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Microorganisms linked to inflammatory bowel
disease-associated dysbiosis differentially impact
host physiology in gnotobiotic mice
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Studying host–microbiota interactions are fundamental to understanding the mechanisms involved in
intestinal homeostasis and inflammation. In this work, we analyzed these interactions in mice that
were mono-associated with six microorganisms that are representative of inflammatory bowel
disease (IBD)-associated dysbiosis: the bacteria Bacteroides thetaiotaomicron, adhesive-invasive
Escherichia coli (AIEC), Ruminococcus gnavus and Roseburia intestinalis; a yeast used as a
probiotic drug, Saccharomyces boulardii CNCM I-745; and another yeast, Candida albicans.
Extensive ex vivo analyses including colon transcriptomics, histology, immune response, bile acid
metabolism and short-chain fatty acid production were studied. We showed that B. thetaiotaomicron
had the highest impact on the immune system because it was almost able to recapitulate the effects
of the entire conventional microbiota and notably induced Treg pathways. Furthermore, these
analyses uncovered the effects of E. coli AIEC LF82 on indoleamine 2,3-dioxygenase expression and
of S. boulardii CNCM I-745 on angiogenesis. These results were confirmed in vitro in human cell lines.
Finally, our results suggested that R. gnavus has major effects on metabolism, and notably on
tryptophan metabolism. This work therefore reveals that microorganisms with a potential role in
intestinal homeostasis and inflammation have specific impacts on the host, and it suggests several
tracks to follow to understand intestinal homeostasis and IBD pathogenesis better, providing new
insights to identify novel therapeutic targets.
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Introduction

The gastrointestinal tract contains a complex mix of
epithelial cells, immune cells, food antigens and
microorganisms. The intestinal microbiota is esti-
mated to contain approximately 1014 microorganisms,
which are primarily bacteria localized in the distal
ileum and colon (Ley et al., 2006). Although patho-
gens are rapidly recognized and destroyed by the

immune response, the host tolerates the intestinal
microbiota by mechanisms that are still unclear
(Maynard et al., 2012). However, this tolerance can
be disrupted and evolve into an uncontrolled inflam-
matory response (Maynard et al., 2012), as observed in
pathologies such as inflammatory bowel diseases
(IBDs). This deregulation has multiple causes, but
dysbiosis (an imbalance in the gut microbiota compo-
sition) and genes involved in host–microorganism
interactions have been associated with IBD in numer-
ous studies (Sokol et al., 2008a; Khor et al., 2011),
supporting the importance of the microbiota and its
interactions with the host in IBD pathogenesis. Study-
ing these interactions is therefore of major interest for
understanding the mechanisms involved in IBD in
addition to normal gut homeostasis.
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In this study, we have selected four intestinal
bacteria and two yeasts linked to IBD pathogenesis as
follows: adhesive-invasive Escherichia coli (AIEC),
Ruminococcus gnavus, Bacteroides thetaiotaomicron,
Roseburia intestinalis, the probiotic yeast Saccharo-
myces boulardii CNCM I-745 and the pathogenic yeast
Candida albicans. Ileal Crohn’s disease (CD) is
associated with an increase in E. coli and R. gnavus
representation, in addition to a decrease in R.
intestinalis representation (Giaffer et al., 1991, 1992;
Seksik et al., 2003; Mangin et al., 2004; Willing et al.,
2010; Joossens et al., 2011), the latter being a butyrate
producer that is among the most abundant bacteria in
human intestinal microbiota (Qin et al., 2010).
Furthermore, as an original isolate from ileal lesions
in a CD patient (Darfeuille-Michaud et al., 1998;
Boudeau et al., 1999), AIEC showed an increased
prevalence during this pathology (Darfeuille-Michaud
et al., 2004) and was reported to worsen the colitis in a
mouse model (Carvalho et al., 2008). Although contra-
dictory data are available regarding its link to IBD
(Sokol et al., 2008a), we also chose B. thetaiotaomicron
because it is a major representative of the Bacteroidetes
phylum, one of the three major phyla of intestinal
microbiota (Qin et al., 2010). Finally, the two yeasts
were reported as having an impact on intestinal
inflammation. On the one hand, S. boulardii protects
against pathogen-associated diarrhea and colitis in
murine models and humans (McFarland et al., 1994;
Kirchhelle et al., 1996; Pothoulakis, 2009), and it
reportedly had a beneficial effect on IBD in murine
models (Jawhara and Poulain, 2007; Lee et al., 2009).
On the other hand, C. albicans is the most prevalent
fungus in human intestinal microbiota and its con-
centration is increased in IBD patients (Standaert-Vitse
et al., 2009; Richard et al., 2015). Moreover, in the
murine colitis model, C. albicans worsens intestinal
inflammation, and conversely, its colonization is
favored by inflammation (Jawhara et al., 2008).

These six microorganisms are therefore potential
actors in the immune deregulation involved in IBD
pathogenesis. The aim of this study was to decipher
their effects on the host in murine mono-association
models.

