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Introduction

In vitro colon fermentation of a traditional
fermented food using stool from consumers and
non-consumers

Murambiwa Nyati, ¢ *>®€ Oscar van Mastrigt,® Sibbe Bakker, ¢ John Shindano,©
Elise F. Talsma,? Bas J. Zwaan® and Sijmen E. Schoustra®©

Traditional fermented foods (TFFs) spark debates about their potential health benefits as much is still unclear.
Mostly conjectured as functional or living foods, TFFs are produced by live organisms through spontaneous
or controlled fermentation processes. Here, we assessed the effect of exposure to Mabisi, a traditional
Zambian fermented dairy food product, on the gut microbiota and production of short-chain fatty acids
(SCFAs) in stool samples of consumers and non-consumers of Mabisi. We hypothesize that non-consumers
of Mabisi will exhibit greater shifts in the gut microbiota composition and a more pronounced increase in
SCFA production compared to Mabisi consumers. Stool samples of consumers and non-consumers of
Mabisi were exposed to three treatments: (1) Mabisi, (2) fructooligosaccharides (FOSs) as a positive control,
and (3) sterile water as a negative control. Treatments were digested using the in vitro INFOGEST static diges-
tion model protocol 2.0 before anaerobic incubation for 24 h with the stool of consumers and non-consu-
mers of Mabisi. We sequenced the hypervariable region (V3-V4) of the 16S rRNA gene to determine the
microbial communities. We measured SCFA production as a proxy for gut microbiota functionality. Mabisi
supplementation increased Pediococcus in both consumers and non-consumers of Mabisi compared to
sterile water. After treatment with Mabisi, the gut microbiota of consumers showed greater resilience, with
limited changes in community composition compared to non-consumers, as indicated by beta diversity
(Mabisi consumers: R? = 0.07, p-adjusted = 0.375; Mabisi non-consumers: R?> = 0.08, p-adjusted = 0.05)
relative to their respective negative controls. Non-consumers were associated with higher production of
SCFAs, including acetate, butyrate, formate and succinate, compared to Mabisi consumers. In conclusion,
Mabisi has the potential to modulate in vitro gut microbiota by increasing beneficial bacteria and the pro-
duction of SCFAs, with a particularly strong effect in non-consumers.

Lactococcus, Pediococcus, and Bifidobacterium.” After consump-
tion of TFFs, certain strains of bacteria may end up in the

Traditional fermented foods (TFFs) spark debates among
scientists relating to their potential health benefits to humans.
Studies conducted on the bacterial composition of TFFs reveal
consistent dominance of Firmicutes and Actinobacteria phyla,
also in the case of spontaneous fermentation, a way through
which TFFs are typically produced.” Beneficial bacterial genera
from these two phyla may include Lactobacillus, Streptococcus,
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colon and potentially act as probiotics. Probiotics fuel the host
gut mucosa cells and may contribute to health by inhibiting
the growth of pathogenic microorganisms in the gut. Another
possibility conjecturing the health benefits of TFFs is the high
abundance of specific metabolites generated during the fer-
mentation process, including short-chain fatty acids (SCFAs),
diacetyl, hydrogen peroxide, acetaldehyde, ethanol, bacterio-
cins, and reuterin.® These metabolites may have protective pro-
perties for the host gut mucosa. A high concentration of
metabolites could alter the gut environment, thereby selec-
tively favouring the growth of beneficial bacteria within the
colon and thus impacting host health positively. Generally,
through known and unknown mechanisms, most TFFs are
reported to modulate the immune system, reduce glycosylated
haemoglobin (HbA1C) in diabetes mellitus type two,* reduce
the production of pro-inflammatory metabolites,® and reduce
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undesirable symptoms in individuals with inflammatory bowel
diseases.®

Regular intake of TFFs such as Kefir, Sauerkraut,
Chibwantu, Kimchi, Munkoyo, Ergo, and Mabisi may result in
a resilient and stable gut microbiota that benefits the host’s
health. In a systematic review on the effect of Kefir consump-
tion on human health, wider health claims are documented
that show the potential of TFFs in modulating the gut micro-
biota.” Here, resilience and stability would imply a gut micro-
biota that will not easily change bacterial composition upon
exposure to external pressures.® Therefore, we expect that the
gut microbiota of non-consumers of TFFs will be less resilient
and more susceptible to changes in bacterial composition
when exposed, for instance, to a TFF.

