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Background: Microbial communities have long been suspected to influence inflammatory processes in the gastrointestinal tract of patients with 
inflammatory bowel disease. However, these effects are often influenced by treatments and can rarely be analyzed in treatment-naïve onset 
cases. Specifically, microbial differences between IBD pathologies in new onset cases have rarely been investigated and can provide novel in-
sight into the dynamics of the microbiota in Crohn’s disease (CD) and ulcerative colitis (UC).
Methods: Fifty-six treatment-naïve IBD onset patients (67.3% CD, 32.7% UC) and 97 healthy controls were recruited from the Maltese popula-
tion. Stool samples were collected after diagnosis but before administration of anti-inflammatory treatments. Fecal microbial communities were 
assessed via 16S rRNA gene sequencing and subjected to ecological analyses to determine disease-specific differences between pathologies 
and disease subtypes or to predict future treatment options.
Results: We identified significant differences in community composition, variability, and diversity between healthy and diseased individuals—but 
only small to no differences between the newly diagnosed, treatment-naïve UC and CD cohorts. Network analyses revealed massive turn-
over of bacterial interactions between healthy and diseased communities, as well as between CD and UC communities, as signs of disease-
specific changes of community dynamics. Furthermore, we identified taxa and community characteristics serving as predictors for prospective 
treatments.
Conclusion: Untreated and newly diagnosed IBD shows clear differences from healthy microbial communities and an elevated level of distur-
bance, but only the network perspective revealed differences between pathologies. Furthermore, future IBD treatment is to some extent pre-
dictable by microbial community characteristics.

Lay Summary 
Treatment-naïve IBD onset patients from Malta show clear differences from healthy microbial communities and an elevated level of community 
disturbance, although differences between pathologies are only revealed by a network perspective. Furthermore, future IBD treatment is pre-
dictable by microbial community characteristics.
Key Words: inflammatory bowel disease, Crohn’s disease, ulcerative colitis, microbiome, treatment naïve, treatment prediction, biomarker

Introduction
The disease complex of inflammatory bowel disease (IBD) 
consists primarily of Crohn’s disease (CD) and ulcerative co-
litis (UC), which differ in their phenotypic and immunologic 
characteristics. Crohn’s disease often involves granulomas, 
discontinuous bowel involvement, and transmural inflam-
mation, which can be present throughout the gastrointestinal 
tract. Ulcerative colitis is mainly restricted to the mucosa 
and submucosa of the large intestine and rectum. However, 
both pathologies overlap genetically in a considerable way.1 
Genetic predispositions and heritability1,2 account only for 

a limited amount of disease development, and its incidence 
seems to be influenced by different environmental factors.3 
Globally, the prevalence of IBD has increased over the recent 
years, potentially due to a multitude of lifestyle factors.3

However, it has become increasingly evident that the 
bodies’ microbial communities play an undeniably im-
portant role in the pathogenesis of IBD. Numerous animal 
experiments and population studies identified a multitude of 
ways the microbiome varies and interacts with its host, even-
tually leading to inflammation.4,5 Current evidence suggests 
that inflammation may not be caused by single pathogens, 
but rather driven by dysbiosis such as a shift in the balance 
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of a beneficial microbial community as a whole in favor of 
a pro-inflammatory community, which eventually leads to 
and sustains intestinal inflammation.4,5 These shifts can be 
the result of disturbances introduced through environmental 
and lifestyle factors like diet, hygiene, medication, or even 
the host’s genetic makeup.6,7 Also, prior infections and their 
treatment can trigger and sustain IBD in previously healthy 
individuals.8 Thus, analyzing early changes in the microbial 
communities and reducing the influence of treatment-related 
disturbances offer immense opportunities to trace the true 
pathological dynamics in the microbiota that drive chronicity 
and inflammation.

The Maltese population is comparably small (approxi-
mately 550 000) and has not been investigated on the mi-
crobial level, let alone its association to IBD. However, small 
scale genetic studies identified several shared IBD risk genes 
with other cohorts but also population-specific patterns.9,10 
The Maltese people have a long history of settlement and 
admixture, resulting in a distinct cultural and genetic 
makeup.11 Studies of populations with particular environ-
mental and genetic background have the power to reveal 
new and validate already established patterns, adding to the 
overall understanding of host-microbiome interactions and 
its involvement in IBD. Thus, CD and UC may display not 
only patterns already shown in published population studies 
but may also reveal local dynamics in relation to IBD.12 In 
this study, we analyze the fecal microbial communities in 
the early stages of IBD development in a newly diagnosed 
and treatment-naïve cohort of patients suffering from CD 

and UC, which is an advantageous setup to investigate these 
complex pathologies.

Materials and Methods
Patient Recruitment and Sampling
Ethical approval was obtained from the University of Malta 
Research Ethics Committee (Ref 32/2017), and patients were 
recruited from the gastroenterology outpatient clinic at Mater 
Dei Hospital, Malta, between January 2018 and September 
2019 (Table 1). Fecal samples were collected from patients 
diagnosed with IBD for the first time and randomly from 
healthy controls above the age of 18 years. Exclusion criteria 
included,

•	 antibiotics, probiotics, bowel-cleansing medications, sys-
temic corticosteroids (3 months prior);

•	 previous anti-inflammatory treatments;
•	 IBD, acute illness gastrointestinal disease, chronic auto-

immune/inflammatory conditions, history of malignancy, 
gastrointestinal surgery;

•	 and pregnancy, breastfeeding.

DNA Extraction and 16S rRNA Sequencing
DNA from stool samples was extracted using the QIAamp 
DNA fast stool mini kit automated on the QIAcube (Qiagen, 
Hilden, Germany) and sequenced as described elsewhere.13 
Data processing was performed using DADA2 1.10,14 and 
Amplicon Sequence Variants (ASVs) tables were classified via 
the naïve Bayesian classifier (RDP16, see supplemental ma-
terial).15 Unstratified EC categories metagenome predictions 
were generated using the native ASV abundances and 
sequences in PICRUSt 2.5.0 using the default workflows.16 
Raw sequence data and relevant meta-data can be accessed 
online under the accession number PRJEB47161 (IBD cases) 
and PRJEB47162 (controls) at the European Nucleotide 
Archive (https://www.ebi.ac.uk/ena/).

