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Introduction: The present study investigates whether supplementation with
pectin-type polysaccharides has potential to improve aging-associated dysbiosis
of the gut microbiota. The influence of different types of pectins on the gut
microbiota composition and short-chain fatty acids (SCFAs) profiles of elderly
was compared to younger adults.

Methods: Pectins studied included a pectin polysaccharide (PEC), a partially
hydrolyzed pectin (PPH), and a pectin oligosaccharide (POS). Additionally,
inulin was used as a reference prebiotic substrate. Individual fecal samples were
collected from healthy elderly volunteers (70-75 years) and younger adults (30—
35 years). In vitro fermentations were performed using the CoMiniGut model
with controlled temperature and pH. Samples were withdrawn at baseline and
after 24h fermentation for measurement of SCFAs production and microbiota
composition by 16S rRNA gene sequencing.

Results and Discussion: The results showed that fermentations with PEC and PPH
resulted in a specific stimulation of Faecalibacterium prausnitzii regardless of the
age groups. Collinsella aerofaciens became a dominating species in the young
adult group with fermentations of all three pectins, which was not observed in the
elderly group. No significant differences in SCFAs production were found among
the pectins, indicating a high level of functional redundancy. Pectins boosted
various bacterial groups differently from the reference prebiotic substrate (inulin).
We also found inulin had reduced butyrogenic and bifidogenic effects in the
elderly group compared to the younger adult group. In conclusion, the in vitro
modulating effects of pectins on elderly gut microbiota showed potential of using
pectins to improve age-related dysbiosis.

prebiotic, pectin, inulin, elderly, aging, gut microbiota, short chain fatty acids

1. Introduction

The large microbial community residing in the human intestine, often named as human gut
microbiota, plays a vital role in maintaining the health status of human beings (Holscher, 2017).
The gut microbiota is dynamic over lifetime, with an assembly phase starting just after birth for
about 2 years, followed by relative stability during adulthood until distinct changes appearing with
aging (Castanys-Munoz et al., 2016; Greenhalgh et al.,, 2016). Despite interindividual variations,
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several aging-associated bacterial groups have been identified (An et al.,
2018). Major shifts included a lower abundance of Bifidobacterium and
a higher abundance of Enterobacteriaceae family being found in elderly
fecal microbiota compared to young adults (An et al, 2018). A
functional metagenomic analysis reported aging-related loss of genes
responsible for saccharolytic potential and short-chain fatty acids
(SCFAs) production, accompanied by an increased proteolytic activity
(Rampelli et al., 2013). Although the exact mechanism behind the
alterations in the elderly gut microbiota has not been fully unraveled,
changes in diet and physical activity, antibiotic administration and
altered gut physiology are supposed to be contributors (Buford, 2017).
Taking into consideration that the elderly population is rapidly
increasing (projected to reach 1.4 billion globally by 2030) as well as a
generally longer lifespan of individuals (WHO, 2021), a healthy gut
microbiota in elderly is of increasing significance. Dietary
supplementation with prebiotics could be a promising approach to
beneficially modulate the gut microbiota and thereby to improve health
conditions of the elderly. According to the expert consensus of the
International Scientific Association for Probiotics and Prebiotics
(ISAPP; Gibson et al., 2017), a prebiotic is defined as “a substrate that is
selectively utilized by host microorganisms conferring a health benefit”
Most well-known prebiotics so far include p-fructans (fructo-
oligosaccharides (FOS) and inulin), and other oligosaccharides from
various origins, e.g., galacto-oligosaccharides (GOS), arabino-
oligosaccharides and more recently human milk oligosaccharides
(HMOs; Roberfroid et al., 2010; Gibson et al., 2017). The benefits of
inulin on improvement of bowel function is the first authorized health
claim for prebiotics in Europe following a positive European Food
Safety Authority (EFSA) opinion (EFSA Panel on Dietetic Products and
Allergies, 2015). Inulins are polysaccharides composed of linear
B(2— 1)-linked fructose with a terminal a-glucose (EFSA Panel on
Dietetic Products and Allergies, 2015). Fermentation of inulin in the gut
promotes the growth of beneficial microbes, especially Bifidobacterium
spp., inhibits enteropathogenic microorganisms and generates abundant
SCFAs, especially butyrate (Gonzalez-Herrera et al., 2015; Teferra,
2021). Bifidobacterium is the most commonly recognized genus with
healthy gut
immunomodulation, anti-cholesterolemic effects, and protection

myriad benefits, e.g., microbiota modulation,
against pathogens (Roberts et al., 2020). Butyrate is one key SCFAs in
regulating the immune system and maintaining a healthy epithelial
barrier (Baxter et al., 2019).

Recently, pectins have been suggested as a type of emerging
prebiotic due to increasing scientific evidence on their capacities to
selectively modulate human gut microbiota (Pascale et al., 2022;
Rastall et al., 2022). Pectins are complex heteropolysaccharides that
are naturally present in plant cell walls. Traditionally, pectins are
extracted from fruit and vegetable sources, e.g., citrus, apple, and
sugar beet, to be applied in the food industry as gelling or thickening
agents (Elshahed et al., 2021). Pectins are considered as dietary fibers,
as they pass indigestible through the upper gastrointestinal tract
(Ferreira-Lazarte et al., 2019), and are fermented by the human gut
microbiota resulting in the production of SCFAs (Holloway et al.,
1983; Holscher, 2017). Molecular structures of pectins are varied,
depending on their origins and extraction methods (Naqash et al.,
2017; Pascale et al., 2022). Although not fully elucidated, a direct link
between the structures of non-digestible carbohydrates and their
functional effect on the gut microbiota has been reported (Rastall
etal., 2022). In a recent study, the impact of pectin structures on the
composition of the human gut microbiota was investigated using an
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in vitro experimental setup (Larsen et al., 2019). Promotion of
Faecalibacterium prausnitzii, Bifidobacterium spp., and several other
health-related bacterial groups were found to be associated with the
structural features of pectins, including sugar composition and degree
of esterification (Larsen et al,, 2019). Fermentation of the high-
methylated citrus pectin stimulated higher abundances of . prausnitzii
and resulted in higher production of propionate (Larsen et al., 2019).
Furthermore, differences in molecular weight (MW) of pectins led to
different fermentation effects, although MW was not covered by
Larsen et al. (2019). For instance, Bifidobacterium spp., equipped with
more exo-acting enzymes, are known to preferentially utilize
oligosaccharides of lower MW (Sarbini and Rastall, 2011; Rastall et al.,
2022). Likewise, an increased bifidogenic effect of lower MW pectins
in comparison with pectin polysaccharides was observed in several in
vitro studies and at least one human study (Olano-Martin et al., 2002;
Gomez et al., 2016; Ferreira-Lazarte et al., 2018).

Limited number of studies have explored the ability of pectins to
modulate the elderly gut microbiota. Wilkowska et al. (2021) studied
the prebiotic effect of a pectin oligosaccharide (POS) derived from
apple in relation to the different ages of the fecal donors, and
concluded that the donors” age was a determinant on the growth of
lactic acid bacteria, SCFAs production, and lactic acid profiles from
POS fermentation. Another in vitro fermentation study compared the
effects of POS from lemon peel and fructo-oligosaccharide (FOS) on
pooled fecal inoculum of elderly, and found similar microbial profiles
and butyrate production (Miguez et al, 2020). However, the
aforementioned study lacks a reference assessment with a fecal
inoculum from younger adults under a similar fermentation setting.
A recent human intervention study with elderly and younger adults
found that a daily supplementation of 15g of sugar beet pectin for
4weeks resulted in no significant changes in the fecal microbiota
profiles or metabolic activity for neither of the groups (An et al., 2019).

Previous studies have explored either the impact of pectins with
different structural characteristics or age of fecal donors on the gut
microbiota composition and SCFA production (Larsen et al., 2019;
Wilkowska et al., 2021). However, there is still a need to investigate
how molecular sizes of pectins influence the human gut microbiota
and, especially, how they differentially impact age-related differences
in microbiota composition, particularly linked to the microbiota of
the elderly. The aim of the current study was therefore to investigate
how molecular sizes of HM citrus-derived pectins, i.e., a pectin
polysaccharide (PEC), a partially hydrolyzed pectin (PPH), and a
pectin oligosaccharide (POS), modulate the gut microbiota of elderly
vs. younger adults, using an in vitro colon model. The main effects
driven by the fermentation of the pectins in terms of relative
abundances and diversity of the gut microbial community, as well as
the cumulative production of SCFAs were evaluated and compared
with chicory inulin (INU) as a reference prebiotic substrate.

2. Materials and methods

2.1. Substrates

Lemon pectin (PEC) with a degree of methyl-esterification of
68.2%, partially hydrolyzed pectin, also called modified pectin (PPH),
and pectic oligosaccharides (POS) were provided by CP Kelco ApS
(Denmark). Both PPH and POS were derived from the same batch of
PEC, but they were produced to have clear differences in MW. PEC had
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the largest average MW of 419kDa (76.7% mass recovery), followed by
PPH with an average MW of 24kDa (78.6% mass recovery). POS had
the smallest molecules, with an average MW of 2.3kDa of the major
fraction (55.1% mass recovery). Additionally, POS also contained a
smaller fraction with an average MW of 0.4kDa (24.1% mass recovery)
and a minor fraction of large molecules with average MW of 372kDa
(13.5% mass recovery). More details of the absolute MW and
corresponding weight fraction of the three pectins were shown in
Supplementary Figure 1. Commercial inulin (INU) from chicory
(purity >95%) was purchased from Carbosynth Limited (United
Kingdom) and included in the experimental setup as a reference.

