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Abstract

Background & aims

Intestinal microbiota is considered to play a crucial role in the aetiology of inflammatory

bowel disease (IBD). We aimed to describe faecal microbiota composition and dynamics in

a large cohort of children with de novo (naïve) IBD, in comparison to healthy paediatric con-

trols (HC).

Methods

In this prospective study, performed at two tertiary centres, faecal samples from newly

diagnosed, treatment-naïve paediatric IBD patients were collected prior to bowel cleans-

ing for colonoscopy (t0) and 1, 3 and 6 weeks and 3 months after initiation of therapy. The

microbial profiles of Crohn’s disease (CD) and Ulcerative colitis (UC) patients were com-

pared with HC and linked to therapeutic response. Microbiota composition was analysed

by IS-pro technology.

Results

Microbial profiles of 104 new IBD-patients (63 CD, 41 UC, median age 14.0 years) were

compared to 61 HC (median 7.8 years). IBD was mainly characterised by decreased abun-

dance of Alistipes finegoldii and Alistipes putredinis, which characterize a healthy state

microbial core. The classifier including these core species as predictors achieved an AUC of

the ROC curve of .87. Core bacteria tended to regain abundance during treatment, but did

not reach healthy levels.
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Conclusion

Faecal microbiota profiles of children with de novo CD and UC can be discriminated from

HC with high accuracy, mainly driven by a decreased abundance of species shaping the

microbial core in the healthy state. Paediatric IBD can therefore be characterized by

decreased abundance of certain bacterial species reflecting the healthy state rather than by

the introduction of pathogens.

Introduction

Crohn’s disease (CD) and Ulcerative colitis (UC) are the two main phenotypes of inflamma-

tory bowel disease (IBD), which typically develop in the second or third decade of life, with up

to 25% of patients presenting before 18 years of age or in young adulthood. Over the past era,

incidence of IBD, especially CD, has increased globally, while the age of presentation has

shown a downward trend [1,2,3,4], suggesting that environmental factors significantly contrib-

ute to the onset of IBD. The aetiology of IBD is incompletely elucidated. Current data indicate

a complex interplay between host (genetic and immune) and environmental factors. Increased

knowledge on how these factors influence pathways involved in the pathogenesis of IBD pro-

vides opportunities towards development of novel therapeutic or preventive strategies aimed

at reducing IBD incidence or manipulating the course of yet established disease. The impor-

tance of the intestinal microbiota in the development of IBD has increasingly been recognized.

Next to environmental factors, host genetics contribute to microbiota composition and various

IBD-related genes are involved in recognition and processing of bacteria [5] The intestinal

microbiome has the capacity to affect barrier integrity and to induce an aberrant mucosal

immune regulation [6,7,8,9]. Mucosal immunological response in IBD is presumably not pro-

voked by a single pathogen, but rather by intestinal dysbiosis, defined as an imbalance in the

composition and function of intestinal microbes [10]. The intestinal microbiota is character-

ized by a fairly stable composition over time with prominent fluctuations around the average,

influenced by various factors, including antibiotics, probiotics, smoking and diet [11], thereby

possibly altering the risk of diseases in which the microbiota is suggested to play a role, like

IBD.

Recognition of the role of the microbiome in the pathogenesis of IBD has spurred research

addressing personalised, microbiota-based strategies to diagnose, monitor and even treat IBD

by targeted manipulation of the microbial composition [12,13,14]. First, however, IBD-specific

microbial signatures should be identified and dynamics of the microbiota in IBD should be

better understood [15]. Presently it is unknown whether this microbial disturbance precedes

or follows the inflammatory cascade leading to the typical IBD phenotype, and also whether

(paediatric) IBD is primarily characterised by introduction of pathogenic bacteria or by the

loss of health-related microbes [16,17,18]. Microbiota-based studies in IBD based on a longitu-

dinal, instead of a cross-sectional design, allow for more direct and integral testing of causality

of microbe-host interactions and for evaluation whether microbiota composition can be used

to predict and monitor therapeutic efficacy [19]. Unfortunately, such studies are very limited,

especially in children. Paediatric CD is of particular interest in this sense; in this population

exclusive enteral nutrition (EEN) is the primary treatment for remission induction, instead of

drug-mediated modification of the mucosal immunity as in adults, which is associated with

major gut microbiota alterations [20,21]. Detailed knowledge of microbiota changes after EEN

might lead to improvement of composition and application of this therapy, for example in the
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prevention of relapses. Furthermore, prediction of efficacy of EEN based on microbiota com-

position at diagnosis could possibly prevent a subgroup of children from prescription of EEN,

which carries a high burden on children. Unfortunately, data regarding temporal microbiota

dynamics linked to therapeutic responses in children are scarce [15,22]. Therefore, the aim of

this study was to describe the microbiota composition and diversity in paediatric de novo CD

and UC and their changes over time during treatment. Results are compared with those of

healthy controls (HC), which were previously characterised by a core ‘signature’ microbiome

[23]. Additionally, we assessed whether the efficacy of EEN treatment in CD could be pre-

dicted based on microbiota composition at diagnosis.

Materials and methods

Subjects and design

Children younger than 18 years of age and presenting with treatment-naïve CD or UC, diag-

nosed according to the revised Porto criteria for paediatric IBD [24] were eligible to participate

in this study. Between March 2011 and November 2014, eligible patients were enrolled in two

tertiary hospitals (VU University Medical Centre and Emma children’s hospital, Academic

Medical Centre) in Amsterdam, the Netherlands. Localisation and disease behaviour of IBD

were classified by means of the Paris classification [25]. Exclusion criteria were the use of anti-

biotics, steroids or immunosuppressive therapy within the last month prior to inclusion, and

proven infectious colitis within the last three months prior to inclusion. Patients undergoing

diagnostic ileocolonoscopy and upper endoscopy for suspicion of IBD were requested to col-

lect a faecal sample in a sterile container and store it in the freezing compartment of the refrig-

erator at home, prior to the bowel preparation. Only children diagnosed with paediatric IBD

according based on clinical, biochemical, radiographic, endoscopic and histological character-

istics and based on the revised Porto criteria for IBD, were included. If any doubt existed on

the phenotype of IBD (IBD unclassified), children were excluded since we were interested in

phenotype-related microbial signatures. Disease activity at the time of diagnosis (t0), was

assessed by physician’s global assessment (PGA) using a four-point scale: severe, moderate,

mild and quiescent [26]. Disease activity at t0 was substantiated by the assessment of C-reac-

tive protein (CRP) and faecal calprotectin (FCP) levels. CD patients underwent a MRI entero-

clysis to assess the presence and extent of small bowel involvement. All included patients were

requested to collect additional faecal samples at 1 (t1), 3 (t3), 6 (t6) weeks and 3 (t12) months

after initiation of the induction therapy. At t6, assessment of PGA, FCP and CRP levels was

repeated in all patients. Patients were considered to be in clinical remission when PGA was

scored as quiescent. All children diagnosed with CD were primarily offered 6 weeks EEN

(polymeric Nutrison Standard1, Nutricia) for the induction of remission, according to the

international guidelines [27]. These children were instructed to collect the t6 follow-up sample

just prior to reintroduction of the normal diet. In case of reluctance or lack of clinical response

to EEN, oral corticosteroids were prescribed. Dose was based on patients body weight, with a

maximum of daily 40 mg, followed by a tapering strategy according to standard care guide-

lines. As maintenance immunosuppressive therapy for CD patients, thiopurines were pre-

scribed, which were started within the first weeks of EEN treatment. Patients with UC were

prescribed aminosalicylates for both remission induction and maintenance therapy; depen-

dent on disease severity at baseline and clinical response to aminosalicylates, corticosteroids

were added.