Materials and methods

Microorganisms and cell lines
Four bacteria and two yeasts were used in this
study as follows: E. coli AIEC LF82 (provided by
Arlette Darfeuille-Michaud, Clermont Ferrand,
France), R. gnavus ATCC 29149, B. thetaiotaomicron
VPI-5482 (ATCC 29148), R. intestinalis L1-82 (DSM
14610), S. boulardii CNCM I-745 (syn. HANSEN
CBS 5926, Biocodex Laboratories, Gentilly, France)
and C. albicans SC5314 (ATCC, Molsheim, France).
HT-29 (human colon epithelium; ATCC) and
HUVEC (human umbilical vein endothelium; Lonza,
Levallois-Perret, France) cell lines were also used for

in vitro experiments. The growth and culture condi-
tions are described in Supplementary Information.

Mono-associations
All procedures were carried out according to
European guidelines for the care and the use of
laboratory animals. Animal experiments were eval-
uated and approved by the local ethics committee.
Germ-free female C3H/HeN mice (ANAXEM plat-
form, INRA, France) were bred in germ-free isolators.
Bacterial suspensions (108–109 colony forming unit
(CFU) in 400 μl), yeast suspensions (107–108 CFU in
400 μl), or control medium was administered to
6-week-old mice by intragastric gavage (eight mice
per group).

For conventionalization, fresh stools from
C3H/HeN mice were immediately transferred to an
anaerobic chamber, in which the stools were
suspended and diluted 1:100 in LYHBHI medium
(BD Difco, Le Pont de Claix, France) supplemented
with cellobiose (1mgml–1; Sigma-Aldrich, Saint
Quentin Fallavier, France), maltose (1mgml–1;
Sigma-Aldrich) and cysteine (0.5 mgml–1; Sigma-
Aldrich). Six-week-old germ-free mice were inocu-
lated by oral gavage with 400 μl of fecal suspension.

After 6 weeks of implantation, the mice were
killed and several samples were taken, namely the
pieces and content from the jejunum, ileum, cecum
and colon, and mesenteric lymph nodes (MLNs).

The microorganism population levels were deter-
mined in the feces during implantation (weekly) and
in the intestinal contents after killing, all with
culture methods (LYHBHI-agar or Sabouraud-agar).

SCFA and bile acid analysis
A measurement of the short-chain fatty acids
(SCFAs) was performed on the cecal contents by
gas chromatography coupled with mass spectro-
metry, according to a previously described proce-
dure (Ferchaud-Roucher et al., 2005). D3-acetate,
D5-propionate and 13C-butyrate (Sigma-Aldrich)
were used as internal standards. The selected ion
monitoring mode was used to measure SCFA
concentrations with ions at m/z 117 (acetate), 120
(D3-acetate), 131 (propionate), 136 (D5-propionate),
145 (butyrate) and 146 (13C-butyrate).

The bile acid composition and concentration were
measured in feces at 6 weeks post-gavage by high-
performance liquid chromatography coupled to
tandem mass spectrometry, as previously described
(Humbert et al., 2012).

Histology
Colon samples for histological studies were fixed
in 4% paraformaldehyde acid (Electron Microscopy
Sciences, Hatfield, PA, USA), embedded in
paraffin, then stained for histological scoring and
immunohistochemistry analysis, as described in
Supplementary Information.
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The quantification of cytokines and immunoglobulins
The MLNs were mashed with a 70-μm cell strainer in
cell culture medium, and 2.105 cells per well were
cultured in P24 plates for 48 h (37 °C, 10% CO2) with
stimulation by anti-CD3/CD28 antibodies (4 μgml–1

each; eBioscience, Paris, France) or phorbol 12-
myristate 13-acetate/ionomycin (50 ngml–1 and
1 μM, respectively; Sigma-Aldrich). For the IgA
quantification, the feces were homogenized in
phosphate-buffered saline (1ml per 100mg) and
centrifuged. All collected supernatants were frozen
at − 80 °C until processing. The quantification of
mouse cytokines or immunoglobulins was per-
formed by enzyme-linked immunosorbent assay
(ELISA), according to the manufacturer’s instruc-
tions with interleukin-4 (IL-4), IL-5, interferon-γ
(IFNγ), IL-17, IL-10 and IgA (MabTech, Nacka
Strand, Sweden); and transforming growth factor-β
(TGFβ) and IL-22 (DuoSet ELISA Development
System, R&D Systems, Lille, France).

Gene expression
The total RNA was isolated from colon samples and
cell lines with an RNeasy Mini Kit (Qiagen, Courta-
boeuf, France), according to the manufacturer’s
instructions. The RNA integrity was checked on a
Bioanalyzer 2100 by using RNA 6000 Nano chips
(Agilent Technologies, Les Ulis, France), and all the
samples had a RNA integrity number score higher
than 8.

Transcriptional profiling was performed on the
mouse colon samples by using the SurePrint G3
Mouse GE 8×60K Microarray (Design ID: 028005,
Agilent Technologies), as described in Supplementary
Information. The microarray data were submitted
to GEO (accession number: GSE63299). In addition,
the expression of selected mouse and human
genes was assessed in mouse colon and human
cells by reverse transcriptase (RT)-quantitative
PCR (qPCR), as described in Supplementary
Information.

