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Abstract: The human gut microbiome is currently recognized to play a vital role in human biology
and development, with diet as a major modulator. Therefore, novel indigestible polysaccharides
that confer a health benefit upon their fermentation by the microbiome are under investigation.
Based on the recently demonstrated prebiotic potential of a carrot-derived pectin extract enriched for
rhamnogalacturonan I (cRG-I), the current study aimed to assess the impact of cRG-I upon repeated
administration using the M-SHIME technology (3 weeks at 3g cRG-I/d). Consistent effects across
four simulated adult donors included enhanced levels of acetate (+21.1 mM), propionate (+17.6 mM),
and to a lesser extent butyrate (+4.1 mM), coinciding with a marked increase of OTUs related to
Bacteroides dorei and Prevotella species with versatile enzymatic potential likely allowing them to serve
as primary degraders of cRG-I. These Bacteroidetes members are able to produce succinate, explaining
the consistent increase of an OTU related to the succinate-converting Phascolarctobacterium faecium

(+0.47 log10(cells/mL)). While the Bifidobacteriaceae family remained unaffected, a specific OTU
related to Bifidobacterium longum increased significantly upon cRG-I treatment (+1.32 log10(cells/mL)).
Additional monoculture experiments suggested that Bifidobacterium species are unable to ferment
cRG-I structures as such and that B. longum probably feeds on arabinan and galactan side chains of
cRG-I, released by aforementioned Bacteroidetes members. Overall, this study confirms the prebiotic
potential of cRG-I and additionally highlights the marked consistency of the microbial changes
observed across simulated subjects, suggesting the involvement of a specialized consortium in cRG-I
fermentation by the human gut microbiome.

Keywords: pectin; rhamnogalacturonan I; Bifidobacteriaceae; Bacteroides dorei; acetate; propionate;
in vitro

1. Introduction

Over the past decades, it became clear that the human gut microbiome constitutes an
overlooked system that makes a significant contribution to human biology and develop-
ment [1]. Observational studies applying metabolomics and metagenomics have largely
broadened our understanding on how the human gut microbiota is associated with, among
other things, obesity-related diseases [2], liver diseases [3], inflammatory bowel disease
(IBD) [4], and colorectal cancer [5]. A key function of the gut microbiome consists in the
fermentation of carbohydrates in the colon, resulting among other things in the production
of short-chain fatty acids (SCFA) [6], mainly including acetate, propionate, and butyrate,
which have each been related to particular health benefits as reviewed elsewhere [7–10].
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Among the hundreds of gut microbes, Bacteroides species display diverse and versatile gly-
can metabolising capabilities, allowing them to ferment extremely complex glycans [11–14],
with other members such as Bifidobacterium species growing on the polysaccharide degrada-
tion products and metabolites [15]. In contrast to the beneficial effect of fiber fermentation,
fermentation of amino acids results in the formation of potentially detrimental compounds
(e.g., phenols, cresol, and hydrogen sulfide), contributing to IBD or colon cancer [16]. Due
to the purported role of dietary fiber and plant-based foods to inhibit such detrimental
effects, there is a good rationale for developing functional foods that improve gut health
via their impact on the gut microbiome [1].

Besides probiotics and polyphenols, prebiotic carbohydrates that are defined as sub-
strates that are selectively utilized by beneficial host microorganisms [17] are widely studied
for their health-promoting properties. While fructans such as fructo-oligosaccharides [18]
and inulin [19] have well-established prebiotic effects, novel classes of prebiotics include,
amongst others, human milk oligosaccharides [20], arabinoxylans [21], and a specific
class of pectin-derived polysaccharides such as rhamnogalacturonan-1 (RG-I) [22–24].
The backbone of RG-I consists of repeated units of the disaccharide [-4)-α-D-galacturonic
acid-(1,2)-α-L-rhamnose-(1] with sidechains comprising mainly D-galactose (~galactans),
L-arabinose (~arabinans), and D-xylose (~xylans) branching off the rhamnose residues [23].
These sidechains, varying in composition and length, offer RG-I a structural complexity
that requires the concerted action of different enzymes provided by a microbial consor-
tium to be fermented [25]. The development and demonstration of functionality of a
particular source of RG-I relevant for the current paper, i.e., carrot-derived RG-I (cRG-I),
was recently reviewed by McKay et al. [26]. A clear immunostimulatory activity could
be attributed to cRG-I both in vitro and in vivo, while in vitro studies demonstrated its
capacity to modulate the human gut microbiota [27].

The lack of access to the in vivo site of activity combined with SCFA being rapidly
absorbed [28] makes it very difficult to draw meaningful conclusions on SCFA produc-
tion in vivo unless complex techniques such as a stable-isotope dilution method are ap-
plied [29]. The use of in vitro models has been recognized as an established solution to
overcome this issue [30]. These models range from fecal batch incubation strategies [27,31]
to pH-controlled reactor systems [32–35], each having their distinct benefits and potential
drawbacks. An important aspect to take into account in gut microbiome research is the
currently well-established considerable inter-individual differences among donors [36],
which can greatly impact the results of dietary interventions [37] or in vitro outcomes of
fiber fermentation [31]. In vitro studies should thus ideally include several test donors.

