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Abstract

The genus of Parasutterella has been defined as a core component of the human and mouse gut microbiota, and has been
correlated with various health outcomes. However, like most core microbes in the gastrointestinal tract (GIT), very little is
known about the biology of Parasutterella and its role in intestinal ecology. In this study, Parasutterella was isolated from
the mouse GIT and characterized in vitro and in vivo. Mouse, rat, and human Parasutterella isolates were all asaccharolytic
and producers of succinate. The murine isolate stably colonized the mouse GIT without shifting bacterial composition.
Notable changes in microbial-derived metabolites were aromatic amino acid, bilirubin, purine, and bile acid derivatives. The
impacted bile acid profile was consistent with altered expression of ileal bile acid transporter genes and hepatic bile acid
synthesis genes, supporting the potential role of Parasutterella in bile acid maintenance and cholesterol metabolism. The
successful colonization of Parasutterella with a single environmental exposure to conventional adult mice demonstrates that
it fills the ecological niche in the GIT and contributes to metabolic functionalities. This experiment provides the first
indication of the role of Parasutterella in the GIT, beyond correlation, and provides insight into how it may contribute to
host health.

Introduction

Parasutterella, a genus of Betaproteobacteria, has been
defined as a member of the healthy fecal core microbiome
in the human gastrointestinal tract (GIT) [1]. Members of
the genus Parasutterella have also been found in a variety
of host species, including mice, rats, dogs, pigs, chickens,
turkeys, and calves according to reported sequences avail-
able in the Ribosomal Database Project (RDP). The genus
of Parasutterella contains two type strains, Parasutterella
excrementihominis YIT11859 and Parasutterella secunda

YIT12071, which were first isolated from human feces [2,
3]. 16S ribosomal RNA (rRNA) gene sequence similarities
indicate that the Parasutterella sequences from mice are

most closely related to P. excrementihominis. In humans,
the genus of Parasutterella has a unique phylogenetic
classification [4] as it stands out as one of the most fre-
quently reported taxa within the class Betaproteobacteria in
the gut, and is largely represented by a single species,
P. excrementihominis. The relative abundance of this spe-
cies has been associated with different host health outcomes
such as inflammatory bowel disease, obesity, diabetes, and
fatty liver disease [4–6].

A significant reduction of Parasutterella in response to
high-fat diet (HFD) treatment has been observed in multiple
animal models and human studies, indicating a negative
correlation between Parasutterella abundance and HFD-
induced metabolic phenotypes including hypothalamic
inflammation [7–10]. Parasutterella has also been identified
to respond to antibiotic administration and other dietary
interventions such as prebiotic and resistance starch sup-
plementation in human studies and animal trials [11–13]. In
addition, patients with Clostridium difficile infection (CDI)
exhibited a dramatic increase in the abundance of Proteo-
bacteria in the gut, however, within the phylum of Proteo-
bacteria, Parasutterella was significantly lower in CDI
patients and asymptomatic carriers than in healthy controls
[14]. An in vitro fermentation study, which investigated
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how microbial composition of fecal donors impacted the
fermentation properties of dietary fiber, showed that the
abundance of Parasutterella decreased during the fermen-
tation and positively correlated with ammonia production
[15]. These results provide evidence that Parasutterella has
a role in impacting microbial activities and host responses,
however, beyond correlative work, our knowledge of
Parasutterella’s physiological characteristics is extremely
limited. With a growing number of studies correlating
Parasutterella with diverse outcomes, including beneficial
and detrimental, it becomes essential that we begin to
understand the basic role of this microbe and its unchar-
acterized metabolites in the microbial ecosystem and host
physiology.

Alteration of microbially derived metabolites is an
important mechanism through which changes in gut
microbial activity generate functional consequences for host
health outcomes [16, 17]. Several microbially generated
metabolites derived from substrates including carbohy-
drates, aromatic amino acids, bile acids, and choline have
been identified as regulatory molecules. For instance, short-
chain fatty acids (SCFAs) play a crucial role in linking diet,
gut microbiota, and host immune response [18], and aro-
matic amino-acid metabolites such as indole derivatives
enhance epithelial barrier integrity [19]. Additionally, the
modulatory effects of microbial-derived bile acid metabo-
lites on the farnesoid X receptor (FXR) signaling pathway
are recognized to influence bile acid profile and host lipid
metabolism [20]. The identification of these molecules
provides new insights into the microbe–microbe and
microbe–host interactions, though there are still a con-
siderable number of yet-to-be described microbial-derived
metabolites. Specifically, when pursuing the functionalities
of a gut commensal bacterium that has not been well
characterized, the assessment of their contribution to gut
metabolite profiling becomes a sufficient and valid approach
to deepen our understanding of lifestyle and physiological
characteristics.

Different experimental models and detection methodol-
ogies have been established to unravel the metabolic func-
tionalities of the gut microbiota including in vitro
fermentation models, human clinical trials, humanized
germ-free mouse models, and monocolonization of germ-
free mice in combination with targeted or untargeted
metabolomic approaches [21, 22]. In vitro characterization
of metabolic capabilities of gut commensal bacteria is a
simpler approach, however, it is limited by culturability and
required growth conditions. For example, many gut bacteria
will only grow to pinpoint colonies and have limited ability
to grow in broth culture [23]. The animal model integrates
the interactions between the microbe and host to improve
the understanding of the holobiont. In the current study, the
murine Parasutterella strain was successfully isolated and

physiological characteristics were identified based on the
draft genome and in vitro culture results. The isolate was
subsequently introduced to Parasutterella-free mice har-
boring a complex microbiota, to investigate the capability of
Parasutterella to colonize the mouse GIT and its effects on
microbial community, intestinal metabolite profiling, and
host physiology. The results provide the first indication of
the role of Parasutterella in the GIT and improve our
understanding of the mechanism through which it may
influence host health outcomes.

