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As the most abundant gram-negative bacterial order in the gastrointestinal tract, Bacteroidales bacteria have
been extensively studied for their contribution to various aspects of gut health. These bacteria are renowned for
their involvement in immunomodulation and their remarkable capacity to break down complex carbohydrates
and fibers. However, the human gut microbiota is known to produce many metabolites that ultimately mediate
important microbe-host and microbe-microbe interactions. To gain further insights into the metabolites pro-
duced by the gut commensal strains of this order, we examined the metabolite composition of their bacterial cell
cultures in the stationary phase. Based on their abundance in the gastrointestinal tract and their relevance in
health and disease, we selected a total of six bacterial strains from the relevant genera Bacteroides, Phocaeicola,
Parabacteroides, and Segatella. We grew these strains in modified Gifu anaerobic medium (mGAM) supplemented
with mucin, which resembles the gut microbiota’s natural environment. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based metabolite profiling revealed 179 annotated metabolites that had significantly
differential abundances between the studied bacterial strains and the control growth medium. Most of them
belonged to classes such as amino acids and derivatives, organic acids, and nucleot(s)ides. Of particular interest,
Segatella copri DSM 18205 (previously referred to as Prevotella copri) produced substantial quantities of the
bioactive metabolites phenylethylamine, tyramine, tryptamine, and ornithine. Parabacteroides merdae
CL03T12C32 stood out due to its ability to produce cadaverine, histamine, acetylputrescine, and deoxycarnitine.
In addition, we found that strains of the genera Bacteroides, Phocaeicola, and Parabacteroides accumulated
considerable amounts of proline-hydroxyproline, a collagen-derived bioactive dipeptide. Collectively, these
findings offer a more detailed comprehension of the metabolic potential of these Bacteroidales strains,
contributing to a better understanding of their role within the human gut microbiome in health and disease.

1. Introduction

The gastrointestinal tract harbors a diverse microbial community,
primarily composed of bacteria, but also encompasses archaea, eu-
karyotes, and viruses (Backhed, 2005; Reyes et al., 2010). Within the
host, this intricate assembly of microorganisms resembles a vital mi-
crobial organ (Backhed, 2005). It consumes, preserves, and redistributes
energy; it carries physiologically relevant chemical transformations; and
it restores itself through autonomous replication. As a consequence of all
this metabolic activity, the gut microbiota is known to produce
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numerous metabolites, which can ultimately mediate microbe-host and
microbe-microbe interactions (Donia and Fischbach, 2015). Further-
more, the microbiota’s impact on the host is systemic, encompassing
more than just the local effects in the gastrointestinal tract (Ahmed et al.,
2022; Fernandez-Cantos et al., 2021; Liu et al., 2022; Zarei et al., 2022).
Key communication networks that have garnered increasing attention
include the gut-liver and the gut-brain axis, extensively reviewed else-
where (Cryan et al., 2019; Tripathi et al., 2018), whose bidirectional
communication is believed to govern numerous aspects of human
health.
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The repertoire of metabolites isolated from intestinal microbes spans
a wide array of chemical classes, including lipids, glycolipids, peptides,
oligosaccharides, and amino acid derivatives (Donia and Fischbach,
2015). The origins are equally diverse, with some arising from the
modification of host molecules, such as the secondary bile acid deoxy-
cholic acid (DCA) (Yoshimoto et al., 2013). Others result from de novo
biosynthesis, exemplified by antimicrobial peptides such as ABP-118
(Corr et al., 2007). Dietary precursors and medications also serve as
valuable sources. For instance, intestinal microbes can metabolize
essential amino acids, including phenylalanine, tryptophan, and lysine,
yielding the bioactive products phenylethylamine, tryptamine, or
cadaverine (Fernandez et al., 2001; Khan and Nawaz, 2016; Kovacs
et al, 2019; Miller, 2011). Additionally, medications can undergo
transformation by the gut microbiota, as seen with the antidepressant
derivative 5-hydroxyindole, a potent stimulant of intestinal motility
(Waclawikova et al., 2021).

Among the inhabitants of the human gastrointestinal tract, Bacter-
oidales constitute the most abundant gram-negative order (Qin et al.,
2010) and it exhibits remarkable stability (Faith et al., 2013). These
obligate anaerobes have been the subject of extensive study due to their
production of immunomodulatory molecules, their remarkable capacity
to break down complex carbohydrates and fibers, and, more recently,
their antimicrobial prowess. For instance, Bacteroides fragilis produces
the immunomodulatory capsular polysaccharide A (PSA), which plays a
vital role in bolstering the immune system and warding off bacterial and
viral infections (Mazmanian et al., 2008; Ramakrishna et al., 2019;
Round and Mazmanian, 2010). Production of antimicrobial molecules
that mediate competition in vivo has been recently described for species
of the genus Bacteroides (Roelofs et al., 2016). Moreover, Bacteroidales
species have been implicated in the synthesis of neuroactive compounds,
including short-chain fatty acids (SCFAs) and the neurotransmitter
gamma-aminobutyric acid (GABA) (Gotoh et al., 2017; Horvath et al.,
2022; Strandwitz et al., 2019). Yet, a comprehensive profile of com-
pounds produced by Bacteroidales bacteria, including non-Bacteroides
species, is lacking.

Liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS), has become the prevailing choice for characterizing
metabolic phenotypes, accommodating both targeted and non-targeted
analyses (Gika et al., 2019; Johnson et al., 2016). Aiming to profile
and identify as many metabolites as possible in a given biological
sample, non-targeted metabolomics has shown its utility in identifying
microbiome-derived metabolites as well as characterizing the
host-microbiota interplay (Koistinen et al., 2019; Ni et al., 2023; Zarei
etal., 2022). Here, we employed a non-targeted metabolomics approach
to identify metabolites produced in vitro by six Bacteroidales strains.
This investigation was conducted in modified Gifu anaerobic medium
(mGAM) supplemented with mucin, a growth medium previously
documented to resemble the gut microbiota’s natural environment
(Rettedal et al., 2014; Tramontano et al., 2018). Our selection encom-
passed representatives from the Bacteroides genus as well as strains from
the genera Phocaeicola, Parabacteroides, and Segatella (Tramontano et al.,
2018). We conducted statistical comparisons to pinpoint metabolites
that had differences in abundance across Bacteroidales strains under the
culture conditions tested, which led to the confident identification of
179 metabolites. Most of these metabolites belonged to classes such as
amino acids and derivatives, nucleot(s)ides, and organic acids. Notably,
Segatella copri DSM 18205 (previously referred to as Prevotella copri) and
Parabacteroides merdae CLO3T12C32 stood out for their capacity to
produce bioactive amines, with the former accumulating phenylethyl-
amine, tyramine, and tryptamine, and the latter cadaverine and hista-
mine. In addition, we observed the accumulation of collagen-derived
catabolites, namely proline-hydroxyproline, 4-hydroxyproline, and
5-hydroxylysine, in varying proportions among the Bacteroidales
strains. Lastly, we further discuss for S. copri DSM 18205 and Pa. merdae
CL0O3T12C32 other metabolites with a putative role in health and
disease.
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2. Materials and methods
2.1. Bacterial strains and growth conditions

All Bacteroidales strains used for this study are listed in Supple-
mentary Table 1. Bacteroidales strains were grown in modified Gifu
Anaerobic Medium (mGAM, HiFi Media, EWC Diagnostics) supple-
mented with porcine gastric mucin (M1778, Sigma-Aldrich). Mucin
supplementation of mGAM was performed as described in Tramontano
et al. (Tramontano et al., 2018): 20 g of porcine gastric mucin was dis-
solved per liter of phosphate saline buffer (PBS, pH 7.4), autoclaved at
121°C for 20 min and left standing overnight at room temperature. After
centrifugation for 10 min at 7000 g, the supernatant was added to
mGAM to a final concentration of 5 g/L. Bacteria were cultivated at 37°C
under anaerobic conditions in a vinyl anaerobic chamber (COY Labo-
ratory Products, Michigan, USA) inflated with a gas mix of approxi-
mately 5% CO; and 1.5-2% Hs.

2.2. Characterization of bacterial growth

Prior to the experiments, bacteria were streaked on mucin-
containing mGAM agar plates and incubated for 24-48 h. Following
this, liquid mGAM with mucin was inoculated with a single colony and
incubated O/N under the same condition. This procedure was replicated
three times for each bacterial strain. To monitor the bacterial growth
profile, pre-cultures of each strain were centrifuged, washed with PBS,
and inoculated into mGAM at an optical density of 0.0125 measured at
600 nm (ODggg nm)- The growth was monitored in 0.2 mL cultures in 96-
well micro-titer plates by using a microtiter plate reader Infinite F
Nano+ (Tecan, Switzerland). Previously described anaerobic and tem-
perature conditions were maintained throughout the growth curve
assay. Every 15 min, after thorough orbital shaking at 159 rpm at an
amplitude of 5 mm for 5 sec, growth was recorded by ODggp nm mea-
surements for up to 30 h. Raw growth curves were corrected for the
background ODggg nm of the mGAM supplemented with mucin broth and
growth curve profiles were visualized using GraphPad Prism 8.0.2.

2.3. Non-targeted metabolite profiling analysis

2.3.1. Sample preparation

A total of five bacterial cell cultures per strain in the stationary phase
(~18 h) were collected and the quenching metabolite extraction was
adapted from Yuan et al. (Yuan et al., 2012). mGAM supplemented with
mucin was used as control and processed in the same way as bacterial
cell culture samples. Sample preparation was performed on dry ice to
avoid the degradation of compounds. 700 pL of cooled aqueous HPLC
grade methanol was added to 200 pL of cell culture. The resulting
mixture was vortexed for 1 min and centrifuged at 14000 g for 10 min at
4°C. The supernatant was aliquoted and stored at —80C until further
analysis. Prior to the analysis, all samples were diluted to obtain a final
concentration of 80% v/v methanol and filtered (captiva ND filter plate
0.2 pm) by centrifuging at 14000 g for 10 min at 4C and kept at 4C until
analysis. Quality control (QC) samples were prepared by aliquoting and
pooling 2 pL of each analytical sample. Finally, solvent blank samples,
constituted of 80% v/v aqueous HPLC grade methanol were included
and processed in the same manner as the analytical samples.