In vitro experiments
HT-29-IDO reporter cells were generated and used to
monitor the effect of E. coli LF82 on IDO-1
transcription activity, as well as the HUVEC cell
line was used to test the vascular effects of
S. boulardii. Detailed protocols are described in
Supplementary Information.

Data analysis and statistics
Transcriptomic data obtained from microarrays
were analyzed as described in Supplementary
Information. For all the data in the graphs, the
results were expressed as the mean or mean± s.e.m.
(n=3 to 8 per group). Kruskal–Wallis test was
used for multiple comparisons, and Mann–Whitney
test with Bonferroni correction for 2–2 group
comparison.

Results

Microbial implantation and the metabolic and
morphological effects of mono-associations
Six mono-association models involving four bacteria
in addition to probiotic yeast and pathogenic yeast,
all of which were linked to IBD pathogenesis, were
studied. All the microorganisms rapidly and stably
colonized the guts of germ-free mice as evidenced by
the feces quantifications (Figure 1a). However, two
distinct patterns were observed (Figure 1a) as
follows: E. coli, R. gnavus and B. thetaiotaomicron
reached high population levels (1010–1011 CFU per g
of feces), and the population levels of R. intestinalis,
S. boulardii and C. albicans were lower (107–108

CFU per g of feces). The population levels in the
colon contents confirmed these results (Figure 1b).
Strikingly, E. coli, R. gnavus and B. thetaiotaomicron
but not the two yeasts presented a markedly
decreased level in the small intestine (the jejunum
and ileum) when compared with the colon. This
finding suggests fitness differences between micro-
organisms with the bacteria being more adapted
to the colon environment and fungi being
equally adapted to the small and large intestines.
R. intestinalis poorly colonized only the colon,
suggesting a higher growth requirement (Figure 1b).

Gut bacteria have high metabolic activity and
metabolites that deeply impact the host’s physiology.
Among these metabolites, SCFA production and
bile acid metabolism are among the most important.

Figure 1 Microbial population levels in mono-associated mice.
Population levels were determined in feces during implantation
(a) and in different intestinal contents after killing (b) using
culture methods on LYHBHI-agar or Sabouraud-agar. Results are
expressed as mean± s.e.m. (n=8 per group).
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To gain insight into bacterial metabolism, we thus
determined the SCFA and bile acid concentrations in
the cecal and fecal contents, respectively. In compar-
ison with germ-free mice, the global SCFA concen-
tration was significantly increased in mice colonized
with B. thetaiotaomicron, R. gnavus and R. intesti-
nalis but did not reach the level observed in
conventionalized mice (Figure 2a). We observed that
the butyrate production by R. intestinalis was similar
to that of conventionalized mice, there was moderate
acetate production by B. thetaiotaomicron and
R. gnavus, and there was moderate propionate
production by B. thetaiotaomicron (Figure 2a).

With regard to the bile acid composition in the
stool, major differences were observed between
germ-free and conventionalized mice as expected,
the most important being the appearance of
secondary bile acids (Figure 2b and Supplementary
Figure 1). However, mono-associated mice exhibited
only minor differences in comparison with germ-free
mice (Figure 2b). Although the global bile acid
concentration was higher in mice that were mono-
colonized with some bacteria (E. coli and
B. thetaiotaomicron) in comparison with germ-free
mice, no secondary bile acid was detected
(Figure 2b). This finding shows that none of the
tested microorganisms was able to deconjugate
primary bile acids efficiently. Similar results were
also observed in a context of simplified microbiota
with different cocktails of the tested microorganisms

(data not shown), indicating that major actors of
primary bile acid deconjugation are lacking.

Finally, the colon histology results were compared
between our different models. We observed an
increase in the crypt depth and goblet cell density
in mono-associated groups in comparison with germ-
free mice, as observed in conventionalized mice
(Supplementary Figure 2). Strikingly, S. boulardii
was the only microorganism that did not induce
an increase in the crypt depth (Supplementary
Figure 2A). The colon epithelial cell proliferation
assessed by the height of Ki67 staining in the crypts
showed that B. thetaiotaomicron decreased this
proliferation whereas R. intestinalis increased pro-
liferation (Supplementary Figure 2C). As expected,
conventionalized mice showed the highest prolifera-
tion level.

Host transcriptomics reveal distinct profiles for several
mono-associations
Total RNA was extracted from colon tissues and
analyzed by microarrays to determine host transcrip-
tomic profiles. A principal component analysis
showed that germ-free and conventionalized mice
had markedly different profiles, confirming that the
gut microbiota has a major impact on host gene
expression. Different types of global expression
profiles were observed in mono-colonized mice
(Figure 3a). E. coli and R. gnavus induced profiles