Materials and methods

Bacterial strains

The mouse Parasutterella strain, Parasutterella mc1, was
isolated from feces of healthy phosphatidylethanolamine N-
methyltransferase knockout mice using two different types
of selective media including the Gifu anaerobic medium
(GAM) agar at pH value of 6.0 and GAM supplemented
with 4 μg/ml oxacillin, as modified from previously pub-
lished methods [2, 3]. Feces were collected immediately
after defecation into 1× Phosphate-buffered saline (PBS)
(pH= 7.4) supplemented with 0.05% (w/v) L-cysteine HCl,
transferred into an anaerobic chamber (Sheldon, Cornelius,
Oregon) containing the anaerobic gas mixture of 85% N2,
10% CO2, and 5% H2, homogenized, diluted, spread on
selective agar, and incubated at 37 °C for 3 days.

The methodology of whole-genome sequencing, Para-
sutterella-targeted primer (Paraf/Parar) design and real-time
PCR assay, as well as quantification of metabolites in
bacterial culture are described in the supplementary
methods.

Mice

Six- to 8-week-old female C57BL/6J mice (Jackson
Laboratory, Bar Harbor, ME) were housed in the animal
facilities at the University of Alberta. Mice were kept under
specific pathogen-free (SPF) conditions with sterilized
filter-topped cages and standard chow diet (LabDiet®,
5053). All the mice were screened with designed primers
(Paraf/Parar, Table S1) and 16 mice that did not harbor
Parasutterella were selected. Mice were randomly grouped
into four cages with four mice per cage by a blinded lab
animal technician and balanced for average body weight.
The cages were allocated into two treatments: control
(CON) and Parasutterella colonization (PARA). Pre-
liminary results showed that the exposure to Parasutterella

by oral gavage or administration to the bedding resulted in a
successful colonization of the mouse intestine. Therefore, in
the current study, the PARA group was exposed to
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Parasutterella mc1 by administering 1 ml of the bacterial
suspension with the concentration of 107 colony forming
unit (CFU)/ml to the bedding while the CON group
received PBS (Figure S1). Body weight was recorded
weekly and mice were euthanized by CO2 asphyxiation
6 weeks after Parasutterella/PBS treatment. Contents from
ileum, cecum, and colon were collected and liver, intestinal
tissue, and blood were harvested. The protocols employed
were approved by the University of Alberta’s Animal Care
Committee and in accordance with the guideline of the
Canadian Council on the Use of Laboratory Animals. The
colonization experiment was repeated three times with the
total sample size of 24 for each treatment and the untargeted
metabolomic analysis was repeated twice with the total
sample size of 16 for each treatment.

Characterization of gut microbial composition

DNA was extracted from ileal, cecal, and colonic contents
after Parasutterella/PBS treatment, as well as from feces
before the treatment. The DNA extraction, amplicon library
construction, paired-end sequencing, and data analysis were
performed using the protocols and pipelines published
previously [24].

Ultrahigh performance liquid chromatography-
electrospray ionization/Fourier transform mass
spectrometry (UPLC-ESI/FTMS)

Frozen cecal contents were lyophilized and homogenized in
80% aqueous methanol (25 μl/mg) and supernatants were
subsequently collected after centrifugation at 15,000 rpm
for 20 min. The supernatants were profiled by UPLC-ESI/
FTMS in positive and negative ionization mode with a
pooled quality control sample injected for every eight
samples. Samples were analyzed in a random way using a
computerized list of random numbers. The UPLC-FTMS
systems consisted of an acquity UPLC system (Walters,
MA, USA) coupled with an LTQ-Orbitrap Fusion mass
spectrometer (Thermo Scientific, Nepean, ON), which was
operated in a survey scan and Fourier transform MS
detection mode.

To maximize the chromatographic separations, the ana-
lytes were separated on a C4 column, a C18 column, and a
HILIC column, respectively. The chromatographic condi-
tions, sample preparation techniques, and data process are
described in the supplementary methods.

Data analysis and visualization

For microbial composition analysis, the comparison of
individual taxa/operational taxonomic units (OTUs)
between groups were performed using the Mann–Whitney

U-test. Nonparametric multivariate analysis of variance was
used to identify the difference between groups using the
adonis function in the vegan package (R v3.4.4). The
principal coordinate analysis (PCoA) based on the Bray–
Curtis dissimilarity metric was plotted using the phyloseq
package (R v3.4.4) [25]. For metabolomic data analysis, the
Metaboanalyst [26] was used to conduct the data normal-
ization, univariate, and multivariate analysis. The quality of
UPLC-FTMS data was controlled by filtering the missing
values and interquartile range (IQR). The quality-controlled
data were normalized by log transformation and proceeded
to statistical analyses. The fold change values between the
two groups were calculated using the datasets before nor-
malization. The corrections of P-values generated from the
Student’s t-test or Mann–Whitney U-test were conducted
for multiple testing by the Benjamini–Hochberg procedure
(false discovery rate, q-value). Features with a q-value
< 0.05 were considered as statistically significant indicated
as follows: ##q-value < 0.01; #q-value < 0.05. For determi-
nation of body weight, gene expression, 16S rRNA gene
copy numbers (log transformed) and cytokine levels, the
Shapiro–Wilk test was performed to check the normality of
data distribution and the Student’s t-test was used to com-
pare the difference between two treatments. P-values
indicate statistical significance as follows: **P < 0.01;
*P < 0.05. R (v3.4.4) and GraphPad Prism were used for
visualizing the results.

