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Abstract 
Background and aims: Nutritional therapy with the Crohn’s Disease Exclusion Diet + Partial Enteral Nutrition [CDED+PEN] or Exclusive Enteral 
Nutrition [EEN] induces remission and reduces inflammation in mild-to-moderate paediatric Crohn’s disease [CD]. We aimed to assess if reaching 
remission with nutritional therapy is mediated by correcting compositional or functional dysbiosis.
Methods: We assessed metagenome sequences, short chain fatty acids [SCFA] and bile acids [BA] in 54 paediatric CD patients reaching remis-
sion after nutritional therapy [with CDED + PEN or EEN] [NCT01728870], compared to 26 paediatric healthy controls.
Results: Successful dietary therapy decreased the relative abundance of Proteobacteria and increased Firmicutes towards healthy controls. CD 
patients possessed a mixture of two metabotypes [M1 and M2], whereas all healthy controls had metabotype M1. M1 was characterised by 
high Bacteroidetes and Firmicutes, low Proteobacteria, and higher SCFA synthesis pathways, and M2 was associated with high Proteobacteria 
and genes involved in SCFA degradation. M1 contribution increased during diet: 48%, 63%, up to 74% [Weeks 0, 6, 12, respectively.]. By Week 
12, genera from Proteobacteria reached relative abundance levels of healthy controls with the exception of E. coli. Despite an increase in SCFA 
synthesis pathways, remission was not associated with increased SCFAs. Primary BA decreased with EEN but not with CDED+PEN, and sec-
ondary BA did not change during diet.
Conclusion: Successful dietary therapy induced correction of both compositional and functional dysbiosis. However, 12 weeks of diet was not 
enough to achieve complete correction of dysbiosis. Our data suggests that composition and metabotype are important and change quickly 
during the early clinical response to dietary intervention. Correction of dysbiosis may therefore be an important future treatment goal for CD.
Key Words: Diet; Crohn’s disease; microbiome; treatment; inflammatory bowel disease

1. Introduction
The increasing incidence of Crohn’s disease [CD], one of the 
inflammatory bowel diseases [IBD], points to an important 

role for environmental determinants.1 The pathogenesis of 
CD is thought to result from a complex interplay of genetic 
risk factors, environmental factors, and alterations of the 
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microbiome [dysbiosis] and subsequent perturbations of the 
metabolome leading to inflammation and disease.2–7 Most 
currently available medical therapies are directed against in-
flammation but not towards the microbiome or correction of 
its dysbiosis.8,9 If dysbiosis is a trigger for inflammation, cor-
rection of dysbiosis might be an unexplored future goal of 
therapy.

The most commonly recognised dysbiosis in treatment-
naïve patients with CD is an increase in Proteobacteria, namely 
Enterobacteriaceae and Pasteurellaceae, and a decrease in 
Firmicutes, namely Erysipelotrichales and Clostridiales.4,5,10 
‘Functional dysbiosis’, defined by changes in metagenomic 
pathways, and profiling of the microbiome’s metabolic ac-
tivity potential by ‘metabotype’ in the context of dietary 
therapy, has been less studied.11–13

Exclusive enteral nutrition [EEN], a form of dietary therapy 
consisting of a liquid formula diet as the sole source of food 
for 6–8 weeks, is used as first-line therapy for induction of 
remission in mild to moderate paediatric CD.2,14,15 EEN was 
shown to be superior to corticosteroids in non-severe disease, 
avoiding medical side effects and supporting growth and 
more effective healing of the mucosa.16–20 The hypothetical 
mechanism whereby diet induces remission appears to be ex-
clusion of habitual Western diet.2,10,21–23 Accordingly, upon 
re-exposure to habitual diet, there is an increase in inflamma-
tion and resurgence of Proteobacteria.10

We recently published a novel Crohn’s Disease Exclusion 
diet + Partial Enteral Nutrition [CDED + PEN], which is 
characterised by a significant reduction in inflammation and 
improved sustained remission through Week 12 compared 
with EEN.10,24 CDED is a whole-food diet coupled with sup-
plemental formula [partial enteral nutrition: PEN], designed 
to reduce exposure to dietary components which are hypothe-
sised to negatively affect the microbiome, intestinal barrier, 
and intestinal immunity.2,4,23,25 On the microbiome side, the 
diet was designed to reduce the relative abundance of mu-
cosal Proteobacteria, particularly E.coli, and to increase short 
chain fatty acid [SCFA]-producing bacteria over time by pro-
viding mandatory daily consumption of apple pectin and 
varying sources of resistant starch as well as other sources of 
dietary fibres.26–28

Dysbiosis in CD may drive inflammation via an increase in 
pathobionts or decrease in beneficial bacteria, although caus-
ation remains to be fully elucidated. Persistence of dysbiosis 
might explain in part the chronicity of CD and subsequently, 
correction of dysbiosis might influence disease progression 
through decreased inflammation. Dietary modulation may 
induce remission via compositional change [ie correction of 
dysbiosis, increase in SCFA producers, or simply decrease in 
Proteobacteria], or via alteration of the functionality of the 
microbiome [metabotype].

