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Statements thesis / Stellingen proefschrift

Proton pump inhibitors affect the gut microbiota in a pro-
inflammatory way and should not be sold over the counter.
This thesis, supported by subsequent studies

Protonpompremmers beïnvloeden het microbioom van de darm 
op pro-inflammatoire wijze en zouden daarom niet zonder recept 
verkrijgbaar mogen zijn. 
Dit proefschrift, ondersteund door opeenvolgende studies

 

The effects of commonly used medication on the gut microbiota, 
and the consequent downstream effects on metabolism, 
inflammation and susceptibility to enteric infections, are 
insufficiently understood.
This thesis

De invloed van veelgebruikte medicijnen op het microbioom en 
de gevolgen voor metabolisme, ontsteking en vatbaarheid voor 
darminfecties zijn grotendeels onbekend.
Dit proefschrift

Healthy individuals who have an increased genetic susceptibility 
to Crohn’s disease already have pro-inflammatory changes 
in their gut microbiome, meaning that pro-inflammatory 
microbiome changes could precede the onset of Inflammatory 
Bowel Disease (IBD) and may be part of the etiology of IBD.
This thesis

Gezonde mensen met een genetische predispositie voor de ziekte 
van Crohn hebben pro-inflammatoire veranderingen in hun 
microbioom. Dit wijst erop dat microbioomveranderingen vooraf 
kunnen gaan aan het ontstaan van Inflammatoire Darmziekten 
(IBD) én mogelijk onderdeel zijn van de etiologie van IBD.
Dit proefschrift 

1.

2.

3.
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The gut microbiome composition can better distinguish between 
Irritable Bowel Syndrome and IBD than one of currently used 
biomarkers: fecal calprotectin.
This thesis

Het onderscheid tussen Prikkelbare Darmsyndroom (IBS) en 
IBD kan beter worden gemaakt door gebruik te maken van een 
microbioomtest dan door de veelgebruikte biomarker fecaal 
calprotectine.
Dit proefschrift

The gut microbiome composition of IBD patients shows many 
pro-inflammatory changes that enhance gut inflammation and 
represent potential targets for microbiome-directed therapy.
This thesis

Het microbioom van de darm van IBD-patiënten bevat veel pro-
inflammatoire veranderingen vergeleken met gezonde mensen, 
die als aangrijpingspunt kunnen worden gebruikt voor op het 
microbioom gerichte behandelingen.
Dit proefschrift

The exonic [Thr]391 variant in the SLC39A8 gene is associated 
with Crohn’s disease susceptibility, but we could not replicate 
its association with the gut microbiome. Properly establishing 
microbiomeQTLs requires larger sample sizes.
This thesis

De in een exon gelegen variant [Thr]391 in het SLC39A8 gen is 
geassocieerd met de ziekte van Crohn, maar de eerder beschreven 
associatie van deze variant met het microbioom kan door ons 
niet worden gereproduceerd. Voor het definitief aantonen van 
microbioomQTLs zijn grotere aantallen deelnemers noodzakelijk. 
Dit proefschrift

4.

5.

6.
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To function properly, biobanks and cohorts need stable funding to 
support their Information Technology architecture.

Om goed te kunnen functioneren hebben biobanken en cohorten 
stabiele financiering nodig voor hun Informatie Technologie (IT) 
architectuur.

All data used in scientific publications and PhD theses should be 
Findable, Accessible, Interoperable and Reusable (FAIR) at the 
time of publication.

Alle gegevens die gebruikt worden in wetenschappelijke 
presentaties of in proefschriften zouden vindbaar, toegankelijk, 
interoperabel en herbruikbaar, oftewel FAIR, moeten zijn ten tijde 
van publicatie. 

Every issue of every scientific journal should have a replication 
section containing both positive and negative replication studies 
of results that have previously been published in the same 
journal.

Elke editie van elk wetenschappelijk blad zou een replicatiedeel 
moeten bevatten waarin zowel positieve als negatieve 
replicatiestudies worden gepubliceerd van onderzoeken die  
eerder in hetzelfde wetenschappelijke blad zijn verschenen.

7.

8.

9.
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"When you are trying to achieve something in big organisations,  
such as university medical centres, it is sometimes better  
to ask for forgiveness than to ask for permission."
Unknown, adapted by Floris Imhann

"I am easily satisfied with the very best."
Winston Churchill

"Het leven gaat omhoog en omlaag,  
maar altijd vooruit en nooit achteruit."
Luuk Imhann

"It’s better to travel well than to arrive."
Buddha

"The length of this document defends it well against  
the risk of it being read."
Winston Churchill

Statements work and life/  
Stellingen werk en leven

1.

2.

3.

4.

5.
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Nederlandse samenvatting

Het microbioom, bestaande uit alle micro-organismen van de darm tezamen, kan het 
beste worden gezien als een orgaan. Het microbioom heeft een aantal belangrijke 
functies: het verteert ons eten, het bouwt aminozuren, het traint ons immuunsysteem 
en het helpt ons tegen infecties van buitenaf te beschermen. De samenstelling van 
het microbioom heeft daarom belangrijke consequenties voor onze gezondheid. In 
deze thesis wordt de invloed van het microbioom op onze gezondheid en met name 
een aantal darmziekten beschreven. Hierbij wordt gebruik gemaakt van DNA-
sequencing-technieken om het microbioom te analyseren. De meeste aandacht gaat 
uit naar inflammatoire darmziekten (IBD): de ziekte van Crohn en colitis ulcerosa. 
Dit zijn chronische immuunziekten waarbij de darmwand ontsteekt. Prikkelbare 
darmsyndroom (PDS), een combinatie van darmklachten die gerelateerd is aan de 
stoelgang en bacteriële gastroenteritis, buikgriep veroorzaakt door een bacterie, 
komen ook aan bod. In de introductie (hoofdstuk 1) worden de samenstelling en de 
functie van het microbioom van de darm verder uitgelegd, evenals de factoren die het 
microbioom beïnvloeden.  

Om het complexe ecosysteem in de darm van de mens goed te kunnen onderzoeken, 
zijn er goede onderzoeksgegevens en een goede onderzoeksinfrastructuur nodig. 
In deel I - data, samples & software, worden deze gegevens en infrastructuur 
nauwkeurig beschreven. Dit deel bestaat uit vier hoofdstukken. In hoofdstuk 2 
wordt de infrastructuur van de Nederlandse IBD-biobank beschreven. Alle acht 
universitair medische centra (UMC) in Nederland verzamelen hierin gegevens en 
biomaterialen van hun IBD-patiënten. In dit hoofdstuk zijn ook de kenmerken van 
3383 IBD-patiënten beschreven, waardoor een duidelijk beeld van IBD in Nederland 
wordt geschetst. De Nederlandse IBD-biobank is onderdeel van het Parelsnoer-
initiatief waarbinnen grote ziekte-specifieke biobanken (Parels) worden opgericht 
en onderhouden. Dit hoofdstuk vormde een van de drie artikelen waarmee de IBD 
Parel officieel werd gelanceerd. Hoofdstuk 3 gaat over het 1000IBD project van het 
Universitair Medisch Centrum Groningen. Binnen dit project worden meer dan 1000 
IBD-patiënten uit Noord-Nederland voor langere tijd gevolgd. Alle kenmerken van hun 
ziekte, zoals ernst, duur en medicatiegebruik worden bijgehouden, evenals hun dieet 
en omgevingsfactoren. Daarnaast worden van alle 1000IBD deelnemers moleculaire 
gegevens gegenereerd in het laboratorium. Zo wordt onder andere hun genoom 
(DNA), hun transcriptoom (RNA) en hun microbioom volledig in kaart gebracht. De 
ziektekenmerken van het 1000IBD-project maken weer deel uit van de Nederlandse 
IBD-biobank. De moleculaire gegevens worden bovendien opnieuw beschikbaar 
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gesteld aan de wetenschappelijke gemeenschap, via de website www.1000IBD.org en 
via een Europese database: de European Genome-phenome Archive  
(www.ega-archive.org). Hierdoor zijn de gegevens van het 1000IBD project 
vindbaar, toegankelijk en herbruikbaar en is het daarmee een goed voorbeeld van 
wetenschappelijk datamanagement. Om de complexe biomedische gegevens goed 
te kunnen onderzoeken is geavanceerde software nodig. Deze is soms lastig te 
gebruiken voor mensen die niet geschoold zijn in de informatica. In hoofdstuk 4 wordt 
de MOLGENIS Research software beschreven. Deze software is speciaal ontwikkeld 
voor onderzoekers die geen informaticus zijn en werkt geheel volgens het werkproces 
van de biomedische onderzoekers. De MOLGENIS Research software is open-source 
en kan kosteloos worden gedownload op http://molgenis.org/research. 

Om goed microbioomonderzoek te kunnen verrichten zijn ook ontlastingmonsters 
nodig. Daarvoor is het noodzakelijk dat patiënten en vrijwilligers bereid zijn om een 
beetje ontlasting thuis op te vangen. Om erachter te komen wat patiënten vinden 
van het verzamelen van ontlasting zijn er interviews afgenomen en vragenlijsten 
verstuurd (hoofdstuk 5). Hier hebben 780 mensen aan deelgenomen. Zij gaven aan 
dat een grote meerderheid bereid is om ontlasting te verzamelen voor onderzoek, of 
voor hun eigen gezondheid voor bijvoorbeeld een diagnostische test. Wel vonden veel 
mensen het vervelend om een ontlastingmonster in hun eigen vriezer te bewaren. 
Indien er bij dezelfde patiënten regelmatig ontlasting moet worden verzameld, is het 
raadzaam om een aparte vriezer ter beschikking te stellen. 

Voordat de rol van het microbioom bij darmziekten goed kan worden onderzocht, is 
het belangrijk om ook andere invloeden op het microbioom, zoals die van medicatie, 
goed in kaart te brengen. Deel II van deze thesis: Medicatie en het microbioom bevat 
twee hoofdstukken waarin dit wordt gedaan. In hoofdstuk 6 wordt het effect van 
protonpompremmers, een veelgebruikt type maagzuurremmer, op het microbioom 
van de darm onderzocht. Protonpompremmers zijn een van de meest voorgeschreven 
medicijnen ter wereld. Doordat mensen die deze maagzuurremmers gebruiken 
minder maagzuur hebben, kunnen bacteriën die worden doorgeslikt gemakkelijker 
overleven. Hierdoor komen bacteriën die normaal gesproken in je mond leven of in 
voedsel zitten, ook in de darmen terecht. Gebruikers van deze maagzuurremmers 
hebben een microbioom wat meer ontsteking van de darm kan veroorzaken. Zo 
zijn er meer bacteriën van de groep waar ook Salmonella toe behoort. Die bacteriën 
kunnen gifstoffen maken waar je ziek van wordt. Na het publiceren van dit onderzoek 
rees de vraag of protonpompremmers nog wel zonder doktersrecept verkrijgbaar 
moeten blijven. Als darmonderzoeker vind ik van niet. Hoofdstuk 7 is een korte 
literatuurstudie waarin de invloed van de meest gebruikte medicamenten zoals 
maagzuurremmers en cholesterolverlagers op het microbioom wordt beschreven. 
Veel van de meest gebruikte medicijnen in Nederland hebben invloed op de 
darmbacteriën. Het is daarom van belang dat de gevolgen voor onze gezondheid 
hiervan beter in kaart worden gebracht. 
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Deel III - het microbioom van complexe darmaandoeningen van deze thesis gaat 
over de rol die het microbioom heeft bij IBD en PDS. In hoofdstuk 8 laten we zien 
dat gezonde mensen met een verhoogd genetisch risico op de ziekte van Crohn 
al een verandering in het microbioom hebben die ongunstig is. Dit toont aan dat 
microbioomveranderingen niet alleen het gevolg van de ziekte van Crohn zijn, maar 
dat ze mogelijk ook deel uitmaken van de oorzaak van de ziekte van Crohn.

In hoofdstuk 9 wordt het microbioom van patiënten met IBD en PDS vergeleken 
met het microbioom van de bevolking van Noord-Nederland. Hierbij wordt 
een geavanceerdere DNA-sequencing techniek gebruikt, waardoor naast de 
samenstelling, ook de functie van het microbioom in kaart kan worden gebracht. Ook 
kunnen de virulentie, hoe ziekmakend het microbioom is, en de resistentie tegen 
antibiotica hiermee worden onderzocht. Dit leidde tot duizenden nieuwe resultaten. 
In dit hoofdstuk wordt tevens een nieuwe test beschreven die op basis van het 
microbioom betrouwbaar een onderscheid maakt tussen IBD en PDS. In de toekomst 
kan zo’n test ervoor zorgen dat er minder pijnlijke en kostbare colonoscopieën hoeven 
te worden verricht. Hoofdstuk 10 is een replicatiestudie. Door een ander onderzoek 
te herhalen in onze eigen populatie, wordt gekeken of we dezelfde resultaten kunnen 
vinden. Het gaat hier om de invloed van een genetische variant in het SLC39A8-gen 
dat volgens een ander onderzoek het microbioom van de darm beïnvloedt. Wij konden 
die invloed echter niet bevestigen. De relaties tussen de genen van de mens en het 
microbioom zijn echter ook moeilijk te onderzoeken. In hoofdstuk 11 wordt de relatie 
tussen ziekteactiviteit van de ziekte van Crohn en het microbioom van de darm 
onderzocht. Opvallend is dat vooral de functie van het microbioom tijdens een actieve 
fase op een ongunstige wijze veranderd is.

Tot slot wordt er in de discussie (hoofdstuk 12) vooruitgeblikt. Hier wordt beschreven 
hoe we in de toekomst een betere onderzoeksinfrastructuur kunnen ontwikkelen, 
hoe we het microbioom beter kunnen leren begrijpen en hoe we toe kunnen werken 
naar het toepassen van het microbioomonderzoek in de zorg: voor het stellen van een 
diagnose, of als behandeling. 
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Summary

The gut microbiota – the collection of micro-organisms in the gut – can best be 
viewed as an organ, defined as a group of adjacent cells with a function. The gut 
microbiota, in fact, fulfils a number of important functions: it digests our food, 
synthesizes amino acids, trains our immune system, and helps resist gastrointestinal 
infections. The composition and functions of the gut microbiota can therefore have a 
large impact on our health. In this thesis the role of the gut microbiota in intestinal 
disorders is systematically analysed using DNA sequencing techniques. The intestinal 
disease we focus on most is inflammatory bowel disease (IBD), a recurrent remittent 
inflammatory disease of the gut that comprises Crohn’s disease and ulcerative 
colitis. However, we also investigate irritable bowel syndrome (IBS), traditionally 
characterized as a functional disorder consisting of a combination of gut complaints, 
and bacterial gastroenteritis, a bacterial infection often leading to diarrhoea. In the 
Introduction (Chapter 1) of this thesis, the gut microbiota, its functions and the factors 
that influence it are explained in more detail.  

To investigate an ecosystem as complex as the gut microbiota in humans, an 
advanced multi-omics research data infrastructure needs to be set up. In the four 
chapters of Part I - Data, samples & software, this infrastructure is described in 
detail. In Chapter 2, we describe the setup and first results of the Dutch IBD biobank,  
a new biobank into which all University Medical Centres in the Netherlands include 
their IBD patients. This chapter also characterizes the phenotypes of 3383 IBD 
patients in Netherlands to provide a complete overview of IBD in the Netherlands.  
The Dutch IBD biobank is part of the national Parelsnoer initiative to create and 
maintain large disease-specific biobanks, and this chapter is one of the three  
papers that marked the launch of the IBD biobank or IBD Parel. 

Chapter 3 is about the UMCG’s 1000IBD project. In this cohort, more than 1000 IBD 
patients from the Northern provinces of the Netherlands are being prospectively 
followed. Approximately 200 phenotypes are collected for these patients, and multi-
omics profiles including the genome, the transcriptome and the microbiome are 
generated. Phenotype data from 1000IBD is incorporated in the Dutch IBD Biobank 
and all the molecular data used in this thesis is made available to the research 
community via www.1000IBD.org and the European Genome-phenome Archive  
(www.ega-archive.org), making 1000IBD a showcase of FAIR data stewardship 
(Findable, Accessible, Interoperable, Reusable). 
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Advanced bioinformatics software is often required for analysing complex biomedical 
data, but biomedical researchers do not always possess bioinformatics skills. In 
Chapter 4 the MOLGENIS Research software is presented. This web-based software 
allows biomedical researchers without extensive bioinformatics skills to handle 
complex biomedical data following the workflow in which they can collect, manage, 
analyse, visualize and share their data. The MOLGENIS Research software is open-
source and can be downloaded freely on molgenis.org/research. In addition to 
collecting phenotypes, gut microbiome research requires the collection of stool 
samples by patients and healthy volunteers. In Chapter 5, the attitudes towards 
this faecal sampling of 780 patients and volunteer participants are assessed using 
questionnaires and responses to interviews. Most respondents indicated they are very 
willing to provide a stool sample for research or healthcare purposes, but that if stool 
samples need to be frozen in their home refrigerator for an extended interval, it is 
better to provide a separate fridge.  

Before the influence of the gut microbiota on gut diseases can accurately be 
described, the roles of one of its most important influencers, commonly used 
medication, needs to be assessed. Part II - Medication & the gut microbiota 
comprises two chapters. In Chapter 6, we described the relationship between use 
of proton pump inhibitors (PPIs), one of most prescribed drugs in Europe and the 
United States, and the gut microbiota. PPIs work by reducing stomach acid, normally 
an important barrier to bacteria entering the intestinal tract, and we observed that 
bacteria normally found in the mouth were now present in the gut of PPI users. PPI 
users also have a more pro-inflammatory gut microbiota, showing a decrease in 
favourable butyrate-producing bacteria and an increase in the Enterobacteriaceae 
that can produce toxin. As a consequence, PPI users are more susceptible to both 
bacterial gastroenteritis, e.g. that caused by Salmonella spp, and to Clostridium difficile 
infections. After these results were published in 2016, government officials began to 
question whether PPIs should remain available as over-the-counter drugs in grocery 
stores, and this debate was still ongoing as of the writing of this thesis. Chapter 7 is 
a short review of how PPIs and other commonly used medication, such as the statins 
used for lowering cholesterol, affect the gut microbiota composition. Use of 7 of the 
10 most commonly used medications in the Netherlands is related to differences in 
the gut microbiota composition, indicating that medication use can affect our health 
through its impact on the microbiota.

Part III - The gut microbiota in complex gastrointestinal disorders focusses on 
the role of the gut microbiota in IBD and IBS. In Chapter 8, we show that the gut 
microbiota of healthy individuals at increased genetic risk of developing Crohn’s 
disease already shows pro-inflammatory changes, specifically a decrease in the 
acetate-to-butyrate converter Roseburia. This indicates that changes in the gut 
microbiota could precede the onset of IBD, and are not merely an effect of gut 
inflammation. In Chapter 9, the gut metagenomes of IBD and IBS are compared to 
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those of population controls and are described in great detail using the metagenomic 
sequencing technique. With this technique, we were able to both determine the 
composition of the gut microbiome and infer its function, strain diversity, the level of 
virulence and the level of antibiotic resistance, leading to thousands of new results. 
We also present a computer algorithm that uses gut metagenomes to reliably 
distinguish IBD from IBS (AUC=0.93), performing much better than faecal calprotectin, 
which is currently used as a marker to distinguish between the two conditions. In the 
future, a gut microbiome-based test could reduce the number of painful and costly 
colonoscopies.  
 
Chapter 10 is a replication study of a host genetic link between an exonic variant 
in the SLC39A8 gene and the gut microbiota. We ultimately could not replicate the 
link, which confirms the findings of other studies that showed that gene-microbiota 
interactions are hard to replicate. In Chapter 11, the relation between the gut 
microbiota and disease activity in Crohn’s disease is investigated. We discovered 
that during a Crohn’s disease exacerbation, microbial anti-inflammatory pathways 
including short chain fatty acid production, anti-oxidant vitamin production and the 
biosynthesis of amino acids that support wound healing were decreased. These 
findings are interesting targets for translational research.

Finally, in the Discussion (chapter 12), the results of this thesis are put in 
perspective and directions are provided to work towards better research data, 
better understanding of the gut microbiota, and microbiota-based diagnostics and 
therapeutics.
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This image shows several Escherichia coli bacteria that reside in the gut. Source: Pixnio



25

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



30

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).
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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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Abstract

Purpose 
 
The Dutch IBD biobank aims to facilitate the discovery of predictors for individual 
disease course, and treatment response in inflammatory bowel disease (IBD) patients. 
In this paper, we aim to describe the establishment of the Dutch IBD Biobank, 
including the facilitators and barriers to establishment. Moreover, we aim to provide  
a complete overview of the content of the Dutch IBD Biobank. 
 

Participants 
 
Since 2007, every IBD patient treated in one of the eight Dutch university medical 
centres is asked to participate in the Dutch IBD Biobank in which 225 standardized 
IBD-related data-items and biomaterials, such as serum, DNA, biopsies and a stool 
sample, are collected.  
 

Findings to date 
 
As of June 2014, the Dutch IBD Biobank had enrolled 3,388 IBD patients; 2118 CD 
patients (62.5%), 1190 UC patients (35.1%), 74 IBD-Unclassified patients (2.2%) and  
6 IBD-Indeterminate patients (0.2%). The inclusion of patients with IBD is ongoing.  
The quality of the biomaterials is good and serum, DNA and biopsies have been used 
in newly published studies.
 

Future plans 
 
The genotyping (750,000 genetic variants) of all participants of the Dutch IBD Biobank 
is currently ongoing, enabling more genetic research. In addition, all participants will 
start reporting disease activity and outcome measures using an online platform and 
mobile app. 
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Introduction
 
 
Inflammatory Bowel Disease (IBD) is a chronic inflammatory disease of the gut comprising 
Crohn’s disease (CD) and ulcerative colitis (UC). Of the 17 million inhabitants in the 
Netherlands, 39,000 individuals have been diagnosed with CD and 48,000 individuals with 
UC.1 Approximately 39 new individuals per 100,000 are newly diagnosed with IBD every 
year. This incidence rate continues to rise, posing an increasing burden on society.2 The 
clinical symptoms of IBD consist of diarrhoea, abdominal discomfort, weight loss, fatigue 
and rectal bleeding. However, these symptoms vary greatly both between individuals and 
in time. Some IBD patients have a relatively mild disease course, requiring only limited 
therapeutic intervention, while others have a severe disease course with frequent flares 
requiring expensive medical and surgical interventions.  
 
In recent years, many case-control studies have been performed to identify factors that 
can explain the onset of IBD. Genome-wide association studies (GWAS) have identified 200 
genomic loci that are involved in the onset of IBD.3 Epidemiological studies have identified 
environmental risk factors including smoking, appendectomy, infections, antibiotics, diet 
and lifestyle (stress, lack of sleep and/or exercise) that could trigger the onset of IBD.4 
Studies on the bacterial composition of the gut (the gut microbiota) have identified distinct 
microbial compositions associated with IBD.5,6 Unfortunately, these studies provide little 
insight into reasons for the heterogeneous clinical presentation and disease course of 
IBD patients. As a consequence, limited progress has been made in translating basic 
science into personalized treatment. Predicting individual disease outcome and tailoring 
IBD treatment requires prospective patient data on disease activity, complications, and 
treatment, as well as biomaterials and -omics data (genome, transcriptome and gut 
microbiome), in order to link biomarkers to disease. To this aim, the prospective Dutch IBD 
Biobank was created. A new national institute to facilitate the biobank and other national 
biobanks was founded by the Dutch Federation of University Medical Centres (NFU) in 2007 
and called the Parelsnoer Institute (PSI).7 Gastroenterologists who specialized in treating 
IBD patients in all eight Dutch University Medical Centres (UMCs), together with a team of 
information architects and laboratory experts, built up the Dutch IBD Biobank.

The main objective of the biobank is to facilitate the discovery of predictors  
(both epidemiological risk factors and biomarkers) for individual disease course  
and treatment response, by: 
 1. Providing full clinical records of patients describing their individual disease   
  course over a prolonged period of time. 
 2. Providing high quality biomaterials.
 3. Standardizing patient data collection and questionnaires during outpatient 
  clinic visits and thereby improving clinical care.
 
The aim of this paper is to inform the IBD research community about the existence of  
the Dutch IBD biobank and to give an elaborate overview of the establishment process  
as well as the content.
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Cohort description
 
 

Design, participating centres, and the Dutch 
healthcare setting

The Dutch IBD Biobank is a prospective, nationwide biobank in which both data and 
biomaterials are collected. In the Netherlands, there are approximately 80 hospitals 
and eight university medical centres (tertiary referral centres), where complex IBD 
patients are referred to. All eight Dutch UMCs participate in the Dutch IBD Biobank. 
The Dutch UMCs are: the Amsterdam Medical Centre in Amsterdam (AMC), the 
Erasmus Medical Centre in Rotterdam (EMC), the Leiden University Medical Centre 
in Leiden (LUMC), the Maastricht University Medical Centre in Maastricht (MUMC), 
the Radboud University Nijmegen Medical Centre in Nijmegen (UMCN), the University 
Medical Centre Groningen in Groningen (UMCG), the University Medical Centre 
Utrecht in Utrecht (UMC) and the VU (Vrije Universiteit) University Medical Centre in 
Amsterdam (VUMC). PSI and the Dutch IBD Biobank are part of the Biobanking and 
Biomolecular Resources Research Infrastructure of the Netherlands (BBMRI-NL).  
This is the Dutch national node of BBMRI-ERIC, the largest research infrastructure 
project in Europe.8

 
 
Standardized data collection:  
the information model

Gastroenterologists from each of the eight University Medical Centres convened 
to design the information model based on literature review and clinical standards. 
A working group of gastroenterologists made a longlist of data-items including a 
definition for each data-item. This longlist was subsequently discussed during a 
meeting in 2006, where one or more representatives from each Dutch university 
medical centre was present. Data-items and definitions were accepted, modified 
if deemed necessary, or rejected if deemed not part of the core dataset. This 
process was repeated until consensus was reached. The Dutch IBD Biobank 
prospectively collects 225 standardized data items on various topics, including patient 
demographics, family history, diagnosis, disease activity, disease localization, results 
of physical examinations, radiographic imaging results, laboratory and endoscopy 
results, previous and current treatment, as well as a wide array of disease and 
treatment complications. Validated questionnaires and scores, such as the Harvey-
Bradshaw Index (HBI), the Simple Clinical Colitis Activity Index (SCCAI), and the 
Montreal classification are incorporated in the information model. This model contains 
both the IBD-related items as well as instructions on how to score these items. It 
has been shown that clinicians score subphenotypes of IBD similarly, with a good to 
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excellent inter-observer agreement.9 The information model is provided in English in 
Supplementary table S1 and can be downloaded in Dutch on the PSI website: http://
www.parelsnoer.org. The Dutch IBD Biobank information model is regularly updated. 
The latest version is based on the coding system called Detailed Clinical Models (http://
www.detailedclinicalmodels.nl/dcm-en) and is called PRISMA (Parelsnoer Repository for 
Information Specification, Modelling, and Architecture).  
 

Local databases and infrastructure 
 
Each UMC has implemented the information model and collects and stores their patient 
information locally. As stated by the Dutch Federation of University Medical Centres 
(NFU), research data should be collected and registered directly at the source, i.e. during 
the patient visit. Therefore, the data collection process should be incorporated into 
the clinical care structure.10 This approach has been gradually implemented in each 
UMC depending on the capacities of their electronic health record system (EHR). At the 
moment, each UMC has a procedure to extract, transform and upload pseudonymized 
information of participants to the PSI central database (Figure 1). The UMCs are in 
different stages of having implemented the ‘at the source’ approach. In some UMCs it’s 
already fully implemented, whereas in other UMCs this process has not yet begun. The 
first visit is prepared by a trained research nurse and since most of the 225 data items 
do not change during every visit, for example family history, medical doctors usually only 
need to register a subset of items during visits.  
 
 

 Figure 1. Overview of the data and biomaterial infrastructure of the Dutch IBD Biobank,  

 built by the Parelsnoer Institute in collaboration with all eight university medical centres in  

 the Netherlands. IBD: Inflammatory Bowel Disease

8 Uniform Clinical databases, using the same datamodel (one at each UMC)

8 Standardized Biomaterial Storages (one at each UMC)

IBD Scientific Commitee

National IBD
Coordinator

 IBD Researchers

Central Infrastructure
•  Clinical data storage
•  Biomaterial ID’s storage

IBD Data Providing
Coordinator
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Central database and central data infrastructure
 
Pseudo-anonymized information about study participants is stored in the Central 
Database, managed by the Advanced Data Management (ADM) section of the 
Department of Medical Statistics and BioInformatics of the LUMC. The software 
ProMISe, a web-based relational database management system for the design, 
maintenance and use of clinical data management, is used to store the Central 
Database (https://www.msbi.nl/promise/). Researchers can access data in the 
Central Database following approval of their research proposal in secure web-based 
environment. Together, the Central Database and the web application form the Central 
Data Infrastructure (Figure 1).7 
 

Data upload and pseudo-anonymization 
 
In each UMC, data are automatically uploaded from the Local Database to the Central 
Database at least once a month. During the upload process, pseudo-anonymization is 
performed by a Trusted Third Party (TTP). Only the TTP has access to key containing 
both the local identifiers and the Dutch-IBD-Biobank-identifier. Prior to the upload, data 
validation is performed locally on a set of essential data-items. If necessary, corrections 
are made locally and subsequently included in the next upload. A full audit trail is in 
place for the entire process. 
 

Privacy and information security audits 
 
ADM, the Central Database and the Central Data Infrastructure software are audited 
according to Dutch the NEN751011 international ISO 27.00112 information security 
guidelines. ADM is audited twice per year while its software is periodically audited by 
Lloyds Register Quality Assurance, a certified independent auditor. 
 

Biomaterial collection 
 
In addition to the data items, biomaterials are collected from all IBD patients: including 
DNA, serum, faeces, mucosal biopsies and resection specimens when surgical 
procedures were required. Laboratory experts of all eight university hospitals convened 
to create uniform biomaterial collection and processing protocols. The biomaterials are 
stored in one of the eight local biobanks (Figure 1). 
The biomaterial-identifiers are uploaded to the Central Database and linked to 
the clinical data. Neither the local biomaterial-identifiers nor the stickers on the 
biomaterial vials contain identifiable patient information. During the upload process, 
a unique additional biomaterial-identifier is added to the local biomaterial-identifier 
in case multiple UMCs have a biomaterial with the same identifier. When a research 
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project is approved, all eight local biobanks will send the required biomaterials to 
the researcher while the biomaterial-identifiers linked to the clinical data can be 
downloaded using the secure web portal of the Central Infrastructure. If a biomaterial 
sample does not meet the required standards, the sample will be disposed. A brief 
summary of the biomaterial protocol is provided in Table 1.7 The entire biomaterial 
protocols can be downloaded from http://www.parelsnoer.org, but are only available 
in Dutch.

 Table 1. Sample collection7

 
 
 
 
 
 
 
 
 
 
 
 
 

Coordination 
 
The Dutch IBD Biobank has two national coordinators and an assistant coordinator, 
who manage updates of the information model and the delivery of data and 
biomaterial to researchers (Figure 1). 

Sample Volume/ 
number

Processing Time Aliquoting Storage Additional 
information

Serum 10 ml clotted 
blood

2000xg at room 
temperature 
or 4⁰C for 10 
minutes

Within  
2-4 hours

≥5 x 0.5 ml –80⁰C Deviations

DNA 10 ml EDTA blood Cell pellet, 
to UMC 
specifications

Within 4 
weeks (4⁰C) 
or 3 months 
(<-20⁰C)

≥2 stock 
aliquots

4⁰C or lower OD-ratio 
260/280 and 
concentration 
in μg/ml

Faeces Not defined Direct storage 
or after 
homogenization

Within  
12 hours

≥5 x 5 gr –80⁰C None

Intestinal 
biopsy

2 per localization:
‘normal’ and 
‘affected/ 
inflamed’

Formalin fixation 
and paraffin 
embedding

Immediate Per set Room 
temperature

None

Resection 
specimen

2 per localization:
‘normal’ and 
‘affected/ 
inflamed’

Formalin fixation 
and paraffin 
embedding

At Pathology 0.5 cm3 
samples

Room 
temperature

Only if feasible

Resection
specimen

2 per localization:
‘normal’ and 
‘affected/ 
inflamed’

Snap frozen in 
isopentane

At Pathology 0.5 cm3 
samples

–80⁰C Only if feasible
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Informed consent 
 
All patients with IBD who are treated in the Dutch UMCs are asked to participate in 
the Dutch IBD Biobank by their gastroenterologist during a visit to the outpatient 
department of their UMC. If they are willing to participate, they are asked to sign 
an informed consent form (English translation in Supplementary document S1). 
Patients who choose to participate may revoke their consent at any point, after which 
their data and biomaterials will be removed from the Dutch IBD Biobank. Data and 
biomaterials that have already been sent to a researcher cannot be revoked, which is 
clearly stated in the patient informed consent form. 
 

Patient enrolment 
 
Patient enrolment started in January 2007 and is ongoing (Table 2). Not all patients 
were asked to join at once, but they were asked in batches so gastroenterologist and 
research nurses could manage the initial data registration. Every IBD patient enrolled 
has a proven IBD diagnosis according to the Lennard-Jonas criteria.13 Diagnosis is 
confirmed by endoscopy, radiology and/or histology.
 

 Table 2. Demographic characteristics of IBD patients after the first data download  

 on July 17th, 2014, per University Medical Centre 

AMC Amsterdam Medical Center; EMC Erasmus Medical Center; LUMC Leiden University Medical 

Center; MUMC Maastricht University Medical Center; UMCN Radboud University Nijmegen 

Medical Center; UMCG University Medical Center Groningen; UMC University Medical Center 

Utrecht in Utrecht; VU VU University Medical Center (Amsterdam); CD Crohn’s disease; UC 

ulcerative colitis; IBD-I inflammatory bowel disease indeterminate; IBD-U inflammatory bowel 

disease unclassified; n number; % percentage; f female; m; male

a. Median years with 25-75% interquartile range

Total MUMC VUMC AMC UMCG UMCU EMC LUMC UMCN

n 3388 373 369 405 625 524 260 458 374

CD 2118 219 206 264 344 337 194 310 244

UC/IBD-U  
/IBD-I

1270 154 163 141 281 187 66 148 130

Sex (f/m%) 59/41 54/46 64/36 57/43 59/41 58/42 64/36 58/42 64/36

Age at 
diagnosisa 

26 
(20-37)

31 
(22-44)

28 
(21-37)

26 
(20-35)

27 
(21-39)

25 
(19-35)

23 
(18-30)

26 
(20-34)

27 
(20-37)

Disease 
durationa 

12  
(5-20)

8 
(2-17)

11 
(6-20)

13 
(6-22)

8 
(4-15)

14 
(6-24)

12 
(6-20)

15 
(7-23)

14 
(7-24)
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Definitions 
 
To create an overview of the content of the biobank, the characteristics of the 
patients were assessed. The following clinical and demographic items reported 
in this study are registered at the time of inclusion in the Dutch IBD Biobank and 
are referred to as baseline: first diagnosis, disease localization, smoking status, 
employment status, gender, ethnicity, presence of a stoma or pouch, disease activity 
(modified HBI and modified SCCAI score) and date of birth. Disease localization 
is scored according to the Montreal classification, which describes the maximum 
disease extent during entire disease course, and is registered at baseline. Disease 
localization has to be confirmed by radiology, endoscopy or histology assessment. 
The items dysplasia, bowel cancer, family history of IBD, current diagnosis and 
medication-use described in this study were registered during the last follow-up visit 
before the data download in July 2014.  
 
Items describing disease behaviour, surgery, appendectomy, EIMs and 
complications were registered over the entire disease course up to baseline. The 
definitions: baseline, last follow-up visit before the data download and over the entire 
disease course up to baseline are graphically explained in Supplementary figure S1. 
 
 

Patient's 
Onset of IBD

Patient's Inclusion in the 
Dutch IBD Biobank

Patient's Last 
follow up visit

During the last follow-up visit 
before the data downloadBaseline

Entire disease course  
up to baseline

First data  
download  
July 2014

 Supplementary figure S1. 
 Graphical explanation of the definitions: baseline, last follow-up visit before the data  
 download, and over the entire disease course up to baseline.
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Statistical analyses 
 
All descriptive statistics and statistical analyses are performed using Stata software 
V.13.1.14 Continuous variables are expressed as medians and interquartile ranges 
(IQR) 25 and 75. Qualitative variables are presented as counts and frequencies. We 
compared outcomes between CD and UC patients. Qualitative variables were analysed 
using the Pearson’s chi-square test. Quantitative variables were analysed using the 
Mann-Whitney U test. We performed a multivariate analysis of the effect of smoking 
on different outcomes in all IBD patients. We corrected for covariates with a P-value 
< 0.20 in the univariate analyses (age, gender, diagnosis, disease duration and prior 
anti-TNF-use). The statistical models were built using backward selection: covariates 
that were not statistically significantly influencing the outcome variable (P-value > 
0.05), were removed from the model. We then applied the same strategy to CD and 
UC patients separately to correct for disease activity. A P-value < 0.05 was considered 
statistically significant.

Follow-up  
 
Clinical and demographical follow-up data is collected at every visit to an outpatient 
department. Usually, IBD patients in the Netherlands are seen by a gastroenterologist 
twice a year. This is standard clinical care following treatment protocols used in every 
UMC. The disease course is heterogeneous, as a consequence, data available on 
follow-up can be extensive for one patient but more limited for another. If requested 
by the gastroenterologist, a blood sample is taken. Furthermore, if required, intestinal 
mucosal biopsies are collected during endoscopy and resection specimens are 
obtained during surgery. 
 
 

Findings to date
 

Consent rate and differences between participants 
and non-participants
 
We first assessed possible differences between IBD patients willing to participate 
in the Dutch IBD Biobank and IBD patients who did not want to participate. To do so, 
a subset at one UMC (UMCG), was downloaded and analysed. This subset was used 
because privacy guidelines do not allow data of participants not wishing to take part 
to be uploaded to the PSI central database. On July 17th, 2014, after the first data 
download, 786 patients were asked to participate in the UMCG. Of these, 742 IBD 
patients gave their informed consent while 44 IBD patients declined to participate. 
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The consent rate was 93.4%. Table 3 provides an overview of the characteristics 
of those who consented to participate and those who did not. Of the 742 patients 
who consented, 625 were used in the analysis of the 2014 data because they 
met the selection criteria (clear IBD diagnosis, known date of birth and gender, 
informed consent, and isolated DNA available including a biomaterial-identifier). The 
characteristics of the consenting and non-consenting patients were similar. Only 
disease location according to the Montreal classification was statistically significantly 
different between these two groups (P=0.037, chi-square test).
 

 Table 3. Baseline characteristics of the responders’ and non-responders recruited through  

 the University Medical Center Groningen on July 17th, 2014

Responders

n (%)

 IBD (CD, UC, IBD-U) CD UC

n 742 (100%) 411 (55%) 294 (40%)

Sex 742 (100%) 411 (100%) 294 (100%)

male 305 (41%) 141 (34%) 142 (48%)

female 437 (59%) 270 (66%) 152 (52%)

Age of onset median yrs. 
(IQR 25-75)

26.8 (20-38) 24.5 (19-35) 30.6 (23-41)

Disease duration at inclusion 
median yrs. (IQR 25-75)

8.2 (4-15) 9.3 (4-15) 7.6 (4-14)

Disease location  
(according Montreal)

Crohn’s disease 411 (100%)

A1 diagnosis ≤ 16 years 58 (14%)

A2 diagnosis 17-40 years 278 (68%)

A3 diagnosis > 40 years 75 (18%)

L1 ileal diseasea 148 (37%)

L2 colonic diseasea 85 (22%)

L3 ileocolonic diseasea 163 (41%)

L4 upper GI diseaseb 41 (10%)

P perianal 130 (32%)

B1 non-stricturing, non-penetrating 211 (51%)

B2 stricturing 134 (33%)

B3 penetrating 66 (16%)

Ulcerative colitis 288 (100%)

E1 proctitis 40 (14%)

E2 left-sided colitis 92 (32%)

E3 extensive colitis 156 (54%)
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 Table 3. Baseline characteristics of the responders’ and non-responders recruited through  

 the University Medical Center Groningen on July 17th, 2014

 

IBD inflammatory bowel disease; CD Crohn’s disease; UC ulcerative colitis; IBD-U inflammatory 

bowel disease unclassified; n number; % percentage of total; IQR interquartile range; * P=0.037 

a. these percentages were calculated for 396 CD patients (responders) 

b. these percentages were calculated for 402 CD patients (responders)

Non-responders

n (%)

IBD (CD, UC, IBD-U) CD UC

n 44 (100%) 25 (57%) 16 (36%)

Sex 44 (100%) 25 (100%)  16 (100%)

male  16 (36%)  9 (36%)  5 (31%)

female  28 (64%)  16 (64%)  11 (69%)

Age of onset median yrs. 
(IQR 25-75%)

30.3 (19-42) 19.6 (17-39) 33.3 (25-42)

Disease duration at inclusion 
median yrs. (IQR 25-75%)

8.1 (4-12)  7.2 (3-12)  8.8 (5-13)

Disease location  
(according to Montreal guidelines)

Crohn’s disease 25 (100%)

A1 diagnosis ≤ 16 years 7 (28%)

A2 diagnosis 17-40 years 12 (48%)

A3 diagnosis > 40 years 6 (24%)

L1 ileal disease* 4 (16%)

L2 colonic disease* 10 (40%)

L3 ileocolonic disease* 11 (44%)

L4 upper gastrointestinal disease 0 (0%)

P perianal 9 (36%)

B1 non-stricturing, non-penetrating 11 (44%)

B2 stricturing 10 (40%)

B3 penetrating 4 (16%)

Ulcerative colitis 15 (100%)

E1 proctitis 5 (33%)

E2 left-sided colitis 5 (33%)

E3 extensive colitis 5 (33%)



53

Ileal disease (L1)
(379 of 1677 patients (23%))

Upper GI disease (L4)
(177 of 2118 patients (8%))

Colonic disease (L2)
(518 of 1677 patients (31%))

Ileocolonic (L3)
(780 of 1677 patients (46%))

Perianal disease (P)
(563 of 2118 patients (27%))

Left sided colitis (E2) 
(357 of 997 patients (36%))

Proctitis (E1)
(82 of 997 patients (8%)) 

Extensive colitis (E3)
(558 of 997 patients (56%))

 Figure 2. Disease localization in Crohn’s disease patients  
 in the Dutch IBD Biobank according to the Montreal classification. 
 IBD: Inflammatory Bowel Disease

 Figure 3. Disease localization in ulcerative colitis patients in  
 the Dutch IBD Biobank according to the Montreal classification.
 IBD: Inflammatory Bowel Disease
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The characteristics of the Dutch IBD patients  
in university medical centres
 
A download of data on 17th July 2014 was analysed to explore the demographic 
and clinical characteristics of the cohort recruited to that date. It included 3388 IBD 
patients: 2118 CD patients (62.5%), 1190 UC patients (35.1%), 74 IBD-Unclassified 
patients (2.2%) and 6 IBD-Indeterminate patients (0.2%). The median age of IBD 
patients at inclusion was 42 years old (IQR 32-54 years) (Tables 4, 5 and 6). In all, 
93% of patients are of Central European Caucasian descent and the other 7% are of 
African, Hindustani, Moroccan, Turkish, Asian, Jewish, other western, other non-
western or mixed descent. Smoking status at the time of first IBD diagnosis was 
registered for 3,021 IBD patients (89%), and more CD patients smoked compared to 
UC patients (44% CD, 18% UC, P<0.001). UC patients were more likely to have quit 
smoking in the six months prior to the first IBD diagnosis (1.0% CD, 4% UC, P<0.001). 
Ileocolonic disease in CD patients (46%) (Figure 2) and extensive colitis (E3) in UC 
patients (56%) (Figure 3) are more common in our cohort than in other studies 
(Figure 4 and 5).15–19 The high number of patients with extensive disease in our cohort 
can be explained by a selection bias (tertiary referral centres). The disease locations 
in CD were similar in males and females (Figure 6).  
 