Results

Parasutterella can be successfully isolated from
mouse intestine using the selective medium

Parasutterella mc1 was isolated from the selective medium
including GAM (pH= 6.0) and GAM supplemented with 4
μg/ml oxacillin inoculated with a 10−6 serially diluted fecal
sample. Colonies of Parasutterella appeared entire, circular,
convex, and translucent with a diameter of 0.5–0.7 mm after
72 h of incubation on GAM agar at 37 °C (Fig. 1a). Cells of
Parasutterella were Gram-negative, obligately anaerobic
cocci, or coccobacilli (0.5–0.8 × 1.0–1.5 μm in size)
(Fig. 1a). When grown in GAM broth for upto 120 h at
37 °C anaerobically, Parasutterella produced no visible
turbidity and no changes in glucose, fructose, or lactate
were detected in the broth culture. However, the Para-

sutterella strain produced approximately 2.5 mM succinate
after 72 h of growth, indicating that Parasutterella is a
succinate-producing bacterium (Fig. 1b).

Parasutterella mc1 shared 93% 16S rRNA sequence
identity with the type strain of P. excrementihominis

YIT11859, which was isolated from human feces (Fig-
ure S1). The complete genome size of Parasutterella is 2.8
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Fig. 1 Morphology, metabolite production, and whole-genome visualization of Parasutterella mc1. a Top: colonies of Parasutterella mc1 formed on
fastidious anaerobic agar (FAA, left) and Gifu anaerobic medium (GAM) agar (right), respectively. Bright field, magnification, ×100; Scale bars, 400
μm. Bottom: scanning electron microscopy (SEM) micrographs of Parasutterella mc1 grown on GAM agar, showing ×15,000 (left) and ×20,000
(right) magnification, respectively. b HPLC chromatogram showing metabolite profile in GAM broth with Parasutterella growth collected at 0 h, 24 h,
48 h, 72 h, and 96 h. c Circular genome map of Parasutterella mc1 generated with CGView comparison tools. From the outer to inner circles: the first
(outermost) and fourth rings depicting COG categories of protein coding genes on the forward and reverse strands, respectively. The second and third
rings show the locations of protein coding, tRNA, and rRNA genes on the forward and reverse strands, respectively. The fifth, sixth, seventh, and eighth
rings depict BLAST comparisons (expected threshold= 0.1) between Parasutterella mc1 CDS translations and the translations from Parasutterella

mc1, Turicimonas muris YL45 (ASM222159v1), P. excrementihominis YIT11859 (ASM20502v1), and P. excrementihominis CAG:233 (MGS233),
respectively. The ninth ring (black plot) depicts GC content and the innermost plot represents GC skew. Both base composition plots were generated
using a sliding window of 10,000 nt
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Mb with a G+C content of 44.1 mol% (Fig. 1c). Detailed
information including the numbers of total raw reads, con-
tigs, N50, and the accession number of deposited sequence
data is provided in Table S2. There are 2648 unique genes
predicted and the absence of the genes for transporting and
metabolizing exogenous sugars was consistent with the
asaccharolytic characteristic of Parasutterella shown in
broth culture [2, 3]. In accordance with the presence of
genes encoding L-asparaginase, aspartate ammonia-lyase,
and putative aspartate dehydrogenase, asparagine was the
most rapid and preferred amino acids metabolized by
Parasutterella in GAM broth (Fig. 2; Figure S2). Supple-
menting L-asparagine and L-aspartate at 2 mM in the GAM
broth culture of Parasutterella at 48 h of growth increased
bacterial counts at 72 h compared with that in the GAM
broth control (P < 0.05) (Figure S3). In addition, there were
no identified hits of toxin virulence factor (VF)-related
genes in the genome of Parasutterella mc1, which suggests
that Parasutterella is either a commensal or symbiotic
member of the gut microbiota.

Parasutterella isolate readily colonized the mouse
GIT without shifting the microbial structure

SPF C57BL/6J mice were screened using a set of designed
PCR primers targeting the 16S rRNA gene of the

Parasutterella isolate to select 16 Parasutterella-free indi-
viduals. We were able to confidently detect the presence of
Parasutterella down to the 106 CFU/g of feces using the
real-time PCR system. With a single environmental expo-
sure, Parasutterella rapidly and stably colonized the mouse
GIT through the duration of the study, representing an
average of 9.31 ± 0.16 log10 16S rRNA gene copies per
gram of feces (Figure S3). Parasutterella were successfully
isolated using selective medium from the mouse feces
6 weeks after environmental inoculation, verifying the
stable colonization of Parasutterella. The colonization of
the Parasutterella isolate in the mouse GIT did not sig-
nificantly affect body weight (Figure S1). The success of
Parasutterella to colonize the mature mouse gut after a
single exposure demonstrated that the microbe fills the
ecological niche in the GIT.