As a control group a cohort was used consisting of 61 healthy children (HC) aged 4–18

years, whose microbiota profiles have been previously assessed and extensively described [21].

The study was approved by University Ethics Committees of VU University Medical Centre
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and Academic Medical Centre. Verbal consent was obtained from the parents or guardians

and from the participating children.

Sampling

Sterile plastic containers and an information letter were provided to children and their parents,

comprising instructions for collecting and storing the faecal samples. Children (or their

parents) were instructed to collect approximately two grams per sample and to store these

immediately in the (household) freezer at home at -20˚C. After (cooled) transport to the hospi-

tal, all faecal samples were immediately stored at -20˚C, until further handling.

DNA extraction and sample preparation

As previously described [21, 26] DNA was extracted from faecal samples with the easyMAG

extraction kit according to the manufacturer’s instructions (Biomérieux, Marcy l’Etoile,

France). 100–400 mg of faeces was added to an Eppendorf tube containing 200μl of nucliSENS

lysis buffer. This was vortexed and incubated shaking for 5 minutes at room temperature.

After centrifugation (13000 rpm; 2 min), 100 μl of the supernatant was transferred to an easy-

MAG isolation container filled with 2 ml of nucliSENS lysis buffer. After incubation for 10

minutes at room temperature, 70 μl of magnetic silica beads were added. The easyMAG auto-

mated DNA isolation machine was used following the “specific A” protocol, eluting DNA in

110 μl buffer. All faecal samples were analysed by IS-pro [28].

Microbiota analysis by IS-pro

For IS-pro, DNA samples were diluted 1:10. Amplification of IS-regions was performed with

the IS-pro assay (IS-diagnostics Ltd, Amsterdam, the Netherlands) according to the protocol

provided by the manufacturer [28]. IS-pro differentiates bacterial species by the species specific

length of the 16S–23S rDNA IS region with taxonomic classification by phylum-specific fluo-

rescently labelled PCR primers.14 The procedure consists of two separate multiplex PCRs, the

first one containing two different fluorescently labelled primers. One PCR amplifies the phyla

Firmicutes, Actinobacteria, Fusobacteria, Verrucomicrobia (FAFV), the other amplifies the phy-

lum Bacteroidetes. A separate PCR with a third labelled primer is performed for the phylum

Proteobacteria. Amplifications were carried out on a GeneAmp PCR system 9700 (Applied

Biosystems, Foster City, CA). After PCR, 5 μl of PCR product was mixed with 20 μl formamide

and 0.2 μl custom size marker (IS-diagnostics). DNA fragment analysis was performed on an

ABI Prism 3130 XL Genetic Analyzer (Applied Biosystems).

Data analysis

Basic IS-pro data assessment

All data was subjected to quality control and processed with the IS-pro proprietary software

suite (IS-diagnostics), resulting in microbial profiles. These profiles contain three levels of

information. First, the peak-colour sorts species into the different main phylum groups of the

gastrointestinal tract (FAFV, Bacteroidetes, Proteobacteria). Second, the length of the 16S-23S

rDNA IS region, expressed by the number of nucleotides, is used to identify bacteria at species

level. Individual peaks reflect different bacterial operational taxonomic units (OTU), and were

considered as individual features for downstream analyses. Finally, the quantity of the PCR

product is displayed by the peak height, visualised as abundance, expressed in relative fluores-

cence units (RFU). Figures were made using the Spotfire software package (Tibco, Palo Alto,

Ca, USA). Data were analysed with the standard IS-pro proprietary software suite [28]. A log2
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transformation was performed on peak heights for improved consistency of estimated correla-

tion coefficients and improved detection of variation in less prominent species. A clustered

heat map was constructed by generating a correlation matrix based on all log2 transformed IS

profile data, followed by clustering with the unweighted pair group method with arithmetic

mean (UPGMA). Within-sample microbial diversity was calculated as Shannon diversity

index based using R 2.15.2 software package. Diversity was calculated both for each phylum

and for overall microbial composition (by pooling the phyla FAFV, Bacteroidetes and Proteo-
bacteria together). Variability in microbiota composition was depicted as principal coordinate

analysis (PCoA), based on cosine distance measures, which was also used to assess longitudinal

differences in microbial stability between IBD patients and controls from t0 to t12.

Data processing

Further analyses required additional data processing to detect (a) differential abundance signa-

tures (differential abundance of bacterial species between the groups of interest), and (b) classifi-

cation signatures (which bacterial species have predictive power in demarcating the groups of

interest). The analyses focused on the t0 and t6 measurements. Only bacterial species that had at

least 10 non-zero observations, with at least one non-zero observation in each group, were con-

sidered. This filtering ensures a minimum of variation (i.e., non-null observations) for meaning-

ful calculations. The dimension of the final dataset at t0 was n = 148 observations by p = 162

bacterial features, while these dimensions for the t6 dataset amounted to n = 120 and p = 125.

Abundance signatures

A global test [29] was employed for assessing differential abundance signatures at t0 and t6.

This test was applied as a method to identify patterns in complex high dimensional data and to

discriminate between groups, providing a single p-value for a chosen bacterial set. The chosen

bacterial set was the set of bacterial species retained after pre-processing (see Section ‘Data

Processing’ above). The results were corrected for age and sex. In case of a statistically signifi-

cant global test further analysis was performed to evaluate to which bacterial species this statis-

tically significant result could be attributed (microbial translation). High-variance bacterial

species were given a greater weight to allow for detection of overall differential abundance pat-

terns; standardisation of the bacterial features did not change the conclusions of the performed

global tests.

The abundance profiles of the retained features were also assessed between the t0 and t6

measurements for those patients that were in remission at t6. As these data are essentially

paired, and as the features display non-normality, a nonparametric alternative to the paired-

samples t-test was used for this comparison, i.e. the Wilcoxon signed rank test. Asymptotic

p-values were calculated, as exact p-values could not be calculated. The approach to multiple

testing was by controlling the false discovery rate (FDR) at .05.

Classification signatures

Classification was performed in order to: (a) differentiate children diagnosed with IBD from

healthy children on the basis of their microbiota at t0, and (b) for those that were diagnosed

with CD, for prediction of the success of EEN at t6 based on the microbiome composition at

t0. For the latter, the predictor data at t0 had to be matched with the patients treated with EEN

at t6, constructing a dataset with n = 33 observations by p = 64 bacterial features.