2.2. Determination of molecular weight by
size exclusion chromatography

The molecular weight (MW) distribution of PEC, PPH and POS
were analyzed by injecting 100 puL of 2.5 mg/mL substrate to Agilent
1,260 Infinity II liquid chromatography system (Agilent, United States)
equipped with PSS precolumn 10 pm 8x 50 mm, PSS Suprema Lux
analytical Ultrahigh, and PSS Suprema Lux 30 A (PSS, Germany). The
separation was performed using 0.3 M lithium acetate buffer as eluent
at flow rate 1.0mL/min, and column temperature was 37°C. Wyatt
Dawn 8+ light scattering instrument and Wyatt Optilab T-rex
refractive index detector (Wyatt, United States) were used for
detection. MW and concentrations were converted from the detector
signals by the software ASTRA 7 (Wyatt).

2.3. Fecal sample collection and inoculum
preparation

Fecal samples were provided by ten human donors with consent.
All the donors were self-reported healthy Caucasian males who did
not receive pharmaceutical supplementation of pro-, pre-or antibiotics
at least 90 days prior to stool collection. The donors were divided into
two groups based on their ages, elderly group (n=5, age range
70-75years old) and young group (n=>5, age range 30-35years old).
The studies involving human participants were reviewed and approved
by the Ethical Committee of the Capital Region of Denmark
(H-15001754; Wiese et al., 2018). Written informed consent to
participate in this study was provided by the participants.

The collected fecal samples were processed individually within the
same day as described earlier (Wiese et al., 2018). Briefly, fresh feces
were mixed with equal weight of phosphate buffered saline (PBS, pH
5.6) containing 20% glycerol, followed by homogenization using a
Stomacher 400 (Seward, United Kingdom) at normal speed for 2min
(Wiese et al,, 2018). The homogenized fecal slurries were then aliquoted,
snap frozen in liquid nitrogen and stored at -60°C until further use. The
abovementioned preparation procedures were performed in a vinyl
anaerobic chamber (Coy Lab, United States) filled with 5% H,, 5% CO,
and 90% N, (ALPHAGAZ, Air Liquide, France).

2.4. In vitro fermentation using CoMiniGut
system

Batch fermentations of INU, PEC, PPH and POS with individual
fecal inoculum were performed in triplicates using the CoMiniGut
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system with five parallel reactor units (Wiese et al., 2018). The current
study followed the operation protocol of the CoMiniGut model as
described (Wiese et al., 2018), with adjustment of several parameters.
The homogenized fecal slurries were thawed and further diluted with
four volumes of PBS. Each anaerobic reactor unit contained 0.5mL of
PBS-diluted fecal inoculum and 4.5 mL of basal colon medium (2g/L
peptone, 0.5g/L bile salts, 1g/L yeast extract, 0.1 g/L NaCl, 0.04g/L
K,HPO, 0.04g/L KH,PO, 0.01g/L MgSO,7H,0, 0.01g/L
CaCl,e2H,0, 0.2 g/L NaHCO;, 0.005 g/L hemin, 0.001% (v/v) vitamin
K1, 0.2% (v/v) Tween 80, 0.5 g/LL-Cysteine HCl; Wiese et al., 2018).
The fermentation mixtures had a final concentration of 1% (w/v)
inulin or pectins. The concentrations of the original fecal matter and
glycerol were 1 and 0.2%, respectively. Anaerobic conditions in the
reactor units were maintained and monitored by placing the Oxoid™
AnaeroGen™ Compact Sachets and Oxoid™ Resazurin Anaerobic
Indicator (both from Thermo Fisher Scientific, United States) in the
reaction compartments. Fermentations were performed at 37°C, and
the pH gradually increased from 5.6 to 6.8 in 24 h, with computer-
controlled addition of 1 M sodium hydroxide solution. Fermentations
were terminated at 24 h endpoint and samples were stored in aliquots
at -60°C until further analysis.

2.5. Analysis of short-and branched-chain
fatty acids (SCFAs/BCFAs)

Concentrations of SCFAs and BCFAs of the fermentation samples
taken at 24h endpoint were determined by GC-MS as described
previously (Wiese et al., 2018, 2021). The fermentation samples were
mixed at 1:2 ratio with 0.3M oxalic acid containing 2mM
2-ethylbutyrate as internal standard, followed by centrifugation and
filtration. One pL of the supernatant was injected into Agilent 7890A
GC (Agilent) equipped with a Phenomenex Zebron ZB-WAXplus
column (30mx250pmx0.25pm, Phenomenex, United States).
Agilent 5,973 series MSD mass spectrometer was employed to identity
and quantify SCFAs and BCFAs. Selected Ion Monitoring (SIM) mode
was used to scan ions with mass—-to—charge (m/z) ratios of 41, 43, 45,
57,60, 73, 74, and 84. These m/z ions are specific for SCFA and BCFA
quantified in this study including acetic acid (m/z 43, 45, 60),
propionic acid (m/z 45, 57, 73, 74), butyric acid (m/z 41, 43, 45, 60,
73), isobutyric acid (m/z 41, 43, 45, 73), 2-methylbutyric acid (m/z 74),
valeric acid (m/z 41, 45, 60,73), and isovaleric acid (m/z 60). Prior to
quantification, a calibration curve was constructed for each compound
using authentic standards of SCFAs and BCFAs. GC-MS data was
analyzed using MATLAB scripts (version R2015A; MathWorks,
United States) written by authors. The concentration values were
corrected by subtracting the concentrations found in the
corresponding blank control (inoculum at baseline) samples.

2.6. DNA extraction and 16S rRNA gene
amplicon sequencing

DNA was extracted from the fermentation samples taken at 24h
endpoint, and from the blank control samples (inoculum), using the
Bead - Beat Micro AX Gravity Kit (A&A Biotechnology, Poland)
according to the manufacturer’s instruction. The concentrations of
extracted DNA were determined using Qubit™ 1X dsDNA High
Sensitivity (HS) Assay Kit (Thermo Fisher Scientific) on a Varioskan
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Flash multimode reader (Thermo Fisher Scientific), followed by a
dilution to 1 ng/pL for library preparation.

Library preparation procedures for nanopore based sequencing of
V1V3-V8V9 hypervariable regions of 16S rRNA gene amplicon using
MinION (Oxford Nanopore Technologies, United Kingdom) were
conducted as previously described with several adaptions (Hui et al.,
2021). Shortly, in the first round of PCR, 5 pL of the diluted DNA was
mixed with 6 pL of nuclease-free water, 12 pL. of PCRBIO Ultra Mix
(PCR Biosystems Ltd., United Kingdom), and 2 pL of Primers Mix,
which contained 5 pM of a unique combination of forward and reverse
primers, which sequences were given in Supplementary Table 1
(Karhus et al., 2022). The mixtures were subjected to the first PCR
amplification in a Thermocycler Agilent SureCycler 8800 (Agilent)
with the temperature profile as follows: denaturation at 95°C for
5min; 2 cycles of 95°C for 205, 48°C for 305, 65°C for 105, and 72°C
for 45; followed by final elongation at 72°C for 4 min. s.

The first PCR products were purified with AMPure XP beads
(Beckman Coulter, United States) before the second PCR
amplification. The second PCR reaction mixtures contained 11 puL of
the first PCR clean products, 12 uL of PCRBIO Ultra Mix, and 2 pL of
ONT UMI barcodes at 10pM that were custom designed for tag
encoding multiple samples in one run. The second PCR temperature
profile included denaturation at 95°C for 2 min; 33 cycles of 95°C for
205, 55°C for 205, and 72°C for 40s; followed by final elongation at
72°C for 4min. The size of second PCR products (around 1,500 bp)
were checked by agarose gel electrophoresis, followed by purification
using AMPure XP beads and equimolar pooling. The library
preparation was finalized by using the 1D Genomic DNA by Ligation
kit (SQK-LSK109, Oxford Nanopore Technologies) according to the
manufacturer’s protocol, and was loaded on a R9.4.1 flow cell.

The sequencing data generated by MinION was processed as
outlined elsewhere (Hui et al., 2021). MinKnow software v19.06.8,!
Guppy v3.2.2 basecalling toolkit (see footnote 1), Porechop v0.2.2,?
NanoFilt (qq > 10; read length > 1Kb) were used for data collection,
base calling, adapter trimming, demultiplexing and quality correction
(Hui et al., 2021). Greengenes (13.8) was used for taxonomy
assignment with implementation of parallel_assign_taxonomy_uclust.
py in QIIME v1.9.1. Individual Amplicon Sequence Variant (ASV)
was treated as individual “seeds” The reads that were annotated to at
least phylum level was included in further analysis. Due to taxonomic
reorganization, three features annotated as [Eubacterium] biforme,
Lactobacillus ruminis, and Lactobacillus zeae were updated manually
to Holdemanella biformis (De 2014),
Ligilactobacillus ruminis (Zheng et al., 2020) and Lacticaseibacillus

Maesschalck et al,

zeae (Zheng et al., 2020), respectively.

2.7. Data analysis and statistics

Analysis and visualization of SCFAs/BCFAs concentrations and
microbiome data was conducted in RStudio v.1.4.1717 integrated in R
v.4.1.3. The average SCFAs/BCFAs concentrations of triplicates were
taken to check normality and homogeneity of variances using

1 https://nanoporetech.com

2 https://github.com/rrwick/Porechop
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Shapiro-Wilk test and Levene’s test. Comparisons of specific acids
among the four substrates were conducted using one-way ANOVA
with Tukey’s HSD post hoc test. Student’s t-test was performed to
compare the values between the elderly and the young group. R
packages rstatix v.0.7.0, tidy verse v1.3.1, and multcompView v.0.1-8
were used to perform the abovementioned tests.