An example of a TFF widely studied is Mabisi.”"" Mabisi is
a traditional fermented milk product widely consumed across
Zambia. It is produced through spontaneous fermentation of
raw cow’s milk under non-pasteurized conditions using
various vessels such as calabashes or plastic containers, over a
period of 1-3 days at ambient temperatures. The fermentation
is driven by naturally occurring lactic acid bacteria and yeasts,
leading to the development of unique sensory, microbial, and
nutritional properties. Previous studies have identified diverse
microbial communities in Mabisi, including genera such as
Lactobacillus, Leuconostoc, and Streptococcus, some of which
are known to have probiotic potential.'*'* Despite its wide-
spread consumption and cultural significance, Mabisi remains
under-characterized scientifically. In particular, the effects of
regular consumption of Mabisi on gut microbiota composition
and short-chain fatty acid production are underexplored.
Studies by Alekseeva,'* Moonga' and Chileshe'® report bac-
terial communities in Mabisi that could have probiotic poten-
tial. Investigating whole Mabisi for its potential to promote
resilience and stability among consumers is important for pro-
motion of its consumption, especially vulnerable populations
such as children aged under 48 months.

Studying variations in the gut microbiota via in vivo
methods is restricted for ethical and safety reasons. Therefore,
in vitro digestion models'®™'® have been developed to study the
effects of food on the microbiome and related metabolite
production.'®™*® Innovation of digestion models ranges from
complex automated dynamic models to simple static models,
all aiming to mimic human and animal digestion. The
primary purpose of these models is to simulate the physiologi-
cal processes in human and animal digestion accurately for
the questions at hand. Protocols validated by a consortium of
digestion scientists known as the INFOGEST static digestion
and fermentation model (hereafter the INFOGEST model) are
highly recommended for studying the characteristics of food
matrices.””"® The INFOGEST model may be used to comp-
lement the outcomes of advanced dynamic computerized
models such as SHIME®® and TIM.>"

In this paper, we have used the INFOGEST model to assess
the effect of exposure to a TFF, Mabisi, on the gut microbiota
extracted from consumers and non-consumers of Mabisi, and
how this relates to the production of SCFAs. We hypothesize that
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non-consumers of Mabisi will exhibit greater shifts in the gut
microbiota composition and a more pronounced increase in
SCFA production compared to Mabisi consumers. This hypoth-
esis is based on an ecological principle suggesting that non-con-
sumers have not yet been modulated by Mabisi exposure and
thus may undergo more pronounced shifts in the gut microbiota
composition and SCFA production as they adapt to utilize a
resource, Mabisi, with modulation potential.**

Methods and materials

Stool samples used in this experiment were obtained from
children who participated in a baseline survey conducted as
part of an earlier study in Mazabuka District, Southern
Province, Zambia.>?

Experiment setup

Stool samples of consumers and non-consumers of Mabisi
were exposed to the following three treatments: (1) Mabisi, (2)
fructooligosaccharides (FOS) as a positive control, and (3)
sterile water as a negative control. Treatments were digested
using the in vitro INFOGEST static digestion model protocol
2.0 before anaerobic incubation for 24 h with the stool of
consumers and non-consumers of Mabisi. The colon digestion
protocol (also known as the fermentation protocol) simulates
the colon, following work by Pérez-Burillo and colleagues."’
Donors of stool material (C1 to C6) were children (aged 6 to
12 months) who participated in our previous unpublished
study and had not been exposed to antibiotics in the last 30
days. Using a questionnaire to document their Mabisi intake,
the children were classified as either Mabisi consumers or
non-consumers and three biological stool replicates were
sampled. For each biological replicate, three technical repli-
cates were used per treatment. At the end of the experiment,
we extracted genomic DNA for bacterial composition analysis
and the supernatant for SCFA analyses (Fig. 1).

Ethical approval was granted by the Tropical Diseases
Research Center Ethics Review Board in Zambia under the IRB
registration number: 00002911, TRC/C4/02/2021. The Zambia
National Health Research Board provided permission to access
the research site. Parents or caregivers signed informed
consent prior to participation in the study. This study was con-
ducted in accordance with the ethical principles outlined in
the Declaration of Helsinki of the World Medical Association.

