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Short-chain fructo-oligosaccharides (scFOS) are prebiotic fiber rapidly fermented in the
colon and known to stimulate beneficial bacteria, such as Bifidobacterium spp. and
Lactobacillaceae. While their overall effects on the gut microbiota are established, the
dose-response relationship remained only partially characterized. This study aimed to KEYWORDS

determine the minimum effective dose of scFOS required to modulate gut microbiota Prebiotics; short-chain
composition and functions. An ex vivo chemostat model was used to simulate colonic fructo-oligosaccharides; gut
fermentation with different doses of scFOS (1 to 10g/d). Microbiota composition and ~ Microbiota; fermenters;
metabolic activity were assessed by qPCR, short-chain fatty acid (SCFA) quantification, and metagenomics

shotgun metagenomics. An increase in scFOS dose led to higher SCFA levels, particularly

acetate and butyrate, along with a modification in microbial composition, with a minimum

significant effective dose of 2.5 g/d. Significant increase in Bifidobacterium adolescentis,

Anaerostipes hadrus, and Clostridium innocuum was observed at the same dose. Functional

analysis revealed an enrichment of GH32 genes in the pangenomes of species positively

impacted by scFOS. These findings demonstrate that low doses of scFOS can effectively

modulate the gut microbiota and enhance SCFA production, supporting their use in dietary

interventions aimed at improving intestinal health.

Introduction

The human gut microbiota is a complex ecosystem harboring trillions of microorganisms that contribute
to essential functions in human physiology, including metabolism, immune modulation, and the mainte-
nance of intestinal barrier integrity."> Under healthy conditions, this diverse microbial community
remains in dynamic equilibrium with the host. However, multiple environmental factors, notably diet,
can alter its composition and metabolic outputs, potentially shifting the ecosystem toward dysbiosis, a state
associated with various disorders, such as inflammatory bowel diseases, metabolic syndrome, and obe-
sity.>* Among dietary factors, dietary fibers play a central role in shaping gut microbial communities.
Fibers that escape digestion in the upper gastrointestinal tract reach the colon, where they are fermented
by specific microbial populations, producing gases and metabolites, such as short-chain fatty acids
(SCFAs), that influence host physiology.”” Increased dietary fiber intake has been linked to reduced
risks of obesity, type 2 diabetes, and cardiovascular disease, highlighting the importance of microbiota-
mediated fermentation in metabolic health.>’

Within this context, prebiotic fibers represent a subset of dietary fibers of particular interest because
they are selectively utilized by host microorganisms in ways that can support gut health. The International
Scientific Association for Probiotics and Prebiotics (ISAPP) defines prebiotics as substrates that are
selectively utilized by host microorganisms, conferring health benefits.'” Among these, short-chain
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fructo-oligosaccharides (scFOS) have gained considerable attention due to their well-documented bifido-
genic effect and their ability to modulate gut microbial communities in both humans and animal models
associated with health benefits."' '

Structurally, scFOS derived from sucrose possess unique molecular characteristics that distinguish them
from other prebiotic fibers, such as inulin or longer-chain FOS or oligofructose. Produced via enzymatic
action, scFOS consist of a terminal glucose residue linked to short chains of fructose units via f(2>1)
glycosidic bonds, typically with a degree of polymerization (DP) between 3 and 5. Unlike inulin and
oligofructose, which often exhibit variable chain lengths, heterogeneous compositions, and fluctuating
purity depending on botanical origin and obtention methods, scFOS from beet sucrose offers a defined and
consistent structure. This molecular precision—combined with high purity and controlled oligosaccharide
distribution—contributes to faster fermentation kinetics, compared to longer-chain FOS or inulin, and
more targeted microbial modulation in the colon.”'®

Several human intervention studies have demonstrated that scFOS are associated with an increased
abundance of Bifidobacterium spp., accompanied by improvements in bowel function and potential
benefits for glucose homeostasis.'"'>!” Moreover, recent evidence suggests that scFOS fermentation not
only enhances Bifidobacterium populations but may also support the growth of butyrate-producing
bacteria through metabolic cross-feeding mechanisms.'®'? Butyrate is recognized for its key roles in
maintaining colonic epithelial integrity, exerting anti-inflammatory effects, and modulating immune
responses.'>**?!

Despite the well-established benefits of scFOS, important knowledge gaps remain regarding its
dose-response relationship and the minimum effective dose required to induce specific microbial and
metabolic changes. Although scFOS are well tolerated and recognized as food ingredients meeting the
definition of dietary fibers, it remains essential to determine the threshold at which significant modulation
of the gut microbiota occurs. This is crucial for designing effective dietary interventions and optimizing
fiber-enriched food products.'"**

Conducting dose-response studies directly in humans can be challenging due to the complex relation-
ships between the microbiota and the host, which can limit the interpretation of microbiota responses to
treatments. Additional constraints include ethical considerations, high costs, interindividual variability,
and practical limitations in sample collection and control of external influences. In this context, ex vivo gut
fermentation systems offer a valuable alternative for investigating microbiota responses to dietary fiber
under standardized and highly controlled conditions. These models, particularly dynamic systems, such as
chemostats, enable precise testing of substrate doses during fermentation kinetics while preserving key
microbial interactions.”>?* Importantly, combining these ex vivo systems with advanced analytical
techniques provides deeper insights into the taxonomic and functional changes induced by specific
substrates. Shotgun metagenomics and metabolomics provide comprehensive profiling of microbial
taxa, metabolic pathways, and bioactive compounds such as SCFAs.>%?° In association with ex vivo
models, these tools offer a unique opportunity to decipher the mechanisms by which specific fiber doses
affect microbial ecology and function.

However, while they reproduce several in vivo features, such as donor-specific microbial signatures,
partial maintenance of species richness, and production of major metabolites like acetate, butyrate, and
propionate, they do not fully capture physiological aspects of the human gut, including mucus layers,
epithelial absorption, immune interactions, and the complex physical and chemical gradients present
in vivo. Moreover, there is still no regulatory consensus on model selection or configuration, which may
complicate interpretation and comparison across studies. Despite these limitations, ex vivo fermentations
remain robust and reproducible tools to evaluate microbial and metabolic responses under controlled
conditions, providing mechanistic insights that are often difficult to obtain directly in humans, and thus
represent valuable complementary and potential alternative approaches to in vivo studies.’®>’

The present study aimed to determine the minimum effective dose of scFOS capable of significantly
modulating gut microbiota composition and metabolic activity under controlled ex vivo culture condi-
tions. Using a continuous fermentation model inoculated with human fecal microbiota, we systematically
evaluated the effects of scFOS at different doses (1 to 10 g/d) on microbial diversity, specific bacterial taxa,
and SCFA production. Shifts in microbial gene content were analyzed using shotgun metagenomics,
providing insight into the functional mechanisms underlying the observed taxonomic and metabolic
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changes. This research contributes to defining precise recommendations for the use of scFOS and supports
the development of fiber-based strategies to modulate the gut microbiota for human health benefits.

Materials and methods
Ethics approval and consent to participate

The research protocol has been approved by the French ethics committee CPP Ile de France VI and
registered under ID-RCB number 2022-A00367-36. The collection of stool samples had been obtained in
accordance with data protection and legislation on civil liberties as stated by the National Commission of
Computing and Freedoms (CNIL; France), based on the MR003 (Reference 2018-154_03/05/2018). All
volunteers, fully informed of the objective of the project, have given a written consent confirming their
willingness to participate before entry into the study.

Human participants recruitment

For this study, recruitment of four French donors were based on the following characteristics: male or
female adult (age 18—65), person with a fiber intake comprised between 15 and 20 g/d corresponding to
the mean value of the French population (based on results from the INCA3 study, Anses 2017,%* and no
use in 3 months prior to sampling of antibiotics and/or transit modulators (dietary fiber supplement,
probiotics, prebiotics, synbiotics...) which could affect parameters followed during the study, no colonos-
copy within the last 3 months and no individuals under legal protection (curatorship, guardianship, etc.).

Preparation of Residue-free microbiota (RFM)

Immediately after emission, fresh stool (FS) was placed at 4 °C in a hermetic box under an anaerobic
atmosphere, transported and processed in an anaerobic chamber (90% N,, 5% H, and 5% CO,) within
24 h. RFM was prepared from the fecal matrix (approximately 12 g of crude feces per donor) using the
method of Juste et al.*®> modified by Burz et al.*® with a preformed Optiprep'™ continuous density gradient
(Stemcell technologies, Grenoble, France).’ It enables the recovery of live microbial cells that are free of
organic and endogenous residues, unlike crude fecal suspensions, which also contain dead microorgan-
isms. For the preformed gradient, sterile centrifuge tubes were filled with a degassed OptiPrep™ solution
diluted in Hepes 10 mM-NaCl 9 g/L (pH 7), and stored vertically at —80 °C for at least 24 h before use;
tubes were then thawed at room temperature to allow formation of a reproducible continuous density
gradient. Stool suspensions were gently layered underneath this gradient and centrifuged at low tempera-
ture to allow bacterial cells to migrate to an intermediate phase while larger debris sedimented. Following
centrifugation, the bacterial fraction was carefully collected, washed with Hepes—-NaCl buffer to remove
residual gradient material, and finally resuspended in sterile PBS for inoculation into the ex vivo
fermenters. All steps except ultracentrifugation were performed under anaerobic conditions to preserve
microbial viability and composition. Fecal samples are highly complex, containing bacteria, viruses, fungi,
and endogenous debris, including undigested food. To study specifically the intestinal bacterial commu-
nity, the main focus of our experiments, we performed a purification step to separate bacteria from other
microorganisms and fecal residues, removing any undigested food or fibers that could interfere with
subsequent experiments in the chemostat.

Short-chain fructo-oligosaccharides characteristics

Fructo-oligosaccharides (FOS) used in this study are short-chain FOS Actilight” 950P (Beghin-Meiji,
France). Actilight” 950P is obtained from sugar beet sucrose through an enzymatic reaction, with a
proprietary fructosyltransferase enzyme. It consists of a terminal glucose unit (G) linked by an a(1->2)
glycosidic bond to a short chain of p(2->1)-linked fructose units with varying degrees of polymerization
(between 3 and 5). The result contains approximately 95% of scFOS, comprising a mixture of 37% + 6% 1-
kestose (GF2), 47% + 6% nystose (GF3), and 16% * 6% 1F-B-fructofuranosyl-nystose (GF4), and 5% of
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residual sugars (glucose, fructose, and sucrose). Four doses of Actilight” 950P, readily soluble in water,
were tested in this study: 1g, 2.5g, 5¢, and 10 g/d.