2.3.2. LC-MS/MS analysis

Analysis of the samples using liquid chromatography tandem mass
spectrometry (LC-MS/MS) for non-targeted metabolic profiling was
performed according to Klavus et al. (Klavus et al., 2020).To obtain as
maximum metabolite coverage as possible, two different chromato-
graphic separation techniques were used, hydrophilic interaction
(HILIC) and reversed-phase (RP) chromatographies. QC samples were
injected at the beginning of the analysis and after every 9 analytical
samples.
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The LC-MS analysis was performed on a 1290 Infinity Binary UPLC
coupled with a 6540 UHD Accurate-Mass quadrupole time-of-flight
(QTOF) (Agilent Technologies Inc., CA, USA). For HILIC separation,
Acquity UPLC BEH amide column (2.1x100 mm, 1.7 um; Waters Cor-
poration, Milford, MA) was used as the stationary phase with an injec-
tion volume of 3 pL. The temperature of the column was maintained at
45C and the mobile phase flow rate was 600 pL./min. The mobile phases
were 50% v/v acetonitrile (eluent A) and 90% v/v acetonitrile (eluent
B). Both eluents were supplemented with 20nmol/L. ammonium
formate, pH 3 (Sigma-Aldrich). The gradient elution was: 0-2.5 min,
100% B; 2.5-10 min, 100%B—0%B; 10-10.1 min, 0%B—100%B;
10.1-14 min, 100%B. For RP, Zorbax Eclipse XDB-C18 column (100
x2.1 mm, 1.8 um; Agilent Technologies Inc.) constituted the stationary
phase. The temperature of the column was maintained at 50C and the
mobile phase flow rate was 400 puL/min. The mobile phases were water
(eluent A) and methanol (eluent B), both containing 0.1% v/v formic
acid. The elution gradient was: 0-10 min, 2%B—100% B; 10-14.5 min,
100%B; 14.5-14.51 min, 100%B—2%B; 14.51-16.5 min, 2%B.

After each chromatographic separation, MS was equipped with
heated electrospray ionization in both positive (ESI+) and negative (ESI-
) modes. Collision energies for the MS/MS analysis were set at 10, 20,
and 40 V for compatibility with spectral databases (Kim et al., 2016;
Smith et al., 2005; Wishart et al., 2007). MassHunter Acquisition 10.0
software (Agilent Technologies Inc.) was used for data acquisition.

2.3.3. Data analysis

Raw instrumental data (*.d files) was converted into Abf format
using Reifycs Abf Converter (https://www.reifycs.com/AbfConverter).
Subsequently, peak picking and alignment were performed according to
Klavus et al. (Klavus et al., 2020). Briefly, automated peak picking and
alignment were performed using MS-DIAL (version 4.9) (Tsugawa et al.,
2015). The minimum peak height was set to 2000, MS/MS tolerance to
0.05, and retention time (RT) tolerance to 0.1 min. Default settings were
used for the remaining parameters. After peak picking, the alignment
result as peak areas was exported into a Microsoft Excel datasheet. The
resulting four datasheets, one for each chromatographic separation
technique and ionization mode, were combined into a single file. Then,
signals detected in less than 70% of the pooled QC samples were not
included for further data analysis. Drift correction was applied accord-
ing to Klavus et al. (Klavus et al., 2020) in order to correct for the sys-
tematic intensity drift induced by the LC-MS analytical sequence. After
drift correction, features with an RSD*<0.2 and D-ratio*<0.4 or
RSD*<0.1, RSD <0.1 and D-ratio<0.1 were retained (Klavus et al.,
2020).

All statistical analyses were conducted using R package (4.1.1). One-
way ANOVA was performed to detect differentially abundant molecular
features. Subsequently, to detect metabolites at significantly higher or
lower levels in each bacterial culture compared to the control media,
Welsch’s t-test was applied. Both one-way ANOVA and t-test p-values
were adjusted for multiple comparisons using the Benjamini-Hochberg
false-discovery rate method (FDR). Only statistically significant fea-
tures (p<0.05) with MS/MS spectra and with an arbitrary value for the
average peak area of at least 10,000 were annotated. Annotation was
performed using MS-DIAL (version 4.9) (Tsugawa et al., 2015). The
exact m/z, RT, and MS/MS fragmentation patterns of each signal were
compared against our in-house standard library and publicly available
spectral databases, such as METLIN (https://metlin.scripps.edu), Mass-
Bank of North America (https://mona.fiehnlab.ucdavis.edu), and
Human Metabolome Database (HMDB, www.hmdb.ca). MS-FINDER
(version 3.52) (Tsugawa et al.,, 2016) and METLIN (Guijas et al.,
2018) were used to characterize the unknowns, those signals for which
no exact match was available in our in-house library nor public data-
bases. Agilent MassHunter Qualitative Analysis 10.0 was used to explore
raw data extracted ion chromatograms (EICs) and MS/MS fragmentation
data. Annotated metabolites were classified into one of the four identi-
fication levels based on criteria established by Summer et al. (Sumner
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et al., 2007). Level 1 signified identified metabolites using a chemical
reference standard, level 2 designates putatively annotated compounds
relying on public spectral libraries, level 3 denotes putatively charac-
terized compound classes, and level 4 signifies unknown compounds.
Levels 1 and 2 are regarded as annotations with a high degree of
confidence.

Following metabolite identification, principal component analysis
(PCA) was applied to good-quality molecular features (n=11,105). Fold
change values (FC) for each identified metabolite were calculated for
each Bacteroidales strain by dividing its average signal abundance by
that of the control media samples. Afterward, the top 25 most signifi-
cantly increased metabolites on each Bacteroidales strain were selected
based on a logoaFC>0 and the highest significance (-log;o g value). Data
representation via PCA, heatmap, and bar charts was performed using an
in-house custom script based on ggplot2 packages in R (version 4.3.1).
Adobe Illustrator 2023 was used for figure composition and Chemdraw
v22.2.0 for chemical structure representation. Heatmap representation
of logoFC values for each sample type applying unsupervised hierar-
chical clustering to both bacterial samples and identified metabolites
was generated using ClustVis (Metsalu and Vilo, 2015).