Group-regularised logistic ridge regression (GRR) with variable selection [30] was applied.

This classifier uses L2-penalties for regularisation and allows for the structural use of co-data

(i.e., grouping of the independent variables to categories) in order to improve predictive
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performance. In this case, the co-data categories consisted of the phylum information to which

each bacterial feature belonged to. The optimal penalty parameters were determined based on

leave-one-out cross-validation of the model likelihood. Predictive performance was assessed

by receiver operating characteristic (ROC) curves and the corresponding area under the ROC

curves as produced by 5-fold cross-validation. The results were corrected for age and sex vari-

ables (i.e., these variables form the unpenalised additions to the classifier). Bacterial features

were scaled, since features variability may differ substantially and those with high variability

may drive the results.

Results

Patient population

Faecal samples were collected from 104 de novo IBD-patients (63 CD, 41 UC, median age 14.0

years) at diagnosis and at one, three and six weeks following initiation of therapy, and compared

to 61 healthy controls (median age 7.8 years). Clinical remission at six weeks follow-up was

achieved in 44/63 (70%) and 29/41 (71%) of CD and UC patients, respectively. An additional

faecal sample at t12 was collected in 46/104 patients (31 CD, 15 UC). Patient characteristics are

given in Table 1. None of the children underwent intestinal surgery during the study period.

Microbiota analysis

Microbial diversity

An overview of Shannon diversity indices per phylum for CU, CD and controls, at t0 and t6 is

depicted in Fig 1. Differences over time were limited, with a slight, non-significant, increase in

FAFV diversity being the most outspoken observation. In Fig 2, Shannon diversity indices per

phylum over time (t0,t3,t6) are depicted for CD children on EEN. No significant differences in

diversity indices were observed between the different time-points, both in clinical responders

as in non-responders to EEN.

Disease-specific microbiota signatures

A clustered heatmap based on all baseline (t0) samples from all individuals showed no disease-

specific clustering, indicating that, based on this unsupervised statistical approach, UC, CD

and HC could not accurately be discriminated by their microbial profiles, although some dis-

ease-specific clustering was observed (Fig 3). Main characterizing feature of these subclusters

was the absence of certain Bacteroidetes, which are abundant in healthy controls. Fig 4 displays

the cumulative IS-profiles of CD, UC and controls, showing that IBD is mainly characterized

by a decreased abundance of species shaping the healthy core.

PCoA analysis of baseline samples (t0) revealed modest separation between IBD profiles

and control profiles (Fig 5); this discrimination was most profound for the phylum Bacteroi-
detes (Fig 5B). However, UC and CD could not be discriminated. Intra-individual composi-

tional stability patterns from baseline to t6, calculated based on longitudinal dissimilarity

between microbial profiles, were higher in HC compared to both CD and UC (S1 Fig).

Differential abundance analysis

Baseline (t0)

Bacterial abundances per phylum over time, for a period of six weeks, are shown in Fig 6. The

abundance of Proteobacteria declined over time for both UC and CD. Furthermore, an

increase in FAFV abundance was observed for UC, concomitant to the increase in diversity.
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Table 1. Subject characteristics of IBD subjects and controls.

Healthy controls (n = 61) Crohn’s disease (n = 63) Ulcerative colitis (n = 41)
Age, years (median [range]) 7.8 (1.8–18) 14.5 (5.8–19.0) 13.6 (3.2–17.8)

Sex, male (n [%]) 29 (48) 33 (52) 19 (46)

Duration symptoms before inclusion, months (median [range]) N/A 6 (0.5–36) 5 (0.75–52)

Physician’s Global Assessment (n)

Inclusion (t0)
Quiescent N/A 0 0

Mild N/A 2 7

Moderate N/A 21 11

Severe N/A 40 23

Six weeks (t6)
Quiescent N/A 44 29

Mild N/A 15 4

Moderate N/A 3 1

Severe N/A 1 3

missing N/A 0 4

Location and behaviour (n)

Crohn’s disease
Ileal (L1) N/A 5 N/A

Colonic (L2) N/A 15 N/A

Ileocolonic (L3) N/A 43 N/A

Esophagogastric (L4a) N/A 1 N/A

Jejunal/ proximal ileal (L4b) N/A 10 N/A

Non-stricture or penetrate (B1) N/A 56 N/A

Stricturing (B2) N/A 2 N/A

Penetrating (B3) N/A 5 N/A

Ulcerative colitis
Proctitis N/A N/A 3

Left-sided colitis N/A N/A 8

Extensive (pancolitis) N/A N/A 30

Fecal calprotectin (μg/g) (mean)

Baseline N/A 1523 1562

FCP 6 weeks

clinically in remission

N/A 763 336

FCP 6 weeks

clinically active

N/A 1360 3077

CRP (mg/l) (median [IQR])

Baseline N/A 30 18

CRP 6 weeks

Clinically in remission

N/A 12 13

CRP 6 weeks

Clinically active

N/A 22 29

Induction of remission (n[%])
EEN N/A 55 (87) N/A

Corticosteroids N/A 6 (10) 22 (54)

Maintenance therapy (n[%])
Thiopurines N/A 51 (81) 0

Aminosalycilates N/A 0 41 (100)

Localization of disease was determined by ileocolonoscopy and esophagogastroduodenoscopy prior to treatment initiation, and in CD cases MR enteroclysis.

Abbrevations: EEN = Exclusive enteral nutrition, IQR = inter-quartile range; N.A. = not applicable.

https://doi.org/10.1371/journal.pone.0197649.t001
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The global test indicated that the overall bacterial abundance profile was markedly different

between healthy subjects and IBD patients (p< 1e-12), which could especially be attributed to

the species Alistipes putredinis and Alistipes finegoldii. These species had a lower abundance in

the IBD group compared to the healthy controls. Also Escherichia coli, FAFV spp IS244, and
Prevotella spp IS439 showed a significant different prevalence per disease phenotype as com-

pared to controls at t0. Abundance of these species over a six weeks follow up period are

shown in Fig 7. Phenotype-specific analysis showed that overall bacterial profiles differed

between UC and CD (p = .00054); Bacteroides fragilis and Akkermansia muciniphila were

decreased in UC and Alistipes putredinis in CD.

Six weeks (t6)

At six weeks follow up, UC patients who had achieved clinical remission could not be distin-

guished from CD patients in remission by global test. Furthermore, remission IBD microbiota

profiles at t6 were not different from t6 active profiles. However, the overall abundance profiles

of UC and CD (including both active and remission samples) differed markedly from the over-

all abundance profile in the healthy group (p = .00019, and p = .00026, respectively). The most

discriminative species in these latter tests was Eubacterium ventriosum, which was less present

in the IBD group relative to the healthy group.