Ex vivo continuous fermentations

Fermentations were conducted in Biobench fermenters (Biostream International, Doetinchem, The
Netherlands), with five single vessels operating simultaneously, for each donor. Four vessels were reserved
for the different doses of scFOS, and the fifth for the control condition (sterile water). This control
fermenter was included to monitor baseline variation and spontaneous microbial shifts, ensuring that
observed changes were due to scFOS supplementation rather than natural fluctuations of the microbiota.
Experimental design is illustrated in Figure 1. Each donor was used for a single, independent experiment,
providing four biologically independent replicates across the four donors per condition. The fermenters
were fully computer-controlled and equipped with sensors for pH, redox potential, and temperature,
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Figure 1. Ex vivo chemostat model for studying dose-dependent effects of scFOS on human gut microbiota. (A) Residue-
free microbiota (RFM) was prepared from fresh human feces using a density-gradient ultracentrifugation method, as
previously described,®® and used directly to inoculate five parallel fermentation vessels per donor. (B) Following a 24-h
batch culture phase (to allow microbial adaptation and revivification), continuous fermentation was activated in
chemostat mode with a constant flow of anaerobic basal medium. Environmental parameters (temperature, pH, redox
potential, and stirring speed) were monitored and automatically controlled during the experiment. After a 7-d stabilization
period, the treatment phase began, during which short-chain fructo-oligosaccharides (scFOS) were administered at daily
doses of 1, 2.5, 5, or 10 g/d, split into two equal portions (morning and evening). For each donor, one vessel was kept as
an untreated control (no fiber). (C) Microbial and metabolic analyses were performed on samples collected at different
time points from day 1 to day 21.
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which were continuously monitored (pH, temperature, stirring, redox...) to ensure stable and reproducible
conditions. Vessels were filled with a basal fermentation medium adapted from Macfarlane et al.’” and
composed as follows: peptone water (5 g/L), tryptone (5 g/L), yeast extract (4.5 g/L), starch (5 g/L), mucin
(4¢g/L), NaCl (4.5g/L), KCl (4.5g/L), casein (3 g/L), arabinogalacatan (2 g/L), pectin (2 g/L), NaHCO;
(1.5g/L), MgSO,.7H,0 (1.25g/L), guar gum (1g/L), Tween 80 (1 mL/L), r-cysteine (0.5g/L), KH,PO,
(0.5 g/L), bile salt (0.4 g/L), CaCl,.6H,O (0.15 g/L), hemin (50 mg/L), FeSO,.7H,O (5 mg/L), and resazurin
(1 mg/L). Vessels were then sterilized (121 °C, 15 min), cooled, and supplemented with a filter-sterilized
vitamin solution (5 mL/L). This solution consisted of ascorbic acid (0.3 g/L), thiamine (0.01 g/L), riboflavin
(0.01 g/L), and phylloquinone (0.003 g/L). The supplemented medium was gassed overnight with O,-free
mixed gas Bio-300 (90% N,, 5% H,, 5% CO,; Air liquide, Grigny, France). Temperature was set at 37 °C
and the stirring speed at 200 rpm. Then, the five vessels were simultaneously inoculated with RFM
(approx. 9.5x 10° CFU/mL). Anaerobiosis was maintained with constant bubbling during the whole
experiment (15 mL/h). After inoculation, a batch growth phase occurred for 24 h without pH control,
to allow the microbiota to adapt to the system (Figure 1A). Thereafter, the fermenters were switched to
chemostat mode with a constant working volume of 200 mL, supplied continuously with fresh supple-
mented anaerobic medium (maintained at 4 °C with stirring). We previously ensured that no bacterial
growth occurred in any of these non-inoculated fiber-enriched media. Retention time in all systems was set
at 24h, and pH was maintained at 6.8 +0.4 by automatic adjustment using 3M KOH. After a 7-d
stabilization period monitored through SCFA and microbial analysis, the treatment phase was initiated
(Figure 1B). Each scFOS daily dose (1, 2.5, 5, or 10 g/d) was divided into two equal portions, administered
6h apart, and the treatment was applied for 14 d. During the whole process (21d), each vessel was
collected aseptically at several time points from day 1 (inoculation) to day 21 (Figure 1C) for analysis
(8 mL). Throughout the experiment, enumeration of total bacteria was regularly monitored to check the
stability of the microbial community, both during the initial 7-d stabilization period and the treatment
phase, confirming that the chemostat had reached and maintained a steady state. Flow rates of fresh
medium and waste removal were also controlled to ensure that the working volume and retention time
were consistently maintained.

Short-chain fatty acid

Briefly, the samples were centrifuged (10,000 x g for 5 min) and the bacterial supernatants were stored at
—80 °C. Total SCFA concentrations were determined by gas chromatography performed by ICAN Omics
Metabolomics (IHU, Paris, France). The presented values are the mean (+SEM) of independent measures
in samples from the three technical replicates.

Enumeration of total bacteria

Samples collected at days 1, 2, 10, and 21 were serially diluted in PBS solution before plating onto Brain
Heart Infusion (BHI) agar medium (BD, Franklin Lakes, USA) supplemented with yeast extract 5g/L,
hemin 0.1% 10 mL/L, cellobiose 0.5 g/L, maltose 0.5 g/L, soluble starch 0.5 g/L, cysteine-HCI 0.5 g/L, and
clarified rumen fluid 10%, in an anaerobic chamber (Bio-300). Duplicate plates from each dilution were
placed in an anaerobic atmosphere using GENbag Anaer (Biomerieux, Craponne, France), transferred out
of the anaerobic chamber and incubated at 37 °C for 48 h. Total bacterial enumerations were determined
as the logarithmic value of the number of colony-forming units (CFU) per mL (log CFU/mL).

Bacterial reference strains, DNA isolation, and quantitative PCR (qPCR)

Selected bacterial groups and species for this study are listed in Table 1. Bacteria were cultivated
anaerobically on their appropriate medium and temperature, as reccommended by DSMZ. For each strain,
the total number of bacteria, in terms of CFU, was estimated by agar-plating. Three aliquots of 2 mL of
overnight culture were centrifuged at 12,000 x g for 2 min and the bacterial pellets were stored at —20 °C
before DNA isolation. Genomic DNA was isolated from each bacterial reference strain at the stationary
phase of growth using the method described by Yu and Morrison et al.>® DNA extraction from FSs, REMs,
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Table 1. Bacterial groups or species studied and the corresponding primers used for quantitative PCR analysis.

Bacterial group Referent strain Sequence forward (5’-3') Sequence reverse (5'-3') References
All bacteria Escherichia coli BW25113 CGG TGA ATA CGT TCC CGG  TACGGC TACCTT GTT ACGACT T [42]
Bifidobacterium spp. Bifidobacterium longum DSM 20219  TCG CGT CYG GTG TGA AAG CCA CAT CCA GCR TCC AC [43]
Blautia spp. B. hydrogenotrophica DSM 10507  CGC GTG AAG GAA GAA GTATC  GAG CCT CAA CGT CAG TTA CC [44]

1

Lactobacillus/Leuconostoc/  Lactobacillus reuterii DSM 32035  AGC AGT AGG GAA TCT TCC A CGC CACTGG TGT TCY TCCATATA [41
Pediococcus *

Bacteroides/Prevotella B. thetaiotaomicron DSM 225 GAA GGT CCC CCA CAT TG CGC KAC TTG GCT GGT TCAG [45]
Clostridium Cluster IV Clostridium Leptum DSM 753 GGC GGC YTR CTG GGC TTT ACC TTC CTC CGT TIT GTC AAC [46]
Akkermansia muciniphila  Akkermansia muciniphila DSM22959 CAG CAC GTG AAG GTG GGG AC  ATT TGC TCG GCT TCA CAG CT [47]
Eubacterium rectale Eubacterium rectale ATCC33656 CAT TGC TTC TCG GTG CCG TC  ATT TGC TCG GCT TCA CAG CT [48]
Clostridium coccoides Clostridium coccoides DSM 935 AAA TGA CGG TAC CTG ACT AA CTT TGA GTT TCA TTC TTG CGA A [44]

]

Roseburia inulinivorans Roseburia inulinivorans DSM 16841 CGK ACT AGA GTG TCG GAG G GTC ATC TAG AGT GTC GGA GG [46
" Simplified as Lactobacillaceae.

and all fermenter samples from the four donors was carried out according to the International Human
Microbiome Standards (IHMS) SOP 07 V2 procedure (https://human-microbiome.org/index.php?id=
Sop). DNA was quantitated using Qubit Fluorometric Quantitation (ThermoFisher Scientific, Waltham,
USA) and qualified using DNA size profiling on a Fragment Analyzer (Agilent Technologies, Santa Clara,
USA). The presence of inhibitors in each DNA sample, properly diluted, was estimated using Taqman”
Exogenous Internal Positive Control and the Tagman” Universal PCR Master Mix kit according to the
manufacturer's recommendation (Applied Biosystems, Foster City, USA). Primers used to quantify total
bacteria and selected bacterial groups are described in Table 1, and were purchased from Eurofins
Genomics (Eurofins, Ebersberg, Germany). Primer sequences issued from previous studies were checked
for specificity by submitting the sequences to the Probe Match program provided by Ribosomal Database
Project I1.21 Primers™ and by comparison with sequences from 1900 species from the integrated catalog of
human gut microbiome reference genes.*” Quantitative PCR assays were conducted on a StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, USA). Each reaction mixture (20 puL) was
composed of 10 uL Fast SYBR” Green Master 2x (Applied Biosystems, Foster City, USA), 0.5 uL of
each specific primer at the final concentration of 0.25uM and 5 pL of appropriate DNA dilutions. The
amplification program consisted of one cycle at 95 °C for 20's, 40 cycles of amplification (95 °C for 3,
60 °C for 30s). The quantification of bacterial groups was done as described previously.*' Results are
expressed as a mean of three replicates for each day.

