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ABSTRACT

The gut microbiota plays a pivotal role in health and disease. The use of probiotics as microbiota-
targeted therapies is a promising strategy to improve host health. However, the molecular
mechanisms involved in such therapies are often not well understood, particularly when targeting
the small intestinal microbiota. In this study, we investigated the effects of a probiotic formula
(Ecologic®825) on the adult human small intestinal ileostoma microbiota. The results showed that
supplementation with the probiotic formula led to a reduction in the growth of pathobionts, such
as Enterococcaceae and Enterobacteriaceae, and a decrease in ethanol production. These changes
were associated with significant alterations in nutrient utilization and resistance to perturbations.
These probiotic mediated alterations which coincided with an initial increase in lactate production
and decrease in pH were followed by a sharp increase in the levels of butyrate and propionate.
Moreover, the probiotic formula increased the production of multiple N-acyl amino acids in the
stoma samples. The study demonstrates the utility of network theory in identifying novel micro-
biota-targeted therapies and improving existing ones. Overall, the findings provide insights into
the dynamic molecular mechanisms underlying probiotic therapies, which can aid in the develop-
ment of more effective treatments for a range of conditions.
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Introduction . .
metabolic reactions to construct and compare

a metabolic interaction network of healthy controls
and type 2 diabetic patients. The authors demon-
strated changes in the produced metabolites as well
as in the species with the most significant influence
on the network.” Metabolic network approaches have
also been utilized to explore the role of the micro-
biota in diseases such as inflammatory bowel disease,

The human gastrointestinal tract is home to a diverse
microbial community comprising hundreds of
microbial species." The stability, resilience, and resis-
tance to perturbations of this community depend on
the composition of the microbiota and the interac-
tions between the microorganisms as well as with the
host.>> These interactions are often mediated by
microbiota-produced metabolites, which form meta-
bolic interaction networks.*> Any disruption to these
networks, whether caused by medication, disease, or

: : . 10,11
obesity, and Parkinson’s disease. " Therefore, net-
work-based approaches can serve as a knowledge-

dietary interventions, may affect the community’s
function and ultimately impact the host’s health,
which may result in disorders such as anxiety,
depression or type 2 diabetes.® For example, Sung
et al. used a network approach combining metage-
nomic sequencing data with experimentally validated

driven method to identify new microbiota-targeted
therapies.'” For example, Steinway et al. employed
a dynamic microbial interaction network approach to
identify Barnesiella intestinehominis as a potential
candidate for the treatment of Clostridium difficile
infection."
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Probiotics, which are defined as live microorgan-
isms that confer a health benefit on the host when
administered in adequate amounts, are currently
being used for the prevention and treatment of
several disorders."*”'® The potential impact of
multi-strain probiotic formulas, as opposed to sin-
gle-strain probiotics, on the host is greater because
the strains within the formula can complement each
other."” Previous studies have shown that the oral
administration of a probiotic formula, Ecologic®
825, to healthy volunteers did not result in an over-
all shift in fecal community composition of the
microbiota. However, the LEfSe analyses identified
two features belonging to a Bacteroides sp. and
Alistipes sp., which were positively associated with
probiotic supplementation.'® Additionally, the
administration of this probiotic formula to patients
with irritable bowel syndrome resulted in an
increase in fecal levels of acetate and butyrate,
accompanied by a reduction in fecal zonulin and
symptom severity."> When this probiotic formula
was administered together with a prebiotic
(Ecologic® 825/FOS P6) to healthy volunteers, it
increased stool frequency, but did not affect zonulin
levels and gastrointestinal symptoms.”® These
reported effects of the supplemented probiotics
may be due to their interaction with the resident
microbiota. However, a better understanding of the
metabolic interactions between the different strains
within a probiotic formula as well as between the
probiotic formula and the residing microbiota is
needed to elucidate the molecular mechanisms
underlying these effects.

The investigation of the small intestine is critical
for understanding the efficacy of probiotics, as this
region represents a key target for their activity.”'
Yet, sampling the small intestine in humans is
challenging, which limits our ability to comprehen-
sively explore the microbiota, diet, and host inter-
actions as well as small intestinal disorders.*
Additionally, the small intestine is a highly
dynamic environment with varying oxygen, pH,
and nutrient gradients, making it difficult to inves-
tigate probiotic therapies that target this region.>
However, previous studies have demonstrated that
stoma effluent from ileostomy subjects can serve as
a surrogate for the in-vivo small intestine,

providing a useful tool for investigating the effects
of probiotics in this region.** >

In this study, we employed a dynamic correla-
tion-based metabolic network approach and multi-
variate analysis, incorporating experimental data
obtained from proton-nuclear magnetic resonance
(‘"H-NMR), liquid chromatography-mass spectro-
metry (LC-MS), shallow shotgun sequencing and
flow cytometry performed on ileostoma samples
grown using ex vivo SIFR® technology®” to investi-
gate the alterations caused by the supplementation
of a 9-species probiotic formula.

Material and methods
Product supplementation to the ileostoma effluent

Ecologic® 825 (Winclove probiotics, The
Netherlands), a probiotic formula, consisting of 9
different strains; Bifidobacterium bifidum W23,
Bifidobacterium lactis W51, Bifidobacterium lactis
W52, Lactobacillus acidophilus W22, Lactobacillus
casei W56,  Lactobacillus  paracasei W20,
Lactobacillus plantarum W62 Lactobacillus salivarius
W24 and Lactococcus lactis W19, was tested at a dose
of 10" CFU/mL. Prior to the introduction of the
formula in the bioreactors, the microbial cells were
washed by centrifugation and resuspension in anae-
robic PBS.