Microbiome data was imported to R followed by microbial
diversity analysis using the package phyloseq v1.38.0 (McMurdie and
Holmes, 2013). All the samples were rarefied to an even library depth
of 10,000 reads/sample and triplicates were averaged to the nearest
integers. One sample using PPH as substrate and fecal inoculum from
one elderly donor was discarded due to inadequate library size
(<10,000 counts). Alpha diversity (observed features index and
Shannon diversity index) was compared among substrates using
one-way ANOVA with Tukey’s HSD post hoc test, or between the two
age groups using Students t-test, after checking normality and
homogeneity of variances. Beta diversity was evaluated by Jaccard
(unweighted) and Bray—Curtis distance matrices. Differences between
the substrates as well as between the two age groups were determined
by PERMANOVA test using the package vegan v2.5-7 (Dixon, 2003)
with p-values corrected by Benjamini - Hochberg method.
Differentially enriched taxa (summarized at species level) among the
substrates were identified by DESeq2 method (Love et al., 2014) with
a preset p-value lower than 0.05. The taxa occurring at a minimum
relative abundance of 1% in at least 10% samples were visualized in a
heatmap. Differentially enriched taxa between elderly and young
groups were also identified using DESeq2 method (Love et al., 2014).
Relative abundance of the responding taxa which fulfilled the
abovementioned criteria were compared using Kruskal-Wallis rank
sum test. Three features of interest, s_Faecalibacterium prausnitzii, s_
Escherichia coli, and g_Dorea.s were also included in the between-age
comparison. Pearson’s correlation analysis between centered log-ratio
(cIr) transformed microbial relative abundance and short-/ branched-
chain fatty acid concentrations were performed with Rhea package
(Lagkouvardos et al., 2017). Zeros in taxonomic variables were
excluded from the correlation analysis. Core taxa were selected with a
prevalence cut-off value set as 30%, with at least four pair of
observations supporting each calculated correlation. Microbial
co-occurrence network based on SPIEC-EASI method was
constructed using the unrarefied counts from all the fermentation and
fecal inoculum samples (n=129), with R package NetCoMi v.1.0.2
(Peschel et al., 2021). Samples with total reads less than 10,000 were
filtered out. Taxa were included in the analysis if prevalence >30% and
mean relative abundance >0.1%. Other R packages used for
visualization included corrplot v0.92 (Wei and Simko, 2021), ggplot2
v.3.3.5 (Wickham, 2016), circlize v.0.4.14 (Gu et al,, 2014) and
complexheatmap v.2.8.0 (Gu et al., 2016).

3. Results
3.1. Alpha and beta diversity of microbiota

In total, 157 microbial features were summarized at species level.
The alpha diversity indices of the fermentations with PEC and PPH
were comparable to those of the blank control (inoculum), including
observed features (Figure 1A) and Shannon index (Figure 1B). A
significant lower Shannon index was observed with POS compared to

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1207837
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://nanoporetech.com
https://github.com/rrwick/Porechop

Guetal.

that with PEC. Fermentation with INU significantly decreased both
the observed features and the Shannon diversity index (alpha
diversity) compared to the blank control, while POS only had a
significantly lower Shannon index than the blank control. The
decreased Shannon diversity indices of POS and INU indicated that
the two substrates stimulated certain bacterial groups that dominated
the corresponding microbial communities. No difference was found
between the elderly and young adult groups in terms of alpha diversity
(Supplementary Figure 2).

Principal coordinate analysis (PCoA) of beta diversity was
performed based on weighted Bray—Curtis and unweighted Jaccard
distance matrices (Figures 2A,B). Both plots showed a shift in
community structures of the fermentation samples after 24 h compared
to the blank control. Separated clusters corresponding to each substrate
were formed in the weighted PCoA, indicating shifts in dominant
bacterial groups among the microbial communities. However, the
fermentation samples at 24 h clustered closely in the unweighted PCoA,
which represented the presence and absence of bacterial groups in the
microbial communities. Based on PERMANOVA results, the substrate
factor explained 37% of the variances on Bray-Curtis matrix
(Figure 2C), compared to 22% of the same factor on Jaccard (Figure 2D).
Age had a smaller effect on both matrices than substrate, explaining 10
and 7% on Bray-Curtis and Jaccard, respectively (Figures 2C,D).
Differences or similarities in microbial community structures between
each substrate and the blank control were further explored by pairwise
PERMANOVA (Figures 2E,F). For both weighted and unweighted
matrices, all the fermentation samples at 24 h were significantly different
from the blank control. PEC and PPH showed comparable community
structures, while POS and INU had distinct microbiota profiles
compared to PEC and PPH based on the weighted matrix.

3.2. Abundances of bacterial groups and
co-occurrence network

The average relative abundances of bacterial phyla and genera
(abundances > 1%) at 24 h of fermentation as well as the blank control

10.3389/fmicb.2023.1207837

(inoculum) samples are shown in Figures 3A,B. There were 4 phyla
and 20 genera with average relative abundances not lower than 1% in
all the fermentation samples. Despite the inter-individual differences,
Firmicutes was the most abundant phylum in the blank controls in
both age groups, dominated by unidentified species from families
Ruminococcaceae and Lachnospiraceae, Blautia spp. and E prausnitzii.
After 24h fermentation with INU, the relative abundance of
Firmicutes dropped by almost half, while the phylum Actinobacteria
increased, represented mainly by Bifidobacterium adolescentis in both
age groups, and by Bifidobacterium spp. in the young adult group only.
The decreased relative abundance of Firmicutes was also observed for
the pectins, compensated by an increased relative abundance of
Bacteroides spp., and B. adolescentis in both age groups, together with
Collinsella aerofaciens that was particularly increased in the young
adult group. Furthermore, higher levels of phylum Proteobacteria
were detected in fermentations with pectins in the elderly group, as
well as with POS in the young adult group, which mainly contained
an unidentified species from family Enterobacteriaceae and a minor
fraction of Escherichia coli.

Figure 4A visualizes the relative abundances of different taxa
between substrates including both age groups. Results of the adapted
DESeq2 analysis with p-values lower than 0.05 are listed in
Supplementary Table 2. In general, PEC and PPH fermentations led
to comparable relative abundances of the bacterial groups, except for
Bacteroides spp., which were more abundant in PEC samples.
Fermentations with PEC and PPH favored the growth of E prausnitzii,
Dorea spp., Blautia spp. and Clostridium spp., while POS promoted
the growth of distinct species, including Lachnospira spp.,
Parabacteroides  distasonis, Bacteroides spp., and B. ovatus.
Furthermore, fermentation with POS resulted in significantly reduced
levels of Prevotella copri and Catenibacterium spp., along with
increased levels of the unidentified species from the Enterobacteriaceae
family and E. coli. Compared to pectins, fermentation with INU was
characterized by significantly higher relative abundances of
B. uniformis, B. adolescentis, Coprococcus spp., Blautia spp. and
unidentified the
and Erysipelotrichaceae.
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inoculum donors (elderly group, n = 5; young group, n = 5) on the microbial alpha diversity at 24 h end point of CoMiniGut fermentation: observed
features summarized at species level (A) and Shannon diversity index (B). The labels of *, **, and *** indicate value of ps < 0.05, < 0.01, and < 0.001,
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The effect of substrates (BLK, blank control; INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides) and age of fecal
inoculum donors (elderly group, n = 5; young group, n = 5) on the microbial beta diversity at 24 h end point of CoMiniGut fermentation. Principal
Coordinates analysis (PCoA) plots based on Bray—Curtis (weighted, A) and Jaccard (unweighted, B) distance matrices, with their corresponding adonis
R-squared values listed in (C) and (D). The ellipses illustrate the 80% confidential area assuming a multivariable t-distribution. Pairwise PERMANOVA
tests visualized as heatmaps for Bray—Curtis (E) and Jaccard (F), with the value of ps indicated by the color codes underneath. The labels of *, **, and
indicate p-values < 0.05 and < 0.01, respectively.

Figure 4B shows the comparison between all the samples from the
elderly group to those from the young adult group. Four species with
average relative abundances over 1% were significantly different
between the groups as based on the DESeq2 analysis, namely
C. aerofaciens, Bifidobacterium spp., Lachnospira spp. and the
unidentified species from family Enterobacteriaceae. The young adult
group showed much higher relative abundance of C. aerofaciens in
response to all the pectins compared to the elderly group. High
abundances of Bifidobacterium spp. were only detected in the young
adult group, especially in fermentations with INU. In contrast,
fermentations in the elderly group with almost all the substrates led to
of the unidentified species
Enterobacteriaceae and E. coli (Figure 4B). Additionally, the levels of
E prausnitzii were significantly lower in the elderly samples compared

increased levels from family

to the young adult ones in the blank controls (inoculum at baseline;
Figure 4B). However, the relative abundances of E. prausnitzii became
comparable between the elderly and the young groups after 24h
fermentation with PEC and PPH, while it became almost absent with
INU and POS.

A microbial co-occurrence network was constructed based on all
the samples to explore positive and negative direct connections among
bacterial groups (Figure 5). Strong positive associations were
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commonly found between nodes from the same phylum, for instance,
one cluster was formed by several species from the phylum Firmicutes
with two unidentified species from families Ruminococcaceae and
Lachnospiraceae as the hubs. Cross-phyla clusters were also observed,
e.g., Bacteroides spp., Lachnospira spp., the unidentified species from
family Enterobacteriaceae and E. coli were co-occurring microbes,
which were negatively associated with Bifidobacterium spp., Roseburia
spp., C. aerofaciens, Oscillospira spp. and [Ruminococcus] spp. Despite
the phylogenetic similarities, Bifidobacterium spp. were seldomly
connected, possibly implying low niche overlap and functional
diversity within the genus.