Materials

We used the following chemicals and enzymes: soluble potato
starch (52630, Sigma-Aldrich), 3,5-dinitrosalicylic acid (DNS)
(210-204-3, Sigma-Aldrich), sodium phosphate buffer (P4922,
Sigma-Aldrich), sodium potassium tartrate tetrahydrate
(S2377, Sigma-Aldrich), maltose standard (M5885, Sigma-
Aldrich), hydrochloric acid (H1758, Sigma-Aldrich), sodium
hydroxide (S58891, Sigma-Aldrich), trichloroacetic acid (T6399,
Sigma-Aldrich), sodium taurodeoxycholate solution (904236,
Sigma-Aldrich), tributyrin (T8626, Sigma-Aldrich), p-toluene-
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Fig. 1 A flowchart illustrating the experimental setup, which consists of two stages of digestion. Stage 1 involves in vitro INFOGEST static digestion
of treatments (Mabisi, FOS as a positive control, and sterile water as a negative control). Stage 2 focuses on colon digestion, where treatments were
incubated with stool slurry (gut microbiota) from both Mabisi consumers and non-consumers. At the end of the experiment, colon digestion con-
tents were sampled for whole bacterial community profiling and SCFA analysis.

sulfonyl-t-arginine methyl ester-TAME (T4626, Sigma-Aldrich),
bovine blood haemoglobin (H2500, Sigma-Aldrich), porcine
pepsin (P6887, Sigma-Aldrich), human salivary amylase
(A1031, Sigma-Aldrich), porcine pancreatin (P7545, Sigma-
Aldrich), rabbit gastric extract powder (RGE25-Lipolytech),
phosphocreatine disodium salt hydrate (ED2SC, Sigma-
Aldrich), zinc sulfate heptahydrate (Z0251, Sigma-Aldrich),
fructooligosaccharides from chicory (F8052, Sigma-Aldrich),
peptone from potatoes (83059, Sigma-Aldrich), and standards
of acetate, propionate, isobutyrate, butyrate, formate and
lactate, all supplied by Sigma-Aldrich.

7424 | Food Funct,, 2025, 16, 7422-7433

Processing of Mabisi

Full-fat UHT milk from a local supermarket in the Netherlands
was used to prepare Mabisi. Mabisi (1 mL from a previous
field study)' was added to 500 mL of full-fat milk and then
incubated at 28 °C for 48 h to obtain the white thick fermented
Mabisi liquid for the experiment.

In vitro INFOGEST static digestion (stage 1)

Sample digestion was carried out according to the in vitro
INFOGEST static digestion protocol 2.0 with the following slight

This journal is © The Royal Society of Chemistry 2025
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adjustments for the oral, gastric and intestinal phases. For the
oral phase, Mabisi (5 mL) was mixed with simulated salivary fluid
(SSF) (4.5 mL) in a 50 mL centrifuge tube. A predetermined con-
centration of salivary amylase was added to attain an activity of 75
U mL ™" The oral phase mixture was then adjusted to 10 mL
using sterile water. Next, the pH of the oral phase mixture was
adjusted to 7.0 by the addition of NaOH and the mixture was
incubated at 37 °C for 2 min. In the gastric phase, 9 mL of simu-
lated gastric fluid (SGF) was mixed with a 10 mL oral phase
mixture. Pepsin (0.7 mL) dissolved in HCl was added to obtain
2000 U mL ™" pepsin activity. Then, gastric lipase (0.3 mL) from
the rabbit gastric extract was added to obtain 60 U mL™" activity.
The pH of the solution was adjusted to 3.0 using HCI, after which
the gastric mixture was marked up to 20 mL, followed by incu-
bation at 37 °C for 2 h. Finally, in the intestinal phase, a small
intestine mixture was prepared by adding 15 mL of simulated
intestinal fluid (SIF) to 20 ml gastric phase mixtures, followed by
the addition of 13.37 mg mL™" pancreatin and bile salts (10 mM)
and pH adjustment to 6.8. The final total volume for the intestine
mixture was adjusted to 40 mL by adding sterile water before incu-
bating at 37 °C for 2 h.

In vitro colon digestion of Mabisi, FOS and sterile water (stage 2)

Handling of stool samples before the experiment. Storage
and processing of stool samples before the experiments were
as described in our baseline study.