Longitudinal microbiota analysis (t0 versus t6)

Bacterial species differential abundance was assessed between t0 and t6 for patients in remis-

sion. However, none of these survived multiple testing corrections. Interestingly, the top fea-

tures were those associated with the healthy state at t0. These species tended to have increased

abundance in remission state. Thus, in IBD in remission, species associated with a healthy

state tended to repopulate the fecal composition at t6.
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Fig 1. Shannon diversity indices per phylum at baseline and at six weeks follow up, during which period IBD

children were treated and majority came into remission. Differences are limited, with a slight increase in Firmicutes,
Actinobacteria, Fusobacteria, Verrucomicrobia (FAFV) diversity in CD being the most outspoken effect.

https://doi.org/10.1371/journal.pone.0197649.g001
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12 weeks (t12)

Microbial course from t6 to t12 showed no clear pattern of abundance regain through time.

However, sample size (n = 46) was found inadequate for testing.

Disease classification signatures

Baseline (t0)

A group-regularised logistic ridge regression (GRR) was used to evaluate whether IBD patients

could be distinguished from controls based on their bacterial profiles. The penalty multipliers

indicated that the co-data (phylum information) was informative: multipliers amounted to

0.88 for Bacteroidetes, 0.90 for FAFV, and 1.45 for Proteobacteria. This implied that Proteobac-
teria were the least informative in classification, while Bacteroidetes packed most discrimina-

tive power. Post-hoc variable selection resulted in 17 features, corresponding with 12 different

bacterial species (Table 2). All features implicated in the global test for t0 were among the top

predictors in the classification signature. The AUC of the ROC curve for this model amounted

to approximately .87, indicating good predictive performance for this model (S2 Fig).
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Fig 2. Shannon diversity indices per phylum at baseline (0) and at one and six weeks follow up for children with

CD receiving exclusive enteral nutrition (EEN). No significant differences in diversity indices were observed during

EEN course, both in clinical responders (1) as in non-responders (2).

https://doi.org/10.1371/journal.pone.0197649.g002
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EEN treatment success prediction

To test the prediction of EEN treatment success in CD, as evaluated at t6, based on the micro-

biota composition at t0, GRR was employed. The AUC of the GRR with post-hoc variable

selection amounted to .55. The AUC for the GRR without selection approximately amounted

to .64. Hence, the predictive power of t0 microbial profiles with respect to EEN success at t6

was limited.

Discussion

In this study, we examined microbiota composition and dynamics in naïve paediatric IBD. We

described microbiota composition and diversity linked to disease activity in 104 de novo IBD

patients compared to 61 healthy controls. Microbial profiles of IBD subjects were characterised

by decreased abundance of signature species representing a microbial core in healthy state, in
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Fig 3. Clustered heat map of ISpro data of all baseline (t0) samples of children with ulcerative colitis (UC), Crohn’s disease (CD) and healthy controls

(HC). Individual subjects are shown on the X axis; UC in yellow, CD in red, HC in green. On the Y axis, IS fragment lengths are expressed in number of

nucleotides, which correspond with bacterial strain type (OTU). Blue OTUs represent Firmicutes, Actinobacteria, Fusobacteria, Verrucomicrobia (FAFV), red

OTUs represent Bacteroidetes and yellow OTUs represent Proteobacteria. The intensity of these colors reflect the relative dominance of each indicated OTU.

Some disease-specific clustering was observed: groups largely defined by the presence of children with IBD can be found at either edge of the dendrogram. Main

characterizing feature of these clusters is the absence of certain Bacteroidetes, which are abundant in healthy controls. To some degree, further separation of IBD

from healthy can be observed which are otherwise defined.

https://doi.org/10.1371/journal.pone.0197649.g003
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which Bacteroidetes dominate, while these core species tended to increase in abundance in

remission state.

Most studies on microbiota composition in paediatric IBD have described profound differ-

ences between de novo UC, CD and controls [22, 31,32,33,34]. However, most reported differ-

ences are contradictory, and presumably may be explained by differences in study design,

substrate collection and microbiota detection techniques. Despite apparent differences in out-

come, shared observations included decreased bacterial diversity and an increase of intestinal

mucosa-adhesive microbes in IBD subjects [32,33,34]. Due to specific study outcomes, hypoth-

eses regarding protective or pathogenic effects of particular species in IBD aetiology have

emerged. For example, a protective role has been suggested for Faecalibacterium prausnitzii in

paediatric CD, based on observations of its decreased abundance in affected subjects and

capacities to produce proteins with anti-inflammatory properties [6,35,36]. F. prausnitzii is

therefore considered a biomarker of the healthy state. However, this presumptively protective

capacity has been challenged by observations that the abundance of F. prausnitzii was

increased in active disease and declined during EEN despite clinical improvement in CD

patients [37,33]. Possibly, the early host and microbiota response to IBD may induce prolifera-

tion of F. prausnitzii to reverse the inflammatory change [38]. We found F. prausnitzii to be

member of the core microbiota representing healthy state but observed no large differences

between healthy and diseased state; its abundance was slightly higher in UC tan in CD and

controls. Obviously, the physiological significance of F. prausnitzii levels has not been fully

established [39]. Future studies linking specific microbial differences to metabolic and immu-

nologic alterations, from active disease towards remission state, are necessary to further

unravel the complex crosstalk between microbiota and host, particularly at species level.
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Fig 4. Cumulative IS-profiles of baseline (treatment-naïve) fecal samples of children with ulcerative colitis (UC,

upper), Crohn’s disease (CD, middle), and healthy controls (lower). On the X axis, IS fragment lengths are expressed

(in number of nucleotides), corresponding with bacterial strain type (OTU). Blue peaks represent Firmicutes,
Actinobacteria, Fusobacteria, Verrucomicrobia (FAFV), red peaks represent Bacteroidetes and yellow peaks represent

Proteobacteria. Peak height (y-axis), expressed in relative fluorescence units (RFU), reflects abundance of each OTU.

Healthy controls have a higher abundance of Alistipes putredinis (235/236 nt), Alistipes finegoldii (230/396/400/407 nt),

Prevotella spp. (439 nt), Odoribacter splanchnicus (307 nt), all belonging to the phyla Bacteroidetes and characterizing

the core in healthy state. It can be noted that the abundance of Faecalibacterium prausnitzii (blue peak, 322 nt) is

slightly higher in UC than in CD and controls. Furthermore, UC and CD have higher peaks of different Proteobacteria
than controls.

https://doi.org/10.1371/journal.pone.0197649.g004

Microbiota in paediatric inflammatory bowel disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0197649 August 13, 2018 11 / 20

https://doi.org/10.1371/journal.pone.0197649.g004
https://doi.org/10.1371/journal.pone.0197649


In a cross-sectional study by Gevers and colleagues, microbial communities of 447 children

with de novo CD could be differentiated with high accuracy from those of controls (AUC

0.85) [34]. This microbial signature was best observed in ileal mucosa, but could not be

detected in faecal samples. It was therefore suggested that faeces might be less indicative than

mucosal samples to differentiate IBD patients from controls. In the present study we were able

to obtain high accuracy (0.87) for correct sample classification based on microbiota from stool

samples of IBD patients and controls. A possible explanation for the apparent discrepancy

with the observations by Gevers et al. might be the different detection and collection methods.

