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Crohn’s Disease Differentially Affects Region-Specific 
Composition and Aerotolerance Profiles of Mucosally Adherent 
Bacteria

Nur M. Shahir, MS,*,†,‡,  Jeremy R. Wang, PhD,† E. Ashley Wolber,§ Matthew S. Schaner,§ Daniel N. Frank, PhD,¶ 
Diana Ir, MPH,¶ Charles E. Robertson, PhD,¶ Nicole Chaumont, MD,‖ Timothy S. Sadiq, MD,‖  
Mark J. Koruda, MD,‖ Reza Rahbar, MD,** B. Darren Nix,†† Rodney D. Newberry, MD,†† R. Balfour Sartor, MD,‡,§ 
Shehzad Z. Sheikh, MD, PhD,†,‡,§,a and Terrence S. Furey, PhD,†,‡,††,§§,a

Background:  The intestinal microbiota play a key role in the onset, progression, and recurrence of Crohn disease (CD). Most microbiome 
studies assay fecal material, which does not provide region-specific information on mucosally adherent bacteria that directly interact with host 
systems. Changes in luminal oxygen have been proposed as a contributor to CD dybiosis.

Methods:  The authors generated 16S rRNA data using colonic and ileal mucosal bacteria from patients with CD and without inflammatory 
bowel disease. We developed profiles reflecting bacterial abundance within defined aerotolerance categories. Bacterial diversity, composition, and 
aerotolerance profiles were compared across intestinal regions and disease phenotypes.

Results:  Bacterial diversity decreased in CD in both the ileum and the colon. Aerotolerance profiles significantly differed between intestinal 
segments in patients without inflammatory bowel disease, although both were dominated by obligate anaerobes, as expected. In CD, high relative 
levels of obligate anaerobes were maintained in the colon and increased in the ileum. Relative abundances of similar and distinct taxa were al-
tered in colon and ileum. Notably, several obligate anaerobes, such as Bacteroides fragilis, dramatically increased in CD in one or both intestinal 
segments, although specific increasing taxa varied across patients. Increased abundance of taxa from the Proteobacteria phylum was found only 
in the ileum. Bacterial diversity was significantly reduced in resected tissues of patients who developed postoperative disease recurrence across 2 
independent cohorts, with common lower abundance of bacteria from the Bacteroides, Streptococcus, and Blautia genera.

Conclusions:  Mucosally adherent bacteria in the colon and ileum show distinct alterations in CD that provide additional insights not revealed 
in fecal material.
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INTRODUCTION
Loss of tolerance to microbiota by the intestinal im-

mune system is central to the onset and progression of Crohn 
disease (CD). In CD patients, disease-associated alterations 
in microbial composition, referred to as dysbiosis,1-3 involve 
the loss of microbial diversity; reduced abundance of com-
mensal bacteria including those within the Firmicutes phylum, 

such as Faecalibacterium prausnitzii and the Clostridium 
groups IV and XIVa, and those within the Bacteroides genus; 
and concomitant increased abundance of species within the 
Enterobacteriaceae family, in particular Escherichia coli.4, 5 
High interindividual variation in intestinal microbiota compo-
sition6 has limited the identification of a consistent microbial 
signal associated with CD and its heterogenous range of clin-
ical phenotypes.7-12
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Bacterial taxa highlighted as having decreased relative 
abundance in CD tend to be obligate anaerobes, especially 
Firmicutes, and taxa having increased abundance tend to be 
facultative anaerobes and aerobes, such as Enterbactericeae.5, 

13 Thus, researchers have proposed that changes in intestinal lu-
minal oxygen levels contribute to dysbiosis in CD, referred to 
as the “oxygen hypothesis.” 14 Healthy colonic and distal ileal 
lumen are nearly depleted of oxygen with slightly decreasing 
oxygen gradients present from the small to the large intestine 
and from intestinal tissue to the lumen.15 Accordingly, both the 
colon and ileum are dominated by the presence of obligate an-
aerobes.16 Within colonic epithelial cells, luminal oxygen is nor-
mally consumed through aerobic respiration. Increased oxygen 
levels in mucosal inflammation may promote or result from al-
tered energy metabolism with a shift toward anerobic glycol-
ysis.17-19 Recent studies have explored the oxygen hypothesis by 
computationally modeling multispecies biofilms, which have 
shown that even micromolar oxygen concentrations within the 
gut could induce the dysbiosis commonly seen in IBD.20 These 
data suggest that CD may result in an overall shift in the rela-
tive proportion of anaerobes and aerobes.

Few microbial studies in CD have been performed using 
samples from the colonic mucosa7, 21-23 and even fewer using 
samples from the ileal mucosa.7, 23 The majority have focused on 
fecal samples,7, 24-26 which can be limited because of (1) distinct 
microbial composition in feces compared with the mucosa,27 
where microbes are more likely to contribute to the immune 
response that leads to inflammation; 28, 29 and (2) an inability to 
characterize microbial variation along segments of the gastro-
intestinal tract, which vary in microbial composition, load, and 
metabolic function.6, 30, 31

In this study, we used 16S rRNA sequencing to investi-
gate differences in mucosally associated bacteria in the ileum 
and colon of CD patients and non-inflammatory bowel disease 
(non-IBD) control patients. Our results confirmed the reduc-
tion of diversity in both the colon and the ileum in CD, but 
we found that disease affected each intestinal segment differ-
ently. For instance, previously identified disease-linked changes 
in the relative abundance of Klebsiella and Escherichia/Shigella 
were seen in the ileum but not in the colon. Overall, bacterial 
alterations associated with CD focused on shifts in relative 
abundances of obligate and facultative anaerobes, potentially 
reflecting altered luminal oxygen levels. Surprisingly, overall 
proportions of obligate anaerobes did not change in the colon 
and actually increased in the ileum in CD, which did not sup-
port what may be predicted by the oxygen hypothesis. Notably, 
in both the colon and ileum, there was a significant increase 
in certain obligate anaerobes, including Bacteroides fragilis. 
Traditional analysis of differential bacterial abundance is chal-
lenged by interindividual variability. Thus, we identified func-
tional bacterial groups that seemed uniquely present in high 
abundance in CD patients or non-IBD control patients, again 
mostly obligate anaerobes, providing an alternative accounting 

of CD-associated bacteria. Finally, using 2 independent co-
horts, we found similar genera within the resected ileum in both 
sets of patients that were significantly associated with recur-
rence of disease at the anastomosis within 1 year after surgical 
resection.

METHODS

Patient Population and Clinical Phenotyping
Mucosal biopsies from either the ascending colon or the 

distal ileum were obtained at the time of surgery from 125 adult 
patients with well-characterized CD (Supplemental Tables 
1, 2) from 2 institutions: the University of North Carolina 
Multidisciplinary IBD Center (UNC; ileum and/or colon; 46 
patients; institutional review board (IRB) approvals 10-0355, 
14-2445, and 11-0359) and Washington University in St. 
Louis (WashU; ileum; 79 patients; IRB approval 201204075). 
Noninflamed samples from CD patients were from regions with 
no active inflammation based on review of Haemotoxylin and 
Eosin stained slides. Active disease with inflammation was de-
fined by the presence of histologic features of acute inflamma-
tion, including neutrophilic infiltration of the crypt epithelium 
and crypt abscess formation. Biopsies from a site distant from 
any pathology and confirmed by histology to be unaffected 
at the time of surgery were also obtained from the ascending 
colon and distal ileum from patients without IBD (non-IBD; 
UNC; ileum and/or colon; 23 patients; Supplemental Table 1). 

