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Human gut microbiota and their production of endocannabinoid-like mediators 
are directly affected by a dietary oil
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Camille Cavestria, Oumaima Azeggouar Wallenc,d, Rosaria Villanoe, Frédéric Raymonda,b,c, Nicolas Flamandc,d, 
Cristoforo Silvestria,b,c,d, and Vincenzo Di Marzoa,b,c,d

aInstitute of Nutrition and Functional Foods (INAF), Faculty of Agriculture and Food Sciences, Laval University, Quebec, QC, Canada; bCentre 
Nutrition, Santé et Société (NUTRISS), INAF Laval University, Quebec, QC, Canada; cCanada Excellence Research Chair on the Microbiome- 
Endocannabinoidome Axis in Metabolic Health, Laval University, Quebec, QC, Canada; dFaculty of Medicine, Department of Medicine, Laval 
University, Quebec, QC, Canada; eInstitute of Biomolecular Chemistry, Consiglio Nazionale delle Ricerche (CNR), Pozzuoli (Napoli), Italy

ABSTRACT
Dietary omega-3 polyunsaturated fatty acids (n-3 PUFAs) and the gut microbiome affect each 
other. We investigated the impact of supplementation with Buglossoides arvensis oil (BO), rich in 
stearidonic acid (SDA), on the human gut microbiome. Employing the Mucosal Simulator of the 
Human Intestinal Microbial Ecosystem (M-SHIME), we simulated the ileal and ascending colon 
microbiomes of four donors. Our results reveal two distinct microbiota clusters influenced by BO, 
exhibiting shared and contrasting shifts. Notably, Bacteroides and Clostridia abundance underwent 
similar changes in both clusters, accompanied by increased propionate production in the colon. 
However, in the ileum, cluster 2 displayed a higher metabolic activity in terms of BO-induced 
propionate levels. Accordingly, a triad of bacterial members involved in propionate production 
through the succinate pathway, namely Bacteroides, Parabacteroides, and Phascolarctobacterium, 
was identified particularly in this cluster, which also showed a surge of second-generation probio-
tics, such as Akkermansia, in the colon. Finally, we describe for the first time the capability of gut 
bacteria to produce N-acyl-ethanolamines, and particularly the SDA-derived N-stearidonoyl- 
ethanolamine, following BO supplementation, which also stimulated the production of another 
bioactive endocannabinoid-like molecule, commendamide, in both cases with variations across 
individuals. Spearman correlations enabled the identification of bacterial genera potentially 
involved in endocannabinoid-like molecule production, such as, in agreement with previous 
reports, Bacteroides in the case of commendamide. This study suggests that the potential health 
benefits on the human microbiome of certain dietary oils may be amenable to stratified nutrition 
strategies and extend beyond n-3 PUFAs to include microbiota-derived endocannabinoid-like 
mediators.
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Introduction

The popularity of plant sources of omega-3 poly-
unsaturated fatty acids (n-3 PUFAs) including nuts 
and seed oils rich in alpha-linolenic acid (18:3 n-3, 
ALA) and stearidonic acid (18:4 n-3, SDA), has 
increased in recent years for several reasons. First, 
attractivity – they are a sustainable and ethical 
alternative to conventional fish oils that are rich 
in eicosapentaneoic acid (20:5 n-3, EPA) and doc-
osahexanoic acid (22:6 n-3, DHA);1–3 second, bio-
transformation – SDA, unlike α-linolenic acid, is 
readily converted in humans into EPA,4 a long 
chain PUFAs widely recognized for its multifaceted 

health benefits5–9 and third, health properties – 
SDA displays emerging anti-inflammatory, cardio-
protective and neuroprotective properties, which 
position it as a potential alternative to marine 
source-derived EPA and DHA.10–15 The seed oil 
from Buglossoides arvensis (BO) is the richest 
known natural source of SDA (~21% compared to 
echium oil ~ 13%) and provides the highest n-3 to 
n-6 ratio plant-based fatty acids (4:1).16,17 Despite 
this remarkable fatty acid profile, the specific health 
effects of BO have been poorly studied.

Within the palette of mechanisms potentially 
explaining the beneficial actions of dietary 
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PUFAs, the pivotal role of the gut microbiome in 
mediating a wide range of health effects and main-
taining body homeostasis has garnered significant 
attention.18,19 PUFAs can act as prebiotics,20 

enhancing beneficial host functions by influencing 
gut bacterial composition and metabolic 
activity.19,21 Conversely, gut bacteria can affect 
PUFAs metabolism,22 suggesting that the health 
advantages associated with dietary oils extend 
beyond just PUFAs as such. Indeed, PUFAs are 
metabolized by the host to a plethora of metabo-
lites, including oxylipins, prostanoids, leukotrienes, 
and products of non-oxidative metabolism, such as 
endocannabinoids and their polyunsaturated 
congeners.23 These latter metabolites, including 
N-acyl ethanolamines (NAEs), and in particular 
the arachidonic acid-derived endocannabinoid 
anandamide,23,24 can be catabolized by gut 
bacteria.25 Additionally, bacteria produce their 
own endocannabinoid-like metabolites, which 
however are not usually obtained from the proces-
sing of n-3 PUFAs, as in the case of commenda-
mide and its congeners.26,27 Altogether, these 
metabolites can influence various host physiologi-
cal processes, including energy processing, inflam-
mation, and mood regulation.28,29 Notably, there is 
a surprising lack of research on the direct effects of 
SDA-rich oils, such as BO, on the gut microbiome. 
Only one study has shown that Ahiflower oilTM, 
the trademark of BO, when encapsulated with 
a blend of probiotic strains, enhances the viability 
of these strains under simulated physicochemical 
conditions mimicking the upper gastrointestinal 
tract in a TIM-1 model.30 However, there is cur-
rently no evidence for the capability of gut bacteria 
to produce NAEs, underscoring the need for 
further investigations in these areas.

It is becoming increasingly apparent that nutri-
tional studies need to consider inter-individual 
responses to dietary components, which may 
represent the basis to develop stratified nutritional 
strategies, now recognized as a crucial requirement 
for the optimization and sustainability of new ther-
apeutic tools. Among the myriad of factors justify-
ing the need for personalized nutrition, the 
inherent variability in gut bacteria composition 
among individuals is the main one.31,32

Current methods investigating the interactions 
between the human gut microbiome and dietary 

supplements are often limited to animal studies, 
which may be of little translatable value to 
humans.33 As an alternative to identify more clinically 
translatable and host-independent mechanisms, mul-
ticompartmental in vitro fermentation systems, such 
as the Mucosal Simulator of the Human Intestinal 
Microbial Ecosystem (M-SHIME®), help elucidating 
the mechanisms of the effects of dietary components 
on gut microorganisms, whilst simulating their spatial 
distribution within the gut.34 Here, we used the 
M-SHIME® to mimic the ileum, a feature uniquely 
reproduced in this set-up, and ascending colon lumen 
and mucosal microbiome ecosystems of four donors. 
This ecological framework enables the study, in an 
individual- and time-dependent manner, of the com-
positional, metabolic (in terms of short chain fatty 
acids; SCFAs) and targeted lipidomics responses of 
gut microbiota regional signatures to BO.