The use of different microbiota detection techniques may affect the outcome, preventing reli-

able comparison between studies [40], whereas handling, collection and storage of faecal

Fig 5. Principle coordinate analysis depicting microbial profiles of healthy controls (green), Crohn’s disease (pink) and ulcerative colitis (red) at baseline (t0), for all

phyla together (A), and per phylum (B: Bacteroidetes; C: Firmicutes, Actinobacteria, Fusobacteria, Verrucomicrobia (FAFV); D: Proteobacteria). It can be seen that

samples from healthy subjects can be broadly discriminated from those of IBD patients. Ulcerative colitis patients showed more separation from healthy controls than

the Crohn’s disease samples. Discrimination between ulcerative colitis and controls is more profound than discrimination between Crohn’s disease and controls, in

particular while taking all phyla together into account (A). There is no apparent discrimination between ulcerative colitis and Crohn’s disease samples, for all phyla

together or per phylum. Furthermore, inter-individual variation within CD subjects was higher compared to healthy controls and ulcerative colitis, in particular within

the phylum Bacteroidetes.

https://doi.org/10.1371/journal.pone.0197649.g005
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samples are also important in the analytical outcome [41]. Here, we have used IS-pro, a stan-

dardized non-selective detection method with the capacity to generate results within several

hours, enforcing its potential to be applied in clinical practice, while generating comparable

results to next-generation sequencing techniques [23,28]. Another explanation for correct clas-

sification based on faecal samples might be statistical methodology. For example, when apply-

ing log-transformation and adapted statistical approaches on the original dataset of Gevers

et al, ileal mucosal samples and faecal samples turned out to have equal predictive power [42].

In the present study, acceptably sensitive classification or characterization could also not be

achieved by unsupervised approaches, such as clustering and PCoA, while application of a

supervised technique like group-regularised logistic regression analysis did achieve high pre-

dictive accuracy. This example of supervised machine learning is particularly useful for pattern

recognition in highly complex data sets, such as the gut microbiome [43,44].

In a recent study, it was shown that 16S rRNA gene sequencing and shotgun metagenomics,

performed on intestinal biopsies of 20 treatment-naïve paediatric CD and 20 controls, could

differentially classify disease state and treatment outcome [45]. This finding is in line with our

data that intestinal microbiota in (paediatric) CD differs from controls in active disease and

seems to be an effective complementary technique in the diagnosis of paediatric IBD. Further-

more, we also observed microbial alterations associated with changes in clinical condition,

emphasizing the potential of microbiota analysis to monitor disease activity. Notably, we could

detect microbial differences in faecal samples. Obviously, as mucosal biopsies are not likely to

be routinely harvested in the follow-up of IBD patients, faecal samples have substantial advan-

tages as biomarkers of both disease treatment and to assess activity.
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Fig 6. Bacterial abundances over time (baseline,1,3,6 weeks) during which period IBD children were treated. It is

apparent here that the Proteobacteria abundance declines over time for both UC and CD. Also, an increase in FAFV

abundance can be seen for UC, concomitant to the increase in diversity that was observed.

https://doi.org/10.1371/journal.pone.0197649.g006
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Microbial core

In the present study, microbial signatures of IBD subjects were compared to those of a previ-

ously investigated cohort of 61 healthy Dutch children [23]. In that study, a shared microbial

core, independent of age, and dominated by a limited set of species primarily belonging to the

phylum Bacteroidetes was identified. Changeability of the core microbiota in children IBD and

its tendency to repopulate the faecal microbiome upon achieving remission, underscored that

a healthy (non-inflammatory) state may be reflected by an intact core microbiome. This sug-

gests that dysbiosis is primarily characterized by absence of core microbiota, which may be

structural in IBD patients, and possibly influenced by genetic or environmental factors. Nota-

bly, the observation of an increased Escherichia coli abundance at diagnosis of both CD and

UC seems to support the keystone-pathogen hypothesis, indicating that certain low-abun-

dance microbial pathogens can induce gut inflammation by manipulation of the commensal

normal microbiota into a dysbiotic state [18]. Our observation that Eubacterium spp. were less

abundant in the IBD group compared to the healthy controls is in concordance with findings

from previous studies [46,47,48].
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Fig 7. Depicted are abundances of five species with a significantly different expression per disease over time (from baseline to six weeks). The

core Alistipes species (A. finegoldii and A. putredinis are taken together here, upper left) show significant lower expression in UC and CD than in HC.

During treatment, levels rise towards, but do not reach, normal state. Escherichia coli levels (lower left) are significantly higher in UC and CD than in

HC and show a marked decline (after an initial increase at week one in CD) towards normal state during treatment. Other noteworthy species are

unclassified FAFV spp IS244, and Prevotella spp IS439. These species too are underrepresented in UC and CD, but do not show a concerted change

during therapy. Finally, Akkermansia muciniphila was a special case, as it was almost absent in the entire UC group, yet showed similar abundance for

CD and HC. There was no apparent effect in its presence during treatment.

https://doi.org/10.1371/journal.pone.0197649.g007
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Our results are in line with previous observations that de novo paediatric IBD is strongly

associated with microbiota alterations. The revised Koch’s postulates need to be fulfilled to

ascertain whether this relationship between IBD and bacteria is causal or not. These include

that microbial nucleic acids from putative pathogens should be present in most cases of a cer-

tain disease and the copy number of these pathogen-associated nucleic acid sequences should

decrease or become undetectable upon disease recovery [49]. We found that IBD seems to be

predominantly associated with a loss of presumably ‘beneficial’ microbes, rather than the

introduction of specific pathogens, implicating that IBD, and probably changes within com-

plex microbial niches during chronic inflammatory diseases in general, do not naturally fit

these postulates. However, the observed tendency that these healthy core microbes seemed to

increase in abundance upon achieving clinical remission of IBD may suggest a causal relation-

ship. It could therefore be questioned whether this phenomenon, a ‘loss of beneficial microbes’

instead of introduction of pathogens, may serve as additional criterion to establish a causal

relationship between disease and microbes in chronic inflammatory diseases.

Microbial dynamics

We found that treatment-naïve microbiome profiles carry potential biomarkers to discrimi-

nate de novo (paediatric) IBD from healthy state. Microbiota has been previously suggested to

serve as potential biomarker for follow-up of disease activity, prediction of remission state and

therapeutic responses to, for example, anti-tumour necrosis factor (TNF)-α [15,22]. After six

weeks of treatment, we observed that IBD subjects could still be discriminated from controls,

although discrimination between CD and UC was lost, and there was no difference in the over-

all abundance profile between remission and non-remission. Admittedly, the follow-up period

in this study was limited. Another explanation may be that we used PGA scores instead of

endoscopic evaluation to evaluate disease activity. The apparent lack of association between

microbiota profiles and disease activity in this study hampered their potential as a clinical tool

to monitor disease activity, at least during the first episode following initiation of therapy. In

addition to compositional differences, we found that over periods of weeks and months the

gut microbiota of IBD patients, especially UC subjects, was more unstable over time compared

to healthy controls, irrespectively of whether patients were in clinical remission. This finding

is in concordance with findings reported in adult IBD patients [50].