This study aimed to investigate the impact of repeated administration of cRG-I on the
luminal and mucosal gut microbiota, while addressing potential interindividual differences
among subjects. This complements the data of an earlier study where cRG-I treatment
was evaluated over 2 days in batch fermentations [27]. cRG-I has earlier been shown
to display immune modulation properties in vitro and to stimulate the innate immune
response in healthy human subjects [26]. The data described in this paper thus support
that cRG-I exerts a dual mode of action by impacting both the host immune system and
gut microbiota.

2. Materials and Methods

2.1. Chemicals

All chemicals were obtained from Sigma (Bornem, Belgium) unless otherwise stated.
cRG-I (same substrate as tested in [27]) was supplied by Nutrileads (Wageningen, The
Netherlands). The extract is highly enriched (80%) in the RG-I domain of pectin. Details on
extraction method and extract characterization have been published in [26]. The monosac-
charide composition of cRG-I is (% mol/mol): rhamnose, 14.3; arabinose, 34.8; galactose,
19.6; fucose, 0.8; glucose, 4.3; mannose, 0.9; xylose, 0.7; galacturonic acid, 25.
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2.2. Mucosal Simulator of the Human Intestinal Microbial Ecosystem (M-SHIME®)

The computer-controlled, automated SHIME® technology (ProDigest, University of
Ghent, Ghent, Belgium) was used to conduct the current study. In terms of reactor design,
the classical M-SHIME® setup was modified to allow parallel comparison of fermenta-
tion by four fecal samples, leading to a quad-M-SHIME setting, i.e., four parallel units,
each comprising three sequential reactors (Figure 1A). The first reactor was a combined
stomach/small intestinal reactor (ST/SI), while the other reactors simulated the proximal
colon (PC) and distal colon (DC), respectively. In contrast to the ST/SI reactor that was
operated according to a fill-and-draw principle, the PC and DC reactors had a fixed volume
of 500 and 800 mL, respectively. The pH of the PC and DC was controlled within fixed
intervals (at 5.7–5.9 and 6.6–6.9, respectively) via the addition of 0.5M NaOH and 0.5M HCl.
Besides a luminal phase, each colonic reactor also contained 60 mucin-coated microcosms
(AnoxKaldnes K1carrier, AnoxKaldnes AB, Lund, Sweden) prepared according to Van den
Abbeele et al. [38] to allow simulation of the mucosal microbiota. 50% of the mucin beads
were renewed three times per week (i.e., on Monday, Wednesday, and Friday) by opening
the reactors as described recently [39]. All reactors were airtight, continuously agitated
(300 rpm), and temperature controlled (37 ◦C). Anaerobiosis was maintained by flushing
the headspace of all reactors once per day with nitrogen gas (Parker Balston Nitrogen
Generator UHPN2-1100, CompAir Geveke, Vilvoorde, Belgium).

−
−

Figure 1. (A) Reactor configuration and (B) timeline together with performed analysis of quad-M-SHIME experiment
during which the potential prebiotic effect of cRGI was investigated for four human adult donors (1, 2, 3, and 4).
bCFA = branched-chain fatty acids, cRG-I = carrot-derived Rhamnogalacturonan I, DC = distal colon, PC = proximal
colon, SCFA = short-chain fatty acids, quad-M-SHIME = Mucosal Simulator of the Human Intestinal Microbial Ecosystem
with four parallel units. ST-SI = stomach–small Intestine.

The experiment consisted of a stabilization (Day −14 to 0), control (Day 0 to 14), and
cRG-I treatment period (Day 14 to 35) (Figure 1B). At day −14, the PC and DC reactors of
each of the four units were filled with 500/800mL SHIME nutritional medium (ProDigest,
Belgium) and inoculated with a fecal slurry (5% v/v) of one of the four donors under
investigation (Donor 1 (f, 29), 2 (m, 27), 3 (f, 32), or 4 (f, 33)), prepared according to
Moens et al. [40]. All donors were healthy with a normal BMI and did not use antibiotics
during the last 6 months prior to this study. Each arm received three feeding cycles
per day of 140 mL of SHIME nutritional medium. During the simulation of the small
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intestine, 60 mL of bile/pancreatic fluid (oxgall (6 g/L), sodium bicarbonate (12.5 g/L),
and porcine pancreatin (0.9 g/L)) was added to the reactor. The content of the reactor was
then pumped to PC and to the DC. Excess liquid was removed from the DC reactor to the
waste vessel. While the SHIME® was operated according to its standard parameters during
the stabilization and control period (Day −14 to 0 and Day 0 to 14), cRG-I was added at
7.14 g/L in the nutritional medium between Days 14 to 35. Upon repeated administration
(three times per day) and upon dilution with bile/pancreatic juice during each feeding
cycle (140/200 ratio), this would thus result in a theoretical maximal concentration of 5 g/L
in the PC and DC region.

To ensure proper operation of the SHIME model and avoid potential issues with
stability over time, quality control was performed according to in-house procedures. Briefly,
this involved a weekly verification of the accuracy of pumped volumes via a mock feeding
cycle (allowing to verify the accuracy of pumped nutritional medium and bile/pancreatic
fluid) together with a weekly check of the pH value inside the reactors via an external pH
probe (Senseline pH meter F410 (ProSense, Oosterhout, The Netherlands).