2.4. Metabolic pathway analysis and genome mining

Metabolic pathway analysis of the metabolites discussed was con-
ducted using MetaboAnalyst 5.0 (Pang et al., 2022) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (https://www.ge
nome.jp/kegg/) (Kanehisa and Goto, 2000). Initially, the metabolite’s
HMDB IDs were used as input in MetaboAnalyst 5.0 for pathway anal-
ysis, yielding KEGG pathway map IDs. Subsequently, KEGG maps and
compound IDs were used as input in the KEGG database, facilitating the
identification of the enzymes involved in the specific metabolic pathway
under investigation. The enzyme commission numbers (ECs) associated
with these enzymes were then extracted and used for genome mining
purposes. The ECs and the enzyme names served as input into the Na-
tional Center for Biotechnology Information (NCBI) protein database
(https://www.ncbi.nlm.nih.gov/protein), applying tailored filters to
narrow down the search to the genomes of the bacterial strains used in
this study.

3. Results and discussion

3.1. Selection of representative gut Bacteroidales strains and growth
profile determination

To study the metabolome of gut commensal Bacteroidales bacteria,
we selected six bacterial strains representing three different and relevant
families within the order Bacteroidales: Bacteroidaceae, Prevotellaceae,
and Tannerellaceae. Notably, five of these six strains are part of the core
species within the human gut microbiota according to Tramontano et al.
(Tramontano et al., 2018). These strains are Bacteroides fragilis NCTC
9343, Bacteroides stercoris DSM 19555, Phocaeicola dorei CL02T12C06
(previously known as Bacteroides dorei CLO2T12C06), Parabacteroides
merdae CLO3T12C32, and Segatella copri DSM 18205 (previously desig-
nated as Prevotella copri DSM 18205). In addition to these
well-established species, we also included the unclassified Bacteroides
sp. 4 1 36 due to its promising potential as a next-generation probiotic
(Garcia-Morena et al., 2024). To simulate in vitro their natural envi-
ronment, the strains were cultivated in modified Gifu anaerobic medium
(mGAM) broth, a growth media previously documented to simulate the
gut microbiota’s natural environment (Rettedal et al., 2014; Tra-
montano et al., 2018). Furthermore, mucin was added to the mGAM
broth (see Methods) due to its growth-promoting capabilities (Tra-
montano et al., 2018).

Due to the lack of growth phase determination of gut commensals in
vivo and the interpersonal variability described in metagenomic samples
(Korem et al., 2015; Lim et al., 2023), we prioritized measuring the
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metabolite profile in the stationary phase. This approach guarantees
sufficient accumulation of metabolites and fosters consistency in
experimental conditions across replicates and bacterial strains. To
determine the optimal sampling time-point at which the six strains had
entered the stationary phase, their growth in mGAM supplemented with
mucin was monitored by measuring the optical density at 600 nm
(ODggp nm) under anaerobic conditions (Supplementary Figure 1). After
18 hours of incubation, all six bacterial strains had reached the sta-
tionary phase and, hence, we selected this incubation time to profile
their metabolome.

3.2. Non-targeted LC-MS/MS metabolomics analysis of Bacteroidales
strains in stationary phase reveals distinctive metabolite profiles

High resolution LC-MS/MS in four analytical modes, RP and HILIC
modes with both positive and negative ionization, detected a total of
11,105 good-quality features across samples. Overall differences in
metabolite composition among samples were visualized via a principal
component analysis (PCA), performed using these molecular features
(Fig. 1). The metabolite composition of B. fragilis NCTC 9343, Bacter-
oides sp. 4 1 36, Ph. dorei CL0O2T12C06, and Pa. merdae CL0O3T12C21
DSM 19555 cell cultures were the most similar to each other. B. stercoris
DSM 19555 and S. copri DSM 18205 presented distinctive metabolite
compositions. Notably, S. copri DSM 18205 showed a metabolite profile
more similar to the uncultivated mGAM supplemented with mucin than
to the rest of the Bacteroidales strains. Next, features exhibiting signif-
icant changes in abundance across samples were identified, yielding a
total of 613 features. Among these, we annotated 179 metabolites with a
high level of confidence (Supplementary Table 2). Most of them
belonged to classes such as amino acids and derivatives, nucleot(s)ides,
and organic acids. The heatmap representation of these confidently
annotated metabolites, applying unsupervised clustering (Supplemen-
tary Figure 2), further confirmed the similarity in the metabolomes of
B. fragilis NCTC 9343, Bacteroides sp. 4 1 36, and Ph. dorei CLO2T12C06.
In accordance with the PCA, S. copri DSM 18205 showed the most
distinctive profile, positioning it as the outermost branch of the clus-
tering tree. The variations in metabolite profiles we observed are not in
sync with the phylogenetic classification of these bacterial strains by
family (Garcia-Lépez et al., 2019). Although Bacteroidaceae and Pre-
votellaceae families share a closer phylogenetic relationship, S. copri
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DSM 18205 displayed significant differences in its metabolomic profile
compared to Bacteroides and Phocaeicola strains. In contrast, Pa. merdae
CLO3T12C32, belonging to the more distant Tannerellaceae family,
exhibited greater similarities to the Bacteroidaceae strains.