Clinical phenotype data for all patients were recorded 
at the time of tissue collection. No patients had been treated 
with antibiotic therapy for management of their CD within 
the 3  months before sample collection. However, all patients 
received prophylactic intravenous antibiotics within 30 minutes 
of incision and a standard bowel preparation the day before sur-
gery. Disease recurrence was determined via Rutgeerts scoring32 
with scores of i0 and i1 categorized as “no recurrence” and 
scores of i2, i3, and i4 scored as “recurrence” (Supplemental 
Tables 1, 2).

16S rRNA Gene Amplicon Library Construction
A total of 177 biopsies were submitted for 16S rRNA gene 

sequencing following methods previously described in Markle 
et  al.33 Amplicons of ~300 base pairs were generated that 
spanned the V1 and V2 variable regions of the 16S rRNA gene 
using the 27F-YM (5′-AGAGTTTGATYMTGGCTCAG) 
and 338R (5′-TGCTGCCTCCCGTAGGAGT) primers.34 
Polymerase chain reaction products were normalized using a 
SequalPrepTM kit (Invitrogen, Carlsbad, CA) and pooled, ly-
ophilized, purified, and concentrated using a DNA Clean and 
Concentrator Kit (Zymo, Irvine, CA). Pooled amplicons were 
quantified using the Qubit Fluorometer 2.0 (Invitrogen). The 
pool was diluted to 4 nM and denatured with 0.2 N NaOH at 
room temperature. The denatured DNA was diluted to 15 pM 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
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and spiked with 25% of the Illumina PhiX control DNA before 
loading the sequencer. Illumina paired-end sequencing was per-
formed on the MiSeq platform with versions v2.4 of the MiSeq 
Control Software and the MiSeq Reporter, using a 600-cycle 
version 3 reagent kit.

16S rRNA Gene Paired-End Read Processing and 
Contaminant Filtering

A total of 23,692,571 nonhuman paired-end sequences 
were generated for 177 samples (average sample size: 133,856 
sequences/sample; minimum sample size: 8126; maximum 
sample size: 591,504; NCBI GEO accession GSE147600). 
Bacterial composition for each sample was estimated using 
DADA2, recorded as amplicon sequence variants (ASVs).35 
Taxonomic labels were assigned to ASVs by aligning to the 
Ribosomal Database Project bacterial genome database.36 Five 
hundred forty ASVs, constituting only 0.067% of all sequences, 
that could not be assigned at the phylum level were removed. 
To eliminate potential batch contaminants, ASVs specific to a 
single sequencing batch and in ≥15% of samples in that batch 
were removed. In addition, ASVs specific to a single collec-
tion center and in ≥15% of those samples were also removed. 
Relative abundance measures for all taxa in each sample were 
calculated (Supplemental Table 3).

Assignment of Aerotolerance Categories
Taxa were classified into one of 6 aerotolerance categories: 

obligate anaerobe, anaerobe, facultative anaerobe/microaero-
philic, aerobe, obligate aerobe, and unknown (Supplemental 
Table 4). Category assignments were based on previously re-
ported aerotolerance of taxonomic labels assigned to each ASV 
(Supplemental Table 4).

Identification of Highly Abundant Bacteria in 
Specific Cohorts

Bacteria with greater than 5% relative abundance in a 
tissue in a particular subset of  patients were identified. To 
determine whether this high relative abundance was unique 
to that cohort, we compared these bacteria to the relative 
abundance in a related cohort, for example, in CD patients 
vs non-IBD patients. Those that were found to occur at 
less than 5% relative abundance in the second cohort and  
whose greatest relative abundance in the second cohort was 
3-fold less than the greatest relative abundance in the initial 
cohort.

Statistical Analysis
Alpha diversity was estimated based on the Shannon di-

versity index using the DivNet R package.37 DivNet estimates 
the diversity of the ecological communities within a niche, such 
as the colon mucosa, using information from all samples in a 
given set of samples. The calculated diversity of the community 

of interest accounts for missing taxa, undersampled taxa, and 
oversampled taxa, accounting for differences in sequencing 
depth. Associations between therapy usage and disease beha-
vior and location were calculated using the χ 2 test. Differential 
levels of individual aerotolerance categories were tested using 
the Wilcoxon rank-sum test. Overall aerotolerance profiles were 
tested using a 5-dimensional nonparametric 2-sample Cramer 
test. Differential taxa abundance meta-analysis was conducted 
using DESeq2 and LEfSe38, 39 on all phylogenetic levels. Global 
P values from combined DESeq2 and LEfSe analyses were con-
structed using the Fisher method, and a false discovery rate of 
0.05 was applied. Predictive functional analysis was performed 
using PICRUSt2.40 Differential testing of functional pathways 
was conducted using LEfSe. Additional data analysis and vis-
ualization were performed using the phyloseq,41 ggplot2,42 and 
EnhancedVolcano R packages.

ETHICAL CONSIDERATIONS
The study was conducted in accordance with the 

Declaration of Helsinki and Good Clinical Practice. The study 
protocol was approved by the IRB at UNC at Chapel Hill 
(approval numbers 10-0355, 14-2445, and 11-0359) and sepa-
rately at Washington University in St. Louis (approval number 
201204075). All patients provided written informed consent.

RESULTS

Location, Disease Activity and Behavior, and 
Therapy-Specific Bacterial Diversity in Non-IBD 
and CD Patients

Loss of bacterial diversity in the colonic mucosa 
observed across CD clinical phenotypes

Patient sample and clinical characteristics are summar-
ized in Table 1. Colonic bacteria in noninflamed samples from 
15 CD patients showed significant loss of diversity compared 
with samples from 16 non-IBD patients (P < 0.0001; Table 2). 
Unexpectedly, diversity increased in inflamed regions of CD co-
lonic samples compared with noninflamed regions in unmatched 
samples (P < 0.00001). However, when we restricted samples to 
matched biopsies from 3 CD patients, there was no significant dif-
ference (P = 0.774). Noninflamed CD patient samples stratified 
by disease behavior [Montreal classifications: inflammation only 
(B1), presence of colonic strictures (B2) and presence of internal 
penetrating disease including fistulas (B3)] exhibited significantly 
lower diversity than non-IBD samples when individually tested 
for each behavior (P < 0.0001). Across disease behaviors, patients 
with penetrating disease had reduced diversity compared with 
those with colonic stricturing (P < 0.016), who in turn had re-
duced diversity compared with patients with inflammation only 
(P < 0.001). Patients with disease affecting both the ileum and 
the colon (ileocolitis) had significantly lower diversity than both 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izaa103#supplementary-data
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non-IBD patients and patients with only colon involvement (co-
litis; P < 0.00001). Interestingly, diversity in colitis patients was 
significantly higher than in non-IBD patients (P = 0.011). Finally, 
we evaluated the effect of therapies administered within the 8 
weeks before sample collection. Patients who received anti-tumor 
necrosis factor (anti-TNF) therapy or steroids had significantly 
higher diversity (P = 0.0001 and P = 0.002, respectively), and pa-
tients who used immunomodulators had significantly lower diver-
sity (P < 0.0001) than those who did not undergo each therapy. We 
verified that therapy use was not associated with disease location 

or behavior and thus therapy associations were independent of 
these disease characteristics.