2.3. Microbial Activity Analysis

The SHIME software (ProDigest, Ghent University, Ghent, Belgium) allowed for the
online monitoring of base (0.5M NaOH) and acid (0.5 M HCl) consumption that was
required to control the pH within the desired interval (5.7–5.9 for PC and 6.6–6.9 for
DC). Therefore, a first indication on microbial activity was obtained via calculating the
‘base–acid consumption’ (mL/day). Short-chain fatty acid (SCFA; acetate, propionate, and
butyrate) and branched-chain fatty acids levels (bCFA: sum of isobutyrate, isovalerate, and
isocaproate) were measured using the GC-FID method described by De Weirdt et al. [41].
This method involves the extraction of SCFA from samples with diethyl ether after the
addition of 2-methyl hexanoic acid as an internal standard. Finally, ammonium was
quantified via steam distillation, followed by titrimetric determination with HCl [42].

2.4. Microbial Composition Analysis

DNA was extracted from pelleted bacterial cells derived from a 1 mL sample as
described by Boon et al. [43] with modifications implemented by Duysburgh et al. [44].
Samples were collected on the final day of the control and treatment periods. Microbial
community profiling via 16S-rDNA targeted Illumina sequencing (LGC Genomics GmbH,
Berlin, Germany) was performed as described recently [27]. As described in [45,46], the
sequencing analysis was adapted from the MiSeq protocol for read assembly and cleanup
using the mothur software (v. 1.39.5) according to following procedures. First, reads were
assembled into contigs, followed by alignment-based quality filtering via alignment to the
mothur-reconstructed SILVA SEED alignment (v. 123). Upon removing chimeras, taxonomy
was assigned via a naïve Bayesian classifier [47] and RDP release 14 [48]. Finally, contigs
were clustered into OTUs at 97% sequence similarity. Across samples, the total number
of raw reads was on average 75,210 (minimum = 22,312; maximum = 144,386), while
the final number of combined reads was on average 35,116 (minimum 10484; maximum
66,947). Rarefaction curves were made with the software Past 4.03 [49] to confirm that
the sequencing depth allowed to grasp the microbial diversity of samples of the four
investigated regions (lumen and mucus of simulated proximal and distal colon). For each
OTU, representative sequences were selected as the most abundant sequence within that
OTU. The obtained results were presented as proportional values (accounting for the
total amount of sequences within each sample) at different taxonomic entities (phylum,
family, and OTU level). The proportional phylogenetic information was combined with
an accurate quantification of the total amount of cells via flow cytometry to obtain a
quantification of each of the aforementioned three taxonomic levels. Flow cytometry was
performed as described by Van den Abbeele et al. [27]. Briefly, upon dilution in Dulbecco’s
Phosphate-buffered Saline (DPBS) (Sigma–Aldrich, Bornem, Belgium) and staining with
0.01 mM SYTO24 (Life Technologies Europe, Merelbeke, Belgium), samples were analyzed
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on a BD Facsverse (BDBiosciences, Erembodegem, Belgium) and analyzed using FlowJo,
version 10.5.2. The strength of combining sequencing data with cell counts is that samples
with different cell densities can be compared more optimally [50]. It should be noted that
the data obtained after multiplying sequencing data (%) with cell numbers derived from
flow cytometry (cells/mL) result in an amount of a given taxonomic group (cells/mL).
This should be considered as an estimated amount given that the output of the sequencing
analysis in reads is also only providing an estimated abundance since one microbial cell
can have multiple copies of the 16S rRNA gene and the number of copies can also differ
between microbial species.

2.5. Bifidobacteria Growth Experiments on cRG-I

An additional experiment was performed to assess the potential growth of
20 Bifidobacterium strains on cRG-I (Table S2). For this purpose, the various strains were
grown on LMG medium 144 agar (composition (g/L): special peptone (23), soluble starch
(1), NaCl (5), cysteine hydrochloride (0.3), glucose (5), agar (15)) containing glucose (posi-
tive control), without glucose (negative control), or with cRG-I (0.5% w/v) instead of glucose
(n = 2). Per plate, 2 × 50 µL of cell suspension was inoculated. Inocula were prepared
by suspending cells from 48 h old cultures from the second or third generation on LMG
medium 144 in saline (0.85% w/v). Results were read after 72 h of incubation at 37 ◦C
under anaerobic conditions. Growth on cRG-I was scored after visual comparison to the
positive and negative controls by one and the same researcher.

2.6. Statistics

For exploratory data analysis, principal component analysis (PCA) was performed for
both metabolic (acidification, acetate, propionate, butyrate, bCFA, and ammonium) and
compositional data (10 most abundant families as detected via 16S rDNA-targeted Illu-
mina sequencing across all samples, i.e., Bifidobacteriaceae, Bacteroidaceae, Prevotellaceae,
Acidaminococcaceae, Lachnospiraceae, Ruminococcaceae, Veillonellaceae, Desulfovibrionaceae,
Synergistaceae, and Akkermansiaceae) via the online tool http://biit.cs.ut.ee/clustvis/ (acces-
sion date: 06/05/2021) [51]. The averages of each of the four donors were calculated for
each readout, after which paired two-sided t-tests were performed to identify significant
effects valid across donors. As there were, respectively, two and four comparisons for
metabolic (=within PC and DC) and compositional endpoints (=within PC and DC, both
for lumen and mucus), multiplicity was corrected using the Benjamini–Hochberg false dis-
covery rate (FDR, with FDR = 0.10 for metabolic markers and FDR = 0.20 for 16S-targeted
Illumina data) [52]. All calculations were carried out in Excel, while figures were prepared
in the GraphPad Prism v9.1.1 software.