Statistical Methods for Microbiome Analyses
The microbiome data were rarefied to 11 800 reads/sample 
to ensure comparable and sufficient coverage across samples 
(average Good’s coverage 99.88% ± 0.001 SD). Species rich-
ness (Chao1), Simpson diversity (1-D), and phylogenetic 
alpha diversity (Nearest Taxon Index [NTI], Net Relatedness 
Index [NRI]) were calculated and analyzed in R 3.5.3.17–19 
Beta diversity analyses were conducted via distance-based 
(conditional) Redundancy analyses and permutative ANOVA, 
as well as with a multivariate test for homogeneity of 
variances (10 000 permutations),20,21 using Jaccard distance 
(presence/absence) and Bray-Curtis dissimilarity (differential 
abundance).

Indicator species analysis was used to detect predictive 
taxa for the respective patient characteristics (present in 
>10% of samples),22 and differential abundance analyses 
were performed with DESeq2 (bacteria present >5% of 
samples) including age and body mass index (BMI) as 
covariates.23 Continuous variables were not transformed 
if used in a statistical model (ie, SCCAI, CDAI, BMI, age, 
HBI, Godin Leisure-Time Exercise index, time spent out-
side) and samples with missing values were excluded from 

Key Messages

What is already known?

•	 The microbiota has been implicated in the pathology of 
CD and UC.

•	 Pharmaceutical treatments, particularly anti-inflamma-
tory treatments, influence microbial communities in 
many ways.

•	 Investigations of new onset- and treatment-naïve 
individuals are rare and allow a pristine insight into the 
microbiome of IBD patients.

What is new here?

•	 Inflammatory bowel disease fecal microbial communities 
of treatment-naïve patients differ significantly in diver-
sity and structure from healthy individuals and show 
higher community variability.

•	 Crohn’s disease and UC communities do not differ in 
composition or diversity in the early phases of inflam-
mation but show very disparate community dynamics 
and bacterial interactions.

•	 Community diversity, single community members, and 
functional characteristics are indicative of future medical 
treatments.

How can this study help patient care?

•	 Community interactions and not necessarily community 
composition may help to distinguish and treat CD and 
UC in early stages of IBD.

•	 Single taxa and community patterns can be indicators 
for disease development and may guide specific treat-
ment regiments.

https://www.ebi.ac.uk/ena/
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the respective analyzes. Binomial generalized linear models 
(GLMs) were employed to predict future treatments (yes/1, 
no/0) by alpha diversity, bacterial abundances, and functions. 
All P values were adjusted via false discovery rate (FDR). 
Similar methods were applied to investigate functional char-
acteristics of the bacterial communities, as based on imputed 
bacterial functions and pathways via PICRUSt2, with the 
exception of using the Wald test based on DESeq2 analyses 

and filtering.16 Weighted SparCC co-abundance networks 
were generated based on ASV abundances (present >10% 
of samples, PFDR ≤ .050, |R| ≥ 0.250).24 Networks were 
generated individually for the UC and CD cohorts, as well as 
for the controls (complete cohort, 3 subsets, N=31). Node-
based (degree, betweenness, PageRank-index, eigenvalue-
centrality) and network-wide measures (diameter, radius, 
assortativity) were calculated in igraph 1.2.4.1.25–27 To assess 

Table 1. Summary of cohort characteristics of healthy controls, CD, and UC patients, summarizing subject numbers for general anthropometric 
characteristics and continuous measurements of general subject characteristics and severity measures (average values ± SD). Further, for diseased 
individuals we summarize the distribution among CD and UC subtypes, as well current and future treatments.

Category Variable Levels Healthy CD UC 

Anthropometrics Gender male 50 19 14

female 46 12 11

Smoking Yes 6 3 7

No 80 26 16

Ex 10 2 2

Continuous Age (years) mean ± SD 44.71±16.00 37.81±16.62 47.36±16.60

measures Weight (kg) 74.06±12.92 67.24±10.53 70.01±8.77

Height (cm) 166.88±7.91 163.52±6.96 162.24±7.52

BMI (kg/m2) 26.53±3.90 25.095±3.00 26.66±3.52

Sunlight (hours) 3.87±1.15 4.08±1.47

CDAI 23.10±21.33

SCCAI 0.87±1.14; NA:2

Godin leisure time index 6.94±9.82 3.84±4.59

Harvey-Bradshaw Index 1.45±1.73

Disease subtypes Subtype A A1 4

(age of onset) A2 20

A3 7

Subtype B/P B1 28 (P:3)

(disease behavior) B2 0

B3 3 (P:1)

Subtype L L1 16

(disease location) L2 2

L3 13

Subtype E E1 7

(disease behavior) E2 8

E3 10

Current medication Non-IBD medication Yes/1 6 6

No/0 25 19

Antibiotics Yes/1 8 9

(6 weeks prior) No/0 23 16

Antibiotics Yes/1 13 11

(6 months prior) No/0 18 14

Future IBD Mesalazine Yes/1 9 13

treatment No/0 22 12

(52 week follow-up) Azathioprine Yes/1 9 3

No/0 22 22

Anti-TNF Yes/1 7 0

No/0 24 25

Prednisolone Yes/1 4 2

No/0 27 23

general IBD Yes/1 19 14

medication (combined) No/0 12 11
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whether bacteria were more important than expected by 
chance, observed centralities (mean of control subsamples) 
were compared against a permuted set of networks (10 000 
times, combined for control subsamples) via one-sided Z 
tests.

