance of taxa by matching DNA reads in your sample to 
known sequences.38

 
The second technique used in this thesis is metagenomic sequencing. In metagenomic 
sequencing all DNA fragments, not just those belonging to the 16S rRNA gene, are 
sequenced. This results in much more data of all genes and of both prokaryotic and 
eukaryotic origin. The biggest advantage of metagenomic sequencing is that DNA 
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Figure 2. Taxonomy (the tree of life) explained using the killer whale (Orcinus orca) as an 
example. All life, including microbes, is classifi ed using this system. The hierarchical levels from 
high to low are: Domain, Kingdom, Class, Order, Family, Genus, Species, Subspecies/strain.

Kingdom   Animalia

Phylum   Chordata

Class   Mammalia

Order   Cetacea

Family   Delphinidae

Genus   Orcinus

Species   OrcaSpecies   Orca
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Analyzing the gut microbiome using 16S rRNA tag 
sequencing or metagenomic sequencing

Step 1. Sample preparation (both techniques)

A frozen stool sample contains bacterial cells 
that have a circular chromosome, eukaryotic 
cells that have multiple chromosomes and DNA 
viruses with a much smaller genome. During the 
first step 100 µg of frozen stool is put in a 
smaller tube, an aliquot.

Step 2. DNA isolation (both techniques)

DNA is isolated in the lab from the stool aliquot. 
The DNA is fragmented during this process.

Step 3. 16S rRNA tag sequencing

Prokaryotes (bacteria, archea) carry the 16S 
ribosomal RNA gene. This 16S rRNA gene has 
conserved and variable regions. In this step it is 
sequenced using forward and backward primers 
that attach to the conserved regions on both sides 
of one or more variable regions.The 16S analyses 
in this thesis were all performed using the 
sequencing of the V4 region and the Illumina MiSeq 
platform, generating 175-225 bp pared-end reads.

Step 4. Bioinformatics analyses 
of 16S rRNA sequencing data

The reads of the 16S rRNA genes are clustered with 
the references during a process called Operational 
Taxonomical Unit picking or OTU picking. Based on 
the similarity between a read and the reference, 
reads are assigned to an OTU. 97% similarity 
between the read and the reference is considered 
the same species. In this thesis, the GreenGenes 
database was used as a reference.  Compared to 
metagenomic sequencing, there are many fewer 
reads, meaning that not only is the sequencing 
cheaper, but the bioinformatics analyses can also 
be completed much more quickly. Using 16S, you 
can determine taxonomy, but you cannot infer the 
function of the gut microbiome.

Step 3. Metagenomic sequencing

During metagenomic sequencing on the 
Illumina HiSeq platform, all isolated DNA 
fragments are sequenced, leading to DNA 
reads of approximately 150 bases (150 of the 
A, C, T, G letters). In this thesis, approximately 
3 gigabases of reads per sample were 
generated.

Step 4. Bioinformatics analyses of 
metagenomic sequencing data

The microbial DNA reads (thin lines) can be 
aligned to reference genomes (thicker line) that 
can be downloaded. Reads can also be aligned to 
di�erent databases to infer the amount of certain 
microbial pathways, antibiotic resistance genes 
and genes encoding virulence factors.

CONSERVED REGIONS: unspecific applications
VARIABLE REGIONS: group or species-specific applications

V1 V2 V3 V4 V5 V6 V7 V8 V9
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 bp 

 Figure 3. Algorithm of microbiome analysis. 

 OTU: Operational Taxonomical Unit
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reads of all microbial genes can be mapped to reference datasets. This allows the 
function of the gut microbiota to be inferred by mapping the reads to pathways, and 
the amount of antibiotic resistance and virulence factor genes can be estimated by 
mapping the reads to specific reference datasets created for this purpose.39–42 
Using the right terminology to refer to the microbes in our gut and the results of 
different microbial DNA sequencing techniques is not easy. While several papers 
claim to have made a final decision on the definitions, there is little consensus.43–47 
In this thesis, I tried to use the terms and definition from Pederson et al NEJM 2016 
as much as possible (Table 1): The collection of all genomes of microbes in an 
ecosystem, e.g. the gut, are referred to as microbiome, whereas the microbes that 
collectively inhabit an ecosystem are referred to as microbiota. In the Dutch layman 
summary, only the Dutch term microbioom is used.
 