Moreover, the most extensive disease during the entire disease duration (Montreal 
L in CD patients and Montreal E in UC patients) is well documented in the Dutch IBD 
Biobank, while other studies often only report disease extent at the time of diagnosis 
(median disease duration in the Dutch IBD Biobank is 12 years). Extra-intestinal 
manifestations are more common in CD patients than in UC patients, which we 
corroborated in the Dutch IBD Biobank data (Figure 7).20–22 We found that UC patients 
who smoked more often suffered from ocular manifestations and arthropathy than 
those who did not smoke, matching previous findings.23,24 An increased risk of EIM in 
CD patients who smoked has previously been reported,25 but we could not confirm 
this result in our cohort. 
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 Figure 4. Date of Crohn’s disease diagnosis and of disease location (L) according  

 to the Montreal classification. L1: ileal, L2: colonic, L3: ileocolonic

 Figure 5. Date of ulcerative colitis diagnosis and of disease extent (E) according to  

 the Montreal classification. E1: proctitis, E2: left-sided colitis, E3: pancolitis

 Figure 6. Disease location (L) according to the Montreal classification stratified  

 by sex in CD patients. L1: ileal, L2: colonic, L3: ileocolonic
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 Table 4. Demographic characteristics of patients with inflammatory bowel disease  

 in the Dutch Biobank IBD cohort on July 17th, 2014

IBD inflammatory bowel disease; CD Crohn’s disease; UC ulcerative colitis; IBD-I inflammatory 

bowel disease indeterminate; IBD-U inflammatory bowel disease unclassified; n number; % 

percentage of total; † missing values were scored as absent; IQR interquartile range; * p<0.001

 

Genetic predictor of a fibrostenotic or inflammatory 
disease course in Crohn’s disease

The availability of genomic data and detailed clinical data in the Dutch IBD Biobank 
enabled a genome-wide association study that aimed to find genetic predictors for 
recurrent fibrostenotic disease in CD patients, by comparing the extremes of the clinical 
spectrum: 1. CD patients with a mild disease course defined by inflammation without 
any signs of stricturing or penetrating disease during the last five years, versus 2. CD 
patients that underwent ileocecal resection due to confirmed intestinal strictures at 
least twice. We identified a genetic variant in the WWOX gene that regulates fibrosis 
through the SMAD-pathway. The WWOX gene could therefore be an important signalling 
modulator involved in fibrostenotic CD.

n (%)

IBD 
(CD, UC, IBD-I, IBD-U)

CD UC

n 3388 (100%) 2118 (62%) 1190 (35%)

Sex 3388 (100%) 2118 (100%) 1189 (100%)

male 1377 (41%) 773 (36%)* 566 (48%)*

female 2010 (59%) 1345 (64%)* 623 (52%)*

median yrs. (IQR 25-75)  
Age at inclusion

42.5 (32-54) 41.1 (31-53)* 45.5 (34-56)*

Ethnicity 3323 (100%) 2073 (100%) 1170 (100%)

Caucasian 3090 (93%) 1930 (93%) 1084 (93%)

Other 233 (7%) 143 (7%) 86 (7%)

Non-IBD surgery Appendectomy† 394 (12%) 313 (15%)* 76 (6%)*

Smoking status at diagnosis 3021 (100%) 1910 (100%) 1037 (100%)

Current smoker 1052 (35%) 846 (44%)* 190 (18%)*

Former smoker (<6 mth) 60 (2%) 19 (1.0%)* 40 (4%)*

Former smoker (>6 mth) 601 (20%) 254 (13%)* 328 (32%)*

Never smoked 1308 (43%) 791 (42%)* 479 (46%)*



57

 Table 5. Clinical characteristics, extra-intestinal manifestations and complications  

 in patients with inflammatory bowel disease in the Parelsnoer Institute cohort

n (%)

IBD CD UC

n 3388 (100%) 2118 (62%) 1190 (35%)

Disease Characteristics

Age of onset median yrs. (IQR 25-75) 26.4 (20-37) 24.6 (19-33)** 30.1 (22-41)**

Disease duration at inclusion 
median yrs. (IQR 25-75)

11.5 (5-20) 12.2 (6-22)** 10.7 (5-19)**

Family history of IBD 932 (28%) 613 (29%)* 301 (25%)*

Disease location (Montreal classification)

L1: ileal diseasea 379 (23%)

L2: colonic diseasea 518 (31%)

L3: ileocolonic diseasea 780 (46%)

L4: upper GI disease† 177 (8%)

P: perianal† 563 (27%)

E1: proctitisb 82 (8%)

E2: left-sided colitisb 357 (36%)

E3: extensive colitisb 558 (56%)

Pouch† 155 (5%) 38 (2%) 112 (9%)

Disease Activity at inclusion

mHBI scorec 1828 (100%)

Remission 0-4 1218 (67%)

Mild disease 5-7 314 (17%)

Moderate disease 8-16 274 (15%)

Severe disease >16 22 (1.2%)

mSCCAI scored 1016 (100%)

Remission < 2.5 752 (74%)

Active disease ≥ 2.5 264 (26%)

Liver disease due to IBD 3388 (100%) 2118 (100%) 1190 (100%)

Primary sclerosing cholangitis (PSC)† 71 (2%) 25 (1.2%)** 43 (4%)**

Liver disease other than PSC† 65 (1.9%) 42 (2.0%) 22 (1.8%)

Extraintestinal manifestations 3388 (100%) 2118 (100%) 1190 (100%)

Skin manifestations†e 336 (10%) 250 (12%)** 80 (7%)**

Musculoskeletal manifestations†f 731 (22%) 513 (24%)** 204 (17%)**

Ocular manifestations†g 147 (4%) 104 (5%)* 38 (3%)*

Complications 3388 (100%) 2118 (100%) 1190 (100%)

Osteopenia (T-score < -1)† 676 (20%) 496 (23%)** 169 (14%)**

Thromboembolic events† 119 (4%) 76 (4%) 42 (4%)
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IBD: inflammatory bowel disease (CD + UC + IBD-I + IBD-U); CD: Crohn’s disease; UC: ulcerative 

colitis; IBD-I: inflammatory bowel disease indeterminate; IBD-U: inflammatory bowel disease 

unclassified; n: number; %: percentage of total; †: missing values were scored as non-present; IQR: 

interquartile range; *: p<0.05; **: p<0.001;
 

a. Percentages calculated for 1677 CD patients
 

b. Percentages calculated for 997 UC patients
 

c. mHBI: modified Harvey-Bradshaw Index score; Crohn’s disease patients were asked to rate  

 their well-being on a scale from 1 to 10 (1: feeling terrible to 10: feeling very good) and to  

 rate abdominal pain on a scale from 0 to 10 (0: no abdominal pain to 10: worst pain  

 imaginable). Patients were also asked to provide data on diarrhoea frequency. In addition,  

 patients were asked about the presence of oral aphthous lesions, active abscesses and  

 fistulae as well as extra-intestinal manifestations (arthralgia, uveitis, erythema nodosum,  

 pyoderma gangrenosum). The physician assessed the presence of anal fissures and  

 evaluated possible abdominal resistance through physical examination. mHBI data was  

 available on 1828 patients. (100%)
 

d. mSCCAI score: modified Simple Clinical Colitis Activity Index score; Ulcerative colitis patients  

 were asked to rate their wellbeing on a scale from 1 to 10 (1: feeling terrible to 10: feeling  

 very good). In addition, patients were asked to describe the defecation frequency during the  

 day and during the night, the defecation urgency (yes or no), the presence of blood in their   

 stool (yes or no) and extra-colonic manifestations (such as: arthritis, uveitis, erythema  

 nodosum, pyoderma gangrenosum).
 

e. The following skin manifestations associated with IBD were scored; pyoderma gangrenosum,  

 erythema nodosum, hidradenitis suppurativa, psoriasis or palmoplantar psoriasiform   

 pustulosis and metastatic Crohn’s disease. Which type was not specified, only the presence   

 of a skin manifestation. 
 

f. Musculoskeletal manifestations were divided in two groups:
 

g. Arthritis (red and swollen joints) for example dactylitis, reactive arthritis, gout.
 

h. Arthropathy (not red or swollen joints, but symptoms with an inflammatory pattern; pain at  

 night or at rest) for example sacroiliitis, ankylosing spondylitis, enthesitis and inflammatory  

 back pain
 

i. Ocular manifestations comprised uveitis and episcleritis diagnosed by a doctor. Which eye  

 condition was not specified, only the presence of an ocular manifestation.
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Ocular manifestations 
(147 of 3388 patients (4% IBD))

Osteopenia/osteoporosis
(676 of 3388 patients (20% IBD))

Thromboembolic event
(119 of 3388 patients (4% IBD))

Arthritis 
(214 of 3388 patients (7% IBD))

Skin manifestations 
(336 of 3388 patients (10% IBD)) 

Arthropathy
 (517 of 3388 (15% IBD)) 

Previously published fi nding: rare variants in MUC2 
are associated with UC in the Dutch population

A subsequent study aimed to identify rare genetic variants with a large eff ect on UC 
susceptibility. Pooled re-sequencing of 122 genes in UC susceptibility loci in 1021 Dutch 
UC cases and 1166 Dutch controls revealed that rare variants in the MUC2 gene were 
associated with increased UC susceptibility (gene-based analysis with SKAT-O, nine 
variants in the MUC2 gene: P-value of 9.2x10−5; threshold P=0.0011 after Bonferroni 
correction). Interestingly, this association appeared to be population-specifi c for the 
Netherlands.26 Using the same approach and samples, a protein truncating variant in 
RNF186 that protects against UC was also identifi ed.27

 Figure 7. Extra-intestinal manifestations and complications of patients with Infl ammatory   

 Bowel Disease in the Dutch IBD Biobank. IBD: Infl ammatory Bowel Disease
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Associations between genetic variants 
andsubphenotypes of IBD 
 
The Dutch IBD Biobank participated in a large study where the clinical characteristics 
of IBD patients were associated to genetic variants. The discovery of genetic variants 
associated with specific disease location and disease behaviour was published in the 
Lancet.28 

Genome-wide association studies and 
sequencing studies investigating the IBD 
diagnosis, using DNA collections that were 
integrated in the Dutch IBD Biobank
 
For 1,904 participants of the Dutch IBD Biobank genotype data is available 
consisting of ~200,000 SNPs obtained using the Immunochip, an Illumina genotyping 
array focussed on immune-mediated diseases. This genotype data was used in 
landmark genetic studies published in Nature and Nature Genetics investigating 
IBD pathogenesis.3,29–31 These studies led to the discovery of 200 genetic loci 
associated with IBD, explaining 21.3% of the onset of IBD.  
 
 
 
 
a. Dysplasia had to be confirmed in an intestinal biopsy by a pathologist. All intestinal biopsies  

 were included including those from polyps.
b. Bowel cancer included colorectal cancer, small bowel cancer and anal cancer.
c. Percentage of disease recurrence neoterminal ileum calculated from total patients  
 with an ileocecal resection (n=759 IBD, n=758 CD). 
d. Percentage disease recurrence Ileocolonic anastomosis (no disease recurrence neoterminal  
 ileum) calculated from total patients with an ileocecal resection (n=759 IBD, n=758 CD).
e. Percentage pouchitis calculated from total pouches (n=155 IBD, n=38 CD, n=112 UC).
f. Total patients who underwent surgery (small bowel resection, Ileocecal resection,  
 colon resection or resection other) (n=1187 IBD, n=959 CD, n=216 UC)
g. Immunomodulators: patients used one of the following immunosuppressives: azathioprine,  
 Imuran, mercaptopurine, Puri-nethol, methotrexate, Methoject, thioguanine, Lanvis.
h. Biologicals: patients used one of the following anti-TNF: infliximab, adalimumab  
 or certolizumab. 
i. Azathioprine: patients used azathioprine or Imuran
j. Mercaptopurine: patients used mercaptopurine or Puri-nethol
k. Both azathioprine and mercaptopurine: patients used azathioprine and/or Imuran  
 and mercaptopurine and/or Puri-nethol. It was unclear which one of the drugs was used first. 
l. Thioguanine: patients used thioguanine or Lanvis 

m. Methotrexate: patients used methotrexate or Methoject
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IBD CD UC

n (%) 3388 (100%) 2118 (62%) 1190 (35%)

Malignancy 3388 2118 1190

Dysplasia na 131 62 63

Bowel cancer nb 15 9 5

Surgery 3388 (100%) 2118 (100%) 1190 (100%)

(Segmental) small bowel resection† 252 (7%) 242 (11%) 10 (0.8%)

Ileocecal resection† 759 (22%) 758 (36%) -

(Segmental) colon resection† 591 (17%) 368 (17%) 212 (18%)

Resection other† 168 (5%) 139 (7%) 28 (2%)

Stricturoplasty† 99 (3%) 89 (4%) -

Ileostomy/colostomy† 414 (12%) 283 (13%) 123 (10%)

Surgery for abscesses or fistulas† 494 (15%) 467 (22%) 27 (2%)

Outcome post-surgery 3388 (100%) 2118 (100%) 1190 (100%)

Stoma† 402 (12%) 270 (13%) 121 (10%)

Disease recurrence after IBD surgery

Neoterminal ileumc 393 (52%%) 393 (52%) -

Ileocolonic anastomosisd 56 (7%) 56 (7%) -

Pouchitise 93 (60%) 22 (58%) 67 (60%)

Surgical complication 1187 (100%) 959 (100%) 216 (100%)

Stricture anastomosisf 122 (10%) 107 (11%) 15 (7%)

Medication use during disease course 3306 (100%) 2068 (100%) 1158 (100%)

Immunomodulatorsg 2216 (67%) 1513 (73%)** 664 (57%)**

Biologicalsh 1274 (39%) 1027 (50%)** 231 (20%)**

Azathioprinei 1374 (42%) 951 (46%)** 398 (34%)**

Mercaptopurinej 276 (8%) 199 (10%)** 73 (6%)**

Both azathioprine and mercaptopurinek 270 (8%) 172 (8%) 90 (8%)

Thioguaninel 114 (3%) 62 (3%) 50 (4%)

Methotrexatem 423 (13%) 363 (18%)** 52 (4%)**

 Table 6. Malignancies, surgery and medication use of patients with inflammatory    

 bowel disease in the Parelsnoer Institute cohort

 

 
 
 
 
 
 
 
 
 
 
 
IBD: inflammatory bowel disease (CD + UC + IBD-I + IBD-U); CD: Crohn’s disease; UC: ulcerative colitis; 

IBD-I: inflammatory bowel disease indeterminate; IBD-U: inflammatory bowel disease unclassified;  

n: number; %: percentage of total; †: missing values were scored as non-present; **: p<0.001;
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Discussion: strengths and weaknesses of 

the dutch IBD biobank

 

Strengths 
 
A major strength of the Dutch IBD Biobank is its prospective design and extensive 
uniform information model comprising 225 data items, and the participation of all 
eight University Medical Centres in the Netherlands. In addition, the biomaterials such 
as serum, DNA and a stool sample, are collected at baseline, and, if available, biopsies 
from endoscopy and resection tissue are collected during follow-up, allowing the 
integration of subphenotypes enabling biomarker discovery research. 
 
Since IBD is a chronic disease that requires lifelong treatment, patients treated in 
tertiary centres are rarely referred back to a general or local hospital and therefore 
loss to follow-up is uncommon. 
 

Barriers to establishment and limitations 
 
Setting-up the Dutch IBD Biobank required a tremendous effort and there were 
many barriers to establishment. While some of these barriers were overcome, some 
limitations of the Dutch IBD Biobank remain. After a large initial grant provided by 
the Dutch government to the Netherlands Federation of University Medical Centres 
facilitating the establishment of the Dutch IBD Biobank and seven similar biobanks 
ended in 2011, the Dutch UMCs had to fund the continuation of the Dutch IBD Biobank 
themselves, meaning a reduction of staff that assisted in patient inclusion in some 
centres. As a consequence, the enrolment of patients has slowed down in these 
centres.  
 
A major challenge was the establishment of the IT infrastructure. In all UMCs 
the local electronic health records needed to be adapted so that the necessary 
information could be extracted. The gradual process of implementing data collection 
‘at the source’ during the patient visit, and the renewal of electronic health records 
in several hospitals means that adaptations to the local IT infrastructure continue 
to be necessary. Similar projects should be aware of that the investments in the IT 
infrastructure will be ongoing after the establishment, and make sure they anticipate 
that continuous funding is required. 
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Data completeness, data similarity, data validation, 
quality control, and feedback
 
A large majority of the data items was completely scored as can be seen in Tables 
3, 4, 5 and 6. However, the different collection approaches by different UMCs 
sometimes lead to small differences in the clinical data, as some items were 
scored differently. Prior to completing this study, the authors reviewed all data and 
reported all inconsistencies to the national coordinators and to all UMCs. Several 
gastroenterologists, research nurses and IT departments improved the local data 
and a new upload to the Central Database was performed. Initially, very strict data 
validation steps were included in the Central Database software. However, these 
validation steps were too strict, and, because clinical patient records are often 
imperfect, very few patient records could be uploaded to the Central Database. After 
being aware of this problem, all data validation steps were removed from the Central 
Database software. Unfortunately, the lack of data validation steps leads to errors 
in the data. Now, a small set of data validation protocols is in place. We recommend 
similar initiatives to start with simple data validation protocols and gradually expand 
these as the data quality and collection protocols improve.  
 
 

Selection bias 
 
Because all tertiary referral centres in the Netherlands participate in the Dutch IBD 
Biobank, the cohort will contain a large fraction of IBD patients with a more severe 
disease course. This IBD cohort is not therefore suitable for studies that require a 
population-based cohort, for example, studies on the incidence and prevalence of IBD 
manifestations. 
 

Collaboration
 
 
IBD researchers of the Dutch UMCs can access the Dutch IBD Biobank data and 
biomaterials after their research proposal has been approved by the Scientific 
Committee of the Dutch IBD Biobank. Other researchers can use the data and 
biomaterials of the Dutch IBD Biobank, but have to establish a cooperation with  
one or more Dutch UMCs.  
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Research proposal and application process 
 
Research proposals can be submitted to the Scientific Committee and the Institutional 
Review Board. Proposals are judged against the following criteria: 
 
a.  It’s reasonably plausible that the proposed research could lead to new insights; 
b.  The aims in the research proposal can be met using the proposed  
 research methodology; 
c.  The proposed research is in concordance with the patient informed consent; 
d.  The proposed research will be conducted by people in institutes and facilities that  
 are skilled and able to conduct the research; 
e.  The research proposal does not request more data and biomaterials  
 than necessary. 
f.  The research proposal meets reasonable standards.  
g.  The proposed research does not unacceptably conflicts or overlaps with  
 other research proposals. 
 
After the Scientific Committee has approved a research proposal, the data manager 
will provide the pseudonymized research data in the web-based environment, and will 
facilitates the biomaterial delivery to the researcher. Applicants do not have to pay a fee. 
 
The Dutch IBD Biobank can be contacted via e-mail: IBDParel@umcg.nl. More 
information can also be found on the PSI website: www.parelsnoer.org. The Dutch IBD 
Biobank aims to cooperate with international IBD research groups. The information 
model and the list of biomaterials are publicly available and can be downloaded from 
the PSI website. The Dutch IBD Biobank encourages other biobanks to use the same 
information model and biomaterial collection standards to enable larger international 
studies on IBD and we encourage similar initiatives to contact us in an early stage.  

 

Future developments
 

Genotyping the entire Dutch IBD biobank 
 
All DNA samples are in the process of being genotyped with a newly developed 
genome-wide genotyping array from Illumina, containing 750,000 single nucleotide 
polymorphisms (SNPs). This data will be leveraged by imputation against whole 
genome sequence data of 700 Dutch individuals studied in the Genome of the 
Netherlands project32. The availability of the genotype data will enable more genetic 
studies.
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Web-based data access for researchers 
 
The Dutch IBD Biobank is working on a multi-omics data sharing portal called the 
Molgenis Research IBD Portal, based on Molgenis software33. This portal will make 
summary level statistics publicly available.  
 

Mobile app for patients 
 
The web-based follow-up of Patient-Reported Outcome Measurements (PROMs) 
including clinical disease activity scores, is another project that the Dutch IBD Biobank 
is implementing. Patients will regular fill in online questionnaires on disease activity, 
treatment response, quality of life and quality of care. Several UMCs are using the app 
My IBD Coach: http://www.sananet.nl/mijn-ibd-coach.html. The use of this app for IBD 
eHealth was extensively tested in a trial lead by the MUMC, the Netherlands where it 
was proven effective in reducing the number of hospital admissions.34 

 

Conclusions 
 
 
The Dutch UMCs have together created a biobank containing data and biomaterials 
of more than 3,000 patients with IBD. The creation of the Dutch IBD Biobank took a 
very large multi-centre multi-year effort, and new projects continue to improve the 
infrastructure and data collection. The main objective of the biobank is to facilitate 
the biomarker discovery. Already, studies using the Dutch IBD Biobank have led to the 
discovery a genetic predictor of a more severe disease course in patients with CD, 
showing that combining -omics data with prospectively collected clinical records can 
lead to useful results. Whether the standardizing of patient data collection and during 
the patient visits and questionnaires online improves the clinical care of IBD patients 
in the Netherlands is not yet known, but studies investigating the use of online 
disease activity scores and early detection of IBD exacerbations in the Netherlands 
are showing a reduction in hospitalizations.34 We encourage researchers who want to 
establish similar biobanks to contact us, and to take our important recommendations, 
including the continuous IT funding, and the step-by-step implementation of data 
quality measures described in the discussion, into account.
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A microscopic image of onion epidermis cells is shown. The food we eat has effect on the gut microbiota. In the 
next chapter, the 1000IBD project is described in which both multi-omics data and dietary patterns are collected. 
Source: iStock
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Abstract
 
 

Background  
 
Inflammatory bowel disease (IBD) is a chronic complex disease of the 
gastrointestinal tract. Patients with IBD can experience a wide range of symptoms, 
but the pathophysiological mechanisms that cause these individual differences 
in clinical presentation remain largely unknown. In consequence, IBD is currently 
classified into subtypes using clinical characteristics. If we are to develop a more 
targeted treatment approach, molecular subtypes of IBD need to be discovered 
that can be used as new drug targets. To achieve this, we need multiple layers of 
molecular data generated from the same IBD patients.

Construction and content  
 
We initiated the 1000IBD project (https://1000ibd.org) to prospectively follow more 
than 1000 IBD patients from the Northern provinces of the Netherlands. For these 
patients, we have collected a uniquely large number of phenotypes and generated 
multi-omics profiles. To date, 1,215 participants have been enrolled in the project 
and enrolment is on-going. Phenotype data collected for these participants includes 
information on dietary and environmental factors, drug responses and adverse drug 
events. Genome information has been generated using genotyping (ImmunoChip, 
Global Screening Array and HumanExomeChip) and sequencing (whole exome 
sequencing and targeted resequencing of IBD susceptibility loci), transcriptome 
information generated using RNA-sequencing of intestinal biopsies and microbiome 
information generated using both sequencing of the 16S rRNA gene and whole 
genome shotgun metagenomic sequencing.

Utility and discussion  
 
All molecular data generated within the 1000IBD project will be shared on the 
European Genome-Phenome Archive (https://ega-archive.org, accession no: 
EGAS00001002702). The first data release, detailed in this announcement and 
released simultaneously with this publication, will contain basic phenotypes for 
1,215 participants, genotypes of 314 participants and gut microbiome data from 
stool samples (315 participants) and biopsies (107 participants) generated by tag 
sequencing the 16S gene. Future releases will comprise many more additional 
phenotypes and -omics data layers. 1000IBD data can be used by other researchers 
as a replication cohort, a dataset to test new software tools, or a dataset for 
applying new statistical models.  
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Conclusions  
 
We report on the establishment and future development of the 1000IBD project: 
the first comprehensive multi-omics dataset aimed at discovering IBD biomarker 
profiles and treatment targets. 
 

 

Background

 
Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative 
colitis (UC), is a chronic complex disease of the gastrointestinal (GI) tract. IBD is 
very heterogeneous: disease location within the GI tract, disease behaviour, and 
average disease activity can vary greatly between patients.1 Thus far, large numbers 
of individual genetic variants, environmental factors and gut microbes have been 
discovered that associate with the onset of IBD.1–9 However, it remains largely 
unknown how pathophysiological changes in specific pathways lead to different 
clinical subphenotypes of IBD, and which treatment could best be applied. 
 
Given our current lack of understanding of these pathophysiological pathways, 
patients with IBD are classified into subtypes using only clinical characteristics. The 
classification tool currently in use is the Montreal classification, which consists of age 
of onset (A), disease location (L), and disease behaviour (B) for CD and age of onset 
(A), disease extent (E), and disease severity (S) for UC.10 A combination of the Montreal 
classification and current disease activity is used to determine a treatment regimen 
comprising anti-inflammatory drugs and/or surgery. 
 
Meanwhile, the number of new anti-inflammatory biological drugs targeting specific 
molecular pathways is rising rapidly. Currently, these new drugs are used when 
regular anti-inflammatory drug treatment fails. However, identifying IBD subtypes on 
the molecular pathway level could enable a much more targeted treatment approach 
in which the pathways affected in specific subtypes of IBD could be targeted by 
specific monoclonal antibodies. 
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Multiple research groups and consortia throughout the world are generating 
datasets combining clinical data with either genome data, transcriptome data, or gut 
microbiome data. By studying these datasets, researchers can answer important 
individual questions. However, an integrated effort is required if we are to meet the 
key objectives needed to pursue targeted treatment: 
 
1. To discover molecular subtypes of IBD and match available monoclonal  
 antibody treatment to these subtypes.  
 
2. To discover biomarker profiles that capture the clinical heterogeneity of IBD  
 and can be used as predictors. 
 
3. To discover and prioritise the best new targets for early-stage drug discovery. 
 
Meeting these objectives requires the assessment and integration of different layers 
of  -omics information, supplemented with high-resolution phenotype data in the same 
IBD patients. Important IBD multi-omics projects already exist in the longitudinal 
integrative Human Microbiome Project11 (iHMP or HMP2), the PRISM-cohort12, and 
the RISK-cohort7 in the United States. Previous efforts from the RISK cohort, the 
PRISM cohort, and samples from patients treated in our university hospital, as well 
as from consortia in which these cohorts participate, have already enabled the 
first steps towards precision medicine in IBD. For example, the discovery of genetic 
variants enables the prediction of the risk of pancreatitis as a severe side-effect of 
azathioprine, a commonly used immunosuppressant in IBD.13 Microbial DNA profiles 
and RNA-sequencing profiles from the intestinal biopsies of the RISK cohort have 
uncovered RNA-microbe interactions and shown that biopsies taken from the distal 
colon can predict the IBD disease location higher up in the intestine.7,14 In addition, 
stool samples from the PRISM cohort have also been used to discover microbial 
profiles that can predict the efficacy of vedolizumab, a biological drug regulating 
T-cell homing to the gut15, while a genetic variant in the WWOX gene discovered using 
genotypes of IBD patients treated in our hospital can be used to assess the risk of 
stricturing and penetrating Crohn’s disease behavior.16  
 
We initiated the 1000IBD project to prospectively follow more than 1000 IBD patients 
from the Northern provinces of the Netherlands and collect a uniquely large number 
of phenotypes. Phenotype data include—but are not limited to—information on dietary 
and environmental factors, drug responses and adverse drug events. In addition, we 
will generate cross-sectional multi-omics layers. 
 
Here, we report on the establishment and future development of the 1000IBD project 
and release the first data from the project. This first release and future data releases 
will be stored externally in the European Genome-phenome Archive (EGA) of the 
European Bioinformatics Institute (EBI) and Centre for Genomic Regulation.17 This first 
1000IBD data release includes basic phenotypes of 1,215 participants, host genotypes 
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based on the Immunochip for 314 participants, and gut microbiome data from 315 stool 
samples (one per participant) and 107 biopsies (one per participant) generated by tag 
sequencing the 16S rRNA gene.

Construction and content

To create the 1000IBD dataset, we collected and generated extensive prospective 
phenotype, diet and environment data, extensive treatment response and adverse 
treatment event data, and a multi-omics dataset of the same patients.

1000IBD: logo, cohort, recruitment and consent

All IBD patients treated in the specialized IBD Center of the Department of 
Gastroenterology and Hepatology of the University Medical Center Groningen (UMCG) 
are asked to participate in the 1000IBD project. Once they have given written informed 
consent, we collect, generate, and integrate clinical data, diet and environmental data, 
genome data, transcriptome data, and microbiome data for each participant. Inclusion 
in the 1000IBD project is still on-going and the project had enrolled 1,215 IBD patients 
as of September 1, 2017. The 1000IBD project was approved by the Institutional Review 
Board of the UMCG (IRB number 2008.338). A logo depicting the intestine and the 
multifaceted character of the project was created to represent the project (Figure 1).

 Figure 1. 1000IBD Project Logo. 

 This logo depicts the intestine and the multifaceted character of the project.
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1000IBD Participants

 1000IBD-ID

 Sex
 Age

Phenotypes

PK,FK1 1000IBD-ID

 Prospective phenotype data model

Diet

PK,FK1 1000IBD-ID

 Food Frequency Questionnaire data

Environment

PK,FK1 1000IBD-ID

 Environment data

Genotypes Immunochip

PK,FK1 1000IBD-ID

 Genotype data

Whole exome sequencing

PK,FK1 1000IBD-ID

 Sequence data

Genotypes Global Screening Array

PK,FK1 1000IBD-ID

 Genotype data

Intestine transcriptome

PK,FK1 1000IBD-ID

 RNAseq of biopsies data

Microbiome - 16S

PK,FK1 1000IBD-ID

 16 rRNA sequence data

Microbiome shotgun metagenomics

PK,FK1 1000IBD-ID

 WGS metagenomics data

UC targeted resequencing

PK,FK1 1000IBD-ID

 Sequence data

Genotypes Exomechip

PK,FK1 1000IBD-ID

 Genotype data

1000IBD datamodel and identifier 
 
Every 1000IBD participant has a unique pseudo-anonymized 1000IBD-identifier that is 
used to link all clinical phenotypes and molecular data layers. A model of the 1000IBD 
dataset is depicted in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. Simplified 1000IBD data model. 1000IBD-ID is the 1000IBD identifier used  

 in every data-layer, also referred to as primary key (PK) and foreign key 1 (FK1). RNAseq:   

 RNA-sequencing, 16S: Sequencing data of the microbial 16S rRNA gene; WGS: whole  

 genome shotgun sequencing.
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Generation of clinical phenotype  
and treatment response data 

The collection of prospective data on clinical phenotypes, treatment responses and 
adverse events is incorporated into the regular IBD clinical care process in the outpatient 
department of our IBD centre. These phenotype and treatment data serve both as the 
electronic health record and as a research dataset. This approach of collecting data ‘at 
the source’, i.e. during the patient visit, has been recommended by the Dutch Federation 
of University Medical Centres (NFU).18 An extensive prospective phenotype data model 
was developed to ensure uniform data collection over time and across different 
healthcare professionals. Data items and descriptions of the data model are listed in 
Supplementary table 1. This phenotype model is similar to the phenotype model of the 
Dutch IBD Biobank (part of Parelsnoer19) to which a subset of the 1000IBD phenotypes is 
automatically uploaded.20 At inclusion, the research nurse fills in most of the data items. 
The gastroenterologist subsequently only updates data items that have changed since the 
last patient visit. Table 1 provides an overview of the available data on the most important 
phenotypes and summary statistics of the 1215 1000IBD participants.

Generation of dietary  
and environmental data

We developed two new questionnaires to gather dietary and environmental data of IBD 
patients. 1000IBD participants can fill out these questionnaires using a secure web 
application.The Groningen IBD-specific Food Frequency Questionnaire (GrIB FFQ) was 
designed to assess the current dietary habits and nutritional intake of IBD patients. It 
consists of 119 questions on food items that are grouped into categories: breakfast, 
lunch, dinner, snacks and drinks. Since IBD patients often follow unguided dietary habits, 
i.e. those made without consulting a physician or dietician first, population-specific 
and more extensive items (e.g. dairy substitutes, meat replacers and supplements) 
are included in the questionnaire. When using this nutritional tool, patients report the 
intake of foods consumed during the previous month. The food data obtained via the 
GrIB FFQ will be converted into energy and nutrient intake (in grams/day) using the 
NEVO food composition database of 2016 (NEVO 2016, RIVM, Bilthoven, the Netherlands). 
The nutritional intake part of the GrIB FFQ was developed in collaboration with, and 
validated by, the division of Human Nutrition of Wageningen University using standardized 
procedures.21,22 

 

The GrIB FFQ provides a broader overview than traditional food questionnaires. It also 
assesses factors that influence nutrition expenditure but are often disregarded. To 
complement the questions on nutritional intake, items on patient’s conceptions about 
the role of nutrition in IBD have been added. Since these additional items could not be 
included in the standard validation procedure of the Wageningen University, the entire 
GrIB FFQ will be validated with data collected in an upcoming randomized controlled trial.  
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No. of participants 1215

Age (Median ± IQR) 41 ± 25

Sex

Male (%) 510 (41.97)

Female (%) 705 (58.03)

Diagnosis

Crohn’s Disease (%) 615 (50.62)

Ulcerative Colitis (%) 495 (40.74)

IBDU (%) 61 (5.02)

Other (microscopic colitis, IBDI, reconsidering IBD diagnosis) (%) 44 (3.62)

Montreal Classification

A: Age of Onset

A1 (%) 159 (13.09)

A2 (%) 710 (58.44)

A3 (%) 253 (20.82)

L: Disease Location (CD only)

L1 (%) 224 (36.42)

L2 (%) 120 (19.51)

L3 (%) 255 (41.46)

L4 (%) 65 (10.57)

B: Disease Behaviour (CD only)

B1 (%) 301 (48.94)

B2 (%) 208 (33.82)

B3 (%) 102 (16.58)

Perianal 189 (30.73)

E: Disease Extent (UC only)

E1 (%) 57 (10.25)

E2 (%) 162 (29.13)

E3 (%) 299 (53.78)

S: Disease Severity (UC only)

S1 (%) 29 (5.22)

S2 (%) 139 (25.00)

S3 (%) 191 (34.35)

S4 (%) 119 (21.40)

Table 1. 

Clinical phenotypes of 1215 1000IBD participants
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Age at Diagnosis in years (Median ± IQR) 27 ± 19

Disease Duration at Recruitment in years (Median ± IQR) 8 ± 12

Medication Exposure

Steroids % 90.07

Steroids CD % 91.99

Steroids UC % 88.28

Steroids IBDU % 88.33

Immunosuppressors % 68.32

Immunosuppressors CD % 79.08

Immunosuppressors UC % 56.97

Immunosuppressors IBDU % 56.67

Biologicals % 37.30

Biologicals CD % 55.07

Biologicals UC % 17.37

Biologicals IBDU % 25.00

Mesalazines % 44.34

Mesalazines CD % 18.06

Mesalazines UC % 70.99

Mesalazines IBDU % 83.33

Average Disease Activity*

HBI (Average ± Standard Deviation) 2.99 ± 3.18

SSCAI (Average ± Standard Deviation) 1.61 ± 1.97

* For each patient, the median disease activity was determined. For the entire group the 

average of the individual medians is presented here IQR: interquartile range, CD: Crohn’s 

disease, UC: ulcerative colitis, IBDU: inflammatory bowel disease undetermined, IBDI: 

inflammatory bowel disease intermediate, HBI: Harvey-Bradshaw Index, SSCAI: Simple 

Clinical Colitis Activity Index



80

The Groningen IBD Environmental Questionnaire (GIEQ) is designed to study the role 
of lifestyle and environment in the development and course of IBD. The GIEQ includes 
a large number of factors that could potentially influence disease risk and disease 
course such as mode of birth (vaginal vs. caesarean), whether patients were breastfed, 
their living surroundings and sun exposure. In the GIEQ, 1000IBD participants are also 
asked about differences in lifestyle before and after their IBD diagnosis to see which 
lifestyle changes coincide with the onset of IBD. The GIEQ has just been published and 
validated.23 

Generation of new molecular data  
and previously generated data 
 
Molecular data of multiple –omics layers is being generated during the 1000IBD project. 
However, the 1000IBD cohort is comprised of both newly generated molecular data 
and data that was previously generated from samples from the same IBD patients. If 
informed consent was given, all this data has been added to the 1000IBD project. 

Generation of host genetic data  
 
Host genomic data is generated in the 1000IBD project using genotyping (Illumina 
ImmunoChip, Global Screening Array, and the HumanExomeChip) and sequencing (Pooled 
targeted re-sequencing and whole exome sequencing). Peripheral blood samples were 
drawn from 1000IBD participants and DNA was isolated from EDTA stabilized blood 
using either phenol-chloroform or the Qiagen Autopure LS with Puregene chemistry 
(Qiagen, USA), as previously described.24 

Genotyping using the ImmunoChip 
 
Host DNA samples from 314 of the 1,215 1000IBD participants was genotyped using 
the ImmunoChip25 during previous projects between 2010 and 20133, and this data 
has been added to the 1000IBD project. The ImmunoChip is an Illumina Infinium array 
comprising 196,524 Single Nucleotide Variants (SNVs) as well as a small number of 
insertion and deletion markers. These SNVs and markers were selected based on 
results from genome-wide association studies of IBD and 11 other immune-mediated 
diseases. Normalized intensities for all samples were called using the OptiCall 
clustering program.26 Marker and sample quality control was performed as described 
previously.6 Because the ImmunoChip is no longer available, no additional DNA samples 
will be genotyped by this method. Newer arrays such as the Global Screening Array 
(GSA) will now be used to ensure that all 1000IBD participants are genotyped. 
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Genotyping using the Global Screening Array (GSA)
 
At the moment, host DNA samples from 1,013 of the 1,215 1000IBD participants have 
been genotyped using the Infinium GSA-24 v1.0 BeadChip combined with the optional 
Multi-Disease drop-in panel (GSA-MD). The GSA-MD array comprises a multi-ethnic 
genome-wide backbone combined with Multi-Disease Drop-in content derived from 
exome sequencing and meta-analyses of several phenotype-specific consortia 
including the International IBD Genetics Consortium (IIBDGC). The GSA-MD includes 
over 700,000 genetic variants. Genotypes were called using the OptiCall26 clustering 
program (opticall.bitbucket.io) and quality control steps were performed using PLINK 
1.9 (www.cog-genomics.org/plink/1.9/).27 The remaining 1000IBD participants, as well 
as future 1000IBD participants, will also be genotyped using the GSA.  
 

Genotyping using the Illumina HumanExomeChip 
 
DNA samples of 419 CD patients were genotyped using the Illumina HumanExome-12 
v1.1 BeadChip array, which contains 242,901 exonic genetic variants, the majority 
being low-frequency or rare non-synonymous, splice, or stop-altering variants. The 
remaining 1000IBD participants will not be genotyped using the HumanExomeChip, 
but will instead be sequenced using Whole Exome Sequencing. 

Pooled targeted re-sequencing of UC patients 
 
Host DNA samples of pooled targeted deep high-throughput sequencing has been 
performed of 122 UC-associated genes.28 Pooled targeted enrichment of DNA from 
404 1000IBD participants (12 individuals per pool) was performed using a custom-
made kit (Agilent HaloPlex, designed with Agilent’s Sure Design), resulting in coverage 
of 99.9% of the target sequence. After enrichment, sequencing was performed on the 
Illumina HiSeq 2500.  

Whole exome sequencing 
 
Host DNA samples from 1,003 1000IBD participants were whole exome sequenced 
according to the Broad Institute of Harvard and MIT Standard Human Whole Exome 
Sequencing v5 (http://genomics.broadinstitute.org/data-sheets/StandardWES_
v5.pdf). DNA samples were processed using the Illumina Nextera preparation 
kit and hybrid capture was performed using Illumina Rapid Capture Enrichment 
(37Mb target). Sequencing was done on the Illumina HiSeq platform to generate 
150bp paired DNA reads. Exome sequencing reads were subsequently processed 
in accordance with the Broad Institute of Harvard and MIT best practice guidelines 
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(https://software.broadinstitute.org/gatk/best-practices/). Reads were mapped to the 
human genome reference sequence build 37 using BWA MEM5. The Genome Analysis 
Toolkit (GATK)29 version 26 was used to call alleles at variant sites as previously 
described.30 The VQSR pipeline was used to assess the quality of called variants.  

Intestinal biopsies and the generation of 
transcriptome data
 
Intestinal biopsies were collected from 1000IBD participants during colonoscopies for 
regular clinical care. These biopsies were immediately snap-frozen by the endoscopy 
nurse or research technician present during the endoscopy procedure using liquid 
nitrogen, which is readily available in the endoscopy room. We were able to successfully 
isolate both DNA and RNA from the snap-frozen samples, and results using the 
bacterial DNA from biopsies have already been published.31 To date, 5,933 biopsies 
from 900 patients have been snap frozen in liquid nitrogen and stored at -80°C. DNA 
and RNA were simultaneously isolated from 300 fresh frozen human intestine biopsies 
using the AllPrep DNA/RNA Mini kit (Qiagen, REF no: 80204) according to the company’s 
protocol. Biopsies were homogenized in RLT plus buffer containing β-mercaptoethanol 
using the Qiagen Tissue Lyser with stainless steel beads (5 mm mean diameter, Qiagen 
REF nr: 69989). Sample preparation was executed using the BioScientific NextFlex 
mRNA sample preparation kit. Sequencing was performed on the Illumina NextSeq500 
sequencer. The RNA samples were pseudo-randomized on plates to assure that no 
single factor was dominant on one plate (IBD diagnosis, disease location or disease 
activity). RNA-sequencing was conducted in two batches comprising one pilot batch 
of one plate of 20 samples, and one batch of one plate of 80 samples and two plates 
containing 100 samples each. When a principal coordinate analysis was executed as 
part of the QC, no relevant batch effect was detected. The 300 samples generated 20 
million reads per sample.  

Generation of gut microbiome data 
 
To date, stool samples have been collected from 544 participants of 1000IBD. 
Participants were asked to freeze a stool sample within 15 minutes of stool production 
at home. A medical student or research nurse visited each participant at home shortly 
after production to collect the sample on dry ice for transport to the laboratory at 
-80oC. We surveyed 248 IBD patients who took part in the stool sampling. Of these 248 
patients, only 3 required more than 15 minutes to store their faecal sample in their 
freezer and 13 did not fill in this particular question. (Bolte et al. Submitted).
In the laboratory, microbial DNA was isolated using the Qiagen AllPrep DNA/RNA 
Mini Kit cat. # 80204 with the addition of mechanical lysis, as previously described.7 
The microbial DNA samples were randomized on 96-well plates so that age and 



83

IBD diagnosis were mixed. The plates containing microbial DNA were sent to the 
Broad Institute, Boston, USA for 16S sequencing in one batch. These microbial DNA 
samples were stored at the Broad Institute at -80°C, and whole genome metagenomic 
sequencing was performed at a later stage. A second batch of microbial DNA was sent 
to the Broad Institute for whole genome shotgun metagenomic sequencing using the 
same procedure. When a principal coordinate analysis (PCA) was executed as part of the 
QC, no relevant batch effects were detected.
 

 

16S rRNA gene tag sequencing data

The hyper-variable region V4 of the 16S rRNA gene of microbial DNA of 315 stool 
samples from 315 1000IBD participants and 107 intestinal biopsies of 107 1000IBD 
participants was sequenced using the Illumina MiSeq. After sequencing, custom scripts 
were used to remove the primer sequences and align the paired end reads.7

 
 
Shotgun metagenomic sequencing data from stool samples
 
Microbial DNA of 544 stool samples from 544 1000IBD participants was whole genome 
shotgun sequenced using the Illumina HiSeq platform. Basic QC was performed by the 
sequencing facility using an in-house pipeline to remove low quality reads from the 
raw metagenomic sequencing data. Samples with a read depth less than 10 million 
reads were excluded. Next, quality trimming and adapter removal was performed using 
Trimmomatic (v.0.32).32

Future longitudal sampling of biomaterial

In addition to the current 1000IBD biomaterial collections, subsets of the 1000IBD 
cohort will be sampled longitudinally. In the IBD Tracker project, a selection of 1000IBD 
participants will undergo weekly stool sampling. A separate IRB approval has been 
obtained for this project. 
  
 
Local infrastructure and software 

Structured IBD-specific electronic health record 
 
All clinical phenotype data from described in the information model (Supplementary 
Table 1, Supplementary Figure 1) is collected using an IBD-specific electronic health 
record (IBD-EHR). This IBD-EHR is used in clinical care and will, in time, be integrated 
into the new UMCG hospital electronic health record system, EPIC (http://www.epic.com).
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Patient Reported Outcome Measures using  
an online tool: myIBDcoach
 
Some phenotypes are scored by the IBD patients themselves. To assist patients in 
scoring these patient-reported outcome measures (PROMS), e.g. clinical disease 
activity, a smartphone app and a web application called myIBDcoach is used.33 
Gradually, more PROMS will be implemented and added to the phenotype model.
 
 
Research data in MOLGENIS Research
 
Once phenotype data is extracted from the IBD- EHR and the myIBDCoach 
smartphone app, it is uploaded into MOLGENIS Research, a web-based application 
that automatically generates the summary statistics.34,35

 
Raw sequencing data stored on  
a high-performance computer cluster
 
Raw sequencing data is stored on the Calculon high-performance  
computer cluster of the UMCG.
 
 
Privacy and information security

The software and information infrastructure were built taking into account Dutch 
NEN751036 and international ISO 27.00137 information security guidelines as much 
as possible. A penetration test will soon be performed by the UMCG IT department on 
https://1000IBD.org.
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Utility and discussion

 

Use of 1000IBD data
 
The data of the 1000IBD project has already led to a number of important discoveries. 
The Immunochip genotypes were used to unravel the host genetic landscape of IBD 
as part of the IBD Genetics Consortium effort.2,3,6 The UC pooled targeted resequencing 
study lead to the discovery of a novel UC-associated variant.28 The gut microbiome 
data was used to detect the microbial composition of the gut in IBD patients.8 
Phenotype, genotype and gut microbiome data were integrated to look at the complex 
relations between these different data layers.8,31

The 1000IBD data is a versatile resource. Researchers investigating IBD can use the 
data as a replication cohort or as a pilot cohort to test new hypotheses. Software 
developers can use the data to test new tools, for example those built to analyse 
the genome or the gut microbiome. Mathematicians and statisticians can apply new 
statistical models to the data. A major advantage of the 1000IBD data for all these 
researchers is that they will not have the considerable cost of building a cohort or of 
generating genotype, whole exome, transcriptome and gut microbiome data.

Sharing 1000IBD data in releases
 
The 1000IBD data will be made available in three stages (Figure 3). In Stage 1, data 
that has been generated or will be generated is announced. In Stage 2, summary 
statistics will be made available. In Stage 3, the data itself will be publicly released. In 
the end, all data that does not violate patient privacy regulations will be made publicly 
available. 

Stage 1 
Debut cohort and 
described associated 
data to be released

Stage 2 
Make summary  
statistics available

Stage 3 
Publicly release the 
data (after access 
procedure)

Figure 3. Flow of research data from the 1000IBD project. In Stage 1, data that has been 
generated or will be generated is announced. In Stage 2, summary statistics will be made 
available. In Stage 3, the data itself will be publicly released.
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Data release 1
 
The first release of 1000IBD contains the basic phenotypes of 1,215 participants, 
Immunochip genotypes of 314 participants and gut microbiome data of 315 participants. 
The content of the data release 1 is presented in Table 2.

 Table 2. 

 Content of Data release 1. Released on June 5th, 2018 

Finding and exploring 1000IBD data

The 1000IBD Project can be found in the European Genome-Phenome Archive https://
ega-archive.org/studies/EGAS00001002702, and will be added to the local research 
data catalogue of the UMCG and the University of Groningen, the national biomedical 
research data catalogue BBMRI-NL (Biobanking and BioMolecular resources Research 
Infrastructure The Netherlands) (www.bbmri.nl) and the European biomedical research 
data catalogue BBMRI-ERIC38 (Biobanking And BioMolecular Resources Research 
Infrastructure - European Research Infrastructure Consortium). The 1000IBD data can 
be explored online on our website: https://1000IBD.org. Here, summary statistics of 
the phenotypes of 1000IBD participants for the entire cohort and for the subsets of 
participants for whom omics data is available can be viewed.