Results
Description of a Newly Diagnosed, Treatment-naïve 
IBD Cohort and Accompanying Healthy Subjects 
From Malta
Our cohort consists of 56 patients with histologically con-
firmed IBD (CD, n = 31; UC, n = 25), as well as 96 healthy 
controls (Table 1). The average age was 44.7 years among the 
healthy individuals, 47.4 in UC patients, and 37.8 years in 
CD patients (χ2 = 5.3143, P > 0.050; Kruskal-Wallis test). The 
mean BMI was 26.5 kg/m2 in the healthy cohort, 26.7 kg/m2 
in UC patients, and 25.1 kg/m2 in CD patients (χ2 = 3.9658, 
P > 0.050; Kruskal-Wallis test). A more detailed classifica-
tion of CD and UC patients into subtypes was performed fol-
lowing the Montreal classification. Additional information 
was analyzed, as well, including medication (IBD specific, 
other medication), disease severity (Simple Clinical Colitis 
Activity Index [SCCAI], Crohn’s Disease Activity Index 
[CDAI], Harvey-Bradshaw Index [HBI]), and life quality 
(Godin Leisure-Time Exercise index, sunlight hours; Figure 
1A and Table 1).

Novel and Established Bacterial Associations 
with IBD, Disease Subtypes, and Prospective IBD 
Treatments
The most abundant community members belonged to the 
phylum Firmicutes, followed by Bacteroidetes, Proteobacteria, 
Actinobacteria, Verrucomicrobia, and other low abundant 
bacterial phyla. The distribution of the major groups is fairly 
comparable between healthy and diseased individuals (Figure 
1B). However, the abundance of Actinobacteria is increased 
in diseased patients, similar to members of the Candidatus 
saccharibacteria. In contrast, verrucomicrobia and yet un-
classified bacteria are more abundant among the healthy 
cohort in our sample population (Figure 1C). On a more fine-
grained analytical level, we identified 39 ASVs differentially 
abundant between the different health conditions. Eighteen 
taxa were more abundant in healthy individuals (eg, ASV 14- 
Alistipes uncl., ASV 20- Akkermansia muciniphila), whereas 
12 taxa were more abundant in CD patients (eg, ASV 70- 
Lactobacillus gasseri, ASV 249- Parasutterella uncl.). We 
also identified 9 ASVs that show higher abundances among 
UC patients (eg, ASV 6-Escherichia/Shigella uncl., ASV 
41-Sutterella wadsworthensis, ASV 44-Bacteroides faecis) 
compared with the other conditions (Figure 1E; Table S1). 
The ASV 249 belonging to the Parasutterella was found to 
be overabundant in CD and also detected to be indicative 
of a CD-associated microbiome via indicator species anal-
ysis. This approach determines taxa, which are predictive 
for a certain environment, based on its abundance and fre-
quency like the Firmicutes Flavonifractor plautii (ASV 87).22 
Crohn’s disease patients were further characterized through 
the associations with L. gasseri (ASV 70), which is also over-
abundant in CD (Table S2). Interestingly, UC patients showed 
a strong association to the usually probiotic Faecalibacteria 
(ASV 313). However, ASV 321 (Clostridia uncl.) and ASV 

96 (Ruminococcaceae uncl.), 2 known butyrate producers, 
were strongly indicative of a healthy microbiota (Figure 
1E). Other known probiotic bacteria were associated with 
healthy controls as well, like A. muciniphila (ASV 20),28,29 
Fusicatenibacter uncl. (ASV 333),30 and Subdoligranulum 
uncl. (ASV 453). However, these additional yet interesting 
associations did not reach the adjusted P value cutoff (PFDR 
≤ .100) but overlapped strongly with the differentially abun-
dant bacteria (10 ASVs, Table S2).

Disease subtypes, which categorize disease severity by the 
age of onset (subtype A), disease behavior (subtype B/P), and 
disease location (subtype L) in CD and disease magnitude/
location in UC (subtype E), significantly differed in abun-
dance of several bacterial taxa (228 unique ASVs; Table S3, 
Figure S1-S4). Several of these bacteria displayed repeated 
associations among the subtype categories (85 ASVs), which 
were detected in the indicator analyses to some extent (sim-
ilar direction, 19 ASVs; different direction, 66), which itself 
detected 80 unique ASVs associated with disease subtypes in 
CD and UC patients (Table S4).

Because this is an inception cohort, the stool samples 
were taken when these patients were still not receiving any 
IBD-related medications. However, this cohort received 
non-IBD specific medication and in some cases antibiotics 
approximately 6 weeks to 6 months prior to sampling. We 
investigated the influence of non-IBD-related medications 
on the abundance and occurrence of bacteria in CD and UC 
patients. Several taxa appeared to associate in similar ways 
with the same treatment in UC and CD, as well as among 
the different detection methods (Table S5 and S6; Figure S5 
and S6). In addition, we attempted to associate future IBD-
specific treatments in UC and CD individuals with bacte-
rial abundances. By investigating all diseased individuals 
combined, we identified only Faecalibacterium (ASV 304) 
to be associated with future treatments, as its abundance 
correlates with a reduced probability of IBD-related medica-
tion usage (P = 9.8912 × 10-5, PFDR = .0417; binomial GLM; 
Figure 1D).