Figure 2 Cecal concentration of SCFAs and fecal level of bile acids in mono-associated mice. (a) Acetate, propionate and butyrate
concentration were determined in cecal content by gas chromatography coupled with mass spectrometry. Results are expressed as
mean± s.e.m. (n=5 per group). Statistical comparison with the germ-free group was performed using Mann–Whitney U-test (*Po0.05/
**Po0.01/***Po0.001). (b) Bile acid composition was measured in feces at 6 weeks post-gavage by high-performance liquid
chromatography coupled to tandem mass spectrometry, and was represented here with the concentration of bile acid families or
individual bile acid proportion. Results are expressed as mean of five mice per group.
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Figure 3 Colon gene expression in mono-associated mice using microarray technology. (a) Gene expression in mouse colon was analyzed
by principal component analysis. The ellipses delimit mono-associated group (monoxenic, in green), germ-free group (axenic, in black)
and conventionalized group (conventional, in red). The axes correspond to principal component 1 (x axis) and 2 (y axis). (b) Interaction
network established with Cytoscape and showing nodes and connections between significantly enriched ingenuity canonical pathways, in
each mono-associated group when compared with germ-free mice. The gray circle nodes represent the ingenuity canonical pathways and
the blue square nodes represent the mono-associated group compared with germ-free mice. The green edge links represent significantly
upregulated functions/pathways in mono-associated groups compared to germ-free group. Significant level was fixed at α=0.05.
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similar to those of germ-free mice, and R. intestinalis
and S. boulardii induced profiles that were inter-
mediate between germ-free and conventionalized
mice, whereas C. albicans induced a profile that
was totally distinct from those of the control
groups. Surprisingly, a mono-association with
B. thetaiotaomicron was sufficient to induce an
expression profile similar to that of conventionalized
mice.

As expected, an analysis of modulated genes and
signatures in comparison with germ-free mice
showed the high dominance of immune response

features (Supplementary Figures 3 and 4, Table 1).
This finding was especially clear for the
B. thetaiotaomicronmodel, which shared the highest
number of deregulated pathways with conventiona-
lized mice (Figure 3b), and occasionally similar
deregulation levels in signature and gene expression
levels (Supplementary Figures 3 and 4). Further-
more, the B. thetaiotaomicron model was the
only one with a lack of immune response-related
pathways in the top downregulated signature
when compared with conventionalized mice,
rather showing deregulation in DNA and cell

Table 1 Selection of significant upregulated genes when compared with germ-free mice

Implantation Genes Fold change Description

Conventionalized Igj 468.0 Ig chain linker
Trpv6 18.8 Calcium channel
Ly6e 13.7 Proliferation of lymphocytes
Reg3b 12.0 Antimicrobial peptide
Ifi27l2a/Ifi47/Ifi44 11.9/8.3/6.1 IFN-induced factors
Ccl5 8.6 Chemokine
Cd3d/Cd3g 7.1/5.8 CD3 chains
H2-DMb1/H2-Aa/H2-Ab1/H2-DMa 7.1/7.0/6.4/5.9 CMH II

B. thetaiotaomicron Igj 207.0 Ig chain linker
C1s 5.1 Complement subunit
Cd3d/Cd3g 4.3/3.4 CD3 chains
Ifitm1 4.2 IFN-induced factor
Mcpt4/Mcpt2/Mcpt1 4.2/4.0/3.8 Mast cell proteases
Trem2 3.6 Inflammatory receptor
Ccl5 3.5 Chemokine

E. coli Igj 96.7 Ig chain linker
Reg3b/Reg3g 63.3/12.9 Antimicrobial peptides
S100g/Slc10a2 11.5/5.4 Solute transporters
Mmp7 7.2 Matrix metalloproteinase
Ifi47 4.7 IFN-induced factor
Ido1 4.5 Tryptophan metabolism
Tlr13 4.4 Pattern recognition receptor
Cxcl9 3.8 Chemokine

R. gnavus Igj 33.0 Ig chain linker
Cyp3a44/3c55/3a16/3a59 7.5/5.9/5.2/3.1 Cytochrome P450 members
Reg1 3.8 Antimicrobial peptide
Tlr13 3.7 Pattern recognition receptor
Ido1 3.0 Tryptophan metabolism

R. intestinalis Igj 8.1 Ig chain linker
Dbp/Tef 7.4/3.1 Circadian rhythm
C1s 5.1 Complement subunit
S100g/Slc2a5/Slc10a2 5.0/4.0/3.8 Solute transporters
Trem2 3.6 Inflammatory receptor
Cxcl12 3.5 Chemokine
Mcpt4 3.3 Mast cell protease
Esm1/Egfl7 3.3/3.3 Produced by endothelial cells
Clec3b 3.2 Pattern recognition receptor

S. boulardii Tex14 6.3 Cell division
C1s 5.2 Complement subunit
Igj 4.5 Ig chain linker
Esm1/Egfl7/Glycam1/Apln 4.4/3.3/3.1/1.9 Produced by endothelial cells
Mcpt4 3.0 Mast cell protease
Col1a2/18a1 1.8/1.6 Collagen subunits, linked to angiogenesis

C. albicans Igj 9.5 Ig chain linker
Esm1 5.3 Produced by endothelial cells
Trpv6 4.7 Calcium channel
Mcpt4 4.7 Mast cell protease
Col6a3/1a2/5a1/5a3/6a1 4.0/3.9/3.9/3.4/3.2 Collagen subunits
Cd93 3.8 C-type lectin receptor on immune and endothelial cells
Cxcl12 3.3 Chemokine
Clec3b 3.3 Pattern recognition receptor
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Figure 4 Colon immune gene expression in mono-associated mice. To confirm results from microarrays, the genes of eight immune
proteins were selected and their RNA expression was determined in colon by RT-qPCR. The ΔΔCt method was used for quantification,
with GAPDH as an internal control and germ-free group as a calibrator. Results are expressed as mean± s.e.m. (n=5 per group). Statistical
comparison with the germ-free group was performed using Mann–Whitney U-test (*Po0.05/**Po0.01/***Po0.001).
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division processes (Supplementary Figures 5 and 6,
Supplementary Table 2). This finding suggests that
B. thetaiotaomicron by itself is able to induce an
immune system maturation that is close to the one
induced by conventionalization.