Preparation of stool slurry. Separately, stool material from
each fresh sample of consumers and non-consumers of Mabisi
was prepared as 32% (w/v) stool slurry by dissolving 32 g in
100 mL (100 mM) phosphate buffer and adjusting the pH to
7.0. Each stool slurry aliquot was vortexed and centrifuged at
16 000 rpm to obtain solid debris and supernatant fractions.
From the supernatant, 2 mL of stool slurry was used as a stool
inoculant for colonic digestion.

Processing of Mabisi, FOS and sterile water as intestinal
phase digests. First, we centrifuged SIF contents at 16 000 rpm
to obtain solid and supernatant fractions. We collected 10% of
the supernatants equivalent to solids or semi-solids (0.5 g of
solid and 0.62 mL of supernatant fractions). The supernatant
liquid added represented the physiological fluid passed to the
large intestine from the small intestine.

Processing of the colonic digestion medium. The colonic
digestion medium (1000 mL) was prepared by mixing peptone
(15 g L™") and 50 mL of reductive solution per litre of peptone
and then autoclaved. A reductive solution was prepared by dis-
solving 312 mg of cysteine and 312 mg of sodium sulfide in
100 mL. After cooling, 1.25 mL of filtered resazurin (0.1% w/v)
was added, after which the volume was marked up to 1000 mL.

Colonic digestion of Mabisi, FOS and sterile water. Using a
50 mL centrifuge tube, Mabisi, FOS and sterile water intestinal
phase digests consisting of 0.5 g of solid and 0.62 mL of super-
natant fractions, 7.5 ml of colon digestion medium and 2 mL of
stool slurry were mixed for colon digestion. All colonic mixture
samples were anaerobically incubated at 37 °C for 24 h.

Sampling for DNA and short-chain fatty acids from the
colonic digestion phase. At the end of the incubation period,

This journal is © The Royal Society of Chemistry 2025
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colon-digested samples were immediately submerged in ice-
cold water for 5 min and then stored at —20 °C to stop further
microbial activity. Before analysis, samples were thawed and
centrifuged at 16 000 rpm to obtain a supernatant for SCFA
extraction and a solid fraction to determine bacterial genomic
DNA. We used 1.5 ml of supernatant for short-chain fatty acid
analysis by High-Performance Liquid Chromatography (HPLC)
(Thermo Fisher Scientific, Netherlands) and 250 mg of solid
debris for DNA extraction.

DNA extraction

Bacterial DNA was extracted using the DNeasy® PowerSoil Pro Kit
(Qiagen) following the manufacturer’s protocol.>* Specifically, we
mixed 250 mg of the solid debris obtained as the fermentation
end products with 800 pl of CD1 solution in 2 mL power bead pro
tubes containing fine ceramic beads provided in the kit. We then
mechanically lysed the samples using a vortex adapter fitted on
an IKA® Vortex Genius 3 machine for 12 min. The unwanted
sample matrix was removed by centrifugation at 15 000g for 1 min
to collect the DNA-containing supernatant. We transferred the
supernatant to new MB spin columns for a series of washing
steps. We eluted DNA using 90 pl of elution buffer solution. We
quantified and qualified the isolated DNA concentration using a
NanoDrop™ ND-2000 and Qubit™ 4 fluorometer (Thermo Fisher
Scientific, UK).

Sample preparation and analysis of short-chain fatty acids

The supernatant fraction from the fermentation end products
was filtered using a 0.2 pm nylon filter to remove debris.
0.25 mL of cold Carrez A solution (0.1 M potassium ferrocya-
nide trihydrate) was added to 0.5 mL of filtered sample and
mixed by vortexing. A further 0.25 mL of cold Carrez B solution
(0.2 M zinc sulfate heptahydrate) was added and vortexed to
precipitate the protein in the sample. The resulting solutions
were centrifuged at 13 000g for 5 min to remove the precipitate.
The precipitate-free aliquot was pipetted into clean HPLC stan-
dard vials (1.5 mL) for short-chain fatty acid quantification.

We quantified acetate, propionate, butyrate, isobutyrate, suc-
cinate, formate and lactate in the samples by High-Performance
Liquid Chromatography (HPLC, Thermo Fisher Scientific, the
Netherlands) according to Van Mastrigt et al.>> Compounds were
separated using an UltiMate 3000 HPLC (Dionex, Germany)
equipped with an Aminex HPX-87H column (300 x 7.8 mm) with
a guard column (Bio-Rad). As the mobile phase, 5 mM H,SO,
was used at a flow rate of 0.6 mL min™". The column was kept at
a temperature of 40 °C. The compounds were quantified using a
refractive index detector (RefractoMax520).