Diversity of Fecal Communities in Newly 
Diagnosed IBD Cases Is Lower Than in Healthy 
Individuals and Is Associated with Prospective IBD 
Treatments
A central characteristic of microbial communities is the dis-
tribution of species within communities, termed alpha diver-
sity, which is associated with productivity and stability of the 
respective communities.31 The strongest factor influencing the 
complexity of the fecal microbiota was the health condition of 
the individuals (healthy controls, CD, UC). Patients with IBD 
displayed a reduced average species richness and community 
evenness compared with healthy controls, as described by the 
metrics Chao1 species richness and Simpson diversity, respec-
tively (Figure 2A and 2B; Table 2). With respect to Simpson 
diversity, we also observed an overall decrease in relation 
to BMI, a pattern that was strongest among CD patients  
(Figure 2B). Also in the phylogenetic diversity, as expressed by 
phylogenetic clustering ( > 0, low diversity) or overdispersion 
( < 0, high diversity) of species over the phylogenetic tree, we 
observed phylogenetic dispersion with increasing age over 
the whole phylogenetic tree (NRI) and among more closely 
related bacteria (NTI), particularly in healthy individuals 
(Figure 2C and 2D). However, this pattern changed slightly 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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Figure 1. A, Schematic overview of cohort characteristics (see Table 1 for further information). B, The stacked barplots visualize the individual community 
composition at the phylum level sorted by the relative phylum abundances within each cohort. C, The barplots visualize phylum abundances with 
respect to IBD status and highlight significant differentially abundant phyla (PFDR < 0.100), as based on DESeq2.23 Figure (D) displays the association 
between ASV 304 (Faecalibacterium uncl.) abundance in diseased individuals (CD and UC) and the probability of receiving future anti-inflammatory 
treatment (eg, 5-ASA, AZA, anti-TNF, or prednisolone) within one year after sampling (DF = 1,54, Deviance = 15.15736, P = .00009, PFDR = .04174, 
binomial GLM). Ticks on the bottom of the graph indicate samples without treatment, whereas ticks on the top indicate samples with future treatment. 
E, The heatmap displays in the left panel significant differentially abundant ASVs (DESeq2) and on the right panel significant indicator species22 with 
respect to IBD status/health condition (PFDR ≤ .05). Overlapping associations between both methods are highlighted in red. Phylum membership of the 
respective ASVs is visualized in the upper color bar and the direction of association (association, maximum abundance) is indicated by the color bar at 
the bottom.
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Figure 2. A, Alpha diversity is expressed through the Chao1 species richness among the different cohorts, which shows lower alpha diversity in 
patients with IBD compared with controls, while Simpson diversity (B) shows an average decrease of evenness in CD and UC patients compared 
with healthy subjects, as well as a negative correlation of evenness with BMI. Figures (C) and (D) display the correlation of the phylogenetic diversity 
measures Net Relatedness Index (NRI) and Nearest Taxon Index (NTI) with age for the different disease cohorts. The dashed zero line marks the cutoff 
between phylogenetic overdispersion (NRI < 0, NTI < 0) and phylogenetic clustering (NRI > 0, NTI > 0). Figures (E) and (F) depict the probability of 
future anti-inflammatory treatments (5-ASA, AZA, anti-TNF, or prednisolone) based on the current species richness (E) and evenness (F) in IBD patients. 
Ticks on the bottom of the graph indicate samples without treatment, while ticks on the top indicate samples with future treatment.
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in UC patients (clustering: NRI > 0, NTI > 0), whereas CD 
patients showed an increased phylogenetic clustering in older 
CD patients (strongest in NRI; Figure 2C and 2D; Table 2). 
Overall, we did not identify significant differences in alpha 
diversity between CD and UC patients.

Inflammatory bowel disease subtypes, following the 
Montreal classification for CD and UC,32 had only minor 
effects on community diversity in UC patients and no signif-
icant influence on the community of CD patients. In UC, we 
observed a decrease of NTI (less phylogenetically clustered) in 
patients with subtype E3 (pancolitis) compared with the less 
severe subtypes E1 and E2 (F2,22 = 3.5799, P = .0451). When 
we focus on medications, neither non-IBD-related medica-
tion nor previous antibiotic use (at least 6 weeks or 6 months 
prior) affected the complexity of CD and UC microbiota 
(Table S7). We also analyzed data on IBD-related pharma-
ceutical treatments required within 12 months postdiagnosis. 
A combined analysis of CD and UC patients revealed that 
patients with a less diverse community were more likely to 
receive prednisolone treatment (Chao1: P = .00174, PFDR = 
.03483; Simpson: P = .00543, PFDR = .05434; binomial GLM, 
Figure 2E and 2F). However, nonspecific treatments and other 
anthropogenic factors influence disease trajectories, as well. 
Thus, this relatively small study can only be suggestive and 
will need further validation.

Diseased Fecal Communities Are Strongly 
Differentiated From Healthy Communities, 
Accompanied by Higher Community Variability
Disease condition not only changes the diversity within 
individuals but also influences differences in community com-
position between individuals in a systematic way.12,33 Highly 
significant differences in taxonomic community composition 
and structure (Bray-Curtis, Jaccard) with respect to health 
conditions were present, although the separation between the 
different health conditions was relatively weak (R2

Bray-Curtis =  
0.01651, R2

Jaccard = 0.01631; Figure 3A, S8A; Table 3). In 
particular, differences between microbial communities of 
healthy individuals to either disease were comparably high, 
although we cannot observe a significant separation between 
CD and UC communities (Table 3). Correcting for potential 
confounding factors, like age or BMI, did not influence the ef-
fect of health condition on community differences (PBray-Curtis = 
.0001, PJaccard = .0001; conditional distance based redundancy 
analysis [dbRDA]). Patient gender but not smoking status 
influenced community structure, as well. However, compared 
with other patient characteristics, disease type was the most 
prominent factor influencing the microbial community com-
position and significantly increased community variability of 
diseased communities (Figure 3D, Figure S8D). This pattern 

Table 2. Linear model results of alpha diversity analyses focusing on Chao1 species richness, Simpson diversity (1-D), phylogenetic clustering of 
distantly (NRI) and closely related bacteria (NTI), after model selection (covariates: health condition, age, BMI, medication).