Fermentation experiment using SIFR® technology

Individual bioreactors were processed in parallel
in a  bioreactor  management  device
(Cryptobiotix, Ghent, Belgium). Each bioreactor
contained 5mL of nutritional medium (M0014,
Cryptobiotix, Ghent, Belgium) - microbial
inoculum blend with or without supplementa-
tion of the probiotic formula (at 10’ CFU pro-
biotic/mL), then sealed individually, before being
rendered anaerobic. At the start of the incuba-
tion, oxygen was introduced at pO, = 15 mmHg,
thus providing relevant intraluminal oxygen
levels for the proximal ileum.*® After prepara-
tion, bioreactors were incubated under continu-
ous agitation (140 rpm) at 37°C for 24 h (MaxQ
6000, Thermo Scientific, Thermo Fisher
Scientific, Merelbeke, Belgium). Upon gas pres-
sure measurement in the headspace, liquid



samples were collected for subsequent analysis.
Both the blank and probiotic treatment were
tested for 6 different test subjects; 4 male and 2
female with an age range between 55-86 years
old. For each test subject, multiple technical
replicates were performed and harvested at either
0h (only blank), 3h, 6h, 9h or 24 h.

Ileostomy samples were collected from healthy
middle aged-elderly subjects after the participants
signed an informed consent in which they donated
their sample (procedure approved by Ethics
Committee of the University Hospital Ghent; refer-
ence number BC-09977).

Absolute microbial community analysis

Quantitative insights were obtained by correcting
proportional data (%; shallow shotgun sequencing)
with total cell counts for each sample (cells/mL;
flow cytometry), resulting in estimated cell
counts/mL.

DNA extraction was performed as previously
described.”” From the cell pellets obtained by cen-
trifuging 1 mL culture for 1 min at 15.000 RPM.
Details are depicted in the supplementary methods.

DNA libraries were prepared using the Nextera
XT DNA Library Preparation Kit (Illumina) and
IDT Unique Dual Indexes with total DNA input of
1 ng. Libraries were then sequenced on an Illumina
Nextseq 2000 platform 2 x 150bp. Unassembled
sequencing reads were directly analyzed by
CosmosID-HUB Microbiome Platform
(CosmosID Inc., Germantown, MD) described
elsewhere’®™*® for multi-kingdom microbiome
analysis and profiling of antibiotic resistance and
virulence genes and quantification of organisms’
relative abundance. Cleaned reads were assembled
using metaSpades in default configuration.>* Genes
were predicted using Prodigal in metagenomics
mode and subsequently functions were assigned
by EggnogMapper.>>® Details regarding library
preparation, sequencing and bioinformatics analy-
sis are depicted in the supplementary methods.

For total cell count analysis, liquid samples were
diluted in anaerobic phosphate-buffered saline,
after which cells were stained with SYTO 16 at
a final concentration of 1 pM and counted via
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a BD FACS Verse flow cytometer (BD,
Erembodegem, Belgium). Data was analyzed
using Flow]Jo, version 10.8.1.

Extraction and LC-MS/MS

Metabolites for LC-MS/MS analysis were extracted
from 350 pL culture supernatant using ethyl acet-
ate. LC-MS/MS acquisition was performed using
Shimadzu Nexera X2 UHPLC system, with
attached PDA, coupled to Shimadzu 9030 QTOF
mass spectrometer, equipped with a standard ESI
source unit, in which a calibrant delivery system
(CDS) is installed. All the samples were analyzed in
positive and negative polarity, using data depen-
dent acquisition mode. Full scan MS spectra (m/z
100-1700, scan rate 10 Hz, ID enabled) were fol-
lowed by two data dependent MS/MS spectra (m/z
100-1700, scan rate 10 Hz, ID disabled) for the two
most intense ions per scan. Details regarding the
metabolite extraction and LC-MS/MS are depicted
in the supplementary methods.

"H NMR spectroscopy and data processing

1 mL culture was centrifuged for 1 min at 21,130
rcf, 250 pL of the supernatant was added to 400 uL
NMR buffer (200 mM Na,HPO,, 44 mM NaH,
PO, 1 mM TSP, 3mM NaNj; and 20% (v/v) D,
0), centrifuged at 4°C, 21130 rcf for 20 min and
550 puL was transferred to a 5 mm NMR tube.

All "H-NMR spectra were recorded using a Bruker
600 MHz AVANCE II spectrometer equipped with
a 5mm triple resonance inverse cryoprobe and
a z-gradient system. One-dimensional (1D)
"H-NMR spectra were recorded using the first incre-
ment of a NOESY pulse sequence with pre-saturation
(yB;=50Hz) for water suppression during
a relaxation delay of 4 s and a mixing time of 10
ms. A 256 scans of 65,536 points covering 13,658 Hz
were recorded and zero filled to 65,536 complex
points prior to Fourier transformation, an exponen-
tial window function was applied with a line-
broadening factor of 1.0 Hz. The spectra were phase
and baseline corrected and referenced to the internal
standard (TSP; § 0.0 ppm), using the MestReNova
software (v.12.0.0-20080, Mesterlab Research). The
annotation of the bins was performed with the
Chenomx Profiler software (Chenomx NMR Suite
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8.6 and Chenomx 600 MHz, version 11) and the
HMDB database 5.0 (http://www.hmdb.ca). Details
regarding spectral imaging and data processing are
depicted in the supplementary methods.