Strikingly, when compared with germ-free mice, some
mono-association models presented top expression
signatures that were not related to the immune response.
In fact, the top upregulated signature in the R. gnavus
model contained only metabolic pathways, and the top
upregulated signature of the S. boulardii model
contained only pathways related to vascular pro-
cesses and endothelial cells with genes harboring
pro- or anti-angiogenic activity (Figure 3b).

In addition, a comparison of the gene expression
with germ-free mice confirmed the metabolic profile

induced by R. gnavus with the upregulation of
several cytochrome P genes, in addition to the
vascular profile induced by S. boulardii with the
upregulation of several endothelial genes and genes
involved in pro- or anti-angiogenic processes
(Table 1). Strikingly, the indoleamine 2,3-dioxygenase
gene (Ido1) was particularly upregulated in the colon
from E. coli LF82 mono-associated mice (Table 1),
but no significant increase was observed in other
models or controls except for R. gnavus.

Based on the host transcriptomic profiles, we
selected three interesting features for further analysis
as follows: (i) B. thetaiotaomicron and the high
maturation of the colon immune system; (ii) E. coli
LF82 and Ido1 gene induction; and (iii) S. boulardii
and the induction of endothelial pathways.

Figure 5 Cytokine production in MLNs from mono-associated mice. Cells were isolated from MLNs and cultured for 48 h with anti-CD3/
CD28 antibodies to activate them. ELISA was performed on supernatants to quantify the production of six cytokines representative of
major T-helper cytokine profiles. The mean value for each experimental group is indicated by a horizontal bar (n=8 per group). Statistical
comparison with the germ-free group (*Po0.05/**Po0.01/***Po0.001) and with conventionalized mice (§Po0.05/§§Po0.01/§§§Po0.001)
was performed using Mann–Whitney U-test.
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Bacteroides thetaiotaomicron strongly induces the
maturation of the colon immune system including Treg
pathway activation
We confirmed the immune response gene dereg-
ulation observed in the microarrays in the different
models by using RT-qPCR to target major T-cell
transcription factors and other selected genes
(Figure 4). Consistent with the microarray data,
the RT-qPCR results for the B. thetaiotaomicron
model were often similar to those found in
conventionalized mice (Figure 4). Strikingly, when
compared with germ-free mice, this model showed
a strong increase in Gata3 and FoxP3 gene expres-
sion, even higher than in conventionalized mice
(Figure 4).

The production of representative cytokines from
the major T-helper profiles were quantified in
MLNs after stimulation by anti-CD3/CD28 antibo-
dies. For most cytokines, only modest differences
were observed between the groups (Figure 5).
B. thetaiotaomicron induced a slight but significant
reduction in Th1, Th2 and Th17 cytokines (Figure 5).
We also observed that R. intestinalis induced decreased
IFNγ and IL-17 production with increased IL-22
production, corresponding to an anti-inflammatory
pattern. S. boulardii induced decreased IFNγ and
IL-5 production (Figure 5). Global stimulation with
phorbol 12-myristate 13-acetate/ionomycin showed
similar results for B. thetaiotaomicron, R. intestinalis
and S. boulardii, but R. gnavus and C. albicans showed
a pro-inflammatory profile with increased IFNγ, IL-17
and IL-22 production (Supplementary Figure 7).

We then explored the local induction of immunity
by B. thetaiotaomicron. T cells, B cells and macro-
phages were quantified in the colon by immunohis-
tochemistry (by using anti-CD3, anti-CD45R and
anti-F4/80 antibodies, respectively). In comparison
with germ-free mice, only B. thetaiotaomicron
increased the presence of these three immune cell
types (Figure 6a). B. thetaiotaomicron also induced
an IgA increase in the feces (which represents
mucosal immunity and, notably, gut plasma cell
responses), in addition to E. coli and C. albicans
(Figure 6b). Consistent with the MLNs results,
R. intestinalis and S. boulardii increased neither
the number of immune cells in the colon nor the IgA
level in the feces (Figures 6a and b).