The gut microbiota of the CON and PARA groups was
characterized by sequencing 16S rRNA gene amplicons
from ileal, cecal, and colonic contents. The sequencing
obtained 20,086 ± 7581 (mean ± standard deviation)
quality-controlled and chimera-checked reads per sample.
The successful colonization of Parasutterella did not cause
a significant shift in gut microbiota structure as revealed by
the permutational multivariate analysis of variance (Fig. 3a).
Specifically, there was no significant difference in the
structural pattern between the CON and PARA group at all

Fig. 2 Selected genomic features of Parasutterella mc1. Predicted
metabolic pathways and physiological capabilities are shown based on
the annotations of draft genome. Periplasma (gray) and cytoplasma
(light gray) are shown bounded by outer and inner membranes,

respectively. PRPP phosphoribosyl pyrophosphate, PGP phosphati-
dylglycerophosphate, PS phosphatidylserine, PE phosphatidylethano-
lamine, PG phosphatidylglycerol, Fdh formate dehydrogenase, Soe
sulfite dehydrogenase (quinone)
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three intestinal sites, which was evaluated using Bray–
Curtis and unweighted UniFrac distance matrices with 999
random permutations (adonis, P > 0.05). Instead, the
microbial community was segregated by intestinal sites,
which explained 39.3% variation in bacterial composition
(adonis, P < 0.001, 999 permutations). The richness and
evenness of the microbial community, indicated by alpha-
diversity index (Chao1 and Shannon index), did not vary
between the CON and PARA groups at each intestinal site
(Fig. 3b).

To assess the abundance of different gut microbes in the
CON and PARA group, all sequences were assigned to
taxonomy using RDP classifier. In accordance with the
separation of the overall microbial structure by intestinal
sites, the regional variation played a key role in shaping the
microbial community. However, at each intestinal site, there
were no notable changes in microbial abundance profile
between the two treatments. Parasutterella was the only
significantly changed genus between the CON and PARA
group, contributing the average of 0.64, 1.88, and 1.71% of
the 16S rRNA gene reads in the ileum, cecum, and colon,
respectively (Fig. 3c).

UPLC-FTMS revealed the effects of Parasutterella
colonization on the cecal metabolome

The UPLC-FTMS methodology was optimized to deter-
mine the metabolomic profile of cecal contents from the
CON and PARA group collected 6 weeks after Para-

sutterella exposure. To detect as many metabolites as pos-
sible, the UPLC-FTMS-based untargeted approach was
used, which contained three types of chromatographic
conditions (C4, C18, and HILIC column) with two ioniza-
tion modes (ESI in positive and negative mode,+ /–) to
generate six possible combinations. The reverse-phase
UPLC-FTMS on C18 column with negative ionization
mode generated the largest number of features (2165 fea-
tures) and characterized the most significantly different
features (105 features) between the CON and PARA group
(Table S3). Principle component analysis (PCA) of all
detected features revealed a distinct clustering between the
CON and PARA group based on the C18-ESI– dataset
(Fig. 4a). The separation was also displayed using the fea-
tures that were differently presented between treatment
groups analyzed by Student’s t-test (n= 8 per treatment,
P < 0.05) (Figure S4). In total, 132 of 8990 detected fea-
tures differentiated the CON and PARA group and the
colonization of Parasutterella significantly impacted the
features detected by C18-ESI– approach to the greatest
extent, indicating the changed profile of non-phospholipid
metabolites in cecal contents (Fig. 4b; Table S4, S5). The
results showed that the presence of Parasutterella changed
the cecal metabolomic profile even though the colonization

did not result in a significant shift in microbial community
structure.

The colonization of Parasutterella altered levels of
identifiable metabolites

The untargeted metabolomic analysis approach allowed us
to detect metabolite features broadly and extensively.
However, the identification of metabolites based on detec-
ted mass spectra remains challenging due to limited stan-
dard reference materials and difficulties in distinguishing
the biological source for commonly shared metabolites
across the host and gut microbiota [22, 27, 28]. In the
current study, the univariate and multivariate approaches
were performed on the features detected from the CON and
PARA group, and features with a q-value < 0.05 were
selected for metabolite identification. The pure standards
including certain bile acids were obtained and analyzed
under the identical chromatographic condition and ioniza-
tion mode to validate the spectra from the samples.

Approximately 40% of the features within the 132 sig-
nificantly differentiated features remained unidentified,
which revealed a substantial proportion of yet-to-be descri-
bed microbial-associated metabolites. Though the identifi-
cation of significant metabolites was incomplete, certain
metabolites and pathways consistently associated with gut
microbial activity were observed. With the colonization of
Parasutterella, the level of tryptophan metabolites,
3-Methyldioxyindole (m/z 162.0559, ESI–), indole-2-
carboxylic acid (m/z 160.0404, ESI–), and indole-3-
carboxylic acid (m/z 160.0403, ESI–) were increased,
whereas the abundance of kynurenic acid (m/z 188.0351,
ESI–) and nicotinic acid (m/z 122.0248, ESI–) were
decreased (q-value < 0.05, Fig. 5). 3-Methyldioxyindole
exhibited an 8.3-fold increase and kynurenic acid showed an
11.2-fold decrease in the PARA group compared with the
CON group, which were the most notable changes in tryp-
tophan metabolism. The metabolism of another aromatic
amino acid, tyrosine, was also altered by Parasutterella

