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Highlights:

e This is the largest microbiome collection of coeliac disease (CeD) patients assembled
to date, providing insights into gut microbiome composition down to strain level.

e Compared to controls, treated CeD (tCeD) patients adhering to a gluten-free diet show
novel gut microbiome associations.

e tCeD patients also have a less uniform gut microbiome than controls.

e Bacteria display higher mutation frequency in tCeD compared to controls.

e Hallmarks of the European subspecies of Eubacterium rectale are nearly absent in tCeD
patients, implying selection at strain level.
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Abstract

Background: Coeliac disease (CeD) is an immune-mediated disorder primarily affecting the
small intestine, characterised by an inflammatory immune reaction to dietary gluten. CeD
onset results from a multifaceted interplay of genetic and environmental factors. While recent
data show that alterations in gut microbiome composition could play an important role, many
current studies are constrained by small sample sizes and limited resolution.

Methods: To address these limitations, we analysed faecal gut microbiota from two Dutch
cohorts, CeDNN (128 treated CeD patients (tCeD), 106 controls) and the Lifelines Dutch
Microbiome Project (24 self-reported tCeD, 654 controls), using shotgun metagenomic
sequencing. Self-reported IBS (570 cases, 1710 controls) and IBD (93 cases, 465 controls) were
used as comparative conditions of the gastrointestinal tract. Interindividual variation within
the case and control groups was calculated at whole microbiome and strain level. Finally,
species-specific gene repertoires were analysed in tCeD patients and controls.

Results: Within-individual microbiome diversity was decreased in patients with self-reported
IBS and IBD but not in tCeD patients. Each condition displayed a unique microbial pattern and,
in addition to confirming previously reported microbiome associations, we identify an
increase in the levels of Clostridium sp. CAG:253, Roseburia hominis, and Eggerthella lenta,
amongst others. We further show that the observed changes can partially be explained by
gluten-free diet adherence. We also observe increased interindividual variation of gut
microbiome composition among tCeD patients and a higher bacterial mutation frequency in
tCeD that contributes to higher interindividual variation at strain level. In addition, the
immotile European subspecies of Eubacterium rectale, which has a distinct carbohydrate
metabolism potential, was nearly absent in tCeD patients.

Conclusion: Our study sheds light on the complex interplay between the gut microbiome and
CeD, revealing increased interindividual variation and strain-level variation in tCeD patients.
These findings expand our understanding of the microbiome’s role in intestinal health and
disease.
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69 Introduction

70 Coeliac disease (CeD) is a multifactorial autoimmune disease characterised by an
71 inflammatory response in the small intestinel. It arises in genetically susceptible individuals
72 carrying HLA-DQ2 or -DQ8 haplotypes and is triggered by the ingestion of dietary gluten, a
73  storage protein found in grains such as wheat, barley, and rye!=3. CeD is relatively common,
74  affecting ~1-2% of the global population*®. In CeD pathogenesis, an inflammatory immune
75 response is initiated by the translocation of partially digested gluten peptides from the
76  intestinal lumen into the lamina propria. The gluten peptides undergo deamidation by tissue
77  transglutaminase 2 (tTG2), which confers increased binding affinity to class Il HLA-DQ2 or -
78  DQ8 molecules on antigen-presenting cells®. Notably, tTG2 activity has also been reported in
79 the intestinal lumen, suggesting that deamidation may also occur before transepithelial
80 passage of the peptides’. Presentation of deamidated gluten peptides by antigen-presenting
81 cells leads to activation of gluten-specific CD4* T cells® . A complex cytokine-mediated
82 cascade then ensues, ultimately resulting in the destruction of the epithelial barrier by
83 intraepithelial lymphocytes!!. Currently, the only treatment option for CeD is strict lifelong
84  adherence to a gluten-free diet (GFD), which necessitates extensive patient education and
85  ongoing monitoring!?.

86  CeD presents a unique case in which the trigger and major contributing genetic factors are
87  known yet not all HLA-DQ2- or -DQ8-positive individuals develop CeD, suggesting that other
88  non-genetic factors contribute to its development!3~16, One such factor is the gut microbiome,
89 and multiple studies have reported changes in the composition and function of the gut
90 microbiome in CeD. These include reduced levels of beneficial bacteria such as
91  Bifidobacterium and Lactobacillus species and increased levels of Proteobacterium (renamed
92  to Pseudomonadota'’) species, compared to healthy controls!®22, Changes in gut microbiome
93  composition have also been reported to precede CeD development?24,

94  Several mechanisms have been proposed that implicate changes in microbiome composition
95 in CeD pathophysiology. Specific microbial proteases have been reported to be involved in the
96 differential processing of gluten peptides, altering their immunogenicity and thus their ability
97  to incite an inflammatory immune response®>~2’. Moreover, toxins and other metabolites
98 secreted by pathobionts may directly or indirectly affect intestinal barrier permeability,
99 influencing the passage of gluten peptides into the lamina propria2®=°. In addition, microbial
100 proteins containing sequences similar to immunogenic gluten peptides (molecular mimicry)
101  may cause a similar immune response3!. Lastly, given the gut microbiome’s important role in
102 the development and homeostasis of the mucosal immune system, alterations in its
103  composition may contribute to an overall loss of tolerance to gluten. While the microbiome is
104  often implicated in CeD onset, it may also undergo changes as a consequence of the disease,
105 driven by factors such as the inflammatory milieu in the small intestine or the increased
106 epithelial permeability observed in CeD patients, ultimately leading to persistent
107  dysbiosis3?33. Altogether, these findings underscore that there is an intricate interplay
108 between gut microbiota, gluten, and the immune system in CeD development. Although
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109  previous studies investigating the gut microbiome of CeD patients have provided important
110 insights, many have been constrained by small patient cohorts?324263435 which limits
111  statistical power, and/or relied on 16S sequencing®®343% which limits the taxonomic
112 resolution to genus level. Furthermore, most studies do not provide information on gut
113  microbiota functionality.

114  To overcome these issues, in this study we used metagenomic sequencing (MGS) to profile
115 the microbiome in the largest CeD cohort to date, providing subspecies-level resolution. In
116  addition to confirming previous findings3”:38, our results reveal novel associations between
117  treated CeD (tCeD) and the microbiome, the contribution of a GFD to gut microbiome
118 composition, and a less uniform microbiome composition with increased strain-to-strain
119  variation in patients with tCeD. In our taxonomic analyses, we demonstrate that tCeD and self-
120 reported inflammatory bowel disease (IBD) show unique microbiome signatures with limited
121 overlap. Lastly, we report shifts in the subspecies distribution of Eubacterium rectale and
122 Firmicutes bacterium CAG:83 among tCeD patients compared to controls.