We assessed the contribution of whole-metagenome defined 
microbiome features in reaching remission using standardised 
dietary treatments, taking into account the compositional 
nature of the data and metabotypes, and evaluated if correc-
tion of dysbiosis towards healthy controls occurs. We further 
assessed if alterations in SCFA and BA were associated with 
remission.

2.  Methods
2.1.  Trial participants and healthy controls
The CDED study was an investigator-initiated, prospective, 
randomised, controlled trial [RCT] with two interventional 

arms comparing a CDED + PEN [Group 1] with an EEN 
[Group 2], diet administered orally over 12 weeks in a paedi-
atric population with mild to moderate active luminal disease, 
as previously reported [NCT01728870].10,18 Group 1 received 
CDED phase 1 with recommended intake of 50% PEN for 
calculated energy requirements [Modulen, Nestlé Health 
Science, Vevey, Switzerland] for the first 6 weeks, followed 
by phase 2 diet with recommended intake of 25% PEN for 
the next 6 weeks. Group 2 received standard-of-care EEN 
[Modulen] for 6 weeks followed by 25% PEN during Weeks 
6–12, with gradual reintroduction of table foods between 
Weeks 6–9 as per local preference, such that all patients were 
exposed to PEN + free diet by Week 12.10 Clinical remission 
at Week 6 was defined as PCDAI ≤10 on an intention-to-treat 
[ITT] analysis.29

We obtained metagenomic sequence data from stool sam-
ples collected at three time points [Weeks 0, 6, 12] from 54 
patients who reached remission with either CDED + PEN or 
EEN in the CDED-RCT. Good compliance with dietary ther-
apies was ensured by only selecting patients who achieved 
remission, as dietary adherence was significantly associated 
with reaching remission at Week 6 in earlier analyses.10,24 We 
examined stool samples collected at three time points [Weeks 
0, 6, 12] for SCFA in 53 patients and BA in 42 patients. In 
addition, metagenomic sequences from 26 healthy paedi-
atric controls, publicly available from previously published 
data [COMBO],30,31 were used for comparison. Healthy con-
trols had no history of diagnosis with IBD, coeliac disease, 
bowel surgery, or other chronic intestinal disorders. None of 
the healthy children had received antibiotics in the prior 6 
months. For all in- and exclusion criteria of healthy controls, 
see Supplementary Table 1.

The study was approved by the local ethics board at each 
of the participating sites.

2.2.  Metagenomic sequence data and analysis
DNA was extracted from stool samples using the MO BIO 
PowerFecal DNA Kit [Qiagen, Hilden, Germany] at the 
Integrated Microbiome Resource of Dalhousie University 
[imr.bio]. Shotgun metagenomic sequences were obtained 
using Nextera XT library preparation and 150-bp pair-
end Nextseq sequencing. Sequences were processed using 
the kneaddata pipeline, which uses Trimmomatic32 and 
bowtie233 to remove low-quality reads [<50 base pairs and 
quality score <Q20] and human and PhiX174 contam-
inants. Paired forward and reverse sequence reads were 
concatenated and HUMAnN234 was run in parallel35 to 
functionally annotate reads into KEGG orthologs [KOs].36 
KO counts were converted to enzyme counts and substrate 
product pairs using BiomeNet scripts.37 Only KOs pre-
sent in three or more samples having summed counts >25 
[>0.0001% of total counts] were included. Taxonomic 
assignment was determined from concatenated sequence 
reads using Metaphlan238 which uses a set of marker genes 
to assign taxonomic identity. An overview of read, KO, 
and EC counts can be found in Supplementary Table 2. 
Bray Curtis dissimilarity was calculated and we used non-
multidimensional scaling to plot the distances. Additional 
detailed methods regarding sequencing and sequence ana-
lysis are available as Supplementary Data.

Linear discriminant analysis of effect size [LEfSe]39 was used 
to identify genomic features characterising the differences be-
tween healthy and active CD at various weeks of treatment. 
This method is useful for detecting taxa or pathways that are 
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over- or under- represented in high-dimensional microbiome 
data. LEfSe couples standard statistical tests of significance 
[Wilcoxon test p <0.05] and then builds a linear discriminant 
analysis model [threshold of two] using the relative differ-
ence between groups to rank features. To examine differential 
abundance associated with time, Songbird40 and ANOVA-like 
differential expression [ALDEx2]41 were used. Additional 
analysis details are available as Supplementary Data.

Unsupervised Bayesian analysis of community metabolism 
[BiomeNet] was performed to identify metabotypes.37 Genes 
that could be assigned to enzyme commission [EC] num-
bers were used. EC data was converted to reaction substrate 
product pairs to create metabolic network files. The Bayesian 
model was run with K = 2 metabotypes and L = 50 subsystems 
[see Supplementary Methods for BiomeNet hyperparameter 
selection]. The first 100 iterations were treated as ‘burn-in’ 
and discarded. After burn-in, an additional 10 000 iterations 
were performed and samples were retained for analysis every 
20 iterations.