Comparative metabolomics

Raw data obtained from the LC-MS analysis were
converted to mzXML centroid files using
Shimadzu LabSolutions Postrun Analysis. The
files were imported into Mzmine 2.53 for data
processing.”” The resulting quantification tables
were uploaded to MetaboAnalyst and subjected to
RM two-way ANOVA.*® The exported quantifica-
tion table for GNPS and the MS2 spectra were
uploaded to Feature Based Molecular Networking
on the GNPS platform®>*’ using the default set-
tings. The resulting network was visualized in
Cytoscape 3.4.0. Details regarding data processing
are depicted in the supplementary methods.

Statistical and network analysis

All analysis of variance (ANOVA) were performed
using GraphPad Prism 7.0. When a comparison
resulted in a statistically significant difference (P
<0.05), multiple comparisons testing was per-
formed by controlling the false discovery rate
(FDR) according to the Benjamini-Hochberg
(BH) method (a < 0.05). The R package
MixOmics was used for ordination and multivari-
ate statistical analysis of the '"H-NMR spectra.*'
The dynamic profile comparison using Kendall’s
T correlation with the BH (a < 0.05) was performed
using the R package psych. In CytoScape 3.9.1 the
plugin CoNet** was used for network construction.
The network properties were obtained using the
network analyzer tool in Cytoscape.

Results

Supplementation of Ecologic®825 to the ileostoma
microbiota alters the microbiota composition and
function

To investigate the impact of probiotics supplemen-
tation on the small intestinal microbial commu-
nity, healthy middle aged-elderly test subjects (n
=6) who provided ileostoma effluent as

a noninvasive access route to the small intestine.>
Ileostoma samples were inoculated in an ex vivo
SIFR fermenter platform consisting of 54 bioreac-
tors. Each ileostoma sample was incubated with or
without a probiotic formula Ecologic® 825, which
consists of 9 probiotic species, in separate bioreac-
tors, at 37°C with an initial pO, of 15 mmHg, to
simulate intraluminal oxygen levels of the proximal
ileum?® (Figure 1a).

Shallow shotgun metagenomic sequencing com-
bined with flow cytometry was used to investigate
the dynamic changes in the ileostoma microbiota
composition upon probiotics supplementation at
different time points (0, 3, 6, 9, 24 h) after incuba-
tion with or without the probiotic formula
(Figure 1a).

Comparing microbial richness and diversity did
not result in significant differences between control
and probiotics-supplemented samples (Figure 1b).
However, the addition of probiotic cells decreased
the absolute number of cells in the probiotics-
supplemented samples compared to the control,
except after 3h of growth (Supplementary figure
S1), indicating an altered microbiota composition.

The absolute abundance of the ileostoma micro-
biota was investigated by multiplying the relative
shallow shotgun data by the absolute cell count
data per sample (Supplementary data 1). Principal
component analysis (PCA) and partial least
square — discriminant analysis (PLS-DA) showed
distinct clustering of the probiotics-supplemented
and control samples, mainly due to variations in
the absolute abundance of multiple species of
Bacteroides,  Klebsiella, —and  Enterococcus
(Figure 1c,d).

Next, compositional changes over time were
compared to identify which taxa were affected by
the supplementation of the probiotic formula.

The abundance of Firmicutes (ordinary one-way
ANOVA; F(4,24) = 20.5, P < .0001), Proteobacteria
(ordinary one-way ANOVA; F(4,24) =3.8,
P=.016) and Bacteroidetes (ordinary one-way
ANOVA; F(4,24) =114, P<.0001) were signifi-
cantly altered throughout the experiment, particu-
larly at 3h and 24 h of the fermentation in the
control samples (Figure le, Supplementary Figure
§2). Only the abundance of Actinobacteria (ordin-
ary one-way ANOVA; F(4,25) =6.1, P=.001) was
altered at 3 h of the experiment in the probiotics-
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Figure 1. A probiotic formula reduces the cell counts of Enterococcus and Klebsiella species in compositional data obtained from
ileostomy effluent. (a) Schematic overview of the experimental procedure. lleostomy effluent of 6 donors is collected and divided over
54 bioreactors. 24/54 bioreactors are supplemented with 10" CFU/mL of the probiotic formula. The other 30/54 are controls without
supplementation. The black arrows indicate sampling timepoints, where the contents of 6 control and 6 supplemented bioreactors are
subjected to shallow shotgun metagenomic, flow cytometry, "H-NMR, LC-MS and fermentation parameter analysis. The contents of 6
control bioreactors are subjected to the same analysis before the start of the experiment. The asterisk depicts the DNA sample
obtained from donor 5 at timepoint 3 h, which got destroyed during sample processing. Therefore this sample could not be used for
the shallow shotgun sequencing analysis. (b) The mean and standard deviation of the microbial richness as assessed by the Chao1
index (ordinary two-way ANOVA; F(1,49) = 2.1, P=.15 and F(4,49) = 0.15, P = .96) and the microbial diversity as assessed by Shannon’s
H (ordinary two-way ANOVA; F(1,49) =0.08, P=.77 and F(4,49) = 0.40, P=.81)and the inverse Simpson index (ordinary two-way
ANOVA; F(1,49) = 3.0, P=.088 and F(4,49) = 0.24, P = .91). Differences are calculated using an ordinary two-way ANOVA. (c) Principal
component analysis of the relative abundance as obtained via shallow shotgun sequencing multiplied by the absolute cell count as
obtained via flow cytometry. The ellipses represent the 95% confidence interval. The taxa contributing the most to the separation are
indicated with arrows. (d) Partial least square — discriminant analyses of the relative abundance as obtained via shallow shotgun
sequencing multiplied by the absolute cell count as obtained via flow cytometry. The taxa contributing the most to the separation are
depicted with arrows. The accuracy, R2 and Q2 values are statistical parameters which estimate the predictive ability of the model and
are calculated via cross validation. The P-value is the results of a permutation test performed with the separation distance statistic and
1000 permutations. All parameters are calculated using MetaboAnalyst 5.0. (e) Depiction of the average cell counts timepoint at the
phylum and family levels as calculated by multiplying the relative abundance data obtained from the shallow shotgun sequencing
and the absolute cell counts as obtained via flow cytometry. (f) Dynamic cell count profiles of significantly different taxa between the
control and probiotics-supplemented ileostoma microbiotas according to the factor condition as calculated by an ordinary two-way
ANOVA with multiple comparisons testing by controlling the false discovery rate according to the Benjamini-Hochberg procedure;
*.q<0.05, **: q<0.01, *** q<0.001, ****: q<0.0001, P: P<.05, q>0.05. (g) Heatmap showing the significantly different taxa
between the control and probiotics-supplemented ileostoma microbiota according to the factor time as calculated by an ordinary
two-way ANOVA with multiple comparisons testing by controlling the false discovery rate according to the Benjamini-Hochberg
procedure. (h) Dynamic cell count profiles of 7/9 species present in the probiotic formula. Bifidobacterium animalis W51 and W52 could
not be distinguished and Bifidobacterium bifidum W23 could not be identified in the shallow shotgun sequencing data. (i) Differences
in KEGG orthologs within the microbiota of the control vs probiotics-supplemented community. The differences are obtained by
comparing the orthologs of the control and probiotics-supplemented community per timepoint using a linear modeling approach.
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supplemented samples, and the changes in abun-
dance of Firmicutes (ordinary one-way ANOVA; F
(4,25) =5.6, P=.002) and Bacteroidetes (ordinary
one-way ANOVA; F(4,25) = 13.0, P <.0001) were
most notable after 24 h (Figure le, Supplementary
Figure S2).