16S RNA sequencing and pre-analysis processing

To identify the bacterial communities in the DNA extracts, we
performed sequencing of the V3-V4 hypervariable region of the
16S rRNA gene amplicon using the NovoSeq Illumina 6000
(strategy PE250) platform at Novogene Europe (Cambridge,
UK). The polymerase chain reaction (PCR) was used to
amplify the gene amplicons via 2% gel electrophoresis, using
primers  341F  (CCTAYGGGRBGCASCAG) and  806R

Food Funct, 2025, 16, 7422-7433 | 7425
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(GGACTACNNGGGTATCTAAT). Equal amounts of PCR products
for each sample were pooled, end-repaired, A-tailed, and
ligated with Illumina adaptors.

Paired-end reads (250 bp) were generated and subsequently
merged using the fast length adjustment of short reads
(FLASH) software.*® The resulting paired-end fastq files were
merged, denoised, and filtered to remove chimeric reads using
the DADA2 open-source R package.”” This yielded high-quality,
amplicon-sequenced variants (ASVs) by retaining sequences
with an abundance of 5% or higher. These ASVs obtained from
this pipeline represent a cleaned dataset that enabled us to
identify bacterial taxa and estimate their relative abundance in
the samples. Using ASVs, metadata, and taxonomy, a phyloseq
object was constructed using the phyloseq R package.
Rarefaction was performed on a phyloseq object®® using the
rarefy_even_depth () targeting the minimum read (see Fig. S1).

Statistical analysis

Variations in the gut microbiota upon exposure to treat-
ments. The extracted DNA was analysed to determine the rela-
tive abundances of bacteria at the phyla and genus levels.
Using an R-based package, the Fantaxtic R package®® (version
2.0.1), we calculated relative abundances at the phylum and
genus levels for the treatments and generated stacked bar plots
of bacterial composition.>® Principal Coordinate Analysis
(PCoA) compared the similarity of the gut microbiota of the
treatments based on the Bray-Curtis ecological distances.*'
Here, using PCoA ordination, we also compared the gut micro-
biota of consumers and non-consumers for the different treat-
ments based on the analysis of similarities (ANOSIM) statistics.

To demonstrate the beta diversity of the gut microbiota from
the different treatments, a pairwise Permutational Multivariate
Analysis of Variance (PERMANOVA) model was used to compare
dissimilarities between treatment groups, in particular, the
vegan package®” (version 2.6-4) using the function pairwise_ado-
nis. For correction of multiple testing, the Bonferroni post-hoc
test was used to adjust p-values in PERMANOVA.>?

Discriminating genera in the gut microbiota upon exposure
to treatments. For the identification of discriminant genera in
the gut microbiota exposed to the treatments, a Linear
Discriminant Effect Size (LEfSe) analysis was conducted based
on a Linear Discriminant Analysis (LDA) score threshold of
4.0** with correction for multiple testing using a false discov-
ery rate (FDR) of 5%.

Variations in the production of SCFAs upon exposure to
treatments. Principal Component Analysis®> (PCA) was used to
ordinate the relative concentrations of SCFAs in the different
treatments of consumers and non-consumers of Mabisi.
Cohen’s D effect sizes for each SCFA were calculated to assess
pairwise differences between consumers and non-consumers
of Mabisi. The formula indicated in eqn (1) was used to gene-
rate Cohen’s D effect size values for each SCFA.>®

Effect size =
mean SCFA conc. Mabisi — mean SCFA conc. controls (1)
pooled standard deviation

7426 | Food Funct, 2025, 16, 7422-7433
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Here, mean SCFA concentrations from the stools of consu-
mers/non-consumers and their respective negative controls
were calculated and divided by their pooled standard deviation
to generate an effect size. The larger the number, the greater
the effect. Effect sizes on all SCFAs for consumers and non-
consumers were calculated to compare the two (see Table S2).

Results
Shifts in Mabisi, FOS, and sterile water treated gut microbiota

Overall, the top three phyla in the gut microbiota exposed to

Mabisi, FOS, and sterile water included Firmicutes,
Actinobacteria, and Proteobacteria (Fig. 2). At the genus level,
Enterococcus, Sarcina, Streptococcus, Bifidobacterium, and

Collinsella were among the top five. Stools exposed to FOS
resulted in a higher relative abundance of Bifidobacterium com-
pared to sterile water, but this difference was only significant
for FOS (t-test estimate = —24.18, P,q; = 0.007).