Data Available for number of participants Format

Clinical phenotypes
• Age in years
• Sex
• BMI
• IBD diagnosis
• Montreal classification:
A: Age of onset
L: Disease location (CD only)
B: Disease behaviour (CD only)
E: Disease extent (UC only)
S: Disease severity (UC only)

1,215 of 1,215 participants of 1000IBD
 
omics data available from 557 of  
the 1,215 participants of 1000IBD 

TSV  
(Tab-separated file)

Genome
Immunochip genotypes 314 of 1,215 participants of 1000IBD IDAT

Microbiome
16S rRNA gene sequences from stool 315 of 1,215 participants of 1000IBD FASTQ

Microbiome
16S rRNA gene sequences from biopsies 107 of 1,215 participants of 1000IBD FASTQ

Microbiome
Shotgun metagenomic sequencing  
data from stool samples

355 of 1,215 participants of 1000IBD FASTQ
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Downloading 1000IBD research data
 
The 1000IBD research data can be downloaded from the EGA at https://ega-archive.
org using accession number EGAS00001002702. All raw files (FASTQ, IDAT) from 
genotyping and sequencing of the genome, transcriptome and microbiome will be 
available to run through custom pipelines.

Recalling 1000IBD participants for additional 
sampling

1000IBD participants are recallable for additional sampling. The possibility to recall 
patients for additional material is only available to UMCG researchers. However, 
collaborations in which extra material is collected are possible. 

Coauthorship and citing 1000IBD
 
The arrangements for publication regarding co-authorship or just citation will depend 
on the extent of cooperation required by the Groningen team. If IBD participants 
need to be recalled for additional sampling or if large data processing efforts by the 
Groningen team are required, co-authorship will be required. However, if a limited 
amount of data is requested from the EGA, citation of the current manuscript would 
suffice.

Privacy and controlled access
 
To share the molecular and clinical data in a responsible way, we need to maintain 
patient privacy. It is therefore not possible to publicly share extensive phenotype data, 
and the publicly available phenotype data will remain limited to a basic phenotype set. 
1000IBD data is stored externally in the EGA, but because 1000IBD consists of patient 
data, a controlled access procedure is in place.

Preparation of next release
 
While the first data is released, preparations for the second data release are on-going. 
The second 1000IBD data release will consist of: i. the complete 544 microbiome 
WGS metagenomes from stool samples from 544 1000IBD participants and ii. pooled 
targeted resequencing of UC susceptibility loci.
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Conclusions

The 1000IBD project aims to discover molecular subtypes of IBD and biomarker profiles 
that capture the clinical heterogeneity of IBD and to prioritise new targets for early 
stage drug discovery or other interventional strategies by generating extensive multi-
omics and phenotype data of over 1000 IBD patients. The project is a showcase for FAIR 
data management following the guiding principles for scientific data management and 
stewardship (FAIR: Findability, Accessibility, Interoperability, and Reusability).39,40 All 
1000IBD data that can be shared without violating patient privacy will be made available 
to the scientific community. Researchers can reuse the 1000IBD data and perform 
analyses without the need to set up a cohort, collect samples or perform expensive 
sequencing. The sharing and reusing of the 1000IBD data will drive IBD research 
forwards. 
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Abstract
 
 

Motivation 
 
The volume and complexity of biological data increases rapidly. Many clinical 
professionals and biomedical researchers without a bioinformatics background are 
generating big ’-omics’ data, but do not always have the tools to manage, process or 
publicly share these data. 
 

Results 
 
Here we present MOLGENIS Research, an open-source web-application to collect, 
manage, analyse, visualize and share large and complex biomedical data sets, without 
the need for advanced bioinformatics skills.
 

Availability and implementation 
 
MOLGENIS Research is freely available (open source software). It can be installed from 
source code (see http://github.com/molgenis), downloaded as a precompiled WAR file 
(for your own server), setup inside a Docker container (see http://molgenis.github.io), 
or requested as a Software-as-a-Service subscription. For a public demo instance and 
complete installation instructions see http://molgenis.org/research.
 
 

Introduction

 
In order to improve human health, biomedical scientists are increasingly using large 
and complex data sets to discover biological mechanisms. Large numbers of patients 
and control participants are screened with questionnaires, biomedical measurements, 
high-throughput techniques such as next-generation sequencing of the genome, the 
transcriptome and the microbiome1, resulting in large quantities of phenotypic and 
molecular data.2 However, many clinical professionals and biomedical researchers do 
not always have the proper tools to process, manage, analyse, visualize and publicly 
share these data3 while complying to 'FAIR' (Findable, Accessible, Interoperable, and 
Reusable)4 and 'ELSI' (Ethical, Legal and Social Implications) principles.
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Several challenges arise when developing software for big data used by biomedical 
researchers.5 The first challenge is data capture and data management. Data systems 
need to be adaptable enough to not only handle today’s data, but also be able 
seamlessly capture tomorrow’s data formats.6 Current systems are often too strict 
in terms of importing new data types. As a consequence, systems must sometimes 
even be taken offline for database redesign.7,8 Therefore, a good system needs to allow 
continuous use while databases can be redesigned and unforeseen data types can 
be used. The second challenge is to integrate and analyse the data. Biological data 
is complex and heterogeneous by nature, leading to incompatible data, disorganized 
systems, and missed opportunities.3,9 Data integration solutions are needed to 
understand the interaction of environmental effects with molecular measurements 
resulting in certain phenotypes10, by combining multiple -omics layers11 with clinical 
data.12 The third and most difficult challenge is to create user interfaces that are easy 
to understand and interpret the data, but elaborate enough to allow for comprehensive 
queries, analyses and visualizations needed for biomedical 'big data' research. Here, we 
present MOLGENIS Research, designed to overcome the aforementioned challenges and 
follow the natural flow of biomedical research: collect, manage, analyse, visualize and 
share data.

Features 
 
MOLGENIS Research is a life science data solution built on top of the MOLGENIS 
platform. The MOLGENIS platform allows the development of various apps for specific 
tasks and to upload data models and settings to tailor the platform to a specific use. 
Below, we present a collection of apps and settings that together form the MOLGENIS 
solution for Research. These apps are grouped into the five categories that represent 
the typical flow of research data: (i) Collect: gathering or entering of data into the 
database; (ii) Manage: inspecting and handling of data inside the database; (iii) Analyse: 
detect patterns and differences in the data using algorithms and statistical tests; 
(iv) Visualize: creating graphs and other visualizations; and (v) Share: making data, 
visualizations, and results available to others.
 

Collect 
 
MOLGENIS Research offers several ways to enter or upload data into the system. 
The typical way to add data is to use either the Single-click Importer app or the more 
advanced Step-by-step Importer app. Both importer apps accept files in the EMX (Entity 
Model Extensible) format, and they are well-documented at https://molgenis.gitbooks.
io. EMX is a flexible spreadsheet format for tabular data. It allows data modelling at 
runtime with definitions for each column in a table, meaning the data in the columns 
are not predefined or locked in place, yet data consistency is checked and preserved. 
EMX-formats with XLSX-, ZIP-, and TSV-extensions can be uploaded. A more specialized 
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importer accepts VCF and VCF.GZ fi les for the quick import of genomic data, as well as 
OWL and OBO formats for importing ontological data. Additional community standard 
formats can become supported in the future depending on user needs. The Remote File 
Ingest app can access remote servers and securely import data directly over the web. 
Via the Questionnaire app, data can be collected instantly from study participants and 
imported in the database. Answers fi lled in by participants are stored directly in the 
MOLGENIS Research database. Finally, manual data entry can be performed in the Data 
Explorer app by adding rows or columns in database tables.

Manage

After data collection, MOLGENIS Research has apps to inspect, organize, permit and 
customize the data. The primary data management app is the Data Explorer which acts 
as a table viewer. Here, columns can be selected and sorted, and data rows are visible. 
In addition, data sets can be placed in a hierarchical folder structure via the ‘Package’ 
system table. See Figure 1 for an impression of the Data Explorer. Using the Navigator 
app, data sets can be browsed and viewed in their folder structure. Finally, the Metadata 
manager enables super users to modify the underlying data structure itself to keep up 
with advancing insights and address unforeseen requirements.

 Figure 1. Screenshot of the MOLGENIS Research graphical user interface. Shown here is   
 the Genome browser app, that can be used to gain information on variants, genes or regions.
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Analyze 
 
MOLGENIS Research enables bioinformaticians to add data analysis tools. For 
example, the Data Explorer is often used to analyse data. Here, the Filter Wizard can 
be used to run queries. In a recent project, the Descriptive Statistics app was added to 
automatically creates all descriptive statistics often needed to present in the first table 
of a manuscript. The Descriptive Statistics app automatically recognizes whether data is 
continuous, binary or categorical, whether it is normally distributed or not and whether 
there are too many missing values. Based on the outcome it provides, means, medians, 
counts and percentages.  
 
Use of R, Python and REST APIs allows adding additional data analysis and connections 
to other data systems. There is a Scripts app in which JavaScript, R and Python scripts 
can be stored and run by others. These scripts can be written by bioinformaticians, 
but can be easily run or repeated by researchers without data analysis skills. Using 
these, specialized tools can be built, (e.g. the GAVIN method13) to automatically classify 
pathogenicity of genomic variants. Several examples of such add-on analysis tools are 
showcased in the demo.
 

Visualize 
 
When genome data is opened, the Genome Browser app automatically visualizes 
genomic loci using the interactive Dalliance genome browser.14 More scripts are 
available on the MOLGENIS website and GitHub repository to generate value distribution 
plots and consensus in multiple categorical values. Custom reports and visualizations 
can be added via a templating system (Freemarker) that loads a single row or whole 
data set for user-specified formatting rules, and that uses aforementioned scripting 
capabilities (see Analysis). 
 

Share 
 
To support collaborations, MOLGENIS Research has different ways to share and 
connect the data and to achieve a number of FAIR metrics15 such as ensuring identifier 
uniqueness and persistence, indexing its data tables, offering HTTP access and 
authorization, and tools to connect data to FAIR vocabularies such as ontologies.16 
For joint analysis of data sets, we have developed Mapping Service tools to make both 
columns16 and values17 interoperable between data sets so they can be merged. The 
Tag Wizard app can assign meaning to data columns using ontologies, which can be 
integrated across different data sets using the Mapping Service app. Data sets and 
variables can be made findable without exposing (sensitive) data values by creating a 
catalogue from a combination of raw data, curated data or interesting results collected 
in the system. Others can browse this catalogue before contacting or submitting a 
request for access. MOLGENIS Research supports the complete data access and request 
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workflow designed by the data owner. Super users can also create FAIR endpoints 18 
based on definitions of Metadata, Catalogue, Dataset, Distribution and Response, which 
ensures your data is machine-findable and thereby has increased findability. 

 

Implementation 
 
 
MOLGENIS Research is implemented using open and freely usable industry standards. 
It is available under the GNU Lesser General Public License v3.0 (https://www.gnu.org/
licenses/lgpl-3.0.en.html). It is written in Java 1.8 (https://java.com), supported by the 
Spring MVC framework (https://spring.io). It uses Apache Maven (https://maven.apache.
org) to manage dependencies, and runs on an Apache Tomcat (http://tomcat.apache.
org) webserver. Data is stored in a PostgreSQL database (https://www.postgresql.
org) and indexed by ElasticSearch (https://www.elastic.co) for high performance and 
horizontal scaling ability by data replication and sharing, respectively. Final storage 
and query performance depends on specific hardware and software configuration. 
Its graphical user interface is composed of Bootstrap (https://getbootstrap.com), Vue 
(https://vuejs.org) and Freemarker templates (https://freemarker.apache.org). FAIR 
endpoints are implemented in W3C RDF 1.1 Turtle (https://www.w3.org/TR/turtle). 

 

Conclusion 
 
 
We have built MOLGENIS Research, a web application for the biomedical field to work 
with multi-omics data sets without being dependent on bioinformaticians. MOLGENIS 
Research enables researchers to more efficiently collect, manage, analyse, visualize 
and share data, as well as offering support to make data FAIR in a flexible and safe way. 
MOLGENIS Research offers all the advantages of a true database system with detailed 
data management and access control options, while at the same time being able to 
grow ‘organically’ by allowing data to be dynamically shaped based on what is needed 
in practice, and adding custom extensions such as visualizations and algorithms into a 
running system without downtime. It can be used as a project database from day one as 
there is no need to design a data model upfront. 
 
Currently, MOLGENIS Research has been adopted by several research projects, 
including 1000IBD, 500FG and LifeLines. The 1000IBD database (http://1000ibd.org) 
contains a range of clinical and research phenotypes for up to 2,000 patients per -omics 
type, which includes quantifications of 12,000+ microbiome OTUs, 400+ ImmunoChip 
markers, and ~300 RNAseq experiments. The 500FG database (https://hfgp.bbmri.nl) 



99

contains microbiome, metabolomics, cytokine, QTL, cell staining, serum Ig and flow 
cytometry data for around 500 individuals. Identifier codes for individuals serve as 
foreign keys that can link data tables together for data integration and analysis. Lastly, 
the LifeLines data catalogue (https://catalogue.lifelines.nl) contains the metadata 
for around 40,000 data items available for researchers such as questionnaires, 
measurements and (blood and urine) sample analyses from a longitudinal study of 
167,000 individuals. We expect more projects to follow soon, and gladly invite everyone 
to help us in expanding and evolving the MOLGENIS Research solution to serve all 
popular research needs. We strongly encourage interested users to try the demo, 
download and install MOLGENIS Research at http://molgenis.org/research. 
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Microscopic image of the brain. The next chapter is dedicated to the attitudes towards faecal sampling. Source: iStock
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Abstract

 

Background 
 
Faecal sample collection is crucial for gut microbiome research and its clinical 
applications. However, while patients and healthy volunteers are routinely asked to 
provide stool samples, their attitudes towards sampling remain largely unknown. Here 
we investigate the attitudes of 780 Dutch patients, including participants in a large 
Inflammatory Bowel Disease (IBD) cohort, and population controls, to identify barriers to 
sample collection and provide recommendations for gut microbiome researchers and 
clinicians.   
 

Methods 
 
We sent questionnaires to 660 IBD patients and 112 patients with other disorders who 
had previously been approached to participate in gut microbiome studies. We also 
conducted 478 brief interviews with participants in our general population cohort who 
had collected stool samples. Statistical analysis of the data was performed using R. 
 

Results 
 
97.4% of respondents reported that they had willingly participated in stool sample 
collection for gut microbiome research, and most respondents (82.9%) and interviewees 
(95.6%) indicated willingness to participate again, with motivations for participating being 
mainly altruistic (57.0%). Responses indicated that storing stool samples in the home 
freezer for a prolonged time was the main barrier to participation (52.6%), but clear 
explanations of the sampling procedures and their purpose increased willingness to 
collect and freeze samples (P=0.046, P=0.003). 
 

Conclusions 
 
To account for participant concerns, gut microbiome researchers establishing cohorts 
and clinicians trying new faecal tests should provide clear instructions, explain the 
rationale behind their protocol, consider providing a small freezer, and inform patients 
about study outcomes.  
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Introduction 

 
 
Gut microbiome research is being conducted using ever greater sample sizes to 
elucidate the role of gut microbiota in the pathogenesis of Inflammatory Bowel Diseases 
(IBD).1–4 The results of these studies hold great promise for clinical applications that 
include the use of microbiome features as diagnostic biomarkers, determinants of 
disease activity, and predictors of individual drug response. The microbiota itself may 
also be a treatment target for prebiotic, probiotic, antibiotic and dietary interventions.2,5–7 
As a consequence, there is a growing demand for stool samples collected by both 
patients and healthy volunteers. However, little is known about participant perspectives 
on collecting faecal samples for microbiome research and future care, with available 
literature currently limited to several studies examining participant experiences with the 
faecal occult blood test (FOBT) used in colorectal cancer screening, the results of which 
mainly capture experiences coloured by the fear of having cancer.8,9

 
In contrast to the FOBT and other clinical tests, at-home collection of faecal samples 
for gut microbiome research requires participants to follow sampling protocols and to 
store the sample in their home freezer in order to avoid post-collection bias in microbial 
composition. Accepted best-practices for microbiome studies involve freezing the 
sample to -80°C within 15 minutes and storage in a domestic frost-free freezer for 
fewer than 3 days, and samples taken for metabolomics studies, in particular, require 
stool frozen without preservatives and freezing live bacteria in glycerol preservative for 
culturing.10–12 Since stool samples are collected by IBD patients at home, researchers 
need these patients to fully understand how to collect the sample. However, patient 
willingness to provide a faecal sample or to store it in the home freezer for research, 
their motives for and experiences with participation in microbiome research, and the 
potential barriers they encounter or how these barriers can be overcome have thus far 
not been described. 
 
Here we explore the motives for and barriers to faecal sample collection given by 780 
patients and healthy volunteers, including participants of one of the largest IBD gut 
microbiome cohorts. Our findings allow us to make recommendations for researchers 
and clinicians that will allow them to better account for participant attitudes when 
designing gut microbiome studies for research and clinical applications. 
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Materials and methods 

 

Cohorts and participants  
 
In total, we contacted 1250 individuals, including IBD patients, patients with other 
disorders and healthy volunteers. A questionnaire (Supplementary table S1) was sent 
to 772 patients who had previously been approached by the University Medical Center 
Groningen, the Netherlands, to participate in gut microbiome studies for which they 
needed to provide a faecal sample. These patients had been included in four disease-
specific cohorts for IBD (n=660), melanoma (n=9), Sjögren’s syndrome (n=55) and 
systemic lupus erythematosus (SLE) (n=48) (Figure 1). The questionnaire recipients in 
the IBD cohort comprised both patients previously willing to collect a stool sample for 
research (n=577, IBD-Willing) and patients previously not willing to do so (n=83, IBD-
Unwilling), indicating a willingness rate of 87.4% in IBD patients. 
In addition, a random selection of participants from the general population cohort 
Lifelines, of whom 9,547 individuals participated in the faecal sample collection project 
DAG3, were interviewed using a brief questionnaire (n=478) to analyse their opinions in 
the faecal sampling collection process (Supplementary table S2).13

 

Questionnaire design and processing 
 
In collaboration with a psychologist from the IBD Centre in Groningen, we designed 
a questionnaire covering eight distinct areas: (A) general information including living 
situation, (B) prior experiences with faecal sample collection, (C) information about 
the type of toilet and freezer at home, (D) perceptions of the collection process, (E) 
perceptions of storing faecal samples in their freezer, (F) experience with the pick-up of 
the faecal samples from the participant’s home by hospital employees, (G) satisfaction 
about information provided by our university medical centre, and (H) future willingness 
to collect faecal samples for clinical care purposes. An English translation of the Dutch 
questions and the answers to the questionnaire and the interview can be found in 
Supplementary tables S1 and S2, respectively. 
 
In our questionnaire we addressed both patients previously willing to participate 
in faecal sample collection for microbiome research (IBD-Willing, melanoma, SLE, 
and Sjögren’s Syndrome) and patients not willing to participate (IBD-Unwilling). The 
IBD-Unwilling cohort was asked to answer questions about their reasons for not 
participating despite their willingness to participate in research in general. Patients 
who had participated in faecal sample collection for research were asked about their 
experiences.  
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From top to bottom: Source, Department, Cohort, Sub-cohort, Assessment Method, Responses by Cohort, 
Responses to Questionnaire, Total Responses. 
a  IBD-Willing: patients previously indicated willingness to collect faecal samples for research
b  IBD-Unwilling: patients previously indicated that they were not willing to collect faecal samples for research
c  Total responses include 5 individuals who did not fill in their participation number and  

 could not be assigned to a cohort.

 Figure 1. Cohort selection and responses. Chart depicts cohorts, diseases, departments  

 and respondents in this study.IBD inflammatory bowel disease; SLE systemic lupus    

 erythematosus; n number.
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Clinical Immunology

General  
Population

Lifelines Cohort Study



108

Of the 347 respondents to our questionnaire, 45 gave answers to questions that were 
inconsistent, indicating they had not correctly understood the instructions. We chose 
to exclude these 45 questionnaires for a final sample of 302 respondents (a 39.1% 
response rate). To ensure that exclusion of these 45 questionnaires did not introduce 
bias, we performed our analyses on both the full set (347) and the final set (302) for 
comparison purposes and found similar results. 
 

Statistical analyses 
 
Descriptive statistics were determined for each question using the statistical software 
package R14 (Supplementary table S1). Chi-Square tests and Fisher’s exact tests 
were performed to determine statistically significant differences between counts. The 
following five associations were calculated:  

1. Willingness to collect faecal samples for future screening and care vs.   
 Gastrointestinal disease (Fisher’s exact test), to test if disease location  
 (gastro-intestinal or extra-intestinal) is associated to willingness;
 
2. Willingness to collect faecal samples for future screening and care vs.  
 Home situation (Fisher’s exact test), to test if having co-habitants is associated  
 to willingness;
 
3. Willingness to collect faecal samples for future screening and care vs. Clarity of  
 the instruction manual (Fisher’s exact test), to test if understanding the protocol   
 properly is associated to willingness;
 
4. Willingness to collect faecal samples for future screening and care vs. Clarity of  
 oral instruction (Fisher’s exact test), to test if understanding the protocol properly  
 is associated to willingness;
 
5. Willingness to store faecal samples in the home freezer for future screening  
 and care vs. Knowing the purpose of freezing the samples (Chi-Square test of  
 independence with Yate’s continuity correction), to test if understanding the reason  
 for freezing is associated to increased willingness of storing the samples in the  
 home freezer.  
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Ethical considerations
 
 
The collection of faecal samples was previously approved by the Institutional Review 
Board (IRB) of the University Medical Center Groningen (IRB number 2008.338).17 All 
participants provided a signed informed consent form. For a single questionnaire 
study, no additional IRB approval was required.  
 

Results

 
Of the 772 patients who received the questionnaire, 302 patients responded (39.1%). 
When combined with the 478 Lifelines interviewees, we had information from 780 
individuals in total.  
 
Of the patients who responded to the written questionnaire, 97.4% had collected a 
faecal sample for prior gut microbiome research projects. Unfortunately, response 
from the IBD patients who did not want to participate in gut microbiome research was 
very low: only three of the 83 IBD-Unwilling patients responded to the questionnaire, 
making it hard to draw broad conclusions from their answers. Nevertheless, extensive 
and valuable information could be obtained from the participants who did respond. 
 
Respondent motivations for participating in research projects were mainly altruistic, 
as future benefits for other patients (57.0%) were mentioned much more often than 
future benefits for themselves (12.8%) or future benefits for both themselves and 
others (16.1%). Most of the patients who responded (82.9%) and the population 
controls who were interviewed (95.6%) indicated that they were willing to collect 
faecal samples for future screening or research. We had anticipated that respondents 
with gastrointestinal disorders, who are more accustomed to handling stool, 
would be more willing to collect a stool sample. However, we found that having a 
gastrointestinal disorder was not related to the willingness to do so, with all groups 
showing similarly high levels of willingness to participate in future collections 
(GI-disorder, willing: 224 of 250 (89.6%) vs. no GI-disorder, willing: 43 of 48 (89.6%), 
P=0.673, Fisher’s exact test). Only 26.2% of the patients who responded felt the 
collection of faecal samples was dirty and most of the population controls interviewed 
perceived faecal sample collection as ‘not inconvenient at all’ (49.8%) or ‘not 
inconvenient’ (28.7%).
 



110

Table 1. Patient willingness to collect and freeze faecal samples and associated factors

IBD inflammatory bowel disease; SLE systemic lupus erythematosus; n number; % percentage of total

n (%)

 
Motivation to participate in 
faecal sample collection for 
microbiome research 

All patients 
Benefit for other patients 170 (57.0%)
Both, benefit for self and 
others

48 (16.1%)

Benefit for self 38 (12.8%)
Other options/combinations 27 (9.1%)
Did not fill in 15 (5.0%)
Total 298 (100%)

Willing to collect faecal 
samples for future healthcare
Split by GI disorder/no GI 
disorder

Willing to collect GI disorder No GI disorder
Yes 224 (89.6%) 43 (89.6%) P = 0.673

No 15 (6.0%) 4 (8.3%)
Did not fill in 11 (4.4%) 1 (2.1%)
Total 250 (100%) 48 (100%)

Willing to collect for future 
healthcare.
Split by living alone/living 
together

Willing to collect Living alone Living together
Yes 49 (16.4%) 213 (71.5%) P = 0.543

No 2 (0.7%) 16 (5.4%)
Did not fill in 18 (6.0%)
Total 298 (100%)

Was the collection process 
easy?

All patients
Yes 253 (84.9%)
No 35 (11.7%)
Did not fill in 10 (3.4%)
Total 298 (100%)

Time between sample 
collection and storage in  
the freezer

All patients
1-5 minutes 186 (62.4%)
5-10 minutes 74 (24.8%)
10-15 minutes 20 (6.7%)
>15 minutes 4 (1.3%)
Did not fill in 14 (4.7%)
Total 298 (100%)

Unpleasant to store faecal 
samples in home freezer?

All patients
Yes 73 (24.5%)
No 215 (72.1%)
No answer 10 (3.4%)
Total 298 (100%)

Maximum time patients  
want to store faecal samples in 
their freezer 

All patients
I do not want that 29 (9.7%)
1 to 3 days 65 (21.8%)
1 week 66 (22.1%)
2 to 4 weeks 26 (8.7%)
>1 month 6 (2.0%)
I do not mind 96 (32.2%)
No answer 10 (3.4%)
Total 298 (100%)

Was it clear why faecal 
samples need to be frozen?

All patients
Yes 224 (75.2%)
No 57 (19.1%)
Did not fill in 17 (5.7%)
Total 298 (100%)

Clarity of instruction  
manual vs. Willing to  
collect faecal samples 

Clarity of instruction Willing to collect Not willing to collect 

Yes, very clear 95 (31.9%) 5 (1.7%)

Yes, clear 157 (52.7%) 11 (3.7%)

Neither clear nor unclear 8 (2.7%) 1 (0.3%)

No, unclear 4 (1.3%) 1 (0.3%) P = 0.046

No, very unclear 0 (0.0%) 1 (0.3%)

Did not fill in 15 (5.0%)

Total 298 (100%)

Knowing the purpose  
of freezing vs. Willing  
to freeze

Willing to freeze
Knowing the purpose 

of freezing
Not knowing the 

purpose of freezing

Willing to freeze 200 (67.1%) 42 (14.1%) P = 0.003

Not willing to freeze 23 (7.7%) 15 (5.0%)

Did not fill in 18 (6.0%)
Total 298 (100%)
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Most patients thought the collection process was easy (84.9%), immediately succeeded 
in collecting the sample (89.0%), and were able to store their faecal sample in the 
freezer within 15 minutes (93.9%) as required, with 62.4% of these respondents 
reporting only needing 5 minutes to do so. A majority of respondents (72.1%) did not 
mind storing the stool samples in their home freezer. However, while most patients 
were willing to store a stool sample in their freezer, many were only willing to do 
so for a brief period of time: maximum 1 to 3 days (21.8%), 1 week (22.1%), or 2 to 
4 weeks (8.7%). Just 32.2% said that they did not mind storing faecal samples for a 
longer time. Some patients even reported clearing the entire freezer before the stool 
sample collection and keeping it empty until the sample was picked up on dry ice by our 
collection team. 
 
Household composition did not influence willingness to collect and store stool samples 
in a home freezer, as we saw no difference in attitude between participants living alone 
versus those living with a partner, children, parents or roommates (P=0.543, Fisher’s 
exact test). A minority of respondents (19.1%) did not understand why the faecal sample 
needed to be frozen. This is an important observation because the clarity of the written 
instructions was associated with future willingness to collect stool samples (P=0.046, 
Fisher’s test), and knowing the purpose of freezing stool (stopping bacterial growth) 
was associated with future willingness to freeze the stool samples (P=0.003, Chi-square 
test). More than half of the patients (58.3%) did not know how the stool samples would 
be processed and investigated, even though most patients (80.2%) indicated that they 
would like to learn more about the results of the gut microbiome research they were 
participating in, and some felt very disappointed about not being briefed afterwards.  

Discussion
 
 
In this study, we investigated the attitudes towards faecal sampling of participants in 
one of the largest IBD gut microbiome studies and compared them to those of other 
patient cohorts and healthy volunteers.15 By assessing the attitudes to, motives for 
and barriers to participation in faecal sample collection, we can provide important 
information that will contribute to the success of gut microbiome research and its near-
future clinical applications. Targeting the gut microbiota will be part of the diagnostic 
process and treatment of IBD.3,16 For this to be successful, close monitoring of the faecal 
gut microbiota will be necessary, requiring frequent stool sampling.  
 
So far, several strategies have already been developed to reshape the microbiota of IBD 
patients with the aim of ameliorating intestinal inflammation. Several trials are ongoing 
on faecal microbiota transplantation in IBD, the transfer of faecal material containing 
microbiota from a healthy donor into a diseased patient, and some trials have already 
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been able to induce clinical remission in ulcerative colitis patients.17–19 Other studies 
have shown that tailored probiotics can target specific microbial pathways.20–22 In one 
example, treatment with tungstate, which selectively inhibits microbial respiratory 
pathways active during inflammation, decreased the expansion of Enterobacteriaceae, 
thereby ameliorating intestinal inflammation.22 Dietary interventions and supplements 
have also been shown to effectively alter gut microbiota. For example, prebiotic fibres 
increase the abundance of gut microbes capable of fermenting fibre into short-chain 
fatty acids, which exerts anti-inflammatory effects.21 Several companies are now 
developing probiotic mixtures containing combinations of live bacteria that showed 
anti-inflammatory effects in pre-clinical experiments, and some of these probiotics are 
already being tested in clinical trials.23 

It is thus very likely that reshaping the gut microbiota by specific microbiota-targeted 
therapies, faecal transplantation, probiotics, prebiotics and dietary interventions will 
be part of the treatment of IBD. In addition to modifying the microbiota, the faecal gut 
microbiome can also be used in the management of IBD as a biomarker for disease 
activity24 or disease outcome25 and as a predictor of clinical drug response.6 All the 
aforementioned IBD diagnostic and treatment strategies require repeated sampling 
from IBD patients.26

Our study has demonstrated that stool sample collection for gut microbiome studies 
and future clinical applications is acceptable to the majority of IBD patients and even to 
population controls. The main driver for participation in gut microbiome research that 
our respondents reported was the possibility that the research could benefit others 
with disease, and this motivation to contribute to research for the next generation of 
patients affected by disease has been also reported to rank highly in other studies of 
research participation.27,28 This shows that an emphasis on the public benefit of the 
research could help with establishing large cohorts for microbiome research.28 Most of 
our participants also indicated a desire to know more about the study and its outcome. 
This is in line with a previous study in which the attitudes of 400 patients towards 
participation in clinical trials were assessed at their internal medicine ward.29 We 
show that understanding the purpose of our procedures is associated with increased 
willingness to collect and freeze stool samples. Most patients also reported immediately 
succeeded in collecting the sample and storing it in the freezer within 15 minutes 
according to the collection protocol, which indicates that faecal sampling does not 
present a significant logistical challenge for individuals.

Only a minority of our participants felt the collection of faecal samples was dirty or 
inconvenient. In another study in which patients were interviewed about providing faecal 
samples to their general practitioner, a much larger proportion of patients mentioned 
embarrassment, concerns about hygiene and contamination, discretion and privacy, 
and the lack of adequate information.9 The positive attitudes towards faecal sample 
collection in our study may not always be representative of other patients, and attitudes 
may differ depending on the reason for stool sample collection, e.g. samples collected 
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for research vs. those collected for diagnosis of a potential disease (a process that 
may be accompanied by fear), or the health care setting, e.g. secondary vs. routine 
primary care.

Conclusions
 
 
Our questionnaire study was limited by knowing only the answers of the respondents 
and by the low response rate among IBD patients not willing to participate in our 
previous stool sample collection. However, we obtained enough information to 
formulate the following conclusions and recommendations for both gut microbiome 
researchers and clinicians.
 
(1) Gut microbiome researchers setting up new cohorts or clinicians trying new 
faecal tests should not shy away from doing so. Most IBD patients were willing 
to participate in our previous stool sample collection, and most respondents and 
interviewees indicated that they were willing to participate again. 
 
(2) Gut microbiome researchers and clinicians should explain why their collection 
protocol was designed in a specific way. Explaining the procedures and reasons why 
they were designed in a specific way, increases participant willingness to collect and 
freeze a faecal sample. 
 
(3) In studies where a time-series of many stool samples needs to be collected, 
researchers should consider providing participants with a small freezer. The need 
to store samples in a participant’s home freezer can be a barrier to participation in 
faecal sample collection, especially when participants have to store samples for a 
prolonged period. 
 
(4) Researchers and clinicians should inform participating patients and healthy 
volunteers about the outcome of the research. Patients were very interested in the 
outcome of the study they contributed to, and were disappointed when they were 
not informed. Based on the responses to our questionnaire, our team of microbiome 
researchers wrote a newsletter for participants about our scientific findings and 
publications. We recommend future researchers and clinicians provide similar 
feedback when possible. 
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Supplementary documents
 
 

Supplementary methods 

Statistical analyses 
 
Descriptive statistics were determined for each question using R14 (Supplementary 
table S1). Chi-Square tests and Fisher’s exact tests were performed to determine 
statistically significant differences between counts. The following five associations were 
calculated:  
 
1. Willingness to collect faecal samples for future screening and care vs. GI-
disease (Fisher’s exact test): (Q36 answer A (willing to both collect and freeze) + Q36 
answer B (willing to collect but not freeze)) vs. not willing to collect faecal samples 
for future screening and care (Q36 answer C (neither willing to collect nor freeze), 
between patients of the gastrointestinal disease cohorts (IBD-Willing + IBD Unwilling 
+ Participants without an Identification number) and patients not affected by a 
gastrointestinal disorder (SLE + Sjögren + Oncology + No Identification number). 
 
2. Willingness to collect faecal samples for future screening and care vs. Home 
situation (Fisher’s exact test): Patients living alone (Q4 answer A (living alone) vs. 
Patients living with cohabitants (Q4 answer B (with partner) + Q4 answer C (with partner 
and child), + Q4 answer D (only with child) + Q4 answer E (with parents) + Q4 answer F 
(with roommates)). 
 
3. Willingness to collect faecal samples for future screening and care vs. Clarity of 
the instruction manual (Fisher’s exact test): Clarity of the instruction manual (Q17 
answer A (very clear) vs. Q17 answer B (clear) vs. Q17 answer C (neither clear nor 
unclear) vs. Q17 answer D (unclear) vs. Q17 answer E (very unclear).
 
4. Willingness to collect faecal samples for future screening and care vs. Clarity of 
oral instruction (Fisher’s exact test): Q16 with same answer options as Q17.
 
5. Willingness to store faecal samples in the home freezer for future screening 
and care vs. Knowing the purpose of freezing the samples (Chi-Square test of 
independence with Yate’s continuity correction): Willingness to store faecal samples 
in the home freezer for future screening and care (Q36 answer A (willing to collect and 
freeze)) vs. not willing to store faecal samples in the home freezer for future screening 
and care (Q36 answer B (willing to collect but not freeze) + Q36 answer C (neither willing 
to collect nor freeze)); patients who know the purpose of freezing (Q33 answer A (know 
purpose of freezing)) and patients who do not know the purpose of freezing (Q33 answer 
B (did not know purpose of freezing)).
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Results of the interview with healthy volunteers 
 
Interviews were conducted between August 26 and November 11, 2015. Aggregated 
responses were provided to the authors. For the research in question, interviewees 
had been provided with five tubes to be filled with faecal matter. Most participants 
(473 of 478, 99.0%) were able to fill all tubes. Five participants failed to do so because 
it was either too inconvenient (n=1), they had cut the tube incorrectly (n=1), the pipette 
broke (n=1), the tube broke (n=1) or only three tubes were provided (n=1). Of these five 
participants, two wanted to retry and requested new material. Overall, nine participants 
(1.9%) viewed the faecal sample collection as “very inconvenient”, 25 (5.2%) as “slightly 
inconvenient”, 68 (14.2%) had a neutral attitude, 137 (28.7%) found it “not inconvenient”, 
and 238 (49.8%) viewed it as “not inconvenient at all".   
 
Most interviewees (457 of 478, 95.6%) indicated they would be willing to participate in 
similar research if asked again in future. Those who indicated that they would not like 
to participate again (17 of 478, 3.6%) reported that it was a hassle to fill all tubes (n=3), 
their partner found it inconvenient (n=1), they found it a distasteful procedure (n=2), or 
that it was too time consuming (n=1). The 10 participants who indicated they were not 
yet certain if they would participate in the future indicated their decision would depend 
on future circumstances related to time, work, and disease.
 
 

Supplementary tables 

 
Supplementary tables are available upon request (f.imhann@rug.nl) and will be made 
available online after publication as soon as possible. 
 
• Supplementary table S1: Descriptive statistics of the patient questionnaire outcome 
• Supplementary table S2: Descriptive statistics of interview outcome 
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Part II
 

Medication &  
the gut microbiota
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Bacteria on the tongue depicted using surface electron microscopy. In this chapter we show that the 
abundance of oral bacteria is increased in the gut microbiome of PPI users compared to controls.  
Credit: David Gregory & Debbie Marshall, Wellcome Collection
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Abstract

 

Background & aims 
 
Proton pump inhibitors (PPI) are among the top ten most widely used drugs in the world. 
PPI use has been associated with an increased risk of enteric infections, most notably 
Clostridium difficile. The gut microbiota plays an important role in enteric infections, 
by resisting or promoting colonization by pathogens. In this study, we investigated the 
influence of PPI use on the gut microbiota.
 

Methods 
 
The gut microbiota composition of 1815 individuals, spanning three cohorts, was 
assessed by tag-sequencing of the 16S rRNA gene. The difference in microbiota 
composition in PPI users vs. non-users was analysed separately in each cohort, followed 
by a meta-analysis.
 

Results 
 
211 of the participants were using PPI at the moment of stool sampling. PPI use is 
associated with a significant decrease in Shannon’s diversity and with changes in 20% of 
the bacterial taxa (FDR<0.05). Multiple oral bacteria were overrepresented in the faecal 
microbiota of PPI-users, including the genus Rothia (P=9.8x10-38). In PPI users we observed 
a significant increase in bacteria: genera Enterococcus, Streptococcus, Staphylococcus and 
the potentially pathogenic species Escherichia coli. 
 

Conclusions 
 
The differences between PPI users and non-users observed in this study are consistently 
associated with changes towards a less healthy gut microbiota. These differences are 
in line with known changes that predispose to C. difficile infections and can potentially 
explain the increased risk of enteric infections in PPI users. On a population level, the 
effects of PPI are more prominent than the effects of antibiotics or other commonly used 
drugs. 
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Summary box 
 
What is already known about this subject: 
• PPI use is associated with increased risk of enteric infections, in particular  
 with a 65% increase in incidence of Clostridium difficile infection. 
• PPI is one of the most commonly used drugs.  
• Changes in the gut microbiota can resist or promote the colonization of  
 enteric infections.    
 
What are the new findings: 
• PPI use is associated with decreased bacterial richness and profound  
 changes in the gut microbiota: 20% of the identified bacteria in this study  
 showed significant deviation.  
• Oral bacteria and potential pathogenic bacteria are increased in the gut  
 microbiota of PPI users.  
• On the population level we see more microbial alterations in the gut  
 associated with PPI use than with antibiotics or other drug use.  
 
How might it impact on clinical practice in the foreseeable future? 
• Given the widespread use of PPI, the morbidity and mortality associated with  
 enteric infections, and the increasing number of studies investigating the  
 microbiota, both healthcare practitioners and researchers should take into  
 consideration the influence of PPI on the gut microbiota. 
 

 

 

 

Background & aims
 
 
Proton pump inhibitors (PPI) are among the top ten most widely used drugs in the world. 
In 2013, 7% of the population of the Netherlands used omeprazole. In the same year, 
esomeprazole was the second largest drug in terms of revenue in the United States.1,2 PPI 
are used to treat gastro-oesophageal reflux disorder (GORD) and to prevent gastric and 
duodenal ulcers.3,4 Of the general population, 25% report having heartburn at least once a 
month, explaining the large demand for PPI.4 Nevertheless, PPI are frequently prescribed 
or taken for long periods without evidence-based indication.5,6 

 

PPI use has been associated with increased risk of enteric infections.5,7–9 A meta-
analysis of 23 studies, comprising almost 300,000 patients, showed a 65% increase 
in the incidence of Clostridium difficile-associated diarrhoea among patients who used 
PPI.9 In healthcare-related settings, PPI use also increases the risk of recurrent C. 
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difficile infections.5 Another meta-analysis of 11,280 patients, from six studies evaluating 
Salmonella, Campylobacter and other enteric infections, also found an increased risk due to 
acid suppression, with a greater association with PPI than with H

2
-receptor antagonists.8 

Recently, the Dutch National Institute for Public Health and the Environment (RIVM) noticed a 
marked increase in the occurrence of campylobacteriosis associated with increased PPI use 
in the Netherlands.7 

 

The gut microbiota plays an important role in these enteric infections.10–13 Gut microbiota 
can resist or promote the microbial colonization of the gut by C. difficile and other enteric 
infections through several mechanisms that either directly inhibit bacterial growth or 
enhance the immune system.10,11 Moreover, substituting the gut microbiota of diarrhoea 
patients with C. difficile with a healthy microbiota through faecal transplantation has been 
proven to cure C. difficile infection.14 The increased incidence of enteric infections in PPI 
users and the importance of the gut microbiota composition in the development of these 
infections led us to investigate the influence of PPI use on the gut microbiota. 
 

Methods
 

Cohorts 
 
We studied the effect of PPI use on the gut microbial composition in three independent 
cohorts from the Netherlands. These cohorts together comprise 1815 adult individuals, 
including both healthy subjects and patients with gastrointestinal diseases. Cohort 1 
consists of 1174 individuals who participate in the general population study LifeLines-DEEP 
in the northern provinces of the Netherlands.15 Cohort 2 consists of 300 Inflammatory Bowel 
Disease (IBD) patients from the department of Gastroenterology and Hepatology University 
Medical Center Groningen (UMCG), the Netherlands. Cohort 3 consists of 189 Irritable Bowel 
Syndrome (IBS) patients and 152 matched controls from Maastricht University Medical 
Center+ (MUMC+), the Netherlands. This study was approved by the institutional review 
boards of the UMCG and the MUMC+ (MUMC+ http://www.clinicaltrials.gov, NCT00775060). 
All participants signed an informed consent form. 

Medication use 
 
Current medication use at the time of stool collection of Cohort 1 participants was extracted 
from a standardized questionnaire.16 Two medical doctors reviewed all the medication for 
1174 participants. PPI use was scored if participants used omeprazole, esomeprazole, 
pantoprazole, lansoprazole, dexlansoprazole or rabeprazole. To exclude other possible drug 
effects on the gut microbiota, medication use was scored in eight categories, allowing for 
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later correction of parameters or exclusion of certain participants. These categories were 
medication that: (1) changes bowel movement or stool frequency, (2) lowers triglyceride 
levels, (3) lowers cholesterol levels, (4) anti-diabetic medication (both oral and insulin), (5) 
systemic anti-inflammatory medication (excluding NSAIDs), (6) topical anti-inflammatory 
medication, (7) systemic antibiotics, including antifungal and antimalarial medication, and 
(8) antidepressants including serotonin-specific reuptake inhibitors (SSRIs), serotonin-
norepinephrine reuptake inhibitors (SNRIs), mirtazapine, and tricyclic antidepressants (TCAs). 
The definitions of these categories are described in the Supplementary Appendix. Analysis of 
drugs used in Cohort 2 was based on the IBD-specific electronic patient record in the UMCG. 
Current PPI use, as well as current IBD medication (mesalazines, thiopurines, methotrexate, 
steroids, TNF-alpha inhibitors and other biologicals) were scored at the time of sampling by 
the gastroenterologist treating the IBD patient. Current PPI consumption in the IBS case-
control Cohort 3 was based on self-reported questionnaires. Pseudonymized data for all 
three cohorts was provided to the researchers.  
 

Gut complaints and other clinical characteristics 
 
Information on age, gender and BMI was available for all three cohorts. In Cohort 1, 
gut complaints were investigated using an extensive questionnaire that included defecation 
frequency and the Bristol Stool Scale. Possible IBS and functional diarrhoea or constipation 
were determined using self-reported ROME III criteria. The IBD patients in Cohort 2 were 
diagnosed based on accepted radiological, endoscopic, and histopathological evaluation. All 
the IBD cases included in our study fulfilled the clinical criteria for IBD. IBS in Cohort 3 was 
diagnosed by a gastroenterologist according to the ROME III criteria.
 

Stool and oral cavity mucus sample collection  
 
A total of 1815 stool samples and 116 oral cavity mucus samples were collected. Cohorts 
1 and 2 used identical protocols to collect the stool samples. Participants of cohort 1 and 
2 were asked to collect one stool sample at home. Stool samples were frozen within 15 
minutes after stool production in the participants’ home freezer and remained frozen until 
DNA isolation. A research nurse visited all participants to collect the stool samples shortly 
after production and they were transported and stored at –80oC. Participants of cohort 3 were 
asked to bring a stool sample to the research facility within 24 hours after stool production. 
These samples were immediately frozen upon arrival at –80oC. Oral cavity mucus samples 
were collected from 116 additional healthy volunteers using buccal swab. 
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DNA isolation and analysis of microbiota 
composition
 
Microbial DNA from stool samples was isolated with the Qiagen AllPrep DNA/RNA Mini Kit 
cat. # 80204. DNA isolation from oral cavity swabs was performed using the UltraClean 
microbial DNA isolation kit (cat.# 12224) from MoBio Laboratories (Carlsbad, CA, USA). 
To determine the bacterial composition of the stool and oral cavity mucus samples, 
sequencing of the variable region V4 of the 16S rRNA gene was performed using Illumina 
MiSeq. DNA isolation is described in the Methods section of the Supplementary appendix. 
 

Taxonomy determination  
 
Bacterial taxonomy was determined by clustering the sequence reads with UCLUST 
(version 1.2.22q) with a distance threshold of 97%, using Greengenes (version 13.8) as 
the taxonomy reference database. Sequencing and the determination of taxonomy are 
described in the Methods section of the Supplementary appendix. 
 