Shotgun sequencing

DNA was extracted from FSs, REMs, and fermenters (n = 72) following the MGP SOP v1 (https://mgps.eu/
sops/mgp-sop-001-v1). For samples from fermenters and RFMs, the lysis step was performed directly on a
pellet obtained from 2 mL of sample after centrifugation at 10,000 x g for 5 min. DNA size distribution was
checked prior to sequencing by Fragment Analyzer (Agilent Technologies, Santa Clara, US) using the
Genomic 50kb kit. About 500ng of DNA was fragmented by sonication using the E220 Focused-
ultrasonicator (Covaris, Woburn, USA) and then underwent double purification using the DNA Clean
Beads Kit (MGI Technology, Shenzhen, China) to select fragment sizes around 400 bp. About 100 ng of
sized DNA was used to construct libraries using the Universal Library Prep kit and Universal Barcode Set
(MGI Technology, Shenzhen, China). The amplified libraries (eight PCR cycles) were checked with the HS
Small Fragment kit on Fragment Analyzer (Agilent Technologies, Santa Clara, USA) before being
circularized and pooled. Circularized and pooled libraries at 50 pM were used to make DNA nanoball
(DNB), which were loaded onto Flow Cell Large (FCL) flow cells and sequenced with the High
Throughput sequencing kit PE150 (MGI Technology, Shenzhen, China) on a DNBseq G400RS platform
(MGI Technology, Shenzhen, China) to obtain a minimum of 17.5 million of paired-end reads per sample
(mean + sd: 25 £ 5.3 million), except for three D1 samples (min-max: 0.6-13 million).

Metagenomic profiling

Using fastp,*’ low-quality reads were trimmed or filtered out. Remaining high-quality reads that success-
fully mapped on the human reference genome (T2T-CHM13v2.0) using bowtie2>® were further discarded.
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To account for differences in sequencing depth, 17.5 million read pairs (i.e. 35 million of single reads) were
randomly selected for each sample with seqtk (https://github.com/lh3/seqtk). Then, abundance tables for
species and carbohydrate-active enzymes (CAZYmes) encoding genes were generated with Meteor2,”"
version 2.0.14, normalization = fpkm, references =human_gut and human_oral). References consist of
microbial gene catalogs (10.4 million for the human_gut52 and 8.4 million for the human_oral),> clustered
into 1990 and 853 Metagenomic Species (MSP) with MSPminer,*° respectively, and annotated at the
taxonomic level with the Genome Taxonomy Database (GTDB r220). Gene catalogs are also functionally
annotated with dbcan3>* for CAZymes putative genes, providing direct insight into pangenome functional
ability. Based on this annotation, Meteor2 computes the abundance of a given CAZyme in a sample as the
sum of MSPs containing at least one gene annotated with that CAZyme gene, after restricting the
pangenomes to the genes detected in the sample. Gut microbiota richness (or MSP richness) was
computed as the number of MSP detected in a given sample (i.e. MSP whose abundance is not null).
Cross-contamination between samples was checked on MSP abundance profiles with CroCoDeEL v1.0.3.>

GH32 phylogenetic analysis

To predict the enzymatic activity of genes annotated as GH32 (B-2,1 versus -2,6 linkage specificity),
catalytic domains of the corresponding proteins were aligned with MAFFT>® v7.526, together with 14
characterized GH32 sequences retrieved from the Carbohydrate Active Enzymes database (https://
www.cazy.org/GH32_characterized.html, accessed January 20, 2026)°" and having curated Swiss-Prot
entries in UniProtKB. The alignment was further filtered using Goalign® to remove positions with less
than 50% informative sites. A maximum-likelihood phylogenetic tree was inferred from the filtered
alignment using IQ-TREE v2.3.6 (parameters: -m MFP -bb 1000 -alrt 1000 -nt AUTO).”® The resulting
tree was visualized using iTOL 7.4.2.%°

Statistical analysis

All analyses for quantitative metagenomics were performed with R (v4.4.1). To assess which metagenomics
features were impacted by the different fermenter conditions, we used the R package nparLD v2.2 to
perform nonparametric analysis of the longitudinal data. p values from the interaction of the factors
“timepoint” (D7, D14, and D21) and “fermenter” (Control, 2.5 g/d, 5 g/d) were saved and corrected for
multiple tests with the Benjamini-Hochberg procedure. Finally, log-fold change and associated Wilcoxon
tests were computed for each bioreactor between D7 and D14 on the one hand, and D7 and D21 on the
other hand. Log-fold change was computed as the median (over the four donors) log2-transformed ratio
between the abundance of a metagenomic feature for a given donor at D14 or D21, and D7. Bray-Curtis
dissimilarity and associated Permutational multivariate analysis of variance (PERMANOVA) were com-
puted with the R package vegan (v2.6-6.1). Principal Coordinates Analysis (PCoA) on Bray-Curtis
dissimilarity was performed with the R package ade4 (v1.7.22). All figures were drawn with the R packages
ggplot2 (v3.5.1), ggpubr (v0.6.0), and cowplot (v1.1.3). For qPCR and metabolite analyses, statistical
analysis was performed using GraphPad Prism® 10.4.0 software (GraphPad Software, La Jolla, CA, USA).
Experimental data were analyzed either by one-way ANOVA followed, when appropriate, by Tukey's
Honest Significant Difference (HSD) post-hoc test, or by Student's t-test for pairwise comparisons.
Statistical significance was set at p < 0.05.

Results

Establishment and stabilization of a reproducible human gut microbiota model in ex vivo
fermenters

A continuous ex vivo fermentation system was implemented to study the dose-dependent effects of scFOS
on human gut microbiota (Figure 1, see Methods). The impact of four different doses of scFOS (0, 1, 2.5, 5,
or 10 g/d) was studied on the gut microbiota from four donors. Variations in community composition and
functions were monitored through microbial growth measurements, qPCR, shotgun sequencing, and
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metabolite analyses (Figure 1). Comparison of the initial microbiota (FS and RFM) of the four donors
revealed that the FSs of donors 1 and 3 were dominated by Bacillota_A (formerly Firmicutes), while the
ESs of donors 2 and 4 were dominated by Bacteroidota (formerly Bacteroidetes). Processing FSs into
RFMs increased Bacillota_A and decreased Bacteroidota, leading RFM from all donors to be dominated
by Bacillota_A (Supplementary Figure S1A). However, species richness (ranging from 214 to 438
depending on the donor) remained stable during the process (Supplementary Figure S1B). Moreover,
PCoA based on Bray-Curtis dissimilarity of species profiles revealed a donor-driven clustering, indicating
that the processing of FSs into RFMs preserved individual-specific microbial composition (Supplementary
Figure S1C).

Following inoculation, bacterial growth was monitored to assess community establishment and stability
prior to fiber supplementation. Total cell counting and biomass increased during the first days, reaching a
steady state around 10log CFU/mL at D2 for all donors (Supplementary Figure S2A).

Quantitative PCR analyses of key gut bacterial groups measured on the control fermenters revealed
generally stable abundances after D7, with profiles specific to each donor (Supplementary Figure S2B).

As shown in Supplementary Figure S2C, the abundance of five major bacterial groups commonly found
in the human gut (Bacteroides/Prevotella, Clostridium cluster XIVa, Blautia spp., Bifidobacterium spp.,
and Lactobacillaceae ) served as a proxy for initial microbiota composition and confirmed stable microbial
abundances starting at D7, across fermenters designated to receive different scFOS doses.

Dose-dependent impact of scFOS on human gut microbiota composition and metabolite
production

Quantitative PCR analyses were conducted to assess the dose-dependent effects of scFOS supplementation
on major gut bacterial groups (Figure 2). Data were pooled across all donors and compared between the
stabilization phase (day 7) and the treatment phase (average of days 19-21).

For total bacterial counts, no significant differences were observed between stabilized and treated
conditions across all tested scFOS doses.

In contrast, Bifidobacterium spp. showed a marked and dose-dependent response to scFOS. Specifically,
Bifidobacterium spp. levels remained stable at the lowest dose (1 g/d) throughout the treatment phase,
whereas higher doses (2.5, 5, and 10 g/d) resulted in significant increases in their abundance (3 to 5log
units). Notably, 2.5 g/d represented the lowest dose at which a clear bifidogenic effect was observed.

For Lactobacillaceae , abundance increased significantly at the highest dose of 10 g/d only, correspond-
ing to approximately a 1 log increase. Other bacterial groups were also assessed but did not exhibit notable
dose-dependent variations under these experimental conditions (Supplementary Figure S3).

Donor-specific analyses shown in Supplementary Figure S4 confirmed these pooled results. For
Bifidobacterium spp., the bifidogenic effect of scFOS was consistent across most donors, except for
donor 2, who showed no response to the treatment, potentially because of low initial Bifidobacterium
spp. abundance. For Lactobacillaceae , increases were mainly observed in donors 3 and 4 at higher doses,
whereas donors 1 and 2 exhibited minimal or no response.

SCFA concentrations were measured at the end of the treatment phase (days 19-21) to evaluate the
functional consequences of scFOS fermentation (Figure 3). In pooled samples from all donors, the SCFA
profile under control conditions (without fiber) exhibited an approximate ratio of 60% acetate, 20%
butyrate, and 20% propionate. This ratio remained globally unchanged at the lowest dose of 1g/d.
However, starting at 2.5 g/d, clear shifts in SCFA production were observed. Both acetate and butyrate
concentrations increased in a dose-dependent manner from 2.5 g/d, while propionate tended to decrease,
particularly at the highest dose of 10 g/d. Donor-specific responses, presented in Supplementary Figure S5,
confirmed the pooled trends, though notable inter-individual differences were observed. In particular,
acetate increased in all donors from 2.5 g/d, whereas butyrate increased only in about half of them. In
addition, the lowest dose of 1 g/d scFOS induced a slightly higher butyrate production in donor 4, not
observed in other donors. Total SCFA concentrations at the end of the treatment phase were higher at
increasing scFOS doses compared to the stabilization phase (Supplementary Figure S6). Overall, these
results demonstrate a robust bifidogenic effect of scFOS from 2.5 g/d, associated with coordinated changes
in microbial composition and metabolic activity.
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Figure 2. Quantitative response of gut-associated bacteria to increasing scFOS doses in ex vivo fermenters. Absolute
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Figure 3. Dose-dependent increase in SCFA production following scFOS supplementation. Quantification of short-chain
fatty acids (SCFAs): acetate, propionate, and butyrate; in the fermentation supernatants (days 19-21). Data are displayed
as stacked bar plots to show the relative and total concentrations of individual SCFAs per condition expressed in mmol/L.
SCFA concentrations were measured by gas chromatography, and results are presented as means = SD of biological
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Impact of scFOS on gut microbiota composition

Since qPCR analysis revealed significant changes in Bifidobacterium spp. abundance and SCFAs produc-
tion at doses as low as 2.5 g/d, we performed shotgun metagenomic sequencing on samples collected at D7,
D14, and D21 from the control, 2.5 g/d and 5 g/d fermenters to gain insight into microbiota composition
at species and strain level.