We further selected and discussed the top 25 most significantly
increased metabolites within each bacterial cell culture in order to
highlight relevant metabolites that these bacteria can produce. This
yielded a total of 61 distinct metabolites after considering overlaps
across strains. Our findings revealed that the predominant category of
compounds exhibiting substantial increases consisted of amino acids
and derivatives (Fig. 2). This category includes peptides, amino acids,
amines, and other metabolites of amino acids. Within peptides, proline-
hydroxyproline was notably accumulated in significant quantities.
Additionally, other peptides accumulated include aspartyl-arginine and
Gly-Val-Arg. Several amino acids demonstrated an increased abun-
dance, with S. copri DSM 18205 accumulating particularly high levels of
ornithine. Amines were predominantly found in S. copri DSM 18205 and
Pa. merdae CLO3T12C32 cell cultures. S. copri accumulated tyramine,
tryptamine, and phenylethylamine, while Pa. merdae showed a signifi-
cant accumulation of histamine, cadaverine, agmatine, and acetylpu-
trescine. Other bacterial strains also accumulated relevant amounts of
agmatine such as B. stercoris DSM 19555 and Ph. dorei CLO2T12C06.
Other increased amino acid derivatives include urocanic acid, citrulline,
5-hydroxylysine, and 4-hydroxyproline. Nucleot(s)ides was the second
group with the most metabolites significantly increased. Metabolites
identified under this class are purine and pyrimidine metabolites which
serve as building blocks for DNA and RNA and provide a cell with suf-
ficient energy and cofactors for cell survival and proliferation (Pedley
and Benkovic, 2017). The third most prominent class is organic acids
derived from energy metabolism. S. copri DSM 18205 accumulated
significant amounts of 2-hydroxybutanoic acid and lactic acid. Bacter-
oides sp. 4 1 36 produced lactic acid in remarkable quantities as well.
Aconitate and malic acid were found in significant amounts by
B. stercoris DSM 19555, Bacteroides sp. 4 1 36, B. fragilis NCTC 9343, and
Ph. dorei CLO2T12C06. Notably, the abundance of aconitate and malic
acid in Ph. dorei CLO2T12C06 cell culture was approximately 20 and 16
times higher than in the control, respectively. Pa. merdae CLO3T12C32
was the only strain exhibiting substantial accumulation of deoxy-
carnitine, a straight-chain fatty acid.

-6~ Control

-@ Bacteroides fragilis NCTC 9343

-@- Bacteroides sp. 4 1 36

O Bacteroides stercoris DSM 19555

-@ Phocaeicola dorei CL02T12C06

0 Segatella copri DSM 18205

A Parabacteroides merdae CLO3T12C32

Fig. 1. Principal component analysis (PCA) derived from non-targeted metabolomic data of Bacteroidales cell cultures in the stationary phase. The dataset
includes all molecular features (n=11,105) detected across the four analytical modes. The two principal components are shown, which explain 32.9% and 11,5% of
the variation within the data, respectively. Ellipses were drawn for each sample type with a 90% level of confidence. Spherical, squared, and triangular points
represent bacteria from the Bacteroidaceae, Prevotellaceae, and Tannerellaceae families, respectively.
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Fig. 2. Heatmap representation of the top 25 significantly increased metabolites on at least one Bacteroidales cell culture. Fold-change (FC) and degree of
significance comparisons (t-test and Benjamini-Hochberg false discovery rate correction p value<.05 and q value<.05) were calculated between each bacterial cell
culture and control media. Red and blue cells represent metabolites with increased and decreased abundance, respectively. The degree of significance is represented
with a circle inversely proportional to the q value. BS: Bacteroides stercoris DSM 19555, B: Bacteroides sp. 4 1 36, BF: Bacteroides fragilis NCTC 9343, PD: Phocaceicola
dorei CLO2T12C06, PM: Parabacteroides merdae CLO3T12C32, and SC: Segatella copri DSM 18205.

3.3. Bacteroidales production of biogenic amines resulting from amino
acid decarboxylation

Several decarboxylation products of proteinogenic L-amino acids
(Fig. 3) were detected during our analysis. Decarboxylation of L-amino
acids has previously been shown as a strategy in certain bacteria to
adapt to acidic environmental conditions (Schwarz et al., 2022). The
dedicated decarboxylase consumes a H" while converting the specific
amino acid into a more alkaline product, which is then exported by a
specific antiporter in exchange for the amino acid (Connil et al., 2002;
Han and Shin, 2022; Hersh et al., 1996; Iyer et al., 2003; Pereira et al.,
2009; Schwarz et al., 2022; Wolken et al., 2006). The accumulation of
different organic acids (Fig. 2) as a result of energy metabolism provides
support for media acidification. Moreover, it is worth noting that Bac-
teroidales are known producers of short-chain fatty acids (SCFAs)
(Gotoh et al., 2017; Horvath et al., 2022; Zafar and Saier, 2021), me-
tabolites known to acidify the environment, but which are not detected
by LC-MS methodology. This strengthens the hypothesis that the
decarboxylation of L-amino acids is an adaptive mechanism in response
to acidic environments. As colonizers of the human gastrointestinal tract
and one of its most prevalent members (Qin et al., 2010; Tramontano
et al., 2018), Bacteroidales bacteria must endure varying pH conditions,
including the low pH in the stomach and the slightly acidic environment
of the colon (Schwarz et al., 2022). The decarboxylation of amino acids
likely serves as an adaptive mechanism under these conditions and we
hypothesize that the resulting alkaline products are exported to the
extracellular medium as previously shown for other bacteria (Connil
et al., 2002; Han and Shin, 2022; Hersh et al., 1996; Iyer et al., 2003;
Pereira et al., 2009; Schwarz et al., 2022; Wolken et al., 2006). It is
worth noting that the tested bacteria showed distinct preferences on this
property. Mainly, S. copri DSM 18205 decarboxylated aromatic L-amino