Statistical analysis 
 
In each cohort, differentially abundant taxa in the gut microbiota between PPI users and 
non-PPI users were analysed using the multivariate statistical framework MaAsLin.17 
MaAsLin performs boosted, additive, general linear models between meta-data and 
microbial abundance data. After running the association studies in the individual cohorts, 
we performed a meta-analysis of the three cohorts, using the weighted Z-score method. 
The Cochran’s Q test was used to check for heterogeneity. The significance cut-off for the 
Cochran’s Q test was determined by Bonferroni correction for the 92 significant results: 
P<5.43x10-4. Differences in richness (the number of species within a sample), principal 
coordinate analyses (PCoA), and Shannon diversity analysis were determined using the 
QIIME microbiome analysis software.18 The Wilcoxon test and Spearman correlations were 
used to identify differences in Shannon’s diversity and relations between the PCoA scores 
of PPI users and non-PPI users, while the Chi-square test, Fisher’s exact test, Spearman 
correlation and Wilcoxon-Mann-Whitney test (WMW test) were used to determine 
differences in age, gender, BMI, antibiotics use, and gut complaints between PPI users and 
non-users. In all the microbiome analyses, multiple test corrections were based on the 
false discovery rate (FDR). An FDR-value of 0.05 was used as a significance cut-off. 
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In addition to the PPI effect, we also tested the influence of other commonly used drugs 
in Cohort 1. Using MaAsLin with similar settings to those described above, we tested the 
microbial changes associated with the use of other drugs, with and without correction for 
PPI, and the changes when including these common drugs as a correcting factor in the PPI 
versus non-PPI analysis. Significant results were graphically represented in cladograms 
using GraPhlAn.19 More details on the statistical analysis can be found in the Methods 
section (Supplementary appendix). 

Correction for factors influencing the gut microbiota 

Differentially abundant taxa were corrected for several parameters, which were identified 
by statistical analysis of cohort phenotypes or univariate MaAsLin runs and subsequently 
added as co-factors to the additive linear model. Analyses in the general population Cohort 
1 were corrected for age, gender, BMI, antibiotics use, sequence read depth, and ROME 
III diagnosis (IBS-Constipation (IBS-C), IBS-Diarrhoea (IBS-D), IBS-Mixed (IBS-M), IBS-
Undetermined (IBS-U), functional bloating, functional constipation, functional diarrhoea, or 
none). The analysis of IBD patients in Cohort 2 was corrected for age, sex, BMI, antibiotics 
use, sequence read depth, diagnosis (Crohn’s disease or ulcerative colitis) combined with 
disease location (colon, ileum or both) and IBD medication (use of mesalazines, steroids, 
thiopurines, methotrexate or anti-TNF antibodies). The analysis of the IBS case-control 
Cohort 3 was corrected for age, gender, BMI, sequence read depth, and IBS status according 
to the ROME III criteria. In the meta-analysis, all microbiome data were corrected for age, 
gender, BMI, antibiotics use, and sequence read depth.
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Results

 

PPI use is associated to older age and higher BMI 
 
PPI were used by 211 (11.6%) of the 1815 participants: 8.4% of the general population 
(Cohort 1), 20.0% of the IBD patients (Cohort 2) and 15.2% of the participants of case-control 
Cohort 3. Women use PPI more often than men: 9.2% versus 7.4%, albeit this was not 
significant (P = 0.61, Chi-square test). PPI users were generally older: 51.6 (SD 13.4) versus 
44.4 (SD 14.7) years of age (P = 2.50 x 10-11, WMW test) and have a higher BMI of 26.9 (SD 
5.0) versus 24.9 (SD 4.2) for non-users (P = 1.89 x 10-8, WMW test).  
 
  Table 1. Characteristics of the three independent cohorts in this study 

* unless otherwise stated, BMI = body mass index, IBD = inflammatory bowel disease, IBS = irritable bowel syndrome, 

PPI = Proton Pump Inhibitor, SD = standard deviation, TNF = tumour necrosis factor UMCG  

= University Medical Center Groningen, MUMC = Maastricht University Medical Center 

Cohort 1: LifeLines-DEEP  
(general population) 

Cohort 2: IBD patients
UMCG

Cohort 3: IBS case-control 
MUMC 

PPI users  
(n=99)

Non-PPI 
users 

(n=1075)

PPI users  
(n=60)

Non-PPI 
users (n=240)

PPI users  
(n=52)

Non-PPI 
users (n=289)

Average (SD)* Average (SD)* Average (SD)* Average (SD)* Average (SD)* Average (SD)*

Age 51.94 (13.59) 44.79 (13.58) 50.87 (14.49) 42.45 (14.57) 51.94 (14.27) 44.57 (18.24)

BMI 27.73 (5.10) 25.05 (4.03) 26.14 (5.53) 25.58 (4.72) 26.24 (4.10) 24.16 (4.11)

Gender (% Male) 36.36% 42.05% 61.67% 39.17% 30.77% 33.56%

Reads per sample
48879 

(43001)
55884 

(40057)
51081 

(43990)
52970 

(37787)
43807 

(28604)
65842 

(119296)

Antibiotics (%) 2.02% 1.02% 31.67% 16.67% 0.00% 1.73%

IBD (%) 0.00% 0.00% 100.00% 100.00% 0.00% 0.00%

IBS (%) 34.34% 25.77% 0.00% 0.00% 90.38% 49.48%

Diarrhoea (%) 
(IBS-D and functional 
diarrhoea together)

7.07% 4.47% - - 28.4% 17.3%

Average bowel 
movements per day

1.36 (0.53) 1.38 (0.61) - - 1.60 (0.81) 1.92 (1.11)

AntiTNF (%) - - 38.33% 28.75% - -

Mesalazines (%) - - 26.67% 39.58% - -

Methotrexate (%) - - 16.67% 5.42% - -

Steroids (%) - - 30.00% 20.42% - -

Thiopurines (%) - - 21.67% 37.08% - -
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Antibiotics were concomitantly used by 2% of the 99 PPI users of Cohort 1 and 33% of the 
60 PPI users of Cohort 2. There was no overlap between PPI users and antibiotics users in 
Cohort 3. Based on our data, we included age, gender, BMI and antibiotics as co-factors in the 
microbiome analyses. Table 1 provides an overview of the characteristics per cohort and the 
use of PPI.
 

Composition of the gut microbiota 
 
The predominant phylum in each cohort was Firmicutes with abundances of 76.7%, 73.8% 
and 77.4% in Cohorts 1, 2 and 3, respectively. Information on the composition of the gut 
microbiota for all three cohorts and on all taxonomic levels is provided in Supplementary 
figures S1, S2 and Supplementary table S1. Independent of PPI use, the overall high-level 
bacterial composition of the gut was homogeneous in all three cohorts (by phylum, class, and 
order level, Spearman correlations: rho>0.94; P<1.6x10-13). 

Reduced diversity of the gut microbiome associated with PPI use

In all three cohorts we identified a lower species richness and lower Shannon diversity, 
although not significant (Cohort 1, P=0.85 ; Cohort 2, P=0.16; Cohort 3, P=0.53), however in 
combined analysis of all three datasets we identified moderate but significant decrease in 
gut alpha diversity of PPI users was observed in the meta-analysis of all 1815 gut microbiota 
samples: Shannon index (P=0.01) and species richness (P=0.02)(Supplementary figures S3 
and S4). 

 

Meta-analysis: differences in gut microbiome 
associated to PPI use
 
The meta-analysis across all three cohorts showed statistically significant alterations in 92 
of the 460 bacterial taxa abundance (FDR<0.05). These changes are depicted in a cladogram 
in Figure 1 and in a heatmap in Figure 2, and in Supplementary figure S5. Details of each 
taxon, including the individual direction, coefficient, P-value and FDR for each cohort, as well 
as the meta-analysis, are provided in Supplementary tables S2 and S3. Cochran’s Q test 
was used to check for heterogeneity. None of the 92 reported associations were significantly 
heterogeneous at the Bonferroni corrected P-value cut off (P<5.43x10-4) (Supplementary 
table S2).  
The overall difference of the gut microbiome associated to PPI use was also observed in the 
PCoA of all the datasets together (Figure 3 and Supplementary figure S6). The same PCoA 
with separate colours for each cohort has been added in Supplementary figure S7. Notably, 
we observed statistically significant differences between PPI users and non-users in two 
principal coordinates (PCoA1: P=1.39x10-20, PCoA3: P=0.0004, Wilcoxon test).
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 Figure 1. PPI-associated statistically signifi cant diff erences in the gut microbiome

Meta-analysis of three independent cohorts comprising 1815 faecal samples, showing a 
cladogram (circular hierarchical tree) of 92 signifi cantly increased or decreased bacterial taxa 
in the gut microbiome of PPI users compared to non-users (FDR<0.05). Each dot represents a 
bacterial taxon. The two most inner dots represent the highest level of taxonomy in our data: the 
kingdoms Archea and Bacteria (prokaryotes), followed outwards by the lower levels: phylum, 
class, order, family, genus and species. Red dots represent signifi cantly increased taxa. Blue dots 
represent signifi cantly decreased taxa.
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 Figure 2. Signifi cantly altered families in PPI users consistent in three cohorts

Meta-analysis of three independent cohorts comprising 1815 faecal samples. The heatmap 
shows 19 families signifi cantly increased or decreased associated with PPI use in the gut 
microbiome for each cohort and for the meta-analysis (meta-analysis FDR<0.05). 
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Similar changes in three independent cohorts  
were associated to PPI use

The order Actinomycetales, families Streptococcoceae, Micrococcoceae, genus Rothia, and 
species Lactobacillus salivarius were increased in participants using PPI in each cohort. 
None of the individual cohorts contained any significantly decreased taxa (FDR<0.05). In 
the general population (Cohort 1), 41 of the 829 bacterial taxa were significantly increased, 
including the class Gammaproteobacteria, the family Enterococcoceae, and the genera 
Streptococcus, Veillonella and Enterococcus (FDR<0.05) (Supplementary Table S4). No 
effects due to PPI dosage were observed in the associated bacteria. In IBD patients (Cohort 
2), PPI use was associated with an increase of 12 of the 667 bacterial taxa, including the 
family Lactobacillaceae as well as the genera Streptococcus and Lactobacillus (FDR<0.05) 
(Supplementary Table S5). In IBS case-control Cohort 3, 18 of the 624 taxa were 
significantly increased, including the order Lactobacillales (FDR<0.05) (Supplementary 
table S6). 
 

Oral cavity bacteria are more abundant in  
the gut microbiota of PPI users

We hypothesized that the changes in the gut microbiota associated with PPI use are caused 
by reduced acidity of the stomach and the subsequent survival of more bacteria that are 
ingested with food and oral mucus. Indeed, some of the statistically significantly increased 
bacteria in PPI users (e.g. Rothia dentocariosa, Rothia mucilaginosa, the genera Scardovia and 
Actinomyces and the family Micrococcaceae) are typically found in the oral microbiota.20 By 
analysing 116 oral microbiota samples from participants in Cohort 1, we could compare 
the overall composition of bacteria in the oral microbiota to the composition of the gut 
microbiota. We observed a statistically significant shift in Principal Coordinate 1 in the gut 
microbiome samples of the PPI users towards the oral samples, compared to non-PPI users 
(P=1.39x10-20, Wilcoxon test) (Figure 3). In Supplementary figure S8, the overrepresentation 
of oral cavity bacteria in the guts of PPI users is depicted in a cladogram.
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 Figure 3. Principal Coordinate Analysis of 1815 gut microbiota samples 

 and 116 oral microbiota samples. 

Principal Coordinate Analysis: The gut microbiome of PPI users is signifi cantly diff erent to non-PPI 
users in the fi rst Coordinate (PCoA1: P=1.39x10-20, Wilcoxon test). For Principal Coordinate 1 there 

is a signifi cant shift of the gut microbiome of PPI users towards the oral microbiome.
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PPI use is independent of bowel movement  
frequency and stool consistency

Some of the significantly increased taxa were more abundant in the small intestine.11 To 
ensure that the changes observed in microbiota composition were not due to diarrhoea 
and/or more frequent bowel movements, we checked in our general population whether 
clinical symptoms of diarrhoea were more often present in PPI users. Neither diarrhoeal 
complaints (IBS-D and functional diarrhoea, P=0.22, Fisher’s exact test), stool consistency 
as defined by the Bristol Stool Scale (rho=0.027 P=0.36, Spearman correlation) nor the 
defecation frequency (rho=-0.001, P=0.98, Spearman correlation) of the participants in 
Cohort 1 were related to PPI use.
 
 

PPI, antibiotics and other commonly 
used drugs

In Cohort 1, sixteen taxa were associated to antibiotics and others commonly used drug 
categories besides PPI (Supplementary table S7). After correction for PPI use, only 
six taxa remained associated to certain drugs: statins, fibrates and drugs that change 
bowel movements. All 92 alterations in bacterial taxa associated to PPI use remained 
statistically significant if we correct the microbiome analyses for antibiotics and other 
commonly used drugs.  
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Conclusions 
 
 
We show that PPI use is consistently associated with profound changes in the gut 
microbiota. In our study these changes were more prominent than changes associated 
with either antibiotics or other commonly used drugs. While PPI have proven to be useful 
in the prevention and treatment of ulcers and GERD, they have also been associated with 
an increased risk of C. difficile, Salmonella spp., Shigella spp., Campylobacter spp., and other 
enteric infections.4,5,7–9 The increased risk of acquiring one of these enteric infections is 
likely due to changes in the PPI user’s gut microbiota. Gut microbiota can resist or promote 
colonization of C. difficile and other enteric infections through mechanisms that either 
directly inhibit bacterial growth or enhance the immune system.10–13 In the case of C. difficile, 
spores might be able to germinate more easily because of metabolites synthesized by 
certain gut bacteria.12,13

We hypothesized that PPI change the gut microbiota through their direct effect on 
stomach acid. This acidity forms one of the main defences against the bacterial influx 
that accompanies ingesting food and oral mucus. PPI reduce the acidity of the stomach, 
allowing more bacteria to survive this barrier. We have shown here that species in the oral 
microbiota are more abundant in the gut microbiota of PPI users. Moreover, a study looking 
into the effect of PPI on the oesophageal and gastric microbiota in oesophagitis and Barret’s 
oesophagus showed similar bacterial taxa associated with PPI use, including increased 
levels of Enterobacteriaceae, Micrococcaceae, Actinomycetaceae and Erysipelotrichaceae.21 
Gastric bypass surgery compromises the stomach acid barrier and leads to gut microbiota 
changes similar to the PPI-associated alterations in this study, thereby supporting our 
hypothesis.22

 
We looked at the role of the gut microbiota in C. difficile infections, which cause 12.1% of 
all nosocomial infections and were responsible for half a million infections and associated 
with 29,000 deaths in the United States in 2011.23,24 Virulent strains of C. difficile can only 
colonize a susceptible gut, after which toxins are produced and spores are shed. This 
leads to a wide spectrum of symptoms varying from mild diarrhoea to fulminant relapsing 
diarrhoea and pseudomembranous colitis.25 Recent human, animal and in vitro studies 
show an overlap between the specific alterations in the gut microbiota associated with 
PPI use found in this study and bacterial changes that lead to increased susceptibility to C. 
difficile. The reduced alpha diversity in PPI-users is associated with increased susceptibility 
to C. difficile infection.13,27,28 The PPI-associated decreases of the family Ruminococcoceae 
and the genus Bifidobacterium, as well as the PPI-associated increases of the class 
Gammaproteobacteria, the families Enterobacteriaceae, Enterococcoceae, Lactobacillaceae 
and the genera Enterococcus and Veillonella, have been consistently linked to increased 
susceptibility to C. difficile infection. (Table 2)10,13,26–32 
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The Ruminococcoceae family is significantly decreased in C. difficile patients and enriched 
in healthy controls.28,29,31 Moreover, mice that have been treated with a mixture of antibiotics 
that do not become clinically ill after a challenge with C. difficile have higher levels of 
Ruminococcaceae.26 Within the Ruminococcaceae family, the Faecalibacterium genus 
was significantly increased in patients who recovered from C. difficile illness, whereas 
it was severely decreased in C. difficile patients with active disease.31 Last, a decreased 
Ruminococcus torques OTU was significantly associated with C. difficile infection in another 
study, although their OTU-picking was done using a different reference database and 
associations were performed using OTU-level, making direct comparisons with our study 
difficult.13

 
Species of the Bifidobacterium genus: Bifidobacterium longum, Bifidobacterium lactis, 
Bifidobacterium pseudocatenulatum, Bifidobacterium breve, Bifidobacterium pseudolongum, 
Bifidobacterium adolescentis and Bifidobacterium animalis lactis have been shown to 
inhibit or prevent C. difficile infection.10 The administration of antibiotics that enhance 
the susceptibility to C. difficile in an in vitro model of the gut also significantly reduce the 
genus Bifidobacterium.30 Moreover, active C. difficile diarrhoea is associated with decreased 
Bifidobacteria in elderly patients.29 

The class Gammaproteobacteria and the family Enterobacteriaceae are both significantly 
increased in PPI users. Gammaproteobacteria are enriched in C. difficile patients compared 
to healthy controls.28 Within the class Gammaproteobacteria, the family Enterobacteriaceae 
dominate the murine gut microbiota after administration of clindamycin. Those mice that 
became clinically ill after the administration of an antibiotic cocktail containing clindamycin 
and a C. difficile challenge, had profoundly increased levels of Enterobacteriaceae in their 
gut microbiota, while mice that did not become clinically ill had a gut microbiota that 
predominantly consisted of Firmicutes.26 The family Enterobacteriaceae is also increased in 
hamsters that were treated with clindamycin and subsequently infected with C. difficile.32

The Enterococcus genus, which is also more abundant in PPI-users, is significantly enriched 
in C. difficile-infected patients compared to healthy controls.28,31 An Enterococcus faecalis 
OTU and an Enterococcus avium OTU are both significantly associated with increased 
susceptibility to C. difficile infections in mice.13 Moreover, an Enterococcus avium OTU is also 
significantly associated with C. difficile in humans.13 The administration of the antibiotic 
ceftriaxone lead to an increase in the genus Enterococcus and enhanced the susceptibility to 
C. difficile in an in vitro model of  
the gut.30

 
The increased abundance of the family Lactobacillaceae in PPI users was associated 
with increased risk of C. difficile infection in several studies. Mice treated with a cocktail of 
antibiotics (consisting of kanamycin, gentamycin, colistin, metronidazole and vancomycin), 
cefoperazone or a combination of clindamycin and cefoperazone have higher levels of 
Lactobacillaceae in their gut.26 Mice treated with cefoperazone and clindamycin that 
developed C. difficile infection after being challenged with the pathogen also had a higher 
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level of Lactobacillaceae.26 Within the Lactobacillaceae family, the Lactobacillus genus 
is significantly enriched in C. difficile infection patients compared to healthy controls.28 
Lactobacillus spp in the gut microbiota are also associated with active C. difficile diarrhoea 
in patients. 29 In contrast to these studies, the Lactobacillus species Lactobacillus delbrueckii, 
Lactobacillus plantarum and a Lactobacillus reuteri OTU increased colonization resistance 
to C. difficile.10,13 However, in concordance with increased risk, a Lactobacillus johnsonii OTU 
enhanced C. difficile infection.13 

Last, the Veillonella genus that is increased in PPI users is significantly enriched in C. difficile 
patients compared to healthy controls.28  

The prevention of healthcare-associated C. difficile infections is a priority in the United 
States and reduction targets for 2020 have been established.5,33 A recent study looking 
into the effect of PPI on the risk of developing recurrent C. difficile infections found that 
of 191 PPI users admitted to a hospital, only 47.1% had an evidence-based indication for 
PPI use.5 Moreover, PPI use was discontinued in only 0.6% of the cases.5 The U.S. Food 
and Drug Administration already recommends limiting PPI use to a minimum dose and 
duration.34 Despite these recommendations, PPI are still often over-prescribed.5,6 The risk of 
unnecessary antibiotics use is already addressed.35 However, limiting the unnecessary use 
of PPI should also be considered in preventing C. difficile and other enteric infections.

The microbiota is being intensively studied in various diseases and conditions including 
IBD, IBS, obesity, old age, non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver 
disease (NAFLD).36 PPI users are overrepresented in these groups as they more likely to 
have gastrointestinal complaints or experience GERD, either due to their health condition 
or their associated lifestyle. Prominent microbiome studies looking into obesity, IBD and 
NAFLD include results that researchers have contributed to the condition under study, but 
we show they are also associated to PPI use.17,37 It could well be that some of the observed 
effects should rather have been attributed to the use of PPI. Future microbiome studies in 
humans should therefore always take the effect of PPI on the gut microbiota into account. 

This paper reports the largest study to date investigating the influence of Proton Pump 
Inhibitors on the gut microbiota. The profound alterations seen in the gut microbiota 
could be linked to the increased risk of C. difficile and other enteric infections. Given the 
widespread use of PPI, the morbidity and mortality associated with enteric infections, 
and the increasing number of studies investigating the microbiome, both healthcare 
practitioners and microbiome researchers should be fully aware of the influence of PPI on 
the gut microbiota.
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PPI, proton pump inhibitor. 
k__, kingdom; p__, phylum; c__, class; o__, order; f__, family; g__, genus; s__, species 
associations are in bold

 Table 2. Taxa and microbiota aspects associated with both PPI use and increased risk of C.  

 difficile infection

Taxa or microbiota aspect Direction in PPI users 
that increases the risk 
of C. difficile infection

References of role on risk of C. difficile infection.

Alpha diversity Reduced 13 Buffie et al. Nature. 2015  
27 Chang et al. J. Infect. Dis. 2008 
28 Antharam et al. Journal of Clinical Microbiology. 2013

k__Bacteria 
p__Firmicutes 
c__Clostridia 
o__Clostridiales 
f__Ruminococcaceae

Decreased 26 Reeves et al. Gut Microbes. 2011 
28 Antharam et al. Journal of Clinical Microbiology. 2013. 
13 Buffie et al. Nature. 2015. Extended Figure 3d and 3e 
31 Schubert et al. Mbio. 2014. 
29 Rea et al. Journal of Clinical Microbiology. 2011.

k__Bacteria 
p__Actinobacteria 
c__Actinobacteria 
o__Bifidobacteriales 
f__Bifidobacteriaceae 
g__Bifidobacterium

Decreased 10 Buffie et al. Nature Reviews Immunology. 2013 
29 Rea et al. Journal of Clinical Microbiology. 2011 
30 Baines et al. Journal of Antimicrobial Chemotherapy. 2013

k__Bacteria 
p__Firmicutes 
c__Bacilli 
o__Lactobacillales 
f__Enterococcaceae 
g__Enterococcus

Increased 28 Antharam et al. Journal of Clinical Microbiology. 2013 
31 Schubert et al. Mbio. 2014 
29 Rea et al. Journal of Clinical Microbiology. 2011 (Figure 4) 
13 Buffie et al. Nature. 2015 (Extended figure 3d and 3e) 
30 Baines et al. Journal of Antimicrobial Chemotherapy. 2013

k__Bacteria 
p__Firmicutes 
c__Bacilli 
o__Lactobacillales 
f__Lactobacillaceae, 
g__Lactobacillus, 
s__delbrueckii,  
s__plantarum 
and s__reuteri

Increased 26 Reeves et al. Gut Microbes. 2011 
28 Antharam et al. Journal of Clinical Microbiology. 2013 
29 Rea et al. Journal of Clinical Microbiology. 2011 
10 Buffie et al. Nature Reviews Immunology. 2013 
13 Buffie et al. Nature. 2015

k__Bacteria 
p__Firmicutes 
c__Clostridia 
o__Clostridiales 
f__Veillonellaceae 
g__Veillonella

Increased 28 Antharam et al. The Journal of Clinical Microbiology. 2013

k__Bacteria 
p__Proteobacteria 
c__Gammaproteobacteria 
o__Enterobacteriales 
f__Enterobacteriaceae 
g__Escherichia 
s__coli

Increased 28 Antharam et al. Journal of Clinical Microbiology. 2013 
26 Reeves et al. Gut Microbes. 2011 
31 Schubert et al. Mbio. 2014 
32 Peterfreund et al. PLOS ONE. 2012
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Campylobacter bacteria as seen from an electron microscope. Campylobacter bacteria are enteric, curved-rod 
prokaryotes that cause campylobacteriosis, one of the most common bacterial causes of diarrheal illness. 
It is a relatively fragile bacterium that is easily killed by cold or hot temperatures. Birds are carriers due to 
their body temperature being just right to host the bacteria. Improper handling of raw poultry or undercooked 
fowl is usually the source of infection in humans. According to the National Institute for Public Health and the 
Environment (RIVM), the incidence of campylobacteriosis follows the exact same trend as the number of PPI 
prescriptions in the Netherlands. Credit: De Wood; digital colorization by Chris Pooley
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Abstract
 
 
 
Proton pump inhibitors (PPIs), used to treat gastro-esophageal reflux and prevent 
gastric ulcers, are among the most widely used drugs in the world. The use of PPIs 
is associated with an increased risk of enteric infections. Since the gut microbiota 
can, depending on composition, increase or decrease the risk of enteric infections, 
we investigated the effect of PPI-use on the gut microbiota. We discovered profound 
differences in the gut microbiota of PPI users: 20% of their bacterial taxa were 
statistically significantly altered compared to those of non-users. Moreover, we found 
that it is not only PPIs, but also antibiotics, antidepressants, statins and other commonly 
used medication were associated with distinct gut microbiota signatures.  
As a consequence, commonly used medications could affect how the gut microbiota 
resist enteric infections, promote or ameliorate gut inflammation, or change the host’s 
metabolism. More studies are clearly needed to understand the role of commonly 
used medication in altering the gut microbiota as well as the subsequent health 
consequences.

Proton pump inhibitors affect the gut microbiota 
 
Proton pump inhibitors (PPIs), used to treat gastro-esophageal reflux and to prevent 
gastric ulcers, are among the most commonly used drugs in the world.1,2 In the 
Netherlands, one PPI alone (omeprazole) was the fourth most prescribed drug in 
2015. In observational studies, the use of PPIs has been associated with an increased 
risk of enteric infections caused by Clostridium difficile, Salmonella spp., Shigella spp. 
and Campylobacter spp.3–5 Since the gut microbiota can, depending on composition, 
increase or decrease the risk of enteric infections, we investigated the effect of PPI 
use on the gut microbiota.6 Using the 16S rRNA sequences of stool samples from 
1815 individuals spanning three independent cohorts, we observed profound changes 
in the gut microbiota of PPI users. In PPI users the relative abundance of 20% of the 
bacterial taxa, whereof 18 bacterial families, was statistically significantly different 
(either increased or decreased) compared to abundances in samples from non-users.6 
Concurrently with our research, other research groups were also investigating the 
influence of PPIs on the gut microbiota. A small intervention study was published a 
few months prior to ours and a similar observational study was published in the same 
issue of Gut.7,8 In Table 1, the bacterial alterations associated with PPI use from all three 
studies are presented at the family level. 
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 Table 1. PPI use associated with gut microbiota alterations in three studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bacterial families associated with PPI use in three gut microbiota studies.6–8; Consistent changes 

in two or all studies are marked in bold; NR = Not reported.

 

Bacterial family

Imhann et al. Gut 2016; 
Figure 2 

Cross-sectional study  

1815 individuals

Jackson et al. Gut 2016; 
Figure 3 

Cross-sectional study 

1827 individuals

Freedberg et al.
Gastroenterology 2015; 
 Figure 1 

Intervention, time series 

12 healthy volunteers

Actinomycetaceae Increased NR NR

Aerococcaceae Increased NR NR

Anaeroplasmataceae Decreased NR NR

Bifidobacteriaceae Decreased NR NR

Burkholderiaceae NR Increased NR

Cardiobacteriaceae NR Increased NR

Carnobacteriaceae Increased Increased NR

Corynebacteriaceae NR Increased NR

Dehalobacteriaceae Decreased NR NR

Enterobacteriaceae Increased NR NR

Enterococcaceae Increased NR Increased

Erysipelotrichaceae NR Decreased NR

Gemellaceae Increased NR NR

Lachnospiraceae NR Decreased NR

Lactobacillaceae Increased Increased NR

Leptotrichiaceae Increased NR NR

Leuconostocaceae Increased NR NR

Micrococcaceae Increased Increased Increased

Pasteurellaceae Increased Increased NR

Planococcaceae Increased NR NR

Ruminococcaceae Decreased Decreased NR

Staphylococcaceae Increased Increased Increased

Streptococcaceae Increased Increased Increased
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There are many similarities between the results of all three studies and, when 
associations at different taxonomical levels are taken into account (e.g. the decrease 
of order Clostridiales and increases of class Gammaproteobacteria and order 
Actinomycetales), a consistent profile of alterations in gut microbiota associated with 
PPI use emerges.

Other commonly used drugs and the gut microbiota

To ensure that our observed alterations in gut microbiota associated with PPI use were 
not based the confounding effects of concomitant use of other drugs, which could also 
potentially influence the gut microbiota, we grouped the most commonly used drugs 
and analysed possible associations with the gut microbiota. This analysis identified 
several changes in the gut microbiota associated with other commonly used drugs. (See 
the most commonly prescribed medication in the Netherlands in Table 2 and the gut 
microbiota associations in Table 3). However, all gut microbiota alterations associated 
with PPI use remained statistically significant even after statistical correction for the 
use of other commonly used drugs.
 

 Table 2. Most commonly used medication in the Netherlands (17 million inhabitants) in 2015 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Our group published an elaborate metagenomic sequencing analysis of 1135 
participants of the same general population cohort used in our first study. In this 
metagenomics study, we showed that several other commonly used drugs are also 
associated with gut microbiota alterations (See Figure 1).9 Consistent with our earlier 
results, the variance in the gut microbiota that could be explained by PPI use was 
the largest of all the commonly used drugs. However, many other drugs also had a 
statistically significant effect on the gut microbiota composition.

Rank Medication name Medication group or use Users (millions)

1 diclofenac NSAIDS 1.29

2 amoxicillin Antibiotics 1.22

3 simvastatin Statins 1.17

4 omeprazole PPIs 1.16

5 metoprolol Beta-blockers 1.11

6 macrogol Stimulating bowel movements/anti-constipation 1.06

7 inert dermal creams Skin creams for eczema 1.02

8 salbutamol Dilate airways 0.90

9 colecalciferol Prevent osteoporosis 0.83

10 acetylsalicylic acid Platelet aggregation inhibitor 0.81
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Consequences of gut microbiota changes 
caused by medication

What is becoming increasingly clear is that antibiotics, PPIs and metformin aff ect the 
gut microbiota and that other commonly used medication, like statins and SSRIs and 
are associated with distinct gut microbiota signatures.6–11 As a consequence, these 
types of medication could have an eff ect on the risk of developing enteric infections or 
gut infl ammation, and they may also have an eff ect on host metabolism.12–15 

 

 Figure 1. Inter-individual gut microbiota variation (Bray-Curtis distance) explained by 

 commonly used medication at FDR < 0.1. Figure from Zhernakova et al. Science 2016.
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Susceptibility to enteric infections 
 
A well-known example of reduced enteric infection resistance through alteration of 
the gut microbiota caused by medication is the increased risk of Clostridium difficile 
infections after (repeated) treatment with antibiotics.16 Antibiotics kill off a large 
proportion of the gut microbiota, creating an empty niche that allows Clostridium difficile 
to colonize and overgrow.16 Recent observational studies indicated that it is not only 
antibiotic use, but also PPI use, that is associated with increased risk of Clostridium 
difficile infection.5,17 Subsequent gut microbiota studies attributed the increased risk 
to unfavourable gut microbiota alterations caused by PPI use.6–8 Human, animal and in 
vitro studies show an overlap between the specific gut microbiota alterations associated 
with PPI use (as found in Imhann et al. Gut 2016) and the bacterial changes that lead to 
increased susceptibility to Clostridium difficile (as depicted in Figure 2).14,15,18–24 

 

 Table 3. Commonly used medication associated with gut microbiota alterations.  

 Table from Imhann et al. Gut 2016 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All associations are statistically significant at FDR < 0.05

k__, kingdom; p__; phylum; c__ , class; o__ , order; f__, family; g__, genus; s__, species.

*Statistically significant FDR<0.05 after correction for PPI use, 

Medication category Taxon Direction

Antibiotics g__Holdemania Increased

Antidepressants (SSRI, SNRI, mirtazapine and TCA) f__Bacteroidaceae Increased

Antidepressants (SSRI, SNRI, mirtazapine and TCA) g__Bacteroides Increased

Antidiabetic medication (both oral and insulin) o__Bacillales Increased

Changes bowel movement/stool frequency* p__Firmicutes Decreased

Changes bowel movement/stool frequency* o__Clostridiales Decreased

Changes bowel movement/stool frequency* c__Clostridia Decreased

Changes bowel movement/stool frequency* g__Coprococcus Decreased

Changes bowel movement/stool frequency o__Bacteroidales Increased

Changes bowel movement/stool frequency p__Bacteroidetes Increased

Changes bowel movement/stool frequency f__Bacteroidaceae Increased

Changes bowel movement/stool frequency g__Bacteroides Increased

Cholesterol lowering medication (statins)* o__Bacillales Increased

Cholesterol lowering medication (statins) g__Dorea|s__longicatena Decreased

Cholesterol lowering medication (statins) g__Ruminococcus Increased

Triglyceride lowering medication (Fibrates)* g__Ruminococcus|s__gnavus Increased
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The US Food and Drug Administration (USFDA) already aims to limit the use of 
antibiotics in order to reduce the number of Clostridium diffi  cile infections in the USA.25 
Since PPIs are often prescribed, and these prescriptions renewed, without evidence-
based indication, a reduction of unnecessary PPI use could also contribute to this aim.17

PPI are also associated with an increased risk of other enteric infections caused by 
Salmonella, Shigella and Campylobacter species.4 In the Netherlands, recent trends 
toward increased incidence of campylobacter infections closely follow trends in the 
number of PPI prescriptions: both increased rapidly from 2004 to 2011 then showed 
small decrease in 2012.3 Since PPIs diminish the gastric acid barrier, pathogenic 
microbial species that would not otherwise survive the gastric acid could more easily 
be introduced into the gut microbiota.6,8 The overrepresentation of oral microbiota in 
the gut microbiota of PPI users supports this hypothesis.6,8 The eff ects of antibiotics 
and PPIs on the gut microbiota are currently the clearest examples of how medication 
can change susceptibility to enteric infections and have an eff ect on human health. The 
infl uence that other gut-microbiota-changing medication have on the susceptibility to 
enteric infections is still unclear. 

 Figure 2. Gut microbiota changes associated with PPI use that increase the risk of 

 Clostridium diffi  cile infection14,15,18–24
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Gut inflammation 
 
Gut microbiota can promote or ameliorate gut inflammation. Favourable microbiota 
can ameliorate gut inflammation through the induction of regulatory T-cells (T

regs
), 

interleukin 10 (IL-10) and the production of the short-chain fatty acid butyrate.26,27 
In contrast, unfavourable microbiota can produce toxins that promote inflammation 
of the gut epithelium.28 A profoundly disturbed balance between favourable and 
unfavourable gut microbiota, resulting in gut inflammation, is seen in Inflammatory 
Bowel Disease (IBD).29 IBD is a common disorder of which the incidence continues to 
rise, and is attributed to the transition to a sedentary, high fat, high calorie ‘Western 
lifestyle’.30 Aside from changes in the habitual diet, prior Salmonella or Campylobacter 
gastroenteritis and prior use of antibiotics are also presumed IBD risk factors.30,31 
Whether increased use of other commonly used medication that influence the gut 
microbiota could contribute to the increasing incidence of IBD is unknown. Links have 
been reported between the PPI use and increases in the gut inflammation marker, 
faecal calprotectin, but the mechanism by which PPI cause this increased faecal 
calprotectin, i.e. if they are due to gut microbiota changes, is not clear.32 Aside from 
the influence of PPIs, NSAIDs are known to sometimes cause enteropathy, ulceration 
and elevation of faecal calprotectin. How other commonly used medications affect 
inflammation in the gut still has to be elucidated. 
 

BMI and lipid metabolism 
 
Gut microbiota alterations have large effects on body mass index (BMI), lipid- and 
cholesterol-levels.12,33,34 The effects of some medications on the development of 
obesity have received considerable attention, for example, the effect of antibiotic 
use during childhood on obesity 35 Use of other drugs is also related to weight gain 
and obesity, including several classes of antidepressants: SSRIs, SNRIs and TCAs.36 
These antidepressants are also associated with gut microbiota alterations, which 
could potentially be a mechanisms by which these drugs cause weight gain.6,9 PPI 
use is associated with an increased risk of cardiovascular disorders.37 Although other 
mechanisms have been proposed38, the effects of PPIs on the microbiota could affect 
lipid metabolism and an thereby an individual’s subsequent risk of cardiovascular 
events.9,12 The effects of commonly used medication and the effects on the host 
metabolism therefore warrant further investigation.
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Intervention studies and animal studies are 

required to clarify the influence of commonly used 

medication on the gut microbiota
 
 

Intervention studies 
 
One way to study the effects of medication on the gut microbiota is to perform an 
intervention study. Intervention studies in humans in which the pre-medication gut 
microbiota can be compared to the post-medication gut microbiota are relatively easy 
to implement. All commonly prescribed drugs have already been approved by the 
USFDA and the European Medication Agency (EMA). There are, by definition, a large 
number of patients who begin using these types of medication for the first time every 
day. Moreover, stool sampling is not an invasive procedure. One small scale intervention 
study investigating the role of PPI on the gut microbiota has already been performed.7 

 

Animal studies 
 
In addition to intervention studies in humans, mouse experiments are required in which 
gut microbiota changes can be studied in isolation and the effects in tissues and blood 
markers observed.39 The effects on enteric-infection-resistance to Clostridium difficile 
through gut microbiota alterations have already been tested using a mouse model 
in which mice were exposed to pathogens after antibiotic treatment.15 This model 
could be used to investigate how other commonly used drugs affect enteric infection 
resistance. The effects on gut epithelial inflammation and inflammatory markers can 
also be studied using IBD mouse models.40 Finally, mouse experiments can be used to 
investigate the metabolic effects of gut microbiota alterations.41
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PPI use is overrepresented in many disorders and conditions, including obesity, non-
alcoholic steatohepatitis (NASH), Irritable Bowel Syndrome (IBS), rheumatoid arthritis 
and IBD. NSAID use is overrepresented in rheumatoid arthritis. Antibiotics are much 
more often prescribed in Crohn’s disease. Many of the current studies relating the gut 
microbiota and disease do not consider the potential confounding effects of medication 
use. The poor reproducibility of gut microbiota studies thus far could partially be 
explained by lack of collection or inadequate collection of confounding phenotypes. 

To begin to resolve these issues, a new core set of phenotypes needs to  
be used as covariates in microbiota studies. We think this new core  
phenotype set should at least consist of:
• Age
• Sex
• BMI
• Commonly used medication including antibiotics,  
 PPIs, laxatives, antidepressants, statins, metformin6,9

• Bristol stool form chart and stool frequency42

 
 

Conclusions
 
 
The use of PPIs, antibiotics, NSAIDs, SSRIs, metformin and other commonly used 
medication are associated with specific gut microbiota compositions. As a consequence, 
the use of these types of medication could affect how the gut microbiota can resist 
enteric infections, promote or ameliorate gut inflammation, or change the host 
metabolism. While the effects of antibiotics have been relatively well-studied, and the 
effects of PPI use are starting to become clear, the effects of many other commonly 
used medications on the gut microbiota remain unknown. More investigations of the 
role of commonly used medication on the gut microbiota and the subsequent health 
consequences is certainly needed. 
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Part III
 

The gut microbiota 
in complex 
gastrointestinal 
disorders



Electron microscopy image of E. coli belonging to the Enterobacteriaceae family. In the next chapter, conditions 
in which the abundance of Enterobacteriaceae is increased are described. Source: iStock
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Abstract
 
 

Objective  
 
Patients with Inflammatory Bowel Disease (IBD) display substantial heterogeneity 
in clinical characteristics. We hypothesize that individual differences in the complex 
interaction of the host genome and the gut microbiota can explain the onset and the 
heterogeneous presentation of IBD. Therefore, we performed a case-control analysis of 
the gut microbiota, the host genome and the clinical phenotypes of IBD. 
 

Design  
 
Stool samples, peripheral blood and extensive phenotype data were collected from 
313 IBD patients and 582 truly healthy controls, selected from a population cohort. 
The gut microbiota composition was assessed by tag-sequencing the 16S rRNA gene. 
All participants were genotyped. We composed genetic risk scores from 11 functional 
genetic variants proven to be associated with IBD in genes that are directly involved in 
the bacterial handling in the gut: NOD2, CARD9, ATG16L1, IRGM and FUT2.
 

Results  
 
Strikingly, we observed significant alterations of the gut microbiota of healthy 
individuals with a high genetic risk for IBD: the IBD-genetic risk score was significantly 
associated with a decrease in the genus Roseburia in healthy controls (FDR=0.017). 
Moreover, disease location was a major determinant of the gut microbiota: the gut 
microbiota of colonic CD patients is different from that of ileal CD patients, with a 
decrease in alpha diversity associated to ileal disease (P=3.28x10-13).
 

Conclusion  
 
We show for the first time that genetic risk variants associated with IBD influence the 
gut microbiota in healthy individuals. Roseburia spp are acetate-to-butyrate converters 
and a decrease has already been observed in IBD patients. 
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Summary box 
 
What is already known about this subject?  
• The gut microbiota plays a key role in the pathogenesis  
 of Inflammatory Bowel Diseases. 
• Known and presumed epidemiological risk factors for developing IBD such  
 as mode of birth, breastfeeding, smoking, hygiene, infections, antibiotics, diet  
 and stress are all known to cause gut microbial perturbations. 
• The large heterogeneity between IBD patients is likely to result from individual  
 differences in the complex interaction between the host genome and the  
 gut microbiota. 
• Discovering gene-microbiota interactions is difficult due to the large number  
 of genomic markers as well as microbial taxa, requiring stringent multiple  
 testing correction.
 
What are the new findings?  
• Gut microbial changes could precede the onset of IBD. A high IBD-genetic risk  
 score is associated with a decrease in the genus Roseburia in the gut microbiota  
 of healthy controls without gut complaints. 
• Disease localization is a major determinant of the IBD-associated gut  
 microbiota composition. 
• The use of a large well-phenotyped healthy control cohort next to an IBD cohort  
 leads to an improved list of IBD-associated gut microbial differences. 
 
How might it impact on clinical practice in the foreseeable future? 
• Better understanding of gene-microbiota interactions and pro-inflammatory gut   
 microbial changes that precede the onset of IBD can lead to new IBD therapeutics  
 and perhaps even microbial prevention strategies.
 

 

 

 

Background and aims

 
Inflammatory bowel disease (IBD), comprising Crohn’s Disease (CD) and ulcerative 
colitis (UC), is a chronic inflammatory disorder of the gastrointestinal tract. In 
CD, inflammation can occur throughout the gastrointestinal tract whereas, in UC, 
inflammation is confined to the mucosal layer of the colon. The clinical characteristics 
of IBD vary greatly between individuals with respect to disease location, disease activity 
and disease behaviour. The origin of this heterogeneous clinical presentation remains 
poorly understood.1,2



166

The pathogenesis of IBD consists of an exaggerated immune response in a genetically 
susceptible host to the luminal microbial content of the gut. Driven by rapidly evolving 
genotyping and next generation sequencing technologies, tremendous progress 
has been made in deciphering the host genomic landscape of IBD.3,4 Systems 
biology approaches to genomic and biological data clearly show the importance of 
the interaction between the host genome and the microbial exposure in the gut.5 
Moreover, known and presumed epidemiological risk factors for developing IBD such 
as mode of birth (vaginal vs. caesarean section), breastfeeding, smoking, hygiene, 
infections, antibiotics, diet, stress and sleep pattern are all known to cause microbial 
perturbations, suggesting a key role for the gut microbiota in the pathogenesis of 
IBD.6–9

Previous studies have shown a reduced biodiversity in the gut microbial composition 
of IBD patients, characterized by a reduction of known beneficial bacteria, such as 
Faecalibacterium prausnitzii, Roseburia intestinalis and other butyrate-producers, 
and an increase of pathogens or pathobionts, e.g. adherent-invasive Escherichia coli 
and Shigella species of the Enterobacteriaceae family. However, these studies used 
a relatively small number of controls, who were usually selected from the patient 
population of the gastroenterology department after excluding IBD.10 Because recent 
gut microbiome research has shown significant effects of stool consistency and 
functional complaints on the gut microbiota 11–13, previous results could have been 
influenced by their method of selection of controls.

While the main composition of the gut microbiota in CD has been studied 
extensively, the composition of the gut microbiota in UC patients has received less 
attention.10,14,15 Furthermore, the relationship between the gut microbiota and the 
clinical characteristics of IBD, including disease activity, disease duration and disease 
behaviour has only been studied in an exploratory manner.

Recent studies have begun to unravel the complex interaction of host genetics and 
the gut microbiota. These links between specific genetic variants and the abundance 
of specific bacteria are called microbiota quantitative trait loci (microbiotaQTLs). 
Twin studies show that the abundances of bacterial families Ruminococcaceae and 
Lachnospiraceae containing butyrate-producers and acetate-to-butyrate converters 
are, to a certain degree, heritable.16–18 Animal studies in mice specifically designed 
to discover microbiotaQTLs show the influence of genomic loci on several microbial 
genera.19 Moreover, gut microbiota similarities in twins both concordant and discordant 
for IBD have been shown in several studies, further suggesting host genetics can 
influence the gut microbiota.20–22 Furthermore, preliminary data show that specific 
variants of the NOD2 gene are associated with changes in the abundance of the 
Enterobacteriaceae family in IBD patients.23

We hypothesize that the large heterogeneity between IBD patients is likely to result 
from individual differences in the complex interaction between the host genome and 
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the gut microbiota. Therefore, improving our knowledge of this interaction is crucial 
for our understanding of the pathogenesis of IBD.14 So far, very few studies have been 
able to elucidate this interaction in an integrated manner. Here, we present a large 
single-centre case-control analysis of the luminal gut microbiota, the host genetics and 
clinical phenotypes of both CD and UC. To ensure optimal data quality, we adopted a 
rigorously standardized approach to collect and process fresh frozen faecal samples 
of 313 IBD patients from a single hospital in the North of the Netherlands and 582 truly 
healthy controls from the same geographical area. For all individuals, extensive clinical 
data, laboratory and endoscopic findings were collected. In addition, host genomic risk 
variants and risk scores were obtained in both the IBD patient and the healthy controls 
to analyse host genomic influences on the gut microbial composition.
 