2.3.  Metabolite analysis of short chain fatty acids 
and bile acids
The absolute dry concentration of short chain fatty acids 
[SCFA; C2-C8] and branched chain fatty acids [BCFA; 
iC4-iC6] were measured by gas chromatography coupled 
with flame ionisation detection in acidified ether extracts 
at the Gerasimidis laboratory [Dept of Human Nutrition, 
University of Glasgow]. Details of sample preparation, 
gas chromatography, and peak integration are included in 
Supplementary Materials. Mann–Whitney U [unpaired] and 
Wilcoxon signed rank tests [for paired samples] were used to 
compare SCFA measurements at different time points.

Primary, secondary, and total bile acid [BA] concentrations 
were measured at the Proteomics Core facility [Dalhousie 
University] using liquid chromatography coupled to mass 
spectrometry [MS]. Details of sample preparation, liquid 
chromatography-MS and peak extraction are included in 
Supplementary Materials. Bile acid peak heights were 
normalised by calculating a linear fit of the peak height of 
each bile acid in a pooled sample, accounting for injection 
number and using the fit to interpolate the peak height ad-
justment for samples based on injection number. Statistical 
analysis and graphs were performed with GraphPad Prism 
v8.0.2.263 [GraphPad Software Inc.]. Analyses were done 
according to clinical outcome groups of sustained remission, 
non-sustained remission, and no remission. Data were sub-
jected to one-way analysis of variance [ANOVA] or Student’s 
t test. The two-tailed level of significance was set at ≤0.05.

3.  Results
Whole metagenome sequences were obtained from 54 of 74 
patients who entered ITT, diet-induced, steroid-free remission 
[PCDAI ≤10] at Week 6 [146 samples over three time points; 
Weeks 0, 6, 12]. All three time points from the same patient 
were available for 41 participants [CDED + PEN n = 23, EEN 
n = 18]. We analysed SCFA data from 53 patients [151 samples] 
and BAs from 42 patients [93 samples], due to sample avail-
ability. There were no clinically significant differences in base-
line characteristics with regards to age, gender, disease location, 
duration, activity, C-reactive protein [CRP], or use of medica-
tion between the two study groups [Supplementary Table 3].10

3.1.  Microbiome shifts with diet-induced 
remission
3.1.1. Weeks 0–6: decrease in Proteobacteria
Examination of the pairwise community dissimilarity [Bray–
Curtis], based on taxonomic assignment from metagenomic 
sequence data, shows changes between baseline and Week 
12 towards the healthy samples in both diets [Permanova 
p = 0.001; Figure 1]. We examined these community changes 
in more detail using LEfSe to identify taxonomic differ-
ences that were over- or under-represented between the 
weeks of treatment and healthy controls. Comparison be-
tween all baseline samples and healthy controls identi-
fied taxa over-represented in baseline samples to include 
Proteobacteria, specifically Escherichia, Burkholderiales, 
and Klebsiella, as well as Fusobacteria Akkermansia and 
Bifidobacterium, and within Firmicutes, Streptococcus, 
Veillonella, Holdemania, Peptostreptococcaceae, and Blautia 
were also over-represented. In addition Saccharomyces, 
Bacteroidales, Alistipes, and Parabacteroides along with the 
Firmicutes, Eubacterium, Anaerostipes, Lachnospiraceae, 
Roseburia, Oscillibacter, Anaerotruncus, Clostridaceae, 
and Ruminoccocus were under-represented [Figure 2; 
Supplementary Figure 1 and SupplementaryTable 4].

Once samples are split for the two diets achieving clinical 
remission at Week 6, we see that CDED + PEN changes, as 
compared with baseline, were associated with a significant 
increase in Firmicutes, particularly Clostridiales, driven by 
Roseburia, Oscillibacter, Anaerotruncus, and Ruminococcus; 
and a significant [p <0.05] decrease in Proteobacteria, par-
ticularly Gammaproteobacteria [Supplementary Figure 2a 
and Supplementary Table 5]. In comparison with healthy 
samples, we still see differences: increased relative abun-
dance of Proteobacteria [Escherichia, Klebsiella, Citrobacter, 
Burkholderiales, and Agrobacterium], whereas Firmicutes-
like bacilli [Lactococcus and Streptococcus] and Clostridia 
[Roseburia, Eubacterium, and Ruminococcus] remained more 
predominant in healthy samples [Figure 3a; Supplementary 
Figure 3b and Supplementary Table 7].

Changes in EEN patients showed a significant [p <0.05] in-
crease in Firmicutes taxa in Clostridiales, Erysipelotrichaceae, 
and Veillonellaceae, as well as a decrease in Proteobacteria 
[Supplementary Figure 2b and Supplementary Table 6]. 
In comparison with healthy samples, EEN-diet sam-
ples at Week 6 differed: Firmicutes overall decreased 
[notably Lachnospiraceae, Peptostreptococcus, Blautia, 
Subdoligranulum, Veillonella, and Gemella] but specific 
taxa showed increases [Dialister, Ruminococcus, Roseburia, 
Coprococcus, Eubacterium, Lactococcus, and Streptococcus]. 
Relative abundance of Proteobacteria [Klebsiella, Escherichia, 
Enterobacter, Citrobacter, and Parasuterella] was also still in-
creased after 6 weeks of EEN compared with healthy con-
trols [Figure 3b; Supplementary Figure 3b and Supplementary 
Table 8].