acids (Fig. 3A-C) and Pa. merdae CLO3T12C32 did so with positively
charged L-amino acids (Fig. 3D&E). All Bacteroidales strains except for
S. copri also decarboxylate arginine, producing agmatine (Fig. 3F).
Notably, compared to the control, S. copri DSM 18205 accumulated
around 50 and 10 times higher levels of phenylethylamine and tyra-
mine, respectively (Fig. 3A&B). Phenylethylamine, tyramine, and
tryptamine result from the enzymatic decarboxylation of the aromatic
amino acids phenylalanine, tyrosine, and tryptophan respectively
(KEGG pathways map00360, map00350, and map00380). These re-
actions are carried out by aromatic L-amino acid decarboxylases
(AADCs) (Schwarz et al., 2022). To date, several bacterial AADCs have
been identified in different microorganisms, showing different substrate
specificity (Choi et al., 2021; Kezmarsky et al., 2005; Moreno-Arribas
and Lonvaud-Funel, 2001; Perez et al., 2015; van Kessel et al., 2019;
Williams et al., 2014). To identify whether S. copri DSM 18205 encodes
any AADC, its genome was screened for tyrosine decarboxylase (EC
4.1.1.25), aromatic-L-amino-acid decarboxylase (EC 4.1.1.28), trypto-
phan decarboxylase (EC 4.1.1.105), and phenylalanine decarboxylase
(EC 4.1.1.53). No putative enzyme with a similar function was detected.
The substantial accumulation of the biogenic amines phenylethyl-
amine, tyramine, and tryptamine by S. copri DSM 18205 could hold local
and systemic implications if produced in the gastrointestinal tract.
Commonly referred to as trace amines (TAs) due to their low concen-
tration in the central nervous system (Berry, 2004), they act as neuro-
transmitters or neuromodulators (Khan and Nawaz, 2016; Miller, 2011).
Phenylethylamine, which has been shown to be able to cross the
blood-brain barrier, is a dopamine receptor agonist (Chen et al., 2019).
Tryptamine is a monoamine similar to serotonin that is able to bind the
serotonin 5-HT4 receptor in the colonic epithelium increasing colonic
secretion and, hence, gastrointestinal transit (Bhattarai et al., 2018).
Tyramine has been shown to stimulate host production of serotonin both
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Fig. 3. Biogenic amines product of amino acid decarboxylation: phenylethylamine (A), tyramine (B), tryptamine (C), cadaverine (D), histamine (E), and
agmatine (F). Statistical significance between each bacterial cell culture and the control is shown using asterisks (* q<0.05, ** q<0.01,*** q<0.001, ****
q<0.0001). Bars represent the average signal count of each strain, error bars denote standard deviation (SD), and individual dots represent the signal count of each
replicate. BS: Bacteroides stercoris DSM 19555, B: Bacteroides sp. 4 1 36, BF: Bacteroides fragilis NCTC 9343, PD: Phocaeicola dorei CL02T12C06, PM: Parabacteroides

merdae CLO3T12C32, and SC: Segatella copri DSM 18205.

in vivo and in vitro (5-HT), a neurotransmitter and an important factor in
the gastrointestinal tract and other organs (Yano et al., 2015). Moreover,
tyramine accumulation by this strain could be relevant not only for the
physiological implications of this biogenic amine. The elegant study of
van Kessel et al. showed concomitant decarboxylation of tyrosine and
levodopa by tyrosine decarboxylases from Lactobacillus spp. and
Enterococcus spp. This holds special relevance for Parkinson’s disease
treatment, where levodopa is used as a primary treatment to increase
dopamine concentrations. The authors showed that a higher abundance
of tyrosine decarboxylase genes in the jejunum negatively correlates
with levodopa levels in plasma (van Kessel et al., 2019). We could not
identify any tyrosine decarboxylase in the genome of S. copri DSM 18205
based on homology to previously described enzymes. We hypothesize
that a non-orthologous enzyme is carrying the reaction, suggesting new
roles of this bacterial strain in health and disease.

Moreover, phenylethylamine and tryptamine have recently been
shown to impair insulin sensitivity in irritable bowel disease and
metabolic syndrome (Zhai et al., 2023). The link of S. copri DSM 18205
to inflammatory diseases and insulin resistance has been previously
reported. Pedersen et al. identified S. copri DSM 18205 as one of the main
species driving the association between insulin resistance and biosyn-
thesis of branched chain fatty acids (BCAAs). It is important to note that
the study of the effect of S. copri DSM 18205 on the host metabolome
was reduced to a subset of metabolites previously correlated to a pop-
ulation of Danish individuals (Pedersen et al., 2016). Unfortunately, this
subset did not include phenylethylamine or tryptamine and, hence, it
cannot be excluded a possible association between the production of
these biogenic amines by S. copri DSM 18205 and insulin resistance.