In contrast to the control samples, the levels of
Proteobacteria did not change throughout the
experiment in the probiotics-supplemented sam-
ples (ordinary one-way ANOVA; F(4,25) =2.5, P
=.07) (Figure le, Supplementary Figure S2). The
difference in the levels of Actinobacteria and the
differences in the levels of Firmicutes between con-
trol and probiotics-supplemented samples are
likely due to the composition of the probiotic for-
mula, which contains seven Firmicutes and two
Actinobacteria species. The abundance of
Enterobacteriaceae was significantly altered in the
control samples, but not in the probiotics-
supplemented samples.

Enterobacteriaceae (ordinary one-way ANOVA;
F(4,24) = 6.3, P=.001), Bacteroidaceae (ordinary
one-way ANOVA; F(4,24) =12.9, P<.0001), and
Enterococcaceae (ordinary one-way ANOVA; F
(4,24) =13.1, P<.0001) abundances were altered
throughout the experiment on the family level,
with the most prominent changes after 3h and
24 h of growth in the control samples. The abun-
dance of Enterobacteriaceae did not significantly
change throughout the experiment in the probio-
tics-supplemented samples. In the presence of pro-
biotics, the abundance of Bacteroidaceae (ordinary
one-way ANOVA; F(4,25) = 14.6, P<.0001) and
Enterococcaceae (ordinary one-way ANOVA; F
(4,25) =58.6, P <.0001) were significantly altered
throughout the experiment (Figure le,
Supplementary Figure S2). On the species level,
only 3 out of 26 taxa were higher in the probiotics-
supplemented samples (Figure 1f), while 23 taxa,
mainly Enterobacteriaceae, Bacteroidaceae, and
Enterococcaceae, were  significantly lower
(Figure 1f)), even though most species increased
in number over time in both the control and pro-
biotics-supplemented samples (Figure 1g), con-
firming the ordination analysis (Figure 1c,d). On
the probiotics level, only L. casei W56 (ordinary
one-way ANOVA; F(3,20)=6.5, P=.003) and
L. lactis W19 (ordinary one-way ANOVA; F

(3,20) =4.2, P=.018) showed an increase in cell
counts over time (Figure 1h).

Metagenomic functional profiling was con-
ducted to identify changes in metabolic pathways
associated with the addition of probiotics to the
ileostoma samples. Results showed that 17 KEGG
orthologs (KO) increased while 14 decreased
throughout the experiment. The abundance of
KO related to flagellar assembly, bacterial chemo-
taxis, and phenylalanine metabolism increased in
the probiotics-supplemented samples after 3h of
incubation, while the biosynthesis of secondary
metabolites, amino acids, and 2-oxocarboxylic
acid metabolism decreased. Notably, phospho-
transferase system (PTS) and ABC transporters
were the most affected KO at every sampling
point, indicating that bacteria capable of utilizing
available metabolites could survive (Figure 1i).

Altogether, while the microbial richness and
diversity were not significantly different, the addi-
tion of probiotics altered the human stoma com-
position, with distinct clustering of probiotics-
supplemented and control samples mainly due to
a significant decreased representation of multiple
species of Bacteroides, Klebsiella and Enterococcus
over time.

The metabolic activity of the ileostoma microbiota
is altered in response to the probiotic formula
supplementation

Alterations in the microbiota composition and
function are likely accompanied by alterations in
the metabolic environment.*’

To investigate the metabolic changes associated
with the probiotic formula supplementation, we
measured fermentation parameters, pH, and gas
production over time in the ileostoma samples
(Figure 1a). Both conditions showed a decrease in
the measured parameters over time, but the reduc-
tion was significantly lower in the probiotics-
supplemented samples compared to the control
samples, indicating an altered metabolism
(Figure 2a,b).