Bacterial diversity also reduced in the ileal mucosa 
in CD

Noninflamed ileal mucosa samples from 25 CD patients 
also showed significant loss in bacterial diversity compared with 
samples from 9 non-IBD patients (P = 0.001; Table 2). In contrast 
to samples from the colon, samples from the inflamed mucosa 

TABLE 1.  Summary of Patient Phenotypes

UNC Non-IBD Patients (n = 23) UNC CD Patients (n = 46)
WashU CD  

Patients (n = 79)

Non-IBD 
Colon (n = 16)

Non-IBD 
Ileum (n = 9)

CD Colon 
(n = 21)

CD Ileum 
(n = 33) CD Ileum (n = 79)

Pathology Noninflamed 16 9 15 25 79
Inflamed 0 0 9 24 0
Matched 0 0 3 16 0

Race Caucasian 12 9 11 20 73
African American 4 0 4 4 5
Other 0 0 0 1 1

Ethnicity Not Hispanic 13 8 9 16 18
Hispanic 1 1 2 0 1
Not reported 2 0 4 9 60

Sex Female 11 7 13 13 48
Male 5 2 2 12 31

Agea, y  56.7 (15.0) 59.1 (19.0) 34.6 (12.8) 37.3 (14.7) 38.0 (13.5)
Disease behavior Inflammation (B1) N/A N/A 6 0 4

Stricturing (B2) N/A N/A 6 16 42
Penetrating (B3) N/A N/A 3 9 33

Disease location Colon-only (L1) N/A N/A 1 4 39
Ileum-only (L2) N/A N/A 4 0 0
Colon and ileum (L3) N/A N/A 10 21 40

Smoking status Never 9 5 8 12 36
Current smoker 3 1 3 5 17
Former smoker 4 3 4 8 25

Recurrence Unknown 16 9 6 5 15
No recurrence N/A N/A 6 11 43
Recurrence N/A N/A 3 9 21

5-ASAs No current use 9 16 13 19 54
Current use N/A N/A 2 6 25

Immunomodulators No current use 9 16 8 16 46
Current use N/A N/A 7 9 33

Steroids No current use 15 8 5 17 50
Current use 1 1 10 8 29

anti-TNFs No current use 16 9 5 13 42
Current use N/A N/A 10 12 37

aThe values in parenthesis are standard deviations.
5-ASAs indicate 5-aminosalicylates. B1, inflammation; B2, stricturing; B3, penetrating; L1, colon-only; L2, ileum-only; L3, colon and ileum.
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TABLE 2.  Comparisons of Bacterial Diversity 

Increased Diversity Decreased Diversity

PGroup (sample size) Mean ± SD (95% CI) Group (sample size) Mean ± SD (95% CI)

Tissue and disease
Colon non-IBD (16) 2.52 ± 0.96 (2.04-2.99) Colon CD (15) 1.54 ± 2.56 (0.22-2.85) <0.00001
Ileum non-IBD (9) 2.30 ± 1.29 (1.44-3.17) Ileum CD (25) 1.45 ± 1.2 (0.96-1.94) 0.001
Colon non-IBD (16) 2.51 ± 0.44 (2.3-2.73) Ileum non-IBD (9) 2.34 ± 1.92 (1.07-3.62) 0.128
Colon CD (15) 1.52 ± 1.16 (0.91-2.13) Ileum CD (25) 1.45 ± 0.95 (1.08-1.83) 0.144
Ileum CD—B2, B3 (25) 1.44 ± 0.85 (1.1-1.77) Colon CD—B2, B3 (9) 1.33 ± 0.93 (0.71-1.96) 0.084
Inflammation
Colon CD, inflamed (9) 1.93 ± 0.48 (1.61-2.24) Colon CD, noninflamed (15) 1.51 ± 1.43 (0.76-2.26) <0.00001
Colon CD, inflamed,  

matched (3)
2.74 ± 0.71 (1.93-3.55) Colon CD, noninflamed,  

matched (3)
2.7 ± 0.4 (2.25-3.15) 0.774

Ileum CD noninflamed (25) 1.45 ± 1.45 (0.88-2.02) Ileum CD, inflamed (24) 1.4 ± 1.22 (0.89-1.91) 0.029
Ileum CD, –inflamed,  

matched (16)
1.74 ± 0.24 (1.62-1.85) Ileum CD, non–inflamed,  

matched (16)
1.26 ± 1.24 (0.65-1.87) <0.00001

Disease behavior
Colon non-IBD (16) 2.51 ± 0.8 (2.12-2.91) Colon CD—B1 (6) 2.12 ± 2.3 (0.25-4.0) <0.00001
Colon non-IBD (16) 2.51 ± 1.56 (1.73-3.28) Colon CD—B2 (6) 1.65 ± 2.3 (-0.23-3.53) <0.00001
Colon non-IBD (16) 2.51 ± 0.52 (2.25-2.76) Colon CD—B3 (3) 1.36 ± 1.54 (-0.43-3.15) <0.00001
Colon CD—B1 (6) 2.11 ± 0.76 (1.49-2.73) Colon CD—B2 (6) 1.63 ± 1.1 (0.73-2.53) 0.001
Colon CD—B1 (6) 2.11 ±  0.61 (1.62-2.60) Colon CD—B3 (3) 1.35 ± 0.95 (0.25-2.44) <0.00001
Colon CD—B2 (6) 1.62 ± 1.27 (0.59-2.65) Colon CD—B3 (3) 1.33 ± 0.62 (0.61-2.05) 0.016
Ileum non-IBD (9) 2.29 ± 1.14 (1.54-3.05) Ileum CD—B2 (16) 1.68 ± 0.8 (1.27-2.09) <0.00001
Ileum non-IBD (9) 2.28 ± 2.01 (0.93-3.63) Ileum CD—B3 (9) 1.22 ± 1.29 (0.35-2.08) <0.00001
Ileum CD—B2 (16) 1.67 ± 1.2 (1.06-2.27) Ileum CD—B3 (9) 1.2 ± 1.05 (0.5-1.91) <0.00001
Colon CD—B2, colonic  