We first compared microbial communities at D7 with fresh stools and observed that, despite a reduction
in richness and differences in species abundances as revealed by Bray-Curtis dissimilarity (Supplementary
Figure S7A, B), D7 communities still reflected the original donor-specific microbiota. Indeed, D7 samples
showed higher Spearman's correlation with their corresponding donor than with FS from other donors
(Supplementary Figure S7C). Moreover, PCoA showed that D7 samples from the same donor clustered
together (Supplementary Figure S7D), and consistently displayed lower Bray-Curtis dissimilarity and
higher Spearman's correlation than D7 samples from different donors (Supplementary Figure S7E, F).
Together, these results indicate that although substantial changes occur during the stabilization phase,
microbial communities at D7 remain donor-dependent and retain a donor-specific signature.

Bray-Curtis dissimilarity analysis comparing D14 and D21 to D7 (baseline) confirmed that microbial
composition was altered in both the 2.5 g/d and 5 g/d fermenters, related to control, already after 1 week of
scFOS treatment (Figure 4A). Interestingly, Bray—Curtis dissimilarity between D7 and D14 was higher in
the 5 g/d fermenter than in the 2.5 g/d fermenter, indicating a more rapid shift in microbial composition
during the first week of treatment at the higher dose. However, this trend reversed during the second week
(D14-D21), suggesting that although temporal dynamics differ, both doses may ultimately lead to a similar
composition when reaching equilibrium.

At the species level, 17 species were significantly impacted by scFOS, as determined by a nonparametric
longitudinal analysis testing the interaction between timepoint and fermenter conditions (p <0.05,
Supplementary Table S1, see Methods). Among them, four species were increased in 2.5 g/d and 5 g/d
fermenter (log fold change between D7 and D21 (D7-D21 logFC > 0) and decreased in control fermenter
(D7-D21 logFC < 0): Anaerostipes hadrus, Bifidobacterium adolescentis, Bifidobacterium longum, and
Clostridium innocuum (sorted by decreasing D7-D21 logFC in 5 g/d fermenter, Figure 4B). Consistent
with the previous Bray-Curtis analysis, in the 2.5 g/d fermenter, the D7-D21 logFC of these species was
higher than their D7-D14 logFC, whereas logFCs were similar in the 5g/d fermenter, confirming that
composition changes during the second week were more pronounced at the lower dose. In particular, in
the 2.5g/d fermenter, all species continued to grow, whereas in the 5g/d fermenter, C. innocuum
remained stable after D14, and A. hadrus even decreased (Figure 4C). Examination of individual donors
revealed high inter-individual variability: for example, this pattern was evident in donor 1 but absent from
donor 2 (Supplementary Figure S8). Confirming the qPCR results, B. adolescentis and B. longum showed
little to no increase in donor 2, which may be explained by this donor having the lowest D7 abundance
among the four donors (Figure 4B).

Carbohydrate-active enzyme profiles of species impacted by scFOS

The carbohydrate-active enzyme (CAZyme) GH32 is known to degrade FOS.'*°! Thus, we hypothesized
that scFOS treatment may select species carrying GH32. However, we found no significant increase in
GH32 potential (i.e. sum of species carrying GH32, see Methods) in 2.5g/d or 5g/d fermenters as
compared to control (Figure 5A). We further investigated GH32 content of the 17 species impacted by
scFOS by computing how many genes were annotated as GH32 in each species' pangenome. We observed
that the association between GH32 gene count and the D7-D21 logFC increased with the scFOS dose: it
was negative in the control fermenter (rho=-0.54), and became positive in the 2.5 g/d and the 5g/d
fermenters (rho = 0.28 and rho = 0.43, respectively, Figure 5B). The same pattern was consistently observed
across individual donors (Supplementary Figure S9). Thus, an increased number of GH32 genes was
associated with increased logFC in 2.5 g/d and 5 g/d fermenters. These results suggest that a higher number
of GH32 genes in the species' pangenome may enhance their capacity to grow in response to scFOS
treatment. For example, A. hadrus, the most significantly increased species, carries five genes annotated as
GH32 in its pangenome.
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Figure 4. Impact of scFOS on gut microbiota composition: (A) Bray—Curtis dissimilarity calculated on log10-transformed
species profiles between D7 and D14, D14 and D21, or D7 and D21, for each fermenter (control, 2.5 g/d or 5 g/d). Each
point represents a donor, and dashed lines connect points from the same donor. (B) Relative abundance of the four
species increased by scFOS at each time point in each fermenter. Dashed lines connect samples from the same donor.
p values from Wilcoxon signed-rank tests between the control fermenter and other fermenters. (C) Log fold-change
between D7 and D14 or D7 and D21 for the four species significantly increased by scFOS, in each fermenter. Dashed lines
connect points corresponding to the same species. Log fold-change values represent the median over the four donors.
p values from Wilcoxon signed-rank tests are displayed. A. hadrus = Anaerostipes hadrus, B. adolescentis = Bifidobacterium
adolescentis, B. longum = Bifidobacterium longum, and C. innocuum = Clostridium innocuum.
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Figure 5. GH32 profiles at sample, species, and gene level: (A) GH32 potential in different fermenters and donors, at D7,
D14, and D21. p values from Wilcoxon signed-rank tests are displayed. (B) Log fold-change between D7 and D21 of the 17
significantly impacted species, according to the number of genes annotated as GH32 in their pangenome. Log fold-change
values represent the median over the four donors. Spearman's correlation coefficients along with their associated p value
are displayed. (C) Relative abundance of two significantly impacted MSPs (C. innocuum: increasing and P. merdae:
decreasing) and their respective GH32-annotated genes in the donor 4. Zero values (1e—09) were slightly offset to
improve readability when multiple points with zero abundance overlapped.

However, some species carrying the same number of GH32 genes did not respond similarly to scFOS
treatment. As the GH32 family includes enzymes with distinct substrate specificities that are not
necessarily active on the B-2,1 linkage characteristic of scFOS, we performed a phylogenetic analysis to
predict GH32 genes with B-2,1 versus (-2,6 linkage specificity (see Methods). Among the 29 GH32-
annotated genes identified in the 17 MSPs of interest, 15 clustered with enzymes known to display (-2,6
linkage activity, whereas the remaining 14 genes grouped with characterized enzymes exhibiting B-2,1
linkage activity (Supplementary Figure S10). Importantly, the association between GH32 counts in MSP
pangenomes and the D7/D21 logFC was strengthened when restricting the analysis to GH32 genes with
predicted B-2,1 linkage activity (tho = 0.38 and rho = 0.58 for the 2.5 g/d and 5 g/d fermenters, respectively,
Supplementary Figure S11). Of note, these associations remained consistent across different clustering-
based B-2,1 activity prediction criterion (data not shown).
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Consistently, Clostridium innocuum and Parabacteroides merdae both harbor two GH32 genes, yet
exhibited opposite responses to scFOS supplementation. C. innocuum, which carries one GH32 gene with
predicted B-2,1 linkage activity, increased in abundance, whereas P. merdae, which lacks any GH32 gene
predicted to act on B-2,1 linkage, decreased. This pattern was observed in donor 4, irrespective of the total
number of GH32 genes present in the donor-specific strains (two in P. merdae and one in C. innocuum;
Figure 5C). Together, these results indicate that (-2,1 linkage specificity, rather than total GH32 gene
count, is required for efficient scFOS utilization.

Discussion

Short-chain fructo-oligosaccharides (scFOS) are well-recognized for their prebiotic properties, notably
their ability to stimulate beneficial gut bacteria, such as Bifidobacterium spp., and to influence metabolic
output like SCFA production.'®**°* In our ex vivo model, we demonstrated that scFOS supplementation
induced clear dose-dependent effect on the composition and metabolic activity of human gut microbiota
derived from healthy donors.

A fundamental condition of such studies is the establishment of a stable and representative microbial
community. Given the high complexity of fecal samples, which include bacteria, viruses, fungi, and
endogenous debris, such as undigested food, a purification step to generate Residue-Free Microbiota
(REM) was implemented to focus specifically on the intestinal bacterial community. This approach
reduced the contribution of nonbacterial components and residual fecal material in the ex vivo system.
Although the RFM differ from the original fecal samples, the four donors still maintain distinct commu-
nity profiles, indicating that the separation process only minimally alters overall microbiota composition.
Following inoculation into fermenters, the microbiota undergoes adaptation to the ex vivo environment,
during which some loss of species richness is commonly observed, while the dominant community
structure remains largely stable, as widely reported in the literature.’>*>%* In our study, we confirmed
that despite these changes, day-7 communities retain donor-specific signatures, with intradonor similarity
consistently higher than interdonor similarity (Supplementary Figure S7), indicating that the microbiota
composition remains sufficiently representative of the original fecal profiles for subsequent analyses. For a
given donor, fermenters harbored nearly identical microbial communities prior to fiber treatment initia-
tion, ensuring consistent baseline conditions for future comparison. Taken together, these results confirm
that our ex vivo fermentation system establishes a stable and reproducible gut microbiota community,
offering a robust and controlled model to investigate the effect of fiber treatment. The modulation of the
gut microbiota by functional food is frequently addressed in the scientific community using in vitro or
ex vivo studies,’®**** in order to identify functional food prototypes capable of modulating microbial
composition and metabolite production, sometimes in a predictive manner. These studies confirm the
physiological relevance of well-controlled ex vivo fermentations.