 Table 1. Definitions from Pederson et al. New England Journal of Medicine 2016

 

Status of gut microbiome research at the start of 
our scientific endeavour in 2012

Modern microbiome research started in 2007 with the commencement of both the 
Human Microbiome Project (HMP) in the United States and the MetaHIT-project in 
the European Union. Both research projects resulted in publications in 2012 from 
which a picture of the microbiome composition of different body sites in the general 
population emerged.48–50 Between 2006 and 2008, the first studies were published 
that indicated that gut microbiome was different in IBD patients, and a decrease of 
Faecalibacterium prausnitzii – a bacterium with anti-inflammatory properties – was 
discovered.51,52 Meanwhile, in a landmark publication in Nature in 2012, genome-wide 
association study results pointed towards an important role for the gut microbiota in 
the pathogenesis of IBD.53  

Term Explanation

Metabolome The complete set of small-molecule chemicals found in a biologic sample.

Metagenome All the genetic material present in an environmental sample, consisting of  
the genomes of many individual organisms

Microbiome The collection of all genomes of microbes in an ecosystem.

Microbiota The microbes that collectively inhabit a given ecosystem.

Prebiotics Nutritional substrates that promote the growth of microbes that  
confer health benefits in the host.

Probiotics Live microbes that confer health benefits when administered in  
adequate amounts in the host.

Synbiotics Formulations consisting of a combination of prebiotics and probiotics.
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The first gut microbiome studies in other disorders were also published during these 
years, including a global microbial signature of patients with IBS in 2011.54 In the same 
year, a faecal transplantation study in mice showed that the composition of the gut 
microbiota affects susceptibility to bacterial gastroenteritis.55 The work of our team from 
the Departments of Gastroenterology and Hepatology and Genetics of the University 
Medical Center Groningen started in 2012. In 2013, gut microbiome researchers of both 
departments joined forces and founded our microbiome analysis group, the Poepgroep. 
The prior work encouraged our group to set up new large collections of stool samples 
and to start to analyse the gut microbiome in health and disease.

Cohorts 
 
Four cohorts were used in this thesis (Table 2). Two of these cohorts have recently 
been established. The establishment, set-up, objectives and characteristics of these two 
cohorts, 1000IBD (www.1000ibd.org) comprising more than 1000 IBD patients and the 
Dutch IBD Biobank comprising all IBD patients treated in any of the eight Dutch University 
Medical Centres (UMC), are described in this thesis. 
 

 Table 2. Cohorts, cohort sizes and description

Cohort Number of 
participants

Brief description Used in chapters

1000IBD 1215 Cohort of >1000 IBD patients treated 
at the IBD Center of the Department  
of Gastroenterology, UMCG.

Chapters 2, 4, 5, 6,  
8, 9, 10, 11

Dutch IBD Biobank56 
(Parelsnoer)

3388 National biobank of all IBD patients 
treated in any of the Dutch UMCs  
who are willing to participate.

Chapter 1

LifeLines DEEP57 1539 Extensively molecularly 
characterized subset of the large 
LifeLines58 population cohort in 
the northern provinces of the 
Netherlands.

Chapters 5, 6, 8, 9, 10 

Maastricht IBS59 181* Cohort of IBS patients diagnosed  
by a medical doctor from the south  
of the Netherlands.

Chapters 6, 9 

* subset with gut microbiome data
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Research data infrastructure  
 
Alongside the cohorts, a complete research data infrastructure is required to study 
complex disorders like IBD and IBS, including hardware infrastructure, software tools, 
an information security policy and a data sharing policy. This research infrastructure, 
including a software tool, is presented in this thesis. In addition, all molecular data in 
this thesis is standardized and deposited on the European Genome-phenome Archive60, 
meeting the FAIR data principles (Findable, Accessible, Interoperable and Reusable).61 
This research data infrastructure is the foundation of this thesis.  
 