 

Methods 
 

Cohorts 
 
In total 357 IBD patients were recruited from the specialized IBD outpatient clinic at 
the Department of Gastroenterology and Hepatology of the University Medical Center 
Groningen (UMCG) in Groningen, the Netherlands. All IBD patients were diagnosed based 
on accepted radiological, endoscopic and histopathological evaluation. We excluded 44 
IBD patients who had a stoma, pouch or short bowel syndrome from further analyses. 
Healthy controls were selected from the 1174 participants of LifeLines-DEEP, a cross-
sectional general population cohort in the Northern provinces of the Netherlands.24 
Data about medical history, medication use and gut complaints were meticulously 
reviewed by a medical doctor to ensure controls did not have any severe gut complaints 
or diseases, and did not use any medication that could confound our analysis of the gut 
microbiota. The selection process is described in detail in the Supplementary Appendix. 
Pseudonymized data from IBD patients and healthy controls were provided to the 
researchers. This study was approved by the Institutional Review Board of the UMCG 
(IRB number 2008.338). All participants signed an informed consent form. 

 

Clinical characteristics and medication use  
of IBD patients
 
Extensive data on clinical characteristics and medication use was available for all 
IBD patients at the time of stool sampling. Pseudonymized data was retrieved from 
the IBD-specific electronic patient records of the IBD Center at the department 
of Gastroenterology and Hepatology of the UMCG. Disease activity at the time of 
sampling was determined by standardized and accepted clinical activity scores: the 
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Harvey Bradshaw Index (HBI) for CD patients and the Simple Clinical Colitis Activity 
Index (SCCAI) score for UC patients. C-reactive protein (CRP) and faecal calprotectin 
measurements were also available as indicators of disease activity. Disease localization 
and behaviour were described according to the Montreal Classification. Disease duration 
was determined as date of stool sampling in the study minus the date of diagnosis. 
IBD treatment at the time of sampling was scored (mesalazines, steroids, thiopurines, 
methotrexate, tumour necrosis factor alpha (TNF-α) inhibitors and other biologicals) 
as well as the use of other medication: proton pump inhibitors (PPIs), anti-diarrhoeal 
medication (loperamide), bile salts, iron, minerals and vitamins at the time of sampling, 
and antibiotics use within the previous three months. Extra-intestinal manifestations 
and complications of IBD were scored in several categories: 1. eye; 2. mouth; 3. skin; 4. 
joints; 5. Other (details in Supplementary appendix). 
 
Serological measurements for Anti-neutrophil cytoplasmic antibodies (ANCA) and Anti-
Saccharomyces cerevisiae antibodies (ASCA) were determined by immunofluorescence. 
Information on mode of birth, breastfeeding during infancy and self-reported diets 
(Supplementary appendix) were collected through questionnaires.  
 
The association between a phenotype and the gut microbiota was only analysed if there 
were five or more IBD patients with that phenotype. A list of all phenotypes can be found 
in the Supplementary appendix. 

Stool sample collection and faecal DNA Extraction  
 
Stool samples were collected for 313 IBD cases and 582 controls. Identical protocols 
were used to collect and process all stool samples. All participants were asked to 
produce a stool sample at home. These were frozen by the participant within 15 minutes 
after stool production in the participant’s home freezer. A research nurse visited each 
participant shortly after stool production to collect the sample on dry ice for transport 
to the UMCG at -80oC. Samples were subsequently stored at -80oC in the laboratory. 
All samples remained frozen until DNA-isolation for which aliquots were made and 
microbial DNA was isolated using the Qiagen AllPrep DNA/RNA Mini Kit cat. # 80204 as 
previously described.10 

 

Host genotyping, variant selection and  
genetic risk modelling
 

Host DNA was available for all IBD patients and healthy controls. Host DNA was isolated 
from peripheral blood as previously described.25 Genotyping was performed using the 
Immunochip, an Illumina Infinium microarray comprising 196,524 Single Nucleotide 
Variants (SNPs) and a small number of insertion/deletion markers, selected based 
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on results from genome-wide association studies of 12 different immune-mediated 
diseases including IBD. Normalized intensities for all samples were called using the 
OptiCall clustering program.26 The genotype prediction was improved via stringent 
calling with BeagleCall using recommended settings.27 Marker and sample quality 
control was performed as previously described.3 Human leukocyte antigen (HLA) 
imputation was performed using SNP2HLA. The Type 1 Diabetes Genetics Consortium 
genotype data was used as a reference panel for imputation. The SNP2HLA imputes 
the classical HLA alleles and amino acid sequences within the major histocompatibility 
complex (MHC) region on chromosome 6.28 

 

To overcome statistical problems inherent to multiple testing when combining both 
genome-wide and 16S rRNA microbiota data, we adopted an approach of analysing a 
set of selected SNPs based on i) their involvement in IBD, ii) their predicted functional 
consequences and iii) their role in bacterial sensing and signalling in the gut.23  
 
Eleven known IBD genetic risk variants were selected for our genome-microbiota 
interaction analyses. We selected these risk variants ensuring that the selected IBD risk 
SNPs (as identified in the International IBD Genetics Consortium Immunochip analysis 
or targeted resequencing studies) are functional variants or are in strong linkage 
disequilibrium with functional variants that are implicated in the interaction of the host 
with the gut microbiota.3,29 We included the following seven genetic variants in NOD2: 
rs104895431 (S431L), rs2066844 (R702W), rs5743277 (R703C), rs104895467 (N852S), 
rs2066845 (G908R), rs5743293 (fs1007insC) and rs104895444 (V793M). The variant 
rs10781499 in CARD9 was selected because Card9 has been shown to mediate intestinal 
epithelial cell restitution, T-helper 17 responses and control of intestinal bacterial 
infection in mice.30 Two variants in FUT2, rs516246 and rs1047781, were selected 
because these variants have been shown to influence colonic mucosa-associated 
microbiota in CD.31 SNPs rs11741861 in IRGM and rs12994997 in ATG16L1 were included 
because of their role in decreased selective autophagy that results in altered cytokine 
signalling and decreased anti-bacterial defence.32,33 

In addition to these 11 genetic variants, we also created risk scores for all 200 known 
IBD risk variants.3,5 We also analysed the influence of the HLA-DRB1*01:03 haplotype 
on the gut microbial composition in colonic disease because this recently identified 
haplotype is associated with both UC and colonic CD and is suggested to be involved in 
appropriately controlling the immune response to colonic microbiota.34
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Determining the gut microbial composition  
 
Illumina MiSeq paired-end sequencing was used to determine the bacterial composition 
of the stool samples. Forward primer 515F [GTGCCAGCMGCCGCGGTAA] and reverse 
primer 806R [GGACTACHVGGGTWTCTAAT] of hyper-variable region V4 of the 16S rRNA 
gene were used. Custom scripts were used to remove the primer sequences and align 
the paired end reads.10 
 

Operational Taxonomic Units:  
OTU-picking and filtering
 
The operational taxonomic unit (OTU) selection was performed using the QIIME 
reference optimal picking, using Usearch (version 7.0.1090) to perform the clustering 
at 97% of similarity. Greengenes version 13.8 was used as a reference database. In all, 
12556 OTUs were identified. Samples with less than 10,000 counts were removed. OTUs 
that were not present in at least 1% of our samples or with a low abundance (<0.01% of 
the total counts) were filtered out. 
 

Function prediction 
 
The functional imputation tools PICRUSt and HUMAnN were used to investigate the 
functional implications of the gut microbiota of IBD patients. More information about the 
function prediction and the software can be found in the Supplementary Appendix.

Statistical analysis 
 
The richness and the beta-diversity of the microbiota dataset was analysed using 
QIIME.35 The Shannon diversity index and the number of observed species per sample 
were used as alpha diversity metrics. Beta-diversity was calculated using unweighted 
Unifrac distances and represented in a Principal Coordinate Analyses (PCoA). The 
Wilcoxon test and Spearman correlations were used to identify differences in Shannon 
Index and relations between Principal Coordinates. Chi-square tests, Fishers exact 
tests, Spearman correlations and Wilcoxon-Mann-Whitney tests (WMW tests) were used 
to determine differences in the clinical characteristics of IBD patients. QIIMETOMAASLIN 
was used to convert the OTU counts into relative taxonomical abundance. OTUs 
representing identical taxonomies were aggregated and higher taxon levels were added 
when multiple OTUs represented that taxon. Due to the limitations of the resolution 
on taxonomical classification using 16S gene sequencing, we restricted our analysis 
to genus level and above. The initial 12556 OTUs were classified into 250 taxonomical 
levels. 



171

We used MaAsLin to identify differentially abundant taxa and pathways: 1) between 
IBD patients and healthy controls, 2) between different IBD phenotypes and 3) between 
individuals with diverse amounts of IBD genetic risk variants.15 MaAsLin performs 
boosted additive general linear models between metadata and microbial abundance 
data. The default settings of MaAsLin were used in all analyses. We used the Q-value 
package implemented in MaAsLin to correct for multiple testing. A false discovery 
rate (FDR) of 0.05 was used as cut-off value for significance. The effect of the IBD 
diagnosis (CD or UC) on the gut microbiota composition was analysed by adding the 
IBD diagnosis versus healthy as a discrete predictor in the MaAsLin general linear 
mixed model analysis. Unweighted genetic risk scores were calculated for every 
participant by summing up the risk alleles of the abovementioned SNPs (risk allele = 
1; IBD protective allele = 0).25 Weighted genetic risk scores were calculated for every 
participant by summing up the log-normalized odds of the genetic variants of the same 
abovementioned SNPs. Both risk scores were added as a predictor to the additive 
general linear model in MaAsLin. The analyses of the host genome and the microbiota 
composition were performed separately in IBD patients and healthy controls.

 

Correction for factors influencing  
the gut microbiota 

Parameters that potentially influence the gut microbiota were identified by statistical 
analysis of cohort phenotypes, univariate MaAsLin analyses and literature search, and 
subsequently added as co-factors to the additive linear model. In every analysis, the 
parameters age, gender, BMI, read-depth, PPI use, antibiotics use and IBD medication 
(mesalazines, steroids, thiopurines, methotrexate and TNF-alpha inhibitors) were 
added as covariates. Stool consistency also affects the gut microbiota. However, 
since stool consistency, mainly the occurrence of diarrhoea, is a key characteristic 
of increased IBD disease activity, stool consistency was not used as a covariate in all 
models. However, stool consistency was incorporated in the analyses, since the clinical 
disease activity scores used: the Harvey Bradshaw Index (HBI) for Crohn’s Disease and 
the Simple Clinical Colitis Activity Index (SCCAI) take the number of liquid stools per 
day (in the HBI) and the number of bowel movements during the day and during the 
night (in the SCCAI) into account.
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 Table 1. Clinical characteristics of IBD patients and healthy controls 
 

Average (SD) 
or Count (%)

CD
only

ileal CD 
only

colonic 
CD only

ileocolonic 
CD only

UC
only

IBDU/
IBDI only

IBD
Healthy 
controls

number of samples 188 68 36 78 107 18 313 582

sequence read depth 
(SD)

47730
(37278)

44610
(36541)

49870 
(39818)

48060
 (37803)

49090 
(37050)

66653 
(43157)

48820 
(37539)

48740 
(29705)

Demographics

Age
(SD)

41.3
(14.5)

42.54
(14.15)

42.39
(14.5)

39.9
(14.7)

47.3
(14.6)

44.1
(16.8)

43.6
(14.8)

45.9
(13.7)

Gender (M/F) (%)
62/126
(33/67%)

23/45
(33/66%)

12/24
(33/66%)

25/53
(32/67%)

52/55
(48/51%)

7/11
(39/61%)

122/191
(39/61%)

302/280
(52/48%)

Weight and BMI

Weight
(SD)

75.7
(16.2)

77.5
(17.2)

74.4
(14.3)

74.9
(16.3)

81.27
(16.1)

84.9
(27.1)

78.2
(17.1)

77.4
(13.3)

BMI
(SD)

24.9
(4.6)

25.0
(4.9)

25.1
(4.6)

24.7
(4.7)

26.46
(4.4)

27.9
(8.3)

25.4
(4.9)

24.9
(3.7)

Disease location

ileum (%) 68 (36%) 68 (100%) NA NA NA NA 68(4%) NA

colon (%) 36 (19%) NA 36 (100%) NA 106 (99%) 8 (44%) 152 (48%) NA

both (%) 78 (41%) NA NA 78 (100%) NA 2 (11%) 80 (25%) NA

Disease activity 

CRP 
(SD)

10.7
(16.63)

11.1
(21.3)

15.0
(18.8)

8.8
(9.4)

6.2
(7.3)

7.29
(8.6)

8.9
(13.7)

NA

faecal calprotectin
(SD)

390.1
(535.1)

296.9
(533.3)

445.6
(693.2)

432.4
(437.6)

776.6
(1986.8)

870.2
(1166.4)

531.9 
(1220.3)

NA

Harvey Bradshaw 
Index (SD)

3.45
(3.86)

3.25
(3.18)

3.8
(4.7)

3.6
(4.13)

NA NA
3.45
(3.86)

NA

SCCAI (SD) NA NA NA NA 1.8 (2.2) 1.4 (2.0) 1.8 (2.2) NA

Disease duration and age at diagnosis 

Disease duration in 
years
(SD)

12.36
(9.13)

12.73
(9.0)

12.14
(8.6)

12.14
(9.7)

11.21
(8.48)

10.5
(8.93)

11.8
(8.8)

NA

Age at diagnosis 
[years] (SD)

28.9
(12.4)

29.9
(11.3)

30.2
(15.3)

27.8
(11.8)

36.08
(14.4)

32.5
(17.2)

31.8
(13.7)

NA

Disease behaviour Crohn's Disease

Montreal Classification 
B1

104 (55%) 33 (48%) 28 (77%) 41 (52%) NA NA 104 (55%) NA

Montreal Classification 
B2

59 (31%) 26 (38%) 5 (13%) 25 (32%) NA NA 59 (31%) NA

Montreal Classification 
B3

25 (13%) 9 (13%) 3 (8%) 12 (15%) NA NA 25 (13%) NA

Disease severity Ulcerative Colitis

Montreal Classification 
S1

NA NA NA NA 6 (5%) NA 6 (5%) NA

Montreal Classification 
S2

NA NA NA NA 39 (36%) NA 39 (36%) NA

Montreal Classification 
S3

NA NA NA NA 44 (41%) NA 44 (41%) NA

Montreal Classification 
S4

NA NA NA NA 17 (15%) NA 17 (15%) NA
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Average (SD) 
or Count (%)

CD
only

ileal CD 
only

colonic CD 
only

ileocolonic 
CD only

UC
only

IBDU/
IBDI only

IBD
Healthy 
controls

Serology

ANCA pos/neg
(%)

55/127
(30/67%)

18/49
(26/72%)

14/19
(39/52%)

18/49
(72/26%)

53/49
(50/45%)

8/10
(44/56%)

116/186
(37/69%)

NA

ASCA pos/neg
(%)

85/92
(44/49%)

38/28
(56/41%)

8/24
(22/66%)

37/38
(47/49%)

16/85
(80/14%)

2/16
(11/88%)

102/194
(32/62%)

NA

Birth & Breastfeeding

Vaginal birth
160
(85%)

58
(85%)

31
(86%)

66
(84%)

93
(87%)

18
(100%)

269
(85%)

NA

Caesarean section
5
(2%)

1
(1%)

1
(2%)

3
(3%)

2
(1%)

0
(0%)

7
(2%)

NA

Breastfed
96
(51%)

36
(53%)

22
(61%)

36
(46%)

62
(58%)

11
(61%)

169
(54%)

NA

Smoking

Current smokers 58 (31%) 24 (35%) 12 (33%) 24 (35%) 15 (14%) 4 (22%) 77 (25%) 98 (17%)

IBD medication

mesalazines 12 (6%) 6 (9%) 1 (2%) 5 (6%) 87 (81%) 3 (17%) 113 (36%) 0 (0%)

steroids 40 (21%) 8 (11%) 9 (25%) 20 (26%) 18(17%) 5 (28%) 60 (19%) 0 (0%)

thiopurines 67 (36%) 27 (40%) 15 (42%) 23 (30%) 32(30%) 6 (33%) 104 (33%) 0 (0%)

methotrexate 22 (11%) 6 (9%) 3 (8%) 12 (15%) 1(1%) 0 (0%) 23 (7%) 0 (0%)

anti-TNF alpha 79 (42%) 26 (38%) 18 (50%) 34 (44%) 10(9%) 3 (17%) 92 (29%) 0 (0%)

Other medication

Antibiotics 41 (21%) 13 (19%) 11 (39%) 17 (21%) 15 (14%) 4 (22%) 59 (19%) 0 (0%)

Proton pump inhibitors 44 (23%) 16 (24%) 6 (17%) 21 (27%) 13 (12%) 2 (11%) 60 (19%) 26(4%)

Antidiarrhoeal 29 (16%) 14 (3%) 2 (5%) 13 (17%) 4 (3%) 1 (5%) 33 (11%) 0 (0%)

Bile Salts 3 (1%) 2 (3%) 0 (0%) 1 (1%) 3 (2%) 1 (5%) 7 (2%) 0 (0%)

Immuno-suppressants 92 (51%) 32 (51%) 19 (55%) 38 (50%) 38 (36%) 5 (30%) 135 (44%) 0 (0%)

Mineral 5 (2%) 1 (1%) 3 (8%) 1 (1%) 2 (1%) 0 (0%) 7 (2%) 0 (0%)

Osteoporosis medication 5 (2%) 2 (3%) 1 (2%) 2 (3%) 1 (1%) 0 (0%) 6 (2%) NA

Vitamins 74 (41%) 34 (52%) 5 (14%) 32 (42%) 2 (1%) 2 (11%) 78 (25%) 0 (0%)

Self-reported diets

Diabetes diet 2 (1%) 0 (0%) 1 (2%) 1 (1%) 4 (4%) 0 (0%) 6 (2%) 0 (0%)

Fat limited diet 6 (3%) 2 (3%) 1 (2%) 2 (3%) 4 (4%) 1 (5%) 11 (4%) 9 (2%)

Vegetarian diet 9 (5%) 1 (1%) 3 (8%) 5 (7%) 6 (6%) 1 (5%) 15 (5%) 39(7%)

Other diet 18 (10%) 6 (9%) 4 (11%) 8 (11%) 10 (10%) 0 (0%) 28 (9%) 23(4%)

 
 

ANCA, Anti-neutrophil cytoplasmic antibodies; ASCA, Anti-Saccharomyces cerevisiae antibodies;  

BMI, Body Mass Index; CRP, C-reactive protein; CD, Crohn’s Disease; IBD, Inflammatory Bowel  

Disease; IBDI, Inflammatory Bowel Disease Intermediate; IBDU, Inflammatory Bowel Disease  

Undetermined; SD, standard deviation; UC, Ulcerative Colitis.
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Results
 

The clinical characteristics of IBD patients and  
the selection of healthy controls

The cohort consists of 313 IBD patients (188 CD, 107 UC and 18 IBDI/IBDU patients) and 
582 healthy controls selected from the population cohort LifeLines-DEEP (Selection 
criteria can be found in the Supplementary appendix).24 CD patients were younger than 
healthy controls (41.3 versus 45.9 years; P=1x10-4, WMW-test) while UC patients were 
not older than healthy controls (P=0.32, WMW-test). At the time of sampling, 81 IBD 
patients (25.8%) had active disease, defined as an HBI of higher than 4 in CD patients 
or an SCCAI-score higher than 2.5 in UC patients. Of the IBD patients, 23.7% had used 
antibiotics within the last 3 months. PPI use was more frequent in IBD patients (24.5%) 
than in healthy controls (4.7%) (P<0.001, Chi2-test). Extensive information on all clinical 
characteristics and medication use is presented in Table 1.

Overall composition of the gut microbiota in  
IBD patients and healthy controls

The predominant phyla in both IBD patients and healthy controls were Firmicutes 
(73% in IBD patients, 75% in healthy controls), Actinobacteria (9% in IBD patients, 13% 
in healthy controls) and Bacteroidetes (14% in IBD patients, 8% in healthy controls). 
Clostridia was the most abundant class (64% in IBD patients, 68% in healthy controls). 
An overview of the abundances at all taxonomic levels can be found in Supplementary 
table S1.

Alpha diversity 
 
A statistically significant decrease in the Shannon Index was observed in IBD patients 
compared to healthy controls as depicted in Supplementary figure S1 (P=5.61x10-14, 
Wilcoxon test) and Figure 1.  
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Principal Coordinate Analysis

The diff erences in gut microbial composition between IBD patients and healthy controls 
were also observed in the PCoA-analysis. Statistically signifi cant diff erences were found 
in the fi rst three components (PCoA1 P=2.62x10-68, PCoA2 P=0.033, PCoA3 P=1.50x10-10, 
Wilcoxon test). The gut microbiota of healthy controls clustered together, while the gut 
microbiota of IBD patients were more heterogeneous, partially overlapping the healthy 
controls. The shape of the PCoA-plot is mainly explained by disease location and the 
Shannon Index (see results below) as depicted in Figure 2A-2C.

 Figure 1. Alpha diversity (Shannon Index) of the gut microbiota of healthy controls, Ulcerative 

 Colitis (UC) patients, colonic Crohn’s Disease (CD) patients, ileocolonic CD patients and ileal 

 CD patients. 

Alpha diversity is not decreased in colonic disease (UC and colonic CD) compared to healthy controls. 

In contrast, in ileal and ileocolonic CD patients, the alpha diversity is statistically signifi cantly 

decreased (ileal CD patients vs. healthy controls P=3.28x10-13 and ileocolonic CD patients vs. healthy 

controls P=3.11x10-11, Wilcoxon test).
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 (A) The gut microbiota of IBD patients is diff erent from the gut microbiota of healthy controls, with 
only partial overlap. (B) The fi rst component is related to the Shannon Index. (C) There is more overlap 
between colonic disease (Ulcerative Colitis and colonic Crohn’s Disease combined) and healthy 
controls than between ileal disease (ileal Crohn’s Disease and ileocolonic Crohn’s Disease combined) 
and healthy controls. The fi rst component is related to disease location (PCoA1 rho=0.63, P=7.39x10-91, 
Spearman correlation) and colonic CD patients diff er from ileal CD patients (P=5.42x10-9)

Figure 2. Principal Coordinate Analysis (PCoA) of stool samples of 313 IBD patients 

and 582 healthy controls.
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IBD genetic risk variants are associated to 
unfavourable gut microbiota changes in healthy 
controls

The role of 11 functional genomic variants associated to IBD in the genes NOD2, CARD9, 
ATG16L1, IRGM and FUT2 was investigated. In the unweighted analysis in healthy controls, 
a higher number IBD risk alleles was associated with a decrease in the abundance of the 
genus Roseburia of the phylum Firmicutes (FDR=0.017) as depicted in Figure 3. In IBD 
patients as well as subsets of IBD patients (CD patients, UC patients, ileal CD patients, 
ileocolonic CD patients and colonic CD patients) neither the single genetic risk variants, 
the HLA-DRB1*01:03 haplotype nor the weighted or unweighted composite scores of 
genetic risk alleles showed any statistically signifi cant eff ect on the gut microbiota 
composition. All results of the analyses with the risk scores of 11 SNPs can be found in 
Supplementary table S3. Risk scores including all 200 IBD risk SNPs did not show any 
signifi cant relations with the gut microbiota composition.

 Figure 3. Increased risk score of 11 IBD related genetic variants in gut bacterial handling 
 genes (NOD2, CARD9, IRGM, ATG16L1 and FUT2) is statistically signifi cantly associated to 
 decreased abundance of Roseburia spp. in healthy controls (FDR=0.017).

Genotypic risk

Roseburia

0 1 2 3 4 5 6 0.
00

 
0.

05
 

0.
10

 
0.

15
 

0.
20

 
0.

25
 

B
ac

te
ri

al
 a

bu
nd

an
ce



178

Dysbiosis in CD and UC patients: new associations

Crohn’s disease 
 
Compared to healthy controls, 69 taxa were statistically significantly altered in CD 
patients (genus and above; 28%; FDR<0.05). These alterations are presented in 
Table 2 and depicted in the cladogram in Supplementary figure S2A. The phyla 
Bacteroidetes (FDR=1.12x10-14) and Proteobacteria (FDR=2.71x10-22) were increased, 
while the phyla Actinobacteria (FDR=7.15x10-10) and Tenericutes (FDR=1.90x10-12) 
were decreased. Within the phylum Bacteroidetes, the order Bacteroidales was 
increased (FDR=1.12x10-14) as well as the genus Parabacteroides within the family 
Porphyromonadaceae (FDR=0.0016). Within the order Clostridiales of the phylum 
Firmicutes, seven families were decreased: Mogibacteriaceae, Christensenellaceae, 
Clostridiaceae, Dehalobacteriaceae, Peptococcaceae, Peptostreptococcaceae 
and Ruminococcaceae (FDR<0.05). The family Enterobacteriaceae of the phylum 
Proteobacteria, containing many known gut pathogens, was increased (FDR=0.0020). 
The genera Bifidobacterium, Ruminococcus and Faecalibacterium were also decreased in 
CD patients (FDR=2.16 x 10-6, FDR=4.70x10-5 and FDR=7.82x10-23, respectively).  
 
The changes in relative abundance of the statistically significantly altered families 
are depicted in Figure 4. The complete list of increased and decreased taxa including 
direction, coefficient and FDR-values is presented in Supplementary table S2.
 

Ulcerative colitis 
 
In UC patients, 38 of the taxa were statistically significantly altered compared to healthy 
controls (genus and above; 12%; FDR<0.05). These alterations are presented in Table 
3 and depicted in a cladogram in Supplementary figure S2B. Similar to CD patients, 
the abundances of the phyla Bacteroidetes (FDR=8.87x10-13) and Proteobacteria 
(FDR=4.06x10-5) were increased, while the phylum Firmicutes (FDR=0.0079) was 
decreased in UC patients. Within the phylum Bacteroidetes, the order Bacteroidales 
(FDR=8.87x10-13), the family Rikenellaceae (FDR=0.025) and the genus Bacteroides 
(FDR=1.72x10-18) are all increased compared to healthy controls. Lachnobacterium 
and Roseburia, genera in the order Clostridiales of the phylum Firmicutes, were also 
increased in UC (FDR=0.023 and FDR=0.00056, respectively). The changes in relative 
abundance of the altered families are depicted in Figure 4 (FDR<0.05). The complete 
list of increased and decreased taxa, including direction, coefficient and FDR-values, is 
presented in Supplementary table S2.
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Disease location is a major determinant of  
the gut microbiota in IBD patients
 
The principal coordinate analysis depicted in Figure 2C shows the difference between 
the gut microbiota of patients with colonic disease (colonic CD and UC combined) and 
patients with ileal disease (ileal CD and ileocolonic CD combined). There is overlap 
between healthy controls and patients with colonic disease, while in concordance 
with the alpha-diversity analysis in Figure 1, the gut microbiota of patients with ileal 
disease deviates more from healthy controls. The statistical analysis of the PCoA 
supports this result: the first component is related to disease location (PCoA1 rho=0.63, 
P=7.39x10-91, Spearman correlation) and colonic CD patients differ from ileal CD patients 
(P=5.42x10-9). The alpha-diversity analysis shows similar results: the gut microbiota of 
IBD patients with colonic disease is not statistically significantly decreased compared 
to healthy controls (Shannon index UC patients=6.41 vs. Shannon index healthy 
controls=6.50, P=0.06; Shannon index colonic CD patients=6.38 vs. Shannon index 
healthy controls=6.50, P=0.08, Wilcoxon test). On the contrary, IBD patients with ileal 
disease show a statistically significant decrease in alpha diversity (ileal CD patients 
vs. healthy controls P=3.28x10-13 and ileocolonic CD patients vs. healthy controls 
P=3.11x10-11, Wilcoxon test), as depicted in Figure 1. Whether the IBD genetic risk was 
associated with disease location was also tested. The genetic risk could not explain the 
disease location (colonic IBD versus ileal involved IBD; unweighted Genetic Risk Score 
using 200 SNPs; Spearman correlation; rho=0.045; P=0.47). The taxonomy analysis of 
disease location is presented in the Supplementary appendix.

 Figure 4. Fold change of increased and decreased bacterial families in UC and CD patients  

 versus healthy controls (FDR<0.05)

Decreased

Aerococcaeae
Enterobacteriaceae

Enterococcaceae
Porphyromonadaceae

Lachnospiraceae
Lactobacillaceae

Rikenellaceae
Actinomycetaceae

Erysipelotrichaceae
Bifidobacteriaceae

Clostridiaceae
Ruminococcaceae
Coriobacteriaceae

(Mogibacteriaceae)
Peprostreptococcaceae

Christensenellaceae
Peptococcaceae

Dehalobacteriaceae
Methanobacteriaceae

Increased

UC

CD

-4 -3 -2 -1 0 1 2 3



180

 Table 2: Comparison of altered taxa in Crohn’s Disease patients compared  

 to healthy controls; family level and above 
 

Gut microbiota alterations in Crohn’s Disease patients (current study: FDR < 0.05)

Taxon (family and above) Phylum (or 
kingdom)

Current studya Gevers et al.b Morgan et al.c Willing et al. d

f__Methanobacteriaceae Archea (kingdom) Down Not reported Not reported Not reported

p__Actinobacteria Down Down Not reported Up in colonic CD

c__Actinobacteria Actinobacteria Down Down Not reported Up in colonic CD

f__Micrococcaceae Actinobacteria Not reported Up Not reported Not reported

f__Bifidobacteriaceae Actinobacteria Down Down Down, in lower 
taxonomic 
levels

Up in colonic CD

f__Coriobacteriaceae Actinobacteria Down Down Not reported Up in colonic CD

p__Bacteroidetes Up Down Not reported Not reported

o__Bacteroidales Bacteriodetes Up Down Not reported Not reported

f__Porphyromonadaceae Bacteriodetes Up Down Down, in lower 
taxonomic 
levels

Unknown genus 
in this family: 
Down in ileal CD

p__Firmicutes Down, in lower 
taxonomic 
levels

Down Down Up in colonic CD

c__Bacilli Firmicutes Up, in lower 
taxonomic 
levels

Up Associated 
to ileal 
involvement

Up in ileal CD

f__Aerococcaceae Firmicutes Up Not reported Not reported Not reported

f__Enterococcaceae Firmicutes Up Not reported Not reported Not reported

o__Gemellales Firmicutes Not reported Up Not reported Not reported

f__Gemellaceae Firmicutes Not reported Up Not reported Not reported

f__Streptococcaceae Firmicutes Not reported Up Not reported Not reported

c__Clostridia Firmicutes Down Down Down Down in ileal CD

o__Clostridiales Firmicutes Down Down Down Down in ileal CD

f__Mogibacteriaceae Firmicutes Down Not reported Not reported Not reported

f__Christensenellaceae Firmicutes Down Down Not reported Not reported

f__Clostridiaceae Firmicutes Down Down Not reported Not reported

f__Dehalobacteriaceae Firmicutes Down Not reported Not reported Not reported

f__Lachnospiraceae Firmicutes Up, but genera 
in lower levels 
both going up 
and down

Down Down, in lower 
taxonomic 
levels

Down, in lower 
taxonomic levels
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Taxon (family and above) Phylum (or 
kingdom)

Current studya Gevers et al.b Morgan et al.c Willing et al. d

f__Peptococcaceae Firmicutes Down Not reported Not reported Down in ileal CD

f__Peptostreptococcaceae Firmicutes Down Not reported Not reported

f__Ruminococcaceae Firmicutes Down Down Down Down in ileal CD

f__Veillonellaceae Firmicutes Not reported Up Up Up in lower 
taxonomic levels 
in ileal CD

f__Erysipelotrichaceae Firmicutes Down Down Associated 
to ileal 
involvement

Not reported

p__Fusobacteria Not reported Not reported Not reported Up in ileal CD

o__Fusobacteriales Fusobacteria Not reported Up Not reported Up in ileal CD

f__Fusobacteriaceae Fusobacteria Not reported Up Not reported Up in ileal CD

p__Proteobacteria Up Up Up Up in ileal CD

c__Betaproteobacteria Proteobacteria Up Up Not reported Not reported

o__Burkholderiales Proteobacteria Up Up Not reported Not reported

f__ Neisseriaceae Proteobacteria Not reported Up Not reported Not reported

c__Gammaproteobacteria Proteobacteria Up Up Up Up in ileal CD

f__Aeromonadaceae Proteobacteria Not reported Not reported Not reported Up in ileal CD

o__Campylobacterales Proteobacteria Not reported Up Not reported Not reported

f__Enterobacteriaceae Proteobacteria Up Up Up Up in ileal CD

f__Pasteurellaceae Proteobacteria Not reported Up Not reported

p__Tenericutes Down Not reported Not reported

c__Mollicutes Tenericutes Down Not reported Not reported Down in ileal CD, 
up in colonic CD

f__Anaeroplasmataceae Tenericutes Not reported Not reported Not reported Down in ileal CD, 
up in colonic CD

f__Verrucomicrobiaceae Verrucomicrobia Not reported Down Not reported Not reported

 
 
k__, kingdom; p__; phylum; c__ , class; o__ , order; f__, family.
a 313 IBD patients including 188 CD patients; 582 healthy controls; stool only. 
b Cell Host Microbe 2014; 447 CD patients; 221 controls; stool and biopsy. 
c Genome Biology 2012; 204 IBD patients including 121 CD patients and 27 controls; stool and biopsy. 
d Gastroenterology 2010; 40 twin pairs concordant or discordant for CD/UC  
(23 CD pairs, 15 UC pairs, 2 healthy pairs).
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Effects of IBD disease activity on the gut microbiota  
 
We analysed several readouts for disease activity at the time of sample collection: the 
clinical HBI scores for CD patients and SCCAI scores for UC patients, as well as CRP 
and faecal calprotectin level measurements for all IBD patients. A higher HBI was 
associated with an increase of the family Enterobacteriaceae in CD patients (FDR=0.036). 
No significant associations were found between the gut microbiota and the SSCAI in UC 
patients. Neither CRP nor faecal calprotectin was statistically significantly associated with 
altered bacterial abundances in the gut. Details of the disease activity analyses can be 
found in Supplementary tables S5 and S6.
 

Effects of IBD disease duration on the gut microbiota 
 
The disease duration in IBD patients was measured from date of diagnosis up to the date of 
sample collection. A longer duration of the disease, corrected for age, was associated with 
a higher abundance of the phylum Proteobacteria (FDR=0.045) (Supplementary table S7). 
 

Analysis of other IBD subphenotypes 
 
Other gut microbial associations with other IBD subphenotypes including medication, 
smoking behaviour and extra-intestinal manifestations can be found in the Results section 
of the Supplementary appendix. 
 

Pathway prediction and gut microbiota function  
changes in IBD patients
 
Multiple metabolic pathways including butyrate metabolism, endotoxin metabolism and 
antibiotics resistance pathways were differentially expressed between IBD patients, UC 
patients, CD patients, ileal CD, ileocolonic CD and colonic CD as compared to healthy 
controls. These altered KEGG pathways are presented in Supplementary figure S3 and 
Supplementary table S16. The metabolism of short chain fatty acids (SCFA) was decreased 
in IBD patients, as indicated by the decrease of the propanoate (also known as propionate) 
metabolism in CD and UC patients (ko00640; CD: FDR=2.74x10-11 and UC: FDR=3.59x10-5), 
the decrease of the butanoate (precursor of butyrate) metabolism in CD patients (ko00650; 
FDR=5.31x10-9) and the decreased fatty acid metabolism in CD patients (ko00071; 
FDR=4.28x10-18). Lipopolysaccharide (LPS) or endotoxin biosynthesis was increased in 
both CD and UC patients (ko00540; CD: FDR=4.69x10-7 and UC: FDR=0.027). Beta-lactam 
resistance metabolism was increased in CD patients (ko00312; FDR=4.69x10-7). There were 
no significant pathway increases or decreases related to the clinical disease activity score, 
the HBI, for CD (Supplementary table S17). More detailed information on the predicted 
pathways can be found in Results section of the Supplementary appendix.
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 Table 3. Comparison of significant taxa associations in Ulcerative Colitis patients:  

  family level and above

Gut microbiota alterations in Ulcerative Colitis patients (current study: FDR < 0.05)

Taxon (family and above)
Phylum (or 
kingdom)

Current studya Gevers et al.b Morgan et al.c

f__Methanobacteriaceae Archea Down Not reported Not reported

f__Actinomycetaceae Actinobacteria Down Not reported Not reported

f__Coriobacteriaceae Actinobacteria Down Not reported Not reported

p__Bacteroidetes Up Not reported Not reported

o__Bacteroidales Bacteriodetes Up Not reported Not reported

f__Porphyromonadaceae Bacteriodetes Not reported Not reported Up

p__Firmicutes Down Down Not reported

f__Enterococcaceae Firmicutes Up Not reported Not reported

f__Lactobacillaceae Firmicutes Up Not reported Not reported

c__Clostridia Firmicutes
Down, in lower 
taxonomic levels

Down Not reported

o__Clostridiales Firmicutes
Down, in lower 
taxonomic levels

Down Not reported

f__Mogibacteriaceae Firmicutes Down Not reported Not reported

f__Christensenellaceae Firmicutes Down Not reported Not reported

f__Clostridiaceae Firmicutes
Down, in lower 
taxonomic levels

Down, in lower 
taxonomic levels

Not reported

f__Dehalobacteriaceae Firmicutes Down Not reported Not reported

f__Lachnospiraceae Firmicutes
Within the family 
genera both going 
up and down

Down, in lower 
taxonomic levels

Not reported

f__Ruminococcaceae Firmicutes
Down, in lower 
taxonomic levels

Down Not reported

f__Veillonellaceae Firmicutes Not reported Up Not reported

f__Erysipelotrichaceae Firmicutes
Down, in lower 
taxonomic levels

Not reported
Down, in lower 
taxonomic levels

f__Streptococcaceae Firmicutes Not reported Not reported Down

p__Proteobacteria Up Not reported Not reported

c__Betaproteobacteria Proteobacteria Up Not reported Not reported

o__Burkholderiales Proteobacteria Up Not reported Not reported

p__Tenericutes Down Not reported Down

c__Mollicutes Tenericutes Down Not reported Down

f__Anaeroplasmataceae Tenericutes Not reported Not reported Down

f__Verrucomicrobiaceae Verrucomicrobia
Down in lower 
taxonomic levels

Not reported Not reported

k__, kingdom; p__; phylum; c__ , class; o__ , order; f__, family.
a 313 IBD patients including 188 CD patients; 582 healthy controls; stool only. 
b Cell Host Microbe 2014; 447 CD patients; 221 controls; stool and biopsy. 
c Genome Biology 2012; 204 IBD patients including 121 CD patients and 27 controls; stool and biopsy. 
d Gastroenterology 2010; 40 twin pairs concordant or discordant for CD/UC (23 CD pairs,  
  15 UC pairs, 2 healthy pairs).
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Conclusions

 
By performing this extensive integrated case-control analysis of the gut microbiota, the 
host genome and the clinical characteristics of IBD, we have identified new gut microbial 
associations with IBD and are now able to refine our understanding of the findings of 
previous studies. We found a relation between host genetic IBD susceptibility variants 
and the gut microbiota composition in healthy individuals and observed the effect of 
disease location on the gut microbiota. Moreover, we report microbial associations with 
multiple IBD subphenotypes.  

The onset of IBD: genetic risk factors for IBD associated  
with pro-inflammatory gut microbiota alterations  
in healthy individuals

Discovering gene-microbiota interactions is difficult due to the large number of genomic 
markers as well as microbial taxa, requiring stringent multiple testing correction, thus 
limiting the possibility of finding statistically significant results. To resolve this issue we 
created risk scores of known functional IBD risk variants proven to be involved in the 
bacterial handling in the gut. This hypothesis-based gene-microbiota approach limits the 
number of tests that need to be done and has proven to be successful.

The gut microbiota interacts with the intestinal epithelium and the host immune 
system.18,36–39 Recently, it was hypothesized that the interaction of the immune system 
with the gut microbiota goes two ways: ‘good’ gut microbiota can ameliorate immune 
responses, but the gut immune system can also ‘farm’ good bacteria in order to maintain 
immune-microbe-homeostasis.36,37 We can show support for this hypothesis: in healthy 
individuals an increased genetic burden in functional variants in genes involved in 
bacterial handling (NOD2, IRGM, ATG16L1, CARD9 and FUT2) is associated with a decrease 
of the acetate-to-butyrate converter Roseburia spp. 

The species Roseburia intestinales is one of the 20 most abundant species in the gut 
microbiota.40 Importantly, a decrease in Roseburia spp. is already associated to the gut 
microbiota of IBD patients.10,15 In an in vitro model, Roseburia spp. specifically colonized 
the mucins, which govern mucosal butyrate production.41 Butyrate derived from 
Clostridium Clusters IV, VIII and XIVa to which Roseburia spp. belong has been shown to 
induce T

reg 
cells, preventing or ameliorating intestinal inflammation.38,39 The abundances 

within the family Lachnospiraceae, to which Roseburia spp. belongs, are significantly 
more similar in monozygotic twins than in dizygotic twins.17 Moreover, unaffected 
siblings of CD patients share a decrease in Roseburia spp.22
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This finding in healthy individuals carrying IBD genetic risk variants has implications 
for our understanding of the onset of IBD. We hypothesize that genetic risk factors of 
the gut immune system lead to ‘farming’ of a more pro-inflammatory gut microbiota 
and increased susceptibility to IBD. Subsequent unfavourable microbial perturbations 
due to environmental risk factors could further disturb the immune-microbe-
homeostasis in the gut, eventually leading to IBD.
 
In addition to our genetic risk score based on specific functions, analyses using 
genetic risk scores of all 200 known IBD susceptibility variants, many of whose 
function is unknown, did not yield any statistically significant results in either 
IBD patients or in healthy controls. We could not detect any gene-microbiota 
interactions in IBD patients, probably due to the already well-established dysbiosis 
as a consequence of the inflammation in the gut. Another complication is the 
interrelatedness of the genotype and phenotypes in IBD. For example, NOD2 risk 
variants are known to be associated with ileal CD and we show that ileal CD has 
a specific microbial signature. After correction for treatment, disease activity and 
disease location, we could not find any statistically significant genome-microbiota 
relations in IBD patients. 
 

Dysbiosis in CD and UC patients: new associations identified, 
previous associations corrected
 
The dysbiosis of the gut microbiota in IBD patients is profound: the abundances 
of 69 taxa in CD patients and 38 taxa in UC patients were altered compared to 
healthy individuals (FDR < 0.05). We compared our results on the phylum, class, 
order and family levels to two previous studies looking into the gut microbiota 
of IBD patients.10,15,20 This comparison is presented in Table 2 (CD patients) and 3 
(UC patients). An important new finding of our study is the increase in the phylum 
Bacteroidetes in both CD and UC patients. Increased levels of Bacteroidetes have 
recently been discovered in IBS patients.13 Since the control groups used in previous 
IBD studies also had functional gastrointestinal complaints (i.e. IBS), this would have 
confounded any comparisons between Bacteroidetes levels in IBD patients and 
controls, masking any meaningful enrichment in IBD.  
 
The genus Bacteroides within the phylum Bacteroidetes is increased in our UC 
patients. The involvement of Bacteroides spp in the pathogenesis of IBD has been 
implied in animal studies. In NOD2 knock-out mice the exaggerated inflammatory 
response in the small intestine was dependent on Bacteroides vulgatus.42 Bacteroides 
thetaiotaomicron induced colitis in HLA-B27 transgenic rats.43 Another study looking 
into the effects of the vitamin D receptor in mice found increased levels of Bacteroides 
spp in colitis and increased levels of Bacteroides fragilis in colon biopsies of UC 
patients.44 
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Increased abundance of the families Streptococcaceae, Micrococcaceae and 
Veillonellaceae, previously associated with IBD, are now associated to PPI use in our 
study. PPI use is overrepresented in IBD patients.45 Since previous studies did not 
correct for PPI use, we assume that alterations in the abundances of these taxa were 
wrongly assigned to the effect of IBD.  
 
Our study is the largest gut microbiota study in UC patients to date, and within it we can 
now begin to resolve the landscape of the UC gut microbiota. We were able to find many 
new associations, including the association with a decreased abundance of phylum 
Tenericutes, which we also find to be associated with more extensive UC.

 
Disease location is a major determinant of  
the gut microbial composition in IBD
 
We showed the importance of disease location for the composition of the gut microbiota 
in IBD patients. In our PCoA, the gut microbiota of colonic CD patients is more similar to 
the microbiota of UC patients than to that of ileal CD patients. While different clusters 
of gut microbiota samples are also observed in recent IBD metagenomics research, 
we have been able to relate these clusters to the disease location phenotype.46 The 
importance of disease location also matches recent insights into host genetics, in 
which, based on genetic risk scores, colonic CD lies between UC and ileal CD.4 We 
found that the gut microbiota composition in stool could explain the differences in IBD 
disease location, while the genetic risk variants in our cohort could not. Moreover, there 
is important overlap in the clinical presentation of colonic CD and UC, e.g. the risk of 
developing colorectal carcinoma in colonic CD is similar in UC, but different from ileal 
CD.47 Based on both the previous genetic findings and our current microbiota findings, 
it is becoming more apparent that colonic CD and ileal CD are different diseases within 
the IBD spectrum.  
 
Through careful selection of healthy controls, meticulous standardization of stool 
collection, extensive phenotyping and host genotyping, we were able to successfully 
perform analyses and gain insight into the gut microbiota as key mediator of the IBD 
pathogenesis. For the first time, we find evidence for a role of the gut microbiota in 
the onset of IBD: healthy individuals with a high genetic risk load for IBD also have 
unfavourable changes in their gut microbiota. This relationship warrants further 
investigation as it might be both a potential target for treatment and a possibility for 
prevention of IBD in genetically susceptible hosts or their families. 
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Dividing bacteria. In the next chapter, bacterial growth rates are inferred from a single sample using  
peak-to-trough ratios of DNA read depth. Source: Wikimedia Commons
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Abstract

 
Changes in the gut microbiota have been associated with two of the most common 
gastrointestinal diseases, inflammatory bowel disease (IBD) and irritable bowel 
syndrome (IBS). Here, we performed a case-control analysis using shotgun 
metagenomic sequencing of stool samples from 1792 individuals with IBD and IBS 
compared with control individuals in the general population. Despite substantial 
overlap between the gut microbiota of patients with IBD and IBS compared with control 
individuals, we were able to use gut microbiota composition differences to distinguish 
patients with IBD from those with IBS. By combining species-level profiles and strain-
level profiles with bacterial growth rates, metabolic functions, antibiotic resistance, and 
virulence factor analyses, we identified key bacterial species that may be involved in 
two common gastrointestinal diseases. 