Results

The impact of Buglossoides oil on the gut 
microbiome depends on initial donor bacterial 
microbiota composition and its gut ecosystem 
signature

We used fecal samples from four different donors 
(Supp Table S1), cultured in duplicate, to dynami-
cally assess the impact of 14 days of daily supple-
mentation with n-3 FA-rich BO on the shaping of 
gut bacterial microbiota communities within the 
M-SHIME ileum and ascending colon lumen 
(L_IL and L_AC, respectively) and mucus (M_IL 
and M_AC, respectively) niches (Supp Fig S1a). 
The general impact of the oil on the bacterial com-
munity structure was assessed by 16S rRNA gene 
amplicon sequencing data at different time points 
during control (CTRL) and BO (Supp Fig S1b).

The primary objective was to systematically assess 
the variables that could potentially influence bacterial 
microbiota variance (Figures 1, 2). We first utilized 
distance-based redundancy analysis (dbRDA) to 
visualize the overall separation of samples based on 
the condition CTRL vs BO (Figure 1). Taking into 
consideration all 261 samples collected from the 
SHIME from different donors, gut ecosystems, and 
timepoints, the 14-day BO supplementation contrib-
uted significantly to the modest grouping of samples 
at the genus level (2%, p < .001), as confirmed by 
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distance-based redundancy analysis dbDRA 
(Figure 1a, b). In Figure 1c, we visualized separation 
based on individual donors. Not surprisingly, the dis-
tinctiveness of individual donor bacterial microbiota 
composition contributed considerably more to the 
bacterial microbiota variance than the daily supple-
mentation of BO (12.3%, p < .001) (Figure 1b, c). 
Indeed, when looking at the initial percentage of 
shared amplicon sequence variants (ASVs) between 
donors in the fecal inoculum, prior to SHIME fer-
mentation, only a core set of bacteria representing less 
than 10% of all ASVs were conserved between all four 

donors (Figure 1d, Supp Fig S2). The percentage of 
shared ASVs was increased when pairwise compari-
sons of fecal samples were performed, ranging from 
20% to 40% (Figure 1d). Donors B, C and D initially 
shared significantly more identical ASVs than donor 
A (p < .001). Then, during the SHIME, the cultivation 
of fecal bacterial microbiota with the same nutritional 
medium/dietary supplementation for 21 days 
increased the pairwise ASVs sharing rate for donors 
A and B (to over 40%) and donors C and D, predo-
minantly in the luminal gut geography, i.e., L_IL 
(Figure 1d). It creates therefore a consistent 

Figure 1. Overall impact of Buglossoides oil on gut bacterial communities. (a-c) comparison of bacterial beta diversity index using 
partial distance-based redundancy analysis (dbRDA) based on the Bray-Curtis distance metric. Ellipses represent 95% confidence 
intervals. Supplementation condition (a), and donor (c) were set as explanatory variables (in blue). (b) Recapitulates the percentage of 
bacterial variance according to the condition and donor variables of the study. *** indicates p < .001 significance of the observed 
group separation, as assessed with a Permutational Multivariate analysis of variance (PERMANOVA) using distance matrixes. (d) 
Percentage of shared ASVs between all and specific donor pairs in the fecal inoculum and gut geographies reproduced in the SHIME, 
i.e., L_IL, M_IL, L_AC and M_AC under CTRL vs. BO. Statistically significant differences between CTRL period and BO are denoted with 
p < .05 (*), p < .01 (**), and p < .001 (***), as determined by T-test with Bonferroni correction. Control; CTRL, Buglossoides oil; BO.
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environment conducive the growth of certain bacter-
ial species across multiple donors. Remarkably, the 
additional 14 days of fermentation in the presence of 
BO tended to slightly increase the pairwise sharing of 
ASVs between donors A and B in L_IL, (68% under 
BO vs 60% under CTRL period, p < .05), in M_IL 
(45% under BO vs. 22% under CTRL period, p  
< .01), and in M_AC (54% under BO vs 21% under 
CTRL period, p < .01) (Figure 1d) for donors A and 
C. Globally, the donor variance explained about 12.5% 
of the variation between microbiomes (p < .001). 
Figure 2a, these results underscore the significance 
of accounting for gut ecosystem niches, which 
explained 22% of the variance (p < .001), in subse-
quent analysis.

The time of the fermentation was another vari-
able to consider, as it explained 7.6% of the bacter-
ial microbiota variation (p < .001), (Figure 2a). 
Interestingly, the dbRDA revealed a significant 
relationship between the variation in bacterial 
microbiota composition and the timing of BO sup-
plementation, as evidenced by a progressive, day- 
dependent divergence in samples obtained during 
BO, compared to those collected under CTRL 
(Figure 2b). Therefore, for the following analysis, 
the samples collected during the 14-day BO were 
split into two periods: days 8–14 (BO1, i.e., first 
week BO) and days 15–21 (BO2, i.e., second week 
BO), (Figure 2b). The lack of significant variance 
over time during CTRL confirmed that the four 
bacterial microbiota were stable prior to the start 
of BO (1.2%, p = .64) (Supp Fig S3).

Buglossoides oil progressively reduces overall 
bacterial microbiota diversity but promotes mucus 
colonization in a donor-dependent fashion

Following the 14 days (BO1 and BO2), bacterial 
microbiota β-diversity was significantly altered in 
the luminal regions: L_IL and L_AC (p < .001; 
Figure 2c). The Shannon α-diversity index was 
decreased in response to BO supplementation and 
was generally more significant in BO2, when all the 
donors are averaged except for the M_AC, while 
only a tendency emerged when this parameter was 
individualized due to the lower statistical power 
(Figure 2d, Supp Fig S4). Although BO did not 

significantly affect the Shannon α-diversity and β- 
diversity in the M_AC (Figure 2c, d), the BO2 period 
resulted in a significant increase in ASVs richness in 
M_AC but only in a trend increase when the donors 
are considered individually (Chao1, p < .01, 
Figure 2e, Supp Fig S5). This finding was supported 
by the remarkable increase in ASVs engraftment in 
mucus samples from donors C and D during BO2 (p  
< .001, Figure 2f). Compilation of the relative abun-
dance of the top-22 genera for each donor, within 
each gut ecosystem and between conditions, periods, 
highlighted the diversity of the individual bacterial 
signatures (Figure 2g). The full timeline of bacterial 
composition per replicate is provided at the genus 
level (Supp Fig S6, 7).