123
124  Table 1: Description of the study population

CeD IBD IBS

Variable Cohort CeD Controls IBD Controls IBS Controls
sample size CeDNN 128 106

LL-DMP 24 654 93 465 570 1710
Mean age (range) 30(3-82) 30(2-82) 53(33-74) 54(13-81) 49(19-84) 49 (13-83)
Sex female (%) 97 (64%)  445(59%) 56 (60%) 267 (57%) 411 (72%) 1233 (72%)
Mean BMI (SD) 19.0 (5.1)° 21.7(4.8) 25.9(3.9) 259(3.9) 25.8(4.4) 25.8(4.3)
Gluten-free diet 94% 5% 0%" 0%" 0.2%" 0.2%"

125
126 Summary statistics of the data used in this study. 2BMI of adult patients (UMCG) was not available from medical records,
127 skewing the BMI data of CeD patients (median age 12) relative to controls (median age 16), which explains most of the

128 observed difference. PEstimation based on a subpopulation of Lifelines participants who filled out the relevant food frequency
129 questionnaire3®. CeD, coeliac disease. IBD, inflammatory bowel disease. IBS, irritable bowel syndrome.
130

131 Materials and Methods

132  Study population

133  Treated CeD

134  The Celiac Disease Northern Netherlands cohort (CeDNN, currently unpublished) comprises
135 128 CeD patients and 106 controls who provided faecal samples at project onset, with
136 complete metadata including age and sex. Most CeDNN patients had already received a
137  clinical diagnosis and were adhering to a GFD at the time of inclusion. Since nearly all controls
138  were relatives or partners of the included patients, i.e. sharing genetic and lifestyle factors,
139  we enhanced our study by merging this dataset with a subset of participants from the Lifelines
140  Dutch Microbiome Project (LL-DMP)*°. From the LL-DMP, we included 24 self-reported CeD
141  patients and 654 controls. Controls were selected such that the combined dataset contained
142  five matched (age, sex, sequencing depth) controls for each CeD patient (Table 1). Propensity
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143  score matching was performed with the R program Matchit (v4.5.5)*, and self-reported IBD
144  and irritable bowel syndrome (IBS) patients were excluded from the control group. As only 9
145 of the 152 (6%) CeD patients included reported not adhering to a GFD, our study group is best
146  described as a tCeD cohort.

147  IBD and IBS

148  For comparative conditions, 93 self-reported IBD patients (Crohn's disease or ulcerative colitis)
149  from the LL-DMP were each matched with five controls (based on age, sex, sequencing depth;
150 465 controls total) and 570 self-reported IBS patients from LL-DMP were each matched with
151 three controls (age, sex, sequencing depth; 1710 controls total). Self-reported CeD, IBD, and
152  IBS patients were excluded from both control groups (Table 1).

153
154  Ethical approval

155  The LL-DMP study and the CeDNN study were approved by the medical ethical committee of
156 the University Medical Center Groningen (METc numbers 2017/152 and 2013/440,
157  respectively). Additional written consent was signed by all participants, their parents, or legal
158 representatives (for participants aged under 16 for CeDNN and under 18 for LL-DMP).

159

160 Phenotypic data

161  CeDNN uses the same questionnaires as Lifelines. Clinical information was available for many
162  participants, including date of diagnosis and adherence to a GFD. The time between diagnosis
163  and faecal sampling served as a proxy for the duration of GFD adherence.

164

165 Faecal sample collection, DNA extraction, and sequencing

166  Faecal sample collection, DNA extraction, and metagenomic sequencing were performed as
167  previously described. In summary, participants from both CeDNN and LL-DMP provided stool
168 samples from home. Participants were asked to freeze stool samples within 15 minutes of
169  production. Frozen samples were collected by personnel/students of the University Medical
170 Center Groningen (CeDNN) or Lifelines (LL-DMP), transported to their respective
171  biorepositories on dry ice, and stored at —80 °C until DNA extraction. Microbial DNA was
172  isolated with the QlAamp Fast DNA Stool Mini Kit (QIAGEN), according to the manufacturer’s
173  instructions, using the QlAcube (QIAGEN) automated sample preparation system. Library
174  preparation for samples with total DNA yield <200 ng (determined by Qubit 4 Fluorometer)
175  was performed using the NEBNext Ultra DNA Library Prep Kit for Illumina. Libraries for other
176  samples were prepared using the NEBNext Ultra Il DNA Library Prep Kit for Illumina.
177  Metagenomic sequencing was performed at Novogene, China using the lllumina HiSeq 2000
178  platform to generate approximately 8 Gb of 150 nucleotide paired-end reads per sample.

179

180

181

182
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183 Metagenomic data processing

184  Trimming and filtering of reads

185  Metagenomes were profiled as previously stated in the analyses of the 1000I1BD*?, Lifelines-
186  DEEP*, and Lifelines-DMP cohorts®. lllumina adapters and low-quality reads (Phred
187  score <30) were filtered out using KneadData (v0.10.0 with trimmomatic options: LEADING:20
188  TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:50)%*. Following trimming, the KneadData-
189 integrated Bowtie2 tool (v2.5.0)* was used to remove reads aligned to the human genome
190 (GRCh37/hgl9).

191  Taxonomy and pathway analysis

192  The taxonomic composition of metagenomes was profiled with MetaPhlAn3 (v3.0.1)* using
193  the MetaPhlAn database of marker genes mpa_v30. None of the included samples had a
194  eukaryotic or viral abundance >25% of total microbiome content or a total read depth <10
195 million. MetaCyc pathway profiling was performed with HUMAnN3 (v3.0.1) with default
196  settings*® integrated with the DIAMOND alignment tool (v2.0.15)*’, UniRef90 protein
197  database (v0.1.1)*8, and ChocoPhlAn pan-genome database (ChocoPhlAn_201901)%. Since
198 individual genes can be mapped to multiple pathways, the pathway abundances were instead
199  normalised to the sum of gene family abundances per sample.

200 To preserve statistical power, bacterial taxa and pathways were excluded from further analyses
201  if present at a minimum abundance of 0.001% in <5% (taxa) or <2.5% (pathways) of samples.
202  This yielded 301 taxa (6 phyla, 14 classes, 20 orders, 33 families, 70 genera, and 158 species)
203  and 338 pathways for tCeD vs. controls, 310 taxa (7 phyla, 15 classes, 20 orders, 31 families,
204 71 genera, and 166 species) and 349 pathways for IBD vs. controls, and 316 taxa (9 phyla, 17
205 classes, 23 orders, 35 families, 73 genera, and 159 species) and 331 pathways for IBS vs.
206  controls.

207  UpSet plot
208 To visualise the overlap among observed differences in the three comparisons (tCeD, IBD, or
209  IBS vs. their respective matched controls), data was plotted using the UpSetR package in R*.

210 Alpha and beta diversity and interindividual variation

211  Based on the abundance profiles of the taxa that passed the filtering process, we calculated
212 alpha diversity, as measured by Shannon entropy, at genus- and species-level using the
213 diversity function in R package vegan (v.2.6.4)*°. Beta diversity was assessed through Bray-
214  Curtis dissimilarity indices determined with the vegdist function from R package vegan.

215  Strain- and gene-level analyses

216  For the comparison between individuals with tCeD and controls, we focused on differences at
217  a subspecies level. Initially, we conducted strain-level profiling using StrainPhlAn3 (v3.0)%,
218  starting with default parameters for every species. For the species where we found the default
219  parameters to be overly stringent, but that were significantly associated with CeD according
220 to the MetaPhlAn output, we then adjusted the StrainPhlAn3 parameters to, subsequently:
221 “--marker_in_n_samples 50” and “--marker_in_n_samples 20 --sample_with_n_markers 10”.
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222  Among these adjustments, three species (Eisenbergiella tayi, Haemophilus parainfluenzae,
223 and Anaerotruncus colihominis) were only successfully analysed with the most lenient
224  parameter set. Only Enterococcus faecium failed with all attempted settings. Distance matrices
225  were constructed from the multiple alignments using the command line tool distmat. We then
226  used PanPhlAn3% to analyse the gene repertoire of the seven species that were detected in
227  atleast 10 tCeD cases and 10 controls and showed at least a nominally significant association
228  between analysis group and interindividual strain distance or strain cluster distribution (see
229  partition around medoids (PAM) clustering below). Heatmaps were generated with the
230 ComplexHeatmap package in R®L. Analyses were performed using locally installed tools and
231  databases on the high-performance computing infrastructure available at our institution using
232 the MOLGENIS data platform®2.