Thesis objectives 
 
This thesis has three main objectives that are discussed in the three parts of this thesis:
 

I.  To create the cohorts and multi-omics data infrastructure  
  necessary to study the gut microbiota in IBD  
   
  Part I, Chapters 2, 3, 4 and 5 
 

II.  To understand the effects of commonly used medication  
  on the gut microbiota  
   
  Part II, Chapters 6 and 7 
 

III.  To better understand the role of the microbiota in the gut  
  disorders IBD and IBS  
   
  Part III, Chapters 8, 9, 10 and 11 
 

The larger goals behind these objectives are to work towards better research data and 
a better understanding the gut microbiota, to facilitate microbiota-based diagnostics for 
gut diseases and to work towards microbiota-based therapeutics for gut diseases. All 
of these goals, both what was achieved and what should be achieved in the future, are 
discussed in the final chapter of this thesis (Discussion, Chapter 12).



34

1. Sender, R., Fuchs, S. & Milo, R. Are We  

 Really Vastly Outnumbered? Revisiting  

 the Ratio of Bacterial to Host Cells in   

 Humans. Cell 164, 337–340 (2016).

2. Sender, R., Fuchs, S. & Milo, R. Revised  

 Estimates for the Number of Human   

 and Bacteria Cells in the Body.  

 PLoS Biol. 14, e1002533 (2016).

3. Lynch, S. V. & Pedersen, O. The Human  

 Intestinal Microbiome in Health and   

 Disease. N. Engl. J. Med. 375,  

 2369–2379 (2016).

4. Buffie, C. G. et al. Precision microbiome  

 reconstitution restores bile acid mediated  

 resistance to Clostridium difficile.  

 Nature 517, 205–208 (2015).

5. Buffie, C. G. & Pamer, E. G. Microbiota- 

 mediated colonization resistance against  

 intestinal pathogens.  

 Nat. Rev. Immunol. 13, 790–801 (2013).

6. Le Chatelier, E. et al. Richness of human  

 gut microbiome correlates with   

 metabolic markers. Nature 500, 541–546  

 (2013).

7. Cotillard, A. et al. Dietary intervention  

 impact on gut microbial gene richness.  

 Nature 500, 585–588 (2013).

8. Zhernakova, A. et al. Population-based  

 metagenomics analysis reveals markers  

 for gut microbiome composition and   

 diversity. Science 352, 565–569 (2016).

9. Turnbaugh, P. J. et al. A core gut   

 microbiome in obese and lean twins.   

 Nature 457, 480–484 (2009).

10. Faith, J. J. et al. The long-term stability  

 of the human gut microbiota.  

 Science 341, 1237439 (2013).

11. David, L. A. et al. Host lifestyle affects  

 human microbiota on daily timescales.  

 Genome Biol. 15, R89 (2015).

12. Falony, G. et al. Population-level analysis  

 of gut microbiome variation. Science 352,  

 560–564 (2016).

13. Bonder, M. J. et al. The effect of host   

 genetics on the gut microbiome.  

 Nat. Genet. 48, 1407–1412 (2016).

14. Kurilshikov, A., Wijmenga, C., Fu, J.  

 & Zhernakova, A. Host Genetics and Gut  

 Microbiome: Challenges and   

 Perspectives. Trends in Immunology 38,  

 633–647 (2017).

15. Goodrich, J. K. et al. Human genetics   

 shape the gut microbiome. Cell 159,   

 789–799 (2014).

16. Nikon Small World Photograpy   

 Contest. (2015). Available at: http://www.

 nikonsmallworld.com/galleries/entry 

 /2015-photomicrography-competition/2. 

17. Ordás, I., Eckmann, L., Talamini, M.,   

 Baumgart, D. C. & Sandborn, W. J.   

 Ulcerative colitis. Lancet 380, 1606–1619  

 (2012).

18. Abraham, C. & Cho, J. H. Inflammatory 

 Bowel Disease. N. Engl. J. Med. 361, 

 2066–2078 (2009).

19. Baumgart, D. C. & Sandborn, W. J. Crohn’s  

 disease. Lancet 380, 1590–1605 (2012).

20. Liu, J. Z. et al. Association analyses 

 identify 38 susceptibility loci for   

 inflammatory bowel disease and 

 highlight shared genetic risk across  

 populations. Nat. Genet. 47, 979–986   

 (2015).

21. Huang, H. et al. Fine-mapping  

 inflammatory bowel disease loci to 

 single-variant resolution. Nature 547,  

 173–178 (2017).