Overall, from Week 0 to Week 6 both therapies signifi-
cantly reduced Proteobacteria and increased Firmicutes 
[Supplementary Figure 2]. Although Proteobacteria abun-
dance had decreased when clinical remission was achieved 
with dietary therapy at Week 6, it was still increased com-
pared with healthy controls [Figures 3 and 4]. The relative 
abundance of E. coli in the baseline samples compared with 
healthy controls is particularly striking [Wilcoxon BH cor-
rected p = 0.0005; Figure 4].
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As analyses were based on compositional data, which can be 
sensitive to other taxa increasing and/or decreasing, we used 
log ratios to examine differential abundance associated with 
covariates [time in this case] as implemented in Songbird40 
and visualised using Qurro.42 Bacteroidetes was used as the 
reference group for comparisons as it was most consistent 
across samples and time points and not the taxon of interest. 

Participants following CDED + PEN showed an overall non-
significant increase in Firmicutes at all levels of taxonomy in 
Week 6 [all p >0.05]. For Proteobacteria however, there was 
a significant decrease in abundance during the first 6 weeks 
[p = 0.02], mostly driven by ɣ-proteobacteria [w0 vs w6, 
p = 0.073], namely from Escherichia genera [Supplementary 
Figure 4]. Interestingly for EEN, changes in both Firmicutes 
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Figure 1. Beta-diversity plots of Bray–Curtis distances showing a gradual correction at Weeks 0, 6, 12 remission and Week 12 non-remission for 
patients achieving remission in Week 6 with EEN [n = 22, 20, 14, 6, respectively] and CDED + PEN [n = 30, 28, 25, 1, respectively] compared with 
healthy paediatric controls [n = 26] [Permanova p = 0.001]. EEN, exclusive enteral nutrition; CDED + PEN, Crohn’s disease exclusion diet + partial 
enteral nutrition.
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Figure 2. LEfSe cladogram of taxa showing significant [p <0.05] differences in abundance of baseline treatment-naïve [Week 0] CD children [CDED + 
PEN and EEN groups, n = 52] compared with healthy controls [HC] [n = 26]. Analyses include only samples from patients reaching remission at Week 6. 
Each dot represents identified taxa in this data. Taxa highlighted in red are increased and highlighted in green are decreased in treatment-naïve [week 0] 
CD samples compared with HC. Detailed marked figure can be found in Supplementary Figure 1. CD, Crohn’s disease; EEN, exclusive enteral nutrition; 
CDED + PEN, Crohn’s disease exclusion diet + partial enteral nutrition; LEfSe, linear discriminant analysis of effect size.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjac105#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjac105#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjac105#supplementary-data


Dietary Therapy in Paediatric Crohn’s Disease 65

and Proteobacteria were not significant in patients during the 
first 6 weeks of treatment [all p >0.05, Supplementary Figure 
5]. ALDEx2 compositional analysis at the phylum level identi-
fied significant differences in Proteobacteria at Weeks 0 and 6 
compared with healthy controls in both diets [Supplementary 
Tables 11–20]. For additional ALDEx2 compositional data 
analysis, see Supplementary Results.41

3.1.2. Weeks 6–12: further decrease in 
Proteobacteria
Continued dietary treatment with CDED + PEN between 
Weeks 6 and 12 resulted in a further decrease in Proteobacteria 
towards healthy controls. However, Escherichia and Sutterella 

among Proteobacteria genera remained more abundant in CD 
patients and remained significantly different from healthy sam-
ples [Wilcoxon p <0.05 and LDA >2] [Figure 4; Supplementary 
Figure 6]. Of note, there was a much higher relative abundance 
of Escherichia at baseline during the inflamed state compared 
with other Proteobacteria [Figure 4]. Among the expansion 
in Firmicutes, Faecalibacterium and Blautia became more 
abundant in CD patients but were still significantly different 
from healthy controls. Anaerostipes, Ruminococcus, bacilli, 
Porphyromonadaceae, Bifidobacteriales, Ascomycota, and 
Caudovirales were more abundant in healthy samples, com-
pared with CDED + PEN at Week 12 [Supplementary Figure 6 
and Supplementary Table 9].
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Figure 3. LEfSe cladogram of taxa showing significant [p <0.05] differences in abundance of Week 6 remission samples split by diet versus healthy 
controls [HC] [n = 26]. Each dot represents identified taxa in these data. Taxa highlighted in red are increased and in green are decreased in CD [Week 
6] samples compared with HC. Detailed marked Figure can be found in Supplementary Figure 3. A] CDED + PEN Week 6 [n = 28] vs HC [n = 26]. B] 
EEN Week 6 [n = 20] vs HC [n = 26]. CD, Crohn’s disease; EEN, exclusive enteral nutrition; CDED + PEN, Crohn’s disease exclusion diet + partial enteral 
nutrition; LEfSe, linear discriminant analysis of effect size.
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Gradually resuming normal diet between Weeks 6 and 12 
after EEN resulted in an increase in Proteobacteria, namely 
Enterobacter, away from healthy controls. Among Firmicutes, 
Streptococcus, Blautia, and Faecalibacterium increased 
with resuming normal diet, whereas Peptostreptococacceae, 
Eubacterium, Anaerostipes, Coprococcus, and Ruminococcus 
remained more abundant in healthy controls [Supplementary 
Figure 6 and Supplementary Table 10].