Identification of cluster bacterial microbiota

We opted to use clustering (Supp Fig S8, Supp 
Table S3), to simplify the analysis and interpreta-
tion of results, despite the small sample size of 
four donors to investigate response variability to 
BO supplementation. This approach allowed us 
to draw conclusions based on groups rather than 
individual’s data, with a more comprehensive 
understanding of the patterns and trends within 
the data, as well as increasing statistical power. 
We categorized the four donors into two clusters 
of microbiota: cluster 1 (C1) and cluster 2 (C2) 
(Figure 3a). This clustering also aligns with pre-
vious observations: (i) donors A-B and C-D had 
higher levels of shared ASVs (Figure 1c, d) and, 
(ii) dominant genera in common (Figure 2g, 
Supp Fig S6, 7). After DESeq2 analysis, heatmaps 
were generated at the genus level to visually dis-
play the bacterial signatures (expressed as nor-
malized counts), subsequent clustering analysis 
clearly separated the CRTL and BO periods and 
individual C1 (individual A and B) and C2 (indi-
vidual C and D) from each other, in IL 
(Figure 3b) and AC (Figure 3c), as described 
below. As a final confirmation that the clusters 
displayed independent signatures, when looking 
at the bacterial taxa co-occurring together, we 
identified that there is no co-occurrence shared 
between inter-cluster (C1-C2) for a given gut 
region/niche (Figure 3d).
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Figure 2. Temporal and individual responses of α -, β-diversity and mucus engraftment rate following buglossoides oil supplementa-
tion. (a) Percentage of bacterial microbiota variance according to the key variables of the study, including the condition CTRL vs BO; 
time; donor; and gut niches. (b) Comparison of bacterial beta diversity index using partial distance-based redundancy analysis 
(dbRDA) based on the Bray-Curtis distance metric. Time evolution (days) across fermentation was set as explanatory variables (in blue). 
*** indicates p < .001 significance of the observed group separation, as assessed with a PERMANOVA using distance matrixes. (c) 
Percentage of bacterial microbiota variance elicited by BO across the different gut geographies of the study. (d) Shannon alpha 
diversity displayed across gut geographies. (e) Chao1 richness index only shown for the gut region in which significant differences 
were observed. (f) ASVs engraftment rate in mucus is displayed for all donors together, each donor and period of the different gut 
geographies. Statistically significant differences between CTRL and BO of Shannon, Chao1 indexes, and mucus engraftment are 
denoted with p < .05 (*), p < .01 (**), p < .001 (***), and p < .001 (****), as determined by T-test with Bonferroni correction. (g) Average 
relative composition of the 22 most abundant genera between the four different gut geographies according to the donor and 
fermentation period.
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Buglossoides oil causes both similar and 
contrasting changes in the luminal bacterial 
microbiota of the two clusters

Both luminal bacterial microbiota clusters showed 
both common and specific changes in response to 
BO (Figure 4). First, the DESeq2 analysis and Wald 
test for statistics, helped elucidating core and sig-
nificant changes of luminal bacterial microbiota 
that were representative of the two clusters, 
although changes were more often significant in 
C2 than C1 (Figure 4a). Notably, dominant taxa 
belonging mostly to the Clostridia class i.e., Blautia, 
Coprococcus, Dorea, Lachnospiraceae ND3007, and 
Ruminococcus torques, were depleted with BO (p  
< .05), as were the Actinomycetia Bifidobacterium 
(p < .01), the Coriobacteriia Collinsella (p < .05) in 
the L_IL and L_AC regions; and the Bacilli 

Enterococcus in the L_AC (p < .05). In contrast, 
BO significantly stimulated only one Clostridia 
genus, Lachnoclostridium, in the L_IL and L_AC 
(p < .0001, for C2), and increased the Bacteroidia 
genera Bacteroides, Parabacteroides (p < .001, for 
C2), the Negativicutes genera Acidaminococcus (p  
< .05), and the Gammaproteobacteria genus 
Escherichia-Shigella, with a trend for Veillonella 
(p = .061) in L_IL (p < .05) (Figure 4a).

Moreover, the DESeq2 analysis also uncovered 
distinct changes in the abundance of less dominant 
genera in response to BO, which varied depending 
on the type of cluster (Figure 4b). For instance, C1 
showed specific depletion in the Clostridia class, 
including Eubacterium fissicatena in L_IL (p  
< .001), Anaerostipes, and Intestinibacter in the 
L_IL and L_AC regions (p < .05), whereas C2, 

Figure 3. Donor clustering identifies key taxa dissimilarity between donors in each gut region. (a) Cluster dissimilarity representation 
using PCA in the AC during BO. (b-c) heatmaps display the DESeq normalised counts of genera that are significantly shifted between 
CTRL and BO using a Wald test with p < .05. Hierarchical clustering of the donors, based on Pearson distance, is represented for the 
luminal (b) IL and (c) AC regions. (d) Upset plot visually depicts the intersection of sets, showcasing the number of bacterial co- 
occurences shared among the different microbial regions (L/M, IL and AC) and/or donor clusters (C1 and C2). “Mix” represents inter- 
class co-occurences (e.g., one bacterium belonging from Clostridia, and the other from Bacilli), while the remaining colors are intra- 
class co-occurences, indicating bacterial associations within the same class (e.g., two bacteria belonging from Clostridia). This graphical 
depiction offers insights into the complex relationships and patterns of bacterial co-occurrences across different microbial regions and 
clusters, facilitating a deeper understanding of the microbial community structure and interactions.

6 C. ROUSSEL ET AL.



which initially had the Clostridia Ruminococcus 
gnavus and Subdoligranulum in the L_IL and 
L_AC (p < .05), and Candidatus Soleaferrea and 
Faecalibacterium in the AC (p < .01), exhibited 
a significant decrease in the relative abundance of 
these classes (Figure 4b, Supp Fig S9). These find-
ings highlight the distinct responses of different 
Clostridia taxa to BO based on their respective 
clusters C1 and C2. Among other taxa, the 
Verrucomicrobiae Akkermansia muciniphila 
(ASV_107) was initially present (CTRL) at a low 
level in the L_AC of C2 and, remarkably, was 

significantly enriched after BO compared to C1 
(p < .05) (Figure 4b, Supp Fig S9, Table S4). The 
same observation was made for the Negativicutes 
class with a significant stimulation of 
Phascolarctobacterium, Anaeroglobus (p < .01) and 
the Erysipellotrichia Erysipelotrichaceae in the L_IL 
and L_AC of C2 (p < .05), which were mostly 
absent or non-significantly stimulated in C1 
(Figure 4b, Supp Fig S9). Interestingly, rare but 
contrasting results were observed for the same 
taxa in C1 and C2. For example, the 
Gammaproteobacteria Klebsiella was significantly 

Figure 4. Luminal co-abundance response clusters in response to Buglossoides oil. Selection of genera in normalized log transformed 
counts that are significantly modulated by BO similarly (a) or dissimilarly (b) between clusters, as assessed by DESeq analysis. Statistical 
differences between CTRL and BO across gut regions were determined using a wald test with p < .05 (*), p < .01 (**), p < .001 (***), and 
p < .001 (****). Colored labels indicate the class of the respective genera.
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stimulated by BO supplementation in the L_AC of 
C2 (p < .001), while remaining unchanged in C1. 
On the other hand, Clostridium sensu stricto 1 
tended to increase with BO supplementation in 
the L_IL of C1 but showed a significant decrease 
in C2 (p < .05) (Figure 4b, Supp Fig S9).