Type of stool (consumers and non-consumers of Mabisi)
explained 3% of the total variation in the gut microbiota
(PERMANOVA, Table 1; p = 0.001), with experimental treatment
explaining 6% of the variation in the gut microbiota (p =
0.001) (Table 1). Mabisi treatment differed from sterile water-
(R? = 0.04, p-adjusted = 0.003) and FOS-treated gut microbiota
(p-adjusted = 0.003). Pairwise PERMANOVA revealed shifts in
the Mabisi-treated gut microbiota of non-consumers that were
statistically higher (R* = 0.08, P,q; = 0.015) compared to the
Mabisi-treated gut microbiota of consumers (R* = 0.07, Pogj =
0.375) (see Table S1). Beta diversity analysis revealed signifi-
cant differences among the six donors (R> = 0.68, p = 0.001),
with Mabisi consumers clustering together under treatment
compared to non-consumers (see Fig. S2 and S3).

Effects on the gut microbiota treated with Mabisi, FOS, and
sterile water were further analysed for the similarities using
PCoA. The analysis of similarities (AnoSim) test yielded a
global R statistic of 0.092, indicating a moderate level of dis-
similarity among the treated gut microbiota groups (Fig. 3).
The p-value of 0.001 indicates that there are statistically signifi-
cant differences among the treatment groups and stool
donors. Inspecting the PCoA suggests the first axis to be
associated with the treatment, and the second axis - more
clearly - seems associated with the stool donor category
(Mabisi consumer or Mabisi non-consumer). We observe three
distinct outliers (see Fig. 3, separating along axis 2), which are
technical replicates of stool treated with FOS from one distinct
child who is a non-consumer of Mabisi.

Discriminating genera in the gut microbiota treated with
Mabisi, FOS, and sterile water

We employed LEfSe with a stringent LDA score threshold of 4
to discern differentiating genera in the gut microbiota
from Mabisi consumers and non-consumers treated with
Mabisi, FOS, and sterile water. Notably, the Mabisi-treated gut
microbiota showed strong associations with Pediococcus.
Fructooligosaccharide (FOS)-treated gut microbiota were

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Nested bar charts showing the relative abundance of the bacterial composition at the phyla and genus levels for Mabisi, FOS, and sterile
water of consumers and non-consumers of Mabisi. Note: sterile water is the negative control.

Table 1 Analysis of the gut microbiota composition using PERMANOVA, evaluating the effects of stool type, treatment, and their interaction

Variables D¢ Sums of squares R* F-model P-value P-adjusted
Type of stool (consumers and non-consumers) 1 0.72 0.03 1.59 0.001 0.001*
Treatment groups (Mabisi, FOS and sterile water) 2 1.51 0.06 1.68 0.001 0.001*
Interaction

Type of stool x treatment 2 1.21 0.01 1.38 0.001*

Treatment group pairwise comparison

Mabisi vs. sterile water 1 0.73 0.04 1.57 0.001 0.003*
Mabisi vs. FOS 1 0.82 0.05 1.79 0.001 0.003*
Sterile water vs. FOS 1 0.72 0.04 1.55 0.002 0.006*

Pairwise comparisons with adjusted p-values are presented. Asterisks (*) indicate statistically significant differences, while the multiplication
sign (x) represents interaction effects. Note: sterile water is the negative control.

strongly linked to Sarcina. The sterile water-treated gut micro-
biota was characterized by weaker associations with
Staphylococcus and Paraclostridium; however, they were not stat-
istically significant at an LDA score of 4 (see Fig. 4A). We
observed similar discriminating genera outcomes in both
Mabisi-treated gut microbiota of consumers and non-consu-
mers (see Fig. 4B).

Production of SCFAs

SCFA production in Mabisi, FOS, and sterile water treated gut
microbiota was analysed and visualized using Principal
Component Analysis (PCA). Among the treatments, the first
two principal components (PC1 and PC2) accounted for 63.9%
of the total variation in the production of SCFAs. The pro-
duction of acetate, butyrate, propionate, isobutyrate, succinate,
lactate, and formate clustered closer to Mabisi, FOS and sterile
water (Fig. 5A). Furthermore, we found subtle differences in

This journal is © The Royal Society of Chemistry 2025

SCFA production between consumers and non-consumers,
with non-consumers producing relatively more acetate, buty-
rate, formate and succinate (see Cohen’s D scores in Table S2).