Compositional analysis with Songbird in CDED + PEN 
samples again revealed no significant changes in Firmicutes 
[for w6 vs w12, nor w0 vs w12], except for Oscillospiraceae 
[w0 vs w12, p = 0.03]. At a phylum level, Proteobacteria 
continued to decrease between Weeks 6 and 12, sustaining 
the significant decrease compared with baseline [w6 vs w12, 
p = 0.16; w0 vs w12, p <0.01]. Again this observation was 
mostly explained by a decline in ɣ-Proteobacteria [p <0.01] 
mainly through Escherichia genera [p <0.01, Supplementary 
Figure 4]. Changes in EEN were not significant across all time 
points in this analysis [all p >0.05; Supplementary Figure 5]. 
ALDEx2 analysis at the phylum level identified a significant 
difference in Proteobacteria at Week 12 for EEN samples com-
pared with healthy controls. However, CDED + PEN samples 
at Week 12 did not differ significantly from healthy controls 
[Supplementary Tables 11–20]. For additional ALDEx2 ana-
lysis see Supplementary Results.

3.2.  Microbiome metabotypes
In order to move beyond association studies with separate en-
zymes/metabolites, we applied unsupervised Bayesian analysis 
of community metabolism [BiomeNet] to identify microbial 
metabotypes associated with health, disease, and achieving 
remission. In comparing healthy controls with all CD patients 
in unsupervised analyses, we found that patients’ samples 
grouped into two metabotypes [M1 and M2; Supplementary 
Figure 7]. All healthy controls were grouped within one 

metabotype [M1] at a posterior probability [PP] >0.9. CD 
patients possessed a mixture of the two metabotypes, with 
mixtures related to stage of treatment. CD patients achieving 
remission showed a steady increase in the M1 contribution as 
nutritional therapy progressed. Patients achieving remission 
increased M1 over treatment from 48% prior to treatment to 
63% at Week 6 and 74% at Week 12, and changes in the mix-
ture weights were significant (paired Wilcoxon sign rank test; 
baseline vs Week 6 [p = 0.03]; baseline vs Week 12 [p <0.01]; 
Week 6 vs 12 [p <0.01]).

Nineteen major subnetworks of reactions were identi-
fied with differing contributions to M1 and M2. Among 
the pathways identified within metabotypes, one subnet-
work of reactions differed substantially between the two 
metabotypes [subsystem 29—Supplementary Figure 7 and 
SupplementaryTable 21]. Within this subnetwork were a 
number of reactions involving the metabolism of various 
sugars, notably their modification by phosphotransferases 
[Supplementary Table 21].

The identified metabotypes were also significantly different 
when comparing metagenomic diversity of samples across 
different time points using Bray–Curtis distances [Permanova 
p <0.01, Supplementary Figure 8]. Main taxa that contrib-
uted to M1 [based on coefficient, see Supplementary Figure 
8] were Prevotella copri, Bacteroides cacceae, Alistipes 
putredinis, Faecalibacterium praustnitzii, Bacteroides 
stercoris, and Bacteroides uniformis. Taxa contributing 
mainly to M2 [based on coefficient, see Supplementary 
Figure 8] were Bacteroides ovatus, Ruminococcus torques, 
Akkermansia muciniphila, Escherichia coli, Clostridium 
bolteae, Veillonella parvla, and Enterococcus faecalis. To 
get more insight into the microbiome community structure 
within the metabotypes, we analysed 16S rRNA gene data 
using BioMiCo [for the same CD patients as were used in 
whole-metagenome analysis above]. We identified four 
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major microbial assemblages [PP >0.1], two defining M1 
and two defining M2, and eight minor microbial assemblages 
[0.1 >PP >0.05], five defining M1 and three defining M2. M2 
metabotype was associated with high Proteobacteria with 
similar contributing taxa as described above (M1 [blue] 
Figure 5, M2 [red] Figure 6]). Main contributing taxa to 
metabotype communities identified with the BioMiCo ana-
lysis were similar to the taxa with the largest coefficients 
from the Permanova test based on metabotype labels shown 
in the non-metric multi-dimensional scaling plot of Bray–
Curtis distances [Supplementary Figure 8]. In addition, 
community structure identified using topic models [NMF 
and STM] yielded nearly identical results to BioMiCo [see 
Supplementary Data: Metabotypes -NMF and STM].