233

234  Statistical analyses

235  Associations between alpha diversity and sample group

236  We conducted a comparison of Shannon diversity between disease groups (tCeD, IBD, and
237  IBS) and controls using a linear model. Specifically, when comparing tCeD to controls, we
238 included sequencing batch (CeDNN_batch1l, CeDNN_batch2, and LL-DMP) as a covariate. No
239  significant batch effects were observed for alpha diversity.

240  Associations of sample group with bacterial taxa and MetaCyc pathways

241  We tested for differentially abundant bacterial taxa and MetaCyc pathways by modelling their
242 abundance using linear models with FDR-correction. Differences in prevalence between
243 sample groups were tested using logistic regression, followed by a y2-test using the step
244  function from the R package stats (with FDR-correction). For the comparisons of tCeD versus
245  controls, sequencing batch (CeDNN_batchl, CeDNN_batch2, and LL-DMP) was used as a
246  covariate. The correlation between taxonomic and pathway abundance was quantified using
247  Kendall's T coefficient. As sequencing batch was to some extent confounded with disease
248  status (most included patients are from CeDNN, whereas most controls are from LL-DMP), we
249  indicate which associations with disease status also showed a significant batch effect.

250  Associations between GFD duration and bacterial abundance

251  The association of bacterial abundance with GFD duration was assessed within the group of
252  CeD patients from the CeDNN cohort, exclusively for bacterial species with significantly higher
253  abundance in tCeD than in controls. GFD duration was set to 0 months for participants not on
254  a GFD. Using a linear model, the effects of age, sex, sequencing depth, and sequencing batch
255  on bacterial abundance were regressed. Spearman's p tests were then used to assess the
256  effect of GFD duration on the residuals of bacterial abundance. We determined confidence
257  intervals with the SpearmanRho function from the DescTools package®® and p-values with the
258  cor.test function from the stats package.

259  Separately, 11 controls from LL-DMP reporting GFD adherence were each matched with five
260 controls (based on age, sex, sequencing depth; 55 controls total) that reported not to adhere
261  to any diet. Self-reported CeD and IBD patients were excluded from both groups. Testing for
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262  differential abundance and prevalence in participants adhering to a GFD was performed as
263  described for comparisons between patients and control.

264  Beta diversity

265 To evaluate the relationship between microbiome composition and disease groups, we
266  conducted a PERMANOVA test using the adonis2 function from the vegan package®°. We
267  utilised Bray-Curtis distance metrics and performed 999 permutations for each test. When
268 comparing tCeD to controls, sequencing batch (CeDNN_batch1, CeDNN_batch2, and LL-DMP)
269  was incorporated as a covariate. No significant batch effects were observed on beta diversity.

270  To measure the heterogeneity within each sample group (tCeD, IBD, IBS, and their respective
271  control groups), we computed the distribution of all pairwise Bray-Curtis distances, excluding
272 sample pairs related to each other. Significance was determined using permutation tests with
273 1000 permutations.

274  Strain-level analyses

275 Toinvestigate whether increased interindividual differences occur at strain level, we measured
276  strain-to-strain variation using the distance matrices generated by distmat. These matrices
277  served as proxies for the mutational distance between strains of the same species in different
278  samples within either the control or tCeD group. Sample pairs that were related were excluded
279  from this analysis. Significance was assessed using permutation tests with 1000 permutations.

280  We then conducted PAM clustering with the pam function from the cluster package in R°*. The
281  prediction.strength function from the fpc package (clustermethod=claraCBI) was used to
282  determine the number of clusters that best described the data®. Correlation between tCeD
283  and strain clusters was examined using Fisher's exact tests, with FDR-correction for multiple
284  comparisons.

285  Gene prevalence and gene enrichment analysis

286  Associations between the prevalence of UniRef90 gene families, as determined by PanPhlAn,
287  and tCeD were determined using logistic regression, followed by a y2-test using the step
288  function from the stats package in R (with FDR-correction). Age, sex, sequencing depth, and
289  sequencing batch were used as covariates. Genes present in <20% or >80% of all samples were
290 excluded from this analysis. Protein family (Pfam) and Gene Ontology annotations were added
291  to UniRef90 gene families, and gene enrichment analysis was performed using Fisher's exact
292  tests with FDR-correction. Nominally significant gene families were used as input for the
293  enrichment tests. No significant batch effects were observed for any genes with a significant
294  association with tCeD.

295  Correlation between RadC-like JAB domain proteins and interindividual strain distance

296  To investigate whether the presence of proteins with the RadC-like JAB domain (PF04002), as
297 identified by PanPhlAn, influences the mutational load of associated bacterial species (B.
298  ovatus, B. uniformis, B. xylanisolvens, and B. vulgatus), we conducted the following analysis.
299  For each sample analysed by both StrainPhlAn and PanPhlAn, we recorded the median
300 mutational distance (determined by StrainPhlAn) to all other samples within the same sample
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301 group (either tCeD or control) and the number of proteins with a RadC-like JAB domain
302 identified by PanPhIAn. We then assessed trends within sample groups using a linear model.
303  We also examined any negative trend, irrespective of the sample group, using a linear mixed-
304 effects model (implemented with the Imer function from the ImerTest package®® in R), with
305 the sample group as a random effect.

306

307 Results

308 Alpha diversity is decreased in self-reported IBS and IBD but not in tCeD

309  Although contradictory data exist in literature, it is most commonly reported that the within-
310 sample microbiome diversity (alpha diversity) in untreated CeD is higher than that in
311  controls®”*” and that adherence to a GFD restores alpha diversity to pre-disease levels3"38,
312 Indeed, using the Shannon index to assess microbiome richness and evenness, we did not
313  observe a significant difference in alpha diversity on genus- (1.84 in tCeD vs. 1.86 in controls)
314  or species-level (2.48 tCeD vs. 2.44 controls). Self-reported IBD and IBS patients did display a
315  small but significant (p < 0.05) decrease in alpha diversity at genus level compared to matched
316  controls (1.70 IBD vs. 1.87 controls, 1.83 IBS vs. 1.87 controls), which is in line with studies
317 that observed a marked decrease in diversity, particularly in more inflamed IBD-like samples®®~
318  ®0. Although tCeD patients showed comparable alpha diversity to controls, we identified
319 several differences when studying the microbiome composition in more detail.

320

321 tCeD, IBD, and IBS show distinct microbial patterns

322 Next, we analysed the abundance and prevalence of faecal bacteria in individuals with tCeD
323  (Supp. Table S1), IBD (Supp. Table S2), and IBS (Supp. Table S3), along with their matched
324  control groups. Our findings revealed strikingly different trends among these sample sets
325 (Table 2, Figure 1). While all three disease groups were characterised by an increase in several
326  Bacteroides species compared to controls, we saw notable differences within the genus (pag;
327 < 0.05in one condition, nominal p > 0.05 in other conditions). For example, B. intestinalis, B.
328  stercoris, and B. uniformis were exclusively altered in IBD, whereas B. xylanisolvens was only
329 enrichedin tCeD. Only B. ovatus was enriched in more than one subject group (tCeD and IBD).
330 All other species with changed abundance in tCeD were unaltered in IBD and IBS. Only three
331 taxa (Bacteroides and Veillonella genera and P. merdae) showed significant differential
332  abundance in self-reported IBS patients compared to controls, in line with earlier studies (see
333  review by Pittayanon et al.??). Although differences in prevalence were less evident between
334  diseases (Table 3), the prevalence of several bacteria was exclusively affected in tCeD.
335 Together, these results suggest that changes in the microbiome are disease-specific rather
336  than being primarily driven by the overall inflammatory intestinal milieu or barrier defect.