We further compared SCFA production in the treatments
using box plots (Fig. 5B, also for statistical details, see Fig. S4—
S6). We found lactate to be significantly higher (Fyweicn = 8.6,
Pggr agj = 0.003) in the Mabisi-treated gut microbiota compared
to those treated with sterile water and FOS (see Fig. S4).

Discussion

We assessed the effect of Mabisi exposure on gut microbiota
composition and SCFA production using stool from Mabisi
consumers and non-consumers. The top phyla of the gut
microbiota of both consumers and non-consumers are
Firmicutes, Actinobacteria, and Proteobacteria. This composition
at the phylum level represents the typical composition of the

Food Funct., 2025,16, 7422-7433 | 7427
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sumers’ and non-consumers’ stools.

human gut microbiota, indicating a successful experiment
setup and execution. The top phyla all harbour both strict and
facultative anaerobic bacteria that are inherent to the human
colon.

Mabisi exposure showed modulation towards an increased
abundance of Pediococcus. Bacteria from this genus are known
37740 gpecifically,
Pediococcus is a genus of Gram-positive, homofermentative

to have beneficial effects on humans.

bacteria mainly producing lactic acid. They are known at the

7428 | Food Funct, 2025, 16, 7422-7433

strain level to protect the human gut by the production of ped-
iocin, metabolites which may suppress colonization by patho-
genic species, for instance, Listeria. Furthermore, pediocin-pro-
ducing species, including Pediococcus pentosaceus and
Pediococcus acidilactici, are applied in the food industry for
pediocin production. Pediocin is added to various fermenta-
tion processes to prevent contamination by pathogenic
species.’® Recently, in therapeutics, Pediococcus has been used
as a probiotic supplement to support the gut health of

This journal is © The Royal Society of Chemistry 2025
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animals and humans.?® Some Pediococcus strains survive limited counts of Pediococcus compared to commercially pre-
human digestion despite its harsh environment characterized pared probiotic products. However, with habitual consump-

by low pH and the presence of bile acids. Mabisi may have tion, Pediococcus strains may impact hosts’ guts by the pro-

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 7422-7433 | 7429
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duction of SCFAs from the metabolization of oligosaccharides.
Most TFFs are believed to have probiotic or prebiotic effects on
the human digestive system."®*'™** Demonstrating the mode
of action of TFFs on human gut health creates opportunities
for their commercialization and use in the therapeutic indus-
try. Furthermore, by identifying and isolating wild-type bac-
terial strains in TFFs with efficacy to modulate the human gut
microbiota, novel products enriched with specific bacteria
from TFFs could be developed for specific populations.
Additionally, this promotes their use as natural indigenous
products with known benefits for use by a wider population.

Both treatment (Mabisi, FOS and sterile water) and the type
of stool (Mabisi consumer or non-consumer) significantly
impacted the gut microbiota composition (PERMANOVA,
Table 1). Importantly, the interaction between treatment and the
type of stool was significant, suggesting that the effect of Mabisi
exposure is different for the different types of stool. Indeed, non-
consumers of Mabisi had statistically greater shifts in the gut
microbiota composition following Mabisi exposure compared to
consumers, as indicated by a higher fraction of explained vari-
ation shown for non-consumers than for consumers in the
PERMANOVA. This finding is further supported by pairwise
PERMANOVA analysis, which shows that the gut microbiota
from the Mabisi-treated samples of consumers exhibit a signifi-
cantly greater similarity to their negative controls compared to
those of non-consumers. Hence, we deduce that the gut micro-
biota of consumers is already pre-conditioned to Mabisi
exposure compared to non-consumers based on limited shifts
realized after treatment with Mabisi. This ecological stability
analogy is supported by a review by Lozupone et al. that postu-
lates that an increase in shifts in the gut microbiota may indi-
cate instability, more especially after exposure to external press-
ures that could be pathogens, deleterious metabolites, exposure
to antibiotics or simply a change in nutrients as seen in non-
consumers.”” For instance, the gut microbiota composition in
patients undergoing dysbiosis (imbalance of the gut microbiota
composition) related to a specific pathology may drastically shift,
indicating an increase in gut microbiota variations that could be
restored to its original state by using prebiotics and probiotics.*®
We acknowledge that this ecological analogy has its limitations
in that it fails to account for the direction of shift and intricate
details of change.