3.3.  SCFA
There were no significant differences between SCFAs at 
Week 0 between CDED + PEN and EEN. Faecal SCFA con-
centrations did not change significantly across the three 

time points in CDED + PEN [p >0.05]. Total SCFA concen-
tration as well as acetate, propionate, and butyrate concen-
trations, declined significantly between baseline and Week 
6 for samples reaching remission with EEN [Welch’s t test 
p <0.01, p <0.01, p = 0.02, and p <0.01, respectively] and 
increased between Week 6 and 12 with exposure to other 
food [p = 0.01, p = 0.02, p = 0.11, and p <0.01, respect-
ively] [Supplementary Figure 9 and Supplementary Tables 
22–25]. Total SCFA, acetate, proprionate, and butyrate dif-
fered significantly between CDED + PEN and EEN samples 
reaching remission at Week 6 [p <0.01, p <0.01 p = 0.02, 
p 0.01, respectively], but these differences were lost at 
Week 12.

SCFA concentrations were also associated with M1 and 
M2 mixtures in patients [90% PP cut-off]. Metabotype 
M1 was associated with higher concentrations in bu-
tyrate [p = 0.02] and valerate [p < 0.001] [Supplementary 
Figure 10]. Genes involved in butyrate formation were 
also associated with M1 and M2 [Supplementary Figures 
12 and 13]. Using 90% PP [the most informative cut-off 

Figure 5. Metabotype 1 community structure. Cytoscape visualisation of the community structure identified from BioMiCo analysis of Metabotype 
1 samples using taxa identified in 16S rRNA gene data. Nodes represent predominate taxa identified in the analysis, with size showing the summed 
posterior probability of the contribution of those taxa across assemblages. Edges indicate taxa that co-occurred in an assemblage.
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for comparison with healthy controls], genes significantly 
increased in M1 were butyrate kinase [K00929], phos-
phate butyryltransferase [K00634], 4-hydroxybutyryl-CoA 
dehydratase [K14534], and β-lysine-5,6-aminomutase 
[K01844],and genes significantly decreased in M1 in-
cluded genes in L-glutamate degradation to butyrate and 
enoyl-CoA hydratase [K00134, K01035, K08318, K01029, 
K01615, K01039, K01040, K01825, K01782, K01692, 
K01715] [Supplementary Figures 13–16].

3.4.  Bile acids
There were no significant differences in conjugated or 
unconjugated primary BA [priBA], secondary BA [secBA], 
or total BA concentrations between CDED + PEN and EEN 
samples at baseline. Total BA levels were stable throughout all 
time points in both EEN and CDED + PEN [Supplementary 
Figure 17]. EEN samples showed a decrease in priBA con-
centrations at Week 6 [p = 0.04], which was not sustained 
through Week 12 [p = 0.095]. CDED + PEN did not induce 
changes in the concentrations of priBA across all time points. 
When looking at the predominant secBA only [LCA and 
DCA] across the time points, there was a non-significant in-
crease in EEN samples at Week 6 [p = 0.06] [Supplementary 
Figure 18], whereas total secBA levels remained stable over all 
different time points with both dietary strategies.

4.  Discussion
We have demonstrated that diet-induced remission is as-
sociated with a correction of dysbiosis and change in both 
the composition of the microbial community as well as its 
metabolic pathways towards that of the microbial commu-
nity in healthy controls, which was particularly striking with 
CDED + PEN. However, 6 weeks of diet was not enough to 
fully correct the microbiome to a community comparable to 
healthy controls.

We have previously shown, using 16S rRNA amplicon 
data limited to phylum level, that CDED + PEN continued to 
change the microbiome between Week 6 and Week 12. Patients 
on EEN generally rebounded to pre-treatment dysbiosis at 
Week 12, with exposure to habitual diet accompanied by a 
rebound in inflammation, despite ongoing treatment with 
similar amounts of PEN.10,43 In the present study, we show 
that dietary therapy decreased the relative abundance of 
Proteobacteria, increased Firmicutes and Bacteroidetes down 
to a genus level with metagenomic analysis, and induced a 
gradual change in metabotype towards that of healthy con-
trols. Diet-induced remission on the other hand was not as-
sociated with any significant sustained changes in SCFAs or 
BAs. Our results provide more insight into the roles of micro-
biota composition, functionality, and metabolism in diet-
induced remission.