Buglossoides oil selectively modulates the 
mucus-associated bacterial microbiota with 
pronounced differences between clusters

First, a strong discrepancy between the mucus- 
associated bacterial microbiota compositions was 
observed in the two clusters (Figure 5a). In addition, 
the DESeq analysis displayed a more modest modula-
tion of the mucus-associated bacterial relative abun-
dances in response to BO (Figure 5b) than luminal 
ones (Figure 4). When looking at the relative abun-
dance of the taxa that were shifted by BO, most of the 
taxa were the non-dominant mucus flora, represent-
ing less than 10% of total abundance (Figure 5c, d). 
For example, Ligilactobacillus a genus only present in 
C2 M_IL and M_AC, was gradually but non- 
significantly decreased during BO supplementation, 
and so was Agathobacter due to large intra-cluster 
variability (Figure 5c), while Pseudomonas, present 
in the M_IL of C1 and C2, was significantly increased 
at the end of BO2 only in C1. Additional contrasting 
results consisted of a gradual and significant increase 
of Dialister and Blautia with BO in the M_AC of C1, 
that instead were gradually depleted in C2 (Figure 5c, 
Supp Fig S10). Among the taxa representing less than 
1% of the total bacterial microbiota abundance, 
Sellimonas intestinalis (ASV_228) was significantly 
increased in the M_IL and M_AC of C1 only 
(Figure 5d, Supp Fig S10, Supp Table S4), while 
Akkermansia muciniphila (ASV_107), like in the 
lumen, was significantly increased by BO in the 
M_AC (Figure 5b) in C2 only (p < .05) (Figure 5d, 
Supp Fig S10). By contrast, the significant decrease of 
Erysipelatoclostridium with BO was seen in both clus-
ters in both the M_IL and M_AC, (p < .05).

Cluster 2 exhibits an enhanced metabolic response 
following Buglossoides oil supplementation, 
hallmarked by an increase of propionate

During fermentation, acid and base delivery were 
recorded. A gradual rise in acid delivery was 

observed in the L_AC (BO2 vs CTRL, p < .0001) 
(Figure 6a), associated with a significant decrease 
in total SCFA levels from 52 ± 5.6 mM to 44 ± 3.8  
mM toward the end of the 14 days BO supplemen-
tation in both clusters (BO2, p < .0001) (Figure 6b). 
Such changes in the levels of total SCFA reflect, in 
fact, a gradual shift of the main and minor SCFA 
ratios (Figure 6c, d) through a significant decrease 
of acetate in the L_IL (BO2, p < .001) and L_AC 
(BO2, p < .05) of C2 solely. In contrast, the propio-
nate was approximately doubled in both the L_IL 
and L_AC regions, again for C2 (BO2, p < .001and 
in L_AC only for C1 (BO2, p < .01). Cluster 2 L_AC 
exhibited a noteworthy shift in the propionate/ 
butyrate ratio (BO2, p < .05), with the reversal of 
the dominance of butyrate production observed 
during CTRL (Figure 6c). No change of butyrate 
was observed in L_IL in either cluster. 
Furthermore, minor SCFA production was a clear 
marker of the inter-cluster variability, with C2 hav-
ing more diverse minor SCFAs produced and being 
the only one capable of producing caproate in both 
the L_IL and L_AC (Figure 6d). Caproate, how-
ever, was not affected by BO. Opposite trends were 
seen for valerate in response to BO. Valerate was 
significantly increased in both the L_IL and L_AC 
of C2 (BO2, p < .001), whereas it was significantly 
decreased in the L_AC of C1 (BO2, p < .01). 
Finally, we did not detect changes in the levels of 
branched chain fatty acids in response to BO, pos-
sibly due to inter-individual variability (Figure 6d).

Spearman correlations under BO (Figure 7a) 
showed that the observed increase of 
Bacteroidetes, including species with potential pro-
biotic properties in C2 (e.g., B. xylanisolvens, 
B. ovatus), and Parabacteroides distasonis 
(ASVs_48, 64, 66, 119, 174) (Supp Table S4), con-
comitantly with the growth of 
Phascolarctobacterium faecium (ASV_34) are posi-
tively associated with the increased propionate pro-
duction in L_IL of C2 (r = 0.75, p < .0001). We also 
observed that these three genera strongly co-occur 
(r = 0.93, p < .0001) (Figure 7b). Since Bacteroides 
and Parabacteroides are known succinate 
producers,35–37 and Phascolarctobacterium is 
known to be a succinate consumer,35 our results 
suggest that this latter species used succinate pro-
duced by Bacteroides/Parabacteroides species as 
a precursor for propionate production, explaining 
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therefore the increased propionate under BO spe-
cifically in the C2 L_IL (Figure 6c). Finally, the 
strong decrease in Bifidobacterium (ASVs_13, 38, 
226) as well as of most of the Clostridia class of 

bacteria in both clusters (Figure 3), was signifi-
cantly associated with the observed decrease in 
acetate and butyrate production, as previously 
reported in the literature38 (Figure 7a).

Figure 5. Buglossoides oil impacts non-dominant taxa in mucus bacterial microbiota with marked dissimilarity among clusters. (a-b) 
volcano plots indicating the genera differentially enriched (a) between clusters under BO and (b) between CTRL and BO in the overall 
mucus gut geographies. Statistical differences were determined using a wald test. The log transformed adjusted p-value is displayed 
on the y-axis and the α = 0.05 significance level is indicated by a dashed line. (c-d) selection of genera that represent less than (c) 10% 
and (d) 1% of the total abundance, with contrasting modulation between clusters.
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Figure 6. SCFA alterations associated with Buglossoides oil. (a) Daily acid and base delivery (mL) to the SHIME during fermentation. (b) 
Mean concentration of total SCFAs were calculated for each cluster. (c-d) area graphs of mean ratios (%) of (c) major and (d) minor SCFAs. 
Statistically significant differences between CTRL and BO periods are denoted for p < .05 (*), p < .01 (**), p < .001 (***), and p < .001 (****) 
as determined by Pairwise Wilcoxon rank sum test with Bonferroni correction.
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Buglossoides oil elicits the biosynthesis of 
commendamide and the unprecedented 
bio-transformation by gut bacteria of an n-3 PUFA 
into the corresponding bioactive NAE

After introducing daily BO, an SDA-rich oil 
(Figure 8a), into the Stomach_Si, we measured the 
fate of the fatty acid-derived lipids, including free fatty 

acids and their corresponding monoacylglycerols and 
NAEs (Supp Fig S11). With the help of mathematical 
modeling to assess whether there is a production, 
accumulation, or degradation of the lipids in the 
M-SHIME system (see discussion), the analysis 
revealed an active breakdown of SDA in the gut 
regions, particularly in L_AC (Figure 8b). The 