3. Results

3.1. cRG-I Consistently Stimulated Microbial Activity in the Simulated Proximal and Distal Colon
of Four Human Adults Tested in the Quad-M-SHIME

To gain insight into overall changes of microbial activity upon cRG-I treatment, the
data were presented in two ways: (i) PCAs (Figure 2) and (ii) longitudinal SCFA levels as
normalized versus the control period (Figures 3 and S1). Additionally, non-normalized
data are presented as supplementary information (Figure S2).

First, the PCAs based on the metabolic data explained a great part of the overall
variation, i.e., 95.6% and 89.3% for the PC and DC, respectively. This observation stressed
that both PCAs provide optimal insight in the factors underlying variation. A first factor
included the interindividual differences among the four donors tested. Already at baseline,
the samples of donors 1/2 and donors 3/4 located together, due to the higher butyrate
production by the microbiota of donors 1/2, as opposed to higher propionate production
by the microbiota of donors 3/4 (Figure S2).

http://biit.cs.ut.ee/clustvis/
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Figure 2. Principal component analysis (PCA) based on microbial metabolic activity in the proximal (A) and distal
(B) colon during the control and treatment with cRG-I, as tested for four human adult donors 1, 2, 3, and 4 in the
quad-M-SHIME. The PCA is based on the average values for each donor and for each experimental week (5 weeks:
2 control weeks (C1/C2) and 3 treatment weeks (TR1/TR2/TR3)). The following data were included: acidification, acetate,
propionate, butyrate, ammonium, and bCFA. Arrows indicate the evolution of samples along the duration of the experiment.
bCFA = branched-chain fatty acids, cRG-I = carrot-derived Rhamnogalacturonan I.

Figure 3. Effect of fermentation of cRG-I on SCFA production in the simulated proximal and distal colon during both the
control (Days 0–14) and treatment period (Days 14–35) of the quad-M-SHIME for Donors 1 (panels A and C) and 3 (panels
B and D). Data are expressed as normalized values versus the average of the control period. Donor A and C results are
representative of those obtained for Donors B and D, respectively (see Supplementary Figure S1). Arrows indicate the start
of the cRG-I treatment. cRG-I = carrot-derived Rhamnogalacturonan I, DC = distal colon, PC = proximal colon. The absolute
values on which the normalized concentrations are based are shown in Figure S2 panels A/C/E/G.
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A second key factor driving differences in the dataset was cRG-I treatment. While in
both PCAs, samples of the two control weeks (C1/C2) positioned together, cRG-I treatment
induced a marked shift along the PC2 axis (Figure 2A) and along both PC1/PC2 axes for
the simulated PC and DC, respectively (Figure 2B). This was confirmed by the marked
increase of normalized SCFA production from the first day of cRG-I treatment onwards
(Day 14), for each of the four donors tested (Figure 3). The treatment effect of cRG-I became
more pronounced during the first treatment week, after which it remained relatively stable.
When averaging the values obtained during the final control and final treatment week
(during which a steady-state was reached as visualized in Figure 3) across each of the four
donors tested, cRG-I significantly increased acidification in both simulated colon regions
(Figure 4A) due to the marked increase of both acetate (Figure 4), propionate (Figure 4C),
and butyrate production (Figure 4D). Further, cRG-I significantly decreased bCFA levels in
both PC and DC (Figure 4E).

Figure 4. Effect of fermentation of cRG-I on microbial activity in the simulated proximal and distal colon of the quad-M-
SHIME during both the control (Days 9–14) and treatment period (Days 30–35). Average (±SEM) acidification (base-acid
consumption in mL/d; (A), acetate (B), propionate (C), butyrate (D), bCFA (E), and ammonium-N levels (F) across four
human adult donors tested (n = 4). Statistically significant differences between samples collected during the final control and
treatment week are indicated by * (p < 0.05). bCFA = branched-chain fatty acids, cRG-I = carrot-derived Rhamnogalacturonan
I, DC = distal colon, PC = proximal colon.

3.2. cRG-I Consistently Modulated Luminal and Mucosal Microbiota Composition in the
Simulated Proximal and Distal Colon of Four Human Adults as Tested in the Quad-M-SHIME

To gain insight into microbial composition changes upon cRG-I treatment, luminal mi-
crobiota composition was first presented at phylum level, both as proportional (Figure 5A)
and absolute levels (Figure 5B). This revealed that cRG-I largely increased the total number
of microbial cells, in both PC and DC of all donors tested, suggesting that proportional
numbers would obscure the true impact of cRG-I on microbial composition. Indeed, while
Actinobacteria, e.g., increased in absolute numbers in the PC of Donor 1, the proportion
of Actinobacteria in this environment decreased. Therefore, analysis of the luminal mi-
crobiota at lower taxonomic levels (family and OTU) was performed based on absolute
data. In contrast, mucosal microbiota analysis was performed based on proportional data
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(Figure 5C) as flow cytometry analysis (as described in this paper) does not allow for
accurate quantification of microbial cells in mucin-adhered microbiota [27].
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Mucus

Lumen
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Bacteroidetes
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Proteobacteria
Synergistetes
Verrucomicrobia

Flow
cytometry

Figure 5. Effect of cRG-I on microbial composition (phylum level) in the lumen (log cells/mL as estimated via multiplying
total cell counts (cells/mL) with 16S rRNA gene profiling (%)) (A,B) and mucus (%) (C) of the simulated proximal and distal
colon of the quad-M-SHIME at the end of the control (C: Day 14) and treatment period (TR: Day 35). Average absolute
(cells/mL as estimated via multiplying total cell counts (cells/mL) with 16S rRNA gene profiling (%)) (A) and proportional
(%) (B,C) levels of different phyla are shown for each of the four human adult donors tested (n = 3 for donor 1, 2, 3, and 4;
samples collected during the last control and treatment week). cRG-I = carrot-derived Rhamnogalacturonan I, DC = distal
colon, PC = proximal colon.