Introduction
 
 
Inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) are two of the 
most common gastrointestinal (GI) disorders, affecting 0.3-0.5% and 7-21% of the 
worldwide population, respectively. Both disorders impose a large burden on patients, 
impairing their quality of life as well as their ability to work and function socially.1,2  

In addition, the economic burden of these disorders in the United States and Europe 
exceeds 10 billion dollars a year in direct health care costs and indirect economic 
costs.2,3 

 

IBD, comprising Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic intermittent 
disorder characterized by intestinal inflammation. IBS is defined as a combination of 
GI symptoms, including abdominal pain, constipation or diarrhea.4 Patients with IBD 
and IBS may have similar symptoms, but whereas the pathogenesis of IBD consists of 
mucosal inflammation, the pathogenesis of IBS remains poorly understood, and there is 
no causative anatomical or biochemical abnormality that can be used to diagnose IBS.2  

 

The gut microbiota is presumed to play a large role in both IBD and IBS.5,6 However, 
thus far, large-scale gut microbiome sequencing profiles associated with IBD and IBS 
compared to controls have only been identified using low-resolution 16S rRNA marker 
gene sequencing.7–9 Functional studies have so far only focused on single bacterial 
species or strains in the gut. Here, we aimed to bridge the gap between previous 16S 
rRNA sequencing studies and functional studies by identifying complete gut microbiome 
profiles using high-resolution shotgun metagenomic sequencing and looking at both 
the species-level and strain-level in stool samples from individuals with IBS or IBD. We 
also aimed to identify potential targets for microbiota-targeted therapy by analyzing 
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microbial pathways, antibiotic resistance and virulence factors in the gut microbiome 
of IBS and IBD patients compared to population control individuals.  
 
We undertook high-resolution shotgun metagenomic sequencing of stool samples 
from three well-phenotyped Dutch cohorts: LifeLines DEEP, a general population 
cohort, 1000IBD cohort, and the Maastricht IBS case-control cohort. In total, we 
analyzed stool samples from 1,792 participants: 355 patients with IBD, 412 patients 
with IBS, and 1025 controls (Supplementary table S1).

Results
 

 

Species-level and strain-level identification  
shows microbiome signatures in stool samples 
from patients with IBD or IBS
 
Species-level and strain-level identification of the gut microbiome was necessary 
to identify potential disease-associated microbes that could be cultured and then 
investigated in functional studies. First, we assessed the overall composition  
(Figure 1) and the microbial alpha diversity (Supplementary figure S1) of the gut 
microbiome of stool samples from control individuals and those with IBS or IBD.  
 
Next, we performed association analyses of the relative taxonomy abundance for 
each group of individuals (Supplementary table S2), correcting for 26 previously 
identified confounding factors (Supplementary table S3).10 In total, 219 of the 477 
identified non-redundant taxa were associated with CD (Supplementary table S4), 
102 taxa with UC (Supplementary table S5) and 66 taxa with IBS who had been 
diagnosed by a gastroenterologist (IBS-GE) (Supplementary table S6) (significance 
threshold for all associations, False Discovery Rate (FDR)<0.01). Patients with CD 
or UC showed similar dysbiotic gut microbiome profiles. Of the 102 UC-associated 
bacterial taxa, 87 were also found to be associated with the gut microbiome profiles 
of patients with CD. However, we also identified 15 UC-specific associations, including 
the species Bacteroides uniformis (FDR=8.31X10-5, Supplementary table S5) and 
Bifidobacterium bifidum (FDR=6.78X10-7, Supplementary table S5). Compared to 
controls, patients with IBD and patients with IBS-GE showed substantial overlap in 
the increase and decrease in the relative abundance of bacterial species in their 
gut. In total, 24 taxa were associated with both IBD and IBS (Supplementary table 
S7, Supplementary figure S2). These associations included a decrease in several 
butyrate-producing bacteria, including Faecalibacterium prausnitzii, a known beneficial 
bacterium with anti-inflammatory properties, that was lower in individuals with CD 
or IBS-GE (FDR=1.85x10-34, FDR=7.30x10-06 respectively, Supplementary table S9). 
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No significant differences were observed in patients with UC compared to controls 
(FDR=0.93, Supplementary table S9), although a trend toward lower Faecalibacterium 
prausnitzii was observed in UC patients with active disease, defined as Simple Clinical 
Colitis Activity Index (SCCAI) values above 2.5 (p-value=0.05, FDR=0.39, Supplementary 
table S29). In addition to the 24 overlapping associations, we also found disease-
specific associations. The abundance of Bacteroides species, for example, was only 
increased in patients with IBD but not in those with IBS (Supplementary table S9). 
Bacteroides are typically symbionts, but can also be opportunistic pathogens.11 In 
this study, observed increases in patients with CD or UC included Bacteroides fragilis 
(FDR

CD
=1.33x10-05, FDRUC=0.0039 Supplementary table S9), previously linked to 

impaired bacterial tolerance handling by CD-associated genetic variation in the genes 
NOD2 and ATG16L1 and Bacteroides vulgatus (FDR

CD
=1.00x10-09, Supplementary table 

S4), linked to pathogenesis of CD and NOD2 host genetic variants12,13. An increase 
in species of the Enterobacteriaceae family was observed only in patients with CD 
(Supplementary table S9), including increases in Escherichia/Shigella species, which 
are known to invade the gut mucosal epithelium, cause bloody diarrhea, and ulceration 
of the colon.14 Moreover, the abundance of species such as Bifidobacterium longum that 
are capable of resisting enteric infections by Shigella species was lower in patients 
with CD (FDR

CD
=6.13x10-06, Supplementary table S4).15 IBS-GE was associated with 

an increase in several Streptococcus species (Supplementary table S6). In contrast, 
there were no significant alterations in the gut microbiome associated with an IBS 
diagnosis based on questionnaire responses (IBS-POP, Supplementary table S8). 
However, when a looser significance threshold was applied, the decreased abundance 
of Faecalibacterium prausnitzii and the increase in Streptococcus species could be 
replicated (Supplementary table S8) (FDR<0.1). Figure 2 gives an overview of the 
gut microbiome associations identified in CD, UC and IBS-GE, depicting the numbers 
of increased and decreased species per family. Detailed results of the case-control 
taxonomy analyses including all disease cohorts versus control data are shown in 
Supplementary table S9. 
 
We next asked how disease state affected strain-level diversity. We hypothesized that if 
conditions favored the growth of pathogenic bacteria, then the strain diversity of those 
organisms may increase compared to diversity values in healthy individuals. Conversely, 
for beneficial microbes, if these organisms were more likely to be lost from the gut or to 
suffer from generally reduced population sizes, then population bottlenecks may reduce 
diversity. We investigated bacterial strain diversity in stool samples from patients 
with IBD or IBS by assessing the genetic heterozygosity in a set of marker genes. We 
consistently found increased strain diversity in likely pathogenic species and reduced 
strain diversity in beneficial species in stool samples from IBD or IBS patients compared 
to controls. In total, we found that strain diversity of 21, 15, or 1 bacterial species was 
altered in patients with CD, UC and IBS-GE respectively (FDR<0.01) (Supplementary 
table S10). For example, in patients with CD, UC and IBS-GE, the strain diversity of the 
beneficial bacterium Faecalibacterium prausnitzii (FDRCD=1.34x10-13, FDRUC=1.87x10-07, 
FDRIBS-GE=3.56x10-05, FDRIBS-POP=0.03) was decreased (Supplementary table S10). In stool 
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 Figure 1. Principal coordinate analysis of Bray-Curtis dissimilarities showing the gut  

 microbiome spectrum of 1792 metagenomes. 

Bray-Curtis dissimilarities were calculated from taxonomical end-points. End-points were defined 

as the lowest non-redundant taxonomical level. The first principal component is represented 

in the x-axis and the second principal component in the y-axis. The relative abundance of the 

three most abundant bacterial phyla --- Actinobacteria (A), Bacteroidetes (B) and Firmicutes (C) 

---underlie the first two principal coordinates (PCo). The metagenomes of patients with IBD (D), 

and the metagenomes of patients with IBS (E) differed from population controls (IBD vs. control 

PCo1 P=1.20x10-5; PCo2 P=2.20x10-16; IBS vs. control PCo1 P=8.05x10-6; PCo2 P=6.72x10-7; two-

sided unpaired Wilcoxon rank-sum) and from each other (PCo1 P=2.22x10-7; PCo2 P=5.06x10-12). On 

average, as schematically depicted (F), healthy controls had more Actinobacteria in their stool than 

did patients with IBD or IBS. Patients with IBD had less Firmicutes and more Bacteroidetes than 

controls. In contrast, patients with IBS had more Firmicutes and less Bacteroidetes than did controls.
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 Figure 2. Gut microbiota species associated with CD, UC and IBS-GE compared  

 to population controls.  

 

Statistically significant results (FDR<0.01) of the case-control multivariate model analyses 

are depicted. Per microbial family, the number of species that were increased (orange) or 

decreased (blue) are shown: 134 species in CD, belonging to 24 families; 58 species in UC 

belonging to 21 families; and 37 species in IBS-GE, belonging to 15 families.
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samples from patients with CD or UC, the strain abundance of Roseburia intestinalis 
decreased (FDRCD=3.30x10-13, FDRUC=2.56x10-09, Supplementary table S10). Roseburia 
species are acetate-to-butyrate converters that reside in the intestinal mucus layer 
where they have anti-inflammatory effects. For some bacteria, e.g. Faecalibacterium 
prausnitzii, both the abundance and the strain diversity were decreased in IBD or IBS-
GE (Supplementary table S9, Supplementary table S10). However, for other bacteria, 
e.g. Roseburia intestinalis, the abundance was not altered in disease, whereas the strain 
diversity did decrease (Figure 3, Supplementary table S9, Supplementary table S10). 
 

Different bacterial growth dynamics are observed 
in stool samples from patients with IBD or IBS

Cross-sectional studies provide an overview of the relative abundance of bacterial 
taxa at a single time point and therefore do not capture the complex dynamics of 
the microbial ecosystems in the gut of patients with IBD or IBS. Recently, it has been 
shown that bacterial growth dynamics could be inferred from a single metagenomic 
sample by studying the pattern of sequencing read coverage (peak-to-trough ratio) 
across the gut bacterial genomes.16 The assessment of disease-associated growth rate 
differences could help to identify actively growing bacteria, and hence could help to 
prioritize disease-associated taxonomy results. In our dataset, bacterial growth rates 
could be determined for 40 species, and were altered in four species in patients with 
CD, five species in patients with UC, and one species in patients with IBS-GE, compared 
to healthy control individuals (FDR<0.01) (Supplementary table S11). In patients with 
CD, the bacterial growth rates of Bacteroides fragilis (FDR

CD
=0.005) and Escherichia coli 

(FDR
CD

=0.0004), were increased (Supplementary table S11) 
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Gut microbiota composition can be used to 
distinguish IBD from IBS-GE

Given the observed differences in gut microbiome between patients with IBD and IBS-
GE, we investigated the use of microbial taxonomy markers as potential predictors 
of disease. Because of the substantial overlap in clinical presentation, it can be 
difficult for a general practitioner or gastroenterologist to distinguish between IBD 
and IBS, and colonoscopies are performed in a large number of patients to reach the 
correct diagnosis. We applied a machine learning technique based on generalized 
linear models with penalized maximum likelihoods to our gut microbiome data. To 
overcome the lack of an independent replication cohort, the prediction accuracy was 
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 Figure 3. Differences in bacterial abundance, bacterial strain diversity and bacterial  

 growth rates of key species in diseases cohorts and population controls. Red indicates  

 positive association and blue negative associations (FDR<0.01). Bar plots with error bars  

 represent genetic heterozygosity values. 
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 Figure 4. Prediction model to distinguish IBD from IBS diagnosis. ROC-curve describing the  

 prediction accuracy of three different models calculated using a 10-fold cross-validation.  

 The inclusion of microbiome information improved the prediction accuracy compared to that  

 from faecal calprotectin levels alone.

estimated by performing a 10-fold cross-validation, dividing the disease cohort into 
a 90% training set and a 10% discovery set in each fold. The microbial composition 
showed a better prediction accuracy (AUC

mean
=0.91, [0.81 to 0.99]) than the currently 

used faecal inflammation biomarker calprotectin (AUC
mean

=0.80, [0.71 to 0.88]; P=0.002; 
two-sided paired Wilcoxon rank-sum test, Supplementary table S12). Only minor 
differences in the ability to discriminate between IBD and IBS were observed when using 
either the microbial taxonomy data or microbial pathways or both datasets combined 
(Supplementary table S12). Next, a selection of the top 20 taxonomies (Supplementary 
table S13) with the largest effect size in the prediction model was tested, resulting in 
an AUCmean of 0.90. Surprisingly, the use of the top 5 taxonomies also led to a similar 
prediction accuracy than that of fecal calprotectin measurements (mg/kg) (top 5 taxa 
AUCmean=0.81, AUCcalprotectin=0.80, Supplementary tables S12-S13). When we combined the 
fecal calprotectin measurements with the top 20 selected taxonomies, the model reached 
the highest prediction accuracy (AUCmean=0.93, Figure 4, Supplementary table S13).
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Metagenomic analysis reveals functional changes 
in the gut microbiota in stool samples from patients 
with IBD and IBS

Metagenomic sequencing enabled the determination of the functional capacity of 
the gut microbiome from patients with CD, UC or IBS-GE. In stool samples from 
patients with CD, UC, or IBS-GE, a number of microbial pathways were altered 
compared to those of controls (175, 61 or 38 altered pathways, respectively, FDR<0.01) 
(Supplementary tables S14-S15). We identified both overlap and differences in 
microbial functions that included the synthesis of amino acids, neurotransmitters, 
and vitamins, as well as the regulation of mineral absorption and the degradation of 
complex carbohydrates (Supplementary table S15). The fermentation of pyruvate to 
butanoate, a butyrate precursor, was decreased in stool samples from patients with IBD 
and IBS-GE (CENTFERM_PWY, FDRIBD=6.10x10-10, FDRIBS-GE=6.57x10-05, Supplementary 
table S15). In patients with CD, the decreased fermentation pathways, the higher 
sugar degradation, and the increased biosynthesis of quinones, formed a microbial 
environment characteristically of pro-inflammatory conditions (Supplementary table 
S15). In patients with UC, pathways producing butyrate and acetate were decreased 
(e.g. PWY_5676, FDRUC=0.0029) and pathways producing lactate were increased 
(ANAEROFRUCAT_PWY, FDRUC=0.0004; P122_PWY, FDRUC=0.0001, Supplementary table 
S15). However, in patients with IBS-GE, the metabolic signatures were characterized 
by increased fermentation (e.g. FERMENTATION_PWY, FDRIBS-GE=6.24x10-07) and 
carbohydrate degradation pathways (e.g. LACTOSECAT_PWY, FDRIBS-GE=0.0016, 
Supplementary table S15). 
 
We found alterations in several microbial L-arginine pathways suggesting 
that there may be depletion of L-arginine in patients with CD. Three microbial 
L-arginine biosynthesis pathways were decreased in patients with CD (PWY_7400, 
FDRCD=0.0007; ARGSYN_PWY, FDRCD=0.0003; and ARGSYNBSUB_PWY, FDRCD=1.01x10-09, 
Supplementary table S15). Vitamins can act as antioxidants, one example is vitamin B2 
or riboflavin. Several flavin pathways were decreased in patients with CD (PWY_6167, 
FDRCD=2.29x10-06; PWY_6168, FDRCD=1.47x10-06; and RIBOSYN2_PWY, FDRCD=0.0003, 
Supplementary table S15) and UC (PWY_6167, FDRUC=0.01, Supplementary table S15).
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Patients with IBD or IBS show increased abundance 
of virulence factors in their gut microbiota

Virulence factors contribute to the pathogenic potential of bacteria through several 
mechanisms, including increased adhesion of bacteria to the gut mucosa, immune 
system evasion or suppression of the host immune response. We assessed the 
homology between our metagenomic reads and the protein sequences from the 
Virulence Factor Database (VFDB). Among patients with CD, UC, IBS-GE or IBS-
POP, the relative abundance of 262 virulence factors were increased compared to 
controls (FDR<0.01) (Supplementary table S16). In patients with CD, the abundance 
of 216 virulence factors was increased (Supplementary table S16). Remarkably, 
proteins belonging to different iron uptake pathways were increased, including the 
yersiniabactins ybt (FDR

ybt-a
=0.002, FDR

ybt-s
=3.40x10-07, FDR

ybt-t
=5.12x10-07, FDR

ybt-

u
=4.20x10-07, FDR

ybt-x
=2.95x10-07) usually found in Yersinia pestis and the enterobactin 

proteins entA-F (FDR<6.78x10-05) and entS (FDR=2.30x10-08) usually found in Escherichia 
coli (Table S16). The abundance of enterobactins correlated with the relative abundance 
of Enterobacteriales (Spearman coefficient, rho=0.8, FDR<0.01, (Supplementary 
table S16). This increase in virulence factors was also reflected in an increase in the 
enterobactin pathway in patients with CD (Supplementary table S15; ENTBACSYN_PWY, 
FDR=0.006). Many pathogens have acquired efficient iron-uptake mechanisms that 
give them a survival advantage in low iron environments.17–20 This was reflected in 
alterations in several microbial iron uptake pathways in patients with CD (HEME-
BIOSYNTHESIS-II, PWY-5918 and PWY-5920, FDR<0.01, Supplementary Table S15). 
In patients with UC, 35 virulence factors were increased, for example, the relative 
abundance of Mu-toxin and its transport protein complex containing nagI, nagJ, and nagL 
were increased in abundance (FDR

nagI
=3.56x10-05, FDR

nagJ
=4.59x10-13, FDR

nagL
=9.11x10-09, 

Supplementary table S16). 
 

Changes in the microbiota composition in patients 
with IBD and IBS have an impact in the antibiotic 
resistance load
 
Metagenomic sequencing provides the opportunity to study the resistome of patients 
with IBD or IBS on a large scale. To see whether increases in antibiotic resistance were 
present in the gut microbiota of patients with IBD or IBS, we assessed the homology 
between metagenomic reads and protein sequences from the antibiotic resistance 
database, CARD. Subsequently, to identify the microbes that potentially harbored 
the antibiotic resistance proteins, the abundance of antibiotic resistance proteins 
was correlated with taxonomy abundance. In patients with CD, the abundance of 142 
antibiotic resistance proteins was higher than in controls. Of these antibiotic resistance 
proteins, 63 were components of efflux complexes that remove antibiotics from the 



206

bacteria thereby preventing the antibiotics from working effectively (Supplementary 
table S17). These efflux complexes consist of three proteins that span the inner 
membrane, the periplasm and the outer membrane of bacteria, respectively. Some efflux 
pumps can only transport one specific type of antibiotics whereas other efflux pumps, 
called multi-drug efflux pumps, can transport several types of antibiotics. The antibiotic 
resistance protein TolC, which was increased in patients with CD (FDR=5.26x10-06, 
Supplementary table S17), is an outer membrane protein comprising several multi-
drug efflux pumps. TolC is often combined with other inner membrane and periplasm 
efflux proteins including AcrA, AcrB, MdtA/B/C, MdtE/F, emrA/B and emrK/Y. The 
abundance of these proteins was also increased in patients with CD (FDR

crA
=1.41x10-09, 

FDR
AcrB

=4.60x10-11, FDR
MdtA

=4.75x10-05, FDR
MdtB

=0.002, FDR
MdtC

=2.28x10-15, FDR
MdtE

=0.005, 
FDR

MdtF
=0.0001, FDR

emrA
=1.23x10-05, FDR

emrB
=2.99x10-08, FDR

emrK
=2.54x10-08, 

FDR
emrY

=8.83x10-09, Table S17). The abundance of TolC in patients with CD correlated with 
taxonomy abundance of the genus Escherichia that was also increased in CD (Spearman 
coefficient, rho=0.80; FDR<1.0x10-16, Supplementary table S17). In patients with UC, the 
abundance of 66 antibiotic resistance proteins was higher than in controls. One of the 
highest differentially abundant antibiotic resistance proteins in patients with UC was 
cepA (FDR=4.85x10-12, Supplementary table S17). This antibiotic resistance protein is a 
beta-lactamase, an enzyme mediating resistance to beta-lactam antibiotics, including 
the frequently prescribed antibiotics amoxicillin and penicillin.21 The abundance of 
the antibiotic resistance protein cepA correlated with the abundance of the genus 
Bacteroides, which was increased in patients with UC as well CD (Spearman coefficient, 
rho=0.86; FDR<1.0x10-16, Supplementary table S17). Several antibiotic resistance 
proteins were increased in patients with IBS and the abundance of 32 antibiotic 
resistance proteins was increased in patients with IBS-GE, compared to controls. One 
of most increased antibiotic resistance proteins in patients with IBS-GE was mecB 
(FDR=0.0001, Supplementary table S17), which is involved in resistance to methicillin. 
This protein is usually found in species belonging to the Macrococcus genus, which is 
closely related to the Staphylococcus genus.22. In patients with IBS-POP, the abundance 
of 13 antibiotic resistance proteins was increased compared to population controls 
including PBP2x antibiotic resistance protein (FDR=0.0056, Supplementary table S17), 
a penicillin-binding protein. PBP2x, usually found in Streptococcus pneumoniae23, was 
highly correlated with the taxonomy abundance of the genus Streptococcus (Spearman 
coefficient, rho=0.91; FDR<1.0x10-16, Supplementary table S17) in our gut microbiome 
data. We investigated whether current antibiotic use correlated with the presence of 
antibiotic resistance proteins, but only a few individuals were taking antibiotics and no 
statistically significant associations were found.
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Gut microbiota changes are associated with 
disease-specific factors and disease subphenotypes
 
Previous studies have established that the composition of the gut microbiome is 
influenced by over 100 intrinsic and extrinsic factors (e.g. dietary factors, medication, 
disease, and anthropometric factors) in the general population. 10,24 However, in IBD 
and IBS, both the gut microbiome composition and various phenotypes (e.g. defecation 
frequency, medication use, and previously performed GI surgical interventions) may 
be altered. Therefore, we recalculated the relation between intrinsic and extrinsic 
factors and the overall microbial composition (Bray-Curtis dissimilarities), alpha 
diversity (Shannon Index) and gene richness (Supplementary tables S18-S21, 
Figure 5). These results, together with the correlations of the intrinsic and extrinsic 
factors (Supplementary tables S22-S25), resulted in the lists of factors that were 
included in subsequent association analyses (Supplementary table S26). Univariate 
and multivariate within-case association analyses were performed on taxonomy 
(Supplementary tables S27-S34), and microbial pathways (Supplementary tables 
S35-S42). In CD, only 1% of the microbial variance could be explained by inflammatory 
disease activity (FDR=0.077, Supplementary table S18). In contrast, ileocecal resection 
in CD resulting in the removal of the ileocecal valve, was the factor that explained 5% 
of the variance (FDR=0.00159, Supplementary table S18). The absence of the ileocecal 
valve was associated with a decrease in microbial and gene richness, specifically 
with decreases in the beneficial Faecalibacterium prausnitzii (FDR

CD-ileal
=8.01x10-10, 

Supplementary table S27) and the Ruminococcaceae family (FDR
CD-ileal

=4.63x10-10, 
Supplementary table S27) and an increase in Fusobacterium (FDR

CD-ileal
=0.002, Table 

S27). This suggested that removing the ileocecal valve had negative consequences 
for the gut microbiome of IBD patients. Vitamin D supplementation in CD patients 
was associated with a decreased abundance of Akkermansia muciniphila (FDR

CD
=0.19, 

Supplementary table S27), a mucin-degrading bacterium that grows in a low-fiber 
environment.25
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 Figure 5.  

 Associated phenotypes for microbial richness and microbiome composition. 

 

Shown are associated phenotypes for microbial richness and gut microbiotacomposition in four disease 

cohorts: (A) CD, (B) UC, (C) IBS-GE, (D) IBS-POP. In the bar plots, the x axis represents the explained variance 

of each phenotype on gut microbiota composition expressed as Bray-Curtis (BC) dissimilarities. Black bars 

indicate statistical significance (FDR<0.1). The heatmap indicates significant positive correlations (red) or 

negative correlations (blue) between phenotypes and microbial richness (Shannon index) and bacterial 

gene richness (the number of different microbial gene families per sample). PPI, proton pump inhibitors; 

SSCAI, Simple Clinical Colitis Activity Index; SSRI, Selective Serotonin Reuptake Inhibitor.
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Discussion
 
 
The use of shotgun metagenomic sequencing data allowed us to explore the 
complexity of the gut microbial ecosystem with high resolution. We were also able 
to describe some important characteristics of the microbial community, including 
strain diversity, the growth dynamic and the presence of genes involved in bacterial 
virulence and in antibiotic resistance mechanisms that can provide an adaptive 
advantage to opportunistic and pathogenic microbes. We also explored the changes 
in microbial pathway profiles, providing relevant information on the functional 
consequences of microbiome dysbiosis. The integration of these datasets allowed us 
to pinpoint key species as targets for functional studies in IBD and IBS (Figure 3) and 
to connect knowledge of the aetiology and pathogenesis of IBD and IBS with the gut 
microbiome to provide potential new targets for treatment. 
 
Before our results can be translated into clinical care practice, much more 
additional evidence is required to overcome the limitations of this study. The 
relevance of the microbial pathways described in this study need to be supported by 
metatranscriptomics and metabolomics data, as well as functional experiments. We 
have described the resistome and the virulence factors loads, however, and in order to 
identify the relevant mechanisms associated to gastrointestinal disease, experiments 
based on culturomics and whole-genome sequencing of specific bacterial strains 
are needed. In addition, replication in independent cohorts, including in patients with 
other gastrointestinal disorders or pre-diagnostic groups, will be needed to validate 
the sensitivity and specificity of our prediction model. In this study we made use of 
two cohorts consisting of already diagnosed patients. Therefore, our prediction model 
does not reflect the clinical situation where, treatment naïve patients or patients 
with other comorbidities can present different microbiome characteristics. Moreover, 
variations in laboratory protocols, sequencing techniques or geographical origin of 
samples may also influence the accuracy of our model. Cross-sectional cohorts of 
patients with established disease allow us to discover the influence of many different 
sub-phenotypes, however, these cohorts can only provide limited insight into the 
mechanisms underlying the onset of IBD or IBS. Longitudinal studies will help to 
determine the dynamics of the disease, as well as, distinguishing the microbial 
features that are causal from the ones that are consequence of the diseases. Another 
limitation of this study is this relatively low numbers of well-defined patients with 
IBS. Therefore, we could not perform an in-depth characterization of the IBS sub-
phenotypes like patients with constipation or diarrhoea.  
 
The availability of many phenotypic characteristics e.g. medication use or life-style for 
each participant in our study enabled us to perform a strict case-control analysis while 
taking important confounding factors into account. Use of well-characterized cohorts 
should become a common practice when studying the microbiome in a disease context. 
The use of drugs such as proton pump inhibitors or laxatives, which are more often 
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used by patients with IBD or IBS, have a large impact on the gut microbiota composition. 
Considering these effects, correction for these medications is essential for identifying 
disease-associated microbial features and avoiding false positive associations due to 
changes in GI acidity or bowel mobility. In addition, our study provides new information 
about the effects of lifestyle and medication on microbiome composition and function 
in patients with IBD or IBS and finds associations between microbial signatures and the 
sub-phenotypes of IBD and IBS. Whereas disease activity explains a large proportion 
of the variation in microbial composition in patients with UC, disease location and gut 
resections have a large impact on the gut ecosystem in patients with CD. This fact 
highlights the importance of collecting and considering disease-specific phenotypes 
when analysing the microbial composition of patients with IBD or IBS. Dysbiosis of the 
gut microbiota was observed in patients with IBD. The two main subtypes of IBD (CD 
and UC) showed substantial overlap in their gut microbial signatures. These shared 
signatures could be an indicator of gut inflammation. However, when compared with 
controls, the microbial changes in patients with CD were larger than those in patients 
with UC. This is concordant with previous studies that identified inflammation of the 
ileum as one of the main drivers of differential microbiome signatures between CD and 
UC.7,46 Furthermore, in patients with CD, the removal of the ileocecal valve was found 
to be associated with a reduction in microbiome richness (Figure 5) and decreased 
pathways involved on the degradation of primary bile acids (Supplementary table S35). 
These findings are consistent with clinical observations of bile-acid malabsorption in 
patients with IBD.42 In addition, absence of the ileocecal valve was related to a decrease 
in the relative abundance of Faecalibacterium prausnitzii. Faecalibacterium prausnitzii is 
an anaerobic bacterium that is sensitive to small changes in bile salt concentrations.27 
Oxidative stress produced by inflammation in the gut, together with a decrease in 
antioxidant biosynthesis pathways and changes in bile-acid metabolism, could explain 
the observed reduction of Faecalibacterium prausnitzii solely in the CD subtype of IBD. 
 
A moderate decrease in Faecalibacterium prausnitzii accompanied by an increase in 
abundance of Streptococcus species was the main characteristic of the gut microbiota 
of participants with IBS symptoms based on ROME-III criteria; this was consistent with 
similar changes observed in the clinical IBS cohort. Larger changes in gut microbiota 
composition were observed in the IBS cohort defined by a gastroenterologist, including 
a decrease in butyrate-producing bacteria and an increase in taxa belonging to the 
Actinomyces, Streptococcus and Blautia genera. Although no significant difference was 
observed between the gut microbiota of IBS subtypes when comparing patients with 
IBS-D to healthy controls, an increase in the relative abundance of Eggerthella lenta and 
a decrease in the sulphate-reducing bacterial family Desulfovibrionaceae was observed. 
 
While the gut microbiota composition has been described as stable across individuals 
in different population cohorts even in the presence of high inter-individual taxonomic 
variation10, a large number of microbial pathways were shown to be disrupted in 
patients with IBD or IBS. Our comprehensive analyses of microbial pathways provide 
relevant information that can help in the design of better therapeutics aimed at 
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restoring the microbial ecosystem in patients with IBD or IBS. Thus far, the results of 
prebiotic, probiotic, dietary and fecal transplantation interventions meant to invoke 
beneficial changes in the gut microbiome in IBD and IBS have been disappointing. 
However, focusing on interventions that change the functions of the gut microbiome 
could be more successful. For example, combining anti-oxidant vitamin supplementation 
with fecal microbiome transplantation or Faecalibacterium prausnitzii probiotics could 
protect anaerobic bacteria from oxidative stress during intestinal inflammation; 
providing L-arginine supplements to patients with CD could enhance wound healing in 
the damaged gut.
 
Our study also found more evidence for mechanisms implicated in the maintenance 
of gut health. For example, in patients with IBD, we found a reduction in the 
methanogenesis pathway (Supplementary table S15). This pathway is strongly 
correlated with the presence of Methanobacteria, of which Methanobrevibacter smithii is 
the most abundant species.28 Another example is our observed reduction in pathways 
that produce hydrogen sulfide in patients with IBD (e.g. SO4ASSIM-PWY and PWY-821, 
Supplementary table S15). Although the effect of changes in concentrations of hydrogen 
sulfide is still being debated, several studies have shown that this molecule could have 
antioxidant and immune-regulatory properties.29 
 
Virulence factors are key features for the selective advantage of potentially pathogenic 
bacteria over common members of the healthy gut microbiota. Mechanisms that 
alter the mucosal composition or increase bacterial adhesion, secretion of toxins or 
competition with the host for resources could contribute to IBD and IBS pathogenesis. 
So far, studies of virulence mechanisms in the context of GI diseases have focused 
on specific groups of bacteria like the adherent-invasive Escherichia coli (AIEC)30 and 
microbial proteases.31 By exploring the pathogenic potential of the gut microbiota 
community in IBD and IBS, we were able to identify other potential targets. 
 
The changes we identified in gut microbiota composition and functional potential 
in patients with IBD and IBS could lead to new tools that assist diagnosis in clinical 
practice. Although sophisticated models that include a combination of different blood 
or stool biomarkers and that have been validated in a replication cohort are required 
to design new diagnostic tests, our results suggest that in the future the use of probes 
directed at key bacterial species could complement faecal calprotectin measurements 
in distinguishing the diagnosis of IBS and IBD.
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Material and methods
 

Study design 
 
The aim of this cross-sectional study was to describe the features of the gut microbiota 
of patients with IBD or IBS and to compare them to those of healthy controls from 
the general population. We analysed faecal metagenomes of 1792 individuals. We 
combined species-level profiles and strain-level profiles with bacterial growth rates, 
metabolic function, antibiotic resistance, and virulence factor analyses to identify key 
bacterial species that may be involved in gastrointestinal disease.Three cohorts from 
the Netherlands were used: LifeLines DEEP, University Medical Center of Groningen 
IBD cohort (UMCG IBD) and Maastricht IBS cohort (MIBS). IBD was diagnosed by a 
gastroenterologist based on accepted radiological, endoscopic and histopathological 
evaluation. Of the 355 patients with IBD, 208 patients were diagnosed with CD, 126 
patients with UC, and 21 patients with IBD-Unclassified/Indeterminate. We included 
two groups of IBS patients: the IBS-GE group consisted of 181 IBS patients who were 
diagnosed by a gastroenterologist or other physician; the IBS-POP group consisted 
of 231 IBS patients from the general population whose IBS was determined based on 
self-reported ROME-III diagnostic criteria. Control group was defined as population 
individuals from the LifeLines DEEP cohort (n=893) and MIBS (n=132) without 
gastrointestinal complains. 
 
Extensive phenotypic data were prospectively collected for both the IBD and IBS-GE 
patients. In addition, multiple questionnaires were sent out to all participants in all 
cohorts to collect a wide range of uniformly processed phenotypes including disease 
activity, disease complaints, diet and medication use. Each participant signed an 
informed consent form prior to participation in the cohort according to the UMCG IRB 
(red. M12.113965 and 2008.338 )and the MUMC+ IRB (ref. MEC 08-2.066.7/pl). 

Sample collection and metagenomic sequencing

Each participant collected a single stool sample at home, which was frozen or 
refrigerated immediately after stool production. All the samples were then processed 
following the same pipeline in one laboratory (UMCG, Groningen). Fecal DNA was 
isolated and metagenomic shotgun sequencing was performed as previously described 
using the Illumina HiSeq10, generating on average 30 million reads (~3 Gb) per sample. 
After filtering for quality, 1792 gut metagenomes were used in all subsequent analyses.
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METAGENOMIC READS

FORMAT: FASTA
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Figure S5. Phenotype data processing algorithm

Supplementary figure S3. Cohorts, sample collection and sample processing algorithm
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Sample collection and metagenomic sequencing 
 
Each participant collected a single stool sample at home, which was frozen or 
refrigerated immediately after stool production. All the samples were then processed 
following the same pipeline in one laboratory (UMCG, Groningen). Fecal DNA was 
isolated and metagenomic shotgun sequencing was performed as previously described 
using the Illumina HiSeq10, generating on average 30 million reads (~3 Gb) per sample. 
After filtering for quality, 1792 gut metagenomes were used in all subsequent analyses. 
 

Microbiome characterization 
 
All metagenomic sequencing data were processed using the same extensive processing 
pipeline: a) bacterial, viral and micro-eukaryote abundances were determined using 
KraKen32; b) strain diversity was determined by computing the heterozygosity of 
polymorphic loci within bacterial species; c) bacterial growth rates were estimated 
using a previously published peak-to-trough ratio algorithm16; d) microbial genes and 
pathways were determined using the HUMAnN2 software and the MetaCyc reference33; 
and e) the abundances of antibiotic resistance proteins (AR) and virulence factors 
(VF) were identified by aligning the metagenomic reads to protein sequences in the 
Comprehensive Antibiotic Resistance Database (CARD)34 and Virulence Factor Database 
(VFDB)35, respectively.
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Input
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Supplementary figure S6. Metagenomic sequencing data pipeline
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Statistical analyses 
 
All statistical analyses were conducted in R (v 3.3.2). To compare the collected 
phenotypes of the disease cohort with the population controls, a chi squared test was 
used for binary data. Categorical data were tested using either the two-sided unpaired 
t-test for normally distributed data or the two-sided unpaired Wilcoxon rank-sum test 
for non-normally distributed data. The Spearman coefficient was used to evaluate the 
correlation between phenotypes and the correlation between microbiome features. 
The proportion of explained variance of each phenotype on the microbial composition 
dissimilarities was evaluated using a PERMANOVA test implemented in the adonis 
function in the vegan R-package (v.2.4-1). The association between microbiome features 
and disease phenotypes was tested using linear models with Maaslin R-library (v.0.0.4). 
Disease phenotype prediction tests based on microbiome features were constructed 
using elastic net linear models from glmnet R-package (v.2.0-10) and the comparison 
between the goodness-of-fit of each model was tested using the two-sided paired 
Wilcoxon rank-sum test. The Benjamini and Hochberg procedure was used to adjust 
p-values for multiple comparisons. An FDR<0.01 was considered statistically significant. 
A detailed description of the methods can be found in the Supplementary Materials and 
Methods and Supplementary Figures S3-S6.
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Supplementary figure S7. Overview of statistical analyses
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In this image, letters representing the four base pairs of DNA: guanine, cytosine, adenine, thymine are shown. 
Single nucleotide variation in these base pairs can be associated with several quantitative traits, including the 
gut microbiome. The next chapter describes our effort to replicate a recently published association between a 
genetic variant and the gut microbiome.
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Letter to the editor 
 
 
Recently, three independent studies have been published in Nature Genetics 
investigating the interaction between the host genome and the gut microbiota 
composition in the general population.1–3 The results of these studies showed very little 
overlap, probably due to the complexity and variability of the gut microbiota. Genome-
microbiota associations should therefore be regarded with caution, and replication of 
gene-microbiota associations is certainly warranted.4 

In September 2016 we published a case-control study in Gut in which we investigated 
the effects of the host genetic risk of inflammatory bowel disease (IBD) on the gut 
microbiota.5 We defined a genetic risk score (GRS) composed of 11 variants in IBD-
related genes (NOD2, ATG16L1, IRGM, CARD9 and FUT2) proven to be related to gut 
microbiota alterations. The GRS was associated with unfavourable pro-inflammatory 
changes in the gut microbiota in healthy individuals.5 Shortly thereafter, Li et al reported 
in Gastroenterology the identification of a novel exonic missense variant in the SLC39A8 
gene (alanine 391 threonine, rs13107325) associated with Crohn’s disease (CD) using 
the genotypes of 10,523 patients with IBD and 5,726 controls. Li et al further reported 
an association of the SLC39A8 [Thr]391 risk variant with the gut microbiota composition 
using 338 mucosal lavage samples of 171 patients with CD and controls.6

Here, we aimed to replicate the Li et al’s association between the SLC39A8 [Thr]391 risk 
allele and the gut microbiota using 16S rRNA gut microbiota data from stool samples 
and whole exome sequencing (WES) data from 558 individuals: 168 patients with CD 
and 390 healthy controls. The 16S rRNA gut microbiota was obtained and processed 
as previously described.5 WES data was generated using sample preparation (Illumina 
Nextera), hybrid capture (Illumina Rapid Capture Enrichment 37Mb target), and 
sequencing (Illumina, HiSeq machines, 150bp paired reads). 

We found the SLC39A8 [Thr]391 risk allele in 21 of the 168 patients with CD (12.5%) 
and in 27 of the 390 healthy controls (6.9%). In agreement with Li et al, patients with 
CD were more often carriers than healthy controls (OR=1.92; P=0.03, Wilcoxon-Mann-
Whitney test). However, we could not identify any statistically significant differences 
between SLC39A8 [Thr]391 risk allele carriers and non-carriers in the first five principal 
coordinates found in principal coordinate analyses of the gut microbiota composition 
in patients with CD, healthy controls or both groups combined as depicted in Figure 
1 (Wilcoxon-Mann-Whitney test). Nor could we identify any statistically significant 
associations between the SLC39A8 [Thr]391 risk allele and the individual microbial 
taxa in patients with CD, healthy controls or both groups combined, and this was true 
for both the univariate analysis and the multivariate analysis using age, sex, body 
mass index, read-depth, proton pump inhibitor use, antibiotics and IBD medication 
(mesalazines, steroids, thiopurines, methotrexate and TNF-α inhibitors) as covariates 
(FDR<0.05; multivariate statistical framework MaAsLin).
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In summary, we could confirm that the [Thr]391 risk allele is associated with CD. 
However, even in a sample size three times larger than Li et al’s original cohort, 
we could not identify any statistically significant association between the exonic 
missense variant in SLC39A8 and the gut microbiota composition in either patients 
with CD, healthy controls, or both groups combined.
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 Figure 1. Principal coordinate analysis of gut microbiota composition generated using  

 16S rRNA sequencing of stool samples.  

 
A. 168 patients with Crohn’s Disease; B. 390 healthy controls and C. combined. Non-carriers 
(black). Carriers (red). There were no statistically significant associations between SLC39A8 
[Thr]391 risk allele carriership and the first five principal coordinates of the gut microbiota 

composition (Wilcoxon-Mann-Whitney test).
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Segmented filamentous bacteria (SFBs) embedded in the epithelium of a mouse Peyer's patch. Peyer's patches are 
regions of lymphoid tissue in the intestine of all mammals. These bacteria attach firmly to the brush border of the 
epithelial cells using a specialised structure that forms an indentation within, but does not penetrate, the plasma 
membrane. Similar unclassified microorganisms are present in all mammals examined. Credit: Mark Jepson. CC BY
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Abstract
 
 

Background and aims 
 
Crohn’s disease (CD) is a chronic inflammatory disorder of the gastrointestinal tract 
characterized by alternating periods of exacerbation and remission. We hypothesized 
that changes in the gut microbiome are associated with CD exacerbations, and 
therefore aimed to correlate multiple gut microbiome features to CD disease activity. 

Methods 
 
Fecal microbiome data generated using whole-genome metagenomic shotgun 
sequencing of 196 CD patients were of obtained from the 1000IBD cohort (one sample 
per patient). Patient disease activity status at time of sampling was determined by 
re-assessing clinical records three years after fecal sample production. Fecal samples 
were designated as taken ‘in an exacerbation’ or ‘in remission’. Samples taken ‘in 
remission’ were further categorized as ‘before the next exacerbation’ or ‘after the last 
exacerbation’, based on the exacerbation closest in time to the fecal production date. 
CD activity was correlated with gut microbial composition and predicted functional 
pathways via logistic regressions using MaAsLin software.

Results 
 
In total, 105 bacterial pathways were decreased during CD exacerbation (FDR<0.1) in 
comparison to the gut microbiome of patients both before and after an exacerbation. 
Most of these decreased pathways exert anti-inflammatory properties facilitating the 
biosynthesis and fermentation of various amino acids (tryptophan, methionine and 
arginine), vitamins (riboflavin and thiamine) and short-chain fatty acids (SCFAs). 

Conclusion 
 
CD exacerbations are associated with a decrease in microbial genes involved in the 
biosynthesis of the anti-inflammatory mediators riboflavin, thiamine and folate and 
SCFAs, suggesting that increasing intestinal abundances of these mediators might 
provide new treatment opportunities. These results were generated using bioinformatic 
analyses of cross-sectional data and need to be replicated using time-series and wet 
lab experiments. 
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Study highlights
 
 

1)  What is the current knowledge? 
 
•  Pro-inflammatory changes in the gut microbiota seem to play a role in  
 CD exacerbations. 
•  However, the precise mechanism by which this occurs is not known. 
 

2)  What is new here? 
 
•  Changes in microbial pathways, and not in taxonomies, are associated  
 with Crohn’s disease activity. 
•  Microbiome genes encoding the anti-inflammatory vitamin riboflavin and  
 short-chain fatty acids are decreased during exacerbations. 
 
 

Background
 
 
Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastro-
intestinal (GI) tract that is characterized by alternating periods of exacerbation (active 
disease) and remission (quiescent disease).1,2 IBD comprises ulcerative colitis (UC) 
and Crohn’s Disease (CD); in UC inflammation is confined to the mucosal layer of the 
colon, whereas in CD inflammation can pervade every layer at any site of the GI tract.1,2 
Although the factors that cause the development and onset of IBD are increasingly 
understood1–4, the factors that influence the dynamics of disease activity have yet to 
be elucidated. A growing body of evidence, however, suggests that changes in the gut 
microbiome could be associated with an exacerbation of IBD.5–8 The identification of gut 
microbiome feature associated with disease activity could thus provide novel targets 
for early phase intervention aimed at preventing the development of full-blown active 
disease or at maintaining IBD patients in a quiescent phase.  

Over the last few years, a number of studies using sequencing of the 16S rRNA gene 
have compared the bacterial compositions in patients with active and quiescent 
disease but these studies have produced conflicting results.9–15 A major limitation of 
16S rRNA sequencing, however, is that it only describes which bacteria are present, 
not what they do. In contrast, whole-genome metagenomic sequencing can be used to 
predict the activity of microbial metabolic pathways, and this is information that might 
be more informative.16,17 
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In previous analyses by our group,4,18 only a small number of associations between 
individual measures of disease activity - i.e. Harvey Bradshaw Index, fecal calprotectin 
and CRP levels - and the gut microbiome were detected. 
In this study, we aimed to better understand the role of the gut microbiome in disease 
activity in CD by analyzing many different aspects of the gut microbiome, including 
microbial diversity and composition, the presence of genes involved in bacterial 
virulence, bacterial growth rates and microbial metabolic pathways in 196 CD patients, 
and comparing the results between patients with active and quiescent disease. Only 
one microbiome profile was available per patient, but because these patients were 
all clinically followed for several years after fecal sample production, we were able to 
calculate the number of days between stool sampling and nearest onset of disease 
activity. This allowed us to create a single virtual timeline of CD activity and to group 
patients into ‘before’, ‘during’ and ‘after’ an exacerbation categories, which in turn 
allowed us to discover microbial features associated with CD activity. 