3.3. Acid production and correlations with
microbial taxa

The cumulative production of SCFAs and branched-chain fatty
acids (BCFAs) after 24h fermentation with the four substrates are
listed in Table 1. For all the samples, acetic acid, propionic acid, and
butyric acid, were present as the dominant acids, while BCFAs
(isobutyric acid, isovaleric acid, 2-methylbutyric acid) and valeric acid
were detected in minor amounts. Acetic acid was the principal SCFA
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FIGURE 3
Microbiota composition of blank control (BLK) and at 24 h end point of CoMiniGut fermentation of: INU, inulin; PEC, pectin; PPH, partly hydrolyzed
pectin; POS, pectin oligosaccharides. Fecal inoculums used for CoMiniGut fermentation were either from the elderly group (n = 5), or the young group
(n = 5). Relative abundances of detected taxa are summarized at phylum (A) and species (B) level. Taxa with average relative abundance less than 1%
are grouped as "< 1%."

produced from pectins, followed by butyric acid, and propionic acid
produced in least amount. Fermentation with INU led to the highest
level of total SCFAs, butyric acid and propionic acid within the young
adult group. Interestingly, the SCFAs levels became statistically
insignificant between INU and the pectins after 24 h fermentation by
the elderly microbiota. When comparing the two age groups, elderly
microbiota showed lower capability of utilizing inulin for butyric acid
production, but no difference utilizing pectins, compared to young
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adults. The fact that microbiota of the young adult group generated
significantly higher concentrations of butyric acid than that of the
elderly with INU indicated that the bifidogenic effect of inulin is age
dependent. Furthermore, no significant differences were identified on
BCFAs and valeric acid production among substrates or between age
groups (p-values listed in Supplementary Table 3).

Pearson’s correlation between cumulative acid production and
microbial taxa at species level are summarized in Figure 6.
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FIGURE 4

(A) Differentially abundant taxa (summarized at species level) from pairwise comparisons between the substrates at 24 h end point of CoMiniGut
fermentation, as determined by DESeq 2 analysis. Relative abundances of the taxa were row-wise scaled and visualized in heatmap, where significant
p-values were indicated with asterisks on the left. (B) Relative abundances of selected taxa shown by box plots and compared between elderly group
(n = 5) and young group (n = 5). BLK, blank control; INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides. The labels of
*, ** or *** indicate p-values < 0.05, < 0.01, or < 0.001, respectively.
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Interestingly, butyric acid, propionic and valeric acid showed similar
correlations with specific species, whereas acetic acid often showed
opposite correlations with the same species. Positive correlation with
acetic acid levels were observed for F. prausnitzii and Clostridium spp.,
which were highly abundant species in PEC and PPH fermentations.
The species favored by POS, such as Lachnospira spp., P. distasonis,
Bacteroides spp., and B. ovatus, correlated negatively with butyric and/
or propionic acid production. Abundances of B. adolescentis,
Coprococcus spp., Blautia spp. and P. copri, which were enriched
species in INU fermentations, positively correlated with the levels of
butyric and/or propionic acid. Finally, C. aerofaciens and
Bifidobacterium spp., which were found significantly abundant in the
young adult group, correlated positively with butyric acid. E. coli and
the unidentified species from family Enterobacteriaceae, specifically
found in the elderly group, correlated negatively with butyric acid.

4. Discussion

4.1. Effects of pectins on the gut
microbiota in relation to structural
differences

PEC and its derivatives, PPH and POS, were included in the
same experimental setup to study the impact of MW of pectin on
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their fermentation by gut microbiota. Fermentation of PPH resulted
in similar fermentation profiles as the parent pectin polysaccharide
PEC, in terms of both microbial diversity and relative abundances of
bacterial groups. Both substrates selectively promoted the
abundances of F. prausnitzii, Dorea spp., Blautia spp. and Clostridium
spp. after 24 h in vitro fermentation, probably due to their capacity
to degrade the polysaccharide backbones of pectin (Lopez-Siles
etal., 2012). E prausnitzii is one important primary pectin-degrader,
whose activity releases sugar units from the pectin backbone for
further consumption by secondary metabolizers (Elshahed et al.,
2021). In addition to being one of the most abundant species present
in the gut microbiota of healthy humans, F. prausnitzii is considered
a beneficial bacterium to treat gut inflammation (Lopez-Siles et al.,
2012; Miquel et al., 2013; Heinken et al., 2014). The ability of PEC
and PPH to promote the growth of F. prausnitzii is promising for the
elderly population, who are vulnerable to age-related inflammation
(Anetal., 2018; Miguez et al., 2020). In accordance with the present
findings, our previous in vitro study exploring the effects of pectins
(Larsen et al., 2019), found that the abundances of E prausnitzii,
together with family Ruminococcaceae, were most stimulated by high
methylated lemon pectin. Furthermore, we found a positive
correlation between acetic acid production and E prausnitzii, which
agreed with a previous study showing that in vitro growth of
E prausnitzii was stimulated by presence of acetate in the medium
(Heinken et al., 2014).
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TABLE 1 Cumulative production of short-and branched-chain fatty acids (SCFAs/BCFAs) in mmol or pmol per gram of substrates (INU, inulin; PEC,
pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides) at 24 h end point of CoMiniGut fermentation®.

Organic acids Substrates

PPH
ELDERLY
Major SCFAs (mmol/g)
Acetic acid 1.86 (0.26) 2.34(0.28) 2.32(0.37) 2.14 (0.26) 0.07
Propionic acid 1.11 (0.88) 0.76 (0.09) 0.72 (0.11) 0.66 (0.28) 0.45
Butyric acid 1.60 (0.75) 1.04 (0.61) 1.15 (0.63) 0.98 (0.53) 0.44
Total 4.56 (1.12)" 4.15 (0.3)" 4.2 (0.77) 3.78 (0.65) 0.48
BCFAs (umol/g)
Isobutyric acid 9.17 (1.40) 10.87 (5.49) 15.78 (7.24) 11.21 (13.89) 0.29
Isovaleric acid 3.68 (2.76) 7.95 (4.3) 9.34 (6.16) 8.95 (13.23) 0.26
2-Methylbutyric acid 2.98 (1.75) 4.99 (2.82) 6.67 (5.17) 6.26 (8.46) 0.51
Total 15.83 (5.09) 23.8 (12.22) 31.8 (17.71) 26.43 (35.55) 0.36
Other (umol/g)
Valeric acid 33.61 (34.65) 13.33 (12.61) 19.38 (17.38) 2.93 (1.89) 0.16
YOUNG
Major SCFAs (mmol/g)
Acetic acid 1.91 (0.73) 2.31(0.42) 2.27(0.47) 1.89 (0.38) 0.44
Propionic acid 1.3 (0.43) 0.78 (0.27)® 0.82 (0.37)® 0.6 (0.2)° 0.02
Butyric acid 2.84 (0.76)° 1.47 (0.35)° 1.69 (0.49)" 1.45 (0.48)° 0.002
Total 6.05 (0.5)* 4.56 (0.24)° 4.78 (0.25)° 3.94 (0.22)° <0.001
BCFAs (umol/g)
Isobutyric acid 16.43 (8.8) 21.89 (13.48) 22.41 (5.41) 11.61 (8.51) 0.27
Isovaleric acid 6.37 (4.07) 15.62 (12.51) 13.48 (4.18) 8(7.56) 0.24
2-Methylbutyric acid 5.93 (4.45) 10.04 (7.84) 9.54 (3.76) 6.05 (5) 0.51
Total 28.73 (16.38) 47.56 (33.53) 45.42 (11.89) 25.66 (20.16) 0.31
Other (umol/g)
Valeric acid 14.65 (19.59) 42.84 (76.64) 74.62 (125.54) 50.2 (105.93) 0.65

*Values with different superscript letters were significantly different from each other in the same row, with their averages ranked from higher to lower following the ordera to c.
*Difference in specific acid concentrations among the four substrates within the same age group.
fSignificantly different concentrations of the same acids between elderly and young on the same substrates (p <0.05).The results are shown as means (standard deviations).

Acetic acid
Propionic acid
Butyric acid
Valeric acid
Isobutyric acid
Isovaleric acid
2-Methylbutyric acid

FIGURE 6

2
H |
8 2 {
g 2 oS @
S o o
§ 8 4 s 2
d & _E S 13
g€ g « 8 @9
S8 32 228
2488558 SE&§
SsoS88 ©S83
S33232 83,8338
F 23522828
2% 32 S8 s 958
885383528 %
S 38 8 & s
mjom:!:!mml:ldl
o o o o ol o
L IBCICIE ]
ElEEEE HE
| |
| |

Ruminococcaceae.g_.s.

f__Erysipelotrichaceae.g_.s.

s_Bacteroides uniformis
| o
L | g__Catenibacterium.s.
g__Dorea.s.

idobacterium longum
s_Clostridium but

s_Bifi

tyricum

s_Faecalibacterium

prausnitzii

g__Roseburia.s.

@

(I
o g
°.l$|:2 8
S8 ess g
a8 %8s 83
$88% g3
T 88883
SSSESS
358§
2533 ¢% 3
0883 &8
Olkltl!wllllllnl

[ |

B 5
=]
|| []

@
2 o ol
9. S 28 E
2838 sS3§ 2
IS8 835 T8 S
JEE8E T § 2
ERE- -
".-o,&'ég w8 3 8
§2238 28 &8
882 S 87 2% 8
SSEES 2888 3
S853888ss%3
25528353852 8
$ 3883 E8SE8S8 8
555858z 8a%5¢8
m|:D0&<,!g1&|q!>°!
\V)I’IIIUI'I)I o W ’I)I
||
| |
2 ]
L1 |
= [ |
o) | E

s_Bacteroides caccae

g__Parabacteroides.s.

g__Collinsella.s.

s_Bifidobacterium breve

I g__Prevotellas,

f__[Bamesiellaceae].g_s.

g__Oscillospira.s._

g__Bilophila.s.

g__[Ruminococcus].s_

s_Blautia obeum
g__Streptococcus.s.