strictures only (4)
1.82 ± 0.84 (0.98-2.67) Ileum CD—B2, ileal  

strictures only (15)
1.65 ± 1.2 (1.04-2.27) 0.002

Colon CD—B3 (3) 1.33 ± 0.42 (0.85-1.81) Ileum CD—B3 (9) 1.18 ± 0.93 (0.55-1.81) 0.037
Disease location
Colon CD colon-only (4) 2.69 ± 0.72 (1.98-3.41) Colon non-IBD (16) 2.51 ± 0.76 (2.13-2.9) 0.011
Colon non-IBD (16) 2.51 ± 0.52 (2.25-2.77) Colon CD, ileum-colon (10) 1.3 ± 2.47 (-0.27-2.86) <0.00001
Colon CD, colon-only (4) 2.67 ± 0.26 (2.41-2.93) Colon CD, ileum-colon (10) 1.28 ± 1.52 (0.32-2.23) <0.00001
Ileum non-IBD (9) 2.27 ± 0.72 (1.79-2.75) Ileum CD, ileitis (4) 1.35 ± 1.06 (0.29-2.42) <0.00001
Ileum non-IBD (9) 2.31 ± 1.74 (1.14-3.47) Ileum CD, ileum-colon (21) 1.58 ± 1.83 (0.78-2.37) <0.00001
Ileum CD, ileum-colon (21) 1.55 ± 1.19 (1.03-2.08) Ileum CD, ileitis (4) 1.35 ± 0.78 (0.58-2.12) <0.00001
Ileum CD, ileum-colon (21) 1.57 ± 0.64 (1.3-1.84) Colon CD, ileum-colon (10) 1.29 ± 0.89 (0.73-1.84) <0.00001
Colon CD, ileum-colon,  

no B1 (7)
1.57 ± 0.56 (1.15-1.98) Ileum CD, ileum-colon,  

no B1 (21)
1.56 ± 1.33 (0.99-2.13) 0.93

Medication usage—colon CD
No immunomodulators (8) 1.84 ± 0.91 (1.19-2.49) Immunomodulators (7) 1.37 ± 1.38 (0.32-2.41) <0.00001
Anti-TNFs (10) 1.79 ± 1.49 (0.85-2.73) No anti-TNFs (5) 1.35 ± 0.42 (0.98-1.73) <0.00001
Steroids (10) 1.66 ± 0.25 (1.49-1.82) No steroids (5) 1.39 ± 1.36 (0.16-2.61) 0.002
Medication usage—ileum CD
No steroids (17) 1.73 ± 1.32 (1.09-2.37) Steroids (8) 1.14 ± 0.49 (0.89-1.39) <0.00001
No anti-TNFs (13) 1.65 ± 1.01 (1.1-2.2) Anti-TNFs (12) 1.46 ± 0.9 (0.94-1.98) <0.00001
No immunomodulators (16) 1.54 ± 0.92 (1.08-2.0) Immunomodulators (9) 1.41 ± 0.87 (0.84-1.99) 0.28
Recurrence
Colon CD, no recurrence (6) 2.09 ± 0.73 (1.49-2.69) Colon CD, recurrence (3) 1.18 ± 0.55 (0.54-1.82) 0.0007
Ileum CD, no recurrence (11) 1.68 ± 0.8 (1.21-2.15) Ileum CD, recurrence (9) 1.2 ± 0.6 (0.8-1.59) <0.00001

Numbers of samples for each cohort are reported. Means, SD, 95% CI, and P values were calculated using DivNet (see Methods section).
CI indicates confidence interval. B1, inflammation; B2, stricturing; B3, penetrating.
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exhibited significantly lower diversity than unmatched inflamed 
mucosa (P = 0.029). Interestingly, when we restricted our compar-
ison to 16 matched samples, inflamed regions had higher diversity 
(P < 0.0001). Together with the results from the colon, the effect of 
inflammation on diversity is not clear, although our data provide 
some evidence for increased diversity because of inflammation.

Noninflamed samples from patients with ileal stricturing 
or with penetrating phenotypes had lower diversity com-
pared with samples from non-IBD patients (P  <  0.0001), 
with the penetrating phenotype again having lower diver-
sity than the stricturing phenotype (P  <  0.0001). No patient 
had inflammation-only disease. As with the colon, non-IBD 
patients had higher diversity than those with solely ileal in-
volvement (ileitis; P  <  0.0001) and patients with ileocolitis 
(P < 0.0001), but patients with ileitis had lower diversity than 
those with ileocolitis (P < 0.0001). In contrast to the colon, pa-
tients receiving anti-TNF therapy or steroids exhibited signifi-
cantly lower, not higher, diversity in the ileum than patients not 
using those therapies (P < 0.0001 and P < 0.0001, respectively). 
Again, we verified the lack of an association between disease 
phenotypes and therapies administered.

Diversity across colonic and ileal mucosa  
not significantly different

Diversity between ileal and colonic samples was not sig-
nificantly different in either non-IBD (P = 0.128; Table 2) or 
CD patients (P = 0.144). Patients with ileal stricturing or pen-
etrating disease had significantly lower diversity in the ileum 
compared with the colon of patients with the same disease 
complication (P  =  0.002 and P  =  0.037, respectively). When 
we compared all patients with ileocolitis, we found that diver-
sity in the ileal mucosa seemed to be significantly lower than in 
the colonic mucosa, but this was driven by colon samples from 
inflammation-only patients. When these samples were removed, 
the difference was no longer significant.

Ileal and Colonic Bacteria Aerotolerance  
Profiles in CD

The oxygen hypothesis proposes that increased oxygen 
tension in the gut promotes dysbiosis in IBD patients.14 We 
hypothesized that higher levels of  oxygen would result in CD 
patients having a decreased overall proportion of  anaerobic 
species and an increased proportion of  facultative anaerobic 
and aerobic species. To investigate whether our data sup-
ported this hypothesis, we generated aerotolerance profiles 
for each sample that reflected the relative abundance of  bac-
teria in each category. As expected, obligate anaerobes were 
the dominant species in nearly all samples from the colon and 
most samples from the ileum in non-IBD patients (Fig.  1). 
We used these profiles to determine significant changes in 
proportions of  bacteria from aerotolerance categories across 
cohorts.

Negligible effect of CD on aerotolerance profiles in 
the colonic mucosa

We found no significant differences in the relative abundance 
of any individual aerotolerance category within colon samples 
from non-IBD and CD patients, including obligate anaerobes and 
facultative anaerobes (Fig. 1), or in the overall aerotolerance pro-
file (P = 0.26). Upon investigating individual CD patient profiles, 
we did observe one patient with a significantly lower proportion 
of obligate anaerobes and a corresponding higher proportion of 
facultative anaerobes, consistent with the oxygen hypothesis, but 
all others maintained similar category levels as non-IBD patients 
(Supplemental Fig. 1). No differences in aerotolerance profiles as-
sociated with therapy usage or disease phenotype were found.

Relative abundance of obligate anaerobes in-
creased in ileal mucosa in CD

Significantly higher relative levels of obligate anaerobes 
were found in the ileum of CD patients compared with non-
IBD patients (P = 0.04), but the distribution across categories in 
the overall aerotolerance profile remained the same (P = 0.12; 
Fig. 1). Similar to the colon, there was no significant alteration 
in aerotolerance associated with disease behavior. Considering 
therapy usage, patients who recently received 5-aminosalicylate 
therapy showed a significantly higher relative abundance of ob-
ligate anaerobes compared with patients not undergoing that 
therapy (P = 0.01).