     Pairwise comparison

Diversity metric Model DF F P Comparison P  

Chao1 ~IBD 2,149 15.46929 0.000001 CD—Contr. 0.00001

UC—Contr. 0.00024

CD—UC 0.67680

Simpson ~BMI 1,146 1.06818 0.303066 BMI 0.55512

+IBD 2,146 8.417464 0.000347 IBD(Contr.,CD) 0.00003

+IBD:BMI 2,146 2.943861 0.055796 IBD(Contr.,CD):BMI 0.01271

BMI 0.33708

IBD(Contr.,UC) 0.02192

IBD(Contr.,UC):BMI 0.13964

BMI 0.14430

IBD(UC,CD) 0.18330

IBD(UC,CD):BMI 0.52740

NRI ~IBD 2,146 2.02453 0.135746 Age 0.30089

+Age 1,146 2.04422 0.154922 IBD(Contr.,CD) 0.42558

+IBD:Age 2,146 2.53737 0.082557 IBD(Contr.,CD):Age 0.04372

Age 0.02469

IBD(Contr.,UC) 0.02672

IBD(Contr.,UC):Age 0.48271

Age 0.92660

IBD(UC,CD) 0.45790

IBD(UC,CD):Age 0.10060

NTI ~IBD 2,148 21.48979 0.000008 Age 0.07742

+Age 1,148 4.23903 0.041246 IBD(Contr.,CD) 0.00365

Age 0.02140

IBD(Contr.,UC) 0.00033

Age 0.35450

IBD(UC,CD) 0.54700

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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has been called the “Anna Karenina principle,” by which the 
microbial communities of dysbiotic individuals vary more 
than communities of healthy individuals.36 These patterns 
are also present in the functional capacities of the different 
communities, which differentiate the cohorts in a highly sig-
nificant way (F2,149 = 2.1353, P = .0002, R2 = 0.02784, adj. 
R2 = 0.01479; P = .0001 [conditional dbRDA]; Figure 3C), 
but functional diversity is decreased in UC patients (Figure 
3D). Disease subtypes of CD and UC patients did not show 
any significant influence on the taxonomic or functional com-
munity composition, with the exception of weak differences 
in community composition associated with disease location 
in CD (subtype L; Table S8 and S9). Neither UC nor CD 
subtypes influenced the microbial community variability in 
any significant manner (Table S10). Noteably, functional and 
taxonomic community differences correlated to disease se-
verity (SCCAI) in UC. Among individuals suffering from CD, 
we only observed nominally significant correlations with sub-
ject age (Bray-Curtis) and the average time spent outside (sun-
light hours; Jaccard and Jaccard PICRUSt; Table S8 and S9), 
but no effect of other patient characteristics. In communities 
of UC patients, as well as in CD and UC patients combined, 
we could discern weak community differences between 
patients that will or will not receive IBD-specific medication, 
particularly prednisolone (CD, Bray-Curtis: P = .0395, PFDR = 
0.1975; Jaccard: P = .0266, PFDR = 0.1330; IBD, Bray-Curtis: 
P = .0121, PFDR = 0.0968; Jaccard: P = .0041, PFDR = 0.0328). 
However in CD patients, no such associations were detected.

Interestingly, investigating the communities for individual 
functional differences, we could identify several functions 
and pathways involved in amino acid metabolism, oxida-
tive stress, and other metabolic processes associated with a 
less anaerobic environment and associated with the diseased 
cohorts (Figure S9, Table S11 and S12). We found several 
oxidoreductases (eg, succinate-semialdehyde dehydrogenase, 

[EC 1.2.1.16]) and other enzymes involved in aerobic me-
tabolism (eg, malonate-semialdehyde dehydrogenase 
[acetylating], [EC 1.2.1.18]), amino acid degradation (eg, 
3-hydroxyisobutyrate dehydrogenase, [EC 1.1.1.31]), and 
detoxification of reactive oxygen species (eg, glutathione 
reductase, [EC 1.8.1.7]) to be significantly more abundant 
in CD patients (Table S11). Functions involved in butyrate 
degradation and nucleotide degradation appear more abun-
dant in CD patients (EC 2.8.3.12, EC 3.1.21.2). Individuals 
suffering from ulcerative colitis have a higher abundance of 
enzymes involved in nucleotide (EC 2.7.1.113, EC 2.7.1.74) 
and sugar/glycan digestion (EC 2.7.1.66, EC 2.7.1.144, EC 
2.7.1.144, EC 3.2.1.85). However, we also observe a higher 
abundance of several enzymes involved in amino acid bio-
synthesis, particularly in CD such as glutamate dehydro-
genase (EC 1.4.1.3), glycine dehydrogenase (EC 1.4.1.10), 
or methionine γ-lyase (EC 4.4.1.11). In contrast, healthy 
individuals display higher abundances of enzymes cobalamin 
synthesis (precorrin-8X methylmutase/cobalt-precorrin-8 
methylmutase EC 5.4.99.60/EC 5.4.99.61) and amino acid 
synthesis (eg, tryptophan synthase [EC 4.2.1.20], cysteine 
synthase [EC 2.5.1.47], branched-chain-amino-acid transam-
inase [EC 2.6.1.42], glutamine synthetase [EC 6.3.1.2], histi-
dine biosynthesis [EC 3.6.1.31, EC 4.2.1.19]). The signals at 
the single enzyme level are reflected, as well, at the pathway 
abundance level (Table S12), with amino acid biosynthesis 
pathways abundant in healthy individuals (eg, L-tryptophan 
biosynthesis, superpathway of branched chain amino acid 
biosynthesis/superpathway of aromatic amino acid biosyn-
thesis), and nucleotide and amino acid degradation more 
abundant among IBD patients (P164-PWY, P162-PWY). 
Interestingly, we detected an overabundance of a glycerol 
degradation pathway (GOLPDLCAT-PWY) in CD patients, 
which is particularly associated with Enterobacteriaceae, 
which are strong IBD indicators in this study. In association 

Table 3. Beta diversity analyses of fecal microbial communities focusing on differential abundance (Bray-Curtis) or differential presence (Jaccard) 
of bacterial ASVs, as well as differential presence of imputed functions (Jaccard, EC categories based on PICRUSt2), with respect to the main 
anthropometric characteristics (IBD condition, gender, smoking status).