[ ]

g._S_

f__Clostridiaceae..

iphila

s_Akkermansia mucini

f__[Mogibacteriaceae].g_.s.

gilis

s_Bacteroides fray

Pearson's r

« B g__Clostridium.s.

Pearson’s correlation between relative abundances of microbial taxa (summarized at species level) and short-and branched-chain fatty acid
concentrations at 24 h end point of CoMiniGut fermentation. The areas of colored squares correspond to the absolute values of correlation
coefficients (r). The labels of *, **, or *** indicate p-values <0.05, <0.01, or <0.001, respectively.

Frontiers in Microbiology

10

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1207837
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Guetal.

Fermentation with POS, having the lowest MW, resulted in the
lowest Shannon diversity index and a significantly different beta
diversity based on Bray-Curtis compared to PEC and PPH. The
Shannon diversity index estimates richness and evenness of a
microbial community, and a lower value is related to lower stability or
less homeostasis of the human microbiome (An et al., 2018). Although
several previous in vitro studies have reported an increased bifidogenic
effect of lower MW pectins and POS (Olano-Martin et al., 2002;
Gomez et al., 2016; Ferreira-Lazarte et al., 2018), we did not observe
such effects in fermentations with POS in the current set-up. The
lower bifidogenic effects of POS from our study than the previous
studies could be due to structural differences of POS since they were
derived from different parent pectins (Pascale et al., 2022). The species
that were promoted by POS in the current study included Lachnospira
spp., P, distasonis, Bacteroides spp., and B. ovatus. In contrast to PEC
and PPH, the beneficial species E prausnitzii, was almost depleted
after 24 h fermentation with POS. Microbial utilization of large pectin
polysaccharides requires extracellular breakdown of the backbone by
pectinolytic activities before intracellular consumption (Elshahed
et al., 2021). We speculate that the capability of F prausnitzii to
degrade the polymer backbone of PEC and PPH might account for its
specificity to pectin polysaccharides instead of oligosaccharides.

Another reason for the differences observed in microbiota profiles
could be a slower fermentation of PEC and PPH compared to POS,
due to the time needed to degrade the polymer structures of PEC and
PPH. The relatively faster fermentation of POS by the primary pectin-
degraders could be already followed by enrichment of the secondary
metabolizers by cross-feeding interactions within 24h (Bang et al,,
2018), leading to different microbiota composition compared to PEC
and PPH. This hypothesis of slow fermentation is supported by one in
vitro study that showed a trend from rise to decline of relative
abundances of F prausnitzii during fermentation with methylated
pectin oligosaccharides (Onumpai et al., 2011). A slow fermentation
of pectins may be more promising in the sense that the beneficial
saccharolytic activities could be prolonged to the distal colon
(Tingirikari, 2018). Nevertheless, the SCFAs and BCFAs profiles of all
three pectins were comparable in this study, implying functional
redundancy of the gut microbiome on pectin fermentation pathways
(Reichardt et al., 2018).

4.2. Effects of pectins on the gut
microbiota in relation to donor age

Donors’ age was another factor affecting the fermentation profiles.
The fecal microbiota of the elderly group in the blank control
(inoculum) had lower levels of E prausnitzii and Bifidobacterium spp.,
while the family Enterobacteriaceae was enriched, compared to the
young adult group. After 24 h fermentation with pectins, the phylum
Bacteroidetes, which is often equipped with pectinolytic enzymes, was
increased relatively more in the elderly group. In contrast, the young
adult group exhibited a higher enrichment of the phylum
Actinobacteria, which generally includes secondary metabolizers
instead of primary pectin-degraders (Chung et al., 2017; Tingirikari,
2018). The different microbial profiles at 24 h of fermentation between
the two age groups may indicate a slower fermentation of pectins by
elderly gut microbiota, as the elderly microbiota were still dominated
by the primary pectin-degraders.
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Interestingly, the relative abundances of E prausnitzii, although
lower in the elderly inoculum, were equally abundant in both age
groups, after 24h fermentation with PEC and PPH. Several other
bacterial taxa were found to be associated with donor age. Among them,
C. aerofaciens, which levels were comparably low in the inoculum of
both age groups, was promoted by all pectins in the young adult group,
while almost absent in the elderly group. In contrast, species from
family Enterobacteriaceae and E. coli were much more abundant in the
elderly group at the end of fermentation. In accordance, we found a
negative correlation between C. aerofaciens and the cluster comprising
Enterobacteriaceae and E. coli in the microbial network. These findings
are in line with those of Miguez et al., who reported an increased growth
of E prausnitzii and near absence of genus Collinsella in POS in vitro
fermentations with a pooled elderly fecal inoculum (Miguez et al.,
2020). The species C. aerofaciens showed a positive correlation with
butyric acid production, and in accordance with our results, Qin et al.
(2019) reported it as a butyrate-producing strain. Several studies found
higher prevalence of C. aerofaciens in healthy controls, compared to
patients with cystic fibrosis or inflammatory bowel disease (IBD;
Miragoli et al., 2017; Malham et al., 2019; Quagliariello et al., 2020),
suggesting its association with a healthy microbiome. The family
Enterobacteriaceae, including E. coli, have been reported to possess
genes encoding pectinases, however, in vitro studies demonstrated
non-promoting and anti-adhesive properties of pectins against
pathogenic E. coli strains in human cell models (Di et al., 2017; Prandi
etal., 2018).

Unlike other Bifidobacterium spp., B. adolescentis was equally
stimulated by pectins in both age groups, and it was isolated from
other species in the microbial network. The high relative abundance
of B. adolescentis among elderly has also been observed in previous
studies (Miguez et al., 2020). A recent review has listed evidence
showing that B. adolescentis has a potential key role in modulating
gut-brain axis interactions by producing gamma aminobutyric acid
(GABA), which inhibits anxiety and depression (Barrett et al., 2012;
Sharma et al.,, 2021). Furthermore, B. adolescentis was found to
be anti-inflammatory and had an anti-viral effect against Noroviruses
(Lietal., 2016; Sharma et al., 2021).

Despite the different microbiota composition observed between
the two age groups, their microbial richness and evenness were
similar. The 24h cumulative production of SCFAs and BCFAs from
the pectins were also comparable, except for a slightly lower total
SCFAs level observed in fermentations with PEC. This finding further
confirmed the high level of functional redundancy of pectin
fermentation for SCFA production by microbes in the human gut
levels out the age effect.

4.3. Comparative effects of pectins and
inulin on the gut microbiota composition
and SCFA production

In the present study, we found the well-known bifidogenic and
butyrogenic effects of inulin drastically reduced in fermentations with
the gut microbiota of the elderly population, in an in vitro
experimental setup. The reduced bifidogenic effect of inulin with
elderly gut microbiota has also been reported in literature. An et al.
(2021) noticed less consistent increase of Bifidobacterium spp.
abundances with fermentation of traditional bifidogenic ingredients,
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including inulin, by pre-frail elderly compared to adult controls,
which the authors suggested was due to a reduced efficiency in
carbohydrate degradation of the pre-frail elderly gut microbiota.
Furthermore, they found that the lower level of Bifidobacterium spp.
allowed utilization of inulin by other bacterial groups, e.g., Blautia spp.
(An et al., 2021). Some human intervention studies found an increase
in bifidobacterial prevalence with inulin supplementation (Marteau
etal, 2011; Kiewiet et al., 2021). However, these intervention studies
only included elderly participants, without a control group of younger
adults while it is therefore difficult to compare the two age groups. In
the current study, enriched Enterobacteriaceae family and E.coli were
detected in elderly group with inulin, which had negative correlations
with butyrate production, as well as negative relationships with
Bifidobacterium spp. Production of SCFAs from carbohydrates is
believed to be highly reproducible despite inter-individual variations
in gut microbiota compositions (Reichardt et al., 2018). The drastic
reduction of the butyrogenic effect of inulin observed in the current
study indicates a loss of functional genes in the elderly gut microbiota
which encodes SCFA synthesis, and possibly a lower level of functional
redundancy of the gut microbiota in utilizing inulin, compared to that
of pectins. E prausnitzii was reported to be another degrader of inulin
in the human gut in literature (Park et al.,, 2022). However, the
selective stimulating effects of inulin on E prausnitzii was not observed
in the current study. The inulin-utilizing capabilities varied among
different strains of F. prausnitzii (Lopez-Siles et al., 2017). The strains
of E prausnitzii found in the current study could not be those efficient
degraders of inulin. As limited by the sequencing technique used,
we were not able to study the gut microbes at strain level.