A consistent observation in our study is the bifidogenic effect of scFOS, which was already clearly
observed at the low daily dose of 2.5 g. Importantly, this effect in ex vivo fermenters is consistent with
clinical studies in healthy humans, which reported significant increases in fecal Bifidobacteria at doses
starting from 2.5 g/d.*>®>% Several human studies have tested daily scFOS intakes ranging from 2.5 to
10 g, showing dose-dependent increases in Bifidobacteria while maintaining good gastrointestinal toler-
ance. Clinical data further indicate that scFOS confer microbiota-related benefits even at low doses,
including 5 g/d, and remain well tolerated at substantially higher intakes, up to 40 g/d.®” Another study has
investigated intermediate daily intake of 20 g/d, providing complementary evidence of dose-dependent
effects on the gut microbiota.’® From a translational perspective, the dose shown to be effective in our
ex vivo model therefore corresponds to intake levels that are realistic for human nutrition and food
applications, supporting both the safety and practical relevance of the doses identified in the present
study.”” Interestingly, we note a decrease in Bifidobacterium spp. levels over time in control fermenters,
suggesting that overall bacterial density remained stable throughout the experiment, but that specific
bacteria may require fermentable substrates to maintain their abundance. This decline was prevented with
scFOS supplementation, confirming the prebiotic potential of scFOS and its role in sustaining beneficial
gut microbiota.
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A significant metabolic impact of scFOS observed in our study was the dose-dependent increase in
acetate and butyrate production, noticeable from 2.5 g/d, further supporting the dose-dependent ferment-
ative activity of scFOS. The rise in butyrate level suggests possible metabolic cross-feeding interactions,
wherein primary degraders of scFOS, such as Bifidobacterium spp., produce intermediates, such as acetate
or lactate, subsequently utilized by secondary butyrogenic bacteria like Faecalibacterium prausnitzii.'>*
This aligns with previous observations indicating that prebiotic fibers can indirectly stimulate butyrate
production through such trophic interactions.'® Interestingly, propionate concentrations tended to
decrease at higher scFOS doses, indicating a dose-dependent effect but requiring higher scFOS concentra-
tions to achieve measurable changes, and possibly reflecting shifts in microbial metabolic pathways or
competitive substrate utilization. Such changes in SCFA profiles could have physiological implications
given the distinct roles of SCFAs in host metabolism and immune modulation.'®*”? In particular,
butyrate is a key energy source for colonocytes, promotes gut barrier integrity, and has anti-
inflammatory properties, as shown in human and animal studies.”>”’” Acetate, on the other hand, acts
systemically by entering the circulation and modulating metabolic and hormonal pathways.”**° It can
influence insulin secretion, appetite regulation, and energy homeostasis. These findings underscore that
even modest shifts in SCFA production, as observed in our ex vivo model, could have meaningful
physiological effects if translated in vivo.

Since 2.5 g/d was the lowest dose showing a clear bifidogenic effect, and SCFA concentrations were minimal
below this level, we focused our shotgun metagenomic analyses on 2.5 g/d and 5 g/d conditions. These doses
were selected because they represented the threshold and next higher level where consistent microbial and
metabolic shifts were observed, while still within ranges relevant for potential human supplementation.

Metagenomic analyses confirmed the increase in Bifidobacterium spp., by revealing that two different
species, B. adolescentis and B. longum, were significantly enriched following scFOS supplementation.
Beyond Bifidobacterium spp., our data indicate that scFOS can influence other bacterial species, including
Anaerostipes hadrus and Clostridium innocuum. The first one is a known butyrate producer'”®" and was
already found to degrade FOS with extracellular GH32 enzymes.'”°"** It may contribute to the health-
promoting effects associated with increased butyrate levels, such as anti-inflammatory properties and
maintenance of colonic epithelial integrity.'"® Notably, A. hadrus has also been reported to be more
abundant in healthy individuals compared to those with metabolic disorders, which may suggest a positive
role in gut microbiota modulation.?? In contrast, Clostridium innocuum, which also carries GH32 genes,
presents a more complex profile. While commonly detected in healthy gut microbiota,®”** recent reports
have linked it to opportunistic pathogenicity and potential disruptions in host metabolism.*>*® In our
study, scFOS supplementation appeared to modulate the abundance of C. innocuum, but further work is
required to clarify its role in fiber-driven microbiota changes.

Our data also revealed substantial interindividual variability in microbial responses to scFOS. For instance,
donor 2 displayed a blunted bifidogenic response and minimal changes in SCFA production even at higher doses,
whereas other donors exhibited pronounced shifts. Such donor-specific responses suggest that the capacity of the
gut microbiota to respond to scFOS is strongly conditioned by baseline ecosystem features rather than by scFOS
dose alone. Such variability is consistent with the notion that baseline microbiota composition significantly
influences the response to prebiotic intervention.”*® In particular, differences in baseline abundance of
Bifidobacteria or butyrate-producing bacteria may explain why some individuals show strong bifidogenic and
SCFA responses, whereas others respond only modestly to scFOS supplementation. Beyond species-level
composition, strain-specific gene content is key to understanding the mechanisms underlying and predicting
microbiota responses to prebiotic interventions.” In this study, we found that the number of GH32
genes—encoding carbohydrate-active enzymes involved in FOS degradation—was associated with the magnitude
of the treatment effect on species abundance. The association was even stronger when restricting the analysis to
GH32 genes predicted to have B-2,1 linkage activity. This suggests that functional capacity for scFOS utilization,
rather than taxonomic identity alone, determines the intensity of bifidogenic responses and downstream SCFA
production. This observation could be explained by the broad enzymatic activities of GH32 enzymes, as species
harboring more GH32 copies have a higher chance of including enzymes with higher affinity for the scFOS.
However, differences in response both between and within species may depend on other factors, including the
species baseline abundance, extra- or intracellular activity of GH32, which impacts cross-feeding,"” or other genes
such as transporters.
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Moreover, habitual fiber intake has been shown to modulate responsiveness to prebiotics, with individuals
consuming higher dietary fiber exhibiting attenuated microbiota shifts in response to supplementation.*® All
donors were selected to have a comparable daily fiber intake as part of the inclusion criteria, yet some
individuals still exhibited a reduced bifidogenic and SCFA response, suggesting that microbiota may differ in
their functional capacity or adaptation to fermentable substrates. While personalized dietary strategies are
increasingly discussed, further work is needed to identify predictive markers of response and to optimize
prebiotic use across diverse populations without necessarily requiring full personalization in all context.

A key strength of our study is the use of a continuous ex vivo fermentation model that enables controlled,
reproducible investigation of gut microbiota dynamics under different fiber exposures. Our model maintained
donor-specific microbial signature, consistent with earlier studies demonstrating the capacity of ex vivo systems
to replicate key features of human gut microbiota.'®* However, some limitations must be acknowledged. The
15-d fiber supplementation period, while adequate for observing initial microbial and metabolic changes, may
not fully capture long-term adaptation or shift in stability of microbiota. Indeed, it was reported previously in
rats that prolonged intake of FOS resulted in a short-term modification of gut microbiota that was not seen
anymore after 8 and 27 weeks.*” Furthermore, spontaneous fluctuations observed in control fermenters
underscore the dynamic nature of gut microbiota even in controlled systems, highlighting the necessity of
rigorous control and sufficient replicates. The relatively small number of donors limits broader generalization,
and future studies with larger cohorts are warranted to validate our findings and better capture inter-individual
variability by investigating gene content of responding species at the strain level. One important limitation of
ex vivo models is the absence of host factors, including epithelial absorption, immune signaling, and systemic
metabolism. In our study, this prevented direct evaluation of the physiological consequences of microbial and
metabolic changes on the host, including potential effects on gut barrier function, immune interactions, or
systemic metabolism. Similarly, interactions between the microbiota and the host immune system, which can
influence microbial composition and activity in vivo, were not observed. Despite these limitations, the
controlled ex vivo setting allowed us to precisely evaluate microbial and metabolic responses to different
scFOS doses, isolating the effect of the substrate itself. It should be noted that our study focuses specifically on
microbial and metabolic responses in a controlled ex vivo environment, rather than attempting to capture the
full complexity of host-microbiota interactions observed in animal models or human trials.

Overall, our study demonstrates that scFOS induces dose-dependent modulation of human gut
microbiota composition and metabolism in an ex vivo setting. These findings highlight the potential of
scFOS to promote beneficial bacterial taxa and enhance butyrate production at low doses, such as 2.5 g/d,
easily incorporated into food formulations, with a rapid onset of action observed within just 7 d, suggesting
possible contributions to host health. However, inter-individual variability showed the need for personal-
ized approaches and for clinical studies to confirm the in vivo relevance of these observations. Future
research should focus on elucidating species-specific mechanisms underlying fiber metabolism and
identifying predictive markers of response to optimize the use of prebiotics in diverse populations.

Acknowledgments

We thank Nicolas Lapaque and Chloé Connan for their help and support throughout the project. We also
acknowledge the SAMBO and MetaQuant platforms at the MGP (MetaGenoPolis) center for their support with
metagenome sequencing, as well as the MetaFun platform for their assistance with the fermenter experiments.

Author contributions

CRediT: Christelle Bressuire: Data curation, Formal analysis, Investigation, Methodology, Project administration,
Resources, Supervision, Validation, Visualization, Writing — original draft, Writing - review & editing; Florence
Thirion: Data curation, Formal analysis, Methodology, Resources, Software, Validation, Visualization, Writing -
original draft, Writing — review & editing; Laura Chiaravano: Investigation; Serigne Inssa Ngom: Formal analysis,
Investigation, Software, Visualization; Romane Marion: Investigation; Marine Gilles: Investigation, Resources; Benoit
Quinquis: Investigation, Resources; Elliot Mathieu: Resources; Magali Berland: Resources, Validation; Hervé M.
Blottiére: Conceptualization, Funding acquisition, Supervision; Cindy Le Bourgot: Conceptualization, Funding
acquisition, Project administration, Resources, Supervision, Writing — review & editing; Christel Béra-Maillet:
Conceptualization, Methodology, Supervision, Writing — review & editing.



16 e C. BRESSUIRE ET AL.

Disclosure of potential conflicts of interest

C. Le Bourgot is an employee of TEREOS. The remaining authors declare no conflicts of interest or competing
financial interests related to this work.

Funding

This work was supported by TEREOS/Beghin-Meiji, the National Research Institute for Agriculture, Food and the
Environment (INRAE), and Metagenopolis grant ANR-11-DPBS-0001.

ORCID

Christelle Bressuire =/ 0000-0002-3838-3241
Florence Thirion = 0000-0002-2310-5548
Serigne Inssa Ngom =/ 0000-0002-4023-9230
Marine Gilles 2 0009-0003-6650-7824

Elliot Mathieu =/ 0000-0002-6222-9092
Magali Berland ‘= 0000-0002-6762-5350
Hervé M. Blottiere ‘= 0000-0002-8390-0607
Cindy Le Bourgot ‘= 0000-0001-8478-7020
Christel Béra-Maillet = 0000-0002-6987-6751

Data availability statement

The data for this study have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under accession
number PRJEB101198 (https://www.ebi.ac.uk/ena/browser/view/PRJEB101198).

Ethics approval

Experiments were conducted and established according to the French legislation (CNIL MR003; 2087671 v0). Written
informed consent was obtained from all volunteers (N° 2022-A00367-36).