22. de Lange, K. M. et al. Genome-wide  

 association study implicates immune  

 activation of multiple integrin genes  

 in inflammatory bowel disease.  

 bioRxiv 49, 058255 (2016).

References



35

23. Jostins, L. et al. Host-microbe  

 interactions have shaped the genetic  

 architecture of inflammatory bowel  

 disease. Nature 491, 119–124 (2012).

24. Ananthakrishnan, A. N. Epidemiology and  

 risk factors for IBD. Nat. Rev.  

 Gastroenterol. Hepatol. 12, 205–217  

 (2015).

25. Khalili, H. et al. Early life factors and risk  

 of inflammatory bowel disease in  

 adulthood. Inflamm. Bowel Dis. 19,  

 542–547 (2013).

26. Ford, A. C., Lacy, B. E. & Talley, N. J.  

 Irritable Bowel Syndrome.  

 N. Engl. J. Med. 376, 2566–2578 (2017).

27. Chey, W. D., Kurlander, J. & Eswaran, S.  

 Irritable bowel syndrome: A clinical  

 review. JAMA - J. Am. Med. Assoc.  

 313, 949–958 (2015).

28. Drossman, D. A. Functional  

 gastrointestinal disorders: History,  

 pathophysiology, clinical features, and  

 Rome IV. Gastroenterology 150,  

 1262–1279e2 (2016).

29. Drossman, D. A. & Hasler, W. L. Rome IV -  

 Functional GI disorders: Disorders of   

 gut-brain interaction. Gastroenterology  

 150, 1257–1261 (2016).

30. Palsson, O. S. et al. Development  

 and validation of the Rome IV diagnostic  

 questionnaire for adults. Gastroenterology  

 150, 1481–1491 (2016).

31. Gradel, K. O. et al. Increased Short- and  

 Long-Term Risk of Inflammatory Bowel  

 Disease After Salmonella or  

 Campylobacter Gastroenteritis.  

 Gastroenterology 137, 495–501 (2009).

32. Saffouri, G. et al. The incidence and  

 outcomes from Clostridium difficile  

 infection in hospitalized adults with  

 inflammatory bowel disease. Scand. J.  

 Gastroenterol. 52, 1240–1247 (2017).

33. Naddei, R. et al. Yersinia Enterocolitica  

 Ileitis Mimicking Pediatric Crohn’s  

 Disease. Inflamm. Bowel Dis. 23, E15–E16  

 (2017).

34. Klem, F. et al. Prevalence, Risk Factors,  

 and Outcomes of Irritable Bowel  

 Syndrome After Infectious Enteritis:  

 A Systematic Review and Meta-analysis.  

 Gastroenterology 152, 1042–1054.e1  

 (2017).

35. Spiller, R. & Major, G. IBS and IBD- 

 separate entities or on a spectrum?  

 Nat. Rev. Gastroenterol. Hepatol.  

 13, 613–621 (2016).

36. Collins, S. M. A role for the gut microbiota  

 in IBS. Nat. Rev. Gastroenterol. Hepatol.  

 11, 497–505 (2014).

37. Shanahan, F. & Quigley, E. M. M.  

 Manipulation of the microbiota for   

 treatment of IBS and IBD - Challenges  

 and controversies. Gastroenterology 146,  

 1554–1563 (2014).

38. Chen, H. M. & Lifschitz, C. H. Preparation  

 of fecal samples for assay of volatile  

 fatty acids by gas-liquid chromatography  

 and high-performance liquid  

 chromatography. Clin. Chem. 35, 74–76  

 (1989).

39. Nayfach, S. & Pollard, K. S. Toward  

 Accurate and Quantitative Comparative  

 Metagenomics. Cell 166, 1103–1116   

 (2016).

40. Caspi, R. et al. The MetaCyc database  

 of metabolic pathways and enzymes and  

 the BioCyc collection of Pathway/Genome  

 Databases. Nucleic Acids Res. 38,  

 459–471 (2014).

41. Liu, B. & Pop, M. ARDB - Antibiotic  

 resistance genes database.  

 Nucleic Acids Res. 37, 443–447 (2009).