Like for metabolites, PCAs based on microbiota composition explained a large part of
the variation in the dataset, i.e., 67.1% and 58.7% for the luminal and mucosal microbiota,
respectively (Figure 6A,B). A key factor, both in the lumen and mucus, was the difference
between PC and DC microbiota. Further, interindividual differences among the four donors
followed from a consistent positioning of samples of a given donor along PC1, i.e., samples
of donors, 1, 2, 3, and 4 clustered from left to right along PC1. The samples of donors 1/2
located together, due to the higher levels of Bifidobacteriaceae (~40%) and Lachnospiraceae
(~25%), while samples of donors 3/4 clustered together given the high proportion of
Veilonellaceae (~60%) (Table S1).

A key factor driving differences in microbial composition was cRG-I treatment. Upon
initiation of cRG-I treatment, a marked shift along PC2 was observed for the luminal
samples, in both PC and DC, indicating a consistent treatment effect of cRG-I on the
luminal microbiota in the PC and DC regions (Figure 6A). The treatment effect of cRG-I
on the luminal microbiota was confirmed to be consistent among the four donors tested,
both at family (Table 1) and at OTU levels (Table 2), as illustrated by several statistically
significant increases across donors (despite the noise caused by interpersonal differences
in microbiome composition). A first statistically supported finding was that while overall
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Bifidobacteriaceae levels were not impacted, cRG-I strongly increased a specific OTU10
related to B. longum, seemingly at the expense of OTU8 related to B. bifidum. Further,
there was a significant increase of Bacteroidetes upon cRG-I treatment, which was mainly
driven by the marked increase of Bacteroidaceae and Prevotellaceae both in the PC and DC.
At the OTU level, this could be explained by the significant increase of an OTU2 related
to Prevotella sp. and an OTU6 related to Bacteroides dorei. In contrast, the levels of an
OTU17 related to Bacteroides massiliensis decreased in the DC. Within the Firmicutes phylum,
cRG-I significantly increased proximal levels of Acidaminococcaceae (~OTU11 related to
Phascolarctobacterium faecium), Lachnospiraceae (~OTU9 related to Lachnoclostridium sp.), and
Ruminococcaceae, while also increasing distal levels of Erysipelotrichaceae and Lachnospiraceae
(~OTU5 related to Clostridium clostridioforme/bolteae). Finally, in the DC, cRG-I significantly
increased Xanthomonadaceae, while decreasing Ruminococcaceae and Synergistaceae.

In contrast to the lumen, treatment effects on the mucosal microbiota were less pro-
nounced (Figure 6B). Nevertheless, significant changes in the mucosal microbiota were in
line with those observed in the lumen. At the OTU level, cRG-I increased OTU10 related
to B. longum and OTU2 related to Prevotella sp. both in the PC and DC. This was at the
expense of OTU8 (related to B. bifidum) in both simulated colon regions and at the expense
of OTU5 (related to Clostridium clostridioforme/bolteae) in the PC.

3.3. Bifidobacterium Strains Are Unable to Ferment cRG-I as Such

To assess the potential contribution of Bifidobacterium sp. to cRG-I fermentation, a
growth experiment on solid medium was performed with single strains (Table S2). Upon
72 h incubation with glucose, all 20 strains (belonging to 10 species) were able to grow,
while no growth was observed in absence of glucose. When cRG-I was provided as a sole
carbon source, none of the strains showed clear growth (three strains revealed unclear
growth). This supports that Bifidobacterium strains are unable to ferment cRG-I as such.

Figure 6. Principal component analysis (PCA) based on luminal (A) or mucosal (B) microbial composition in the proximal
and distal colon of the quad-M-SHIME at the end of the control (C: Day 14) and treatment period (TR: Day 35). The PCA
is based on data of the 10 most abundant families as detected via 16S-targeted Illumina sequencing across all samples.
Arrows indicate the chronological evolution of samples along the experiment. cRG-I = carrot-derived Rhamnogalacturonan
I, DC = distal colon, PC = proximal colon.
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Table 1. Effect of cRG-I on microbial composition at family level in the lumen (log cells/mL as
estimated via multiplying total cell counts (cells/mL) with 16S rRNA gene profiling (%)) and mucus
(%) of the simulated proximal (PC) and distal colon (DC) of the quad-M-SHIME. Values presented
are the averages of the differences at the end of the treatment period (Day 35) versus those at the
end of the control period (Day 14) across the four human adult donors tested (n = 4). As a result,
positive or negative values indicate families that are increased or decreased, respectively, upon cRG-I
treatment. Statistical differences are indicated in bold.