Materials and methods
 

Study participants: clinical characteristics 

1000IBD cohort and informed consent  
 
The 1000IBD cohort consists of more than 1000 IBD patients. The cohort has been 
described previously19 and originates from the specialized IBD Center of the Department 
of Gastroenterology and Hepatology of the University Medical Center Groningen (UMCG) 
in Groningen, the Netherlands. The 196 CD patients included in this study, and their 
corresponding metagenomic sequenced stool samples, all met study inclusion criteria 
(Supplementary material 1). The study was approved by the Institutional Review Board 
of the UMCG (IRB number 2008.338).4 More information on the 1000IBD cohort can be 
found at https://1000IBD.org.  
 

Clinical characteristics, medication use and dietary patterns 
 
Extensive clinical phenotypes were documented for each CD patient in the study, 
including disease location, medication use at time of sampling, presence of peri-anal 
disease, previous surgery, stricturing phenotype, disease duration (indicated by year 
Crohn’s disease diagnosis), CRP levels and calprotectin levels. All these factors were 
measured around the time of fecal sampling. In addition, each patient filled in a Food 
Frequency Questionnaire (FFQ)19 at the time of fecal sampling, that recorded their food 
intake in the previous month. The FFQ answers were then transformed to grams/day in 
25 food groups. 
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Definition of disease activity: exacerbation or remission 
 
Electronic health records containing prospectively collected data on study participants 
were reviewed to determine disease activity status. Defining whether a patient with CD 
has an exacerbation can be difficult because individual clinical disease activity scores and 
biomarkers often do not correctly capture CD activity.20–27 Subjective disease activity 
scores rely heavily upon an increase in defecation frequency and subjective abdominal 
complaints to determine disease activity. Biomarkers like fecal calprotectin (FC) show a 
highest sensitivity of 0.80 and specificity of 0.82 in inflammatory bowel disease (cut-off 
250 μg/g),24 but FC does not detect ileal inflammation very well and is therefore less 
reliable in Crohn’s disease than in ulcerative colitis.28 Other biomarkers like CRP can also 
increase due to other causes, such as Clostridium difficile infections.29–31 To determine 
whether there is an exacerbation, a gastroenterologist will often take all these measures 
into account, as well as the outcome of a colonoscopy (if performed), the patient’s medical 
history and the results of tests to exclude infectious enteritis. Therefore, in this study, a 
CD exacerbation was defined based on a combination of the following criteria: 
 
i)  An increase in the occurrence of IBD-associated gastrointestinal complaints that  
 could not be attributed to other concurrent GI-diseases, i.e. severe abdominal  
 pain and cramping, increase in stool frequency, decrease in stool consistency,  
 bloody diarrhea, and/or malaise necessitating consecutive CD treatment  
 adjustment or intensification. 
 
ii)  Interpretation by the treating physician based on a combination of  
 the following criteria: 
 a. Unplanned visits to the outpatient clinic due to typical patient complaints; 
 b. Changes in IBD-associated biomarkers (calprotectin >200μg/g faeces, CRP  
  >5mg/L) in a patient with typical complaints that could not be explained   
  otherwise; 
 c. Necessity of increasing dose and/or type of anti-IBD medication; 
 d. Active inflammation seen during endoscopy; 
 e. Active inflammation confirmed in a pathology report of gut biopsies. 
 

Determination disease activity status at the time of sampling 
 
The dates of onset and recovery from recorded CD exacerbations were determined 
relative to the fecal sample production date. Fecal samples were thereby classified 
as taken ‘in an exacerbation’ or ‘in remission’. Samples ‘in remission’ were further 
categorized as ‘before the next exacerbation’ or ‘after the last exacerbation’. In addition, 
time to nearest disease exacerbation was recorded for all samples, defined as ‘days until 
next exacerbation’ or ‘days since last exacerbation’. When there were multiple recorded 
exacerbations, the closest exacerbation relative to the fecal production date was used to 
determine the disease activity. 
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Stool sampling and analysis of gut microbiota 

Gut microbiome taxonomic compositions and functional profiles, bacterial growth 
rates, and abundances of virulence factor genes were determined as previously 
described.18 

  

Sample collection and microbial DNA isolation 

Patients produced and froze (-20°C) a stool sample at home. Frozen samples were 
then transported on dry ice to the UMCG and stored at -80°C. Microbial DNA was 
extracted from fecal samples using the Qiagen Allprep DNA/RNA Mini Kit (cat # 
380204) with the addition of mechanical lysis.   
 

Sequencing of microbial DNA  

Metagenomic shotgun sequencing of microbial DNA was performed at the Broad-
Institute of Harvard and MIT in Cambridge, Massachusetts, USA, using the HiSeq 
platform. For genomic library preparation, the Nextera XT Library preparation Kit  
was used.  

Quality control and determination of microbiome parameters 

Trimmomatic (v.0.32)32 was used to remove adapters and trim the ends of 
metagenomic reads, and samples with a read depth below 10 million reads were 
removed. Cleaned metagenomic reads were processed using a previously published 
pipeline.18 In brief, (a) taxonomic compositions were determined by aligning reads to 
the reference database RefSeq NCBI database33 (accession date: June 3, 2016) using the 
software tools Kraken34 and Bracken35; (b) functional pathways were determined using 
HUMAnN2 (v.0.4.0) (http://huttenhower.sph.harvard.edu/humann2) and families were 
grouped into pathways using multi-organism database MetaCyc36; (c) abundances of 
genes encoding virulence factors were determined by aligning reads to the Virulence 
Factor Database37 using DIAMOND (version 0.8.2.)38; and (d) bacterial growth rates were 
estimated using a previously described peak-to-trough ratio algorithm.39 Microbiome 
features present in at least 25% of samples were tested.
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Statistical analysis

Summary statistics 
 
We tested if the clinical characteristics, dietary patterns, Shannon Index and 
gene richness, and Bray-Curtis distances (i.e. the inter-individual diversity or 
β-diversities) (Supplementary material 2) differed significantly between patient 
groups (‘in remission’ vs. ‘in an exacerbation’ and ‘before the next exacerbation’ vs. 
‘in exacerbation’ vs. ‘after the last exacerbation’). The Chi-square test was used for 
binary phenotypes and the Wilcoxon-Mann-Whitney U test was used for continuous 
phenotypes. The Benjamini-Hochberg method was used to calculate the false discovery 
rate (FDR) for multiple testing. An FDR< 0.1 was considered statistically significant. 
The proportion of explained variance on β-diversity was calculated for each clinical 
characteristic using the ADONIS function in R (Supplementary material 2). 
 

Covariates 
 
Models were constructed considering the covariates: age, sex, read depth, BMI, disease 
location, use of PPI and use of antibiotics 3 months prior to sampling, all of which are 
known to influence the gut microbiome. The dietary covariate ‘pre-prepared meals’ 
differed significantly between groups (Table 1) and was added to the models. The use 
of steroids differed significantly between groups (p=0.000, Chi Square Test), but was 
also correlated with disease activity (rho=0.47, p=0.000). Since the correlation between 
independent variables – collinearity – is hard to take into account into the model, we 
did not take steroid use into account in the linear models. However, for transparency, 
we have added analyses with a correction for steroid use.
 

Categorical analyses: before, during and after an exacerbation

Using the statistical software MaAsLin,8 we compared gut microbial features (relative 
abundances of species and functional pathways, abundances of virulence factors 
and growth rate ratios) between (i.) patients in an exacerbation versus patients 
in remission; (ii.) patients before versus in an exacerbation; and (iii.) patients in 
versus after an exacerbation. The MaAslin boosting step was turned off to ensure 
all independent variables were taken into account. Taxonomy and pathway relative 
abundances were arcsine square-root transformed. Zero-inflation was considered 
in all tests except for growth rates. An FDR of 0.1 was used as a cut-off value for 
statistical significance. The function intersect in R (“base”-package) was used to find 
microbiome features that were either both significantly decreased or increased before 
and after an exacerbation, as compared to during an exacerbation.
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Linear analyses: six months prior to and after exacerbations 

To test whether the microbiome can be used to monitor CD disease activity, features 
were linearly associated to the time to the temporally closest CD exacerbation in days. 
We hypothesized that if microbiota have pathogenic significance in CD, microbiome 
changes precede changes in disease activity. For this, an arbitrarily chosen period of 6 
months was used. This meant that patients who had an exacerbation within 6 months of 
sampling were included in these analyses. Associations were performed using general 
linear models in MaAsLin, with the parameters specified above. The R function intersect 
was used to identify microbiome features that, in an inverse direction, shifted in the 
days preceding the onset of and restored quiescent balance after an exacerbation.  
 
Scripts used to perform data analyses are available at:  
https://github.com/WeersmaLabIBD/Microbiome/blob/master/Protocol_ActivityCD_
Marjolein_Klaassen.md

 

Results

Clinical characteristics 
 
Our cohort consisted of 196 CD patients from whom a single stool sample was 
collected between 2012-2014. At time of sampling, 24 patients (12%) were having an 
exacerbation, 15 patients (8%) would have their next exacerbation within six months 
and 19 patients (10%) had had their last exacerbation less than six months previously. In 
addition, 19 patients (10%) would have their next exacerbation more than 6 months after 
sampling and 119 patients (70%) had had their last exacerbation more than six months 
prior (Table S1). The clinical characteristics, medication use and dietary patterns of the 
different groups are presented in Table 1. Only PPI-use, steroid-use and pre-prepared 
meals differed between groups, and these features were added to the models (see 
Methods section).
 

Grouping based on disease activity 
 
We performed several analyses to check whether the stool samples could be grouped 
into ‘before’, ‘during’ and ‘after’ an exacerbation; ‘in exacerbation’ or ‘in remission’ and 
‘6 months to the next exacerbation’; and ‘6 months since the last exacerbation’ without 
creating bias. First, we divided the cohort into patients with CD (a) who would have 
their next exacerbation in more than 6 months (n=9) and (b) those who would have 
their next exacerbation within 6 months (n=25), and into patients (c) who had their last 
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exacerbation less than 6 months ago (n=34) and (d) who had their last exacerbation 
more than 6 months ago (n=104). Next, we calculated the differences in inter-individual 
diversity in functional composition using Bray-Curtis distances, and found that the 
overall functional compositions of patients in groups a and b were similar (p=0.8 and 
p=0.5, respectively; Wilcoxon Test). This was also the case for the patients in groups 
c and d (p=0.07 and p=0.8; respectively, Wilcoxon Test). These results indicate that the 
time to an exacerbation, both in the groups ‘before’ and ‘after’ an exacerbation, is not of 
influence for the gut microbiome composition. Therefore, patients with CD ‘before’ an 
exacerbation can be considered as a single group, as can the patients with CD ‘after’ an 
exacerbation.  
 
Second, we combined (I) the patients who were in remission for longer than 6 months 
(groups b and c; n=113) and (II) the patients who would have their next or had their last 
exacerbation within 6 months (groups a and d; n=59). Then we calculated the inter-
individual diversity in functional composition using Bray-Curtis distances and found that 
the overall functional composition between patients who are in remission for longer 
than 6 months have similar microbiomes to those in remission for less than 6 months 
(PCoA1 p=0.7, Wilcoxon Test). 
 
Third, we tested whether the gut microbiomes of patients before and after an 
exacerbation are similar, or in other words, whether we can group the patients who had 
taken a sample before their next exacerbation (groups a and b) with the patients who 
had their sample taken after an exacerbation (groups c and d) into remission together. 
To test this, we calculated the difference in inter-individual diversity in functional 
composition using Bray-Curtis distances, and found that the gut microbiome of patients 
before and after an exacerbation are similar (PCoA1 p=0.4, PCoA2 p=0.8, Wilcoxon Test).  
 
Last, we performed an ADONIS analysis to test the proportion of variance explained in 
the gut microbiome that can be explained by the number of days until an exacerbation, 
and found that days to an exacerbation did not explain a significant proportion of the 
variance in the gut microbiome (R2=0.006, FDR=0.272, Supplementary table S2).  
 
We therefore concluded that the patients before an exacerbation, after an exacerbation 
and in remission can be grouped as single groups based on their similarities in gut 
microbiome composition, regardless of the days until an exacerbation.
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  before 
exacerbation

in exacerbation

ater 
exacerbation

rem
ission 

(total)

rem
ission-

exacerbation

before-during

during-after

rem
ission-

exacerbation

before-during

during-after

average (SD) or 
count (%)

      before+after p-value p-value p-value FDR FDR FDR

Number of 
samples (n)

34 24 138 172            

Sequence read 
depth (SD)

23097318 
(7955650)

23507652 
(7521848)

22252064 
(7747729)

22419149 
(7773052)

0.55 0.94 0.48 0.84 1 0.73

Sex (F/M) (%)
24/10 

(71/29%)
15/9 

(63/37%)
93/45 

(67/33%)
117/55 

(68/32%)
0.76 0.72 0.81 0.88 0.97 0.93

Age (SD) 37.1 (11.5) 42.0 (16.7) 40.4 (13.9) 39.7 (13.5) 0.64 0.37 0.77 0.84 0.90 0.92

BMI (SD) 25.1 (5.9) 23.3 (3.8) 24.8 (4.8) 24.8 (5.0) 0.30 0.41 0.31 0.73 0.90 0.58

Disease location 
(MontrealL)

        0.61 0.94 0.46 0.84 1 0.73

colon (%) 4 (12%) 3 (12%) 33 (24%) 37 (21%)          

ileum (%) 13 (38%) 10 (42%) 52 (38%) 65 (37%)          

both (%) 17 (50%) 11 (46%) 53 (38%) 70 (42%)            

Disease 
duration (SD)

10.3 (7.7) 11.8 (11.6) 12.7 (8.7) 12.2 (8.5) 0.36 1.00 0.26 0.73 1 0.58

Behaviour 
(MontrealB)

        0.08 0.27 0.08 0.41 0.87 0.37

B1: no stric/pen 19 (56%) 11 (46%) 78 (57%) 97 (57%)          

B2: stricturing 
(stric) (%)

10 (29%) 11 (46%) 42 (30%) 52 (30%)          

B3: penetrating 
(pen) (%)

5 (15%) 2 (8%) 18 (13%) 23 (13%)          

Presence peri-
anal disease 
(y/n) (%)

10/24 
(29/71%)

7/17 
(29/71%)

42/96 
(30/70%)

52/120 
(30/70%)

1.00 1.0 1.00 1 1 1

Ileocecal 
resections  
(y/n) (%)

16/18 
(47/53%)

9/15 
(37/63%)

48/90 
(35/65%)

64/108 
(37/63%)

1.00 0.59 0.83 1 0.97 0.93

Mesalazines 
(y/n)

3/31 
(9/91%)

3/21 
(13/87%)

8/130 
(6/94%)

11/161 
(6/94%)

0.39 0.68 0.21 0.75 0.97 0.58

Steroids (y/n)
2/32 

(6/94%)
16/8 

(67/33%)
18/120 

(13/87%)
20/152 

(12/88%)
0.00 0.00 0.00

7.74E-
07*

3.96E-
05*

5.08E-
06*

Immuno-
suppressants 
(y/n)

10/24 
(29/71%)

12/12 
(50/50%)

71/67 
(51/49%)

81/91 
(47/53%)

0.14 0.32 0.06 0.58 0.90 0.37

TNF-antagonist 
(y/n)

9/25 
(26/74%)

6/18 
(25/75%)

59/79 
(43/57%)

68/104 
(40/60%)

0.19 1.0 0.12 0.67 1 0.50

Biologicals (y/n)
1/33 

(3/97%)
0/24 

(0/100%)
0/138 

(0/100%)
1/171 

(1/99%)
1.00 NA 1.00 1 NA 1

Antibiotic use 
(y/n) (%)

8/26 
(24/76%)

7/17 
(29/71%)

26/112 
(19/81%)

34/138 
(20/80%)

0.43 0.76 0.27 0.75 0.99 0.58

PPI use (y/n) (%)
8/26 

(24/76%)
11/13 

(46/54%)
31/107 

(22/78%)
39/133 

(23/77%)
0.02 0.13 0.02 0.26 0.62 0.25

Calprotectin 
(mg/g)

412 (493.1)
514.2 

(780.6)
309.2 

(523.0)
329.4 

(517.3)
0.25 0.90 0.17 0.73 1 0.58

CRP (mg/L) 6.4 (9.3) 9.1 (17.4) 3.9 (8.0) 4.4 (8.3) 0.48 0.39 0.26 0.77 0.90 0.58

Table 1. Clinical characteristics
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  before 
exacerbation

in exacerbation

ater 
exacerbation

rem
ission (total)

rem
ission-

exacerbation

before-during

during-after

rem
ission-

exacerbation

before-during

during-after

          p-value p-value p-value FDR FDR FDR

 Diet                    

group breads 114.7 (66.6)
149.4 

(105.9)
129.6 
(86.7)

126.6 (83.1) 0.73 0.84 0.71 0.87 0.90 0.89

group cereals 3.2 (9.2) 4.0 (9.1) 4.7 (10.7) 4.4 (10.4) 0.70 0.35 0.85 0.85 0.90 0.94

group 
vegetables 91.2 (61.7) 102.7 (68.0)

101.7 
(83.9)

99.6 (79.8) 0.95 0.67 0.96 1 0.97 1

group fruits 234.6 
(252.6)

233.9 
(156.4)

226.2 
(213.1)

227.9 
(220.9)

0.67 0.69 0.68 0.84 0.97 0.89

group nuts 9.4 (13.4) 7.8 (9.8) 10.8 (19.7) 10.5 (18.5) 0.41 0.37 0.46 0.75 0.90 0.74

group legumes 7.1 (16.3) 18.5 (57.8) 8.7 (16.3) 8.4 (16.3) 0.87 0.52 1 0.96 0.97 1

group alcohol 60.6 (117.2) 47.4 (111.3)
57.7 

(119.0)
58.3 (118.3) 0.35 0.71 0.3 0.73 0.97 0.59

group cheese 22.7 (23.7) 21.7 (19.4) 27.1 (36.3) 26.2 (34.1) 0.48 0.5 0.5 0.77 0.97 0.75

group coffee 261.7 
(298.8)

391.2 
(281.5)

295.3 
(265.6)

288.4 
(272.1)

0.27 0.15 0.37 0.73 0.62 0.66

group dairy 150.8 
(144.9)

287.4 
(213.0)

241.3 
(245.9)

222.8 
(231.5)

0.10 0.01 0.22 0.48 0.11 0.59

group eggs 10.0 (8.2) 17.5 (16.6) 13.7 (12.9) 12.9 (12.2) 0.43 0.21 0.56 0.75 0.73 0.86

group fish 10.4 (13.2) 13.0 (21.8) 14.5 (15.1) 13.6 (14.8) 0.26 0.81 0.14 0.73 0.99 0.54

group meat 82.5 (39.5) 101.0 (59.5) 81.9 (42.8) 82.0 (42.1) 0.59 0.58 0.4 0.84 0.97 0.71

group nonalc 
drinks

214.6 
(232.4)

220.6 
(281.0)

227.3 
(251.9)

224.8 
(247.4)

0.24 0.19 0.3 0.73 0.72 0.59

group pasta 16.3 (14.1) 22.7 (22.7) 18.4 (19.5) 18.0 (18.5) 0.64 0.78 0.63 0.84 0.99 0.85

group pastry 19.8 (13.8) 34.9 (26.0) 28.6 (26.9) 26.8 (25.0) 0.15 0.09 0.21 0.58 0.53 0.59

group potatoes 79.0 (61.1) 102.8 (96.1) 79.7 (64.3) 79.5 (63.5) 0.33 0.84 0.25 0.73 0.99 0.5

group prepared 
meal 45.4 (40.7) 23.1 (22.8) 53.0 (60.3) 51.5 (56.8) 0 0 0 0.04* 0.08* 0.07*

group rice 18.9 (20.9) 18.5 (24.1) 25.4 (59.3) 24.1 (53.8) 0.33 0.54 0.31 0.73 0.97 0.58

group sauces 14.6 (11.5) 9.8 (10.1) 16.8 (20.4) 16.4 (19.0) 0.01 0.01 0.02 0.14 0.14 0.22

group savoury 
snacks 19.8 (18.5) 18.7 (27.6) 19.5 (20.3) 19.6 (19.9) 0.05 0.06 0.06 0.34 0.39 0.37

group soup 40.0 (46.2) 43.0 (39.4) 49.5 (67.5) 47.6 (63.7) 0.66 0.61 0.71 0.84 0.97 0.88

group spreads 20.4 (22.2) 30.6 (25.1) 24.0 (31.7) 23.2 (30.0) 0.07 0.14 0.07 0.41 0.62 0.37

group sugar 
sweets 30.9 (27.1) 53.7 (35.1) 42.4 (50.7) 40.0 (47.1) 0.04 0.02 0.06 0.34 0.21 0.37

group tea 198.1 
(221.0)

268.4 
(250.3)

293.6 
(279.3)

274.1 
(270.6)

0.83 0.49 0.63 0.94 0.97 0.85

* statistically significant difference
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Correlations between gut microbiome  
features and disease activity 

Functional but not taxonomical composition is  
related to CD exacerbations 
 
The gut microbiome of patients during an exacerbation had a similar overall species 
composition compared to the gut microbiome of patients before (PCoA1 p=0.3, PCoA2 
p=0.09, Wilcoxon Test) and after an exacerbation (PCoA1 p=0.1, PCoA2 p=0.8, Wilcoxon 
Test). There were no significant differences in taxonomic diversity between patients in 
an exacerbation and in remission (p=0.88, Wilcoxon Test), nor in patients before, in or 
after an exacerbation (p=0.46 and p=0.68, respectively, Wilcoxon Test). 
 
In contrast, we did observe significant differences in microbial functional composition 
between patients during an exacerbation and patients in remission (PCoA1 p<0.01, 
PCoA2 p=0.04, Wilcoxon Test). Significant differences in function were also seen 
between patients before compared to during an exacerbation (PCoA1 p=0.03, Wilcoxon 
Test) and in patients during compared to after an exacerbation (PCoA1 p<0.01, PCoA2 
p=0.04, Wilcoxon Test) (Figure 1). PcoA plots coloured on clinical characteristics can be 
found in (Supplementary table S3). 
 
Disease activity could explain part of the variance in the gut microbiome function 
(R2=0.021, FDR=0.007), but not of the gut microbiome taxonomical composition 
R2=0.007, FDR=0.007) (Supplementary table S2). The gene richness of active patients 
was greater than the gene richness of patients with quiescent disease (p<0.01, 
Wilcoxon Test) (before vs. during exacerbation p=0.03, during vs. after exacerbation 
p=0.01, respectively, Wilcoxon Test). 

Specific gut microbial pathways are decreased  

during a CD exacerbation 

Relative abundances of 169 functional pathway genes were significantly different in 
CD patients in an exacerbation compared to patients in remission (FDR<0.1, logistic 
regression test). The highest statistical significance was found for microbial pathways 
involved in the biosynthesis of all-trans-farnesol (PWY_6859, FDR=0.007), L-methionine 
(PWY_5345, FDR=0.008) and polyisoprenoid (POLYISOPRENSYN_PWY, FDR=0.008), and 
these were all decreased during an exacerbation (Supplementary table S3).  
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Principal Coordinate Analyses of Bray-Curtis distances, calculated for (I) taxonomy composition and 
(II) predicted functional composition. Each small-scale dot represents one fecal microbiome sample, 
colored on the moment of fecal sampling being (a) during remission or in an exacerbation (I: PCoA1 p=0.1, 
PCoA2 p=0.6, II: PCoA1 p<0.01, PCoA2 p=0.04, Wilcoxon Test), and (b) taken before or in an exacerbation 
(I: PCoA1 p=0.3, PCoA2 p=0.09, II: PCoA1 p=0.03, Wilcoxon Test), or after an exacerbation (I: PCoA1 p=0.1, 
PCoA2 p=0.8, II: PCoA1 p<0.01, PCoA2 p=0.04, Wilcoxon Test), with each large-scale centroid representing 
the mean composition of each patient group. Signifi cant diff erences were seen in predicted functional, 
however not in species, composition between patients with remissive and active CD.

Figure 1. Microbial function but not taxonomy is related to CD exacerbations. 
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Furthermore, relative abundances of 105 pathway-encoding genes were significantly 
increased in CD patients both before and after an exacerbation (FDR<0.1, logistic 
regression test) (Supplementary table S4) compared to CD patients in an exacerbation. 
Amongst these 105 genes, 14 encode pathways known to be involved in carbohydrate 
metabolism (5 in biosynthesis and 9 in degradation); 24 pathways involved in biosynthesis 
of amino acids (L-tryptophan, L-methionine, L-lysine, L-phenylalanine, L-valine, 
L-isoleucine, L-arginine, L-threonine, L-histidine and L-ornithine) and one involved in 
degradation of amino acids (L-phenylalanine); 5 pathways involved in nucleosides and 
nucleotides biosynthesis and 10 involved in their degradation; 11 pathways involved 
in the biosynthesis of fatty acids (3 in saturated and 8 in unsaturated); 4 pathways 
involved in the biosynthesis of the bacterial cell wall (3 in peptidoglycan and 1 in UDP-N-
acetylmuramoyl-pentapeptide); 4 pathways involved in glycolysis; 3 pathways involved in 
the fermentation to short chain fatty acids and 9 pathways involved in the biosynthesis of 
vitamins (thiamine, cobalamin, riboflavin, folate and phosphopanthothenate) (Figure 2).  
 
Despite its being correlated with disease activity (rho=0.47, p=0.000), when adding 
steroid-use to the model 54% of the pathways remain decreased during an exacerbation 
as compared to the total patients in remission (Supplementary table S12), and  
29% remained decreased compared to both before and after an exacerbation  
(Supplementary table S12). 
 
We also investigated the differential abundance of genes encoding for virulence factors 
and the predicted growth dynamics, but found no significant differences between patients 
in a CD exacerbation and patients in remission, and in patients before, in and after an 
exacerbation (Supplementary tables S5-S7). 
 
 

Monitoring CD disease activity: the microbiome in 

the six months prior to and after an exacerbation

We next investigated whether the microbial features associated with an exacerbation 
also showed a linear correlation with the time (specified in days) prior to and after an 
exacerbation. Analyses were confined to patients who experienced an exacerbation in the 
6 months before (n=15) or after (n=19) their fecal sample was collected. The proportion 
of explained variance in both the taxonomic and functional composition of the variable 
‘days to exacerbation’ was not significant (R=0.004, FDR=0.749 and R=0.004, FDR=0.749, 
respectively) (Supplementary table S2). Therefore, correlations between proximity to an 
exacerbation and changes in the abundance of microbiome features were considered less 
reliable (Supplementary tables S8-S11).
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 Figure 2. Microbial pathway relative abundances before, during and after CD exacerbations.  

Violin plots representing relative abundances of genes encoding (a) fl avin, (b) thiamine and, (c) folate 

biosynthesis, (d) homolactic fermentation (to SCFAs), (e) fermentation to acetate and lactate (SCFAs), 

(f) L-arginine, (g) L-methionine, (h) cis-vaccenate, and (i) gondoate biosynthesis, in fecal samples 

taken before, during and after CD exacerbations. To approximate the zero-infl ated model used in the 

MaAsLin analyses (resulting in FDR values), an y-limit > 0 was used.



246

Discussion

 
In this cohort of CD patients, we compared the gut microbiome composition of patients 
in an exacerbation to the microbiome of patients before and patients after an 
exacerbation. In previous analyses of this cohort,4,18 few pathways were associated to 
the established individual parameters used to define disease activity (fecal calprotectin 
levels > 200mg/kg feces or HBI > 4).18 In this study, we were not able to link all of these 
pathways to active disease, which could potentially be explained by the fact that the use 
of different criteria to define active disease leads to a different grouping of patients with 
CD based on this disease activity. Furthermore, the effects sizes of the identified 
pathways could be relatively small. These differences indicate the importance of well 
defining active disease in the context of CD. 
 
Moreover, a thorough review of the medical records in this study allowed us to use 
more than just a single marker for disease activity, since individual clinical markers 
(CDAI, HBI) and biomarkers (CRP, fecal calprotectin) are often unreliable and show poor 
correlation.20–27 While combining these factors with information from the endoscopy 
results, medication changes and the gastroenterologist’s opinion could be considered 
unconventional, it does reflect how disease activity is determined in clinical practice. 
Therefore, we think the additional information could more reliably determine the 
occurrence of an exacerbation and the correlation with gut microbiome features. We 
found that it is not taxonomic distributions but rather function of the microbiome that 
differs between active and quiescent CD patients.  
 
We found that genes encoding 105 microbial pathways were decreased during 
exacerbation, and these genes mostly exert anti-inflammatory properties by facilitating 
the biosynthesis and fermentation of various amino acids (tryptophan, methionine and 
arginine), B vitamins (riboflavin and thiamine) and short-chain fatty acids (SCFAs). 
Notably, all these functional pathways appeared to recover after an exacerbation.  
 
We describe that abundances of genes involved in the fermentation of fibers to acetic 
acid (SCFA) and pyruvate (main precursor of SCFAs) are decreased during a CD 
exacerbation, while there were no differences in the consumption of fiber-rich foods 
between the CD patients in an exacerbation and CD patients in remission. This is in 
congruence with the previously described decrease gene abundance involved in the 
fermentation of fibers in active treatment-naïve patients.40 SCFAs are the main 
metabolic end products of microbial fermentation of undigested complex carbohydrates 
in the human colon. SCFAs induce tolerogenic and anti-inflammatory enterocyte 
phenotypes and maintain gut integrity by being the main energy source for enterocytes, 
by inducing downregulation of pro-inflammatory innate immune cells and their 
cytokines41–46 and upregulation of anti-inflammatory T regulatory cells,47–51 and by 
increasing the transcription of mucin genes in intestinal goblet cells.52,53 A role for 
SCFAs in controlling inflammation has already been shown in an experimental colitis 
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model in mice where supplemental dietary SCFAs attenuated colonic inflammation.54 
Decreased abundances of intestinal SCFAs could play a role in intestinal inflammation 
during CD exacerbations.We also found that microbial genes encoding the 
biosynthesis of the B vitamins thiamine (vitamin B1), riboflavin (vitamin B2) and folate 
(vitamin B9) are decreased during CD exacerbations, which is interesting given 
established links between these vitamins and reduced inflammation. Previous studies 
have shown that supplementation of riboflavin and thiamine reduces the production 
of the pro-inflammatory cytokines TNFα, IL-1 and IL-6.55–58 Riboflavin and thiamine 
have also been shown to intensify the anti-inflammatory activity of the corticosteroid 
anti-inflammatory drug dexamethasone.55 Riboflavin injections in mouse models also 
inhibit the febrile response induced by LPS.55 Microbe-derived riboflavin and folic acid 
have been described to activate mucosa-associated invariant T (MAIT)59,60 cells, and 
thereby control microbial infection of the gut. Taken together, all these lines of 
evidence indicate that decreases in the intestinal abundances of thiamine, riboflavin 
and folate could be involved in sustaining a CD exacerbation. 
 
An example of an overlapping pathway between this study and our recently published 
study,18 is the decrease in the abundance of genes predicted to encode the 
biosynthesis of the amino acid L-arginine in CD patients compared to a general 
population cohort. Until this and our previous studies, disturbances have not been 
described in L-arginine, as well as in the other amino acid L-tryptophan, in CD disease 
activity (Figure 2). However, it has been observed in mice that a decrease in 
tryptophan metabolism results in deficient aryl hydrocarbon receptor (AHR) 
activation, leading to susceptibility to colitis.61 Colonic inflammation was reduced in 
these mice when they were administered a diet supplemented with synthetic AHR 
ligands.62 Moreover, arginine is known as the precursor in the synthesis of 
polyamines, which are the constituents of intercellular junctions of the gut epithelium, 
and is therefore of importance in maintaining the integrity of the gut.63,64 Decreases in 
L-tryptophan and L-arginine might play a role in intestinal inflammation during CD 
exacerbations.  
 
Although we were able to observe many differences in functional profiles, we did not 
observe significant changes in species-level taxonomic composition, virulence content 
or growth dynamics. Longitudinal profiling of the variation in microbial species 
composition65,66 has previously shown that species variation within the microbiome is 
mainly dominated by inter-individual effects. It is metabolic microbial pathways rather 
than taxonomy that are more conserved amongst individuals66, and pathways might 
therefore be more appropriate for detecting how the influence of the microbiome 
mediates CD disease activity during a cross-sectional comparison between active and 
quiescent patients.16,17 Previous studies investigating differences in taxonomic 
composition between active and inactive disease showed inconsistent results.9–15 
Collectively, these lines of evidence might explain the lack of identification of 
individual species associated to active and quiescent CD. 
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We have compared predicted functional pathways between remissive and active CD 
using microbial genomic information, but transcriptomic or metabolomic data might 
provide better insights into the gut environment. However, a recent paper that 
calculated the ratio between the metagenomic (DNA) and metatranscriptomic (RNA) 
abundances in stool samples of IBD patients65 found that the functional potential 
(DNA) is often proportional to the metatranscriptomic expression (RNA), indicating 
that the functional genomic estimations are likely to represent changes in microbial 
genetic expression.  
 
We found that 29% of the patients in an exacerbation had used antibiotics in the  
3 months previous to sampling. Even though this was not significantly different 
compared to the patients before and after an exacerbation (FDR=0.986 and 
FDR=0.579, respectively), we added this factor into our linear models because of the 
known effects of antibiotic use on gut microbiome composition. In addition, we 
performed the analyses both with and without steroid-use as a covariate in the model, 
as oral steroid use was correlated with having an exacerbation. Since this correlation 
between independent variables is hard to take into account in the model, we argued 
that the main results should be derived from the analyses without steroid use in the 
model. In addition, our group has previously shown that the use of steroids has no 
effects on the composition of the gut microbiome.67 Never-the-less, we display both 
results in this study. In our study, we aimed to derive gut microbiome dynamics in CD 
from cross-sectional data. We created a virtual timeline across all participants by 
assessing the time since the last exacerbation and the time to the next exacerbation, 
by re-analysing the medical records of the CD patients a few years after sampling. 
When performing these analyses, we assumed that uniform patterns could still be 
detected even with the known inter-individual gut microbiome variation. Categorical 
analyses (grouping patients into before, during and after a flare) showed 105 
pathways to be decreased during a flare, while linear analyses (number of days to 
next exacerbation, number of days since last exacerbation) did not show significant 
results, probably due to limited sample size. 
 
We understand that the results of our bioinformatic analyses are less reliable than 
true time-series experiments and that the results of this study need to be replicated 
by future studies. However, we do believe that our results are a valuable contribution 
to the growing knowledge about the gut microbiome in CD that will enable 
researchers to study the proposed mechanisms, including in cross-sectional designs. 
Thorough review of the medical records allowed us to use more than just a single 
marker for disease activity, since individual clinical markers (for example HBI) and 
biomarkers (CRP, faecal calprotectin) are often unreliable and show poor correlation. 
While combining these factors with information from the endoscopy results, 
medication changes and the gastroenterologist’s opinion could be considered 
unconventional, it does reflect how disease activity is determined in clinical practice. 
Therefore, we think the additional information could more reliably determine the 
occurrence of an exacerbation.  
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In conclusion, we identified pro-inflammatory differences in gut microbiome function 
during CD disease activity. This work identified roles for several compounds in 
ameliorating disease activity, including vitamins and amino-acids that are already 
available as dietary supplements at the local drugstore and could thus easily be 
tested. Our results could therefore be used as novel targets for translational studies 
trying to modulate the function of the gut microbiome in an anti-inflammatory matter. 

Declarations
 

Grant support 
 
RKW, JF and AZ are supported by VIDI grants (016.136.308, 864.13.013, 016.178.056) 
from the Netherlands Organization for Scientific Research (NWO). RKW is also 
supported by a Diagnostics Grant from the Dutch Digestive Foundation (MLDS D16-
14). AZ holds a Rosalind Franklin fellowship from the University of Groningen and 
is supported by a European Research Council (ERC) starting grant (ERC-715772). JF 
and AZ are further supported by a CardioVasculair Onderzoek Nederland grant (CVON 
2012-03). CW is supported by a Spinoza award (NWO SPI 92-266), an ERC advanced 
grant (ERC-671274), a grant from the Nederlands’ Top Institute Food and Nutrition 
(GH001), the NWO Gravitation Netherlands Organ-on-Chip Initiative (024.003.001), 
the Stiftelsen Kristian Gerhard Jebsen foundation (Norway) and the RuG investment 
agenda grant Personalized Health.

Disclosures  
 
All authors declare no competing financial interests.

Author contributions  
 
FI and RKW designed the study. FI and VC collected extensive clinical phenotype data 
of the patients. MAYK reviewed patients’ electronic health records. AVV designed a 
pipeline to determine microbial profiles from raw metagenomic reads and processed 
all samples using this pipeline. MAYK performed all statistical analyses. MAYK and 
FI wrote the manuscript. VC, AVV, RG, JF, HMD, GD, EAMF, CW, AZ and RKW critically 
reviewed the manuscript.



250

Supplementary documents
 
 
Supplementary documents are available upon request (f.imhann@rug.nl). 

• Supplementary material  

 1. Cohort description and informed consent  

 2. Summary statistics analyses 

• Supplementary table S1: Faecal samples in relation to time to exacerbation 

• Supplementary table S2: ADONIS analyses - PCoA plots colored on clinical characteristics

• Supplementary table S3: MetaCyc pathways: exacerbation vs. remission

• Supplementary table S4: MetaCyc pathways: before vs. during an exacerbation  

 - during vs. after an exacerbation

• Supplementary table S5: Species: exacerbation vs. remission - before vs. during  

 - during vs. after an exacerbation

• Supplementary table S6: Virulence factors: exacerbation vs. remission 

 - before vs. during - during vs. after an exacerbation

• Supplementary table S7: Growth rates: exacerbation vs. remission  

 - before vs. during - during vs. after an exacerbation

• Supplementary table S8: Species: days since last exacerbation and  

 days until next exacerbation

• Supplementary table S9: MetaCyc pathways: days since last exacerbation  

 and days until next exacerbation

• Supplementary table S10: Virulence factors: exacerbation vs. remission  

 - before vs. during - during vs. after an exacerbation

• Supplementary table S11: Growth rates: days since last exacerbation  

 and days until next exacerbation

• Supplementary table S12: MetaCyc correction steroid use: exacerbation vs. remission -   

 before vs. during - during vs. after an exacerbation - days since last and until next   

 exacerbation



251



252

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

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

2. Manichanh, C., Borruel, N., Casellas, F. &  

 Guarner, F. The gut microbiota in IBD.  

 Nat. Rev. Gastroenterol. Hepatol. 9,  

 599–608 (2012).

3. Rutgeerts, P. et al. Effect of faecal stream  

 diversion on recurrence of Crohn’s disease  

 in the neoterminal ileum.  

 Lancet 338, 771–774 (1991).

4. Imhann, F. et al. Interplay of host genetics  

 and gut microbiota underlying the onset  

 and clinical presentation of inflammatory  

 bowel disease. Gut gutjnl-2016-312135  

 (2016). doi:10.1136/gutjnl-2016-312135

5. Matsuoka, K. & Kanai, T. The gut microbiota  

 and inflammatory bowel disease. Seminars  

 in Immunopathology 37, 47–55 (2015).

6. Jostins, L. et al. Host-microbe interactions  

 have shaped the genetic architecture   

 of inflammatory bowel disease.  

 Nature 491, 119–124 (2012).

7. Elson, C. O. et al. Experimental models of  

 inflammatory bowel disease reveal innate,  

 adaptive, and regulatory mechanisms  

 of host dialogue with the microbiota.   

 Immunological Reviews 206,  

 260–276 (2005).

8. Morgan, X. C. et al. Dysfunction of the   

 intestinal microbiome in inflammatory  

 bowel disease and treatment.  

 Genome Biol. 13, R79 (2012).

9. Wills, E. S. et al. Fecal microbial   

 composition of ulcerative colitis and  

 Crohn’s disease patients in remission and  

 subsequent exacerbation.  

 PLoS One 9, (2014).

10. Wang, W. et al. Increased proportions of  

 Bifidobacterium and the Lactobacillus  

 group and loss of butyrate-producing   

 bacteria in inflammatory bowel disease.  

 J. Clin. Microbiol. 52, 398–406 (2014).

11. Seksik, P. et al. Alterations of the dominant  

 faecal bacterial groups in patients with  

 Crohn’s disease of the colon.  

 Gut 52, 237–242 (2003).

12. Andoh, A. et al. Multicenter analysis of fecal  

 microbiota profiles in Japanese patients  

 with Crohn’s disease.  

 J. Gastroenterol. 47, 1298–1307 (2012).

13. Tedjo, D. I. et al. The fecal microbiota as  

 a biomarker for disease activity in Crohn’s  

 disease. Sci. Rep. 6, 35216 (2016).

14. Sokol, H. et al. Low counts of  

 Faecalibacterium prausnitzii in colitis  

 microbiota. Inflamm. Bowel Dis. 15,  

 1183–1189 (2009).

15. Halfvarson, J. et al. Dynamics of the human  

 gut microbiome in inflammatory bowel  

 disease. Nat. Microbiol. 2, 17004 (2017).

16. Meyer, F., Trimble, W. L., Chang, E. B. &  

 Handley, K. M. Functional predictions from  

 inference and observation in sequence- 

 based inflammatory bowel disease  

 research. Genome Biology 13, (2012).

17. Presley, L. L. et al. Host-microbe  

 relationships in inflammatory  

 bowel disease detected by bacterial and  

 metaproteomic analysis of the mucosal- 

 luminal interface. Inflamm. Bowel Dis. 18,  

 409–417 (2012).

18. Vich Vila, A. et al. Gut microbiota  

 composition and functional changes in  

 inflammatory bowel disease and irritable  

 bowel syndrome. Sci. Transl. Med. 10,  

 eaap8914 (2018).

References



253

19. 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).

20. Foti, P. V. et al. Crohn’s disease of the small  

 bowel: evaluation of ileal inflammation by  

 diffusion-weighted MR imaging and  

 correlation with the Harvey-Bradshaw index.  

 Radiol. Med. 120, 585–594 (2015).

21. Crama-Bohbouth, G. et al. Are activity  

 indices helpful in assessing active intestinal  

 inflammation in Crohn’s disease?  

 Gut 30, 1236–40 (1989).

22. Jørgensen, L. G. M. et al. How accurate are  

 clinical activity indices for scoring of disease  

 activity in inflammatory bowel disease (IBD)?  

 Clin. Chem. Lab. Med. 43, 403–11 (2005).

23. Zittan, E. et al. Development of the Harvey- 

 Bradshaw Index-pro (HBI-PRO) Score to  

 Assess Endoscopic Disease Activity in  

 Crohn’s Disease. J. Crohn’s Colitis jjw200  

 (2016). doi:10.1093/ecco-jcc/jjw200

24. Lin, J.-F. et al. Meta-analysis. Inflamm.  

 Bowel Dis. 20, 1407–1415 (2014).

25. Costa, F. et al. Calprotectin is a stronger  

 predictive marker of relapse in ulcerative  

 colitis than in Crohn’s disease. Gut 54,  

 364–368 (2005).

26. Miranda-García, P., Chaparro, M. & Gisbert,  

 J. P. Correlation between serological  

 biomarkers and endoscopic activity in  

 patients with inflammatory bowel disease.  

 Gastroenterol. Hepatol. 39, 508–515 (2016).

27. Sipponen, T. et al. Crohn’s disease activity  

 assessed by fecal calprotectin and  

 lactoferrin: Correlation with Crohn’s disease  

 activity index and endoscopic findings.  

 Inflamm. Bowel Dis. 14, 40–46 (2008).

28. Gecse, K. B. et al. Impact of disease location  

 on fecal calprotectin levels in Crohn’s  

 disease. Scand. J. Gastroenterol. 50, 841–847  

 (2015).

29. Wright, J. M., Adams, S. P., Gribble,  

 M. J. & Bowie, W. R. Clostridium difficile in  

 Crohn’s disease. Can. J. Surg. 27,  

 435–7 (1984).

30. Kurtz, L. E., Yang, S. S. & Bank, S. Clostridium  

 difficile-associated small bowel enteritis  

 after total proctocolectomy in a Crohn’s  

 disease patient. J. Clin. Gastroenterol. 44,  

 76–7 (2010).

31. Kim, J. et al. Fecal Calprotectin Level Reflects  

 the Severity of Clostridium difficile Infection.  

 Ann. Lab. Med. 37, 53–57 (2017).

32. Bolger, A. M., Lohse, M. & Usadel, B.  

 Trimmomatic: A flexible trimmer for Illumina  

 sequence data. Bioinformatics 30, 2114–2120  

 (2014).

33. Pruitt, K. D., Tatusova, T. & Maglott, D. R.  

 NCBI reference sequences (RefSeq):  

 A curated non-redundant sequence database  

 of genomes, transcripts and proteins.  

 Nucleic Acids Res. 35, (2007).

34. Wood, D. E. & Salzberg, S. L. Kraken: Ultrafast  

 metagenomic sequence classification using  

 exact alignments. Genome Biol. 15,  

 R46 (2014).

35. Lu, J., Breitwieser, F. P., Thielen, P. & Salzberg,  

 S. L. Bracken: Estimating species abundance  

 in metagenomics data. bioRxiv (2016).

36. MetaCyc. MetaCyc Metabolic Pathway  

 Database.

37. 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).



254

38. Buchfink, B., Xie, C. & Huson, D. H. Fast and  

 sensitive protein alignment using DIAMOND.  

 Nat. Methods 12, 59–60 (2014).

39. Korem, T. et al. Growth dynamics of gut  

 microbiota in health and disease inferred  

 from single metagenomic samples.  

 Science (80-. ). 349, 1101–1106 (2015).

40. Gevers, D. et al. The treatment-naïve  

 microbiome in new-onset Crohn ’ s disease.  

 Cell Host Microbe 15, 382–392 (2014).

41. Usami, M. et al. Butyrate and trichostatin  

 A attenuate nuclear factor κB activation and  

 tumor necrosis factor α secretion and  

 increase prostaglandin E2 secretion in  

 human peripheral blood mononuclear cells.  

 Nutr. Res. 28, 321–328 (2008).

42. Vinolo, M. A. R. et al. Suppressive effect  

 of short-chain fatty acids on production of  

 proinflammatory mediators by neutrophils.  

 J. Nutr. Biochem. 22, 849–855 (2011).

43. Kendrick, S. F. W. et al. Acetate, the key  

 modulator of inflammatory responses  

 in acute alcoholic hepatitis. Hepatology 51,  

 1988–1997 (2010).