Figure 7. Associations between SCFAs, bacterial genera, and co-occurrence patterns under Buglossoides oil supplementation. (a) 
Spearman correlograms depicting significant associations (p < .05) with FDR corrections, between SCFAs and bacterial genera with 
a cutoff of r ˃ 0.6 or < −0.6. (b) Co-occurrence network of the ileum of cluster 2 microbiomes, generated with Cytoscape. A visibility 
cutoff of r > 0.7 was applied. Red circle highlights three genera known in the literature to be associated with the succinate pathway.
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concentration of SDA consistently fell below the mod-
eled area. Strikingly, a substantial and significant pro-
duction of SDEA over time was observed in L_IL (p  
< .05), and in L_AC, with a very significant produc-
tion for C2 (p < .001), surpassing the modeling area 
(Figure 8c). Barely detectable amounts of SDEA ori-
ginated from the oil per se was confirmed (Figure 8a), 
whereas the compound was not detected in the nutri-
tional medium and enzymatic digestive cocktail (Supp 
Fig S12). This result represents the first direct evidence 

suggesting that gut bacteria can convert a dietary n-3 
PUFA, i.e., SDA, into its corresponding NAE, i.e., 
SDEA, a bioactive endocannabinoid-like mediator. 
A Spearman correlation analysis was conducted in 
the colon of all donors (Figure 8d), revealing signifi-
cant associations between SDEA production and spe-
cific bacterial genera (p < .05). Butyricicoccus, 
Campylobacter and Phascolarctobacterium exhibited 
the strongest positive association with SDEA. 
Interestingly, these taxa are prevailing within C2 

Figure 8. Buglossoides oil elicits the cluster-dependent production of SDEA by bacteria. (a) Percentage of lipid content in an BO 
capsule. (b) Amounts of SDA in nmol total per gut region for each donor. The area depicted in blue represents the mathematical 
modeling of SDA concentration. Lines below the blue area are indicative of consumption of SDA by bacteria. (c) Amounts of SDEA in 
nmol total per gut region for each donor. The area depicted in blue represents the mathematical modeling of SDEA concentration. 
Lines over the blue area are indicative of production of SDEA by bacteria. Statistically significant differences between the 
mathematical modeling and SDEA concentrations are denoted with p < .05 (*), and p < .001 (***), as determined by the T-test with 
Bonferroni correction. (d) Spearman’s correlation analysis between SDEA amounts and the relative abundance of bacterial genera 
found in the proximal colon of all clusters. Only significant associations (p < .05) with FDR corrections are shown.
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(Figures 3c, 4b), where we observed the highest cap-
ability to produce SDEA (Figure 8c). Our method was 
not designed to measure the ethanolamide of ALA, 
the most abundant fatty acid component of BO, but 
could detect in the L_AC section from one or two 
donors, respectively, the above-control formation of 
LEA and PEA, i.e., respectively the ethanolamides of 
linoleic and palmitic acid, two other abundant com-
ponents of the oil (Figure 8a, Suppl. Fig. S11).

Next, since we observed a remarkable and sig-
nificant stimulation of Bacteroides during BO in 
both clusters (Figures 4a, 9a), we quantified the 
levels of a well-documented Bacteroides-derived 

endocannabinoid-like mediator, commendamide. 
No production of commendamide was detected in 
the Stomach-Si (Figure 9b), where there was no 
bacteria. Conversely, in the L_IL and L_AC, there 
was a modest baseline of commendamide produc-
tion during CTRL. However, this production saw 
a notable increase following BO (Figure 9b). 
Commendamide levels remained significantly ele-
vated in the L_IL BO1 of C1 (p < .05), and we 
observed a noticeable trend also for C2. Finally, 
we identified strong correlations between several 
Bacteroides species with commendamide 
(Figure 9c). B. dorei (ASV_6), B. ovatus 
(ASV_61), and B. distasonis (ASV_65) were the 

Figure 9. Commendamide production by gut bacteria is stimulated by Buglossoides oil. (a) Stratification of the relative abundance of 
Bacteroides species between IL and AC lumen across periods for each microbial cluster. (b) Concentration of commendamide in nmol 
total across gut regions, and periods for each microbial cluster. Statistically significant differences between CTRL and BO are denoted 
with p < .05 (*), as determined by the T-test with Bonferroni correction. (c) Targeted Spearman’s correlation between commendamide 
and all the Bacteroides species found in the ileum of all clusters. Only significant associations (p < .05) with FDR corrections are shown.
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most positively associated with commendamide 
increase. Interestingly, those three species are 
more abundant in C2, and stimulated by BO 
(Figure 9a).

Discussion

Diet shapes gut microbiota, making dietary modula-
tion a key avenue toward a healthy gut 
microbiome.39 Traditionally, research on diets and 
dietary supplements within the microbiome field has 
focused on unimodal perspectives, examining alpha- 
and beta-diversity modulation of the gut microbiota. 
Here, we illustrate the dynamic and bimodal inter-
actions between an SDA-rich omega-3 oil – obtained 
from Buglossoides arvensis seeds – and the gut bac-
teriome. Our findings illustrate that this dietary sup-
plement not only exhibits prebiotic-like effects,40,41 

but also fosters the remarkable and previously 
understudied capability of gut microbiota to bio- 
transform dietary fatty acids into bioactive endocan-
nabinoid-like mediators, which have pleiotropic 
physiological effects.41,42 This mutual metabolic 
crosstalk between commensal bacteria and PUFAs 
is further complicated by the inherent uniqueness of 
the gut microbiota and the consequent inter- 
individual variation in its composition and 
response,43 recently witnessed also by the ever- 
increasing efforts within the emerging fields of nutri- 
microbiomics and nutri-metabolomics44 to unravel 
individual functional responses to diet.

In our study, we interrogated inter-individual var-
iations in the microbiota and comprehended specific 
microbial-driven metabolic responses. Although we 
explored a small cohort of four donors with unique 
and distinct fecal microbiota, our dynamic longitudi-
nal sampling, along with mimicking the luminal and 
mucus geographies of the ileum and ascending 
colon,45 allowed us to discern two distinct donor 
clusters, based on both the initial composition, and 
substantial differential modulation of such micro-
biota by a 14-day BO supplementation ex vivo across 
various simulated gut ecosystems.

First, we observed a common microbial modula-
tion in response to BO. The most striking outcome 
was the gradual reduction in the normalized abun-
dance of several Clostridia members, including 
Blautia, Coprococcus, Dorea, and Lachnospiraceaeae 
in both L_IL and L_AC. It is worth noting that similar 

findings have been reported with other omega-3 
interventions.19,46 Exploring the metabolic footprint 
of these microbes and their nutrient source prefer-
ences behind these microbial shifts will provide valu-
able insights into understanding how gut bacteria 
respond to dietary energy sources. The use of culturo-
mics approaches, for instance, may help unravel the 
underlying mechanisms driving these observed 
changes in the microbiota composition.