337
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339 Figure 1: Overlap in microbiome changes between treated coeliac disease (tCeD), inflammatory bowel disease
340 (IBD), and irritable bowel syndrome (IBS). Bacterial species with (A) higher abundance or prevalence in disease
341 and (B) lower abundance or prevalence in disease. Vertical bars indicate the number of species affected in the
342 disease groups, as indicated by the black dots below each respective bar. Horizontal black bars at bottom left
343 indicate the total number of species affected in each disease group.

344
345 Taxonomic analyses reveal both known and novel associations with tCeD

346 Our results confirm multiple previous reports of differences in bacterial abundance and/or
347  prevalence between tCeD and controls (Table 2, Table 3), including enrichment of H.
348  parainfluenzae3®, R. inulinivorans3®, E. coli?'®?, and Bacteroides species?!3”:38 and decreased
349 prevalence of R. bicirculans®®, C. eutactus®’, C. fastidiosus3®®3, Roseburia sp. CAG:309%, and
350 several Bifidobacterium species?'3%62, We also identify several novel species, including an
351 increase in Clostridium sp. CAG:253, R. hominis, and E. lenta.

352
353  Table 2: Taxa with significantly altered abundance in tCeD, IBD, and IBS.

Previously

Bacterial taxa reported (CeD) tCeD 1BD IBS
Acidaminococcus intestini 3.2

Anaerotruncus colihominis 2.5?

Bacteroides (genus) 1.0 0.3
Bacteroides fragilis 37 1.3

Bacteroides intestinalis 2.4

Bacteroides ovatus 64 1.5 1.2

Bacteroides stercoris 1.7

Bacteroides thetaiotaomicron &5 0.9

Bacteroides uniformis 0.7

Bacteroides vulgatus® 1.4

Bacteroides xylanisolvens B 1.5

Bifidobacterium dentium 23
Bifidobacterium pseudocatenulatum 2.5

Clostridium bolteae 5.2

Clostridium clostridioforme 53

Clostridium sp. CAG:253 23

Eisenbergiella tayi 8 3.2

Enterococcus faecium 5.1°

Firmicutes bacterium CAG:145 2.9

Firmicutes bacterium CAG:94 1.2
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Flavonifractor plautii 1.1

Fusobacterium (genus) 3.4

Haemophilus parainfluenzae 38 1.2

Parabacteroides distasonis 0.8

Parabacteroides merdae 0.4

Paraprevotella xylaniphila 38 1.0

Roseburia hominis 1.7

Roseburia inulinivorans 38 1.4

Roseburia sp. CAG:182 2.7°

Ruthenibacterium lactatiformans 1.1

Veillonella (genus) 3.2
354
355 Yellow cells indicate an increase in bacterial abundance in the respective disease. Numbers represent a significant 2log(fold
356 change) after multiple-testing correction. Coloured cells without text indicate nominally significant differences. Previously
357 reported associations with CeD are included in a separate column. 2A significant batch effect was observed. ®B. vulgatus has
358 now been reclassified as Phocaeicola vulgatus®s.
359

360  Table 3: Taxa with significantly altered prevalence in tCeD, IBD, and IBS.

Previously
Name reported (CeD) tCeD IBD IBS
Acidaminococcus intestini 4/12%
Akkermansia muciniphila 70/ 49%
Alistipes finegoldii 3 99 / 95%
Alistipes indistinctus 69 /51%
Alistipes shahii 89 /78%
Anaerotruncus colihominis 20/ 46% 13/18%
Bacteroides dorei® 65 72 / 84%
Bacteroides galacturonicus 8/5%
Bacteroides sp. CAG:144 28 /16% 43 / 26%
Barnesiella intestinihominis 87/73%
Bifidobacterium adolescentis 19 85/ 64%
Bifidobacterium bifidum 37/23%
Bifidobacterium catenulatum 29 / 6%°
Bifidobacterium dentium 5/9%
Bifidobacterium longum 67 91/76%
Butyrivibrio crossotus 16 /10%
Clostridium bolteae 3/14%
Clostridium clostridioforme 2/10%
Clostridium lavalense 6/16%
Clostridium leptum 68 23 / 54%°
Clostridium sp. CAG:253 7 / 19%°
Clostridium sp. CAG:58 28 /36%
Coprobacter fastidiosus &3 46 / 29%
Coprococcus eutactus 69 49 / 25% 47 | 25%
Desulfovibrio piger 43 /22%
Desulfovibrionaceae (family) 88 /76% 89 /76%
Dialister invisus 31/45%
Eggerthella lenta 25/51% 17 /37%
Eisenbergiella massiliensis 3/ 16%
Eisenbergiella tayi 38 4/ 32%
Enterococcus faecium 1/14%°
Escherichia coli 20 44 [ 72%
Eubacterium rectale® 92 /83%
Eubacterium siraeum 63 70/37% 71/ 54%

Eubacterium sp. CAG:180 30/23%
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Eubacterium sp. CAG:251 25/13%
Faecalibacterium prausnitzii 100 / 96%
Firmicutes bacterium CAG:110 71/ 41% 65 / 55%
Firmicutes bacterium CAG:170 34 / 16% 49 [/ 19%
Firmicutes bacterium CAG:238 11 /5% 22 /6%
Firmicutes bacterium CAG:83 87 / 66%
Firmicutes bacterium CAG:95 27 / 9% 36 /15%
Flavonifractor plautii 67 / 85%
Fusicatenibacter saccharivorans 98 / 85%
Gemmiger formicilis 93 /67% 93 / 88%
Gordonibacter pamelaeae 31/ 40%
Haemophilus parainfluenzae 8 21/45%
Harryflintia acetispora 6/13% 8/13%
Hungatella hathewayi 5/11%
Odoribacter splanchnicus 96 / 89% 96 / 87%
Oscillibacter sp. 57_20 92 / 85%
Oscillibacter sp. CAG:241 84 /61%
Parabacteroides distasonis 92 / 85%
Parabacteroides merdae 77 ] 62%
Paraprevotella clara 28 /14%
Paraprevotella xylaniphila 52 /33% 48 / 38%
Phas'co/arctobacter/um 30 /12%
succinatutens
Prevotella sp. CAG:279 17 / 10%
Roseburia sp. CAG:182 24 / 43%
Roseburia sp. CAG:309 38 14 /2%
Ruminococcaceae (family) 70 80/91% 71/ 86% 76 / 82%
Ruminococcus bicirculans 38 64 / 20%?
Ruminococcus gnavus 6/17% 8/12%
Ruminococcus torques 51/37%
Selenomonadaceae (family) 8/3% 12 /3% 12 / 6%
Selenomonadales (order) 17 /5%
Veillonella atypica 4/10%
Veillonella parvula 5/9%
Veillonellaceae (family) 71 13 /24% 8/18% 9/14%
Victivallis vadensis 40 / 16% 49 / 23%
361
362 Cell colour indicates an increase (yellow) or decrease (blue) in prevalence in the respective disease. Numbers represent shifts
363 in prevalence (control/case) that were significant after multiple-testing correction. Coloured cells without text indicate
364 nominally significant differences. 2A significant batch effect was observed. ®B. dorei has now been reclassified as Phocaeicola
365 dorei®® and E. rectale has now been reclassified as Agathobacter rectalis™.
366