Pa. merdae CLO3T12C32 exhibited significant accumulation of
cadaverine and histamine, products of decarboxylation of lysine and

histidine respectively (KEGG pathway map00310 and map00340;
Fig. 3D&E). It is noteworthy that the abundance of cadaverine in the Pa.
merdae CLO3T12C32 cell culture was 60 times higher than in the control.
Even though cadaverine has been frequently associated with periodontal
disease (Levine and Lohinai, 2021), this biogenic amine has also been
linked to inhibition of breast cancer growth (Kovdcs et al., 2019) and
bacterial virulence inhibition (Fernandez et al., 2001; McCormick et al.,
1999). Interestingly, Pa. merdae showed a lower abundance in breast
cancer patients compared to healthy controls (Shrode et al., 2023).
Shrode et al. mainly focused on the reduction of SCFA-producing bac-
teria in breast cancer patients as a causative effect. However, in light of
the effect of cadaverine as a reductor of breast cancer aggressiveness
through trace amino acid receptors (TAARs) (Kovacs et al., 2019), the
role of reduced Pa. merdae and, hence, cadaverine production in the
pathobiology of breast cancer cannot be excluded. Histamine also plays
diverse and essential roles in human physiology, acting as a neuro-
transmitter, simulating gastric secretion, or as part of the immune
response to allergens and pathogens (Fiorani et al., 2023; Parsons and
Ganellin, 2006). Lysine decarboxylase (EC 4.1.1.18) and histidine
decarboxylase (EC 4.1.1.22) are the enzymes catalyzing these reactions.
Genome mining of Pa. merdae CLO3T12C32 did not reveal any putative
enzymes responsible for these functions.

Finally, all Bacteroidales cultures, except for S. copri DSM 18205,
accumulated significant amounts of agmatine, the decarboxylation
product of arginine (KEGG pathway map00330, Fig. 3F). In a study by
Haenisch et al, it was noted that Phocaeicola vulgatus DSM 1447, a
closely related bacterial strain to Ph. dorei CLO2T12C06, exhibited sig-
nificant agmatine production. Consistent with our findings, the authors
showed that B. fragilis NCTC 9343 produces agmatine at comparatively
lower concentrations than Ph. vulgatus DSM 1447 (Haenisch et al.,
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2008). The production of agmatine by these Bacteroidales strains holds
significance to the influence of this amine in gut motility, the secretion
of digestive enzymes, and its positive effects on gut integrity, as well as
its role in regulating glucose and fatty acid metabolism and insulin
signaling (Nissim et al., 2014; Ramos-Molina et al., 2019; Saha et al.,
2023). Additionally, microbiota-derived agmatine has been proposed to
be absorbed from the lumen into the bloodstream via the action of
specific transport mechanisms in enterocytes (Ramos-Molina et al.,
2019). The presence of agmatine in systemic circulation has been sug-
gested to exert favorable neuromodulatory effects (Saha et al., 2023).
Arginine decarboxylase is a common trait in all the bacterial strains
tested (EC 4.1.1.19, Supplementary Table 3).

3.4. Collagen-related catabolites are accumulated on Bacteroidales cell
cultures

Collagen is the most abundant structural protein in animals and 28
different types of collagens have been described (Shoulders and Raines,
2009). They share a structural motif in which a trio of parallel poly-
peptide strands, arranged in a left-handed, polyproline II-type (PPII)
conformation, coil about each other forming a right-handed triple helix,
characterized by a one-residue stagger (Shoulders and Raines, 2009).
The packing of the PPII helices presents a repeating XaaYaaGly peptide
sequence, in which Xaa and Yaa can be any amino acid. However, the
most frequently found amino acids in these positions are proline (Pro,
28%) and 4-hydroxyproline (Hyp, 38%), respectively. In addition, the
most common triplet is Pro-Hyp-Gly with a 10.5% (Ramshaw et al.,
1998). All Bacteroidales strains exhibited accumulation of the dipeptide
proline-hydroxyproline (Pro-Hyp), in varying proportions depending on
the strain (Fig. 4A). This suggests cleavage of the collagen triplet be-
tween the 4-hydroxyproline and glycine residues. The presence of
collagen and collagen-like proteins in the growth media can be attrib-
uted to the composition of the mGAM medium, which includes extracts
from various animal products (Gotoh et al., 2017). Microbial collage-
nases (EC 3.4.24.3) are enzymes described for their ability to degrade
collagens in their triple helical regions at X-Gly bonds (Bhagwat and
Dandge, 2018). Described microbial collagenases include metal-
loproteases (M9 family), serine proteases (S1, S8, and S53 families), and
some members of the peptidase U32 family (Bhagwat and Dandge,
2018). B. fragilis NCTC 9343, Pa. merdae CLO3T12C32, S. copri DSM
18205, and B. stercoris DSM 19555 encode putative collagenases (Sup-
plementary Table 3). These collagenases exhibit similarities to enzymes
belonging to the U32 family, specifically PrtC, which is found in the
periodontal pathogen Porphyromonas gingivalis (Takahashi et al., 1991).
However, Bacteroides sp. 4 1 36 and Ph. dorei CLO2T12C06 do not
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present any putative collagenase in their genomes, despite the signifi-
cant accumulation of collagen-derived metabolites in their bacterial cell
cultures. This suggests the potential existence of non-orthologous col-
lagenases or the possibility that these metabolites originate from other
proteins distinct from collagen.