Secondly, interesting microbial cluster-specific 
changes emerged with BO supplementation. In 
Clostridia, certain genera exhibited distinct 
responses in one cluster but not the other. For 
example, Anaerostipes, initially enriched in C1, was 
notably depleted following BO, while this genus was 
absent in C2. A key additional signature for C2 was 
a gradual enrichment of known beneficial bacteria 
for health, namely Akkermansia muciniphila19 and 
Phascolarctobacterium faecium,47 which were not 
detected in C1. While we indeed observed substan-
tial differences in the microbial compositions of the 
two clusters, a shared trait emerged concerning 
SCFAs, the most studied gut bacterial metabolites, 
renowned for their wide-ranging impact on various 
physiological processes.48 Both clusters exhibited an 
overall increase in L_AC propionate and a reduction 
in acetate. However, some differences emerged in 
L_IL, where only C2 displayed a significant rise in 
propionate levels. Our correlation and co- 
occurrence analyses unveiled an intriguing triad net-
work of bacterial taxa potentially involved in pro-
pionate production, suggesting that this SCFA may 
arise from an augmented production of succinate by 
Bacteroides/Parabacteroides, and its conversion into 
propionate by Phascolarctobacterium.35

Thirdly, although there was a depletion in some 
species known as traditional probiotics in both clus-
ters, i.e., Bifidobacterium bifidum (ASV_38), 
Bifidobacterium longum (ASV_226), or no significant 
stimulation, as with Lactobacillus, we identified an 
improved and significant capacity in C2 to enhance 
the relative abundance of some species suggested to 
act as potential 2nd generation probiotics.49 It is the 
case of the Bacteroidia class, which prevailed specifi-
cally in C2: Bacteroides xylanisolvens50 ASV_84 
(lumen), 122 and 154 (mucus), and Bacteroides 
ovatus51 ASV_58, 130 in lumen/mucus, were all 
increased, as was Akkermansia muciniphila52 

(ASV_107) in the L_AC and M_AC.
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Forth, we observed that alterations in the 
mucus-attached microbiota were relatively subtle, 
with only a few taxa showing significant changes, 
which varied notably between the clusters. It is 
worth noting that in a prior study utilizing the 
M-SHIME system with EPA- and DHA-rich oil, 
a much more pronounced modification of the 
mucus-associated niche was reported, though 
there, as here, to a lesser extent than in the 
lumen.19 This divergence in results is interesting, 
particularly when considering the concept of pre-
biotic properties, defined as substances selectively 
utilized by host microorganisms to confer health 
benefits.40 As per this definition, it is anticipated 
that the impact on the gut bacteriome would be 
specific for different n-3 PUFAs, rather than affect-
ing the entire microbial ecosystem similarly. In this 
context, our findings suggest a more targeted and 
selective influence of BO, aligning with the criteria 
accepted to define a food supplement as a prebiotic.

Finally, and perhaps the most important finding 
of this study, we demonstrated the capacity of gut 
microbiota to serve as a bio-factory to produce 
host-targeting endocannabinoid-like molecules. In 
the context of multi-compartmented gut systems, 
a key challenge in interpreting metabolomics data 
is represented by the need of distinguishing 
between actual metabolite production and poten-
tial accumulation based on long hydraulic reten-
tion times or repeated transfer between bioreactors, 
and dilution levels. Our team recently developed 
a mathematical modeling approach based on a set 
of ordinary differential equations, which enhances, 
for the first time, our capacity to decipher the fate 
of metabolic compounds originating from dietary 
supplements in complex systems such as the 
M-SHIME.53 By applying this method here, we 
could make sure the observed effects of BO on the 
SHIME metabolome were not biased by the above 
confounding factors. Indeed, we found that the oil 
unmasks the capability of microorganisms from 
L_IL and, more effectively, the L_AC to generate 
host-cell targeting endocannabinoid-like mole-
cules, and specifically SDEA, from its most abun-
dant fatty acids, SDA. While non-endocannabinoid 
N-acylethanolamines (NAEs) such as SDEA, by 
definition, do not strongly bind to cannabinoid 
receptors, they do activate other targets, such as 
peroxisome proliferator-activated receptor α 

(PPARα), a nuclear receptor playing an important 
role in the regulation of hepatic lipogenesis, and 
accordingly reduce lipid accumulation in hepato-
cytes (Flamand, Silvestri and Di Marzo, paper in 
preparation). These are two effects often reported 
in vivo for long chain n-3 PUFAs biosynthesized in 
mammals from SDA, i.e., EPA and DHA.54 Here, 
we suggest that dietary SDA may influence host 
lipid metabolism also through its role as an SDEA 
precursor, and that such property can be exerted 
also through the intermediacy of the gut micro-
biome, thus opening new avenues in the possible 
therapeutic exploitation of this n-3 PUFA and its 
dietary sources. Recent research has shown that 
elevated levels of NAEs derived from arachidonic, 
oleic, linoleic, and palmitic acid are present in the 
stool of patients with inflammatory bowel disease, 
and that they increase the growth of Proteobacteria 
at the expense of Bacteroidetes in vitro.25 However, 
while demonstrating that gut bacteria can affect the 
efflux and metabolism of NAEs in culture, these 
authors did not report that these microorganisms 
can produce these molecules. Thus, our study is the 
first to describe the actual formation of NAEs by 
gut microbiota. Further investigations are now 
needed to determine whether SDEA, like other 
NAEs25, also affects bacterial growth on top of the 
aforementioned beneficial effect in hepatocytes.

It is noteworthy that SDEA formation in the 
M-SHIME differed among the four donors. 
Accordingly, SDEA levels were positively asso-
ciated with genera such as Butyricicoccus, 
Campylobacter and Phascolarctobacterium that 
were most abundant in donors with the highest 
capability of producing SDEA. Future studies will 
be needed to investigate if these genera include 
species capable of expressing the enzymes neces-
sary for the conversion of PUFAs into the corre-
sponding NAEs, such as N-acyltransferases and 
fatty acid amidases working in reverse. Using 
Indeed, according to the InterPro database,55 

Anaeroglobus geminatus, a species found in C1 
was identified with the potential for a UDP- 
3-O-[3-hydroxymyristoyl] glucosamine 
N-acyltransferase LpxD activity, while some 
Bacillota, potentially Phascolartobacterium, abun-
dant in C2, possess a Glycine N-acyltransferase. 
However, analyses at the strain level are necessary 
to gain mechanistic insights in PUFAs conversion 
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into NAEs by gut microbiota. These will clarify 
why our M-SHIME microbiota preferred to pro-
duce the ethanolamide of SDA vs those of other 
fatty acid components of the oil. Furthermore, it 
will be important to understand whether SDEA is 
produced by bacteria, or other members of the gut 
microbiome, such as fungi.56

SDA transformation into SDEA was not the only 
mechanism through which BO stimulated the pro-
duction of endocannabinoid-like molecules by the 
human microbiome in the M-SHIME, since we also 
observed the increased formation of commenda-
mide, whose fatty acid precursor is not detectable 
in the oil. Various lipids, including glycine lipids, 
plasmalogens, glycerophospholipids and sphingo-
lipids, have been identified in members of the 
Bacteroidota phylum.57,58 Commendamide 
(N-acyl-3-hydroxy-palmitoyl glycine) is structu-
rally similar to long-chain N-acyl-amides and acti-
vates G-protein – coupled receptors (GPCRs), 
including GPCR G2A/GPR132, involved in various 
cellular responses.26,59 Our observation of 
a significant enrichment of Bacteroides in both 
clusters following BO led us to investigate the pro-
duction of this metabolite, which was indeed 
increased in L_AC and, particularly, L_IL. 
Accordingly, our Spearman’s correlation analysis 
uncovered a strong positive correlation between 
commendamide and multiple Bacteroides species, 
i.e., B. vulgatus and B. dorei, two species known to 
natively biosynthesize this compound,26 as well as 
B. distasonis, which has never been reported to 
produce it.