FIGURE 1.  Ileal mucosa adopts a more colon-like aerotolerance pro-
file in CD. Boxplots of the relative abundance of taxa assigned to 1 of 5 
aerotolerance categories (obligate anaerobes, anaerobes, facultative an-
aerobes and microaerophiles, aerobes, obligate aerobes) in non-IBD colon 
(yellow), CD colon (orange), non-IBD ileum (light blue), and CD ileum (dark 
blue) mucosa. P values calculated based on Wilcoxon rank-sum test.
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Aerotolerance profile in ileal mucosa becomes 
similar to colon in the presence of CD

In non-IBD patients, the ileum showed a significantly lower 
relative abundance of obligate anaerobes (P = 0.00076) and a signif-
icantly higher relative abundance of obligate aerobes (P = 0.003), 
aerobes (P  =  0.00061), and facultative anaerobes (P  =  0.0085) 
compared with the colon (Fig. 1). Overall aerotolerance profiles 
were significantly different as well (P = 0.001). We noted greater 
consistency in relative abundances across categories within colon 
samples compared with ileum samples (Supplemental Fig. 2). In 
the presence of CD, the ileal mucosa had a significantly higher 
relative abundance of aerobes (P = 0.015) and obligate aerobes 
(P = 0.022). However, the relative abundance of obligate and fac-
ultative anaerobes no longer differed between intestinal segments, 
and the composite aerotolerance profiles were not statistically dif-
ferent (P = 0.19; Fig. 1).

Compositional Shifts in Bacteria Corresponded 
to Differences in Diversity and Aerotolerance 
Profiles

Obligate anaerobes both increased and decreased 
in colonic mucosa in the presence of CD

We first determined the differential relative abundance 
of individual bacterial taxa in the colon of the 15 CD patients 
and 16 nonIBD patients to better understand differences across 
intestinal location and disease phenotypes (Supplemental 
Tables 5–25). We also calculated the mean relative abundance 
(MRA) of the individual or collection of differential bacteria 
to provide a measure of the magnitude of the change and the 
potential impact on the total community. In the colon, the pres-
ence of CD was associated with a decreased abundance of 46 
taxa (CD MRA  =  0.012; non-IBD MRA  =  0.065) of which 
39, all obligate anerobes, were from the Clostridia class within 
the Firmicutes phylum, including 5 Faecalibacterium species 
(Fig. 2A, Supplemental Table 5). We found 15 taxa increased 
(CD MRA  =  0.071; non-IBD MRA  =  0.00015), again dom-
inated by Firmicutes (11 taxa), of which 8 taxa were from 
the Lachnospiraceae family including 2 species each from 
the Blautia and Ruminococcus genera. The remaining 3 in-
creased Firmicutes taxa were Klebsiella, Bacteroides faecis, and 
Bacteroides fragilis. As reflected in the mean relative abundance 
measures, even though there were a number of significant dif-
ferences, together these bacteria encompassed less than 8% of 
the total relative abundance on average in these individuals.

Of note, B. fragilis was the most abundant obligate anaerobe 
on average within the CD patient group. Upon investigating 
abundance levels of B. fragilis in individual patients, we found 
this average statistic misleading because it was driven by ex-
tremely (8–18%) or nominally (0.8–5%) high abundance in 8 pa-
tients, with a complete absence of the species in the remaining 7 
patients, highlighting the interindividual variability seen in these 

data. We note that in non-IBD patients, we detected B. fragilis in 
only 3 of the 16 patients, with a maximum abundance of 0.2%, 
thus explaining the significance of this comparison. 

Because traditional differential analyses consider abun-
dance across all samples, extreme intraclass variation often 
renders insignificant species differences characterized by large 
increased abundance in just 1 or a few samples.43 To provide an 
alternative view, we determined species with high relative abun-
dance (>5%) in at least 1 CD sample that were not found in similar 
high abundance in any of the non-IBD samples (<5% and at least 
3-fold less abundant). Based on this criteria, we found 20 species, 
16 being obligate anaerobes, with high relative abundance in 1 or 
more CD patients (CD MRA = 0.21; non-IBD MRA = 0.018; 
Supplemental Table 26). These species accounted for >9% of the 
total abundance in 12 of the 15 CD patients, with >25% in 7 of 
these patients, whereas they accounted for <6% of the abundance 
in all 16 non-IBD patients, with <1% in 8 of these patients. Of 
these 20 species, 17 were not identified by traditional differential 
analyses including Bacteroides vulgatus and E. coli, previously as-
sociated with IBD.44 B. vulgatus was found in high abundance in 2 
CD samples (5.4% and 7.9%) and was at most 3.1% in non-IBD 
samples, and E. coli was found in nontrivial amounts in 4 CD 
samples (8.2%, 7.2%, 3.5%, and 1.1%) and <0.5% in all non-IBD 
samples. We likewise determined the species that were more highly 
abundant in non-IBD patients (Supplemental Table 27). Only 11 
taxa, including species from the Bifidobacterium, Ruminococcus2, 
and Parabacteroides genera, were found, none of which were con-
sidered significantly different using the traditional analyses. These 
11 taxa accounted for a more modest overall increased relative 
abundance in non-IBD patients (range = 1.6%-32%; 4 of 16 > 
9%; mean = 0.09) compared with CD patients (range = 0%-6%; 7 
of 15 < 1%; mean = 0.02).

We performed a predictive metagenomic analysis and found 
that overall, bacteria involved in biosynthetic pathways were en-
riched in CD and those involved in degradation pathways were 
depleted (Supplemental Table 28). Among these pathways, nu-
cleic acid biosynthetic pathways were enriched and degradation 
pathways were depleted. Branched-chain and aromatic amino 
acid biosynthetic pathways were also enriched in CD patients, 
with other amino acid–related degradation pathways being de-
pleted. Interestingly, the aerobic tricarboxylic acid (TCA) cycle 
was enriched, indicating a potential shift in energy metabolism.

Patients with colonic strictures or penetrating disease 
showed a decreased relative abundance of Alistipes putredinis 
and 4 Bacteroides species including Bacteroides ovatus, all from 
the Bacteroidetes phylum, compared with non-IBD patients 
(Supplemental Tables 9, 10). Patients with colonic strictures also 
had a decreased abundance of 15 Faecalibacterium species (stric-
tures MRA = 0; non-IBD MRA = 0.027). Medication usage pri-
marily altered species from the Firmicutes phylum, the majority 
from the Lachnospiraceae family. Anti-TNF therapy influenced 
the frequency of 76 taxa, with 13 taxa decreased (no anti-TNF 
MRA  =  0.062; anti-TNF MRA  =  0.00015) and 63 increased 
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(no anti-TNF MRA  =  0.0017; anti-TNF MRA  =  0.083). 
Steroid usage influenced 69 taxa, with 20 taxa decreased (no 
steroids MRA  =  0.074; steroids MRA  =  0.0035) and 49 in-
creased (no steroids MRA = 0.0000022; steroids MRA = 0.070). 
Immunomodulator usage influenced 68 taxa, with 22 taxa de-
creased (no immunomodulator MRA = 0.076; immunomodulator 
MRA  =  0.00083) and 48 increased (no immunomodulator 
MRA = 0.0032; immunomodulator MRA = 0.14). These results 
show that bacteria associated with medication usage were not 
in high relative abundance, but those that increased were rarely 
found or were found in very small amounts on average when that 
medication was not being used (<0.5% in all cases).