In this experiment, we found a high level of production of
SCFAs in non-consumers than in consumers. Taylor and col-
leagues studied the effect of consumption of fermented foods
in consumers versus non-consumers involving 7000 partici-
pants.”” Subtle, yet statistically significant, differences in the
beta diversity of the two groups were revealed in their gut
metabolome, which showed that consumers of plant-based fer-
mented foods had a higher production of conjugated linoleic
acid compared to non-consumers. For non-consumers of
Mabisi in this study, specifically acetate, butyrate, formate,
and succinate increased. Our interpretation is that Mabisi, as a
new food for non-consumers, could have been an advantage
since their gut may be used to extract SCFAs from other pro-
ducts such as proteins and fibres. The higher production of

7430 | Food Funct, 2025, 16, 7422-7433
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SCFAs in non-consumers demonstrates a possible use of
Mabisi as a base preparation product of choice for therapeutic
food that improves the health of humans, especially children
with active intestinal pathologies. Mabisi may have a similar
effect as demonstrated in a randomized controlled trial invol-
ving Kefir, another dairy-based food.*® Kefir modulated the
gut microbiota of individuals with ulcerative colitis and
Crohn’s disease by increasing the abundance of lactic acid-pro-
ducing bacteria, thereby improving the patient’s quality of life.

Fructooligosaccharide (FOS)-treated gut microbiota were
mainly linked to Sarcina, Bacillus, and
Clostridium_sensu_stricto_1, also suggesting distinctive microbial
signatures associated with this treatment. Overall, FOS treatment
resulted in a higher relative abundance of Bifidobacterium than
Mabisi treatments. Bifidobacterium species are further known for
their ability to produce short-chain fatty acids and vitamins,
which support the overall immune function and promote the
integrity of the gut barrier.*® Their presence in sufficient quan-
tities is associated with improved digestion, reduced inflam-
mation, and enhanced nutrient absorption, highlighting their
significance in fostering a healthy gut environment and overall
well-being.

A limitation of this experiment is that the model system used
is simple and does not explicitly mimic the physiology of normal
human digestion. Targeting specific beneficial species in stool
exposed to Mabisi using specific primers could have increased
the resolution of differences between consumers and non-consu-
mers. A key limitation of this study is the inherent intra- and
inter-individual variability in the gut microbiota composition,
which complicates the interpretation of changes following
Mabisi treatment. The differences observed in microbial
responses may be influenced by each individual’s baseline gut
microbiota (see Fig. S3). Furthermore, employing, for instance,
nanopore technology to identify bacterial species based on long
16S amplicon reads may provide more insights into specific bac-
teria in treatments. On the other hand, the design of this study
was robust as it informed variations in the gut microbiota and
SCFA production using minimal resources. Furthermore, this
study paves the way for further study of Mabisi’s probiotic and
prebiotic effects on the gut microbiota using experimental
models.

In conclusion, we assessed the effect of Mabisi on the gut
microbiota and SCFA production using stool material from
Mabisi consumers and non-consumers. Our findings revealed
subtle but important shifts in the gut microbiota of non-con-
sumers compared to that of Mabisi consumers. Notably, non-
consumers had a higher level of SCFA production compared to
Mabisi consumers, with increased concentrations of acetate,
butyrate, formate, and succinate observed in the former.
Revealing the effects of Mabisi based on shifts in the Mabisi-
treated gut microbiota is an important aspect in promoting
the consumption of most under-studied TFFs with potential
beneficial effects in humans. Mabisi exposure modulates the
gut microbiota by promoting beneficial bacteria and the pro-
duction of SCFAs. Mabisi could be suitable for the preparation
of therapeutic food for the management of digestive disorders

This journal is © The Royal Society of Chemistry 2025
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that may need an influx of SCFAs. Prominent to this study is
the demonstration of the stability of Mabisi consumers’ gut
microbiota compared to non-consumers. Further studies to
determine the nature of the effect of Mabisi on the gut micro-
biota are needed to establish its possible future use. Such
studies could focus on specific components of Mabisi for their
effects on the gut microbiota and functionality. This study con-
tributes to a strategy to investigate the most under-studied
TFFs in low-income settings.
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