Phylum Family
Lumen Mucus

PC DC PC DC

Actinobacteria

Atopobiaceae 0.43 0.30 0.11% 0.02%
Bifidobacteriaceae 0.30 0.02 −6.00% 3.98%
Coriobacteriaceae 0.23 −0.02 2.16% −0.41%
Eggerthellaceae 0.00 −0.17 0.00% −0.02%

Bacteroidetes

Bacteroidaceae 0.61 0.33 3.99% −2.81%
Barnesiellaceae 0.00 0.27 0.00% 0.05%
Marinifilaceae 0.00 0.01 0.00% 0.01%

Muribaculaceae 0.00 −0.01 0.00% 0.02%
Prevotellaceae 0.52 0.69 7.55% 1.85%
Rikenellaceae −0.02 0.07 −0.07% −0.30%
Tannerellaceae 0.38 −0.10 −0.12% −0.03%

Firmicutes

Acidaminococcaceae 0.47 0.39 0.46% 0.16%
Christensenellaceae 0.00 0.44 0.01% 0.21%

Clostridiaceae 0.00 0.00 −0.01% −1.00%
Erysipelotrichaceae 0.16 0.68 0.22% 0.18%

Family XIII 0.00 0.01 0.00% −0.03%
Lachnospiraceae 0.24 0.19 −3.83% 0.96%
Lactobacillaceae 0.00 0.03 −0.15% 0.02%

Ruminococcaceae 0.43 −0.21 0.08% −1.15%
Staphylococcaceae 0.03 0.19 0.01% 0.07%

Veillonellaceae −0.08 −0.13 −7.19% 1.41%

Proteobacteria

Burkholderiaceae 0.18 0.12 −0.36% −0.36%
Desulfovibrionaceae −0.28 −0.06 −0.60% −0.75%
Enterobacteriaceae 0.06 0.25 0.32% −0.27%
Pseudomonadaceae 0.00 0.00 −0.01% 0.00%

uncultured 0.00 0.64 0.00% 0.20%
Xanthomonadaceae 0.39 0.42 0.04% 0.00%

Synergistetes Synergistaceae 0.54 −0.09 3.36% −0.22%

Verrucomicrobia Akkermansiaceae 0.00 −0.09 0.00% −0.01%

Table 2. Effect of cRG-I on microbial composition (25 most abundant OTUs across all samples) in the lumen (log cells/mL
as estimated via multiplying total cell counts (cells/mL) with 16S rRNA gene profiling (%)) and mucus (%) of the simulated
proximal (PC) and distal colon (DC) of the quad-M-SHIME. Values presented are the averages of the differences at the
end of the treatment period (Day 35) versus those at the end of the control period (Day 14) across the four human adult
donors tested (n = 4). As a result, positive values indicate that a given OTU is increased upon cRG-I treatment. Statistical
differences are indicated in bold.

Phylum Family OTU Related Species
Lumen Mucus

PC DC PC DC

Actinobacteria
Bifidobacteriaceae

1 Bifidobacterium adolescentis 0.26 −0.01 −1.03% 6.64%
8 Bifidobacterium bifidum −0.56 −0.84 −9.28% −5.96%

10 Bifidobacterium longum 1.32 1.05 4.13% 3.23%

Coriobacteriaceae 12 Collinsella aerofaciens 0.23 −0.02 2.16% −0.41%

Bacteroidetes
Bacteroidaceae

6 Bacteroides dorei 0.83 0.73 5.22% −0.14%
16 Bacteroides ovatus −0.38 0.03 −0.22% 0.04%
28 Bacteroides fragilis −0.58 −0.80 −0.29% −2.09%
17 Bacteroides massiliensis −0.25 −0.57 −1.12% −1.25%
13 Bacteroides intestinalis −0.19 0.02 −0.17% 0.20%

Prevotellaceae 2 Prevotella sp. 0.52 0.69 7.55% 1.85%
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Table 2. Cont.

Phylum Family OTU Related Species
Lumen Mucus

PC DC PC DC

Firmicutes

Acidaminococcaceae 11 Phascolarctobacterium faecium 0.47 0.39 0.46% 0.16%

Clostridiaceae 32 Clostridium butyricum 0.00 0.00 −0.01% −0.98%

Lachnospiraceae

5 Clostridium
clostridioforme/bolteae

0.04 0.15 −3.74% 2.27%

9 Lachnoclostridium sp. 0.57 0.16 −2.16% −0.09%
14 Eubacterium contortum 0.00 0.04 0.00% −1.44%
25 Clostridium sp. 0.34 0.32 0.10% 0.11%

Ruminococcaceae
19 Gemmiger formicilis 0.36 −0.05 0.06% −0.74%
42 Faecalibacterium prausnitzii 0.00 0.00 0.00% −0.10%

Veillonellaceae

3 Megamonas funiformis 0.05 −0.01 −1.70% 0.52%
4 Megamonas funiformis 0.06 0.01 −0.26% 1.21%

18 Megasphaera sp. −0.05 −0.13 −1.78% −0.02%
26 Anaeroglobus geminatus −0.01 −0.24 −1.49% −0.21%

Proteobacteria Pseudomonadaceae 15 Pseudomonas aeruginosa 0.31 −0.06 0.04% −1.88%

Synergistetes Synergistaceae 7 Cloacibacillus sp. 0.54 −0.09 3.36% 0.04%

Verrucomicrobia Akkermansiaceae 20 Akkermansia muciniphila 0.00 −0.09 0.00% −0.01%