Greater diversity of taxa altered in the ileal mucosa 
of CD patients

We compared 25 ileum samples from CD patients with 9 
ileum samples from nonIBD patients. CD was associated with 
many more altered taxa than in the colon (159 vs 61) with a 

significantly increased abundance of 61 taxa from 4 phyla (CD 
MRA  =  0.46; non-IBD MRA  =  0.059; 1 Actinobacteria, 11 
Bacteroidetes, 37 Firmicutes, 12 Proteobacteria) and a de-
creased abundance of 98 taxa from 6 phyla (CD MRA = 0.02; 
non-IBD MRA  =  0.3; 4 Actinobacteria, 21 Bacteroidetes, 1 
Candidatus Saccharibacteria, 50 Firmicutes, 21 Proteobacteria, 
1 Verrucamicrobia; Fig.  2B). As in the colon, the number 
of decreased taxa in the ileum was much greater than the 
number of increased taxa, in line with the reduced diversity 
shown above. Unlike in the colon, note that in the ileum the 
increased taxa, including 27 from the highly abundant obli-
gate anaerobic Lachnospiraceae family (CD MRA  =  0.138; 
non-IBD MRA  =  0.018) and the obligate anaerobic genera 
Bacteroides including B. fragilis (CD MRA = 0.027; non-IBD 
MRA  =  0.00074), constituted a large proportion of the al-
tered bacteria on average (46%) in the ileum in CD. We also 
saw an increased abundance of facultative anaerobes from 
the Proteobacteria phylum, including the known pathobiont 

FIGURE 2.  Obligate anaerobic taxa are predominantly differentially abundant between mucosal region and disease. Volcano plots of differential 
abundance meta-analysis data exhibiting that the presence of CD leads to the alterations in Bacteroidetes and Firmicutes taxa that are classified as 
obligate anaerobes in the colonic mucosa (A), with the relative of abundance of obligate anaerobic taxa increased in the presence of CD reflecting 
the aerotolerance analysis seen in the ileum (B). Within-disease non-IBD mucosa shows that the colonic mucosa is a signficantly more anaerobic en-
vironment compared to the ileal mucosa (C); this difference is greatly reduced in the presence of disease. Differential taxa abundance meta-analysis 
conducted using DESeq2 and LEfSe on all phylogenetic levels. Global P values from combined DESeq2 and LEfSe analyses constructed using Fisher 
method (FDR ≤ 0.05). Taxa with sp labels indicate that an exact species could not be ascertained.



1851

CD Affects Mucosally Adherent BacteriaInflamm Bowel Dis • Volume 26, Number 12, December 2020�

Klebsiella and the pathogen Haemophilus, whereas no taxa from 
this phylum were differentially abundant in the colon. Taxa that 
decreased spanned 30 different families (CD MRA = 0.0014; 
non-IBD MRA  =  0.025), with 12 Lachnospiraceae and 10 
Ruminococcaceae taxa contributing the most.

Performing similar analyses as in the colon, we found 62 
species in the ileum highly abundant in 1 or more CD patients, 17 
of which were found using traditional analyses, that together con-
stituted between 12.7% and 84% of the total abundance in each 
patient (mean abundance = 0.46; Supplemental Table 29). In 8 
of the 9 non-IBD patients, these species represented <4% of the 
total abundance, with 1 outlier at 12.2% (mean = 0.036). These 
species were split fairly even across the Firmicutes, Bacteroidetes, 
and Proteobacteria phyla but were again dominated by obligate 
anaerobes (44 of 62). Interestingly, 10 of these highly abundant 
species in the ileum were also among the 20 highly abundant 
species in the colon of CD patients, all but 1 being obligate an-
aerobes. The 45 species not identified in the traditional differen-
tial analysis included E. coli and species from the Haemophilus 
and Bacteroides genera. In non-IBD patients, only 12 highly 
abundant species relative to CD patients were found, but these 
accounted for >18% of the abundance in 6 of 9 non-IBD pa-
tients (overall range  =  0.9%-85%; mean abundance  =  0.27; 
Supplemental Table 30) and accounted for <1% in 20 of 25 CD 
patients (range = 0%-3.5%; mean abundance = 0.0054). Of the 
12 highly abundant species, only 5 were obligate anaerobes and 
6 were facultative anaerobes. The imbalance in the number of 
high-abundance taxa found in CD and non-IBD ileum samples 
may partially reflect the number of samples in each group (25 
CD, 9 non-IBD). But together, these results again help explain 
the overall increase in obligate anaerobes in the ileum of CD pa-
tients and emphasize the dramatic differences seen specifically in 
the ileum compared with the colon.

In contrast to the colon, metagenomic functional analysis 
indicated that pathways involving bacteria depleted in the ileum 
in CD patients were mainly biosynthetic pathways, including 
fatty acid biosynthesis and the biosynthesis of molecules in-
volved in amino acid, glycogen, and carbohydrate metabolism. 
Similar to the colon, those involving bacteria enriched in CD 
patients were also biosynthetic pathways (Supplemental Table 
31), including ones involved in the TCA cycle.

Patients with ileal strictures or penetrating disease 
shared 64 taxa that were significantly altered compared with 
non-IBD patients (Supplemental Tables 16, 17). These al-
terations included a decreased relative abundance of 53 taxa 
(stricture MRA  =  0.010; penetrating MRA  =  0.0022; non-
IBD MRA  =  0.21) and an increased abundance of 11 taxa 
(stricture MRA  =  0.32; penetrating MRA  =  0.28; non-IBD 
MRA = 0.046), reflecting the decreased diversity in these pa-
tients. When we compared patients with ileal strictures and 
those with penetrating disease, we found 76 taxa, primarily 
Firmicutes (48 taxa), significantly altered: 59 taxa were en-
riched in patients with ileal strictures (stricture MRA = 0.20; 

penetrating MRA  =  0.026) and 17 taxa were enriched in 
penetrating disease (stricture MRA  =  0.0043; penetrating 
MRA = 0.059). Altered taxa associated with medication usage 
were predominantly from the Lachnospiraceae family, similar 
to the colon (Supplemental Tables 19–22).

Colonic and ileal mucosa exhibited region-specific 
alterations in CD

In non-IBD patients, we found 178 significantly altered 
taxa between the ileum and the colon, emphasizing the unique 
communities present in each tissue (Fig.  2C; Supplemental 
Table 23). The 83 taxa with higher abundance in the ileum 
(ileum MRA  =  0.50; colon MRA  =  0.04) were more diverse 
with respect to phylum (7 distinct phyla) and aerotolerance 
categories, corresponding to differences in aerotolerance pro-
files in the ileum and colon of nonIBD patients. The 95 taxa 
with higher abundance in the colon (ileum MRA  =  0.19; 
colon MRA = 0.62) came from 4 phyla. Within the Firmicutes 
phylum, all but 5 were from the Clostridia class, predominantly 
obligate anaerobes. Overall, we noted that these differences 
were for taxa that encompassed a large relative proportion of 
bacteria in each tissue. When alternatively determining highly 
abundant species in the colon or ileum of non-IBD patients, we 
found relatively few species that met our criteria (16 in colon, 
Supplemental Table 32; 13 in ileum, Supplemental Table 33), 
likely reflecting the higher diversity in both tissues with fewer 
individual species dominating the relative abundance. Imputed 
metagenomic functional analyses identified only 4 differential 
pathways (Supplemental Table 34), but this included the incom-
plete reductive TCA cycle enriched in the colon and the com-
plete TCA cycle was enriched in the ileum.

