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Figure 6 Food composition in Crohn’s disease (CD), ulcerative colitis (UC) and control subjects. (a) Principal component analysis (PCA) of the food 
groups coloured by disease and disease status. Violin plots represent the points in the PCA projected to the principal component (PC)1 and PC2 
axes to assess shifts in the groups. Patients with greater than one identical questionnaire are indicated by black circles. (b) Spearman’s correlations 
between PC axis of PCA and food groups/metadata. Only features with significant correlations are represented. The direction and length of the arrows 
indicate the direction and strength of the correlation. *p<0.05; **p<0.01; ***p<0.001.

for both CD and UC compared with Cork, overall and for inac-
tive states.

Several food groups (high sugar foods, brown pasta, poultry, 
red meats, alcohol and brown bread) were significantly correlated 
with overall microbiota composition, as illustrated by correlations 
to the two PC axes in figure 1B (online supplementary table 1). 
Across both geographical locations, consumption of high sugar 
foods, nuts, butter and oils were increased in subjects with IBD, 
while controls consumed more fruit, vegetables, high- fibre and 
breakfast cereals, sauces and alcohol (figure 1b; online supple-
mentary table 19). Additionally, 20 food groups were consumed 
differently between the population cohorts (online supplemen-
tary figure 10) with potatoes, beans, white bread, processed 
meats, sauces and breakfast cereals significantly increased in the 
Cork cohort, while among others vegetables, high- sugar foods, 
nuts, pasta and rice were increased in the Manitoba group.

We found microbiota diversity to be positively correlated 
with the HFD Index for all cohorts combined and for Manitoba 
UC inactive (online supplementary figure 8b). Unexpectedly, 
microbiota diversity in patients with inactive UC in Cork was 
negatively correlated with the HFD Index, in contrast to their 
Canadian counterparts. A microbiota- independent PCA based 
on the 157 food items showed that the long- term dietary habits 
of patients with CD and UC were somewhat different from 
controls with a significant shift away from controls along PC2 
(figure 6A). The main drivers of this shift were brown pasta/rice 
and dressing (higher in controls) and butter and oils (higher in 
IBD) (figure 6B; online supplementary table 20).

Medications and bowel resection associated with a changing 
microbiota
Both microbiota diversity and composition were significantly 
associated with bowel resection and the use of some medications. 

Resected subjects had lower alpha diversity than non- resected 
subjects and controls (online supplementary figure 11), and 
also showed a significant shift in beta diversity away from non- 
resected subjects and from healthy controls (online supplemen-
tary figure 12). Resection was a treatment primarily within our 
CD cohorts; thus, when comparing these subjects it became 
evident that resection in Manitoba had a particularly marked 
effect on the microbiota composition (online supplementary 
figure 13). The significant shifts along PC2 away from controls 
and non- resected subjects had the same directions for both coun-
tries, but was much more pronounced for Manitoba.

There were up to 63 species differentially abundant (online 
supplementary tables 21–25) between any of these resection/
non- resection groups, including F. prausnitzii and C. leptum 
being increased in non- resected subjects, and Blautia producta, 
Bacteroides fragilis and R. gnavus being increased in resected 
subjects.

Subjects on proton pump inhibitors (PPIs) medication were 
located further away from controls than non- users and had 
also significantly lower alpha diversity (online supplemen-
tary figure 11; online supplementary table 26). Two out of 10 
significantly increased species in PPI users belonged to the Strep-
tococcus genus (S. agalactiae and S. mutans). The only medi-
cated subjects with microbiota composition closer to controls 
(higher PC1 values) were those taking 5- aminosalicylates (online 
supplementary figure 12). Similarly, alpha diversity (online 
supplementary figure 11) was significantly higher for patients 
on 5- aminosalicylates, and controls, compared with those who 
were not. However, these changes were not attributable to any 
particular species.