367  GFD duration partially explains the observed differences

368  Although we are primarily reporting on the microbiome composition of tCeD patients, we
369 attempted to assess the contribution of a GFD to the increased abundance of the species
370 shown in Table 2. After correction for covariates, the duration of GFD adherence positively
371  correlated with increased abundances of Paraprevotella xylaniphila and Roseburia sp.
372  CAG:182 (Spearman rank correlation, pqq; < 0.05; Figure 2). Moreover, given that the majority
373  of the 13 species tested exhibit a positive correlation, these findings imply that a GFD does
374  play a role in several of the observed species-level associations. To further confirm the effect
375 of a GFD on the selected species, we compared 11 controls who reported adhering to a GFD
376  to 55 matched controls who reported no specific diet. Among these controls, a GFD was also
377  positively correlated with most of the studied species, including P. xylaniphila and Roseburia
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378  sp. CAG:182 (Supp. Table S4). Notably, we were unable to replicate the adverse impact of a
379  GFD on the abundance of H. parainfluenzae seen in other research3>3,
380

Bacteroides fragilis -4

Bacteroides ovatus -

Bacteroides thetaiotaomicron =

Bacteroides xylanisolvens

Paraprevotella xylaniphila = —_—
Significance
Enterococcus faecium
-@- FDR-significant
Clostridium sp. CAG:253 -
Nom. significant
Eisenbergiella tayi 4 .
Not sig.
Roseburia hominis =
Roseburia inulinivorans =
Roseburia sp. CAG:182 4 D se—

Anaerotruncus colihominis =

Haemophilus parainfluenzae

-0.6 -03 0.0 03 0.6
Spearman's p

381

382 Figure 2: Spearman correlation coefficients between GFD duration and species abundance for all the species
383 significantly enriched in tCeD patients. Nominal (p < 0.05) and corrected (pagj < 0.05) significance are indicated
384 in light and dark blue, respectively.

385

386 Differences in metabolic pathways are largely driven by specific bacterial taxa

387  After establishing the taxonomic landscape in each of the subgroups analysed in this study,
388  we assessed the functional potential of the associated microbiota by mapping the identified
389 gene families to metabolic pathways in the MetaCyc database (Supp. Tables S5, S6, S7).
390 Although we found several differences between tCeD patients and controls, very few were
391 unique to tCeD and most showed considerable concordance with IBD and IBS (Table 4). These
392 similarities can probably be explained by the fact that most of the differentially abundant
393 metabolic pathways are strongly associated to differentially abundant taxa, with Bacteroides
394  species and E. coli explaining most of the observed changes (Table 4, Supp. Figure S1, and
395  Supp. Table S8). Furthermore, even the pathways with a lower abundance in tCeD compared
396 to controls (Table 4, blue) appear to be primarily driven by an increase in bacteria from the
397  Bacteroidetes phylum (now renamed Bacteroidota'’) that replaces bacteria carrying this
398 metabolic potential, reflecting the compositional nature of these data. Since pathway
399 abundance seems to mainly reflect taxonomic changes rather than functional enrichment
400 across several taxa, we do not consider it likely that these pathways are relevant in the context
401  of the diseases studied.

402

403  The tCeD faecal microbiome is less uniform than that of controls

404  Since we had identified several bacterial species specifically enriched in tCeD, we suspected
405 that tCeD patients' microbiomes would display a distinct CeD signature and be more uniform
406  than those of non-CeD controls. Moreover, we also expected that the restricted GFD in tCeD
407  could lead to a more homogeneous microbiome. To test this hypothesis, we first calculated
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408  Table 4: Metabolic pathways differentially abundant in tCeD.

Top correlated taxa
tCeD vs. controls

Pathway tCeD IBD IBS (t>0.3) T
PENTOSE-P-PWY: pentose phosphate pathway 03 03 0.1 B. uniformis 0.47
P'OLYISOPR.ENSYN—PWY: polyisoprenoid 06 07 0.2 B. uniformis 0.59
biosynthesis B. vulgatus
PWY-2941: L-lysine biosynthesis Il 0.4 0.3 0.1 Bacteroidaceae (family) 0.32
PWY-5083: NAD/NADH (de)phosphorylation 14 1.1 B. ovatus 0.41
PWY—5838:.superpathway of menaquinol-8 13 14 E coli 0.54
biosynthesis |
B. ovatus
PWY-5941: glycogen degradation Il 09* 0.8 0.3 B. thetaiotaomicron 0.46
B. uniformis
PWY-5971: palmitate biosynthesis Il 1.3 1.1 E. coli 0.58
PWY-6353: purine nucleotide degradation Il A
) 0.7 0.5
(aerobic)
PWY-6531: mannitol cycle 1.1 0.8 B. ovatus 0.40
PWY-6572: chondroitin sulphate degradation | 0.8 0.7 0.3 B. thetaiotaomicron 0.58
PWY-6608: guanosine nucleotide degradation IlI 06 04
PWY-6859: all-trans-farnesol biosynthesis 06° 0.7 0.2 B. vu/.gatus. 0.55
B. uniformis
PWY-6953: 'dTDP-3—a.cetam|do-3,6-d|deoxy—a—D- 30 B. cellulosilyticus 035
galactose biosynthesis
PWY-7316: dTDP-N-acetylviosamine biosynthesis 1.7 B. fragilis 0.42
RHAMCAT-PWY: L-rhamnose degradation | 04 03 B. uniformis 0.36
ARGSYNBSUB-PWY: L-arginine biosynthesis Il Bacteroidetes (phylum) -0.44
-0.1* -0.2 -0.1 o
(acetyl cycle) F. prausnitzii 0.32

PWY-7219: adenosine ribonucleotides de novo

- a . i . . ~
biosynthesis 0.1 0.1 0.03 Bacteroidaceae (family) 0.39

) . . Bacteroidetes (phylum) -0.40
PWY-7383: anaerobic energy metabolism -0.3 -04 A. muciniphila 031
PWY66-399: gluconeogenesis Il -0.2 -03 Bacteroidetes (phylum) -0.43
TRNA-CHARGING-PWY: tRNA charging -0.1 -0.1 Bacteroidetes (phylum) -0.36
409
410 Cell colour indicates an increase (yellow) or decrease (blue) in abundance in the respective disease. Numbers represent a
411 significant Zlog(fold change) after multiple-testing correction. Coloured cells without text indicate nominally significant
412 differences. Correlated taxa (in tCeD vs. controls) are reported with the associated Kendall's T coefficient. 2A significant batch
413 effect was observed.
414

415  Bray-Curtis dissimilarity between samples, a measure of beta diversity, and performed
416  principal coordinate analyses (Figure 3A). The principal coordinate plots for IBD and IBS are
417  shown in Supp. Figure S2. Not surprisingly, the average overall composition of the tCeD
418 microbiome differed significantly from that of controls (PERMANOVA, R2=0.003, p < 0.05).
419 However, when we tested which group was more homogeneous, i.e. which group displayed
420 the lowest median within-group dissimilarity (Figure 3B), we found that the microbiome
421 composition of any two arbitrarily selected unrelated tCeD patients tended to be more
422  dissimilar than that of two unrelated controls (permutation test, p < 0.05). Interestingly, we
423  observed the same phenomenon, where patients have a less uniform microbiome structure
424  than controls, among self-reported IBD patients (p < 0.05; Figure 3B). In contrast, the
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425  distributions of Bray-Curtis dissimilarity scores among controls and self-reported IBS patients
426  were indistinguishable (Figure 3B).