Patients with CD showed far fewer altered taxa between 
ileal and colonic tissues than in non-IBD patients (178 vs 
80), with 46 taxa increased in the colon (colon MRA = 0.13; 
ileum MRA = 0.029) and 34 taxa increased in the ileum (colon 
MRA  =  0.0057; ileum MRA  =  0.064). Those taxa enriched 
in the colon were dominated by obligate anaerobes from the 
Clostridia class, and those in the ileum again came from a 
wider range of phyla and aerotolerance categories (Fig.  2D; 
Supplemental Table 24). The mean relative abundance num-
bers indicate that these differences affected a smaller propor-
tion of the total abundance in each tissue than in the non-IBD 
samples. We also noted that several individual taxa more abun-
dant in the colon of non-IBD patients with a high colon MRA 
were no longer differential, including Bacteroides (non-IBD 
colon MRA = 0.20), Blautia (non-IBD colon MRA = 0.056), 
and Clostridium XIVa (non-IBD colon MRA = 0.033). In fact, 
B. ovatus switched from an increased abundance in the colon 
of non-IBD patients to an increased abundance in the ileum of 
CD patients. 

Possibly reflecting this trend, our alternative analyses 
only identified 10 species with high abundance specifically in 
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the colon that accounted for <10% of bacteria in patients with 
CD, on average (Supplemental Table 35). We did find 45 spe-
cies with high abundance primarily in the ileum (Supplemental 
Table 36), only 3 of which were previously found in high abun-
dance in the ileum in non-IBD samples. These may partially 
reflect the difference in the number of patient samples (25 
ileum, 15 colon). Metagenomic functional analyses identified 
only a single pathway involved with 4-aminobutanoate degra-
dation enriched in the ileum (Supplemental Table 37). In pa-
tients with ileocolitis, the ileum showed an increased abundance 
of taxa from the Actinobacteria and Proteobacteria phyla 
and of B. ovatus, and a lower relative abundance of Alistipes 
finegoldii and a Subdoligranulum species compared with the 
colon. Altogether, these analyses suggest that the large number 
of compositional differences between the ileum and the colon 
in non-IBD patients is severly reduced in the presence of CD, 
with each tissue having potentially unique sets of bacteria that 
thrive in disease.

Bacterial Alterations Seen in Postoperative 
Recurrence Across 2 Cohorts

For 20 UNC CD patients, the recurrence of disease was 
endoscopically determined within 12 months postsurgery and 
scored using the Rutgeerts criteria32 (see Methods; Supplemental 
Table 1). Of these patients, 9 were found to have disease recur-
rence. Recurrent patients had significantly lower diversity than 
nonrecurrent patients in the resected colon (P = 0.007) and the 
ileum (P  <  0.0001; Table  2). We did not find any significant 
differences in aerotolerance profiles in either tissue. Within the 
ileum, nonrecurrent patients had an increased relative abun-
dance of 32 taxa (nonrecurrent MRA: 0.088; recurrent MRA: 
0.0030) including 12 within the Lachnospiraceae family and 7 
from the Bacteroidetes phylum (Fig. 3A; Supplemental Table 
38).

To determine the generalizability of these and other re-
sults, we independently generated data from the ileal mucosa of 
79 CD patients undergoing resection at WashU (Table 1). We 
found that CD patients from WashU had a significantly lower 
diversity in the ileum than did patients from UNC, and that 272 
taxa (86 Bacteroidetes, 102 Firmicutes, 84 Proteobacteria) were 
significantly differentially abundant between the 2 sites. The 
majority of the altered taxa were increased in WashU patients 
(257; UNC MRA = 0.33; WashU MRA = 0.71; Supplemental 
Table 39). Aerotolerance profiles from the 2 sites were not sig-
nificantly different, indicating that intestinal bacterial com-
munities were highly divergent across these geographically 
distinct populations but retained similar global aerotolerance 
properties.

Using the same criteria, we found that 21 WashU pa-
tients had disease recurrence and 43 did not (Supplemental 
Table 2). Similar to the patients at UNC, there was decreased 
diversity in recurrent patients at WashU. We found 42 taxa with 
decreased relative abundance (nonrecurrent MRA  =  0.045; 

recurrent MRA  =  0.0048) and 21 taxa with increased abun-
dance (nonrecurrent MRA = 0.0080; recurrent MRA = 0.066; 
Fig.  3B; Supplemental Table 40). Comparing the 2 cohorts 
using traditional differential analysis, we noted some overlap 
at the genera level, such as Bacteroides, Streptococcus, and 
Sutterella being found in recurrent patients in both cohorts, al-
though similar species within those genera were not identified. 
We found a number of species that satisfied our highly abun-
dant designation between recurrent and nonrecurrent patients 
in each of the 2 cohorts (Supplemental Tables 41–44). We only 
found 1 common species, Haemophilus parainfluenzae, highly 
abundant in 1 or more in each of the UNC and WashU recur-
rent samples and 2 species, Bacteroides and Clostridium sensu 
stricto, in the nonrecurrent samples. Together, these analyses 
suggest that consistent taxa that defined recurrence did not 
exist in the UNC and WashU cohorts.

DISCUSSION
We present a study of bacterial alterations in the colonic 

and ileal mucosa of non-IBD and CD patients. Prior studies in 
healthy patients have shown increased bacterial load within the 
colon compared with the ileum45 along with compositional dif-
ferences.30, 31, 46, 47 Although our data do not allow for the measure 
of total bacterial abundance, there were substantial differences 
in the bacterial communties within the ileum and colon in non-
IBD patients, and these differential taxa accounted for the ma-
jority of the overall abundance in each tissue. These differences 
did not lead to a significant change in bacterial diversity but 
showed that in the absence of CD, each intestinal segment har-
bors distinct bacteria.

 We examined aerotolerance profiles of mucosa-adherent 
intestinal bacteria to determine whether these provided evi-
dence for the proposed oxygen hypothesis. The oxygen hypo-
thesis posits that dysbiotic microbial shifts in CD from obligate 
anaerobes to facultative anaerobes and obligate aerobes results 
from a change in oxygen concentrations in the intestinal tract, 
or a “dysanaerobiosis.” 14 To establish a baseline, we found an 
increased abundance of obligate anaerobes in the colon com-
pared with the ileum in non-IBD patients, in agreement with a 
study in mice that showed a decreasing oxygen gradient along 
the intestinal tract48 and a study in humans that showed lower 
ratios of obligate anaerobes in the ileum than in the colon.14 
Interestingly, though, the presence of CD did not change the 
aerotolerance profile in the colon, and in the ileum, we actu-
ally saw an increased relative abundance of obligate anaerobes. 
This increased relative abundance of obligate anaerobes in the 
ileum was no longer significantly different from that in the 
colon of CD patients. Our differential analyses showed a de-
creased relative abundance of several obligate anaerobes and 
an increased abundance of several facultative anaerobes, as 
has been previously reported. We note that these taxa were of 
low relative abundance, in general, having small effects on the 
overall levels of these aerotolerance categories. These effects 
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were offset by other taxa that were not consistently increased or 
dereased across samples and thus did not obtain significance in 
the differential analyses. These results motivated the second dif-
ferential analyses we performed that identified taxa with high 
relative abundance in only 1 subset but just a few samples in 
that subset.