Overall, both inulin and pectins led to distinct fermentation profiles
for both the elderly and the young adult groups. In general, effects of
pectins on the gut microbiota were more specific and less dependent on
the initial microbiota of the fecal inoculum compared to inulin,
confirming the results obtained by a previous study (Cantu-Jungles
et al., 2021). Pectin fermentations were characterized with enriched
Bacteroides spp., P. distasonis, Lachnospira spp. and Clostridium spp.,
with a specific promotion of . prausnitzii by pectin polymer structures,
as well as a specific increase in C. aerofaciens found in gut microbiota
from young donors. Out of the aforementioned species, Bacteroides spp.,
P, distasonis, Lachnospira spp. and E prausnitzii are primary pectin-
degraders equipped with pectinases, while the remaining ones would
utilize released sugars for metabolite conversion such as SCFA
production (Elshahed et al., 2021). Bifidobacterium spp. are known to
encode enzymes like B-fructosidase for inulin degradation (Gibson
etal., 2017). However, this genus is not able to degrade pectins and may
function as secondary metabolizers via cross-feeding interactions (Yang
et al,, 2013). Although Bifidobacterium is not a butyrate-producer
(Sarbini and Rastall, 2011), its abundance positively correlated with
butyrate levels in the current study, indicating the existence of cross-
feeding interactions between Bifidobacterium and butyrate-producing
microbes. As a result, we found that inulin fermentations generated
more butyric acid by the young adult group compared to pectins, which
generated mainly acetic acid, and this finding is in accordance with
previous in vitro studies (Johnson et al., 2015; Chung et al., 2016; Bang
etal., 2018; Chungetal,, 2019; Yu et al,, 2020). Clinical trials confirming
the consistently induced acetate levels by pectin supplementation are so
far rare. Acetic acid might play a role in protecting against pathogens
and inflammation (Miguez et al., 2020), which is often associated
with aging.
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5. Conclusion

By using an in vitro colonic fermentation set-up, we showed how
the molecular sizes of HM citrus pectins impacted their colonic
fermentation by the human gut microbiota. Pectins of large and
medium-size molecules led to more similar fermentation profiles
compared to pectin oligosaccharides, in terms of the gut microbiota
compositions and SCFA productions. The commonly known
beneficial gut microbe, E. prausnitzii, was specifically stimulated by
fermentation of pectin polysaccharides (both large and medium
sizes) instead of pectin oligosaccharides. As to the SCFA production,
acetic acid was the main SCFA product from all the pectins.
Fermentations with inulin led to microbial profiles different from
those of the pectin substrates, in particular higher increase in
Bifidobacterium spp. and production of butyric acid were seen. Donor
age also influenced the fermentation results of both inulin and
pectins. However, in contrast to the obviously reduced bifidogenic
and butyrogenic effects of inulin on the elderly gut microbiota,
fermentations of pectins were less dependent on the donor age.
Therefore, HM citrus pectins of high and medium molecular sizes
showed the most potential to improve age-related dysbiosis of the
elderly gut microbiota. Although an in vitro experimental setup is an
efficient screening tool to evaluate and compare the potential effects
of different substrates on the human gut microbiota, the observed
effects should be further confirmed by human intervention studies.

Data availability statement

The data presented in the study are deposited in the NCBI
database under BioProject PRINA985075, https://www.ncbi.nlm.nih.
gov/bioproject/PRINA985075.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethical Committee of the Capital Region of Denmark
(H-15001754; Wiese et al., 2018). Written informed consent to
participate in this study was provided by the participants.

Author contributions
LJ and NL: conceptualization and supervision. FG: experiments,
data analysis, and writing—draft preparation. BK: SCFA analysis. NL,

NP, FR, SP, BK, and LJ: writing—review and editing. All authors
contributed to the article and approved the submitted version.

Funding

This project was financially supported by the Innovation Fund
Denmark (Case Number 0154-00018A).

Acknowledgments

We acknowledge all the donors who generously provided the
fecal samples. We would like to thank Britta Pugholm (CP Kelco,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1207837
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA985075
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA985075

Guetal.

Denmark) for helping with the analytical characterization of pectin
structures; Janne Riis Hansen and Helle Bech Olsen (both from CP
Kelco, Denmark) for helping with POS preparation; Denitsa
Vladimirova Stefanova for her help with 16S rRNA gene sequencing;
and Beinta Unni Marr, Birgit Michelsen and Dennis Sandris Nielsen
for their valuable suggestions to the study.

Conflict of interest

FG, NP, FR, and SP are employees of CP Kelco Inc., a producer of
commercial pectin.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

An, R., Wilms, E., Logtenberg, M. J., Van Trijp, M. P. H., Schols, H. A., Masclee, A. A.
M, et al. (2021). In vitro metabolic capacity of carbohydrate degradation by intestinal
microbiota of adults and pre-frail elderly. ISME Commun.:1. doi: 10.1038/
543705-021-00065-5

An, R, Wilms, E., Masclee, A. A., Smidt, H., Zoetendal, E. G., and Jonkers, D. (2018).
Age-dependent changes in Gi physiology and microbiota: time to reconsider? Gut 67,
2213-2222. doi: 10.1136/gutjnl-2017-315542

An, R., Wilms, E., Smolinska, A., Hermes, G. D. A., Masclee, A. A. M., De Vos, P, et al.
(2019). Sugar beet pectin supplementation did not Alter profiles of fecal microbiota and
exhaled breath in healthy young adults and healthy elderly. Nutrients 11, 61-72. doi:
10.3390/nu11092193

Bang, S.-J., Kim, G., Lim, M. Y,, Song, E.-]., Jung, D.-H., Kum, J.-S., et al. (2018). The
influence of in vitro pectin fermentation on the human fecal microbiome. AMB Express
8, 1-9. doi: 10.1186/513568-018-0629-9

Barrett, E., Ross, R, O'toole, P. W,, Fitzgerald, G. E, and Stanton, C. (2012).
I'-aminobutyric acid production by Culturable Bacteria from the human intestine. J.
Appl. Microbiol. 113, 411-417. doi: 10.1111/.1365-2672.2012.05344.x

Baxter, N. T., Schmidt, A. W., Venkataraman, A., Kim, K. S., Waldron, C., and
Schmidt, T. M. (2019). Dynamics of human gut microbiota and short-chain fatty acids
in response to dietary interventions with three fermentable fibers. MBio 10, E02566-
E02518. doi: 10.1128/mBi0.02566-18

Buford, T. W. (2017). (dis)trust your gut: the gut microbiome in age-related
inflammation, health, and disease. Microbiome 5:80. doi: 10.1186/s40168-017-0296-0

Cantu-Jungles, T. M., Bulut, N., Chambry, E., Ruthes, A., Iacomini, M.,
Keshavarzian, A, et al. (2021). Dietary Fiber hierarchical specificity: the missing link for
predictable and strong shifts in gut bacterial communities. MBio 12, E01028-E01021.
doi: 10.1128/mBi0.01028-21

Castanys-Mufioz, E., Martin, M. J., and Vazquez, E. (2016). Building a beneficial
microbiome from birth. Adv. Nutr. 7, 323-330. doi: 10.3945/an.115.010694

Chung, W. S. E, Meijerink, M., Zeuner, B., Holck, J., Louis, P,, Meyer, A. S., et al.
(2017). Prebiotic potential of pectin and Pectic oligosaccharides to promote anti-
inflammatory commensal Bacteria in the human Colon. FEMS Microbiol. Ecol. 93,
127-135. doi: 10.1093/femsec/fix127

Chung, W. S. E, Walker, A. W, Louis, P, Parkhill, J., Vermeiren, J., Bosscher, D., et al.
(2016). Modulation of the human gut microbiota by dietary fibres occurs at the species
level. BMC Biol. 14, 1-13. doi: 10.1186/s12915-015-0224-3

Chung, W. S. E, Walker, A. W,, Vermeiren, J., Sheridan, P. O., Bosscher, D.,
Garcia-Campayo, V., et al. (2019). Impact of carbohydrate substrate complexity on the
diversity of the human colonic microbiota. FEMS Microbiol. Ecol. 95:Fiy201. doi:
10.1093/femsec/fiy201

De Maesschalck, C., Van Immerseel, E, Eeckhaut, V., De Baere, S., Cnockaert, M.,
Croubels, S., et al. (2014). Faecalicoccus Acidiformans gen. Nov., Sp. Nov,, isolated from the
chicken Caecum, and reclassification of Streptococcus Pleomorphus (Barnes et Al. 1977),
Eubacterium Biforme (Eggerth 1935) and Eubacterium Cylindroides (Cato et Al. 1974) as
Faecalicoccus Pleomorphus comb. Nov., Holdemanella Biformis gen. Nov., comb. Nov. and
Faecalitalea Cylindroides gen. Nov, comb. Nov., respectively, within the family
Erysipelotrichaceae. Int. J. Syst. Evol. Microbiol. 64, 3877-3884. doi: 10.1099/ijs.0.064626-0

Di, R., Vakkalanka, M. S., Onumpai, C., Chau, H. K., White, A., Rastall, R. A., et al.
(2017). Pectic oligosaccharide structure-function relationships: prebiotics, inhibitors of
Escherichia Coli O157: H7 adhesion and reduction of Shiga toxin cytotoxicity in Ht29
cells. Food Chem. 227, 245-254. doi: 10.1016/j.foodchem.2017.01.100

Frontiers in Microbiology

13

10.3389/fmicb.2023.1207837

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1207837/
full#supplementary-material

Dixon, P. (2003). Vegan, a package of R functions for community ecology. J. Veg. Sci.
14, 927-930. doi: 10.1111/j.1654-1103.2003.tb02228.x

EFSA Panel on Dietetic Products and Allergies (2015). Scientific opinion on the
substantiation of a health claim related to “native chicory inulin” and maintenance of
Normal defecation by increasing stool frequency pursuant to article 13.5 of regulation
(Ec) no 1924/2006. EFSA J. 13:3951. doi: 10.2903/j.efsa.2015.3951

Elshahed, M. S., Miron, A., Aprotosoaie, A. C., and Farag, M. A. (2021). Pectin in diet:
interactions with the human microbiome, role in gut homeostasis and nutrient-drug
interactions. Carbohydr. Polym. 255:117388. doi: 10.1016/j.carbpol.2020.117388

Ferreira-Lazarte, A., Kachrimanidou, V., Villamiel, M., Rastall, R. A., and Moreno, E. J.
(2018). In vitro fermentation properties of pectins and enzymatic-modified pectins
obtained from different renewable bioresources. Carbohydr. Polym. 199, 482-491. doi:
10.1016/j.carbpol.2018.07.041

Ferreira-Lazarte, A., Moreno, E. J., Cueva, C., Gil-Sdnchez, 1., and Villamiel, M. (2019).
Behaviour of Citrus pectin during its gastrointestinal digestion and fermentation in a
dynamic simulator (Simgi®). Carbohydr. Polym. 207, 382-390. doi: 10.1016/j.
carbpol.2018.11.088