As Foxp3 expression was markedly increased in
the colon of B. thetaiotaomicron-colonized mice (RT-
qPCR results, Figure 4), we explored the induction of
Treg pathways by this bacterium. As observed in
Figure 7a, many genes involved in Treg pathways
and functions were upregulated by B. thetaiotaomicron

in comparison with germ-free mice and other mono-
colonized mice, often at the same level as those of
conventionalized mice. Three major genes involved
in Treg pathways (IL-10, TGFβ and PDCD1) were
selected, and we confirmed the upregulation of these
three genes by B. thetaiotaomicron (but not by other
bacteria) with RT-qPCR (Figure 7b). Finally, Treg
cells in colon samples were stained by immuno-
histochemistry with anti-FoxP3 antibodies, and the
induction of Treg cells by B. thetaiotaomicron was
confirmed, whereas other bacteria presented low
induction (Figure 7c).

Escherichia coli LF82 induces IDO gene expression in
the colon
To confirm the microarray results with E. coli LF82,
Ido1 expression was tested by RT-qPCR in colon
samples. This gene was strongly induced in E. coli
LF82 mono-associated mice when compared with
germ-free mice and its expression was not modified
in conventionalized mice or in other mono-
associations except for R. gnavus (Figure 8a). We
then tested IDO gene expression in humans using an
HT-29 colon epithelial cell line with a luciferase
reporter system. The IDO gene was induced by an
E. coli LF82 supernatant or pellet, but it was not
induced by the non-CD-associated E. coli MG1655
strain or by the R. gnavus strain used in our mono-
association study (Figure 8b). However, this induc-
tion was lower than it was with the common IDO
inducers IFNγ and IL-1β (Figure 8b). As R. gnavus
mono-associated mice presented Ido1 upregulation
in the colon and this increase was not observed in
the luciferase reporter epithelial cell system, it
suggests a possible effect on other cell types such
as dendritic cells or an indirect effect via IDO-
activating cytokines (such as type I or type II IFN).

S. boulardii stimulates endothelial gene expression and
matures blood vessels in the colon
Two of the endothelial genes upregulated by
S. boulardii in colon microarrays, namely Esm1
and Egfl7, were selected and their expression was
tested by RT-qPCR in colon samples. These genes
are involved in angiogenesis stimulation and are
upregulated during angiogenesis (Nichol and
Stuhlmann, 2012; Rocha et al., 2014). The upregula-
tion of these two genes was confirmed, with
expression higher than that in conventionalized
mice (Figure 9a). We then wanted to confirm this
endothelial effect at the morphological level in mice.

Figure 6 Colon immunity in mono-associated mice. (a) Colon samples were fixed in paraformaldehyde acid, embedded in paraffin and
sliced in 4-μm sections, then stained by immunohistochemistry with rabbit polyclonal anti-CD3 antibody (T cells), rat monoclonal anti-
CD45R antibody (B cells) and rat monoclonal anti-F4/80 antibody (macrophages). (b) IgA production was determined by ELISA in feces at
6 weeks post-gavage. In graphs, results are expressed as mean± s.e.m. (n=5 per group) and statistical comparison with the germ-free group
was performed using Mann–Whitney U-test (*Po0.05/**Po0.01/***Po0.001). Representative photos were taken with x100
magnification. Bt, B. thetaiotaomicron; Ca, C. albicans; Conv, conventionalized; Ec, E. coli; GF, germ-free; Rg, R. gnavus; Ri,
R. intestinalis; Sb, S. boulardii.
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To confirm these observations, endothelial cells were
stained by immunohistochemistry (anti-CD31 anti-
body) and the vessels were analyzed in the colon.
In comparison with germ-free mice, S. boulardii
promoted a twofold increase in the blood vessel
diameter, at a level similar to that of conventionalized
mice (Figures 9b and c). A trend was observed with
regards to an increase in the blood vessel number
(Supplementary Figure 8). The S. boulardii mono-
associated model was the only one to exhibit a profile
of vessel diameters similar to that of conventionalized
mice, whereas other mono-colonized mice models
were more similar to germ-free mice or intermediate
between conventionalized and germ-free mice
(Figure 9c and Supplementary Figure 8).

To assess the effect of S. boulardii on vessels
directly, a human endothelial cell line (HUVEC) was
stimulated with S. boulardii culture supernatant and
the expression of Esm1, CD36, Vegfr2 and Tie2 was
assessed. These genes are involved in pro-angiogenic
(Esm1, Vegfr2 and Tie2) or anti-angiogenic (CD36)
processes (Febbraio et al., 2001; Roskoski, 2008;
Cascone and Heymach, 2012; Rocha et al., 2014),
and they were upregulated and/or present in the top
upregulated expression signature as shown by the
microarray assays performed on S. boulardii mono-
colonized mice. We observed that S. boulardii
culture supernatant induced the expression of the
four endothelial genes, when compared with
the control medium (Figure 9d), confirming the

modulation of angiogenesis and the maturation of
blood vessels by the yeast.