A B Beta diversity
. . o I control vs. control
et s 2 case vs. case /\
® .0 o . P s . 288380 pairs
[y L) 5 e " ‘:‘ " tCeD
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o off L ‘o i RECIR SN SAE
e RN : 3. 8& 3ok 1CeD B | o7se0ps ‘
8 s. ° . ° .:. * .. x control 4278 pairs
o M . $o © . -.‘ ) )
TR 1461195 pairs A‘
e e IBS
P " 162165 pairs
PCo1 (5.82%) 0.00 0.25 0.50 0.75 1.00

Bray-Curtis dissimilarity

428 Figure 3: Beta diversity in tCeD vs. controls using Bray-Curtis dissimilarity as a distance metric. A. Principal
429 coordinate plot of tCeD samples and matched controls. B. Within-group dissimilarity histograms for tCeD (top),
430 IBD (middle), and IBS (bottom). Blue: pairs of unrelated controls. Orange: pairs of unrelated patients. Values at
431 left are the number of different permutations of two samples that fall into each group.

432  tCeD dissimilarity is also present on subspecies level

433  We next aimed to assess whether the increased diversity we observed among tCeD patients
434  was only present on entire microbiome level, or whether this effect also extended to strain
435 level. Using StrainPhlAn to estimate the pairwise evolutionary distance between bacterial
436  strains of the same species from two different participants, we were able to analyse strain-
437  level diversity for 67 bacterial species (Supp. Table S9). For nine species, the interindividual
438  evolutionary strain distance among tCeD patients tended (nominal p < 0.05) to be higher than
439 among controls, with only Alistipes putredinis showing a tendency toward more diversity
440 among controls. After multiple-testing correction, the increased diversity among tCeD
441  patients remained significant (Figure 4) for the Bacteroides species B. ovatus, B. uniformis,
442  and B. xylanisolvens and for Eubacterium rectale (now reclassified as Agathobacter rectalis’?
443  although its exact taxonomic classification is disputed’>~7).

444

A Bacteroides ovatus (p < 0.001) B Bacteroides uniformis (p < 0.001)

control-control - ‘Ik 101009 pairs ‘l‘\ 243217 pairs
tCeD-tCeD- 5042 pairs 9442 pairs

C Bacteroides xylanisolvens (p < 0.001) D Eubacterium rectale (p < 0.001)

cortrol—control= ‘.&__‘ 61416 pairs “l‘ 140688 pairs
tCeD-tCeD - 4080 pairs 4750 pairs

00 01 02 03 0.4 05 00 01 02 03 04 05
StrainPhlAn3 phylogenetic distance StrainPhlAn3 phylogenetic distance

445
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446 Figure 4: Distribution of pairwise genetic distances between strains of (A) Bacteroides ovatus, (B) Bacteroides
447 uniformis, (C) Bacteroides xylanisolvens, and (D) Eubacterium rectale. Control vs. control (top) and tCeD vs.
448 tCeD (bottom). Pairs of relatives were excluded from both comparisons. The significance of increased distance
449 among tCeD patients is indicated by p-values from permutation tests (1000 iterations).
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452 Figure 5: Strain-level differences of Eubacterium rectale between tCeD patients and controls. A. Abundance
453 and prevalence of E. rectale in patients and controls. Violin plots represent the distribution of abundance (log-
454 scale) in the two groups. Samples in which E. rectale was absent are excluded from the plot. Shaded bars in the
455 background represent prevalence among all samples. B. Non-metric multidimensional scaling plots of pairwise
456 genetic distances between E. rectale strains. Symbol shapes and colours indicate their assigned cluster (PAM
457 clustering). Ellipses include 95% of the samples in the indicated group. C. Heatmap of the presence/absence of
458 E. rectale genes in all the E. rectale strains analysed. Each row represents an E. rectale strain from one participant.
459 CeD patients are indicated by the orange lines at left of the heatmap. Each column represents a UniRef90 cluster
460 (gene) that is differentially prevalent in tCeD patients (nominal p < 0.05). Coloured bars below indicate whether
461 the genes are predicted to encode glycosyltransferases (green) or flagellum-related proteins (pink). Black bars at
462  bottom (FDR-significant) indicate the genes with p,q < 0.05.

463  European subspecies of Eubacterium rectale is reduced among tCeD patients
464  To further investigate within-species variation, we performed principal coordinate analyses,
465 combined with PAM clustering. This approach revealed distinct subspecies clustering for 46 of
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466  the 67 species studied (Supp. Table S10). For E. rectale, the dominant cluster (Figure 5B, cluster
467 1) contained 61% of controls but only 33% of tCeD patients. Similarly, the dominant cluster in
468  Firmicutes bacterium CAG:83 (Supp. Figure S3, likely part of the Oscillibacter genus’®)
469  contained 69% of controls but 44% of tCeD patients (Fisher's exact test, padj< 0.05).

470  Finally, we performed gene-level comparisons of cases and controls (PanPhlAn; Supp. Table
471  S11), followed by enrichment analysis of protein family (Pfam) and gene ontology (GO) terms
472  among nominally significant (p < 0.05) genes (Supp. Table S12). With this analysis, we aimed
473  to identify gene-level explanations for the strain-level observations (increased interindividual
474  differences and depletion of the dominant E. rectale cluster). The only class enriched among
475  E. rectale genes that had a lower prevalence in tCeD was PFO0535 (glycosyl transferase family
476  2), while over-prevalent genes were enriched for terms related to flagellum assembly and
477  organisation, chemotaxis, protein targeting and secretion, and phosphoenolpyruvate-
478  dependent sugar phosphotransferase systems (Figure 5C, Supp. Table S12). Karcher et al.
479  previously described an E. rectale subspecies found almost exclusively in Europe (ErEurope)
480 that is characterised by the presence of several genes from glycosyl transferase family 2 and
481 the absence of motility operons, including chemotaxis and flagellum genes’’. We therefore
482  conclude that ErEurope is less prevalent in tCeD patients.

483
484  Gene families related to transmembrane transport and DNA repair are less prevalent in

485 multiple species in tCeD patients

486 In addition to the functional classes above, 139 other E. rectale genes were differentially
487  prevalent in tCeD patients compared to controls (38 higher, 101 lower). Furthermore, genes
488  from Alistipes putredinis (168 higher, 96 lower) and Bifidobacterium adolescentis (4 higher, 6
489 lower) were also found to be associated with tCeD (padj < 0.05; Supp. Table S11). Interestingly,
490 the B. adolescentis strains found in tCeD less frequently encode a Lacl/GalR-family
491 transcriptional regulator and galactose-1-phosphate uridyltransferase GalT, part of the Leloir
492  pathway for galactose metabolism. This finding highlights another potential implication of the
493  altered carbohydrate availability during inflammation and/or GFD’2.

494  When we analysed strain-level differences between tCeD and controls in each of the seven
495  species separately, no terms were enriched for any species beyond the glycosyltransferases
496  and motility-related genes discussed above. To assess whether there were any bacterial gene
497  or protein classes enriched across species, we performed the analysis after pooling the gene-
498 level data of all seven bacteria. Among the under-prevalent genes in tCeD, we identified two
499 new enriched classes. Firstly, 23 of 150 genes from G0O:0055085 (transmembrane transport)
500 were under-prevalent in tCeD. Many of the contributing genes, coming from six different
501 species, were annotated to encode permeases, some with a predicted specificity for
502 carbohydrates. We suggest that differences in nutrient availability during active CeD or GFD
503 may play arole in the loss of these genes encoding carbohydrate-uptake proteins. Secondly, 9
504  of 21 genes encoding proteins from PF04002 (RadC-like JAB domain) were under-prevalent
505 across all tested Bacteroides species and Bacteroides vulgatus (now reclassified as
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506  Phocaeicola vulgatus®®). Proteins from this family have previously been speculated to have
507 proteolytic and/or nuclease activity and to be involved in DNA repair’®.