Figure 6. Metabotype 2 community structure. Cytoscape visualisation of the community structure identified from BioMiCo analysis of metabotype 
2 samples using taxa identified in 16S rRNA gene data. Nodes represent predominate taxa identified in the analysis, with size showing the summed 
posterior probability of the contribution of those taxa across assemblages. Edges indicate taxa that co-occurred in an assemblage.
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Looking for commonalities between EEN- and 
CDED + PEN-induced remission at the genus level may pro-
vide insight as to which change in taxa is driving response 
and correction of dysbiosis, i.e. ‘re-biosis’. Concordance for 
entering remission between diets was found only among 
genera from Proteobacteria, which demonstrated a decline. 
Escherichia, Haemophilus, and Citrobacter demonstrated 
the highest relative abundance during the pre-treatment in-
flammatory state and declined towards that of healthy con-
trols with diet. This could be due to a direct effect of the 
diet [low fat, low haeme, low simple carbohydrates in EEN 
and CDED + PEN] as well as indirectly due to the reduction 
in inflammation. The increase in Firmicutes was not con-
cordant across the different treatment strategies, as different 
genera increased or decreased depending more on which diet 
the patient was following rather than the general response. 
Whereas improvements in clinical condition [eg. gastro-
intestinal transit time, reduced intestinal inflammation, and 
oxygen availability] can also lead to microbiome modifica-
tion, there was a repeated association of diet-induced clinical 
remission with a reduction in Proteobacteria, using various 
methodologies including compositional analysis, although 
results differed according to the technique used. Correcting 
for the compositional nature of the microbiome is especially 
challenging in a dysbiotic environment with a large sparse 
dataset. Our results suggest that the drop in Proteobacteria 
is likely to play an important role in achieving clinical re-
mission with dietary therapy, particularly with CDED + PEN. 
The observed increase in Firmicutes may be in part due to sec-
ondary niche expansion, and in part to different substrates in 
the two diets. The possibility of secondary niche expansion is 
also supported by the observation that Firmicutes expansions 
occurred with EEN, which is devoid of fibre which normally 
drives Firmicutes expansion.

A previous study compared compositional dysbiosis be-
tween patients and healthy controls with EEN, high cal-
oric intake PEN, and anti-tumour necrosis factor [TNF], 
and demonstrated that PEN [ranging from 50% to 90% of 
the volume of formula used in EEN] with exposure to free 
diet steered composition away from that of healthy con-
trols.30 Here we show that CDED + PEN is associated with 
a gradual correction of dysbiosis and the associated metab-
olite pathway profile towards healthy controls, which can 
contribute to a more sustained remission in children with 
mild to moderate CD. The metabotype of patients receiving 
CDED + PEN for active disease entering diet-induced re-
mission shifted gradually towards the M1 metabotype 
that characterises healthy children. This metabotype rep-
resents a compositional profile of primarily Bacteroidetes 
and Firmicutes. It is interesting to note that the CDED is a 
low-fat diet with mandatory exposure to fruits and resistant 
starch. Low-fat diets will increase Bacteroidetes at the ex-
pense of Firmicutes, but during a high Proteobacteria state, 
the combination of low fat/high fibre exposure will likely 
favour correction of dysbiosis by decreasing Proteobacteria 
and increasing both Bacteroidetes and Firmicutes.44 This 
observation shows that the dysbiosis present in CD is also 
functional. However, these community and functional 
changes towards a healthy microbiome ‘state’ likely take 
longer than the period it takes to achieve clinical remis-
sion, as most patients achieving clinical remission by Week 
6 were already in remission or clinical response by Week 
3, whereas metabotype continued to correct over 12 weeks 

and still did not reach 100% M1 metabotype.45 Reaching 
‘normobiosis’—ie. microbiome patterns as found in healthy 
hosts—and sustaining a healthy metabotype for a longer 
period of time with dietary therapy could therefore prolong 
sustained clinical remission, once it has been reached by 
avoiding rebound changes to baseline signatures.

The gradual metabotype improvements from baseline to 
Weeks 6 and 12 indicate that also at the functional level, 
microbiome-focused therapy might require a more sus-
tained intervention. We found that M2 [predominant in ac-
tive disease] is associated with lower SCFA concentrations 
and pathways associated with phosphotransferases, which 
have been described to have a wide range of regulatory roles 
including biofilm formation and virulence and are involved 
in a lot of different complex sugar metabolisms.46–49 Using 
our metagenome data, combining various Bayesian analyt-
ical frameworks, we show that lower SCFAs in the higher 
M2 state may be due to both reduced production [less SCFA 
producers from pyruvate] as well as increased usage [more 
SCFA consumption by members of the disease-associated 
community and use of alternative butyrate production path-
ways] [Supplementary Data].50–55 Increased metabolic cap-
acity of SCFA synthesis and higher butyrate levels at baseline 
have been shown to play a role as markers of a more stable, 
health-associated metabotype, as was shown recently to be 
important for maintaining anti-TNF and azathioprine remis-
sion.56,57 However, measured SCFA concentrations [which 
only reflect a small amount of total intestinal SCFA metab-
olism] were not associated with achieving clinical remission 
with EEN or CDED + PEN.

Bile acids [BA] can modulate the intestinal immune re-
sponse and it is known that their composition can be altered 
by changes in the gut bacterial community.58,59 We have pre-
viously shown that deconjugation [via bile-salt hydrolase] re-
mains intact and that reduced dehydroxylation capacity leads 
to impaired conversion of priBA into secBA, resulting in a high 
priBA/low secBA profile in CD dysbiosis.60 Some secBA have 
been described to have anti-inflammatory functions.61,62 Here, 
we show that EEN induced a decrease in priBA and, when 
focusing only on LCA + DCA, there was a corresponding 
increase of secBA. This was not seen in CDED + PEN. The 
change in bile acid pool produced by EEN seems to be influ-
enced more by a radical change in diet exposure, rather than 
being the driver behind diet-induced remission in general. 
Taken together, our data for SCFA and BA suggest that these 
metabolites are not the main drivers for the early clinical re-
sponse to dietary intervention as a whole.