In conclusion, this study shows that the potential 
health benefits of n-3 PUFA-containing oils on the 
human bacteriome encompass individual- 
dependent effects on both its taxonomic composi-
tion and metabolic properties and extend beyond 
PUFAs to endocannabinoid-like mediators. While 
this paper does not delve into the bioactivity of 
these metabolites 26,59 , it is currently under inves-
tigation in pre-clinical and clinical models of meta-
bolic disorders in our laboratory. We anticipate 
that the human ex vivo data presented here will 
pave the way to future dietary intervention studies 
exploring potential therapeutic effects of SDA- 
containing oils. Our ex vivo data in four donors 
are clearly not directly translatable to mechanisms 
occurring in vivo in larger populations, but should 

be viewed as: 1) evidence on novel potential 
mechanisms through which dietary oils can affect 
gut microbiota and their metabolome, and 2) proof 
of concept requiring deeper explorations of crucial 
individual variations in microbiota and lipid meta-
bolism in response to such dietary interventions, 
through the enrollment of larger cohorts of donors 
and the study of their gut microbiota using high 
throughput fermentation systems. This will lead to 
identify specific populations that may experience 
the benefits of this fatty acid or Buglossoides arven-
sis oil, either directly or via the formation of SDEA 
and other endocannabinoid-like metabolites. This 
concept aligns with the paradigm of precision 
nutrition, aiming to stratify supplementation stra-
tegies based on the enterotype and gut metabotype 
of each participant.60

Methods

Gut fermentation system

The M-SHIME® (Prodigest, Gent, Belgium), was 
run simultaneously with two anaerobic computer- 
controlled TWIN-M-SHIME units in semi- 
continuous mode.34 In this study, a SHIME unit 
comprised a series of pH-controlled vessels, includ-
ing a vessel for the stomach/proximal small intes-
tine, which mimicked successively the gastric acid 
digestion of a standardized nutritional medium 
followed by the delivery of pancreatic/bile juices. 
The next vessels simulated the transit and bacterial 
microbiota composition of an ileum and an 
ascending colon. To capture inter-individual varia-
bility in bacterial microbiota composition, lipid 
metabolism, and response to the vegetal oil supple-
ment, fecal bacterial microbiotas collected from 
four healthy adults (ranging from 25 to 48 years 
old), without antibiotic history were tested in 
duplicate (n = 8) (Supp Table S1, Figure 1a). 
Consent for fecal donation was obtained under 
registration number 2022–382/17-11-2022 (Laval 
University, Québec, Canada). Fecal material collec-
tion and inoculum preparation respect the well- 
established natural procedure.61 In addition, the 
procedure for establishing an ileal microbial com-
munity at low biomass concentration has been 
described elsewhere.19 Outer mucus-associated 
bacterial microbiotas of the ileum and ascending 
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colon were mimicked through the incorporation of 
microcosms (AnoxKaldnes K1 carrier, Lund, 
Sweden) coated with type II porcine MUC2 gel- 
forming mucin (Carl Roth, Karlsruhe, Germany) 
prepared with agar. General functioning of the 
system, mucin carrier replacement and media com-
position have been presented in Roussel et al.19,62

Buglossoides oil addition in the SHIME

The TWIN-M-SHIME® fermentation was per-
formed for 35 days including a 14-day stabilization 
period, a 7-day control diet followed by a 14-day 
n-3 BO supplementation. This non-GMO 
AhiflowerTM seed oil (Natures Crops 
International, Kensington, Canada) consisted in 
the supplementation of 1200 mg oil (2 capsules)/ 
day/donor in the SHIME stomach, containing up 
to 21% of SDA (Supp Table S2). Both periods, 
CTRL and BO were supplemented with an emulsi-
fier containing 0.38% (w/v) lecithin (Sigma- 
Aldrich, St. Louis, US) to help solubilizing the oil 
(Figure 1b). All vessels were protected from light 
source to prevent photo-oxidation of the oil.

Sample collection and storage

SHIME suspensions from the different gut vessels 
were sampled every 3 days, centrifuged at 4°C, 18 
000 × g for 8 min for subsequent SCFA (super-
natant) and DNA (pellet) analysis, and stored at 
−20°C. Outer mucus-associated bacterial micro-
biota samples from microcosms were obtained 
every 2–3 days.62 Aliquots of 125 mg mucus from 
the ileum vessel, and 250 mg from the colon vessel 
were taken with a mini sampler spoon (Bel ArtTM 

SciencewareTM, Thermo Fisher Scientific, 
Waltham, US) and stored at −20°C prior to DNA 
extraction. Samples for targeted lipidomic were 
taken every 3 days and stored at −80°C (Figure 1b).

Bacterial DNA extraction from feces and SHIME 
samples

Samples preparation was performed as previously 
described.63 Briefly, 500 μL of fecal inoculum sus-
pension or SHIME effluents were stained with 1.25  
μL of propidium monoazide (PMA, 50 μM) 
(Biotium, Fremont, Canada) to inactivate dead 

bacterial DNA. DNA was pelleted (8 min, 18 000 
× g, 4°C), and extracted according to Geirnaert 
et al.64 In the mucus microcosm samples, an addi-
tional step was performed to increase DNA yield as 
previously described.19 DNA extracts were eluted 
in 1X TE buffer (Tris and EDTA). The quality of 
DNA was analyzed by gel electrophoresis (1.2% w/ 
v agarose) (Life Technologies, Madrid, Spain). 
Concentrations were measured by Qubit (Thermo 
Fisher Scientific, Waltham, US) and the DNA were 
stored at −20°C, until 16S rRNA gene library 
preparation.

16S rRNA gene amplicon sequencing

Library preparation and sequencing were per-
formed as described in detail previously,19 using 
a subset of 4 fecal inoculum samples, 134 luminal 
samples and 127 mucus samples from the ileum 
and ascending colon vessels, and 3 blank buffer 
negative controls. Briefly, the QIAseq 16S Region 
Panel protocol in conjunction with the QIAseq 
16S/ITS 384-Index I kit (Qiagen, Hilden, 
Germany) were used for amplification and index-
ing of the V3-V4 region of the 16S rRNA gene 
(341F-805 R) for all DNA samples. Sequencing 
was performed with pooled samples, diluted to 
a final concentration of 10 pM using the MiSeq 
600 cycles Reagent Kit V3 (Illumina, San Diego, 
US) by an Illumina MiSeq System (Illumina, San 
Diego, US).