508

509 Presence of DNA repair genes in four species results in lower mutational drift

510 Next, we assessed whether the reduced prevalence of DNA repair genes containing the RadC-
511 like JAB domain in tCeD could be associated with increased interindividual strain variation.
512 Indeed, the number of genes in a specific strain encoding a RadC-like JAB domain was
513 negatively correlated (Figure 6) with the median distance of that strain to strains of the same
514  species within the same sample group (tCeD and control). This negative correlation was
515 observed in all species tested (B. ovatus, B. uniformis, B. vulgatus, and B. xylanisolvens) and
516  significant in B. uniformis and B. vulgatus, the two species with the most data points (linear
517 mixed-effects model, p < 0.05). Moreover, for all four species, there was a negative correlation
518 inboththe tCeD group and controls, in line with our hypothesis that these DNA repair proteins
519 are limiting the mutation rate in these species.
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521

522 Figure 6: Correlation between prevalence in a specific sample of genes encoding the RadC-like JAB domain ('#
523 Genes') and the median mutational distance (StrainPhlAn) from other strains within the same sample group
524 for (A) Bacteroides ovatus, (B) Bacteroides uniformis, (C) Bacteroides vulgatus, and (D) Bacteroides
525 xylanisolvens. Significance within sample groups is indicated by the p-values inside the plot. The p-values in the
526 plot title report the association in both groups combined (linear mixed-effects model).

527
528
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529 Discussion

530 We performed a comprehensive analysis of the largest cohort of metagenomics-sequenced
531 CeD microbiota to date, comparing the faecal microbiota of 152 tCeD patients with 760
532  controls matched by age, sex, and sequencing depth. Our approach allows for microbiome
533  classification at the strain level and provides insights into bacterial genes and pathways.

534  Taxonomic and functional profiling

535 We aimed to compare taxonomic profiles at the species level with those of previous CeD
536  microbiome studies. In summary, our data (Table 2 and Table 3) confirm previous findings in
537  tCeD patients, demonstrating an increase in several Bacteroides species, H. parainfluenzae, R.
538 inulinivorans, and E. coli and a decrease in various bifidobacteria, R. bicirculans, C. eutactus,
539 and C. fastidiosus?*3738%2  Despite a lower prevalence of the major butyrigenic bacterium
540  Butyrivibrio crossotus® (Table 3), we observed novel positive associations with other butyrate-
541  producing bacteria including Clostridium sp. CAG:253, R. hominis, and C. lavalense in tCeD
542  patients in our cohort. Butyrate, a short-chain fatty acid derived from the fermentation of
543  dietary fibres, is an important modulator of immune and barrier functions, which are relevant
544  for CeD®®2 Higher production of butyrate by the CeD microbiome aligns with observations
545 by Baldi et al. where CeD patients displayed slightly higher circulating butyrate fractions®.
546  However, Tjellstrom et al. showed that one year of GFD adherence restored butyrate levels to
547 normal in paediatric CeD patients®*. We speculate that the reducing effect of a GFD on
548  butyrate production may not necessarily reflect restoration of the microbiome to a pre-CeD
549  state. It may instead be mediated by other butyrigenic species so that the effects of disease
550 and diet largely cancel each other out. Changes in butyrate producers may be a result of the
551 altered fibre content of a GFD8®%’,

552  Further taxonomic analyses revealed that tCeD, IBD, and IBS were all characterised by an
553 increase in the Bacteroides genus, which drives the remarkably similar changes in metabolic
554  pathways observed in each disease group. Moreover, it seems that all (moderately) under-
555 abundant pathways can be explained by this (moderate) increase of bacteria from the
556  Bacteroidetes phylum, suggesting that this is likely an artefact caused by the compositional
557  nature of the data (Table 4, Supp. Figure S1).

558 Besides genus Bacteroides, however, the different disease groups studied each show highly
559  distinct microbiome profiles (Table 2, Table 3, Figure 1), indicating that the general
560 inflammatory milieu and increased barrier permeability associated with both IBD and CeD do
561 not result in similar microbiome profiles. Although we show that the GFD contributes to an
562 altered faecal microbiome (Figure 2), the current data does not allow us to separate the
563  consequences of CeD and/or GFD from characteristics of the microbiome that contribute to
564  the onset of CeD.

565  Although most metabolic pathways appear to be altered because the bacteria encoding them
566 are altered in tCeD, we cannot dismiss the possibility that certain bacteria are enriched
567  because they encode those metabolic pathways. Indeed, other studies have reported several
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568  Bacteroides species to be enriched in active?>”88 and treated CeD patients?3757 as well as
569  at-risk individuals?*8%%, In these studies, B. fragilis was speculated to be involved in
570 pathogenesis®. Although these studies did not perform multiple-testing correction, taken
571 together they do suggest that the overabundance of Bacteroides species is not solely caused
572 by GFD and that some of the pathways we identified might therefore be relevant in CeD
573  pathogenesis. Additionally, the 1.3-fold enrichment of genes involved in the rhamnose
574  degradation pathway we observe (Table 4) could be related to differences in carbohydrate
575  supply from the host diet. Furthermore, we found two pathways uniquely affected in tCeD,
576  dTDP-N-acetylviosamine biosynthesis (3.3-fold enriched in tCeD) and dTDP-3-acetamido-3,6-
577  dideoxy-a-D-galactose biosynthesis pathways (7.8-fold enriched in tCeD), which also
578 represent the two largest functional differences compared to controls. Both these pathways
579  use a-D-glucopyranose 1-phosphate, a product of glycogen degradation, as a substrate. Since
580 both these pathways and, as in IBD, glycogen degradation pathways are overabundant in tCeD
581 and associated with various Bacteroides species, it could be that the ability to survive in harsh
582  conditions with low carbohydrate availability gives these bacteria a competitive advantage
583  over other bacteria®l. Only two pathways enriched in tCeD do not appear to be driven by
584  specific bacterial taxa, PWY-6353 and PWY-6608 (Table 4), both related to purine nucleotide
585  degradation.

586 Interindividual variation

587 Besides the species-specific differences between tCeD patients and controls, we found an
588 increased interindividual diversity among patients compared to controls (Figure 3). Thus,
589  while we had expected that patients would share a specific microbiome signature related to
590 either the disease or GFD, the inverse appears to be true. The tCeD microbiome deviates more
591 from the average non-CeD microbiome (not shown) than that of controls, but these changes
592  apparently occur in different directions between patients. Although we prefer not to use the
593  term dysbiosis®?, this observation could reflect the loss of certain healthy components of the
594  microbiome that are compensated for differently in each individual. On the other hand, it
595  could be that a gluten-containing diet, rather than disease or GFD, induces a microbiome
596  signature. While the possibility of a loss of specific 'healthy' bacteria characterising CeD seems
597 incompatible with the fact that we exclusively observed overabundant bacteria in tCeD,
598 presence-absence analyses did reveal some bacteria with reduced prevalence in tCeD, such
599 as several species of bifidobacteria (generally regarded as 'healthy' bacteria®®) and R.
600  bicirculans, E. siraeum, and C. eutactus (Table 3).