The samples were subjected to 'H-NMR and
LC-MS analysis to further investigate the metabolic
changes associated with the addition of the probio-
tic formula (Figure la). Ordination analysis of
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Figure 2. A probiotic formula alters the metabolic environment when supplemented to ileostomy effluent. (a) The mean and standard
deviation of the pH measured at each timepoint. (b) The mean and standard deviation of the gas production at each timepoint. For
panel B and C: Significance is obtained via a repeated measure two-way ANOVA with multiple comparison testing by controlling the
false discovery rate according to the Benjamini-Hochberg procedure; *: q < 0.05, **: q<0.01, ***: q < 0.001, ****: q <0.0001.
(c) Principal component analysis performed with the binned spectra as input. The ellipses represent the 95% confidence interval.
The 10 bins contributing the most to the separation are indicated with arrows and belong to propionate (bin 214), acetate (bin 387 and
388), lactate (bin 268 and 270), acetone (bin 450), ethanol (bin 240) and an unidentified compound (bin 744, 745 and 746). (d) Partial least
square — discriminant analyses performed with the binned spectra as input. The 9 bins contributing the most to the separation are
indicated with arrows and belong to lactate (bin 268, 269, 270 and 271) and ethanol (bin 823, 825, 826, 828 and 830). The accuracy, R2
and Q2 values are statistical parameters which estimate the predictive ability of the model and are calculated via cross validation. The
P-value is the results of a permutation test performed with the separation distance statistic and 1000 permutations. All parameters are
calculated using MetaboAnalyst 5.0. (e) Dynamic profiles of the significantly different saccharolytic and proteolytic metabolites as
obtained by measuring the area under the curve of a representative peak per metabolite. The error bars indicate the standard
deviation. Significant differences are obtained via repeated measure two-way ANOVA. The F statistic and P value for the factor
condition and for the interaction between time and condition are indicated for each metabolite. The result of multiple comparison
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binned and processed '"H-NMR spectra showed
a time-dependent clustering of the spectra, driven
by several metabolites including acetate, propio-
nate, lactate, acetone, ethanol, and an unidentified
compound (Figure 2c). PLS-DA revealed distinct
separation between the control and probiotics-
supplemented samples, primarily due to differ-
ences in lactate and ethanol (Figure 2d). We also
detected a separation between the control and pro-
biotics-supplemented samples as early as 3h of
community growth, with lactate as the biggest con-
tributor to the separation (Supplementary Figure
§3s), without donor specific separation
(Supplementary Figure S3b). Repeated measure
(RM) two-way ANOVA identified altered levels of
several saccharolytic metabolites over time such as
butyrate, propionate, lactate, acetate, ethanol as
well as proteolytic metabolites including tyrosine
and tyramine (Figure 2e). Notably, 3,4-dihydroxy-
phenylpropionic acid was exclusively detected in
the control samples (Figure 2e). However, several
dynamically altered metabolites were similar
between control and probiotics-supplemented
samples (Supplementary Figure S4).

In addition to '"H-NMR, LC-MS was used to
investigate metabolites that were not detectable by
'H-NMR. Similar to the '"H-NMR data, RM two-
way ANOVA analysis of the LC-MS data showed
significant differences in 64 and 98 features in
negative and positive mode, respectively, between
control and probiotics-supplemented samples
(Supplementary data 2). The interaction between
time and probiotics supplementation revealed sig-
nificant differences in 62 and 66 LC-MS features in
negative and positive mode, respectively
(Supplementary data 2) (Supplementary Figures
§5-S7). Importantly, all the identified metabolites
were N-acyl-amino acid conjugates (Figure 2f).

To assess the global impact of probiotics on the
microbial community and the coordinated beha-
vior of metabolites, we compared whole network
topology features such as the clustering coefficient
(indicative of resistance to perturbations) and net-
work density (indicative of nutrient utilization)**
using dynamic correlation-based networks con-
structed via the Cytoscape plugin CoNet.*” The
nodes in these networks represented the 31 identi-
fied '"H-NMR and 12 identified LC-MS metabo-
lites, while the edges represented correlations
between dynamic metabolic profiles per condition,
as obtained via 'H-NMR and LC-MS data. The
control network consisted of 34 out of 43 nodes
with 132 edges (clustering coefficient = 0.413, net-
work density = 0.299) (Figure 2g). Although pro-
biotics supplementation only slightly increased the
number of nodes (35/43) and edges (135), the clus-
tering coefficient (0.658) and network density
(0.529) increased significantly (Figure 2g). This
indicates that the ileostoma microbiota, in con-
junction with the tested probiotic formula, is
more resistant to external perturbations and is
better suited to utilize the available metabolites
compared to the ileostoma microbiota without
the supplemented probiotics. To identify the
nodes with the largest impact on the global
organization of the networks, we compared
node parameters such as the node degree (num-
ber of edges per node) and node betweenness
centrality (measure of the number of shortest
paths between any two nodes that pass through
the node)*>*¢ (Supplementary data 3).
N-palmitoyl-phenylalanine (13), glucose (10)
and glutamate (9) showed the largest increase
in node degree due to probiotics supplementa-
tion, while alanine (11), acetate (11) and threo-
nine-C18:1 (13) showed the largest decrease.