Gut microbial community analysis

Demultiplexed raw data files covering all the sam-
ples were imported into R studio environment 
(version 4.2.2, R Core Team). ASVs were inferred 
using the DADA2 R package version 1.26.0, apply-
ing the recommended workflow.65 Briefly, 
sequence reads were first filtered and trimmed 
with the following parameters: truncQ = 2, 
truncLen=c(255,220), maxEE=c.2,2 Filtered reads 
were denoised using the DADA2 algorithm, 
which infers the sequencing errors. The reads 
were merged if they overlapped precisely, and an 
ASVs table was constructed, recording the number 
of times each ASV was observed in each sample. 
Default parameters were used to estimate error 
rates using learnErrors, and chimeras were 
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removed using removeBimeraDenova (method  
= “consensus”). ASVs were assigned taxonomy 
using the most recent SILVA taxonomic database 
(SILVA SSURef 138.1 NR, March 2021) as 
a reference dataset. Unassigned taxa and singletons 
were removed. ASV sequences non-assigned at 
species level with SILVA database were retrieved 
using the RDP sequence match taxonomy version 
18 with shared 7-mers score (S_ab score) over 0,96. 
To deal with differences in sampling depth, the 
data were rescaled to proportions for further 
analysis.

Amplicon data statistics and reproducibility

All statistical analyses were performed in R 4.2.2 (R 
Core Team, 2022) with full factorial (biological and 
technical) replication. Only 4 samples from the 268 
selected samples were excluded from the bacterial 
microbiota analysis due to low read counts, includ-
ing 2 blank buffer negative controls. If data were 
normally distributed (evaluated by visual inspec-
tion and D’Agostino – Pearson test), parametric 
statistical tests were used (T-test), whereas non- 
parametric tests were used with non-normally dis-
tributed data.

The overall data were graphically visualized 
using ggplot2 3.4.1 and ggrepel 0.9.3, and means 
statistics were compared using ggpubr 0.6.0, unless 
otherwise indicated. All formal hypothesis tests 
were conducted on the 5% significance level.

The α-diversity (Shannon, Chao1 indexes), 
and β-diversity were determined using the 
“vegan” R package 2.6–4.66 To test the influence 
of a set of variables contributing to the bacterial 
microbiota dissimilarity (condition, donor, time, 
and gut niche), constrained ordination techni-
que was used using the capscale function. The 
generated Bray-Curtis dissimilarity matrix 
retrieved from the “vegdist” function was used 
to perform a distance-based redundancy analysis 
(db-RDA) at the genus level.66 Interpretation of 
the results was preceded by a permutation test 
of the RDA results to confirm that a linear 
relationship exists between the response data 
and the exploratory variables. The constrained 
fraction of the variance explained by the 
exploratory variables was adjusted by applying 
Ezekiel’s formula. The significance of the 

observed group separation was assessed with 
a Permutational Multivariate Analysis of 
Variance (PERMANOVA) using distance 
matrixes (vegan 2.6–4).66 Prior to this formal 
hypothesis testing, the assumption of similar 
multivariate dispersions was evaluated. The 
results of the db-RDA were visualized in 
a type 2 scaling correlation triplot.

To determine the enriched and depleted genera 
abundance between periods in different gut regions 
and donors/clusters, the DESeq2 package 1.38.3 
was applied.67,68 Rawdata counts were normalized 
using the function DESeq2:counts and converted 
into log2 fold change. The factors periods, gut 
regions, and donors/clusters were used in the 
design of LRT formula. The function lfcShrink 
type “apeglm” was used to reduce false positives. 
Statistical differences were determined using 
a Wald Test. P-values were adjusted for multiple 
testing using the Benjamini-Hochberg procedure. 
Significant differences were visualized in 
a volcanoplot, showing the -log10(adjusted 
p-value) as a function of the shrunken log2 Fold 
Change.69

Assessing ASVs sharing and mucus engraftment 
rates

The ASVs count data table was converted to pre-
sence – absence binary data to calculate the ASVs 
sharing rate (SR) between donors per gut region, as 
adapted from Laniro et al:70 

SR ¼
numberofASVsincommonbetweendonors

totalnumberofASVs
� 100 

The mucus engraftment rate (MER) per gut regions 
was calculated as 

MER ¼
numberofASVspresentinthemucus

totalnumberofASVsfromlumenþmucus
� 100 

Bacterial microbiota clustering method

Donors’ bacterial microbiota clustering was per-
formed at the genus level. Several methods 
including K-means algorithm (package 
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ClusterSim 0.50–1), hierarchical clustering with 
Pearson distance were used (package factoextra 
1.0.7). To further determine the reliability of the 
generated clusters, silhouette coefficient was cal-
culated (package ClusterSim 0.50–1), as well as 
the optimal number of clusters using the 
Calinski-Harabasz (CH) index (package fpc 2.2– 
10).71 Final data were visualized using 
ComplexHeatmap package 2.14.0.

Microbial co-occurrence analysis

Inter-genus correlations were examined using 
Spearman correlations with p-adjusted FDR for 
robust control of false discovery rates (package 
corrplot 0.92). Networks were built using 
Cytoscape 3.9.1, focusing solely on significant rela-
tionships with an absolute Spearman coefficient 
exceeding 0.7. Additionally, to summarize some 
specific information related on number of taxa 
shared between conditions, we used scalable alter-
native to Venn diagram with informative UpSetR 
graphs (package UpSetR 1.4.0), considering exclu-
sively positive and significant correlations with 
Spearman coefficients greater than 0.7.

SCFA profiling using gas chromatography and 
correlations

SHIME effluents from ileum and colon vessels (125  
μL) were centrifuged at 18 000 × g for 8 minutes at 
4°C. SCFAs were extracted with diethyl ether and 
analyzed through a gas chromatograph equipment 
coupled to a flame ionization detector as previously 
described.72 SCFA concentration was expressed in 
mM. SCFA ratios of the major (acetate, propionate, 
and butyrate), and the minor (branched SCFAs, and 
the medium CFAs valerate and caproate) SCFAs 
were determined. Spearman correlations were used 
to examine the relationships between bacterial gen-
era and SCFA, and visualized with heatmaps (pack-
age corrplot 0.92), highlighting significant 
associations with p-values FDR adjusted.

Endocannabinoid-like molecule profiling using 
HPLC-MS/MS

The analysis of MAGs and NAEs was done by 
mixing 500 µL samples with 500 µL Tris buffer 

(50 mM, pH 7) then processed as described 
before.73 Samples were then analyzed using the 
analytical method described before.74 For the ana-
lysis of commendamide, 25 µL samples were mixed 
with 475 µL Tris containing 2 ng commendamide- 
d2. Samples then were extracted and analyzed by 
LC-MS/MS using a linear gradient of 40% solvent 
A (water +1 mM ammonium acetate + 0.05% acetic 
acid) and solvent B (acetonitrile/water 95/5 + 1  
mM ammonium acetate + 0.05% acetic acid) over 
5 minutes. Spearman correlations were used to 
examine the relationships between bacterial genera 
and lipids mediators as described on top.

Mathematical modeling of lipid mediator 
production in the M-SHIME

To assess whether the concentration changes of the 
different lipid mediators were solely due to the 
fluid dynamics (accumulation/dilution due to the 
transfers during each meal) or also to the gut 
microbial metabolism, we calculated the concen-
tration of the different lipid mediators at each time-
points, as described thoroughly elsewhere. In brief, 
we modeled the concentration changes due to the 
fluid dynamics of the different lipid mediators in 
the proximal colon with a set of ordinary differen-
tial equations.53 The maximal concentration mea-
sured in the duodenum was used in the model.
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