Our study raises the interesting notion that the microbiome 
could—and perhaps should—be a treatment target in CD. 
We show re-biosis as a response to therapy and a concomi-
tant change in the microbiome metabolic signature over the 
course of dietary treatment, consistent with healthy con-
trols. Functional and taxonomic capacity of re-biosis might 
therefore become a more expansive biomarker of remission, 
showing a holistic perspective of gut ‘health’ during disease.

There are several limitations to our study. We did not study 
mucosal bacteria, as this would have required a full colonos-
copy after 12 weeks, which is currently not indicated in paedi-
atric CD. Our analysis was metagenomic in nature, implying 
metagenomic functional capacity, and only SCFA and BA 
were measured. However, this is one of the few studies in 
which metagenomic pathways and measurement of an end 
product of the metabolome were performed simultaneously 
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in rigorously defined patients with uniform therapies and 
outcomes. Our data were not cross-sectional and most of the 
patients were not on any medication at baseline, as medica-
tions also induce changes to the microbiome. Samples were 
not available for BA analysis for all time points and for all pa-
tients for whom metagenome sequencing data was obtained, 
due to limited stool sample volume. A common limitation 
of metagenomics sequencing studies is tackling the relative 
abundance issue of microbiome changes, which we addressed 
through a combination of various analytical approaches. 
We used healthy controls from previously published data as 
a comparator in this study, which were sequenced at a dif-
ferent facility. However, in comparing CD patients with these 
healthy controls, we believe our findings clearly show that 
we are looking at biological changes over time rather than 
a finding induced by differences in sequencing methods, as 
healthy controls clearly possessed M1 metabotypes and CD 
patients had a mixture of M1 + M2, with M1 contribution 
increasing in time with reaching remission at Week 6 across 
all samples. Last, although we have provided data to suggest 
that a decline in Proteobacteria is a major pathway associ-
ated with dietary therapy-induced remission, it is impossible 
to know from 6-week intervals which taxa change first with 
clinical remission, as suppression of one group tends to lead 
to niche expansion of another.

The data presented here confirm our previously reported 
16S analysis that sustained dietary therapy beyond 6 weeks 
with CDED + PEN avoids the ‘rebound’ in disease-associated 
species, notably Proteobacteria and without an early drop in 
Firmicutes, when oral diet is reintroduced. In the previous 
study,10 we demonstrated an increase in faecal calprotectin as-
sociated with reintroduction of free oral diet following EEN, 
and this was recently also reported in an independent Scottish 
cohort.22 These translational studies suggest that longer sus-
tained dietary therapy >12 weeks is necessary to consoli-
date the early microbiome changes associated with dietary 
change, even if clinical remission is already achieved.15,63 As 
CDED + PEN is more tolerable than the monotonous EEN, 
this could be feasible in daily practice.

5.  Conclusion
In conclusion, correction of dysbiosis with dietary therapy 
appears to occur both from a compositional and functional 
perspective. Twelve weeks of diet brings the microbiome to 
a state more similar to healthy controls, but this time frame 
appears insufficient to achieve complete re-biosis. Although 
M1 [‘healthy’] metabotype increases with time and is asso-
ciated with increased SCFA levels, measured faecal SCFA do 
not increase by 12 weeks and do not correlate with achieving 
clinical remission. The contribution of such ‘beneficial’ SCFA-
producing species to achieving clinical remission does not ap-
pear to be as important as the reduction of Proteobacteria. 
This suggests that reduction in ‘pathobionts’ is either an 
earlier stage on the path to recovery or that it is more im-
portant for reduction in inflammation than the recovery of 
beneficial taxa to prevent inflammation. Indeed, reduction 
in Proteobacteria may enable niche expansion of beneficial 
taxa due to a change in the microenvironment. Other meta-
bolic processes [notably of Proteobacteria] may therefore 
contribute more important features of the microbiome com-
munity functional shift associated with achieving clinical 
remission and healing. Restoration of the microbiome and 

metabolome with beneficial taxa might be required to main-
tain this state to prevent recurrence of inflammation or to 
achieve a ‘cure’ in the future. As the role of the microbiota 
and dysbiosis as instigators of gut inflammation becomes 
clearer, correction of dysbiosis might become an important 
future clinical goal of therapy, leading to incorporation of 
strategies targeting both the microbiome and inflammation to 
alter progression or recurrence of disease.

The whole shotgun metagenomic sequencing data of 
CDED-RCT participants used in this study are available under 
accession number PRJEB25264 at the European Nucleotide 
Archive. Whole metagenomics sequencing data from healthy 
controls are available under accession number SRP057027 at 
the Sequence Read Archive.
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