Discussion

Gut microbiota–host crosstalk is crucial for intestinal
homeostasis in addition to the pathogenesis of
diseases such as IBD. In this study, we selected four
bacteria in addition to a probiotic yeast and a
pathogenic yeast, all of which are representative of
intestinal microbiota and/or are linked to IBD
(and are therefore considered potential actors in
the immune deregulation associated with these
diseases), and we studied their impacts on the
host in the context of mono-association. Although
a decrease in Faecalibacterium prausnitzii was
reported as a key factor in CD pathogenesis (Sokol
et al., 2008b), this bacterium was not selected for
study because we were not able to establish mono-
associated mice with it. Some of these microorgan-
isms were previously used for mono-association in
rodents, such as B. thetaiotaomicron (Hooper et al.,
2001; Lecuit et al., 2007; Wrzosek et al., 2013; Perez-
Munoz et al., 2014), S. boulardii (Rodrigues et al.,
1996; Martins et al., 2009), C. albicans (Phillips and
Balish, 1966; Sundstrom et al., 2002; Mason et al.,
2012) and E. coli LF82 (Chassaing et al., 2014), but
this study was the first to use R. intestinalis and our
strain of R. gnavus. In addition, this is the first time,

Figure 8 E. coli LF82 induces IDO expression in colon epithelial cells. To confirm microarrays, the expression of IDO was determined by
RT-qPCR in the colon of mono-associated mice (a) and in human colon HT-29 cell line with luciferase reporter submitted to E. coli strains,
our R. gnavus strain, or controls (b). For RT-qPCR, ΔΔCt quantification method was used, with GAPDH as an internal control and germ-free
group as a calibrator. Ido1 relative quantity and IDO relative expression are expressed as mean± s.e.m. (n=3 or 5 per group). Statistical
comparison with the germ-free group or between strains was performed using Mann–Whitney U-test (*Po0.05/**Po0.01/***Po0.001).
Panel b is representative of two independent assays.

Figure 7 B. thetaiotaomicron mono-association upregulates Treg pathways. (a) Heatmap representing the microarray colon expression of
selected genes involved in Treg pathways, when compared with the germ-free group. (b) The expression of three major genes involved in
Treg pathways was determined in colon by RT-qPCR, using ΔΔCt quantification method with GAPDH as an internal control and germ-free
group as a calibrator. (c) Colon samples were fixed in paraformaldehyde acid, embedded in paraffin and sliced in 4-μm sections, then
stained by immunohistochemistry with rabbit polyclonal anti-Foxp3 antibody (Treg cells). In graphs, results are expressed as mean± s.e.m.
(n=5 per group) and statistical comparison with the germ-free group (panel b) or between groups (panel c) was performed using Mann–
Whitney U-test (*Po0.05/**Po0.01/***Po0.001). Representative photos were taken with x100 magnification. Bt, B. thetaiotaomicron;
Conv, conventionalized; Ec, E. coli; GF, germ-free; Rg, R. gnavus; Ri, R. intestinalis.
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to our knowledge that all of these mono-associations
were studied together and to such an extent.

First, we observed that the global colonic tran-
scriptional response of mono-colonized mice was
much closer to that of the germ-free mice than the
conventionalized mice. Nevertheless, some mono-
associated models showed very specific and original
transcriptomic patterns. The B. thetaiotaomicron
model was surprisingly and particularly close to
conventionalized mice in terms of global transcrip-
tomics and to some extent in immune maturation.
The colonization of germ-free mice with this bacter-
ium alone seemed to promote the maturation of
the colonic immune system. In comparison with
conventionalized mice, it also decreased colon
epithelial cell proliferation, as shown in the Ki67
immunochemistry staining and as illustrated by the

downregulation of pathways involved in DNA and
cell division processes. Notably, the Treg pathways
were highly induced by B. thetaiotaomicron, with
the FoxP3 gene being even more expressed than it
was in conventionalized mice. The number of Treg
in colon was also increased by the bacterium.
Although the exact mechanism must be investigated,
this Treg cell induction could be linked to SCFA
production by B. thetaiotaomicron. In fact, propio-
nate and acetate, which were shown to promote Treg
cell expansion directly in the colon (Arpaia et al.,
2013; Furusawa et al., 2013), were found to be
significantly increased in the cecum of B. thetaio-
taomicron mono-colonized mice. Interestingly, other
species from the Bacteroides genus have been shown
to induce Treg cells in the colon. Polysaccharide A
from Bacteroides fragilis reportedly led the cellular

Figure 9 S. boulardii modulate angiogenesis and increases blood vessel diameter in colon. (a) To confirm microarrays, the expression of
two endothelial genes was determined in colon by RT-qPCR, using ΔΔCt quantification method with GAPDH as an internal control and
germ-free group as a calibrator. (b and c) Colon samples were fixed in paraformaldehyde acid, embedded in paraffin and sliced in 4-μm
sections, then stained by immunohistochemistry with rabbit polyclonal anti-CD31 antibody (endothelial cells) to determine blood vessel
diameter. (d) The expression of four endothelial genes was determined in HUVEC cell line with or without S. boulardii supernatant by
RT-qPCR, using ΔΔCt quantification method with GAPDH as an internal control and medium as a calibrator. In graphs, results are
expressed as mean or mean± s.e.m. (n=5 per group) and statistical comparison with the germ-free group or calibrator was performed using
Mann–Whitney U-test (*Po0.05/**Po0.01/***Po0.001). Representative photos were taken with x100 magnification. Conv, conventio-
nalized; GF, germ-free; Sb, S. boulardii.
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and physical maturation of the developing immune
system (Mazmanian et al., 2005), especially with the
induction of colon Treg cells to promote immune
tolerance (Round et al., 2011). As B. thetaiotaomi-
cron can also produce polysaccharidic capsules
(Burt et al., 1978), identifying a polysaccharide
A-like molecule and assessing its effects could lead
to interesting insights to explain the Treg-associated
gene induction by B. thetaiotaomicron. Furthermore,
the induction or expansion of Treg cells can be
induced in mice by altered Schaedler flora that
consist of eight species of microbiota dominated by a
bacterium related to Bacteroides distasonis (Geuking
et al., 2011). It would therefore be of great interest to
confirm the expansion of Treg cells into the colon of
B. thetaiotaomicron mono-associated mice and to
identify the mechanisms involved. Bacteroides spe-
cies may also have pro-inflammatory effects as some
of them have been shown to induce colitis in
genetically susceptible mice deficient for TGFβ and
IL-10 receptors (Bloom et al., 2011). Interestingly,
these pathways are among the key one involved in
Treg cells regulatory effects.