44. Singh, N. et al. Blockade of dendritic cell  

 development by bacterial fermentation  

 products butyrate and propionate through  

 a transporter (Slc5a8)-dependent inhibition  

 of histone deacetylases. J. Biol. Chem. 285,  

 27601–27608 (2010).

45. Trompette, A. et al. Gut microbiota  

 metabolism of dietary fiber influences  

 allergic airway disease and hematopoiesis.  

 Nat. Med. 20, 159–166 (2014).

46. Chang, P. V., Hao, L., Offermanns, S. &  

 Medzhitov, R. The microbial metabolite  

 butyrate regulates intestinal macrophage  

 function via histone deacetylase inhibition.  

 Proc. Natl. Acad. Sci. 111, 2247–2252 (2014).

47. Tao, R. et al. Deacetylase inhibition promotes  

 the generation and function of regulatory T  

 cells. Nat. Med. 13, 1299–1307 (2007).

48. Furusawa, Y. et al. Commensal microbe- 

 derived butyrate induces the differentiation  

 of colonic regulatory T cells. Nature 504,  

 446–450 (2013).

49. Arpaia, N. et al. Metabolites produced  

 by commensal bacteria promote peripheral  

 regulatory T-cell generation. Nature 504,  

 451–455 (2013).

50. Smith, P. M. et al. The Microbial Metabolites,  

 Short-Chain Fatty Acids, Regulate Colonic  

 Treg Cell Homeostasis. Science (80-. ). 341,  

 569–573 (2013).

51. Thorburn, A. N. et al. Evidence that asthma  

 is a developmental origin disease influenced  

 by maternal diet and bacterial metabolites.  

 Nat. Commun. 6, (2015).

52. Willemsen, L. E., Koetsier, M. A., van  

 Deventer, S. J. & van Tol, E. A. Short  

 chain fatty acids stimulate epithelial mucin  

 2 expression through differential effects  

 on prostaglandin E(1) and E(2) production  

 by intestinal myofibroblasts. Gut 52,  

 1442–1447 (2003).

53. Gaudier, E. Butyrate specifically modulates  

 MUC gene expression in intestinal  

 epithelial goblet cells deprived of glucose.  

 AJP Gastrointest. Liver Physiol. 287, G1168– 

 G1174 (2004).

54. Maslowski, K. M. et al. Regulation of  

 inflammatory responses by gut microbiota  

 and chemoattractant receptor GPR43.  

 Nature 461, 1282–1286 (2009).

55. Menezes, R. R. et al. Thiamine and riboflavin  

 inhibit production of cytokines and increase  

 the anti-inflammatory activity of  

 a corticosteroid in a chronic model of  

 inflammation induced by complete Freund’s  

 adjuvant. Pharmacol. Reports 69,  

 1036–1043 (2017).

56. Bertollo, C. M. et al. Characterization of the  

 antinociceptive and anti-inflammatory  

 activities of riboflavin in different  

 experimental models. Eur. J. Pharmacol.  

 547, 184–191 (2006).



255

57. Toyosawa, T., Suzuki, M., Kodama, K. &  

 Araki, S. Highly Purified Vitamin B2 Presents  

 A Promising Therapeutic Strategy for Sepsis  

 and Septic Shock. Infect. Immun. 72,  

 1820–1823 (2004).

58. Toyosawa, T., Suzuki, M., Kodama, K. & Araki,  

 S. Effects of intravenous infusion of highly  

 purified vitamin B2 on lipopolysaccharide- 

 induced shock and bacterial infection in  

 mice. Eur. J. Pharmacol. 492, 273–280   

 (2004).

59. Sakala, I. G. et al. Functional Heterogeneity  

 and Antimycobacterial Effects of Mouse  

 Mucosal-Associated Invariant T Cells  

 Specific for Riboflavin Metabolites.  

 J. Immunol. 195, 587–601 (2015).

60. Brestoff, J. R. & Artis, D. Commensal  

 bacteria at the interface of host metabolism  

 and the immune system. Nat. Immunol. 14,  

 676–684 (2013).

61. Lamas, B., Richard, M. L. & Sokol,  

 H. Caspase recruitment domain 9,  

 microbiota, and tryptophan metabolism: 

 Dangerous liaisons in inflammatory bowel  

 diseases. Current Opinion in Clinical  

 Nutrition and Metabolic Care 20, 243–247  

 (2017).

62. Li, Y. et al. Exogenous stimuli maintain  

 intraepithelial lymphocytes via aryl  

 hydrocarbon receptor activation. Cell 147,  

 629–640 (2011).

63. Chen, J. et al. Polyamines are required for  

 expression of Toll-like receptor 2  

 modulating intestinal epithelial barrier  

 integrity. Am. J. Physiol. Gastrointest. Liver  

 Physiol. 293, G568-76 (2007).

64. Liu, L. et al. Polyamines regulate E-cadherin  

 transcription through c-Myc modulating  

 intestinal epithelial barrier function. Am. J.  

 Physiol. Cell Physiol. 296, C801–C810 (2009).

65. Schirmer, M. et al. Dynamics of  

 metatranscription in the inflammatory  

 bowel disease gut microbiome. Nat.  

 Microbiol. 3, 337–346 (2018).

66. Huttenhower, C. et al. Structure, function  

 and diversity of the healthy human  

 microbiome. Nature 486, 207–214 (2012).

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

 metagenomics analysis reveals markers  

 for gut microbiome composition and  

 diversity. Science (80-. ). 352, 565–569 (2016).



256



257

Discussion



Scanning electron micrograph (SEM) probiotic bacterium Bifidobacterium casei. Bifidobacterium species are 
known to discourage the growth of Gram-negative pathogens in infants. In the next chapter, microbiome-
directed therapy including probiotics are discussed. Source: Alamy
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CHAPTER 12 

Discussion:  
Thesis results, present 
concerns and future 
perspectives
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Research over the past few years has led to a rapid increase in our understanding of 
the molecular mechanisms that underlie gut diseases. In particular, the study of so-
called ‘omics’ layers in these diseases has provided many new insights. Genome-wide 
association studies (GWAS) have delineated the genetic architecture of inflammatory 
bowel diseases and started to unravel that of irritable bowel syndrome.1–4 Epigenome-
wide analyses and transcriptome analyses have started to explain the role of DNA-
methylation and differential mRNA-expression in inflammatory bowel disease (IBD).5,6 
However, studying these human ‘omics’-layers cannot provide a comprehensive 
understanding of gut diseases because the gut is continuously exposed to trillions of 
microbes. The gut microbiome—the collective genomes of the micro-organisms in the 
gut—is a relatively new ‘omics’-layer and its role in gut diseases is the main topic of 
this thesis.
 
Three objectives were set out in the Introduction of this thesis and these were 
addressed in three parts: Part I. To create the cohorts and multi-omics data 
infrastructure necessary to study the role of thee gut microbiome in IBD (Chapters 
2, 3, 4 and 5), Part II. To understand the effects of commonly used medication on the 
gut microbiome (Chapters 6 and 7), and Part III. To better understand the role of the 
microbiome in the gut disorders IBD and IBS (Chapters 8, 9, 10 and 11). This logical 
framework does not, however, fully reflect the actual research process during my PhD. 
While we started with the goal of investigating the gut microbiome of IBD patients and 
the influence of IBD genetic risk variants on their gut microbiome, we soon discovered 
that many other non-disease and non-genetic factors are associated with the gut 
microbiome. Commonly used medication, for instance, has a large impact on the 
microbiome, and this is an important confounder because the use of medication differs 
between IBD patients and controls. Moreover, diet and medication could explain much 
more variance of the microbiome than host genetics, and it was very difficult to find the 
small genome-microbiome signals.7 
 
Therefore, the efforts of our team to investigate the gut microbiome in IBD and the 
relations between the gut microbiome and host genetics were temporarily put on 
hold so we could first investigate the effects of diet and commonly used medication in 
general, and proton pump inhibitors in particular. This lead to the publications on the 
effect of proton pump inhibitors and commonly used medication on the gut microbiome 
(Chapters 6 and 7) as well as a publication on 163 diet, medication, environmental and 
host factors that are related to gut microbiome in Science (not in this thesis).8,9 Once 
we better understood these confounders, the role of the gut microbiome in IBD and IBS 
could be studied (Chapters 8, 9, 10 and 11). Crucial to both these research directions 
was the research infrastructure carefully set-up by our team according to best 
practices in data stewardship (Chapters 2, 3, 4 and 5).
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Thesis results

 
 
In this section, I discuss three findings in more detail: (1) how proton pump inhibitors 
affect the gut microbiome and thereby influence gut health, (2) how the gut microbiome 
in IBD patients contributes to increased intestinal inflammation, and (3) how the 
microbiome differences in healthy individuals with increased genetic risk of Crohn’s 
disease could help us understand the onset of IBD. 
 

Proton pump inhibitors affect the gut microbiome 
 
In the course of our research we discovered a relationship between use of proton pump 
inhibitors (PPIs), one of the top 10 most prescribed drugs, and the gut microbiome 
(Chapters 6 and 7).10 PPIs work by reducing stomach acid, normally an important 
barrier to bacteria entering the intestinal tract.11 We found that PPI users have a 
more pro-inflammatory gut microbiome, showing a decrease in favorable butyrate-
producing bacteria and an increase in the Enterobacteriaceae that can produce toxin. 
These gut microbiome differences could explain the increased susceptibility of PPI 
users to enteric infections, e.g. that caused by Salmonella spp, and to Clostridium 
difficile infections previously found in epidemiological studies.12–14 Another study by 
an independent cohort that was published at the same time also found similar PPI-
microbiome associations15, and a smaller intervention study published two months 
before ours confirmed some of the pro-inflammatory microbiome effects of PPIs.16 

 

We observed that bacteria normally found in the mouth were now present in the 
gut of PPI users. Because of the increased abundance of oral bacteria in the gut, we 
hypothesized that the PPI-associated gut microbiome differences were directly caused 
by the introduction of bacteria that survive the diminished gastric acid barrier in PPI 
users. However, a functional study in which several non-antibiotic drugs were added to 
cultures of commensal bacteria showed that PPIs also exert direct effects by inhibiting 
the growth of several bacteria, including that of Roseburia intestinalis, a species which 
has anti-inflammatory effects.17 Therefore, the pro-inflammatory changes in the gut 
microbiome of PPI-users are probably caused by both the diminished gastric acid 
barrier and the direct effects of PPIs on bacterial growth. 
 



262

The proinflammatory microbial side-effects of PPIs received regional, national and 
international press coverage in media outlets ranging including De Telegraaf, Kassa (tv), 
Scientific American and Reuters. The newly discovered microbial side-effect, together 
with other newly identified side-effects, led to a re-evaluation of the advantages and 
disadvantages of PPI use. The debate that followed contributed to new guidelines 
on how to decrease the use of PPIs.18,19 Government officials in the Netherlands are 
now debating whether PPIs should remain available without a prescription. I think 
they should not, because the side-effects of PPIs can be serious. I think that weighing 
benefits and side-effects of medication requires a discussion between the patient and 
their medical doctor. 
 
 

The role of the gut microbiome in the pathogenesis 
of established IBD
 
In Chapters 8, 9 and 11, the composition, function, virulence and antibiotic resistance 
of the gut microbiome in IBD patients are described. Beneficial commensal bacteria, 
with known anti-inflammatory properties belonging to Clostridium clusters IV and 
XIVa are decreased in IBD patients. These bacteria can produce butyrate, induce the 
anti-inflammatory cytokine IL-10 and induce T regulatory cells, and decreased amounts 
of these bacteria contribute to intestinal inflammation.20,21 The function of the gut 
microbiome is also changed in pro-inflammatory manner in IBD patients. The microbial 
production of short-chain fatty acids is decreased in the IBD gut while the production 
of LPS is increased. We also see decreases in the biosynthesis of vitamins that can act 
as antioxidants to ameliorate oxidative stress. During Crohn’s disease exacerbations, 
the anti-inflammatory microbial pathways further decrease, leading to a more pro-
inflammatory state during flares (Chapter 11). The virulence of the gut microbiome is 
enhanced in IBD and genes encoding toxins that have previously been characterized 
in pathogens like Clostridium difficile and Escherichia/Shigella and Yersinia species are 
more abundant (Chapter 9). Taking all these features together, the gut microbiome 
of IBD patients contains more pro-inflammatory features, and these contribute to 
gastrointestinal inflammation. 
 
To best describe the interaction between the gut microbiome and the host immune 
system, I propose the positive feedback loop model depicted in Figure 1. In this 
model, the host immune response enhances the pro-inflammatory features of the gut 
microbiome, which in turn elicit a stronger inflammatory response. 
 
Current IBD therapy is only aimed at the intestine/host immune system side of this 
positive feedback loop. There are, however, multiple possibilities for therapeutic 
opportunities on the microbiome side of this loop that are discussed below in ‘Future 
directions’.
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The effect of Crohn’s disease risk variants on  
the gut microbiome

Our research on host genetics and the gut microbiome in IBD showed that the gut 
microbiome of healthy individuals with an increased Crohn’s disease genetic burden 
in functional variants in genes involved in bacterial handling (NOD2, IRGM, ATG16L1, 
CARD9 and FUT2) is associated with a decrease of the anti-inflammatory acetate-to-
butyrate converter Roseburia spp. This finding indicates that a shift towards a pro-
inflammatory gut microbiome could precede the onset of IBD and is not merely an 
effect of the intestinal inflammation. Recently, it was hypothesized that the gut immune 
system does not merely ‘attack’ pathogens but can also ‘farm’ good bacteria in order 
to maintain immune–microbe homeostasis.22 We hypothesize that genetic risk factors 
of the gut immune system lead to a disruption in the ‘farming’ of a favorable gut 
microbiome, leading to increased susceptibility to IBD. Subsequent unfavorable microbial 
perturbations due to known (and presumed) epidemiological risk factors for developing 
IBD—such as mode of birth (vaginal vs. caesarean section), whether the individual was 
breast fed or not, smoking, hygiene, infections, antibiotic use, diet, stress and sleep 
pattern—could further disturb the immune-microbe homeostasis in the gut, eventually 
leading to IBD.23 

 

Gene-microbiome links are hard to discover and, due to the large number of genomic 
markers and microbiome features, stringent multiple testing correction is required. 
Our finding is exciting because it’s one of the few studies to show that gut microbiome 
changes can precede the onset of IBD and are perhaps part of the cause of IBD. However, 
our finding still needs to be replicated.  
 
 

 Figure 1. Pathophysiological model of established IBD. 
 
Positive feedback loop of intestinal inflammation and pro-inflammatory gut microbiome 
changes. Pro-inflammatory gut microbiome changes aggravate intestinal inflammation, while 
intestinal inflammation leads to a more pro-inflammatory gut microbiome.   
*result in this thesis

More pro-inflammatory gut microbiota
• Decreace in beneficial anaerobic bacteria*
• Increase in harmful aerobic bacteria*
• Increase in virulence*
• Increase in antibiotic resistance*
• Increased invasion into the gut
• Increase presentation of bacterial antigens

More intestinal inflammation
• Increase in oxygen radicals production
• Increase in permeability
• Decrease in muscus layer thickness
• Increase in recognition of bacterial antigens
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Present concerns 
 
 
While I believe much more exciting microbiome research is still to come, the “hotness” 
of the field has its drawbacks, and I’d like to take this rare opportunity to reflect on some 
of these issues in this section of my discussion.24 The decreased cost of sequencing 
and the increased interest of high-impact journals in this field created a boom in gut 
microbiome research. In response, researchers started to correlate the gut microbiome 
to a large number of diseases in all organs in the human body. However, the further 
away a studied tissue lies from the gut microbes, the more intermediate mechanisms 
there are between the microbe and the disease, and the greater the chance that the 
results are confounded by these other mechanisms. In my view, three major problems 
persist in microbiome research and need to be addressed: a lack of reproducibility, a 
hype in research, and exaggeration of the results in the media. 
 

Reproducibility 
 
Many researchers are concerned about the lack of reproducibility in gut microbiome 
research.25,26 Although there is substantial overlap in the microbial associations 
of conditions that have a large effect on the gut microbiome, like IBD27–32 or PPI 
use15,16,33,34, smaller effects such as host genetic variation often do not replicate.35–37 
However, this lack of reproducibility is not confined to gut microbiome research. A 
reproducibility project examining psychological experiments published in Science38 and 
one examining cancer biology experiments published in eLife39 both indicated that lack 
of reproducibility could be ubiquitous. Of the 100 previously published psychological 
experiments re-conducted in the Science project, only 39% could be replicated.38 Of the 
five cancer studies re-conducted by eLife, two could be replicated, one could not and 
two were uninterpretetable.39 Does this mean that scholarly literature is littered with 
unreliable results?40 Renowned epidemiologist John Ioannidis of Stanford University 
has even suggested that most published findings are false.41 While this extreme level 
of skepticism is not the mainstream, researchers are definitely concerned about 
reproducibility. In 2016, Nature surveyed 1,576 researchers to investigate their opinions 
on reproducibility. The majority were concerned and agreed there was crisis: 52% 
answered that there was a significant reproducibility crisis and 38% that there was a 
slight reproducibility crisis.42 More than 70% of the researchers also reported having 
failed to reproduce another scientist’s experiment, and 50% reported they had failed to 
reproduce their own experiments.42  
 
The improper use of statistics, specifically P-values, is often blamed as one of the 
major causal factors in the reproducibility crisis. P-values, introduced by Ronald Fisher 
in the 1920’s, are not as reliable as many scientists assume.41 They were designed to 
indicate whether a result was worthy of a second look, not to make a final judgement. 
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A re-consideration of the use of P-values is now taking place. In 2015, one journal in 
psychology decided to ban P-values43. In 2017, “big names in statistics were trying to 
shake up the much-maligned P-value” by proposing lowering the significance threshold 
from 0.05 to 0.005 in the social and biomedical sciences in order to reduce false positive 
results.40 This is something geneticists had already addressed ten year’s earlier by 
establishing a significance threshold of P<5x10-8 for genome-wide association studies. 
 
I think we should not be unnecessarily skeptical of statistics, but rather view it as 
the tool it is. We should also look at a mix of factors: the likelihood of our hypotheses 
being true, our assumptions about distributions, the presence of the effects, the actual 
sizes of the effects41, and the trade-off between false positives and true positives, 
false negatives and true negatives, and the positive and negative predictive values.44 
Statistical significance isn’t the same as biological truth. Or as John Ioannidis put it, 
“The numbers are where the scientific discussion should start, not end.”41 

 

In my view, expectations should be better managed. We should expect less and be more 
aware of the limitations of a single study. New high-impact findings are not necessarily 
correct, even when published in high-impact journals. Meanwhile, it is disturbing that 
publishing a positive or negative replication study is very hard in high-impact journals, 
which almost always prioritize novelty over replication.  
 
While some researchers have proposed radical changes such as the abolishment of 
P-values, the elimination of scientific journals, a shift to a Wikipedia-like publishing 
structure, or the complete overhaul of peer review, in my opinion we should shy away 
from such big statements as they are unlikely to become reality. Rather than extreme 
measures, there are simpler steps that can quickly lead to great improvement. I 
think that every journal should have a Replication Section in each issue that contains 
one or two positive or negative replication studies of results previously published 
in the journal. These sections should be allowed to use both the same and different 
techniques and different statistics to question whether the original finding was 
significant. An invited editorial by experts as well as responses of the authors of the 
original study and the replication study could be added to this section. This would lead 
to livelier debates and would therefore be a compelling read. Moreover, it could increase 
acceptance that sometimes the lack of replication of a single study is part of science not 
an indication that ‘the system is rigged’. 
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Hype 
 
In parallel with rising disappointment, criticism and disbelief in science, the 
overstatement of scientific results—the hype45—is also on the rise. Scientists 
and scientific journals can contribute to hype by stating theories, hypotheses and 
possibilities without data or results to back these claims up. The formula below,  
which indicates whether there is a hype, is meant as a joke, but has a serious 
undertone: there need to be more original studies than reviews. 
 
 
 
 
 

 
Definition of a hype. Adapted from a model presented in a talk by Dr. Cyriel Ponsioen, 
gastroenterologist AMC, and adapted to include basic science experiments,  
observational studies and editorials.

 
To check whether there is a gut microbiome hype according to this formula, I read 
the abstracts of the first 100 of the 7,149 results in PubMed delivered using the text 
search term “gut microbiome” on August 11, 2017. For each I determined whether it 
was a review, editorial, basic science experiment, observational study or clinical trial. 
What I found was that 49 of the first 100 PubMed articles were reviews and editorials, 
whereas only 2 were placebo-controlled clinical trials and 49 were observational 
studies or basic science experiments. The outcome of the formula is thus 0.96, which 
is not quite a hype but awfully close to one. To move forward, I think the field needs 
more new data, more clinical trials and fewer literature reviews and editorials.

HYPE = >1
Reviews / Editorials

Basic science experiments + Observational studies + Clinicals trails
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Media impact

While scientists are often part of a hype, it is also common to blame media outlets 
for sensationalizing and exaggerating the results of scientifi c research.46 An elegant 
retrospective study in the BMJ in 2014 investigated 462 press releases as well as the 
accompanying peer reviewed research papers and news stories.46 They uncovered that 
it’s not the press who exaggerated the results of scientifi c research, but rather that 
the distortions and exaggerations were mostly caused by the scientists and scientifi c 
institutions themselves. Most of the exaggeration in the health-related science news, as 
compared to the content of the scientifi c article it was based on, was already present 
in the academic press releases. The press was unlikely to be able to fi lter out these 
exaggerations. Meanwhile, exaggeration was not signifi cantly associated with increased 
news coverage, indicating that exaggeration is not a valuable strategy for scientists.46

 

 Figure 2. News coverage of our study by De Telegraaf: Proton pump inhibitors 

 aff ect the gut microbiome. 

Translation article title in the Telegraaf: “Antacids drastically change the gut fl ora.” (Chapter 5) Some 

media articles discussed whether patients should immediately quit their PPIs without consulting 

a medical doctor. I was surprised how easily journalists changed the story without consulting us. 

After sending a press release, it is mostly out of your hands.
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Future perspectives
 
 
In this last section, I would like to discuss the larger goals behind my thesis 
objectives: to work towards better research data and a better understanding the gut 
microbiome, to facilitate microbiome-based diagnostics for gut diseases and to work 
towards microbiome-based therapeutics for gut diseases.  
 

Towards better research data  
 
“Garbage-in, garbage-out” is a commonly heard commentary on research data, 
meaning that if the quality of the collected research data is poor, the study 
conclusions will also be of poor quality. Good research data collections are 
therefore paramount. All the research in this thesis relied upon large research data 
infrastructures: 1000IBD, the Dutch IBD Biobank (or IBD Parel, part of Parelsnoer47) 
and Lifelines DEEP48 (part of Lifelines49), all of which are part of BBMRI-NL (Chapter 
2 and 3). I am grateful for being able to use these large biobanks, as collecting 
and processing the entire amount of data and samples used in this thesis would 
never be possible during a four-year PhD. Nevertheless, using these large research 
infrastructures can be difficult for a researcher to use. Complex procedures and 
errors sometimes get in the way of efficient research, while promises of FAIR data 
(Findable, Accessible, Interoperable, Reproducible) are being made easily.50 Therefore, 
I recommend several ways to work towards better research data. 

Give the patient a more active role  
(and give them an app!!!)

In electronic health records and clinical databases that investigate chronic diseases, 
research data is entered mainly by doctors, nurses and, sometimes, a little bit by the 
patient. Patient-reported outcomes are now gradually being introduced, and the first 
apps to fill in questionnaires are starting to appear.51 Nevertheless, progress in this 
quarter is too slow: patients could contribute much more to data collections if given 
the opportunity and means to do so. A model in which nurses fill in an extensive 
inclusion dataset, patients then regularly fill in questionnaires at fixed intervals, and 
doctors only add additional medical information during hospital visits would, in my 
view, be much better than having doctors fill in extensive forms during patient visits 
(Figure 3). All University Medical Center patients (and participants of large biobanks 
such as LifeLines) should have one app in which they can fill in short standardized 
questionnaires on complaints, disease activity, quality of life and quality of care. This 
centralized way of gathering research data is much cheaper and much more efficient 
than all the local initiatives combined. Commercial companies like 23andMe already 
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offer elegant apps for asking questions and presenting results.52 For 1000IBD and IBD 
clinical care, the first apps and websites are now in place.51 However, for cohorts as 
large as Lifelines it is quite remarkable that there is still no app for participants.

 

Figure 3. A cooperative data collection model. In this model, the patient regularly enters a  

small amount of disease activity and quality of life data, doctors contribute less often but add  

a larger set of clinical parameters, and nurses fill in the largest inclusion dataset for new patients.

ONLINE
by the patient

every 3 months

DURING PATIENT VISITS 
by the doctor
on demand

AT INCLUSION 
by the nurse

once



270

Make asking questions predictable with a release cycle and a 
subscription service 

Updates of software programs often come at set dates. Apple, for example, updates 
its two most important operating systems, iOS and macOS, once a year in the fall53, 
while Microsoft updates Windows 10 twice a year.54 Releasing new software at fixed 
intervals this way is called the release cycle, and I think it would be a good model for 
how we collect data from patients. In contrast to having a fixed release cycle where 
customers know what to expect, patients and medical study participants often receive 
questionnaires at random intervals and via multiple ways, all depending on whether 
PhD students and the PIs decide to send another questionnaire on paper, via an e-mail 
with a link to website, etc. Multiple questionnaires are sometimes sent at the same time 
via different routes. In consequence, patients and participants are becoming tired of 
filling in questionnaires. Similar to the software industry, research data infrastructure 
should have a fixed release cycle (e.g. every 3 months or every month) in which very 
brief questionnaires can be filled in on a tablet or mobile phone. Patients could use 
these questionnaires to monitor their health. Similar to a subscription service, both 
patients and study participants should have the opportunity to switch this service on 
and off depending on their willingness to fill in questionnaires every so often. Offering 
these solutions would empower patients and study participants, and make information 
gathering supple and less intrusive. 
 

Balance information security and privacy 
 
The three most important concepts of information security are 1. data availability: 
whether the data can be accessed, 2. data confidentiality: whether the data can be 
shielded from those who should not have access to it, and 3. data integrity: whether the 
data is correct.55,56 Good information security policy takes all these aspects into account 
while acknowledging the inherent tension that exists between them. Extreme examples 
illustrate this tension clearly. Encasing a paper medical record in concrete and 
throwing it into the middle of the ocean ensures perfect confidentiality but eliminates 
the opportunity for a medical doctor to access the data in a medical emergency 
(availability) or to check whether the data is correct (integrity). In contrast, putting a 
medical record on a public website ensures perfect availability (everyone can access it) 
and integrity (everyone can check it), but no confidentiality.  
 
Balancing data availability, data confidentiality and data integrity is therefore what the 
privacy and information security debate should be about, not about whether privacy 
is important or not (because it definitely is). Better balancing these aspects in future 
research data collection designs and biobanks would lead to better research. The 
value of data availability and integrity should be acknowledged and projects should 
not overcomplicate access and pseudo-anonymization procedures, since poor data 
availability and data integrity prevents proper scientific research and patient care. 
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Give researchers more incentives for and  
fewer barriers to using biobanks 

Biobanks in the Netherlands were recently criticized for their lack of output.57 The 
primary user or costumer of these biobanks is the scientist. Unfortunately, the customer 
is always right, and not buying or using a product is the clearest signal there is that 
the supplier is not meeting user needs. Not enough use by researchers means that 
there are not enough incentives and too many barriers to using the extensive and 
great biobanks we have. The two most important barriers are the complexity of the 
procedures required to acquire data and the fee researchers have to pay for the data. 
These two barriers should be addressed and, in my opinion, researchers should not be 
charged for acquiring data from a publicly funded resource. 
 

Most importantly: simplify 
 
The over-complication of many research data systems is holding research back. My 
most important recommendation is therefore to simplify. Create a single system instead 
of multiple systems linked and mapped to each other. Create a single questionnaire 
with the same questions instead of creating multiple questionnaires asking comparable 
questions and try to link these. Create shorter questionnaires. Create a single app for 
patients and participants. Don’t make the acquisition of data so difficult for researchers. 
These simplifications would push the field towards better research data.  
 

Towards better understanding the gut microbiome 
 
A large part of the gut microbiome still needs to be unraveled. While analyzing the 
metagenome became more common during my PhD, the metatranscriptome58,59, the 
metaproteome and the fecal metabolome have not yet been analyzed on such a large 
scale. These additional molecular layers are needed to refine many of the metagenomic 
findings in this thesis, especially to reveal which metagenomic changes actually lead to 
differences in RNA expression or amounts of protein or metabolites.59 Identification of 
the non-bacterial microbiome, comprising fungi and viruses (including phages), requires 
different DNA-isolation techniques.60,61 While incredibly interesting, the other meta-omics 
layers and the non-bacterial microbiome are beyond the scope of this thesis. 
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Detectable microbiome

Bacteria you can sequenceBacteria you can culture

UnculturablesUnsequencables

Sequencing, our reference, and “unculturables” 
versus “unsequencables”

The taxonomy, function, antibiotic resistance and virulence factor fi ndings in this 
thesis were all based on the amount of microbial DNA reads that could be mapped 
to a reference database, meaning that our results are only as good as our reference. 
Improving the reference databases is required to improve the understanding of the gut 
microbiome. Thus far, the most common way to do so is to culture a microbial isolate, 
extract DNA and sequence it. There are, however, a number of challenges still to be 
faced in this process. Some microbes are very hard to culture—they are even referred 
to as “unculturable”—and major eff orts to improve culturing techniques are ongoing.62,63 
In addition, the diffi  culty of isolating microbial DNA varies for each type of bacterium. 
Bacteria of the common phylum Firmicutes, for example, have a strong cell wall that is 
not easily broken down during DNA isolation. (It’s all in the name. Firmicutes: fi rmus = 
strong, cutis = skin, with the skin in this case being the cell wall.) Although we can detect 
many Firmicutes in our samples, there are large diff erences between the abundances 
of Firmicutes and Bacteroides seen in diff erent studies.9,64 If there is no DNA isolated, 
microbes cannot be detected using sequencing techniques (Figure 4). 

Figure 4: The detectable microbiome using reference databases. Thus far, not all microbes 

can be cultured and sequenced, leading to an incomplete picture of the gut microbiome when 

using sequencing and reference databases.

BACTERIA YOU CAN CULTURE

Unsequencables UnculturablesDetectable microbiome

BACTERIA YOU CAN SEQUENCE
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A new strategy to identify unculturables could be very deep sequencing of 
metagenomes (e.g. 100 or 200 gigabases per sample) followed by assembly to discover 
unknown genomes. Since large quantities of DNA can be retrieved from a single stool 
sample, such a strategy is feasible. In addition, single-cell metagenomic sequencing, a 
technique that is already applied to liquid samples such as the microbiome of seawater, 
could also yield more detailed results.65 Stool and biopsy sample preparation will be 
more challenging than for seawater, but single-cell sequencing of human gut biopsies 
has already been performed successfully in a number of laboratories, including ours.66 
(Uniken-Venema et al. Submitted) The above-mentioned strategies would lead to 
improved reference databases that would benefit future microbiome studies. Moreover, 
the reanalysis of previously collected microbial DNA sequencing data, including the 
1000IBD dataset, could also yield new results using improved reference databases. 

From association to causation: the need for functional proof

The case-control analyses of the microbiome in gut disorders resulted in the discovery 
of many associations between gut microbiome features and gut diseases using 
comparisons to population controls. However, these associations have been generated 
at a much greater pace than the follow-up studies needed to explain what they actually 
mean. To find out what significant associations mean, much more effort needs to be put 
into in vitro and in vivo experiments, e.g. culturing single organisms, co-culturing single 
organisms with epithelial cell layers or intestinal organoids, and transferring single 
organisms or artificial mixtures to lab animals67,68. 
 

From cross-sectional to time-series and interventions

In contrast to host genetics, the gut microbiome changes over time. This usually occurs 
gradually, but changes can sometimes be very abrupt. This means there is only so much 
you can learn from a cross-sectional microbiome cohort. Gut microbiome research 
in chronic diseases like IBD should therefore move from cross-sectional cohorts to 
time-series and interventions. The first time-series results are already there59,69, but 
much more insight into the dynamics of the microbiome in IBD needs to obtained. 
Together with the MIT Centre for Microbiome Informatics and Therapeutics and the 
Massachusetts General Hospital in Boston, the UMCG will soon start IBD-Tracker, an IBD 
cohort with a weekly stool sampling regime aimed at the discovery of biomarkers and 
microbial changes that can predict IBD exacerbations. 
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Most importantly: diversify and try in humans 
 
Results of gut microbiome research are hard to replicate, leading to urgent calls to 
standardize. However, in contrast to what is often presented in microbiome meetings, 
I think that methods should be diversified and we should definitely not standardize all 
microbiome methodology. Real effects that are large enough to impact human health 
can be uncovered using various methods, and these will show up under different 
circumstances using different techniques. Naturally, within a single experiment, 
methods should be standardized to avoid batch effects between, e.g. cases and 
controls. But using only one DNA isolation technique and one sequencing technique 
narrows our view and limits our capacity to detect technical differences. Experimental 
designs should also be diversified. It is still unclear whether a single in vitro “bug-drug” 
interaction seen in a petri dish or the effects of a specific fiber-diet fed to mouse with 
an artificial gut microbiome comprising eight bacteria will replicate in the complex 
human gut microbiome influenced by hundreds of environmental factors, and this needs 
to be investigated in humans if we want the gut microbiome research to have clinical 
applications. 

Towards microbiome-based diagnostics  
for gut diseases

In the field of gastroenterology, patients often experience similar complaints: changes 
in stool frequency and consistency, diarrhea and constipation, abdominal pain, 
abdominal discomfort, and/or bloating. These overlapping symptoms sometimes 
complicate the diagnostic process. As a consequence, general practitioners (GPs) 
and gastroenterologists face a diagnostic dilemma: how to diagnose gastrointestinal 
disorders like IBD, colorectal cancer, celiac disease, IBS, and enteric infections, while 
only using invasive, burdensome and costly diagnostic endoscopy when necessary. 
A single diagnostic microbiome-based stool test able to distinguish between these 
common gut disorders would be of great help. In recent years, gut microbiome 
signatures of the most common disorders in gastroenterology—IBD29,32, IBS70,71, celiac 
disease72, colorectal cancer73, and enteric infections74,75 (both viral, bacterial and 
parasitic)—have been discovered. Using these different gut microbiome signatures, a 
non-invasive stool test could be designed. This test would not replace the entire current 
diagnostic process. Rather, by using this test, gastroenterologists and GPs would 
be better able to select which patients need to undergo endoscopies. Our team has 
acquired the MLDS Diagnostic Grant “Optimizing the diagnostic process for inflammatory 
bowel disease and irritable bowel syndrome using non-invasive fecal biomarkers” to 
develop advanced gut-microbiome-based bioinformatic models using additional the 
novel fecal biomarkers chromogranin A and beta-defensin 2 to distinguish between 
IBD and IBS.9 Using only metagenomic sequencing data of IBD and IBS cohorts, the gut 
microbiome was able to differentiate between IBD and IBS more reliably and accurately 
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than the currently used biomarker, fecal calprotectin (this thesis, chapter 9). However, 
to make these tests clinically relevant, we need a different type of study. To develop truly 
accurate diagnostic tests, we need to collect large numbers of new-onset, treatment-
naïve stool samples from undiagnosed patients who report gastrointestinal complaints. 
While we sequence these samples, the patients need to undergo the current diagnostic 
trajectory—often including the golden standard of a colonoscopy—to acquire the 
diagnosis. Using the data of the stool samples and the final diagnosis, a new test can 
be developed. Subsequently, clinical trials using this new test in the diagnostic process 
versus the standard care need to be done, and positive and negative predictive values 
need to be reported in order to establish whether this microbiome-test is useful in the 
clinic. This is the only way to work towards reliable reproducible microbiome-based 
diagnostics for gut diseases. The cost of sequencing is decreasing rapidly, meaning 
that 16S sequencing will soon be performed for less than €40 and metagenomic 
sequencing for less than €100, while a colonoscopy currently costs approximately €800 
and determining the fecal calprotectin approximately €40. This means that microbiome-
based diagnostics could rapidly become cost-effective. 

Towards microbiota-based therapeutics for  
inflammatory bowel disease

During the first decade of modern gut microbiome research (2007-2017), a picture 
of the gut microbiome emerged. Now, in the second decade (2017-2027), it’s time 
to develop the microbiome-based therapeutics that will benefit large groups of 
gastroenterology patients in the third microbiome decade (2027-2037). Thus far, results 
for gut-microbiome-based interventions have been disappointing. Modifying the gut 
microbiota has proven difficult: the gut microbiome has a resilience that allows it to 
withstand all sorts of interventions and dysbiosis, once established, easily persists. 
The only established success thus far is that of fecal transplantation in treating 
Clostridium difficile infections.76,77 Nevertheless, development and testing of microbiota-
based therapeutics is progressing rapidly. Of the 1,504 gut microbiome trials listed on 
clinicaltrials.gov, only 580 have been completed (search term: gut microbiome, search 
performed June 27, 2018). Meanwhile microbiome therapeutics companies are testing 
several new products (Table 1), and I’m optimistic about the therapeutic potential of the 
gut microbiome.78 The positive feedback loop model of the role of gut microbiome in IBD 
provides many opportunities for microbial interventions (Figure 1). Below I will discuss 
the most important therapeutic options. 
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Fecal transplantation in IBD 
 
The easiest to develop, most radical, and least elegant microbial intervention is fecal 
transplantation. A few fecal transplantation studies in IBD have been conducted, with 
mixed results.79–81 Although remission in ulcerative colitis could be achieved in some 
studies, one of the successful studies showed that 200 fecal transplants were needed 
to achieve one remission (±20% extra remission in fecal transplantation compared to 
controls, 40-day daily fecal transplant regime for each patient).81 Other microbiome-
based interventions for IBD have not produced succesful results thus far, meaning 
that optimizations of fecal transplantation using donor selection and/or the addition of 
supplements to the donor feces are still a worthwhile pursuit. In the Amsterdam UMC, 
the UMC Utrecht and the UMCG, a trial is being designed that will do just that. 

Dietary interventions in IBD 
 
Whether diet can ameliorate inflammation in patients with IBD is a question that has 
attracted a lot of attention in the literature82–84 and is one of the top-10 questions on 
the Dutch gastroenterology knowledge agenda (Kennisagenda NVMDL).85 Patients 
often request dietary advice, but there is little evidence to support a specific diet in 
IBD. Previous research suggests a high-fiber, high plant-oil, low red meat diet could 
ameliorate intestinal inflammation, and our team is currently conducting a study to link 
the features of the microbiome to consumption of whole foods in population controls, 
IBD patients and IBS patients. Our results show that plant-based proteins, plant-oils, 
fibers, vegetables and fruits are linked to anti-inflammatory microbial features, possibly 
explaining the favorable effects of these foods (Bolte et al. Manuscript in preparation, not 
in this thesis). However, we also know that the habitual diet of our 1000IBD patients in 
Groningen differs from that of the general population: IBD patients eat more fat, meat, 
and sugar/sweets and males with IBD eat less fruit and fewer nuts, which is hardly the 
recommended diet (Peters et al. Submitted).  
 
Whether an anti-inflammatory diet actually works still needs to be investigated in a 
large, well-designed randomized controlled trial. This trial is currently being designed 
in the UMCG and will, following the model of companies like Hello Fresh, include 
the delivery of food boxes containing the recipes and ingredients to prepare anti-
inflammatory meals to ensure that study participants adhere to the diet. In the end, I 
expect the effects of diet on inflammation in IBD to be modest. I think the Mediterranean 
diet could ameliorate low-grade intestinal inflammation by inducing pro-inflammatory 
changes in the gut microbiome, thus prolonging the periods of remission in IBD, but that 
it cannot treat an IBD exacerbation. 
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Company Microbiota product and indication Development stage Pharmaceutical 
partner/s 

AvidBiotics Targeted antibacterial bacteriocins (Avidocin/
Purocin) 

Preclinical DuPont Nutrition 
& Health 

CIPAC Standardized approach to FMT for CDI and IBD 
(Full-Spectrum Microbiota) 

Undisclosed – 

Enterome Anti-Escherichia coli small molecule for IBD (EB-
8018; EB110) 

Phase I Takeda, Janssen, 
Bristol-Myers 
Squibb, Nestlé 

4D Pharma Therapies from microbiome-based molecules 
for IBS and IBD indication (Blautix; Thetanix) 

Phase I Publicly traded 

Rebiotix Inc Prescreened stool offered to health providers 
for FMT (microbiota restoration therapy for 
recurrent CDI; RBX2660) 

Phase III (FDA 
breakthrough 
therapy designation 
for CDI); phase I 
(pediatric UC) 

Private 

Osel Inc Single strains of native and genetically 
engineered bacteria for urogenital and 
gastrointestinal disease indications (Lactin V; 
CBM588) 

Phase II Private 

Second Genome Application of microbiome science for discovery 
of new therapies (eg, IBD; SGM-1019) 

Phase I Janssen, Pfizer, 
Roche, Monsanto 

Seres Health Therapeutics to catalyze restoration of healthy 
microbiome in CDI (SER-109) and UC (SER-287) 

Phase III (FDA 
orphan drug 
designation for 
SER-109); phase I 
(SER-287) 

Nestlé Health 
Science, publicly 
traded 

Symbiotix Bacteroides fragilis derived polysaccharide A for 
IBD and multiple sclerosis 

Preclinical 

Vedanta 
Biosciences 

Human microbiome consortia (Clostridia cocktail 
for IBD/allergy indications; VE-202) 

Phase I/II Janssen 

Table 1. Pipeline on microbiome-derived therapeutics in IBD and systemic autoimmunity  

(copied from Clemente et al. BMJ January 2018)78
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Antibiotics, prebiotics, probiotics and  
synbiotics to modify the microbiome

Precision editing of the gut microbiome to ameliorate IBD is more complex than fecal 
transplantation or dietary interventions because it requires a very precise understanding 
of the clinically relevant molecular mechanisms. These mechanisms are becoming 
increasingly clear and in vitro and animal studies have uncovered novel potential 
therapeutics. These include tungstate to limit the Enterobacteriaceae family, which 
contains well-known gut pathogens86, and polysaccharide A derived from Bacteroides 
fragilis, which ameliorates NOD2- and ATG16L1-mediated IBD (Symbiotix in Table 1).87 
Individual probiotic strains such as Faecalibacterium prausnitzii A2-165 and molecules 
derived from probiotics have also been developed.88–92 A probiotic mixture of Clostridium 
clusters IV and XIVa with anti-inflammatory effects in functional and animal studies is the 
basis of a novel IBD-drug by Vedanta (Table 1).20,21  
 
Engraftment of these probiotics in the hostile pro-inflammatory environment of the IBD 
gut will be challenging and will require the right supportive substances. Prebiotic fibers 
and other nutrients to feed the probiotic bacteria, anti-oxidant vitamins to protect against 
oxidative stress produced by the inflamed gut, and novel targeted antibiotic drugs that 
help against competing microbes should be added to probiotics to enhance their survival. 
These combinations of probiotics and prebiotics that act synergistically to confer health 
benefits to the host are called synbiotics.93 Orally administered synbiotics have already 
been tested and have proven effective in sepsis in a large trial and well-designed trial.94 
IBD-specific synbiotics could be interesting anti-inflammatory treatments. Many more 
novel substances that could be added to synbiotics, including vitamins and amino acids, 
are presented in this thesis (Chapters 9, 11). Novel synbiotics should thus contain 
antibiotics, prebiotics, probiotics, vitamins, amino-acids and other molecules to precisely 
edit the gut microbiome and reduce its pro-inflammatory features in IBD.  
 

Antibodies against microbes and microbial toxins

In this thesis, we have shown that the virulence of the gut microbiome in IBD is increased 
(Chapter 9). The microbial virulence factors are interesting targets for translational IBD 
research that require much more in vitro and in vivo follow-up. They are also a target 
for therapeutics. Several monoclonal antibodies against bacterial toxins have already 
been developed and tested95, including urtoxazumab against Shiga-like toxin 2 produced 
by Escherichia/Shigella spp96, edobacomab against endotoxin97, and actoxumab and 
bezlotoxumab against Clostridium difficile toxins.98 The antibodies against endotoxin 
proved ineffective in sepsis patients, but bezlotoxumab was recently proven to be 
effective in preventing recurrent Clostridium difficile infections.97,98 Novel therapeutic 
monoclonal antibodies against harmful microbes, and existing antibodies against 
microbes, e.g. against adherent-invasive E. coli, are definitely worth investigating as 
future IBD treatment. 
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The future of IBD medication: the mixed approach 
 
The current treatment regime of IBD could be much improved. The discovery of the 
pro- and anti-inflammatory features of the gut microbiome in IBD patients led to many 
new targets for microbiome-based drug discovery. However, I do not believe that the 
inflamed gut in IBD can be treated using only microbial interventions. Host genetics 
research has shown that both defects in the immune system (shared with immune-
mediated diseases such as rheumatoid arthritis and psoriasis) and impaired microbial 
recognition are part of the pathophysiology of IBD.3 Treatment should therefore be 
directed towards both ameliorating the immune response and improving the gut 
microbiome. That way the detrimental positive feedback loop in which inflammation 
enhances dysbiosis, which then enhances inflammation, can be broken on both sides, 
which will be more effective (Figure 1). A future IBD treatment regime could, for 
example, comprise a novel synbiotic pill containing not only anti-inflammatory probiotic 
microbes and prebiotic fibers to feed these microbes, but also anti-oxidant vitamins 
that protect the anaerobic probiotics from oxidative stress, amino-acids that nurture 
the gut and support wound healing, and precision antibiotics that limit the expansion of 
pro-inflammatory microbes. It could be supported by moderate immune suppression 
and perhaps a healthy Mediterranean diet, while exacerbations and more severe IBD 
could be treated with additional anti-inflammatory and anti-microbial biologicals. These 
treatments could be monitored using microbiome-based tests and microbial healing 
could be a new treat-to-target endpoint alongside mucosal healing.  
 
I expect that combining and balancing both immune-based therapies and microbiome-
based therapies with microbiome monitoring will lead to better outcomes, fewer side 
effects and increased quality of life for IBD patients.
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