We note that this analysis is highly dependent on the ac-
curacy of the aerotolerance classsifications available, which may 
change as new information is obtained on specific species. If  in 
fact some key obligate anaerobes are found to be facultative, 
then the results of this type of analysis may change. In addi-
tion, some taxa could only be assigned to more general aerobe 
and anaerobe categories and others could not be assigned be-
cause of the lack of information on these taxa. We note that 

on average, taxa encompassing ~95% of the relative abundance 
of each patient could be assigned to one of the obligate an-
aerobe, faculatative anaerobe, or obligate aerobe categories, so 
the poorly annotated taxa were unlikely to significantly affect 
our results. Overall, these analyses do not necessarily refute the 
oxygen hypothesis, but they also do not support it and provide 
a novel way to examine this phenomenon. Studies to objectively 
measure oxygen concentration in the ileum and colon in the set-
ting of CD are necessary to provide more direct evidence.

We found similar highly abundant obligate anaerobes 
that increased in CD patients in both tissues compared to 
non-IBD patients, such as B.  fragilis, which was nearly 40 
times more abundant in the ileum and >200 times more abun-
dant in the colon of  CD patients. This species, considered an 

FIGURE 3.  Similar and divergent alterations seen between cohorts in postoperative recurrence of CD. Volcano plots of differential abundance meta-
analysis of alterations between patients with and without postoperative recurrence at UNC (A) and WashU (B) show little overlap between the 2 loca-
tions. Differential taxa abundance meta-analysis was conducted using DESeq2 and LEfSe on all phylogenetic levels. Global P values from combined 
DESeq2 and LEfSe analyses constructed using Fisher method (FDR ≤ 0.05). Taxa with sp labels indicate that an exact species could not be ascertained.
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obligate anaerobe in our study,49 has been associated with an-
aerobic infections and antibiotic resistance but is also among 
the most aerotolerant obligate anaerobes.49 It is possible that 
increased B. fragilis and other highly adaptable species do in 
fact reflect increased oxygen levels in CD, where instead of 
promoting the growth of  facultative anaerobic and aerobic 
bacteria, the most oxygen-sensitive anaerobes are eliminated. 
Those anaerobes that better tolerate this increased oxygen en-
vironment become more relatively abundant and may explain 
the shift toward increased abundance of  that aerotolerance 
category in the ileum in CD. 16S rRNA sequence data do not 
allow for calculation of  total bacterial load. Thus, it is un-
clear whether more aerotolerant obligate anaerobes increased 
in total number or simply in relative abundance because of 
the loss of  the more oxygen-sensitive anaerobes.

Our results support many previously reported associ-
ations in bacterial shifts between nonIBD and CD patients, 
although previous studies have primarily used fecal mate-
rial. Diversity in the colon and ileum were lower in CD, sim-
ilar to previous fecal and mucosa-adherent bacterial studies,5, 

7, 50-52 and species from Escherichia/Shigella, Klebsiella, and 
Clostridium increased whereas species from Faecalibacterium 
and Lachnospiraceae decreased in disease. With data from both 
the colon and the ileum, we were able to investigate intestinal 
segment–specific changes and found an interesting dynamic in 
how bacterial composition changed in each location. For in-
stance, increased B. fragilis and Escherichia/Shigella species and 
the loss of Faecalibacterium species were seen in both the colon 
and the ileum. Most changes were region-specific, though, such 
as the increased abundance of Proteobacteria within the ileum 
and the loss of B. ovatus within the colon. B. ovatus has been 
shown to cause serum antibody responses in IBD patients, but 
its pathogenesis is still unknown.53 Overall, however, disease 
affected substantially more taxa in the ileum, constituting 
a greater proportion of the total bacterial abundance in that 
tissue. These changes seemed to increase the similarity in bacte-
rial composition between the ileum and the colon in CD, with a 
decreased number of differentially abundant taxa and increased 
similarity in their aerotolerance profiles. It is unclear whether 
these changes were because of the adoption of a common di-
sease environment or because of the ability of similar taxa to 
survive and/or thrive in the presence of CD regardless of intes-
tinal location.

Our data reflect the previously noted large interindividual 
variation in the gut microbiota, both between intestinal seg-
ments and in the presence of CD. Because of this heterogeneity, 
disease-associated bacteria may not be identified using more 
traditional differential analyses because of their high abun-
dance in only a fraction of patients. We defined criteria to iden-
tify bacteria that were highly abundant in 1 or more patients in 
one stratification but not highly abundant in any patients in the 
comparative group. With this analysis, we showed that several 

species previously associated with CD that were not identified 
using traditional analyses had a high relative abundance in a 
few CD patients. The criteria we defined are somewhat arbi-
trary, and we acknowledge that not all species identified in this 
way will have disease relevance. However, we propose that ana-
lyses like these are necessary to find additional bacteria that 
may substantially contribute to CD pathogenesis and outcome 
in a patient subset, just not across a majority of patients. As 
with any such analyses, further mechanistic studies are required 
to validate the roles of specific bacteria in CD.

This study investigated the existence of reproducible sig-
nals associated with postoperative recurrence of CD within 
1  year of surgery. We found significant differences in bacte-
rial profiles across the 2 geographic locations in resected tis-
sues which far outnumbered the differences in recurrent and 
nonrecurrent patients. In fact, between the 2 cohorts there 
were no common taxa associated with recurrence status. We 
also found a difference in bacterial diversity measures be-
tween the 2 cohorts, which may indicate that certain disease 
phenotypes that affect diversity may vary across cohorts. We 
did note that altered species in both groups came from similar 
genera: increased levels of species from Bacteroides, Blautia, 
and Streptococcus in recurrence. These results extend previous 
observations in small studies (6–13 patients) showing that de-
creased F.  prausnitzii mucosal concentrations54 and altered 
mucosal bacterial profiles55 were associated with a risk of post-
operative recurrence of CD. Moving forward, the challenge for 
finding predictors of postoperative recurrence in multicohort 
studies will be to unravel associations that are dependent on 
that disease phenotype while conditioning on batch effects, 
such as geography and other patient characteristics, that affect 
bacterial composition.

As with most clinical studies involving the human mi-
crobiota, our study has some limitations. Most important, the 
number of patients for which data were obtained was modest, 
especially when considering the interindividual heterogeneity 
and the number of CD phenotypes, which limited our power 
to detect significant meaningful differences for certain specific 
clinical characteristics. We acknowledge that in some of the re-
sults we report the sample sizes were very small, which must be 
considered when assessing the strength for evidence of signif-
icant differences. This is especially true for medication usage, 
where combinations of drugs may have different effects than 
when a drug is taken in isolation. Despite these limitations, we 
believe that our overall findings provide a baseline for further 
studies that will be better powered for more detailed phenotypic 
analyses.

In summary, we conducted a comprehensive region-
specific characterization of the mucosa-association intestinal 
microbiota. We presented a novel approach to analyzing, and 
potentially functionally understanding, the intestinal micro-
biota from the perspective of aerotolerance. Furthermore, we 
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provided evidence that the presence of CD is associated with 
region-specific alterations in bacterial composition that cor-
respond to an increasing similarity of bacteria from major 
aerotolerance categories across intestinal segments.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel 

Diseases online.
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