Distance Main factor Pairwise DF F  P  PFDR R2 adj. R2 

Bray-Curtis IBD 2,149 1.25099 0.00010 0.00024 0.01651 0.00331

(ASV based) Contr.-CD 1,125 1.36280 0.00010 0.00024 0.01078 0.00287

Contr.-UC 1,119 1.25171 0.00040 0.00080 0.01041 0.00209

CD-UC 1,54 1.00161 0.43886 0.45955 0.01821 0.00003

Sex 1,150 1.00042 0.45955 0.45955 0.00663 0.00000

Smoking 2,149 1.04960 0.10829 0.14439 0.01389 0.00066

Jaccard IBD 2,149 1.23488 0.00010 0.00024 0.01631 0.00310

(ASV based) Contr.-CD 1,125 1.33672 0.00010 0.00024 0.01058 0.00267

Contr.-UC 1,119 1.22098 0.00010 0.00024 0.01016 0.00184

CD-UC 1,54 1.03744 0.07189 0.10784 0.01885 0.00068

Sex 1,150 1.05555 0.02330 0.03994 0.00699 0.00037

Smoking 2,149 1.01414 0.18588 0.22306 0.01343 0.00019

Jaccard IBD 2,149 2.13380 0.00010 0.00030 0.02784 0.01479

(function based) Contr.-CD 1,125 2.14675 0.00050 0.00100 0.01688 0.00902

Contr.-UC 1,119 2.50453 0.00010 0.00030 0.02061 0.01238

CD-UC 1,54 1.41523 0.05239 0.07859 0.02554 0.00749

Sex 1,150 1.03485 0.36386 0.36386 0.00685 0.00023

Smoking 2,149 1.04512 0.33287 0.36386 0.01383 0.00060

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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Figure 3. A, Principal Coordinate Analysis (PCoA) of Bray-Curtis dissimilarity with respect to IBD status including the nominal significant correlation 
of subject ages with community dissimilarity. The control cohort is significantly separated from the CD and UC cohorts, whereas CD and UC patient 
groups do not differ significantly (Table 3). B, The boxplot visualizes the community variability within each group measured as the distance to the 
centroid within each group, revealing significantly higher community variability among IBD individuals than among control individuals (see Table S8; *P 
≤ .05, **P ≤ .01, ***P ≤ .001). C, The PCoA displays functional community differences based on differential presence (Jaccard distance) of PICRUSt2 
imputed functions among individuals (F1,149 = 2.1338, P = .0009, adj. R2 = 0.0148, PERMANOVA; EC/Enzyme Commission numbers). D, Functional alpha 
diversity (number of ECs) is most significantly decreased in UC patients as compared with healthy individuals and CD patients (F2,149 = 4.6156, P = 
.01135). E, The heatmap displays significant (PFDR ≤ .05), differentially abundant MetaCyc34 pathways among cohorts as detected via DESeq2 (Table S12). 
Columns are ordered by the direction of association/maximum abundance of the pathways (top color bar).35.

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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with IBD-related treatments, we could identify an imputed 
function involved in peptidoglycan synthesis, which can 
confer resistance to vancomycin (EC 6.1.2.1, D-alanine-[R]-
lactate ligase; Deviance1,54 = 18.45282, P = 1.7400 × 10-5, PFDR 
= .03121).

Network Analyses Reveal Disease-specific Taxon 
Importance and Strong Network Differences 
Between Pathologies
To investigate the bacterial communities as a complex system 
of interacting agents, whose interactions may change as a 
cause or consequence of IBD, we employed network analyses 
of bacterial co-abundance/correlation networks split by the 
different health conditions (Figure 4A). As the control co-
hort had a higher sample number, we took 3 equally sized 
random community subsets and generated networks in par-
allel (3 × N = 31). Based on the correlation of different small, 
connected, simple network components across networks, we 
can estimate their similarity.37,38 It became clear that bacterial 
correlation networks of diseased and healthy individuals, but 
also CD and UC patients, differed strongly in composition 
and topology (Figure 4G). This result implies a large change 
in community dynamics and interactions in cases of IBD, as 
well as distinct patterns for the different IBD pathologies in 
the early stages of disease.

Global network characteristics like network diameter, ra-
dius, or the number of node-triplets (corresponds to the con-
nectedness and network density) showed large differences 
between health conditions (Figure 4H). The co-abundance 
networks in UC also display the highest network diameter 
but kept a small network radius. This pattern is an indi-
cator of sparsity and strong differentiation of the network, 
as the average “shortest paths” between nodes become longer, 
which leads to increased clustering of nodes and subgraphs 
(eg, transitivity and degree-assortativity increases in UC and 
CD; Figure 4H, Figure S9A, and S9B). The connectedness in 
healthy networks was higher, and centralization was lower 
compared with the pathological states (average node degree 
constant, betweenness increases), which means that the rel-
ative number of connections is constant, whereas their im-
portance/centrality increases in a pathological state (Figure 
S9C and S9D). This may make communities of individuals 
with IBD more prone to failure or dysbiosis after community 
disturbance, as the loss of central players does affect network 
structure more severely in clustered/centralized networks.39,40

Direct testing of single nodes revealed several ASVs in im-
portant and central positions in the different networks, which 
in part were also identified as indicator- and differentially 
abundant species as described previously (Figure 4D-4F, Figure 
S10, Table S13). In total, only 3 ASVs were in significantly 
prominent positions among all 3 health conditions (ASV 6- 
Escherichia/Shigella uncl., ASV 30- Enterobacteriaceae uncl., 
and ASV 387- Romboutsia uncl.). Due to the central roles of 
these bacteria, they may represent central pillars of the micro-
bial communities irrespective of the disease state. The ASV 6 
(Escherichia/Shigella uncl.) was further influenced by a multi-
tude of factors like medication (future and present) and disease 
subtype (CD, B1, P, L3; UC, E3), thus further implying a dy-
namic and important role in the diseased gut and an apparent 
association to inflammatory processes. Romboutsia (eg, ASV 
387) is a member of Peptostreptococcaceae (Firmicutes) and 
was the most frequently detected significant member across 