Table 2. Post-hoc variable selection results in 17 selected features deriving from 12 bacterial species.

Phylum Species IS-pro peaks (nt) Correlated with health (+) or disease (-)

Bacteroidetes Alistipes finegoldii (core) 230/396/400/407 +

Bacteroidetes Prevotella spp. (core) 439 +

Bacteroidetes Alistipes putredinis (core) 235/236 +

Bacteroidetes Bacteroides fragilis (core) 534 +

Bacteroidetes Prevotella spp. 577 +

Bacteroidetes Odoribacter splanchnicus (core) 307 +

FAFV Coprothermobacter proteolyticus 244 +

FAFV Unclassified Firmicute (core) 541 -

FAFV Lachnospiraceae incertae sedis 491/605 +

FAFV Streptococcus mitis group 297 -

FAFV Faecalibacterium prausnitzii (core) 322 -

Proteobacteria Enterobacteriaceae spp. 889 +

FAFV = Firmicutes, Actinobacteria, Fusobacteria, Verrucomicrobia

https://doi.org/10.1371/journal.pone.0197649.t002

Microbiota in paediatric inflammatory bowel disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0197649 August 13, 2018 15 / 20

https://doi.org/10.1371/journal.pone.0197649.t002
https://doi.org/10.1371/journal.pone.0197649


Exclusive enteral nutrition

Although its mode of action remains largely unknown, a profound impact of EEN on gut

microbiota composition and metabolic activity, related to improvement in disease activity,

has been described in several studies [37,51]. Until now, however, it has not been possible

to infer a causative association between EEN induced specific microbial alterations and

improvement of disease activity. In the largest study so far exploring associations between

gut microbiota and colonic inflammation during EEN, microbiota of 23 CD patients had a

broader functional capacity compared to healthy controls, while, unexpectedly, microbial

diversity decreased during EEN [20]. In our study, we did not observe significant longitudi-

nal differences in diversity indices during EEN course, both in responders as in non-

responders. Microbial species abundance at diagnosis had only limited predictive power

regarding EEN success at t6. However, in a recent study, comparing the gut microbiome in

repeated stool samples of 19 treatment-naïve paediatric IBD subjects and 10 healthy con-

trols, 76.5% accuracy was obtained for prediction of responder status using pre-treatment

microbiome [15]. Our results underline the increasing notion that microbial metabolic

functions and products may be of larger importance than microbiota composition itself

[39]. Future studies should focus on effects of EEN on microbial metabolic functions com-

bined with microbiota composition to further unravel the complex interplay between host

and microbiota in IBD.

The strengths of our study are its prospective, multi-centre design with strict standardised

sampling and analysis of the microbiota and the relatively large number of patients and a

unique control set of samples from healthy children. The inclusion of multiple (longitudinal)

samples from controls allowed us to take the substantial physiological variability characterizing

healthy state into account in the comparison between microbiota profiles of IBD and controls.

The inclusion of treatment-naïve patients allowed us to limit the risk of medication-induced

type I error at t0. This study also has some limitations. The follow-up period was relatively

short and no endoscopy was routinely performed during the follow-up period to obtain an

objective component to assess disease activity. Furthermore, in UC patients and a limited

number of CD children who were not prescribed EEN, dietary intake was not assessed during

the collection period. However, study and control groups were likely to have comparable diet

habits because of a comparable geographic and cultural background. The IBD microbiota pro-

files were compared to those of an existing cohort of healthy children, which may possibly lead

to bias by batch effect. However, samples of both groups were selected in a similar time interval

and collection, storage and processing was performed using identical protocols. Mean age of

the controls differed from the IBD subjects. In our previous study on microbiota composition,

diversity and stability in healthy children, we observed no statistically significant differences

between different age groups (2–8 y, 8–13 y, 13–18 y). Also the presence of a shared microbial

core was independent of age. Median age of children from the healthy cohort and of the IBD

population was 7.8 and 14.0 years, respectively. It has well be described in previous studies that

that above age of 4 years microbial composition has moved towards an adult composition. We

therefore believe that these differences in age between the subgroups has not significantly

influenced outcome of the present study.

In conclusion, faecal microbiota profiles of children with de novo CD and UC can be dis-

criminated from HC with high accuracy. Therefore, microbial profiling seems to be an effec-

tive complementary technique in the diagnosis of paediatric IBD. Both abundance and

classification signatures appear to be predominantly driven by a decreased abundance of spe-

cies which constitute the microbial core in the healthy state, in which Bacteroidetes dominate,

rather than by the introduction of pathogens. Whether preventive or therapeutic strategies
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aimed at maintenance or restoration of this core could influence disease activity, needs to be

investigated in future studies.

Supporting information

S1 Fig. PCoA displaying all IS profiles (all phyla together) samples from Crohn’s disease (A;

blue), ulcerative colitis (B; pink) and controls (red) at all time-points. Samples from each indi-

vidual over time are connected by arrows, from baseline t0^t1^t3^t6 weeks. It can be noted

that intra-individual distance of the controls is shorter compared to both ulcerative colitis and

Crohn’s disease, indicating that intra-individual stability of controls is higher compared to

IBD subjects.

(EPS)

S2 Fig. ROC curves. AUC refers to area under the ROC curve. GRR represents the group-reg-

ularized logistic ridge. This plot compares performances for the regular logistic ridge regres-

sion, GRR, and GRR with post-hoc variable selection. The regular logistic ridge that entertains

all retained bacterial features has an AUC of approximately .9. The analogous GRR has a com-

parable AUC. The question then becomes if this performance can be retained when perform-

ing post-hoc variable selection: i.e., can the model be simplified without tarnishing predictive

performance? The AUC of the GRR with post-hoc variable selection amount to .87 approxi-

mately. Hence, the selected features give a performance comparable to the full bacterial fea-

ture-set.

(TIF)

Author Contributions

Conceptualization: T. G. J. de Meij, E. F. J. de Groot, C. M. F. Kneepkens, A. Eck, M. A. Ben-

ninga, P. H. M. Savelkoul, A. A. van Bodegraven, A. E. Budding.

Data curation: T. G. J. de Meij, M. A. Benninga.

Formal analysis: T. G. J. de Meij, E. F. J. de Groot, C. F. W. Peeters, C. M. F. Kneepkens, A.

Eck, P. H. M. Savelkoul, A. A. van Bodegraven, A. E. Budding.

Investigation: T. G. J. de Meij, A. A. van Bodegraven, A. E. Budding.

Methodology: T. G. J. de Meij, E. F. J. de Groot, N. K. H. de Boer, C. M. F. Kneepkens, M. A.

Benninga, P. H. M. Savelkoul, A. A. van Bodegraven, A. E. Budding.

Project administration: E. F. J. de Groot.

Software: A. E. Budding.

Supervision: M. A. Benninga, P. H. M. Savelkoul, A. A. van Bodegraven.