testing by controlling the false discovery rate according to the Benjamini-Hochberg procedure is indicated with asterisks; *: g < 0.05,
**:0<0.01, ***: q < 0.001, ****: q < 0.0001. (f) Dynamic profiles of the significantly different and identified metabolites as measured
the area under the curve obtained by LC-MS. The error bars indicate the standard deviation. Significant differences are obtained via
repeated measure two-way ANOVA. The F statistic and P value for the factor condition and for the interaction between time and
condition are indicated for each metabolite. The result of multiple comparison testing by controlling the false discovery rate according
to the Benjamini-Hochberg procedure is indicated with asterisks; *: q < 0.05, **: q < 0.01, ***: q < 0.001, ****: q < 0.0001. (g) Dynamic
correlation based networks of all metabolites measured in the control and probiotics-supplemented community. Nodes represent
metabolites. Edges represents correlations between the two connected nodes and are obtained when 2/3 methods give a positive
results; Kendall's -0.8 > 1 > 0.8, Spearman’s -0.8 > p > 0.8 and Brown's randomization method with 1000 iterations has a Benjamini-
Hochberg corrected P-value <0.05. The calculation of the edges is performed using the Cytoscape plugin CoNet. Red solid edges
represent negative correlations, blue dashed edges represent positive correlations.



Moreover, probiotics supplementation altered
the node betweenness centrality, with the largest
increase observed for carnitine and glucose, and
the largest decrease observed for glycerol and
glutamate (Supplementary data 3). Together,
these results indicate that the altered metabolic
activity in the tested probiotics-supplemented
ileostoma microbiota generated a dynamic net-
work which makes the community more resis-
tant to external perturbations and more capable
to utilize nutrients.

Increased lactate and N-acyl amino acid production
by the probiotic formula correlates with reduced
growth of Enterobacteriaceae, Enterococcaceae
and ethanol production

To examine whether changes in microbiota com-
position were responsible for alterations in com-
munity  metabolism  following  probiotic
supplementation, Kendall’s T correlation analysis
was conducted (Figure 3, Supplementary data 4).
The results showed positive correlations between
probiotic species and lactate, acetate, and propio-
nate (Figure 2e). Negative correlations were found
between lactate and other lactic acid bacteria such
as Streptococcaceae and Enterococcaceae.”’

Acetate and propionate showed positive correla-
tions with Bacteroides, Morganella, and Proteus
species, which were significantly reduced in the
probiotic-supplemented samples. Additionally,
N-acyl amino acids were negatively correlated
with Enterococcaceae but positively correlated
with the probiotic species. Our findings suggest
that the observed changes in the adult human
small intestinal stoma microbiota following pro-
biotic supplementation were linked to alterations
in the metabolic environment. The analysis also
revealed positive correlations between certain
metabolites and probiotic species, while negative
correlations were observed between these metabo-
lites and certain bacterial species such as
Bacteroides, Morganella, and Klebsiella (Figure 2e,
g). These findings suggest that the observed
changes in the adult human small intestinal stoma
microbiota following probiotic supplementation
were linked to alterations in the metabolic
environment.
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Discussion

This study investigated the impact of the supple-
mentation of a 9-species probiotic formula
(Ecologic®825) on the dynamic metabolic interac-
tion network of the microbiota of ileostoma sam-
ples obtained from healthy middle aged-elderly
subjects. The network topology features showed
that the supplementation of the tested probiotic
formula increased the resistance to external pertur-
bations and the nutrient utilization in the adult
human small intestinal stoma microbiota
(Figure 2g). This action appears to be mediated
via two mechanisms; pH mediated competitive
exclusion and alteration of the metabolic
interactions.

PH mediated competitive exclusion within
the microbial community occurred via increased
production of lactate and the subsequent
increase in acidity, which is the most prevalent
probiotic mechanism of action.**>° This
mechanism has been linked to eradication of
several pathogens, including C. difficile,
Escherichia coli and Klebsiella pneumonia,
increased production of short chain fatty
acids’"** and reduced production of succinate
and formate.”>>* In line with the previous
reports, our data showed an exclusion of
Enterococcaceae, Bacteroidaceae and
Enterobacteriaceae from the ileostoma commu-
nity (Figure 1f), higher levels of butyrate and
propionate after 24h of the addition of the
probiotics and lower levels of succinate and
formate over the course of the experiment
(Figure 2e).

The increased acidity of the microbial environ-
ment resulted in activation of bacterial acid stress
mechanisms to maintain their intracellular pH.>
Enterococcaceae, one of the most dominant families
in the small intestine (Figure le),”® tolerate acid
stress via activation of a tyrosine decarboxylase™,
an enzyme which converts tyrosine to tyramine.
The present data infers higher tyrosine decarbox-
ylase activity in the control ileostoma samples
because the levels of tyramine and tyrosine signifi-
cantly decreased and increased, respectively, com-
pared to the samples supplemented with the
probiotic formula (Figure 2a,e), which is opposite
to our hypothesis. However, these results could be