colonization, as indicated by reduced levels of p-Cresol (m/z
107.0503, ESI–) and p-Cresol sulfate (m/z 187.0069, ESI–),
but elevated ethylphenol (m/z 121.0659, ESI–) and a tyr-
osine derivative predicted as N-hydroxy-L-tyrosine or DOPA
(m/z 196.0613, ESI-) (q-value < 0.05, Fig. 5). p-Cresol and
p-Cresol sulfate were decreased 5.6-fold and 43.4-fold in
PARA group compared with that in the CON group,
whereas the ethylphenol and the tyrosine derivative in
PARA group were increased 2.1-fold and 84.3-fold than that
in the CON group, respectively. Overall, the results indicate
that the presence of Parasutterella significantly changed
aromatic amino-acid metabolism in the gut including tryp-
tophan and tyrosine catabolism, and the changes in
microbial-associated metabolites indicated an altered
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functionality of the gut microbial community to utilize these
aromatic amino acids.

Microbial-associated metabolites, mesobilirubinogen
(m/z 591.3173, ESI–), and purine metabolites including

inosine (m/z 267.073, ESI–), hypoxanthine (m/z 135.0311,
ESI–), and xanthine (m/z 151.0261, ESI–) were altered
in Parasutterella colonized mice. The bilirubin-derived
compound, mesobilirubinogen, was significantly increased

Fig. 3 Microbial structural analysis of contents collected from different
intestinal segments. a Principal coordinates analysis (PCoA) plots of
the bacterial communities based on the Bray–Curtis dissimilarity
metric. Colors represent intestinal sites and within the same intestinal
site, each point represents an individual mouse. For all treatment
groups, n= 8. b Alpha-diversity analysis of bacterial communities in

ileal, cecal, and colonic contents of mice. All the contents were har-
vested 6 weeks after Parasutterella/PBS administration. Data are
shown as mean ± s.e.m. c Bar chart indicating microbial community
profiles between groups, summarized down to the genus level.
Microbial composition of the two groups before experimental treat-
ment are labeled as CON_PRE and PARA_PRE (color figure online)
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Fig. 4 Parasutterella colonization altered the cecal metabolite profile.
a PCA plot of features that were detected from the CON and PARA
group. Cecal metabolite features were generated from six chromato-
graphic conditions (n= 8 per treatment). Each dot represents an
individual mouse. b Heatmap of changed features detected from cecal

samples based on the C18-ESI– dataset. Features significantly
increased or decreased in the PARA group compared with the CON
group are shown, q-value < 0.05. Each column represents an individual
mouse (n= 8 per treatment)

Defining the role of Parasutterella, a previously uncharacterized member of the core gut microbiota 1527



(q-value < 0.05, 2.4-fold change) in the PARA group,
indicating enhanced metabolism of conjugated bilirubin
by gut microbiota (Fig. 5). Altered purine metabolites

were observed in PARA group as indicated by
remarkably decreased inosine (74.4-fold difference) and
xanthine (9.3-fold difference), and increased hypoxanthine

Fig. 5 Parasutterella colonization induced changes in cecal metabo-
lites. Changed metabolites associated with tryptophan metabolism (3-
Methyldioxyindole, indole-3-carboxylic acid, indole-2-carboxylic
acid, kynurenic acid, and nicotinic acid), tyrosine metabolism (p-
Cresol, p-Cresol sulfate, and N-hydroxy-L-tyrosine or DOPA), and
purine metabolism (inosine, hypoxanthine, and xanthine). Data are

presented as box plots, where the boxes represent the 25th to 75th
percentiles and the lines within the boxes represent the median. Circles
represent values beyond 1.5 times the interquartile range. Significance
was indicated as follows, ##q-value < 0.01;#q-value < 0.05. Eight bio-
logical replicates from the CON and PARA mice were plotted
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(3.4-fold change) (q-value < 0.05, Fig. 5). The alterations
in these microbial-derived metabolites revealed a
distinct metabolomic signature between the CON and
PARA group.

Noteworthy changes in bile acids were consistent
between repeated experiments and were identified as
significant before fasle discovery rate correction, indi-
cating that Parasutterella may actively participate in bile
acid metabolism and homeostasis. A reduction in the level
of cholic acid (CA, m/z 407.2794, ESI–, 2.9-fold change),
taurocholic acid (TCA, m/z 514.2825, ESI–, 2.2-fold
change), taurodeoxycholic acid (TDCA, m/z 522.2859,
ESI+, 2.0-fold change), 7-ketodeoxycholic acid or its
isomers (7-keto DCA, m/z 405.2640, ESI–, 2.8-fold
change), and glycolithocholic acid sulfate (glycol-LCA
sulfate, m/z 512.2677, ESI–, 2.3-fold change) was
observed in the PARA group, indicating alterations in bile
acid metabolism (Fig. 6a). Though the changes in bile
acids between the CON and PARA group were not sig-
nificant based on the q-value, the consistent decreases in
these bile acid metabolites clearly suggested that the
presence of Parasutterella influenced bile acid profiling in
cecal contents. The concomitant increase in taurine (m/z
124.0073, ESI–, 2.0-fold change) concentration further
indicated changes in bile acid metabolism, including the
process of deconjugating primary bile acids (Fig. 6a).
Overall, the bile acid components detected by the current
chromatographic conditions were consistently impacted
by Parasutterella colonization.