4. Discussion

Overall, the proper operation of the SHIME® model during the current study followed
from the stability of metabolic markers throughout the two-week control period that
preceded the treatment period (Figure 2). In absence of a parallel control, such stability
was required to ascribe changes during the treatment period by cRG-I treatment. On
the final day of the control period, there were marked interindividual differences among
donors, both at metabolic (Figure 2) and community composition level (Figure 6). The
microbiota of donors 1/2 was enriched with Bifidobacteriaceae/Lachnospiraceae (Table S1)
and produced higher amounts of butyrate (Figure S2). While Bifidobacterium sp. do not
produce butyrate as such, they stimulate butyrate production by, e.g., Lachnospiraceae
members via cross-feeding mechanisms [53,54]. In contrast, the microbiota of donors 3/4
was enriched with Veillonellaceae (Table S1) and produced high amounts of propionate.
Veillonella species are indeed known to convert lactate to acetate and propionate as main
end-metabolites [55]. The four donors under investigation thus allowed addressing the
hypothesis whether differences in initial microbiota composition affected the outcomes
of cRG-I treatment. Remarkably, cRG-I consistently stimulated microbial activity across
the four donors tested with increases in average levels of acetate (+21.1 mM), propionate
(+17.6 mM), and to a lesser extent also butyrate (+4.1 mM) despite baseline interindividual
variability. This finding is consistent with a recent in vitro batch fermentation study
that demonstrated acetate and propionate as main end-metabolites upon fermentation
of cRG-I [27]. We deliberately averaged the individual microbiota data to assess if we
could identify overarching changes in the microbiota composition independently of the
baseline starting point and found that this was indeed the case. The consistent modulation
of microbial activity and composition thus suggests that cRG-I is fermented by a specific
microbial consortium.

First, cRG-I consistently and strongly stimulated OTUs related to B. dorei and Prevotella sp.
This specific increase of OTUs related to B. dorei and Prevotella sp. was also observed
previously with the same compound [27]. Interestingly, when dosing pectin to in vitro
fermenters, Chung et al. also identified a specific increase of B. dorei (detected as an OTU
combined with B. vulgatus) amongst other members of a mixed microbiota [35]. The
genera Bacteroides and Prevotella are indeed known as primary pectin degraders, possess-
ing carbohydrate-active enzymes (CAZymes) within their polysaccharide utilization loci
(PUL) [12,56]. Specifically for RG-I fermentation, Bacteroides thetaiotaomicron has been
demonstrated to ferment RG-I via several PULs, releasing polysaccharide breakdown
products in the culture medium, making them available for other microbes [25]. While
several Bacteroides species might be capable of fermenting cRG-I, B. dorei seems the most
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capable species in the presence of a competitive background microbiota. This is supported
by the genetic potential of B. dorei containing over 50 predicted enzymes related to pectin
degradation [57]. At metabolic level, as Bacteroides sp. are major producers of acetate
and propionate [58], the marked increase of both metabolites upon cRG-I treatment fur-
ther corroborated the involvement of Bacteroides sp. Besides the well-described health
benefits of both SCFA as reviewed by Rivière et al. [7], the presence of B. dorei as such
could contribute to other health benefits. Inhibition of atherosclerotic lesion formation,
lower endotoxemia, and suppression of proinflammatory responses have been observed
in atherosclerosis-prone mice upon co-administration of live B. vulgatus and B. dorei to
mice [59].

Upon cRG-I fermentation by primary degraders, polysaccharide breakdown products
likely become available for other microbial species. Microbial members benefiting from
such polysaccharide breakdown products included Bifidobacterium longum of which a re-
lated OTU strongly increased upon cRG-I treatment (+1.32 log10(cells/mL)). Even though
the overall Bifidobacteriaceae family did not increase in this experiment, there was a clear
stimulation of B. longum as previously observed in batch fermentations with cRG-I [27].
Additional growth experiments indicated that monocultures of Bifidobacterium species
are unable to grow on cRG-I as a sole carbon source but are part of the bacterial con-
sortium needed to ferment the complex cRG-I structure. This is in line with Chung
et al., who did not identify any predicted enzymes concerned with pectin degradation in
Bifidobacteriaceae sp. [57]. Moreover, this is also in agreement with the conclusion of Kelly
et al. that the complexity of pectin is likely too high for Bifidobacteriaceae, rendering them
dependent on the initial degradation of these large polymers by Bacteroides sp. [15]. The
released oligo- and monosaccharides could further be then scavenged by Bifidobacteriaceae
that indeed are capable of fermenting arabinans and galactans [60,61], both side chains
of cRG-I [26]. While likely not being the primary degraders, the consistent increase of
Bifidobacteriaceae species in this or preceding studies [27], along with the well-documented
health effects of members of this family [15], support the health-promoting potential of
cRG-I fermentation by the human gut microbiota.

Another microbial member that is likely part of the cRG-I fermenting consortium is
Phascolarctobacterium faecium as an OTU related to this species increased consistently over
the four donors tested (+0.47 log10(cells/mL)). The stimulation of this species likely followed
from the succinate production of aforementioned Prevotella sp. [62] or Bacteroides sp. [58], thus
boosting Phascolarctobacterium faecium, an abundant colonizer [63] that is able to convert
succinate into propionate [64]. Besides further contributing to health effects ascribed to
propionate such as exerting anti-inflammatory effects, promoting satiety, lowering blood
cholesterol, decreasing liver lipogenesis, and improving insulin sensitivity (as reviewed by
Rivière et al. [7]), the presence of Phascolarctobacterium faecium has for instance also been
linked to a positive mood [65], further supporting the health-promoting potential of cRG-I
fermentation by the human gut microbiota.