601 Interestingly, the increased diversity we observe in patients is also visible in the strain-level
602 analyses, where, for several bacteria, the average evolutionary distance between strains of
603  the same species in two unrelated tCeD patients was larger than that between strains in two
604  control individuals (Supp. Table S9). This phenomenon was observed most clearly (pagj < 0.05)
605 in Eubacterium rectale, Bacteroides ovatus, Bacteroides uniformis, and Bacteroides
606  xylanisolvens (Figure 4). But it also appears to be more general, as 48 of the 67 species
607 analysed (72%) show the same trend. The most plausible explanation we see is that the
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608 inflammation and oxidative stress accompanying CeD and gluten intake®* lead to a higher
609  mutational burden in the gut microbiome. In line with this hypothesis, transcriptome analysis
610 of intestinal epithelial cells recently revealed the upregulation of host pathways related to
611 DNA double-strand break repair in active CeD compared to controls®. Moreover, we find
612  Bacteroides strains (multiple species) that carry the RadC-like JAB domain involved in DNA
613  repair’® to be more prevalent in controls than in tCeD (Supp. Tables S11 and $12) and that the
614  presence of these repair proteins in Bacteroides strains limits their mutation rate and thereby
615 inter-strain variation (Figure 6). These observations together suggest that under stressful
616 conditions it may be beneficial to these bacteria to increase the genetic diversity of their
617  offspring. Notably, we observe the same trend in the self-reported IBD samples, potentially
618 reflecting the mutational burden of an inflamed environment. Indeed, it is an established
619  strategy among bacteria to upregulate their evolution rate in response to stress®®. Examples
620  of this strategy are the widespread SOS-response, utilising an error-prone DNA polymerase®’,
621  and the activation of competence for transformation during DNA replication stress®®, It is
622  unclear whether the increase in mutational load we observe in the tCeD microbiota is an
623  indication of residual inflammation or merely a result of earlier periods of inflammation.

624  Intriguingly, while Eubacterium rectale also shows clear evidence of (seemingly) random
625 mutagenesis (Figure 4D, Supp. Figure S4), we also observed that the ErEurope subspecies’’
626  was almost absent in tCeD, while nearly half of the controls carried this subspecies.
627  Importantly, ErEurope lacks many motility genes and has a distinct carbohydrate metabolism
628 potential. Karcher et al. have suggested that ErEurope utilises complex plant-derived
629 carbohydrates more efficiently’’. As no interaction with diet was previously observed for
630  ErEurope, most of the different E. rectale strains do not co-colonise’”’, and we observe no
631 differences in prevalence or abundance between tCeD patients and controls (Figure 5A), it is
632  possible that the strain-level difference in E. rectale may exist prior to GFD. It remains unclear
633  whether the lack of motility limits ErEurope’s ability to access carbohydrates during
634 inflammation, whether their carbohydrate metabolism potential plays a role in gluten
635  processing, or whether pre-existing genetic or environmental risk factors for CeD also affect
636  E. rectale sub-strain colonisation success. Alternatively, as metabolites produced by certain E.

100 selection

637 rectale strains have been implicated in alleviating intestinal inflammation
638 pressure may also be present. Finally, the overrepresentation of flagellated E. rectale strains
639  intCeD, combined with the reported enrichment of anti-flagellar antibodies in IBD patients!®?,
640 could imply a role for flagellins in disease aetiology or manifestation, e.g. through activation
641  of Toll-like receptor 5 and initiation of Th1 T cell responses®?

642

643  Limitations

644  Since the CeD patients in our study strictly followed a GFD, our findings do not allow us to
645  definitively ascertain the role of the microbiome in CeD onset or progression. This challenge
646 iscommon in much of the existing research, where data interpretation is hindered by diet and

647  the possibility that observed differences stem from studying patients with active CeD,


https://doi.org/10.1101/2024.03.08.584098
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.08.584098; this version posted December 21, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under a CC-BY-NC-ND 4.0 International license.

648 potentially influenced by associated intestinal inflammation. Furthermore, our study is limited
649  to faecal samples, which may not accurately reflect conditions in the small intestine?®.

650 Despite these limitations, the current findings are a starting point for future work addressing
651  which differences truly reflect changes in the small intestine, which differences precede
652 disease onset, and what mechanisms are responsible for these differences in microbial
653  composition. Additional future data, ideally obtained from prospective and longitudinal
654  studies - including those on active CeD patients, healthy individuals adhering to a GFD, and/or
655  at-risk individuals — will help tease apart the various influences of genetics, diet, and disease
656  on the gut microbiome of CeD patients. A longitudinal study published in 2021 where data
657 was available before CeD onset reported several differences, but this study had limited
658  taxonomic resolution (16S sequencing) and statistical power (only 10 cases and 10 controls)?3.
659  Furthermore, as the significance levels in this earlier study appear not to have been corrected
660 for multiple testing, it is difficult to assess whether the reported differences are beyond what
661  would be expected by chance. However, although the microbiome analysis in the longitudinal,
662  prospective TEDDY study!® also suffered from small sample size when they reported on it in
663  2018%%, we expect that future updated analyses of this large CeD patient cohort!%105 will
664  prove a valuable addition to our current findings.

665

666  Conclusion

667  We characterised the microbiota of tCeD patients compared to matched controls, leading to
668  confirmation of previously reported CeD—microbiome associations and identification of novel
669  associations that may be linked to CeD, GFD, or both. Strain- and gene-level comparisons
670 revealed a higher mutation frequency in several species, possibly induced by inflammation
671 and/or oxidative stress. Data on the prevalence of the RadC-like JAB domain in multiple
672  Bacteroides species suggest that increased mutational load may increase bacterial
673  adaptability under stressful conditions. Finally, we found that the European subspecies of
674  Eubacterium rectale is virtually absent in tCeD patients, a finding that may help shed light on
675  some of the mechanisms that shape the microbiome in health and disease.

676

677 Data availability

678 Lifelines Dutch Microbiome Project (LL-DMP)

679 The raw microbiome sequencing data, processed microbiome data (including taxonomy and
680 pathways), and basic phenotypes (including age, sex and BMI) from LL-DMP are available at
681 the European Genome-Phenome Archive (EGA) under accession EGAS00001005027. Access
682 to these dataset can be requested via the page of the EGA data access
683 committee EGAC00001001996. The phenotype data can be requested, for a fee, by filling the
684 application form at https://www.lifelines.nl/researcher/how-to-apply/apply-here.  For

685 questions about accessing other Lifelines data, researchers can contact Lifelines
686 atresearch@lifelines.nl. For questions regarding the selected LL-DMP samples for this study,

687 please contact the corresponding author of this study (S.W.).
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688  Celiac Disease Northern Netherlands (CeDNN)

689  Access to the raw microbiome sequencing data, processed microbiome data (including
690 taxonomy and pathways), and basic phenotypes (including age, sex and BMI) from CeDNN are
691 available at the EGA under accession [SUBMISSION PENDING]. The phenotype data can be
692 requested by contacting the corresponding author of this study (S.W.).

693

694 Code availability

695  Open source codes and scripts used for the processing of raw metagenomic sequencing data
696 are available at the GitHub repository https://github.com/GRONINGEN-MICROBIOME-
697 CENTRE/GMH_MGS pipeline. Only parameters referring to bioBakery 3 tools (MetaPhlAn3,
698  HUMAnNnN3, StrainPhlAn3 and PanPhlAn3) apply for the current study. To facilitate the re-use
699 ofthe codes, the repository also includes example datasets that enable users to test the codes

700  without the need to apply for access to phenotypes.
701
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