networks. Several ASVs classified as Romboutsia (Firmicutes) 
appeared important specifically and more frequently in CD 
networks, for which it was also a direct indicator (ASV 387; 
Figure S10, Table S13). Interestingly, only CD indicators were 
found among the most important bacteria in CD networks, 
whereas networks of UC and control individuals did include 
any type of indicator taxon. Thus, bacteria with a “promi-
nent role” in CD communities may be more disease-specific 
than bacteria important in a healthy gut community or 
in cases of UC. Networks of CD and UC communities in 
general have a higher number and proportion of private sig-
nificantly important bacteria (CD, n = 48 [13.71%]; UC, n 
= 31 [6.98%]; Figure S11) than the healthy networks have 
(NControl = 11 [3.37%]). Only 5 ASVs are repeatedly and exclu-
sively central in networks derived from healthy individuals, 
like Bacteroides uncl. (ASV 11), Blautia uncl. (ASV 206, 
ASV 855), Haemophilus parainfluenzae (ASV 77), and 
Clostridiales uncl. (ASV 321, indicator of health condition), 
which also overlap with health-associated bacteria reported 
in Gevers et al.33 Several taxa were almost exclusively impor-
tant in the disease-specific networks (eg, CD, Parasutterella 
uncl. [ASV 249] Veillonella uncl. [ASV 599]; UC, Alistipes 
[ASV 99, ASV 61], Candidatus Saccharibacteria uncl. [ASV 
4971]; Table S13).

These strong disparities of taxon importance between 
networks likely emerge through shifts from previously unim-
portant positions in a healthy network topology to a central 
position in the diseased networks. By comparing the positions 
of bacteria among the networks, we could observe a clear 
shift of node importance among communities, in particular 
the significantly important bacteria in the respective networks 
(Figure S12). The majority of significantly important network 
members in a healthy network became less important in the 
case of IBD and vice versa (Figure S12).

Discussion
The etiology of IBD is suspected to be caused by an interac-
tion of genetic susceptibilities and environmental triggers, like 
increasing urbanization/westernization, in particular dietary 
alterations, pharmaceutical use, pollution, and other factors.41 
However, the microbiota has been identified as one of the 
central pillars of several diseases, in particular IBD. In this 
cohort of newly diagnosed and yet treatment-naïve Maltese 
individuals, we had the opportunity to investigate community 
dynamics in the early stages of the main IBD pathologies in an 
otherwise pharmaceutically undisturbed condition.

In the early stages of disease, we only detected small com-
munity differences between the disease conditions, which may 
be the result of the early diagnosis and stages of transition 
in disease development. However, also in a large pediatric 
cohort of newly diagnosed and treatment-naïve individuals, 
only minor community differences between healthy controls 
and CD patients were detected—particularly among the fecal 
microbial communities.33 Smaller cohorts do show signif-
icant differences in community diversity and composition 
between healthy and treatment-naïve IBD patients, similar 
to the patterns we have detected.42,43 However, microbial 
community differences between IBD pathologies have rarely 
been investigated in untreated individuals in the early stages 
of disease development. Disturbances induced by active in-
flammatory processes and the flare-like nature of IBD may 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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Figure 4. Displayed are ASV level correlation networks based on SPARCC correlation performed separately in (A) healthy individuals (3 times 
subsampled to N = 31, for comparability to IBD cohorts), (B) CD patients and (C) UC patients. The node colors indicate phylum membership, and edge 
color indicates the direction of correlation. Barplots below the networks visualize the relative node importance (node degree) in (D) healthy controls 
(average of 3 subsets), CD (E), and UC (F). ASVs highlighted in red have a higher than expected importance, based on 10’000 network permutations 
(Table S13, Figure S11). Additional markups signify the association of a taxon with a health condition. Bacteria marked by CD, UC, or Contr. are indicator 
species22 for the respective health state and thus highlight the overlap between structurally or ecologically important taxa and their association to 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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not manifest immediately and consistently in the micro-
bial community early in the diseases’ progression and may 
yet be too similar between UC and CD in the early stages 
of the diseases. The high community variation we detected 
in CD and UC patients compared with healthy controls fur-
ther implies ongoing community turnover of the fecal micro-
bial communities in the diseased cohorts. A similar pattern 
has recently been shown in a cohort of healthy and diseased 
twins, which showed increasing taxonomic and functional 
variability from healthy, UC, and CD individuals.44 Patterns 
like these have been identified as signs of chaotic community 
behavior induced by environmental stressors, the so-called 
“Anna Karenina” pattern, in which “all happy families look 
alike; each unhappy family is unhappy in its own way”.36 In 
other words, this observation implies that at least in these 
early stages of intestinal inflammation, communities react in 
a stochastic way, making diseased communities more variable 
than communities present in healthy individuals. These dy-
namics increase community differences between individuals 
in an unstructured way, which in turn reduces the distinc-
tiveness of the communities between CD and UC due to 
stochastic changes. In the early stages of inflammation, “cha-
otic” dynamics are displayed in the co-abundance networks, 
as well. Furthermore, the diseased networks are as dissimilar 
to each other as they are to the healthy controls. This implies 
large changes in community dynamics and associations, while 
community composition changes less systematically between 
disease conditions. Network characteristics (eg, sparsity and 
network differentiation in UC/CD, increased clustering in UC/
CD) are indicators for communities more prone to failure or 
“dysbiosis” in the IBD specific networks, as the loss of cen-
tral players will affect community integrity more strongly and 
leads to a faster community collapse.39,40 In addition to those 
topological differences, we can observe a radical turnover of 
the positional importance of community members between 
healthy and diseased communities. Thus, bacteria less impor-
tant in healthy communities (ie, less central) increase in im-
portance and change their associations in the diseased state, 
potentially due to the emergence of new niches in the gut en-
vironment due to inflammation. This dynamic also appears to 
be present when we compare bacterial network importance 
between CD and UC.