Two other collagen-related metabolites were detected in our study.
4-hydroxyproline was significantly accumulated in every bacterial cell
culture (Fig. 4B). This metabolite mainly exists in collagen and, in
mammalian systems, prolyl hydroxylases post-translationally hydrox-
ylate L-proline residues to 4-hydroxyproline in procollagen (Zhang
et al., 2021). Nevertheless, microbial hydroxylation of free L-proline to
4-hydroxyproline via proline 4-hydroxylases (EC 1.14.11.57) has been
detected for a few bacterial species (Shibasaki et al., 1999). The genomes
of the bacterial strains used in our study were screened for the presence
of proline 4-hydroxylase genes, but no putative gene was identified. The
last collagen-related metabolite is 5-hydroxylysine, which was signifi-
cantly increased in all bacterial cell cultures, except for S. copri DSM
18205 (Fig. 4C). b5-hydroxylysine is also produced by the
post-translational hydroxylation of lysine by lysine hydroxylases (EC
1.14.11.4) (Yamauchi and Shiiba, 2008). No lysine hydroxylase was
detected in the genome of the screened strains.

Collagenase activity in microorganisms has been usually linked to
pathogenicity (Bhagwat and Dandge, 2018). While Bacteroidales species
are recognized as beneficial members of the human gut microbiota,
Bacteroides spp. can become opportunistic pathogens, often contributing
to polymicrobial infections at various body sites (Wexler, 2007; Zafar
and Saier, 2021). This collagenase activity may help these bacteria in
compromising the integrity of tissue barriers allowing them to access
deeper tissues. Furthermore, the presence of collagenolytic bacteria in
the gastrointestinal tract is of relevance, given their newfound associa-
tion with the progression of colon cancer and the occurrence of
post-surgical tumor growth (Gaines et al., 2020; Williamson et al.,
2022).

3.5. Other metabolites

Gut Bacteroidales strains also accumulated significant amounts of
ornithine, the polyamine acetyl-putrescine, and the straight-chain fatty
acid deoxycarnitine (Fig. 5). S. copri DSM 18205 produced 10 times
higher amounts of ornithine compared to the control (Fig. 5 A). This
non-proteinogenic amino acid can be biosynthesized from arginine,
proline, or glutamate (KEGG pathway map00330). Recently, the
importance of ornithine in maintaining a healthy gut mucosa was
demonstrated in lactobacilli (Qi et al., 2019). Qi et al. showed that
lactobacilli-derived ornithine can upregulate L-kynurenine in gut
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copri DSM 18205.
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copri DSM 18205.

epithelial cells, influencing the proliferation of mucosal cells and mucin
production. Additionally, acetylputrescine, the N-acetylated form of
putrescine, was significantly accumulated in all bacterial cell cultures. It
was 6 times more abundant in Pa. merdae CLO3T12C32 cell culture
compared to the control (Fig. 5B). Biosynthesis of putrescine can be
achieved via ornithine, agmatine or spermidine (KEGG pathway
map00330). Its N-acetylated form, acetyl putrescine, is the first inter-
mediary in the biosynthesis of the primary inhibitory neurotransmitter
GABA. Nevertheless, no significant amounts of GABA were found to be
accumulated on any strain. Interestingly, Strandwitz et al. found that
Bacteroides spp. and Parabacteroides spp. actively express
GABA-producing pathways in healthy individuals. This study pointed to
the B. fragilis KLE1758 as a GABA producer via decarboxylation of
glutamate induced at a low pH (pH<5.5). In contrast, as mentioned
earlier, our B. fragilis NCTC 9343 did not accumulate this inhibitory
neurotransmitter. This could be explained by the fact that the produc-
tion of GABA by B. fragilis KLE1758 appears to be primarily observed
when the bacterium is cultured on Petri dishes, where it acidifies the
medium sufficiently to produce GABA (Strandwitz et al., 2019). Finally,
Pa. merdae CLO3T12C32 produced significant amounts of deoxy-
carnitine (Fig. 5 C). Bacteria living in anaerobic environments, where
oxygen does not serve as a final electron acceptor, use alternative
electron acceptors. L-carnitine can serve this purpose for some anaer-
obes (Meadows and Wargo, 2015; Seim et al., 1982). Even though

crotonic acid betaine was not detected in our analysis, a significant
consumption of carnitine was registered for Pa. merdae CLO3T12C32
(Fig. 5D), supporting its use of carnitine as an electron acceptor.
Although the precise mechanistic details remain unclear, deoxycarnitine
has shown to have a positive association with gut permeability in cases
of environmental enteric dysfunction (Semba et al., 2017).

4. Conclusions

A diverse collection of metabolites has been isolated from cultures of
human-associated bacteria, some of which are well-documented as key
players in the interactions between microbes and their hosts, as well as
in inter-microbial communication. The present study thoroughly char-
acterizes the in vitro metabolite profiles of six Bacteroidales strains
cultivated until the stationary phase on mGAM supplemented with
mucin. This comprehensive analysis enhances our understanding of
their metabolic capabilities, uncovering multiple bioactive metabolites
previously unassociated with them. Our findings showed that S. copri
DSM 18205 accumulated considerable amounts of various bioactive
metabolites, including phenylethylamine, tyramine, tryptamine, and
ornithine. Noteworthy was also the ability of Pa. merdae CLO3T12C32 to
produce other bioactive metabolites, such as cadaverine, histamine,
acetylputrescine, and deoxycarnitine. Furthermore, our research
revealed the accumulation of substantial quantities of collagen-derived
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metabolites, particularly the dipeptide proline-hydroxyproline, mainly
in strains of Bacteroides, Phocaeicola, and Parabacteroides. The common
absence of identifiable enzymatic candidates crucial for the biosynthesis
of these molecules, position these strains as promising prospects for
novel enzyme discovery. In addition, future research will be critical to
determine the actual in vivo production of these metabolites and, should
it be established, to unravel its implications for host physiology.
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