Validation: A. A. van Bodegraven, A. E. Budding.

Visualization: A. Eck, A. E. Budding.

Writing – original draft: T. G. J. de Meij, E. F. J. de Groot, C. F. W. Peeters, A. E. Budding.

Writing – review & editing: N. K. H. de Boer, C. M. F. Kneepkens, A. Eck, M. A. Benninga, P.

H. M. Savelkoul, A. A. van Bodegraven.

Microbiota in paediatric inflammatory bowel disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0197649 August 13, 2018 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197649.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197649.s002
https://doi.org/10.1371/journal.pone.0197649


References
1. Malaty HM, Fan X, Opekun AR, Thibodeaux C, Ferry GD. Rising incidence of inflammatory bowel dis-

ease among children: a 12-year study. J Pediatr Gastroenterol Nutr. 2010; 50:27–31. https://doi.org/10.

1097/MPG.0b013e3181b99baa PMID: 19934770

2. Benchimol EI, Fortinsky KJ, Gozdyra P, Van den Heuvel M, Van Limbergen J, Griffiths AM. Epidemiol-

ogy of pediatric inflammatory bowel disease: a systematic review of international trends. Inflamm Bowel

Dis 2011; 17:423–39. https://doi.org/10.1002/ibd.21349 PMID: 20564651

3. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al. Increasing incidence and prev-

alence of the inflammatory bowel diseases with time, based on systematic review. Gastroenterology

2012; 142:46–54. https://doi.org/10.1053/j.gastro.2011.10.001 PMID: 22001864

4. Henderson P, Hansen R, Cameron FL, Gerasimidis K, Rogers P, Bisset WM, et al. Rising incidence of

pediatric inflammatory bowel disease in Scotland. Inflamm Bowel Dis 2012; 18: 999–1005. https://doi.

org/10.1002/ibd.21797 PMID: 21688352

5. Schwiertz A, Jacobi M, Frick JS, Richter M, Rusch K, Köhler H. Microbiota in pediatric inflammatory

bowel disease. J Pediatr. 2010; 157:240–244. https://doi.org/10.1016/j.jpeds.2010.02.046 PMID:

20400104

6. Khor B, Gardet A. Xavier RJ. Genetics and pathogenesis of inflammatory bowel disease. Nature 2011;

474, 307–317. https://doi.org/10.1038/nature10209 PMID: 21677747

7. Nagalingam NA, Lynch SV. Role of the microbiota in inflammatory bowel diseases. Inflamm Bowel Dis

2012; 18:968–84. https://doi.org/10.1002/ibd.21866 PMID: 21936031

8. Dunn KA, Moore-Connors J, MacIntyre B, Stadnyk A, Thomas NA, Noble A, et al. The Gut Microbiome

of Pediatric Crohn’s Disease Patients Differs from Healthy Controls in Genes That Can Influence the

Balance Between a Healthy and Dysregulated Immune Response. Inflamm Bowel Dis. 2016; 22

(11):2607–2618. https://doi.org/10.1097/MIB.0000000000000949 PMID: 27760077

9. Knights D, Silverberg MS, Weersma RK. Complex host genetics influence the microbiome in inflamma-

tory bowel disease. Genome Med. 2014 Dec 2; 6(12):107 https://doi.org/10.1186/s13073-014-0107-1

PMID: 25587358

10. Lynch SV, Pedersen O. The Human Intestinal Microbiome in Health and Disease. N Engl J Med. 2016

Dec 15; 375(24):2369–2379. https://doi.org/10.1056/NEJMra1600266 PMID: 27974040

11. Ananthakrishnan AN, Bernstein CN, Iliopoulos D, Macpherson A, Neurath MF, Ali RA, et al. Environ-

mental triggers in IBD: a review of progress and evidence. Nat Rev Gastroenterol Hepatol. 2018 Jan;

15(1):39–49. https://doi.org/10.1038/nrgastro.2017.136 PMID: 29018271

12. Imhann F, Vich Vila A, Bonder MJ, Fu J, Gevers D, Visschedijk MC, et al. Interplay of host genetics and

gut microbiota underlying the onset and clinical presentation of inflammatory bowel disease. Gut. 2016

Oct 8. pii: gutjnl-2016-312135.

13. Kaplan GG, Ng SC. Understanding and Preventing the Global Increase of Inflammatory Bowel Disease.

Gastroenterology. 2017 Feb; 152(2):313–321.e2. https://doi.org/10.1053/j.gastro.2016.10.020 PMID:

27793607

14. Sartor RB, Wu GD. Roles for Intestinal Bacteria, Viruses, and Fungi in Pathogenesis of Inflammatory

Bowel Diseases and Therapeutic Approaches. Gastroenterology. 2017 Feb; 152(2):327–339.e4.

https://doi.org/10.1053/j.gastro.2016.10.012 PMID: 27769810

15. Shaw KA, Bertha M, Hofmekler T, Chopra P, Vatanen T, Srivatsa A, et al. Dysbiosis, inflammation, and

response to treatment: a longitudinal study of pediatric subjects with newly diagnosed inflammatory

bowel disease. Genome Med. 2016 Jul 13; 8(1):75. https://doi.org/10.1186/s13073-016-0331-y PMID:

27412252

16. Garrett WS, Gallini CA, Yatsunenko T, Michaud M, DuBois A, Delaney M, et al. Enterobacteriaceae act

in concert with the gut microbiota to induce spontaneous and maternally transmitted colitis. Cell Host

Microbe 2010; 8, 292–300. https://doi.org/10.1016/j.chom.2010.08.004 PMID: 20833380

17. Sartor RB. Key questions to guide a better understanding of host commensal microbiota interactions in

intestinal inflammation. Mucosal Immunol. 2011; 4:127–132. https://doi.org/10.1038/mi.2010.87 PMID:

21248723

18. Hajishengallis G, Darveau RP, Curtis MA. The keystone-pathogen hypothesis. Nat Rev Microbiol. 2012

Oct; 10(10):717–25. https://doi.org/10.1038/nrmicro2873 PMID: 22941505

19. Blaser M, Bork P, Fraser C, Knight R, Wang J. The microbiome explored: recent insights and future

challenges. Nat Rev Microbiol. 2013 Mar; 11(3):213–7. https://doi.org/10.1038/nrmicro2973 PMID:

23377500

20. Quince C, Ijaz UZ, Loman N, Eren AM, Saulnier D, Russell J. et al. Extensive Modulation of the Fecal

Metagenome in Children With Crohn’s Disease During Exclusive Enteral Nutrition. Am J Gastroenterol.