10 J. JANSMA ET AL.

£
2
E 1 El e 0@
s = i o5
i i 5.3 8 ] 238 s
= 3. s o8 - g3 T 8 E »QEE 2 28
= L5 2 83 o EoB® - S0 S cam, 3 E2 ®s
S w a K = 0o o wecd? % SnOEDGT O S3E ®8O6
® By 23] ® Iy o _| H @ _IS5EGE SE @
2 2 52 3o 22> 29 S5 Sllevs 3 = £2 853 585 2, %8 885
g 25,89 qou0, 10 288 J80s o 87 S22 BHuusuigly 227528
38285 8 SOE gggg 928 £ cg3 = 588 3338282 33°838
B8 = L8 £088 STOg8 & Gl O Log 588 88 gRauoooe, g8ungo
28ual & 5 2205885283055 85026 55 EoD5E 00285 888589855 58585535s
£5 220 SEGEGEES0 SRR 088528088858 25050 355000 B % EBT IR A0R
BE 00T 9258 250 58522288 E0 8T R308g2uv s =2 >800S5EEE00ED
[Z=nlXne4a] T T 0 SXBZ SE= 000 P =0 <z 50 82 SO < AR LI WO OO (UL LI XU
Veillonella_u_s R * * 1
VeillonelladiSpar 'R 1] * *
Beta alanine . x .. - Bore o wow x .
Peptostreptococcus russellii Xrx mEE R Ax x % &
_3-phenylpropionate - xx T * o -
Bifidobacterium dentium *x -
Bifidobacterium_u_s
Veillonella parvula
“Acetate "
Bacteroides fragilis
Bacteroides_u_s
Bacteroides ovatus
Veillonella
ropio! "
Morganella morganii
Morganella_u_s
Bacteroides uniformis
Anaerostipes caccae
treptococcus equinus |
Streptococcus lutetiensis
Streptococcus paste
Enterococcus dispar -
Proteus mirabilis 0.5
" reonine-C18:1 ™ fifias
Bifidobacterium animalis
Ligilactobacillus salivarius
Lacticaseibacillus_u_s
Lactobacillus acidophilus |
 Lactococcus lactis
Lacticaseibacillus paracasei
Lactiplantibacillus g:lanlarum
N-Stearoyl-
Glutamic aci
0
Anaerostipés_u_s
Lactobacillus_u_s
Parabacteroides chartae .
Macellibacteroides_u_s
Acinetobacter u_s
Tr tog_han
lethionine
Propyleneglycol
3,4 dihyd: h IIan"}et
4 dihydroxyphenylacetate
Strepto -0.5
. Escherichia coli,
Klebsiella michiganensis
Enterococcus casseliflavus
Enterococcus faecium
Enterococcus_u_s
Enterococcus durans
Enterobacter hormaechei
Anaerosporobacter mobilis
Erysipelatoclostridium ramosum
oprobacillus
anol
Enterococcus avium
Enterococcus raffinosus
Klebsiella_u_s
COCCH S
Klebsiella pneumoniae -1

Figure 3. Dynamic correlations within the microbiota show a different dynamic metabolic fingerprint of the community with and
without probiotic supplementation. Kendall's T correlation matrix of all metabolites and bacterial species present. Positive correlations

are indicated in blue and negative correlations are indicated in red

according the legend on the right. Significance is calculated by

controlling the false discovery rate according to the Benjamini-Hochberg correction method and indicated with asterisks; *: q < 0.05,
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explained by the significant decrease in the abso-
lute abundance of Enterococcus species upon the
addition of probiotics (Figure 1f). This scenario is
further supported by the negative correlations
detected between multiple Enterococcus species
and the probiotic species as well as the lower abun-
dance of Enterococcus species upon probiotics sup-
plementation (Figure 3a). Analogously, Fernandez

et al. found a reduction of Enterococcus durans
growth with a lower pH.”’

The significant reduction in Enterococcus spe-
cies could be related to the reduced levels of
ethanol detected in the probiotic supplemented
samples (Figures 1f and 2e). Indeed, our corre-
lation analysis shows negative correlations
between ethanol and the probiotic species, and



positive correlations between ethanol and multi-
ple Enterococcus species (Figure 3a), which is in
agreement with previous observations showing
a positive association between Enterococcus
levels and increased ethanol levels and pH in
the small intestine, which promotes alcoholic
liver disease.”® The reduced levels of ethanol
observed in the present study may be related
to the lower abundance of K. pneumoniae
upon probiotics supplementation (Figure 1f).
K. pneumoniae, which has been detected in the
normal healthy human microbiota,”>**%" can
produce high levels of ethanol, endogenously in
humans, from glucose and glycerol via the
2,3-butanediol fermentation pathway, and this
has been linked to nonalcoholic fatty liver
disease.’"®>  However, the growth of
K. pneumoniae is reduced at acidic pH.®>**
This is in agreement with our correlation analy-
sis, which showed a positive correlation between

ethanol and Klebsiella species, including
K. pneumoniae and negative correlations
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Glucose Ethanol
=) oo ®®
es e
=) QO
S [
K. pneumoniae Enterococcaceae
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between ethanol and glucose and glycerol, as
well as a significant reduction of glycerol in
the control community only after 3 h of incuba-
tion (Figures 1f, 2e and 3a), coinciding with the
drop in the pH (Figure la). The observed
restricted growth of Enterobacteriaceae species
in our data could explain the increase in abso-
lute abundance of Clostridiales species (depicted
in our data as Anaerostipes) and higher levels of
butyrate production (Figures 1g and 2e). In fact,
it has been shown that the interaction between
Lactobacillus and Clostridiales species caused
restriction in the growth of Enterobacteriaceae
species and the authors hypothesized that
Lactobacillus supplementation could promote
the Clostridiales growth.®” Together, the probio-
tic formula used in this study may have elicited
the increased resistance to perturbations and the
metabolic usage in the stoma community by
lowering the pH, reducing ethanol production
via reduction of K. pneumonia growth, conse-

quently  lowering  Enterococcus  growth.
Probiotic
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Glucose Ethanol
[
[ J
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Figure 4. The probiotics supplementation to the ileostoma microbiota alters the metabolic environment and microbiota composition
in a pH dependent manner. Supplementation of the probiotic formula increase the level of Lactobacillaceae, which reduces the pH of
the metabolic environment by increasing the production of lactate, which also increases the production of propionate and butyrate by
Anaestipes cacae and Veillonella dispar. Furthermore, the cells counts of Enterococcaceae are reduced due to lactate since lactate
inhibits the tyrosine decarboxylase of Enterococcoceae, which is their main pH stress regulator. Additionally, the levels of Klebsiella
pneumonia are reduced. Subsequently, reducing the conversion of glucose and glycerol into ethanol by K. pneumoniae.
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Subsequently, the increased lactate levels, most
likely, resulted in higher production of propio-
nate and butyrate by Anaerostipes and
Veillonella species (Figure 4).