The alterations in bile acid profile were consistent
with hepatic and ileal gene expression

Previous studies have indicated correlations between the
abundance of Parasutterella and alterations of bile acid
metabolites in the gut [9, 29–31]. To follow-up on differ-
ences in bile acid profiles observed, we evaluated host gene
expression of bile acid transporters in the ileum and the FXR
signaling pathway. Gene expression of ileal bile acid-
binding protein (Ibabp) in the PARA group was significantly
lower than that in the CON group (P < 0.05), and the
organic solute transporter β (Ostβ) tended to be reduced in
the PARA group (P= 0.05), which was consistent with the
reductions in bile acid metabolites. The mRNA levels of
ileal genes in the FXR signaling pathway, including the
small heterodimer partner (Shp, P < 0.05) and the fibroblast
growth factor 15 (Fgf15, P= 0.08) were decreased in the
PARA group. The regulatory effects of gut microbiota on
bile acid synthesis through modulating the FXR signaling
pathway has been demonstrated [20]. Therefore, we further
measured the associated liver gene encoding the rate-
limiting enzyme in bile acid synthesis, cholesterol 7α-
hydroxylase (Cyp7a1). The expression of Cyp7a1 was

significantly higher in Parasutterella colonized mice than
that in control mice, which indicated an enhanced bile acid
synthesis in the PARA group. The other liver genes related
to bile acid synthesis including Cyp8b1 and Cyp27a1 were
not affected by Parasutterella colonization, supporting the
role of FXR signaling in the Cyp7a1 regulation. The Cyp7a1
expression has been correlated with decreased serum cho-
lesterol in human and mouse studies [32, 33], accordingly,
serum cholesterol was measured. Despite a numerical
decrease consistent with the hypothesis, no significant dif-
ference in serum cholesterol concentration was observed
(Fig. 6b).

The presence of Parasutterella did not impact the
colonic cytokine expression

To investigate if the colonization of Parasutterella affects
the immune response in the gut, a panel of colonic cyto-
kines were measured by enzyme-linked immunosorbent
assay. Parasutterella colonization did not alter the level of
detected colonic cytokines except for a tendency to reduce
the IL-1β expression (P= 0.092, Figure S5), which indi-
cates that the colonization of Parasutterella did not induce
the host innate immune responses and further supports the
role of Parasutterella as commensal or symbiotic gut
microbe.

Discussion

The Parasutterella genus has been recognized for
approximately 10 years and increasing studies have shown
its relationship with different health outcomes. However,
beyond the correlations between the abundance change and
host phenotype, our understanding of the metabolic features
and functionalities of Parasutterella remains limited. In the
current study, the murine Parasutterella was successfully
isolated and characterized for its genomic features and
metabolic characteristics. A tractable model was subse-
quently used by adding a single bacterium, Parasutterella
mc1, to a complex microbial community to investigate the
role Parasutterella plays in affecting the microbial eco-
system and host physiology. Parasutterella successfully
thrived in the mouse GIT without shifting microbial struc-
ture, but significantly altered the cecal metabolome
including multiple biological processes and pathways.

It has been described that the genus of Parasutterella

was largely unreactive in biochemical characterization and
only limited end products of metabolism have been identi-
fied [4]. The type strains of genus Parasutterella,
P. excrementihominis YIT11859 and P. secunda YIT12071,
were asaccharolytic in the analytical profile index test sys-
tems and exhibited weak growth in peptone–yeast extract
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Fig. 6 Bile acid metabolites and host gene expression. a Changes in
bile acid derivatives in cecal contents of the CON and PARA group.
Normalized values are presented as box plots, where the boxes
represent the 25th to 75th percentiles and the lines within the boxes
represent the median. Circles represent values beyond 1.5 times the
interquartile range. Eight biological replicates from the CON and
PARA mice were plotted for taurine, CA, TCA, TDCA, 7-keto DCA,
or its isomers, and Glyco-LCA sulfate. ##q-value < 0.01. b Quantitative

RT-PCR results of gene expression. Top left: ileal bile acid trans-
porters including Mrp2, Mrp3, Ostα, Ostβ, Ibat, and Ibabp. Top right:
ileal FXR signaling pathway including Fxr, Shp, and Fgf15. Bottom
left: liver FXR and bile acid synthesis genes including Shp, Fxr,
Cyp7a1, Cyp8b1, and Cyp27a1. Bottom right: serum cholesterol
concentration of the CON and PARA mice. For all treatment group,
n= 8. Data are shown as mean ± s.e.m. **P < 0.01; *P < 0.05
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medium, which could not be enhanced by adding glucose,
succinate, or lactate to the broth [2, 3]. In the current study,
the mouse isolate showed no turbidity when grown in GAM
broth for upto 120 h, which was consistent with previously
reported biochemical characteristics. The bacterial density
reached 107 CFU/ml in the initial 48 h of growth, however,
failed to significantly increase in the following 72 h of
culture. The rapid growth of bacterial cells in the first 48 h
was accompanied by the depletion of asparagine and a
slight decrease of aspartate in the medium, as validated by
nuclear magnetic resonance spectroscopy (Figure S2). The
supplementation of asparagine and aspartate in the bacterial
culture stimulated the growth in the following 24 h (Fig-
ure S3). Therefore, in agreement with the presence of genes
encoding amino-acid-utilizing enzymes in the genome, the
asaccharolytic genus, Parasutterella, is likely to rely on
amino acids such as asparagine, aspartate, and serine to
support its metabolic activities and physiological functions.
In addition, the preferential catabolism of the non-essential
amino acids (NEAAs) for the host may indicate the adap-
tation of Parasutterella to the gut environment, which
contains readily available NEAAs.