36

42. Chen, L., Zheng, D., Liu, B., Yang, J. & Jin,  

 Q. VFDB 2016: Hierarchical and refined  

 dataset for big data analysis - 10 years  

 on. Nucleic Acids Res. 44, D694–D697  

 (2016).

43. Clemente, J. C., Manasson, J. & Scher,  

 J. U. The role of the gut microbiome in  

 systemic inflammatory disease. BMJ   

 j5145 (2018). doi:10.1136/bmj.j5145

44. Marchesi, J. R. et al. The gut microbiota  

 and host health: A new clinical frontier.  

 Gut 65, 330–339 (2016).

45. Whiteside, S. A., Razvi, H., Dave, S.,  

 Reid, G. & Burton, J. P. The microbiome of  

 the urinary tract - A role beyond infection.  

 Nat. Rev. Urol. 12, 81–90 (2015).

46. Turnbaugh, P. J. et al. The Human  

 Microbiome Project. Nature 449, 804–810  

 (2007).

47. Lepage, P. et al. A metagenomic insight  

 into our gut’s microbiome. Gut 62,  

 146–158 (2013).

48. Methé, B. A. et al. A framework for human  

 microbiome research. Nature 486,   

 215–221 (2012).

49. Huttenhower, C. et al. Structure,   

 function and diversity of the healthy  

 human microbiome. Nature 486, 207–214  

 (2012).

50. Arumugam, M. et al. Enterotypes of the  

 human gut microbiome. Nature 473,  

 174–180 (2011).

51. Frank, D. N. et al. Molecular-phylogenetic  

 characterization of microbial community  

 imbalances in human inflammatory  

 bowel diseases. Proc. Natl. Acad. Sci.  

 104, 13780–13785 (2007).

52. Sokol, H. et al. Faecalibacterium  

 prausnitzii is an anti-inflammatory  

 commensal bacterium identified by gut  

 microbiota analysis of Crohn disease  

 patients. Proc. Natl. Acad. Sci. 105,  

 16731–16736 (2008).

53. Jostins, L. et al. Host-microbe  

 interactions have shaped the genetic  

 architecture of inflammatory bowel  

 disease. Nature 491, 119–124 (2012).

54. Rajilić-Stojanović, M. et al. Global and  

 deep molecular analysis of microbiota  

 signatures in fecal samples from  

 patients with irritable bowel syndrome.  

 Gastroenterology 141, 1792–1801 (2011).

55. Ghosh, S. et al. Colonic microbiota  

 alters host susceptibility to infectious 

 colitis by modulating inflammation, redox  

 status, and ion transporter gene  

 expression. Am. J. Physiol. Liver Physiol.  

 301, G39–G49 (2011).

56. Spekhorst, L. M. et al. Cohort profile:  

 design and first results of the Dutch IBD  

 Biobank: a prospective, nationwide  

 biobank of patients with inflammatory  

 bowel disease. BMJ Open 7, e016695   

 (2017).

57. Tigchelaar, E. F. et al. Cohort profile:  

 LifeLines DEEP, a prospective, general  

 population cohort study in the northern  

 Netherlands: study design and baseline  

 characteristics. BMJ Open 5, e006772  

 (2015).

58. Scholtens, S. et al. Cohort Profile:   

 LifeLines, a three-generation cohort  

 study and biobank. Int. J. Epidemiol. 44,  

 1172–1180 (2015).

59. Mujagic, Z. et al. A novel biomarker  

 panel for irritable bowel syndrome and  

 the application in the general population.  

 Sci. Rep. 6, 26420 (2016).

60. Lappalainen, I. et al. The European  

 Genome-phenome Archive of human  

 data consented for biomedical research.  

 Nat. Genet. 47, 692–695 (2015).

61. Wilkinson, M. D. et al. The FAIR Guiding  

 Principles for scientific data  

 management and stewardship.  

 Sci. Data 3, 160018 (2016).



37



38



39

Part I

Data, software  
& samples



Here, a microscopic image of inflammation of the human colon is shown. The clinical characteristics of 
Crohn’s disease and ulcerative vary widely between individuals and in time. It is therefore very important 
to have a dataset with the correct phenotypes of IBD patients. The next chapter is dedicated to the clinical 
characteristics of IBD in the Netherlands. Source: iStock
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