Finally, we tested how much microbiota variance (beta diver-
sity) was explained by the 25 environmental factors for 650 
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Figure 7 Factors explaining microbiota variance. Association between 25 tested environmental factors and the microbiota beta diversity of n=650 
individuals (291 Crohn’s disease (CD), 236 ulcerative colitis (UC), 120 controls; one randomly chosen time point per subject) at operational taxonomic 
unit (OTU) level in terms of explained fraction of the variance in Bray- Curtis dissimilarity. Of available 692 subjects, 42 were excluded due to missing 
values in the metadata. Adjusted permutational multivariate analysis of variance p values: *p<0.05; **p<0.01; ***p<0.001. 5- ASA, 5- aminosalicylic 
acid; NSAID, non- steroidal anti- inflammatory drug; NS, not significant.

subjects at one randomly selected time point (figure 7). Pres-
ence or absence of a CD diagnosis had the greatest impact on 
the microbiota, followed by geographic location, previous 
surgical resection, alcohol consumption and UC diagnosis. Diet 
(summarised in the HFD Index), anthropometrics and medi-
cations also explained some variation in the microbial compo-
sition. The reason why smoking and disease activity showed 
non- significance may be due to the relatively small and uneven 

sizes of these groups (table 1). It should, however, be noted that 
when combined, these factors explain <9.7% of the total micro-
biota variance.

DISCuSSIOn
The relationship between microbiota and pathogenesis of IBD 
is well established, but there is limited information to rank 
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the influence of known variables on microbiota composition, 
including longitudinal follow- up at different phases of disease 
activity. Our results show that disturbances in faecal microbial 
composition are most marked in active disease, particularly 
in CD. The longitudinal study design allowed for microbiota 
dynamics to be investigated, showing that inter- individual vari-
ance was greater than intra- individual, and that the microbiota 
was more unstable in CD and UC compared with controls. 
This is consistent with earlier reports of smaller cohorts.9 25 26 
The greatest changes in microbiota composition were linked 
with transitions across active and inactive phases of disease. 
The importance of longitudinal sampling became even more 
apparent with machine learning models capable of separating 
active and inactive disease, even though specific taxa were not 
linked with different activity states. This was only possible when 
using intra- individual ratios of each OTU between two consec-
utive time points, but not when using OTUs from single time 
points. Biologically, this is intuitively obvious since inflamma-
tion and other disease- related factors (such as medications to 
treat inflammation, antibiotic use, surgery, etc) are more likely 
to lead to microbiota variability in patients with IBD than in 
controls. Thus, frequent and long- term sampling might permit 
an improved classification, and potentially relapse- predicting, 
models.27

As expected, faecal microbiota alpha diversity was reduced in 
both CD and UC, but in contrast to microbiota composition, 
diversity did not vary significantly with disease activity. Of the 
microbial species found to be significantly increased in CD 
compared with controls, we concur with previous reports for R. 
gnavus28 29 and Fusobacterium nucleatum,30 although the oppo-
site has also been reported for the former species.30 We found 
decreased abundance in CD for Ruminococcus albus, E. rectale 
and F. prausnitzii compared with controls, in agreement with 
previous studies30 31 and meta- analysis.32 Eubacterium and Rose-
buria species were among the most important taxa for classifying 
CD and UC compared with controls.

Some species were particularly prominent in certain subgroups 
of patients. For example, clusters associated with B. vulgatus, 
A. muciniphila and Escherichia/Shigella were prominent in 
patients with prior surgical resections, which has also been noted 
by others.33 It has been proposed that reduced stool pH with 
5- aminosalicylate might account for blooms of Bifidobacteria 
and Lactobacilli, theoretically reducing mucosal inflammation 
and minimising alterations in the microbiota.34 Patients receiving 
5- aminosalicylic acid drugs may also have a microbiota closer to 
that of controls because of milder disease than those requiring 
biologics.

Significant associations between compositional changes 
and habitual diet were observed and which are consistent 
with reports of dietary constituents as potential risk factors 
for IBD.35 Remarkably, about 90% of the microbiota variance 
in IBD remains unaccounted for, either not measured or due 
to stochastic factors. This is higher than what was previously 
observed (84%) in a large Belgian- Dutch cohort,36 where UC 
had a relatively small effect on overall variance. Geographic 
location (which may reflect variance in lifestyle, diet and 
ethnicity) had the second greatest non- disease- related influ-
ence in our cohort and was recently shown to have significant 
impact among infants.37 Although similar trends were evident in 
both geographic locations studied by us, the work of others has 
highlighted ethnicity38 and geographic location39 as important 
considerations for studies of the microbiota. This might also 
contribute to some of the inconsistency in microbiota studies of 
IBD. Regardless, both microbiota and host heterogeneity, which 

may be interdependent, will represent a challenge for the pros-
pect of personalised prognostics or therapeutics based on micro-
biota manipulation.
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