Gibson, G. R., Hutkins, R., Sanders, M. E., Prescott, S. L., Reimer, R. A., Salminen, S. J.,
et al. (2017). 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. 14, 491-502. doi: 10.1038/nrgastro.2017.75

Gomez, B., Gullon, B., Yéanez, R., Schols, H., and Alonso, J. L. (2016). Prebiotic
potential of Pectins and Pectic oligosaccharides derived from lemon Peel wastes and
sugar beet pulp: a comparative evaluation. J. Funct. Foods 20, 108-121. doi: 10.1016/j.
jff.2015.10.029

Gonzalez-Herrera, S. M., Herrera, R. R, Lopez, M. G., Rutiaga, O. M., Aguilar, C. N.,
Esquivel, J. C. C,, et al. (2015). Inulin in food products: prebiotic and functional
ingredient. Br. Food J. 117, 371-387. doi: 10.1108/BFJ-09-2013-0238

Greenhalgh, K., Meyer, K. M., Aagaard, K. M., and Wilmes, P. (2016). The human gut
microbiome in health: establishment and resilience of microbiota over a lifetime.
Environ. Microbiol. 18,2103-2116. doi: 10.1111/1462-2920.13318

Gu, Z., Eils, R, and Schlesner, M. (2016). Complex Heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics 32, 2847-2849. doi:
10.1093/bioinformatics/btw313

Gu, Z., Gu, L., Eils, R, Schlesner, M., and Brors, B. (2014). Circlize implements and
enhances circular visualization in R. Bioinformatics 30, 2811-2812. doi: 10.1093/
bioinformatics/btu393

Heinken, A., Khan, M. T, Paglia, G., Rodionov, D. A., Harmsen, H. J., and Thiele, I.
(2014). Functional Metabolic Map Of Faecalibacterium Prausnitzii, A Beneficial Human
Gut Microbe. J. Bacteriol. 196, 3289-3302. doi: 10.1128/JB.01780-14

Holloway, W. D., Tasman-Jones, C., and Maher, K. (1983). Pectin digestion in humans.
Am. J. Clin. Nutr. 37, 253-255. doi: 10.1093/ajcn/37.2.253

Holscher, H. D. (2017). Dietary Fiber and prebiotics and the gastrointestinal
microbiota. Gut Microbes 8, 172-184. doi: 10.1080/19490976.2017.1290756

Hui, Y., Tamez-Hidalgo, P, Cieplak, T., Satessa, G. D., Kot, W, Kjaerulff, S., et al.
(2021). Supplementation of a lacto-fermented rapeseed-seaweed blend promotes gut

microbial-and gut immune-modulation in weaner piglets. ] Anim Sci Biotechnol 12:85.
doi: 10.1186/s40104-021-00601-2

Johnson, L. P, Walton, G. E., Psichas, A., Frost, G. S., Gibson, G. R., and
Barraclough, T. G. (2015). Prebiotics modulate the effects of antibiotics on gut microbial
diversity and functioning in vitro. Nutrients 7, 4480-4497. doi: 10.3390/nu7064480

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1207837
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1207837/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1207837/full#supplementary-material
https://doi.org/10.1038/s43705-021-00065-5
https://doi.org/10.1038/s43705-021-00065-5
https://doi.org/10.1136/gutjnl-2017-315542
https://doi.org/10.3390/nu11092193
https://doi.org/10.1186/s13568-018-0629-9
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1128/mBio.02566-18
https://doi.org/10.1186/s40168-017-0296-0
https://doi.org/10.1128/mBio.01028-21
https://doi.org/10.3945/an.115.010694
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1186/s12915-015-0224-3
https://doi.org/10.1093/femsec/fiy201
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.1016/j.foodchem.2017.01.100
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.2903/j.efsa.2015.3951
https://doi.org/10.1016/j.carbpol.2020.117388
https://doi.org/10.1016/j.carbpol.2018.07.041
https://doi.org/10.1016/j.carbpol.2018.11.088
https://doi.org/10.1016/j.carbpol.2018.11.088
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1016/j.jff.2015.10.029
https://doi.org/10.1016/j.jff.2015.10.029
https://doi.org/10.1108/BFJ-09-2013-0238
https://doi.org/10.1111/1462-2920.13318
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1128/JB.01780-14
https://doi.org/10.1093/ajcn/37.2.253
https://doi.org/10.1080/19490976.2017.1290756
https://doi.org/10.1186/s40104-021-00601-2
https://doi.org/10.3390/nu7064480

Guetal.

Karhus, M. L, Sonne, D. P,, Thomasen, M., Ellegaard, A.-M., Holst, J. ]., Rehfeld, J. E,
et al. (2022). Enterohepatic, Gluco-metabolic, and gut microbial characterization of
individuals with bile acid malabsorption. Gastro. Hep. Adv. 1, 299-312. doi: 10.1016/j.
gastha.2021.12.007

Kiewiet, M. B. G., Elderman, M. E., El Aidy, S., Burgerhof, J. G. M., Visser, H.,
Vaughan, E. E,, et al. (2021). Flexibility of gut microbiota in ageing individuals during
dietary Fiber long-chain inulin intake. Mol. Nutr. Food Res. 65:E2000390. doi: 10.1002/
mnfr.202000390

Lagkouvardos, I, Fischer, S., Kumar, N., and Clavel, T. (2017). Rhea: a transparent and
modular R pipeline for microbial profiling based on 16s Rrna gene amplicons. Peer]
5:E2836. doi: 10.7717/peer;j.2836

Larsen, N., Bussolo De Souza, C., Krych, L., Barbosa Cahu, T., Wiese, M., Kot, W.,
et al. (2019). Potential of Pectins to beneficially modulate the gut microbiota
depends on their structural properties. Front. Microbiol. 10:223. doi: 10.3389/
fmicb.2019.00223

Li, D, Breiman, A., Le Pendu, J., and Uyttendaele, M. (2016). Anti-viral effect of
Bifidobacterium Adolescentis against noroviruses. Front. Microbiol. 7:864. doi: 10.3389/
fmicb.2016.00864

Lopez-Siles, M., Duncan, S. H., Garcia-Gil, L. J., and Martinez-Medina, M. (2017).
Faecalibacterium Prausnitzii: from microbiology to diagnostics and prognostics. ISME
J. 11, 841-852. doi: 10.1038/isme;j.2016.176

Lopez-Siles, M., Khan, T. M., Duncan, S. H., Harmsen, H. J., Garcia-Gil, L. J., and
Flint, H. J. (2012). Cultured representatives of two major Phylogroups of human
colonic Faecalibacterium Prausnitzii can utilize pectin, uronic acids, and host-derived
substrates for growth. Appl. Environ. Microbiol. 78, 420-428. doi: 10.1128/
AEM.06858-11

Love, M. L, Huber, W,, and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-Seq data with Deseq2. Genome Biol. 15, 1-21. doi: 10.1186/
513059-014-0550-8

Malham, M., Lilje, B., Houen, G., Winther, K., Andersen, P. S., and Jakobsen, C.
(2019). The microbiome reflects diagnosis and predicts disease severity in Paediatric
onset inflammatory bowel disease. Scand. J. Gastroenterol. 54, 969-975. doi:
10.1080/00365521.2019.1644368

Marteau, P., Jacobs, H., Cazaubiel, M., Signoret, C., Prevel, J. M., and Housez, B.
(2011). Effects of chicory inulin in constipated elderly people: a double-blind
controlled trial. Int. J. Food Sci. Nutr. 62, 164-170. doi: 10.3109/096374
86.2010.527323

Mcmurdie, P. J., and Holmes, S. (2013). Phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:E61217. doi:
10.1371/journal.pone.0061217

Miguez, B., Vila, C., Venema, K., Parajo, J. C., and Alonso, J. L. (2020). Prebiotic effects
of Pectooligosaccharides obtained from lemon Peel on the microbiota from elderly
donors using An in vitro continuous Colon model (Tim-2). Food Funct. 11, 9984-9999.
doi: 10.1039/DOFO01848A

Miquel, S., Martin, R., Rossi, O., Bermudez-Humaran, L., Chatel, J., Sokol, H., et al.
(2013). Faecalibacterium Prausnitzii and human intestinal health. Curr. Opin. Microbiol.
16, 255-261. doi: 10.1016/j.mib.2013.06.003

Miragoli, E, Federici, S., Ferrari, S., Minuti, A., Rebecchi, A., Bruzzese, E., et al. (2017).
Impact of cystic fibrosis disease on archaea and bacteria composition of gut microbiota.
FEMS Microbiol. Ecol. 93, 230-242, Fiw230. doi: 10.1093/femsec/fiw230

Nagqash, E, Masoodi, E. A, Rather, S. A., Wani, S. M., and Gani, A. (2017). Emerging
concepts in the nutraceutical and functional properties of pectin-a review. Carbohydr.
Polym. 168, 227-239. doi: 10.1016/j.carbpol.2017.03.058

Olano-Martin, E., Gibson, G. R., and Rastall, R. (2002). Comparison of the in vitro
bifidogenic properties of pectins and pectic-oligosaccharides. J. Appl. Microbiol. 93,
505-511. doi: 10.1046/j.1365-2672.2002.01719.x

Onumpai, C., Kolida, S., Bonnin, E., and Rastall, R. A. (2011). Microbial utilization
and selectivity of pectin fractions with various structures. Appl. Environ. Microbiol. 77,
5747-5754. doi: 10.1128/ AEM.00179-11

Park, J.-H., Song, W.-S., Lee, ], Jo, S.-H., Lee, J.-S., Jeon, H.-],, et al. (2022). An
integrative multiomics approach to characterize prebiotic inulin effects on
Faecalibacterium  Prausnitzii. Front. Bioeng. Biotechnol. 10. doi: 10.3389/
fbioe.2022.825399