Importantly, it is the first study showing Parasutterella

produces succinate as a fermentative end-product. Succinate
production in feces has been positively correlated with the
relative abundance of genera including Bacteroides, Lac-
tobacillus, and Parasutterella in a dextran sulfate sodium
(DSS)-induced colitis mouse model [34]. The current study
provided direct evidence for succinate accumulation in the
broth culture of Parasutterella. Additionally, despite the
fact that succinate is an intermediate compound in intestinal
metabolism, we observed elevated levels of succinate in
Parasutterella colonized mice when measured on a C8
column (ESI–, m/z 117.01934, Figure S3). When grown in
GAM broth for 72 h, Parasutterella produced about
2.5 mM succinate, whereas Bacteroides fragilis, one of the
well-identified succinate producers, was able to produce
100 mM succinate under the same conditions. However, the
amount of succinate generated by Parasutterella was sub-
stantial when the significant differences in growth rate and
bacterial density between Parasutterella and Bacteroides

were taken into consideration. Succinate, as one of the key
intermediate metabolites produced by gut microbiota, plays
an important role in cross-feeding metabolic pathways [35].
The capacity of Parasutterella to produce succinate indi-
cates one potential way Parasutterella supports interspecies
metabolic interactions within the gut ecosystem.

Surprisingly, with a single environmental exposure, the
Parasutterella isolate successfully colonized the mature
mouse gut without causing significant shifts in bacterial
composition and host innate immune response. Although
Parasutterella has been described as an obligate anaerobe,
it was able to persist sufficiently long to colonize the mouse

intestine. It has been reported that some strict anaerobic
bacteria such as members of Bacteroides can survive and
even grow in the presence of low oxygen concentration
[36]. We hypothesize that the defined obligate anaerobe,
Parasutterella, could protect itself from certain level of
oxygen through yet-to-be characterized mechanisms. It is
possible that the colonization of Parasutterella led to strain-
level differences in gut microbiota that was not detected by
16S rRNA sequencing analysis, however, a lack of changes
in the overall structure demonstrated that Parasutterella fills
the ecological niche and persists in the gut microbial
community. The transmission of Parasutterella has been
observed between mother and vaginally born infants, with
relative abundance gradually increasing to 12 months of
age, indicating that Parasutterella is one of the early
colonizers in the newborn gut and increases in response to
dietary change and host development [37]. A study using a
germ-free mouse model reconstituted with neonatal micro-
biota indicated that bacterially derived succinate promoted
the colonization of strict anaerobic bacteria, Clostridiales,
to protect mice from infection [38]. It was assumed that
succinate enhanced the growth of Clostridiales through an
indirect mechanism, which boosted the consumption of
oxygen by aerobic or facultative anaerobic bacteria [38].
Being one of the early colonizers, as well as succinate-
producing commensal bacteria, Parasutterella may play a
role in microbial interactions and infection resistance
especially early in life.

Due to the limited ability to characterize Parasutterella

using a culture-based approach, we propose that coloniza-
tion of Parasutterella in a controlled animal model provides
greater insight into its functionality. Despite limited effects
on microbial composition, notable changes in cecal meta-
bolic profile including tryptophan, tyrosine, bilirubin, pur-
ine, and bile acid metabolism were observed. The presence
of Parasutterella influenced the microbial metabolism of
aromatic amino acids, as indicated by changes in the
abundance of metabolites generated from tryptophan and
tyrosine. The decreased level of p-Cresol and p-Cresol
sulfate and increased level of ethylphenol, as well as a
tyrosine derivative demonstrated an altered tyrosine meta-
bolism. Various species of gut microbiota have been char-
acterized to be capable to convert tyrosine to p-Cresol and
ethylphenol including Clostridium, Bifidobacterium, Bac-
teroides fragilis, and Escherichia coli [39]. The impact on
tryptophan metabolism by Parasutterella colonization was
indicated by the altered abundance of tryptophan metabo-
lites including kynurenic acid, nicotinic acid, 3-Methyl-
dioxyindole, indole-2-carboxylic acid, and indole-3-
carboxylic acid in cecal contents. Tryptophan, as one of
the essential amino acids in mammals, can be co-
metabolized by the host and gut microbiota through multi-
ple pathways in the GIT. The representative microbial
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metabolites produced from tryptophan in the intestine
include tryptamine, indole, indole acetic acid, indole-
propionic acid, and 3-methylindole (skatole) [40, 41]. 3-
Methyldioxyindole has been considered as a potential
in vivo oxidation product of skatole [42, 43], which perform
as a marker of altered tryptophan metabolism [44, 45].
Indole-3-carboxylic acid is a side-chain shortened product
of indole-3-acetic acid that has been reported to be pro-
duced in the culture medium by certain gut bacterial species
[41]. The increased abundance of 3-Methyldioxyindole and
indole-3-carboxylic acid in the cecal content suggests that
the colonization of Parasutterella enhanced the deamina-
tion and chain shortening procedure of tryptophan meta-
bolism in the gut. On the other hand, the concentration of
kynurenic acid and nicotinic acid generated from the
kynurenine pathway were reduced by the presence of
Parasutterella, indicating the impact of Parasutterella

colonization on pathway interactions in tryptophan meta-
bolism (Figure S3).