2015 Dec; 110(12):1718–29; https://doi.org/10.1038/ajg.2015.357 PMID: 26526081

Microbiota in paediatric inflammatory bowel disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0197649 August 13, 2018 18 / 20

https://doi.org/10.1097/MPG.0b013e3181b99baa
https://doi.org/10.1097/MPG.0b013e3181b99baa
http://www.ncbi.nlm.nih.gov/pubmed/19934770
https://doi.org/10.1002/ibd.21349
http://www.ncbi.nlm.nih.gov/pubmed/20564651
https://doi.org/10.1053/j.gastro.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22001864
https://doi.org/10.1002/ibd.21797
https://doi.org/10.1002/ibd.21797
http://www.ncbi.nlm.nih.gov/pubmed/21688352
https://doi.org/10.1016/j.jpeds.2010.02.046
http://www.ncbi.nlm.nih.gov/pubmed/20400104
https://doi.org/10.1038/nature10209
http://www.ncbi.nlm.nih.gov/pubmed/21677747
https://doi.org/10.1002/ibd.21866
http://www.ncbi.nlm.nih.gov/pubmed/21936031
https://doi.org/10.1097/MIB.0000000000000949
http://www.ncbi.nlm.nih.gov/pubmed/27760077
https://doi.org/10.1186/s13073-014-0107-1
http://www.ncbi.nlm.nih.gov/pubmed/25587358
https://doi.org/10.1056/NEJMra1600266
http://www.ncbi.nlm.nih.gov/pubmed/27974040
https://doi.org/10.1038/nrgastro.2017.136
http://www.ncbi.nlm.nih.gov/pubmed/29018271
https://doi.org/10.1053/j.gastro.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/27793607
https://doi.org/10.1053/j.gastro.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/27769810
https://doi.org/10.1186/s13073-016-0331-y
http://www.ncbi.nlm.nih.gov/pubmed/27412252
https://doi.org/10.1016/j.chom.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20833380
https://doi.org/10.1038/mi.2010.87
http://www.ncbi.nlm.nih.gov/pubmed/21248723
https://doi.org/10.1038/nrmicro2873
http://www.ncbi.nlm.nih.gov/pubmed/22941505
https://doi.org/10.1038/nrmicro2973
http://www.ncbi.nlm.nih.gov/pubmed/23377500
https://doi.org/10.1038/ajg.2015.357
http://www.ncbi.nlm.nih.gov/pubmed/26526081
https://doi.org/10.1371/journal.pone.0197649


21. Dunn KA, Moore-Connors J, MacIntyre B, Stadnyk AW, Thomas NA, Noble A. et al. Early Changes in

Microbial Community Structure Are Associated with Sustained Remission After Nutritional Treatment of

Pediatric Crohn’s Disease. Inflamm Bowel Dis. 2016 Dec; 22(12):2853–62. https://doi.org/10.1097/

MIB.0000000000000956 PMID: 27805918

22. Kolho KL, Korpela K, Jaakkola T, Pichai MV, Zoetendal EG, Salonen A, et al. Fecal Microbiota in Pedi-

atric Inflammatory Bowel Disease and Its Relation to Inflammation. Am J Gastroenterol. 2015 Jun; 110

(6):921–30. https://doi.org/10.1038/ajg.2015.149 PMID: 25986361

23. de Meij TG, Budding AE, de Groot EF, Jansen FM, Frank Kneepkens CM, Benninga MA, et al. Compo-

sition and stability of intestinal microbiota of healthy children within a Dutch population. FASEB J. 2016

Apr; 30(4):1512–22. https://doi.org/10.1096/fj.15-278622 PMID: 26655704

24. Levine A, Koletzko S, Turner D, Escher JC, Cucchiara S, de Ridder L, et al; European Society of Pediat-

ric Gastroenterology, Hepatology, and Nutrition. ESPGHAN revised porto criteria for the diagnosis of

inflammatory bowel disease in children and adolescents. J Pediatr Gastroenterol Nutr. 2014; 58

(6):795–806. https://doi.org/10.1097/MPG.0000000000000239 PMID: 24231644

25. Levine A, Griffiths A, Markowitz J, Wilson DC, Turner D, Russell RK, et al. Pediatric modification of the

Montreal classification for inflammatory bowel disease: the Paris classification. Inflamm Bowel Dis.

2011; 17:1314–1321. https://doi.org/10.1002/ibd.21493 PMID: 21560194

26. Samson CM, Morgan P, Williams E, Beck L, Addie-Carson R, McIntire S, et al. Improved outcomes with

quality improvement interventions in pediatric inflammatory bowel disease. J Pediatr Gastroenterol

Nutr. 2012; 55(6):679–88. https://doi.org/10.1097/MPG.0b013e318262de16 PMID: 22699837

27. Ruemmele FM, Veres G, Kolho KL, Griffiths A, Levine A, Escher JC, et al. Consensus guidelines of

ECCO/ESPGHAN on the medical management of pediatric Crohn’s disease. J Crohns Colitis. 2014

Oct; 8(10):1179–207. https://doi.org/10.1016/j.crohns.2014.04.005 PMID: 24909831

28. Budding AE, Grasman ME, Lin F, Bogaards JA, Soeltan-Kaersenhout DJ, Vandenbroucke-Grauls CM,

et al. IS-pro: high-throughput molecular fingerprinting of the intestinal microbiota. FASEB J 2010;

24:4556–64. https://doi.org/10.1096/fj.10-156190 PMID: 20643909

29. Goeman JJ, van de Geer SA, de Kort F, van Houwelingen HC. A global test for groups of genes: testing

association with a clinical outcome. Bioinformatics, 2004; 20(1): 93–99. PMID: 14693814

30. van de Wiel MA, Lien TG, Verlaat W, Wilting SM. Better prediction by use of co-data: adaptive group-

regularized ridge regression. Stat Med. 2016 Feb 10; 35(3):368–81. https://doi.org/10.1002/sim.6732

PMID: 26365903

31. Michail S, Durbin M, Turner D, Griffiths AM, Mack DR, Hyams J, et al. Alterations in the gut microbiome

of children with severe ulcerative colitis. Inflamm Bowel Dis 2012; 18:1799–808. https://doi.org/10.

1002/ibd.22860 PMID: 22170749

32. Papa E, Docktor M, Smillie C, Weber S, Preheim SP, Gevers D, et al. Non-invasive mapping of the gas-

trointestinal microbiota identifies children with inflammatory bowel disease. PLoS One. 2012; 7(6):

e39242. https://doi.org/10.1371/journal.pone.0039242 PMID: 22768065

33. Hansen R, Russell RK, Reiff C, McIntosh F, Berry SH, Mukhopadhya I, et al. Microbiota of de-novo

pediatric IBD: increased Faecalibacterium prausnitzii and reduced bacterial diversity in Crohn’s but not

in ulcerative colitis. Am J Gastroenterol. 2012 Dec; 107(12):1913–22. https://doi.org/10.1038/ajg.2012.

335 PMID: 23044767

34. Gevers D, Kugathasan S, Denson LA, Vázquez-Baeza Y, Van Treuren W, Ren B, et al. The treatment-

naive microbiome in new-onset Crohn’s disease. Cell Host Microbe. 2014 Mar 12; 15(3):382–92.

https://doi.org/10.1016/j.chom.2014.02.005 PMID: 24629344

35. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG, Gratadoux JJ, et al. Faecalibac-
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