Geographic or population differences can influence com-
munity signatures in general but also in the context of IBD 
and, therefore, may explain the deviation of the Maltese 
population from previous studies.12,45 However, the study 
of distinct human populations also reveals novel patterns 
of diversity and community dynamics in health46 and dis-
ease.12 The population of Malta further adds to the diversity 
of the global human-associated microbiome with its unique 
combination of high development, geographic, cultural, and 
genetic distinctness, and its current underrepresentation in 
microbiome studies.11 Thus, some single taxon associations 
are not in correspondence with previous findings42,43 and 
may be attributable to a variety of factors (eg, geography, 

recruitment, sampling procedure, technical aspects). For ex-
ample, Romboutsia spp. has not yet been described in associ-
ation with IBD outside of our study but was shown to be less 
abundant in cancerous gut mucosa47 or associated with renal 
disease.48 This genus is well adapted to the intestinal eco-
system and possesses bile acid–modifying and host glycan–as-
sociated pathways while being dependent on external sources 
of amino acids, and thus being in a central position among 
health conditions.49

The low abundance of Akkermansia in our CD and UC 
patients supports previous observations and may further 
underline the universal importance of A. muciniphilia for 
host wellbeing.29 Akkermansia has been documented to be 
decreased in IBD patients in other studies.50 Amplicon se-
quence variants belonging to the Faecalibacteria, a well-
known beneficial taxon,51 were mainly central in the 
CD and UC communities and are indicators for healthy 
controls and UC patients in our study. This variation with 
respect to its IBD associations has also been reported in 
other studies43 and attributed to different F. prausnitzii 
phylotypes able to temporarily multiply in an inflamed, 
micro-aerobic gut environment.52 Faecalibacterium 
prausnitzii has been associated with an increased response 
rate to anti-TNF treatment,53 as well as a reduced risk 
of disease relapse after cessation of anti-inflammatory 
treatments (anti-TNF),54 just as other taxa influence IBD 
treatment efficacy.55 However, Faecalibacteria (ie, ASV 
304) are associated with a reduced risk of anti-inflamma-
tory treatments in diseased individuals, which may be the 
positive effect of butyrate production by this taxon, par-
ticularly as we could find a higher abundance of functions 
involved in butyrate consumption in CD patients.51 In 
contrast, we observed a strong association of Escherichia/
Shigella abundance and anti-TNF treatment in CD 
patients, which speaks for their potentially negative role 
IBD. Despite their central position across health conditions 
in this study, Escherichia/Shigella or Enterobacteriaceae 
are often found to be pathological/detrimental community 
members and associated with inflammation.5,33,56 This is 
further underlined by an increased abundance of functions 
involved in glycerol degradation (GOLPDLCAT-PWY, 
PWY-7013), often found in Proteobacteria, particularly 
Enterobacteriacea.57

In general, we found strong overlap with prominent IBD-
associated functions. In congruence with prominent findings 
by Franzosa et al 2019,58 we identified several functions 
more abundant in IBD patients, for example glutathione re-
ductase (EC 1.8.1.7), an enzyme involved in oxidative stress 
resistance, or ethanolamine ammonia-lyase (EC 4.3.1.7), an 
enzyme responsible for crucial steps in glycerophospholipid 
synthesis. Also, the IBD-specific signal of Mg2+-importing 
ATPase (EC 3.6.3.2) could be replicated in this CD co-
hort,58 which might facilitate magnesium deficiency in IBD 
patients.59 An additional prominent feature we could identify 
is a pattern of functions involved in amino acid degradation, 

healthy or diseased individuals. (G) The Nonmetric Multidimensional Scaling plot (NMDS) visualizes the similarity between the different community 
networks based on the different health conditions (stress value <0.01). The NMDS shows the healthy network based on the complete healthy cohort (N 
= 96) and its similarity to the 3 subset healthy networks (N = 31), which themselves are fairly similar to each other. Furthermore networks based on CD 
(N = 31) and UC (N = 25) communities are structurally as different to each other as they are to networks based on healthy individuals. H, The barplots 
display global network characteristics for this single networks generated for each health condition, which describe the network diameter (shortest path 
between most distant nodes), radius (minimum longest paths between any nodes), and diversity and connectedness (number of 3-node motifs) of the 
networks (additional metrics Figure S10).

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad004#supplementary-data
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althouth we saw an increase of functions associated with 
amino acid biosynthesis in healthy individuals as shown be-
fore.60 Particularly interesting is the comparative lack of tryp-
tophan biosynthesis in CD patients, which may lead to lower 
uptake by the gut epithelia. Crohn’s disease patients and an-
imal models of colitis were shown to have lowered levels of 
tryptophan and its metabolites in the fecal and serum metabo-
lome.61,62 Furthermore, the microbiome can directly influence 
tryptophan uptake and increase the propensity of intestinal 
inflammation.63

In our treatment-naïve IBD cohort, we identified an associ-
ation of increasing community diversity with decreasing prob-
ability of future anti-inflammatory treatments. In general, 
declining bacterial diversity has been linked previously to ac-
tive IBD, and factors decreasing diversity are strong risk factors 
for IBD development and disease aggravation or escalating 
dysbiosis.64,65 In addition, diversity-restoring procedures like 
fecal matter transplants (FMTs) appear to have some success 
in treating IBD.65 Low community diversity appears to pre-
determine treatment with anti-inflammatory medication, as 
observed in other cohorts before64,65 also in our study. Thus, 
diversity or even single bacterial taxa can be indicative of dis-
ease progression and to some extent treatment options like 
dietary or pharmaceutical interventions (eg, tryptophan sup-
plementation)62,66 and may support already well-established 
or experimental sets of physiological and genetic markers (eg, 
C-reactive protein, fecal calprotectin, NOD2).67 However, 
previous studies showed only limited benefit of microbial 
variables for disease progress prediction compared with other 
biomarkers and will demand larger cohorts to validate and 
evaluate their efficacy.68

Supplementary Data
Supplementary data is available at Inflammatory Bowel 
Diseases online.
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