Other microbial families that consistently increased across the four donors tested
included Erysipelotrichaceae (DC), Lachnospiraceae (PC and DC), and Ruminococcaceae (PC).
These changes correlated with the modest increases in butyrate levels that were observed
upon cRG-I treatment, butyrate being indeed produced by members belonging to these
families [58]. Overall, the consistency of the changes across these families further supports
the contribution of a specialized consortium in cRG-I fermentation.

As mentioned above, the first cRG-I fecal fermentation experiment was conducted in a
2-day batch incubation model [27]. Interestingly, results obtained in the batch and quad-M-
SHIME in vitro models with cRG-I were consistent at metabolic and compositional levels,
resulting in high levels of acetate and propionate via the involvement of Bacteroides dorei,
Prevotella sp., and Bifidobacterium longum-related OTUs. Both studies also indicated the
involvement of succinate scavengers, i.e., Phasolarctobacterium faecium (quad-M-SHIME)
and Dialister succinatiphilus (batch incubation). A difference between both models was that
the batch incubation strategy allowed the observation of effects of cRG-I treatment on a
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broader range of microbes. It was shown that cRG-I also stimulated other Bacteroides sp.
beyond B. dorei, i.e., B. ovatus, B. plebeius, and B. xylanisolvens, while also boosting two
F. prausnitzii OTUs and an OTU related to R. hominis that profoundly increased in mucus
from 9.8% in the blank up to 64.3% upon cRG-I treatment (27). That the batch incubation
strategy allowed to observe effects on a broader range of microbes is likely explained
by the fact that in batch fermentations, in vivo-derived fecal microbiota in its maximal
diversity is used as direct inoculum, an approach of which the biorelevance is supported
by the minor spatial differences along the colon according to recent in vivo studies [66].
In contrast, long-term in vitro experiments involve a pre-growth of the in vivo-derived
inoculum under fixed laboratory conditions for several days up to weeks (as in the current
study). While this results in a stable microbiota at the start of the treatment, such pre-
growth decreases the diversity by around 50%, mostly due to washout of Clostridium cluster
IV and XIVa members (including F. prausnitzii and R. hominis) [67]. This likely explains
why the treatment effects of cRG-I on F. prausnitzii and R. hominis observed in batch
fermentations were not recapitulated in the quad-M-SHIME. While Clostridium cluster IV
and XIVa members can be more optimally maintained in in vitro gut models by including
a simulation of the mucosal environment, as was shown during 3-day experiments [38],
frequent replacement of the mucosal beads results in loss of species-specific colonization of
the mucus layer [39], likely due to limited cross-spreading between old and new mucin
beads or due to physical opening of reactors to replace mucin beads. This was confirmed
in the current study where despite inclusion of a mucosal microbiota simulation, no
OTUs related to, e.g., R. hominis were detected in any of the donors at the start of the
treatment (after 4 weeks of pre-growth), impairing the observation of treatment effects on
such mucosal microbes. The washout of true mucosal microbes upon long pre-growth
periods could potentially also explain why treatment effects on lumen and mucus were
relatively similar during the current study. Despite such differences between both in vitro
models, many findings were consistent and provided confidence in the robustness of (i)
the observed impact of cRG-I on the human gut microbiota and (ii) the use of both types of
in vitro gut models in gut microbiome research. While the added value of in vitro gastro-
intestinal models is currently well-recognized [68], it is acknowledged that they mimic
only partly the complexity of the gut ecosystem. Nevertheless, confidence in both in vitro
gut models is further provided by the observation of similar shifts in microbial community
composition during a recent clinical trial in which RG-I was dosed at 0.3 or 1.5 g/day to
the daily diet (manuscript in preparation).

Finally, a critical remark on the limitation of the applied experimental design is
that the reference to which treatment effects were compared consisted of a preceding
control period. Such longitudinal control is common in a SHIME setup [69–71], and the
stability of in vitro communities upon applying a 2-week stabilization period has previously
been demonstrated [67]. It would have been ideal to follow the stability of the microbial
communities during the entire duration of the current study by means of incorporating
four additional untreated parallel control arms. As the purpose of the present study was to
assess the consistency of the impact of cRG-I on individual fecal samples, such a control
would not optimally be performed with a single pooled fecal sample. It was therefore
important to start with well-characterized and stable individual microbial communities.

5. Conclusions

Overall, this study confirms the potential of cRG-I to beneficially modulate the hu-
man gut microbiome with a marked consistency in SCFA production and microbial mod-
ulation across simulated human subjects displaying individual variability at baseline.
High amounts of acetate and propionate were produced due to the involvement of a spe-
cialized consortium consisting of, amongst others, strains belonging to Bacteroides dorei,
Prevotella sp., and Bifidobacterium longum. Due to its structural complexity, cRG-I corre-
sponds to a unique polysaccharide demonstrating prebiotic properties supported by a
concomitant effect on the host microbiota and immune system (26). As a next step, it will
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be necessary to link the changes in microbiota composition and metabolite production to a
discrete health benefit in well-designed human trials and altogether verify the predictivity
of the data generated in vitro in the described study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9102142/s1, Figure S1. Effect of fermentation of cRG-I on SCFA production
for donors 2 and 4, Figure S2. Effect of fermentation of cRG-I on absolute SCFA levels for donors 1, 2,
3 and 4, Table S1. Microbial composition in the lumen (%) of the simulated proximal and distal colon
of the quad-M-SHIME, Table S2. Growth of single Bifidobacterium strains in LMG medium 144 with
glucose (positive control), without carbon source (negative control), and with cRG-I (0.5% w/v).
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