References

1. Sonnenburg JL, Backhed F. Diet-microbiota interactions as moderators of human metabolism. Natur.
2016;535(7610):56-64. doi: 10.1038/nature18846.

2. Dore ], Blottiere H. The influence of diet on the gut microbiota and its consequences for health. Curr Opin
Biotechnol. 2015;32:195-199. doi: 10.1016/j.copbio.2015.01.002.

3. Winter SE, Baumler AJ. Gut dysbiosis: ecological causes and causative effects on human disease. Proc Natl Acad
Sci U S A. 2023;120(50). doi: 10.1073/pnas.2316579120.

4. Lynch SV, Pedersen O. The human intestinal microbiome in health and disease. NEJM. 2016;375(24):2369-2379.
doi: 10.1056/NEJMral600266.

5. Stephen AM, Champ MM, Cloran SJ, Fleith M, van Lieshout L, Mejborn H, Burley VJ. Dietary fibre in Europe:
current state of knowledge on definitions, sources, recommendations, intakes and relationships to health. Nutr
Res Rev. 2017;30(2):149-190. doi: 10.1017/5095442241700004X.

6. Anderson JW, Baird P, Davis Jr RH, Ferreri S, Knudtson M, Koraym A, Waters V, Williams CL. Health benefits
of dietary fiber. Nutr Rev. 2009;67(4):188-205. doi: 10.1111/j.1753-4887.2009.00189.x.

7. Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall R, Rowland I, Wolvers D, Watzl B, Szajewska H,
Stahl B, et al. Prebiotic effects: metabolic and health benefits. Br ] Nutr. 2010;104(Suppl 2):S1-63. doi: 10.1017/
S0007114510003363.

8. Tucker LA, Thomas KS. Increasing total fiber intake reduces risk of weight and fat gains in women. J Nutr.
2009;139(3):576-581. doi: 10.3945/jn.108.096685.

9. InterAct Consortium Anneleen Dietary fibre and incidence of type 2 diabetes in eight European countries: the
EPIC-InterAct study and a meta-analysis of prospective studies. Diabetologia. 2015;58(7):1394-1408. doi:
10.1007/s00125-015-3585-9.

10. Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, Scott K, Stanton C, Swanson KS,
Cani PD, et al. Expert consensus document: the international scientific association for probiotics and prebiotics
(ISAPP) consensus statement on the definition and scope of prebiotics. Nat Rev Gastroenterol Hepatol.
2017;14(8):491-502. doi: 10.1038/nrgastro.2017.75.


http://orcid.org/0000-0002-3838-3241
http://orcid.org/0000-0002-2310-5548
http://orcid.org/0000-0002-4023-9230
http://orcid.org/0009-0003-6650-7824
http://orcid.org/0000-0002-6222-9092
http://orcid.org/0000-0002-6762-5350
http://orcid.org/0000-0002-8390-0607
http://orcid.org/0000-0001-8478-7020
http://orcid.org/0000-0002-6987-6751
https://www.ebi.ac.uk/ena/browser/view/PRJEB101198
https://doi.org/10.1038/nature18846
https://doi.org/10.1016/j.copbio.2015.01.002
https://doi.org/10.1073/pnas.2316579120
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1017/S095442241700004X
https://doi.org/10.1111/j.1753-4887.2009.00189.x
https://doi.org/10.1017/S0007114510003363
https://doi.org/10.1017/S0007114510003363
https://doi.org/10.3945/jn.108.096685
https://doi.org/10.1007/s00125-015-3585-9
https://doi.org/10.1038/nrgastro.2017.75

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

GUT MICROBES REPORTS e 17

Paineau D, Payen F, Panserieu S, Coulombier G, Sobaszek A, Lartigau I, Brabet M, Galmiche J, Tripodi D,
Sacher-Huvelin S, et al. The effects of regular consumption of short-chain fructo-oligosaccharides on digestive
comfort of subjects with minor functional bowel disorders. Br J Nutr. 2008;99(2):311-318. doi: 10.1017/
S000711450779894X.

de Vries J, Le Bourgot C, Calame W, Respondek F. Effects of beta-fructans fiber on bowel function: a systematic
review and meta-analysis. Nutrients. 2019;11(1):91. doi: 10.3390/nu11010091.

Le Bourgot C, Apper E, Blat S, Respondek F. Fructo-oligosaccharides and glucose homeostasis: a systematic
review and meta-analysis in animal models. Nutrition & Metabolism. 2018;15(1):9.

Le Bourgot C, Ferret-Bernard S, Blat S, Apper E, Le Huérou-Luron I. Short-chain fructooligosaccharide
supplementation during gestation and lactation or after weaning differentially impacts pig growth and IgA
response to vaccination. ] Funct Foods. 2016;24:307-315. doi: 10.1016/;.j{.2016.04.018.

Le Bourgot C, Le Normand L, Formal M, Respondek F, Blat S, Apper E, Ferret-Bernard S, Le Huérou-Luron 1.
Maternal short-chain fructo-oligosaccharide supplementation increases intestinal cytokine secretion, goblet cell
number, butyrate concentration and Lawsonia intracellularis humoral vaccine response in weaned pigs. Br |
Nutr. 2017;117(1):83-92. doi: 10.1017/S0007114516004268.

Holscher HD. Dietary fiber and prebiotics and the gastrointestinal microbiota. Gut Microbes. 2017;8(2):172-184.
doi: 10.1080/19490976.2017.1290756.

Azpiroz F, Molne L, Mendez S, Nieto A, Manichanh C, Mego M, Accarino A, Santos J, Sailer M, Theis S, et al.
Effect of chicory-derived inulin on abdominal sensations and bowel motor function. J Clin Gastroenterol.
2017;51(7):619-625. doi: 10.1097/MCG.0000000000000723.

Scott KP, Martin JC, Duncan SH, Flint HJ. Prebiotic stimulation of human colonic butyrate-producing bacteria
and bifidobacteria, in vitro. FEMS Microbiol Ecol. 2014;87(1):30-40. doi: 10.1111/1574-6941.12186.

Endo A, Tanno H, Kadowaki R, Fujii T, Tochio T. Extracellular fructooligosaccharide degradation in anaerostipes
hadrus for co-metabolism with non-fructooligosaccharide utilizers. Biochem Biophys Res Commun. 2022;613:81-86.
doi: 10.1016/j.bbrc.2022.04.134.

Riviere A, Riviére A, Selak M, Lantin D, Leroy F, De Vuyst L. Bifidobacteria and butyrate-producing colon
bacteria: importance and strategies for their stimulation in the human gut. Front Microbiol. 2016;7:979. doi:
10.3389/fmicb.2016.00979.

Louis P, Flint HJ. Formation of propionate and butyrate by the human colonic microbiota. Environ Microbiol.
2017;19(1):29-41. doi: 10.1111/1462-2920.13589.

Bouhnik Y, Raskine L, Simoneau G, Paineau D, Bornet F. The capacity of short-chain fructo-oligosaccharides to
stimulate faecal bifidobacteria: a dose-response relationship study in healthy humans. Nutr J. 2006;5:8. doi:
10.1186/1475-2891-5-8.

Payne AN, Zihler A, Chassard C, Lacroix C. Advances and perspectives in in vitro human gut fermentation
modeling. Trends Biotechnol. 2012;30(1):17-25. doi: 10.1016/j.tibtech.2011.06.011.

Dupont D, Alric M, Blanquet-Diot S, Bornhorst G, Cueva C, Deglaire A, Denis S, Ferrua M, Havenaar R,
Lelieveld ], et al. Can dynamic in vitro digestion systems mimic the physiological reality?. Crit Rev Food Sci
Nutr. 2019;59(10):1546-1562. doi: 10.1080/10408398.2017.1421900.

Venema K, van den Abbeele P. Experimental models of the gut microbiome. Best Pract Res Clin Gastroenterol.
2013;27(1):115-126. doi: 10.1016/j.bpg.2013.03.002.

Joos R, Boucher K, Lavelle A, Arumugam M, Blaser MJ, Claesson M]J, Clarke G, Cotter PD, De Sordi L, Dominguez-
Bello MG, et al. Examining the healthy human microbiome concept. Nat Rev Microbiol. 2024;23(3):192-205.
Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, Fernandes GR, Tap J, Bruls T, Batto J,
et al. Enterotypes of the human gut microbiome. Natur. 2011;473(7346):174-180. doi: 10.1038/nature09944.
Quince C, Walker AW, Simpson JT, Loman NJ, Segata N. Shotgun metagenomics, from sampling to analysis.
Nat Biotechnol. 2017;35(9):833-844. doi: 10.1038/nbt.3935.

Deehan EC, Walter J. The fiber gap and the disappearing gut microbiome: implications for human nutrition.
Trends Endocrinol Metab. 2016;27(5):239-242. doi: 10.1016/j.tem.2016.03.001.

Pham VT, Mohajeri MH. The application of in vitro human intestinal models on the screening and develop-
ment of pre- and probiotics. Benef Microbes. 2018;9(5):725-742. doi: 10.3920/BM2017.0164.

Nissen L, Casciano F, Gianotti A. Intestinal fermentation in vitro models to study food-induced gut microbiota
shift: an updated review. FEMS Microbiol Lett. 2020;367(12). doi: 10.1093/femsle/fnaa097.

Isenring J, Bircher L, Geirnaert A, Lacroix C. In vitro human gut microbiota fermentation models: opportuni-
ties, challenges, and pitfalls. Microbiome Res Rep. 2023;2(1):2. doi: 10.20517/mrr.2022.15.

Kang J, Yin S, Liu J, Li C, Wang N, Sun J, He J, Guo Q, Cui SW. Fermentation models of dietary fibre and -A
review. Food Hydrocolloids. 2022;131:107685. doi: 10.1016/j.foodhyd.2022.107685.