In addition, purine derivatives were identified to be dif-
ferentiated between the CON and PARA group, including
inosine, hypoxanthine, and xanthine. Purine-derived meta-
bolites have been reported to modulate immune responses
of immune cells and gut mucosal barrier [46, 47]. A study
using mouse DSS-induced colitis model identified that
hypoxanthine potentially modulates the energy balance of
intestinal epithelium and performs a critical role in main-
taining intestinal barrier function [47]. Therefore, in the
current study, the elevated level of hypoxanthine resulting
from Parasutterella colonization may exert potential ben-
eficial effects on the intestinal mucosal homeostasis. Inosine
has been reported to inhibit the Treg cell deficiency-induced
autoimmunity in mice and the administration of Lactoba-
cillus reuteri restored the reduction of plasma inosine [48].
The restored plasma inosine was associated with decreased
levels in feces, implying that L. reuteri may promote the
absorption of inosine in the intestine [48]. In the current
study, the cecal abundance of inosine was significantly
reduced (74.4-fold change) by the presence of Para-

sutterella, which may indicate a potential alteration in
plasma inosine level and immunomodulatory effects. Future
work integrating blood metabolomics approach will be
helpful to underpin the effect of Parasutterella colonization
on systematic metabolism and function.

Bile acids, in addition to facilitate the absorption of lipid-
soluble nutrients in the intestine, have been recognized as
important endocrine signaling molecules that impact host
physiology, including metabolic processes [49, 50]. In the
current study, bile acid metabolism was changed in Para-

sutterella colonized mice as indicated by the reduced
abundance of detected primary bile acids (CA and TCA)
and certain secondary bile acids (TDCA, 7-keto DCA, and
glycol-LCA) in cecal contents. The genus Parasutterella

has been inversely correlated with fecal deoxycholic acid
(DCA) and lithocholic acid (LCA) levels in a non-alcoholic
steatohepatitis-hepatocellular carcinoma mouse model [9].
Another study using a humanized microbiota mouse model
showed a positive association between Parasutterella and
beta-muricholic acid as well as 7-keto DCA in feces [29].
Patients with recurrent CDI who were cured by autologous
fecal microbiota transplantation had increased relative
abundance of Clostridium XIVa members, Holdemania, and
Parasutterella. The authors hypothesized that these taxa
may play an active role in bile acid metabolism, especially
the secondary bile acid biosynthesis [30]. In addition, a
remarkable reduction of P. excrementihominis in alcoholic
hepatitis patients suggested that Parasutterella species may
exert protective effects on liver health [31]. Interestingly,
the secondary bile acid ursodeoxycholic acid was identified
as a hepatoprotective molecule in the healthy control group
[31], which may indicate a correlative relationship between
the presence of Parasutterella and increased secondary bile
acid in healthy people. In agreement with these previous
reports, our results showed that Parasutterella participated
in bile acid metabolism, however, due to the limitation of
chromatographic conditions in the current study we were
unable to demonstrate changes in all bile acid species. In
addition, bile acid metabolism is a complex biochemical
process including multiple reactions performed by diverse
gut microbes. Even though our study used a well-controlled
system by adding one single bacterium to a mature micro-
bial community, we could not eliminate the microbial
interactions in bile acid transformation. The changes in
detected bile acid metabolites may be attributed to the
colonization of Parasutterella itself or indirect con-
sequences such as altering the activities of other bacteria by
Parasutterella. Due to a paucity of information regarding
the capability of Parasutterella to utilize bile acids, future
work will focus on the mechanism driving altered bile acid
metabolism by Parasutterella colonization.

Consistent with bile acid modifications, gene expression
of ileal bile acid transporters, including Ibabp and Ostβ, was
decreased. The transporter encoded by Ibabp actively
interacts with FXR signaling pathway to modulate FXR
expression in the small intestine [51] and the Ost-α/β
complex can be induced by FXR, as well as bile acids [52].
Moreover, FXR has been reported to be antagonized by
certain bile acids such as the tauro-conjugated muricholic
acid in mice, and consequently modulate the expression of
Cyp7a1 in the liver [20, 50]. In the current study, the
reductions in gene expression of bile acid transporters, as
well as the inhibition of FXR signaling pathway matched
the elevated expression of liver Cyp7a1 gene, which
revealed that the colonization of Parasutterella modified the
bile acid metabolites and thereby impacted bile acid trans-
port and synthesis. These effects on bile acid transporters
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and FXR signaling pathway may be exerted directly by
Parasutterella or indirectly via microbial interactions.
Additionally, there was no significant difference in serum
cholesterol between the CON and PARA group, which may
be explained by the normal physiological state of the mice.
Future studies incorporating a high-fat dietary treatment will
be helpful to investigate the effects of Parasutterella-
induced Cyp7a1 expression on host physiology.

In summary, the results show the potential metabolic
functionality of Parasutterella as a member of gut micro-
biota. It is the first study to reveal the chemical “fingerprint”
of Parasutterella and highlight the potential to impact the
host physiology via modulating the abundance or the
function of commensal bacteria in the gut. Additionally, the
controlled model system of adding a single commensal
microorganism to a complex community can be applied to
investigate other commensal species of interest.
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