Pascale, N., Gu, E, Larsen, N., Jespersen, L., and Respondek, F. (2022). The potential
of Pectins to modulate the human gut microbiota evaluated by in vitro fermentation: a
systematic review. Nutrients 14:3629. doi: 10.3390/nu14173629

Frontiers in Microbiology

14

10.3389/fmicb.2023.1207837

Peschel, S., Miiller, C. L., Von Mutius, E., Boulesteix, A.-L., and Depner, M. (2021).
Netcomi: network construction and comparison for microbiome data in R. Brief.
Bioinform. 22:Bbaa290. doi: 10.1093/bib/bbaa290

Prandi, B., Baldassarre, S., Babbar, N., Bancalari, E., Vandezande, P, Hermans, D.,
et al. (2018). Pectin oligosaccharides from sugar beet pulp: molecular characterization
and potential prebiotic activity. Food Funct. 9, 1557-1569. doi: 10.1039/C7FO01182B

Qin, P, Zou, Y., Dai, Y., Luo, G., Zhang, X., and Xiao, L. (2019). Characterization a
novel butyric acid-producing bacterium Collinsella aerofaciens Subsp. Shenzhenensis
Subsp. Nov. Microorganisms 7, 78-87. doi: 10.3390/microorganisms7030078

Quagliariello, A., Del Chierico, E, Reddel, S., Russo, A., Onetti Muda, A., D'argenio,
P, et al. (2020). Fecal microbiota transplant in two ulcerative colitis pediatric cases: gut
microbiota and clinical course correlations. Microorganisms 8, 1486-1497. doi: 10.3390/
microorganisms8101486

Rampelli, S., Candela, M., Turroni, S., Biagi, E., Collino, S., Franceschi, C., et al.
(2013). Functional metagenomic profiling of intestinal microbiome in extreme ageing.
Aging (Albany NY) 5, 902-912. doi: 10.18632/aging.100623

Rastall, R., Diez-Municio, M., Forssten, S., Hamaker, B., Meynier, A., Moreno, E J.,
et al. (2022). Structure and function of non-digestible carbohydrates in the gut
microbiome. Benefic. Microbes 13, 95-168. doi: 10.3920/BM2021.0090

Reichardt, N., Vollmer, M., Holtrop, G., Farquharson, E M., Wefers, D., Bunzel, M.,
etal. (2018). Specific substrate-driven changes in human faecal microbiota composition
contrast with functional redundancy in short-chain fatty acid production. ISME J. 12,
610-622. doi: 10.1038/isme;j.2017.196

Roberfroid, M., Gibson, G. R., Hoyles, L., Mccartney, A. L., Rastall, R., Rowland, I.,
etal. (2010). Prebiotic effects: metabolic and health benefits. Br. J. Nutr. 104, S1-S63. doi:
10.1017/S0007114510003363

Roberts, J. L., Liu, G., Darby, T. M., Fernandes, L. M., Diaz-Hernandez, M. E.,
Jones, R. M., et al. (2020). Bifidobacterium Adolescentis supplementation attenuates
fracture-induced systemic sequelae. Biomed. Pharmacother. 132:110831. doi: 10.1016/j.
biopha.2020.110831

Sarbini, S. R., and Rastall, R. A. (2011). Prebiotics: metabolism, structure, and
function. Funct. Food Rev. 3, 93-106. doi: 10.2310/6180.2011.00004

Sharma, M., Wasan, A., and Sharma, R. K. (2021). Recent developments in probiotics:
An emphasis on Bifidobacterium. Food Biosci. 41, 100993-101002. doi: 10.1016/j.
b10.2021.100993

Teferra, T. E. (2021). Possible actions of inulin as prebiotic polysaccharide: a review.
Food Front. 2, 407-416. doi: 10.1002/fft2.92

Tingirikari, J. M. R. (2018). Microbiota-accessible Pectic poly-and oligosaccharides in
gut health. Food Funct. 9, 5059-5073. doi: 10.1039/C8F0O01296B

Wei, T., and Simko, V. (2021). R package 'Corrplot": Visualization of a correlation
matrix. (Version 0.92), https://github.com/taiyun/corrplot

WHO (2021). Ageing and Health [Online]. Geneva, Switzerland: World
Health Organization.

Wickham, H. (2016). Ggplot2: Elegant graphics for data analysis, Cham, Springer
International Publishing.

Wiese, M., Hui, Y., Holck, J., Sejberg, J. J. P,, Daures, C., Maas, E., et al. (2021). High
throughput in vitro characterization of Pectins for pig(let) nutrition. Anim. Microbiome
3:69. doi: 10.1186/s42523-021-00129-w

Wiese, M., Khakimov, B., Nielsen, S., Sorensen, H., Van Den Berg, F, and Nielsen, D. S.
(2018). Cominigut-a small volume in vitro Colon model for the screening of gut
microbial fermentation processes. PEER] 6:E4268. doi: 10.7717/peer;j.4268

Wilkowska, A., Motyl, L, Antczak-Chrobot, A., Wojtczak, M., Nowak, A,
Czyzowska, A., et al. (2021). Influence of human age on the prebiotic effect of pectin-
derived oligosaccharides obtained from apple pomace. Fermentation 7, 224-236. doi:
10.3390/fermentation7040224

Yang, J., Martinez, I., Walter, J., Keshavarzian, A., and Rose, D. J. (2013). In vitro
characterization of the impact of selected dietary fibers on fecal microbiota composition and
short chain fatty acid production. Anaerobe 23, 74-81. doi: 10.1016/j.anaerobe.2013.06.012

Yu, X., Gurry, T., Nguyen, L. T. T,, Richardson, H. S., and Alm, E. J. (2020). Prebiotics
and community composition influence gas production of the human gut microbiota.
MBio 11, E00217-E00220. doi: 10.1128/mBi0.00217-20

Zheng, J., Wittouck, S., Salvetti, E., Franz, C., Harris, H. M. B., Mattarelli, P, et al. (2020).
A taxonomic note on the genus Lactobacillus: description of 23 novel genera, emended

description of the genus Lactobacillus beijerinck 1901, and union of Lactobacillaceae and
Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 70, 2782-2858. doi: 10.1099/ijsem.0.004107

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1207837
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.gastha.2021.12.007
https://doi.org/10.1016/j.gastha.2021.12.007
https://doi.org/10.1002/mnfr.202000390
https://doi.org/10.1002/mnfr.202000390
https://doi.org/10.7717/peerj.2836
https://doi.org/10.3389/fmicb.2019.00223
https://doi.org/10.3389/fmicb.2019.00223
https://doi.org/10.3389/fmicb.2016.00864
https://doi.org/10.3389/fmicb.2016.00864
https://doi.org/10.1038/ismej.2016.176
https://doi.org/10.1128/AEM.06858-11
https://doi.org/10.1128/AEM.06858-11
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1080/00365521.2019.1644368
https://doi.org/10.3109/09637486.2010.527323
https://doi.org/10.3109/09637486.2010.527323
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1039/D0FO01848A
https://doi.org/10.1016/j.mib.2013.06.003
https://doi.org/10.1093/femsec/fiw230
https://doi.org/10.1016/j.carbpol.2017.03.058
https://doi.org/10.1046/j.1365-2672.2002.01719.x
https://doi.org/10.1128/AEM.00179-11
https://doi.org/10.3389/fbioe.2022.825399
https://doi.org/10.3389/fbioe.2022.825399
https://doi.org/10.3390/nu14173629
https://doi.org/10.1093/bib/bbaa290
https://doi.org/10.1039/C7FO01182B
https://doi.org/10.3390/microorganisms7030078
https://doi.org/10.3390/microorganisms8101486
https://doi.org/10.3390/microorganisms8101486
https://doi.org/10.18632/aging.100623
https://doi.org/10.3920/BM2021.0090
https://doi.org/10.1038/ismej.2017.196
https://doi.org/10.1017/S0007114510003363
https://doi.org/10.1016/j.biopha.2020.110831
https://doi.org/10.1016/j.biopha.2020.110831
https://doi.org/10.2310/6180.2011.00004
https://doi.org/10.1016/j.fbio.2021.100993
https://doi.org/10.1016/j.fbio.2021.100993
https://doi.org/10.1002/fft2.92
https://doi.org/10.1039/C8FO01296B
https://github.com/taiyun/corrplot
https://doi.org/10.1186/s42523-021-00129-w
https://doi.org/10.7717/peerj.4268
https://doi.org/10.3390/fermentation7040224
https://doi.org/10.1016/j.anaerobe.2013.06.012
https://doi.org/10.1128/mBio.00217-20
https://doi.org/10.1099/ijsem.0.004107

	Age-related effects on the modulation of gut microbiota by pectins and their derivatives: an in vitro study
	1. Introduction
	2. Materials and methods
	2.1. Substrates
	2.2. Determination of molecular weight by size exclusion chromatography
	2.3. Fecal sample collection and inoculum preparation
	2.4. In vitro fermentation using CoMiniGut system
	2.5. Analysis of short-and branched-chain fatty acids (SCFAs/BCFAs)
	2.6. DNA extraction and 16S rRNA gene amplicon sequencing
	2.7. Data analysis and statistics

	3. Results
	3.1. Alpha and beta diversity of microbiota
	3.2. Abundances of bacterial groups and co-occurrence network
	3.3. Acid production and correlations with microbial taxa

	4. Discussion
	4.1. Effects of pectins on the gut microbiota in relation to structural differences
	4.2. Effects of pectins on the gut microbiota in relation to donor age
	4.3. Comparative effects of pectins and inulin on the gut microbiota composition and SCFA production

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