Dubuisson C, Dufour A, Carrillo S, Drouillet-Pinard P, Havard S, Volatier J. The third French individual and
national food consumption (INCA3) survey 2014-2015: method, design and participation rate in the framework of a
European harmonization process. Public Health Nutr. 2019;22(4):584-600. doi: 10.1017/S1368980018002896.
Juste C, Kreil DP, Beauvallet C, Guillot A, Vaca S, Carapito C, Mondot S, Sykacek P, Sokol H, Blon F, et al. Bacterial
protein signals are associated with Crohn's disease. Gut. 2014;63(10):1566-1577. doi: 10.1136/gutjnl-2012-303786.


https://doi.org/10.1017/S000711450779894X
https://doi.org/10.1017/S000711450779894X
https://doi.org/10.3390/nu11010091
https://doi.org/10.1016/j.jff.2016.04.018
https://doi.org/10.1017/S0007114516004268
https://doi.org/10.1080/19490976.2017.1290756
https://doi.org/10.1097/MCG.0000000000000723
https://doi.org/10.1111/1574-6941.12186
https://doi.org/10.1016/j.bbrc.2022.04.134
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1186/1475-2891-5-8
https://doi.org/10.1016/j.tibtech.2011.06.011
https://doi.org/10.1080/10408398.2017.1421900
https://doi.org/10.1016/j.bpg.2013.03.002
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nbt.3935
https://doi.org/10.1016/j.tem.2016.03.001
https://doi.org/10.3920/BM2017.0164
https://doi.org/10.1093/femsle/fnaa097
https://doi.org/10.20517/mrr.2022.15
https://doi.org/10.1016/j.foodhyd.2022.107685
https://doi.org/10.1017/S1368980018002896
https://doi.org/10.1136/gutjnl-2012-303786

18 e C. BRESSUIRE ET AL.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Burz SD, Abraham A, Fonseca F, David O, Chapron A, Béguet-Crespel F, Cénard S, Le Roux K, Patrascu O,
Levenez F, et al. A guide for ex vivo handling and storage of stool samples intended for fecal microbiota
transplantation. Sci Rep. 2019;9(1):8897. doi: 10.1038/541598-019-45173-4.

Macfarlane GT, Macfarlane S, Gibson GR. Validation of a three-stage compound continuous culture system for
investigating the effect of retention time on the ecology and metabolism of bacteria in the human colon. Microb
Ecol. 1998;35(2):180-187. doi: 10.1007/s002489900072.

Yu Z, Morrison M. Comparisons of different hypervariable regions of rrs genes for use in fingerprinting of
microbial communities by PCR-denaturing gradient gel electrophoresis. Appl Environ Microbiol.
2004;70(8):4800-4806. doi: 10.1128/AEM.70.8.4800-4806.2004.

Maidak BL, Cole JR, Lilburn TG, Parker CT, Jr, Saxman PR, Farris R], Garrity GM, Olsen GJ, Schmidt TM,
Tiedje JM. The RDP-II (Ribosomal Database Project). Nucleic Acids Res. 2001;29(1):173-174. doi: 10.1093/nar/
29.1.173.

Plaza Onate F, Plaza Onate F, Le Chatelier E, Almeida M, Cervino ACL, Gauthier F, Magoules F, Ehrlich SD,
Pichaud M, Wren J. MSPminer: abundance-based reconstitution of microbial pan-genomes from shotgun
metagenomic data. Bioinformatics. 2019;35(9):1544-1552. doi: 10.1093/bioinformatics/bty830.

Furet JP, Firmesse O, Gourmelon M, Bridonneau C, Tap J, Mondot S, DorA®© J, Corthier G. Comparative
assessment of human and farm animal faecal microbiota using real-time quantitative PCR. FEMS Microbiol
Ecol. 2009;68(3):351-362. doi: 10.1111/.1574-6941.2009.00671 .

Suzuki MT, Taylor LT, DeLong EF. Quantitative analysis of small-subunit rRNA genes in mixed microbial populations
via 5'-nuclease assays. Appl Environ Microbiol. 2000;66(11):4605-4614. doi: 10.1128/AEM.66.11.4605-4614.2000.
Rinttila T, Kassinen A, Malinen E, Krogius L, Palva A. Development of an extensive set of 16S rDNA-targeted
primers for quantification of pathogenic and indigenous bacteria in faecal samples by real-time PCR. J Appl
Microbiol. 2004;97(6):1166-1177. doi: 10.1111/j.1365-2672.2004.02409.x.

Vollmer M, Schréter D, Esders S, Neugart S, Farquharson FM, Duncan SH, Schreiner M, Louis P, Maul R, Rohn
S. Chlorogenic acid versus amaranth's caffeoylisocitric acid - gut microbial degradation of caffeic acid
derivatives. Food Res Int. 2017;100(Pt 3):375-384. doi: 10.1016/j.foodres.2017.06.013.

Bartosch S, Fite A, Macfarlane GT, McMurdo MET. Characterization of bacterial communities in feces from healthy
elderly volunteers and hospitalized elderly patients by using real-time PCR and effects of antibiotic treatment on the
fecal microbiota. Appl Environ Microbiol. 2004;70(6):3575-3581. doi: 10.1128/AEM.70.6.3575-3581.2004.
Ramirez-Farias C, Slezak K, Fuller Z, Duncan A, Holtrop G, Louis P. Effect of inulin on the human gut
microbiota: stimulation of and. Br J Nutr. 2009;101(4):541-550. doi: 10.1017/S0007114508019880.

Collado MC, Derrien M, Isolauri E, de Vos WM, Salminen S. Intestinal integrity and Akkermansia mucini-
phila, a mucin-degrading member of the intestinal microbiota present in infants, adults, and the elderly. Appl
Environ Microbiol. 2007;73(23):7767-7770. doi: 10.1128/AEM.01477-07.

Kageyama A, Benno Y. Rapid detection of human fecal eubacterium species and related genera by nested PCR
method. Microbiol Immunol. 2001;45(4):315-318. doi: 10.1111/j.1348-0421.2001.tb02624.x.

Chen S. Ultrafast one-pass FASTQ data preprocessing, quality control, and deduplication using fastp. Imeta.
2023;2(2):e107. doi: 10.1002/imt2.107.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012;9(4):357-359. doi:
10.1038/nmeth.1923.

Ghozlane A, Thirion F, Plaza Ofiate F, Gauthier F, Le Chatelier E, Annamalé A, Almeida M, Ehrlich SD, Pons N.
Accurate profiling of microbial communities for shotgun metagenomic sequencing with Meteor2. Microbiome.
2025;13(1):227.

Plaza Onate F, Pons N, Gauthier F, Almeida M, Ehrlich SD, Le Chatelier E. Updated metagenomic species pan-
genomes (MSPs) of the human gastrointestinal microbiota. Recherche Data Gouv. 2021;5.

Le Chatelier E, Almeida M, Plaza Onate F, Pons N, Gauthier F, Ghozlane A, Ehrlich SD, Witherden E, Gomez-
Cabrero D. A catalog of genes and species of the human oral microbiota. 2021.

Zheng J, Ge Q, Yan Y, Zhang X, Huang L, Yin Y. DbCAN3: automated carbohydrate-active enzyme and
substrate annotation. Nucleic Acids Res. 2023;51(W1):W115-W121. doi: 10.1093/nar/gkad328.

Goulet L, Onate FP, Famechon A, Quinquis B, Belda E, Prifti E, Le Chatelier E, Gautreau G. CoDeEL: accurate
control-free detection of cross-sample contamination in metagenomic data. bioRxiv. 2025. 2025-01.

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in performance
and usability. Mol Biol Evol. 2013;30(4):772-780. doi: 10.1093/molbev/mst010.

Drula E, Garron M, Dogan S, Lombard V, Henrissat B, Terrapon N. The carbohydrate-active enzyme database:
functions and literature. Nucleic Acids Res. 2022;50(D1):D571-D577. doi: 10.1093/nar/gkab1045.

Lemoine F, Gascuel O. Gotree/Goalign: toolkit and go API to facilitate the development of phylogenetic
workflows. NAR Genom Bioinform. 2021;3(3):1qab075. doi: 10.1093/nargab/lqab075.

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von Haeseler A, Lanfear R. Corrigendum
to: IQ-TREE 2: new models and efficient methods for phylogenetic inference in the genomic era. Mol Biol Evol.
2020;37(8):2461-2461. doi: 10.1093/molbev/msaal31.

Letunic I, Bork P. Interactive tree of life (iTOL) v6: recent updates to the phylogenetic tree display and
annotation tool. Nucleic Acids Res. 2024;52(W1):W78-W82. doi: 10.1093/nar/gkae268.


https://doi.org/10.1038/s41598-019-45173-4
https://doi.org/10.1007/s002489900072
https://doi.org/10.1128/AEM.70.8.4800-4806.2004
https://doi.org/10.1093/nar/29.1.173
https://doi.org/10.1093/nar/29.1.173
https://doi.org/10.1093/bioinformatics/bty830
https://doi.org/10.1111/j.1574-6941.2009.00671.x
https://doi.org/10.1128/AEM.66.11.4605-4614.2000
https://doi.org/10.1111/j.1365-2672.2004.02409.x
https://doi.org/10.1016/j.foodres.2017.06.013
https://doi.org/10.1128/AEM.70.6.3575-3581.2004
https://doi.org/10.1017/S0007114508019880
https://doi.org/10.1128/AEM.01477-07
https://doi.org/10.1111/j.1348-0421.2001.tb02624.x
https://doi.org/10.1002/imt2.107
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/nar/gkad328
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/nar/gkab1045
https://doi.org/10.1093/nargab/lqab075
https://doi.org/10.1093/molbev/msaa131
https://doi.org/10.1093/nar/gkae268

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

GUT MICROBES REPORTS e 19

Tanno H, Fujii T, Hirano K, Maeno S, Tonozuka T, Sakamoto M, Ohkuma M, Tochio T, Endo A.
Characterization of fructooligosaccharide metabolism and fructooligosaccharide-degrading enzymes in
human commensal butyrate producers. Gut Microbes. 2021;13(1):1-20. doi: 10.1080/19490976.2020.1869503.
Liu Y, Gibson GR, Walton GE. An in vitro approach to study effects of prebiotics and probiotics on the faecal
microbiota and selected immune parameters relevant to the elderly. PLoS One. 2016;11(9):e0162604. doi:
10.1371/journal.pone.0162604.

McDonald JA, Schroeter K, Fuentes S, Heikamp-deJong I, Khursigara CM, de Vos WM, Allen-Vercoe E.
Evaluation of microbial community reproducibility, stability and composition in a human distal gut chemostat
model. ] Microbiol Methods. 2013;95(2):167-174. doi: 10.1016/j.mimet.2013.08.008.

Gianotti A, Marin V, Cardone G, Bordoni A, Mancini E, Magni M, Pichler A, Ciani S, Polenghi O, Cerne VL,
et al. Personalized and precise functional assessment of innovative flatbreads toward the colon microbiota of
people with metabolic syndrome: results from an in vitro simulation. Food Res Int. 2025;209:116197. doi:
10.1016/j.foodres.2025.116197.