Another potential mechanism through which
the probiotic formula may have influenced the
bacterial community in the ileostoma is via the
production of lantibiotics, although this aspect
was not investigated in the present study.
Lantibiotics are a class of metabolites produced by
microorganisms that can shape the composition of
the microbiota.’® Notably, lactic acid bacteria such
as L. lactis and L. plantarum, which are members of
the Ecologic®825 probiotic formula, are well-
known producers of lantibiotics.®”

Although the higher bacterial cell count had
a direct impact on the levels of the produced meta-
bolites, the interaction of specific bacterial strains
within the probiotic formula with the surrounding
microbial community may be equally important in
determining the effect of the supplementation of
probiotics. Among the 9 probiotic strains that con-
stitute the probiotic formula, our data revealed an
increase in the cell count of only 2/9 species
(Figure 1h), inferring that the metabolic interaction
with the surrounding bacteria rather than the
growth of the probiotic strains was the determinant
factor of the measured effects of the probiotics. To
understand these metabolic interactions, we con-
structed metabolic networks based on the dynamic
profile of the identified metabolites. The increase in
network density and the clustering coefficient of
the metabolic networks (Figure 2g) further support
the importance of the metabolic interactions within
the community. Our observations are in agreement
with Jeong et al. who compared the network dia-
meter among metabolic networks of individual
organisms and compared these networks with non-
biological networks. The network diameter is the
largest number of edges between two nodes in the
network and is a measure of connectivity within
the network, comparable to the network density.
The authors showed that the addition of a new
node to a non-biological network increased the
network diameter, thereby reducing the connectiv-
ity. In contrast, the addition of nodes to biological
networks did not alter the network diameter,
implying a large resistance to external perturba-
tions and tolerance to node removal,”® which is

supported by the low number of essential genes in
bacteria®”’® Closer inspection of the changed net-
work showed that N-palmitoyl-phenylalanine and
threonine-C18:1 were among the metabolites with
the largest differences in network impact.
Moreover, these two metabolites positively corre-
lated with the probiotic species and N-palmitoyl-
phenylalanine positively correlated with the other
identified N-acyl-amino acids (Figure 3).
Additionally, all N-acyl-amino acids were all pro-
duced in higher amounts in the probiotics-
supplemented samples (Figure 2f), however, this
increase does not necessarily mean that they are
directly produced by the probiotic strains but due
to the changes in the microbiota composition that
followed the supplementation. Indeed, gut bacteria,
notably Clostridia, can produce fatty acid
conjugates,”’ and these metabolites can be used
by the gut microbiota as signaling molecules, and
have been found to act as antimicrobials.”"”?
Although the precise biological role of the N-acyl-
amino acids in the gut is largely unknown,” these
molecules have been categorized, together with the
endocannabinoid system, as the
endocannabinoidome”™ and alterations in the
endocannabinoidome have been implicated in
a variety of gut related disorders.”>’® Further
research is needed to elucidate the precise role of
the N-acyl-amino acids within the microbiota and
between microbiota and host. The findings of this
study should be interpreted in the context of cer-
tain limitations. The observed dynamic effects on
the human small intestinal ileostoma microbiota
were a result of the supplementation with the pro-
biotic formula Ecologic®825, but it cannot be defi-
nitively concluded whether these alterations are
specific to this particular probiotic formula or if
they could also be observed with other probiotic
formulations or individual species. Furthermore,
the proposed resistance to perturbations, which is
inferred from the observed increase in network
parameters, has not been experimentally validated
in this study. Challenging a control community
and a probiotic-supplemented community with
an invading pathogen, as an example, would con-
tribute to a deeper understanding of the probiotic-
mediated alterations of the metabolic network and
its implications for resilience in the face of external
disturbances.



Our study did not include experimental testing
of the effects of Ecologic®825 supplementation on
the host. The next translatable step would be to
conduct human intervention studies to further
investigate these effects. One promising approach
would be to utilize the recently developed ingesti-
ble device, which allows for sample collection from
the human small intestinal tract during normal
digestion.”” By co-culturing the collected digesta
with organoids derived from the same subject, it
would be possible to provide valuable insights into
the precise mechanisms and impacts of
Ecologic®825 supplementation on the host.
Overall, the present study shows that combining
metabolic network construction with composi-
tional analysis of adult human small intestinal
stoma microbiota supplemented with the tested
mixture of probiotics revealed a dynamic increase
in the resistance of the community to perturbations
and nutrient utilization. These alterations were the
consequences of a pH related competitive exclu-
sion of Enterobacteriaceae and Enterococcaceae.
These findings highlight the potential of using pro-
biotics as a therapeutic intervention to improve the
health and functionality of the human microbiota.
Further studies are needed to evaluate the long-
term effects of probiotic supplementation on
human health and to identify the optimal probiotic
formulations for specific clinical applications. The
results of this study may contribute to the advance-
ment of our knowledge on the mechanisms behind
the positive impacts of probiotic supplementation
on the host, as well as aid in the identification of
novel microbiota-targeted therapies. In particular,
the findings suggest that the small intestine,
a crucial site for probiotic activity, may be
a promising target for improving current treat-
ments or developing new ones. Further studies
are needed to place the current findings in the
context of potential health benefits. Further
research is needed to contextualize the current
findings with respect to the long-term effects of
probiotic supplementation on human health.”®
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