Paineau D, Payen F, Panserieu S, Coulombier G, Sobaszek A, Lartigau I, Brabet M, Galmiche J, Tripodi D, Sacher-
Huvelin §, et al. The effects of regular consumption of short-chain fructo-oligosaccharides on digestive comfort of
subjects with minor functional bowel disorders. Br ] Nutr. 2008;99(2):311-318. doi: 10.1017/5000711450779894X.
Azpiroz F, Dubray C, Bernalier-Donadille A, Cardot J, Accarino A, Serra J, Wagner A, Respondek F, Dapoigny
M. Effects of scFOS on the composition of fecal microbiota and anxiety in patients with irritable bowel
syndrome: a randomized, double blind, placebo controlled study. Neurogastroenterol Motil. 2017;29(2). doi:
10.1111/nmo.12911.

Le Bourgot C, Rigaudier F, Juhel C, Herpin F, Meunier C. Gastrointestinal tolerance of short-chain fructo-
oligosaccharides from sugar beet: an observational, connected, dose-ranging study in healthy volunteers.
Nutrients. 2022;14(7):1461. doi: 10.3390/nu14071461.

Le Bourgot C, Capronnier O, Graf S, Carton T. Targeting gut microbiota with short-chain fructo-
oligosaccharides prebiotic fibers to support metabolic health in overweight prediabetic adults: a randomized,
double-blinded, placebo-controlled study. Front Nutr. 2025;12:1718169. doi: 10.3389/fnut.2025.1718169.

Lee S, Portlock T, Le Chatelier E, Garcia-Guevara F, Clasen F, Onate FP, Pons N, Begum N, Harzandi A, Proffitt
C, et al. Global compositional and functional states of the human gut microbiome in health and disease.
Genome Res. 2024;34(6):967-978. doi: 10.1101/gr.278637.123.

Martin-Gallausiaux C, Marinelli L, Blottiéere HM, Larraufie P, Lapaque N. SCFA: mechanisms and functional
importance in the gut. Proc Nutr Soc. 2021;80(1):37-49. doi: 10.1017/50029665120006916.

Hays KE, Pfaffinger JM, Ryznar R. The interplay between gut microbiota, short-chain fatty acids, and implications
for host health and disease. Gut Microbes. 2024;16(1):2393270. doi: 10.1080/19490976.2024.2393270.
Mukhopadhya I, Louis P. Gut microbiota-derived short-chain fatty acids and their role in human health and
disease. Nat Rev Microbiol. 2025;23(10):635-651. doi: 10.1038/s41579-025-01183-w.

Yan H, Ajuwon KM. Butyrate modifies intestinal barrier function in IPEC-J2 cells through a selective upregulation
of tight junction proteins and activation of the Akt signaling pathway. PLoS One. 2017;12(6):e0179586. doi: 10.1371/
journal.pone.0179586.

Parada-Venegas D, Parada-Venegas D, De la Fuente Lopez M, Dubois-Camacho K, Landskron G, Blokzijl T,
Molina H, Casanova M, Cui Y, Liu M, et al. Butyrate suppresses mucosal inflammation in inflammatory bowel
disease primarily through HDAC3 inhibition in monocytes and macrophages. FEBS J. 2025;292(22):6134-6157.
doi: 10.1111/febs.70289.

Zheng L, Kelly CJ, Battista KD, Schaefer R, Lanis JM, Alexeev EE, Wang RX, Onyiah JC, Kominsky D], Colgan
SP. Microbial-derived butyrate promotes epithelial barrier function through IL-10 receptor-dependent repres-
sion of Claudin-2. ] Immunol. 2017;199(8):2976-2984. doi: 10.4049/jimmunol.1700105.

Marinelli L, Martin-Gallausiaux C, Bourhis ], Béguet-Crespel F, Blottiére HM, Lapaque N. Identification of the
novel role of butyrate as AhR ligand in human intestinal epithelial cells. Sci Rep. 2019;9(1):643. doi: 10.1038/
s41598-018-37019-2.

Fagundes RR, Belt SC, Bakker BM, Dijkstra G, Harmsen HJ, Faber KN. Beyond butyrate: microbial fiber
metabolism supporting colonic epithelial homeostasis. Trends Microbiol. 2024;32(2):178-189. doi: 10.1016/
j.tim.2023.07.014.

Frost G, Sleeth ML, Sahuri-Arisoylu M, Lizarbe B, Cerdan S, Brody L, Anastasovska J, Ghourab S, Hankir M,
Zhang S, et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat
Commun. 2014;5:3611. doi: 10.1038/ncomms4611.

Perry R], Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, Petersen KF, Kibbey RG, Goodman AL,
Shulman GI. Acetate mediates a microbiome-brain-beta-cell axis to promote metabolic syndrome. Natur.
2016;534(7606):213-217. doi: 10.1038/nature18309.

Hosmer J, McEwan AG, Kappler U. Bacterial acetate metabolism and its influence on human epithelia. Emerg
Top Life Sci. 2024;8(1):1-13.

Allen-Vercoe E, Daigneault M, White A, Panaccione R, Duncan SH, Flint HJ, O'Neal L, Lawson PA.
Anaerostipes hadrus comb. Nov., a dominant species within the human colonic microbiota; reclassification
of Eubacterium hadrum Moore et al. 1976. Anaerobe. 2012;18(5):523-529. doi: 10.1016/j.anaerobe.2012.09.002.


https://doi.org/10.1080/19490976.2020.1869503
https://doi.org/10.1371/journal.pone.0162604
https://doi.org/10.1016/j.mimet.2013.08.008
https://doi.org/10.1016/j.foodres.2025.116197
https://doi.org/10.1017/S000711450779894X
https://doi.org/10.1111/nmo.12911
https://doi.org/10.3390/nu14071461
https://doi.org/10.3389/fnut.2025.1718169
https://doi.org/10.1101/gr.278637.123
https://doi.org/10.1017/S0029665120006916
https://doi.org/10.1080/19490976.2024.2393270
https://doi.org/10.1038/s41579-025-01183-w
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.1111/febs.70289
https://doi.org/10.4049/jimmunol.1700105
https://doi.org/10.1038/s41598-018-37019-2
https://doi.org/10.1038/s41598-018-37019-2
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1038/nature18309
https://doi.org/10.1016/j.anaerobe.2012.09.002

20 e C. BRESSUIRE ET AL.

82.

83.

84.

85.

86.

87.

88.

89.

Tanno H, Sassa T, Sawai M, Kihara A. Production of branched-chain very-long-chain fatty acids by fatty acid
elongases and their tissue distribution in mammals. Biochim Biophys Acta Mol Cell Biol Lipids. 2021;1866(1):158842.
doi: 10.1016/j.bbalip.2020.158842.

Shinoda A, Lkhagvajav T, Mishima R, Therdtatha P, Jamiyan D, Purevdorj C, Sonomtseren S, Chimeddorj B,
Namdag B, Lee YK, et al. Gut microbiome signatures associated with type 2 diabetes in obesity in Mongolia.
Front Microbiol. 2024;15:1355396. doi: 10.3389/fmicb.2024.1355396.

Bhattacharjee D, Flores C, Woelfel-Monsivais C, Seekatz AM, Britton RA. Diversity and prevalence of Clostridium
innocuum in the human gut microbiota. mSphere. 2023;8(1):0056922. doi: 10.1128/msphere.00569-22.
Chiang-Ni C, Huang J, Hsu C, Lo Y, Chen YM, Lai C, Chiu C. Genetic diversity, biofilm formation, and
vancomycin resistance of clinical Clostridium innocuum isolates. BMC Microbiol. 2024;24(1):353. doi: 10.1186/
s12866-024-03503-1.

Chen S, Zhang Z, Liu S, Lu Z, Zhao W, Mou X. Consistent signatures in the human gut microbiome of
longevous populations. Gut Microbes. 2024;16(1):2393756. doi: 10.1080/19490976.2024.2393756.

Thirion F, Da Silva K, Plaza Onate F, Alvarez A, Thabuis C, Pons N, Berland M, Le Chatelier E, Galleron N,
Levenez F, et al. Diet supplementation with NUTRIOSE, a resistant dextrin, increases the abundance of
Parabacteroides distasonis in the human gut. Mol Nutr Food Res. 2022;66(11):2101091. doi: 10.1002/
mnfr.202101091.

Healey G, Murphy R, Butts C, Brough L, Whelan K, Coad J. Habitual dietary fibre intake influences gut
microbiota response to an inulin-type fructan prebiotic: a randomised, double-blind, placebo-controlled, cross-
over, human intervention study. Br J Nutr. 2018;119(2):176-189. doi: 10.1017/S0007114517003440.

Le Blay G, Michel C, Blottiere HM, Cherbut C. Prolonged intake of fructo-oligosaccharides induces a short-
term elevation of lactic acid-producing bacteria and a persistent increase in cecal butyrate in rats. ] Nutr.
1999;129(12):2231-2235. doi: 10.1093/jn/129.12.2231.


https://doi.org/10.1016/j.bbalip.2020.158842
https://doi.org/10.3389/fmicb.2024.1355396
https://doi.org/10.1128/msphere.00569-22
https://doi.org/10.1186/s12866-024-03503-1
https://doi.org/10.1186/s12866-024-03503-1
https://doi.org/10.1080/19490976.2024.2393756
https://doi.org/10.1002/mnfr.202101091
https://doi.org/10.1002/mnfr.202101091
https://doi.org/10.1017/S0007114517003440
https://doi.org/10.1093/jn/129.12.2231

	Abstract
	Introduction
	Materials and methods
	Ethics approval and consent to participate
	Human participants recruitment
	Preparation of Residue-free microbiota (RFM)
	Short-chain fructo-oligosaccharides characteristics
	Ex vivo continuous fermentations
	Short-chain fatty acid
	Enumeration of total bacteria
	Bacterial reference strains, DNA isolation, and quantitative PCR (qPCR)
	Shotgun sequencing
	Metagenomic profiling
	GH32 phylogenetic analysis
	Statistical analysis

	Results
	Establishment and stabilization of a reproducible human gut microbiota model in ex vivo fermenters
	Dose-dependent impact of scFOS on human gut microbiota composition and metabolite production
	Impact of scFOS on gut microbiota composition
	Carbohydrate-active enzyme profiles of species impacted by scFOS

	Discussion
	Acknowledgments
	Author contributions
	Disclosure of potential conflicts of interest
	Funding
	ORCID
	Data availability statement
	Ethics approval
	References