R. gnavus mono-associated mice exhibited a
remarkable transcriptomic profile with a top
upregulated signature that contained metabolic path-
ways and was not linked to the immune response
when compared with germ-free mice. Notably,
R. gnavus induced the activation of several genes
and pathways involved in tryptophan metabolism.
Indeed, tryptophan hydroxylase 1 and IDO expres-
sion were induced by R. gnavus, and these two
enzymes are responsible for tryptophan degradation
into 5-hydroxytryptophane (the first step in seroto-
nin and melatonin synthesis) and kynurenine,
respectively. Moreover, the melatonin, nicotin and
serotonin degradation pathways were activated
downstream of these reactions (Figure 3b). As these
tryptophan metabolites are involved in neurological
and intestinal functions (Chen et al., 2011; Yao et al.,
2011; Anderson et al., 2012; Mawe and Hoffman,
2013), the R. gnavus effect should be further
investigated with respect to these issues.

S. boulardii mono-associated mice also presented
a ‘non-immune’ top upregulated signature when
compared with germ-free mice. Vascular genes and
functions were particularly regulated by S. boulardii
and these results were confirmed by colon histology,
showing an increased vessel size in comparison with
germ-free mice. S. boulardii was previously asso-
ciated with vascular events and angiogenesis. In fact,
it reportedly inhibited vascular endothelial growth
factor receptor signaling and angiogenesis in intest-
inal inflammation to limit this inflammation and
promote mucosal tissue repair (Chen et al., 2013).
However, our results significantly differed. Instead
of inhibition, S. boulardii led to a modulation of
angiogenesis and a maturation of blood vessels in
our hands, given that we observed the upregulation
of genes involved in pro-angiogenic (Esm1, Egfl7,
Vegfr2, Tie2) and anti-angiogenic (Col18a1, CD36)

pathways, in addition to larger blood vessels without
significantly modified numbers. This apparent dis-
crepancy is certainly related to the differences
between the selected models. Conventional mice
with DSS-induced colitis were used in Chen et al.,
and healthy mono-associated mice were used in our
study. In any case, because angiogenesis has a major
role in IBD pathogenesis (Hatoum and Binion, 2005;
Chidlow et al., 2006; Danese et al., 2007; Scaldaferri
et al., 2009), precisely unraveling the mechanisms by
which S. boulardii modulates endothelial cells and
angiogenesis to mature blood vessels may be of great
interest. Submitting a S. boulardii mono-associated
model to colitis and comparing the vascular results
with that of colitis in conventional or conventiona-
lized mice could yield important information. Poly-
amines were reported to modulate angiogenesis (Gao
et al., 2013; LaRocca et al., 2013) and were produced
by S. boulardii (Buts and De Keyser, 2006,2010), and
they could present an interesting direction to follow.
Interestingly, although it is also a fungus, C. albicans
induced very different effects in the host compared
with S. boulardii. This difference was clear in the
transcriptomics results in addition to the colon
histology and cytokine production. Notably, the
S. boulardii-associated transcriptomic profile was
intermediate between germ-free and conventiona-
lized mice profiles, whereas the C. albicans-asso-
ciated transcriptomic profile was totally different
from that of the control groups. Moreover, the
cytokine production pattern in MLNs was domi-
nantly pro-inflammatory with C. albicans (with high
levels of IFNγ, IL-17 and IL-22), whereas it was
mostly anti-inflammatory with S. boulardii (with low
levels of IFNγ and IL-17). These results are in
accordance with the reported effects of C. albicans
and S. boulardii in colitis models, exhibiting
pro- and anti-inflammatory properties, respectively
(Jawhara and Poulain, 2007; Jawhara et al., 2008; Lee
et al., 2009).

Finally, we showed that E. coli LF82 strongly
induced IDO gene expression in mice and in human
intestinal epithelial cells, in contrast with commen-
sal E. coli MG1655. This induction has already been
reported for E. coli in several cellular models
(Loughman and Hunstad, 2011; Kassianos et al.,
2012; Loughman and Hunstad, 2012), but this is the
first time that it was found in colon cells and for the
LF82 strain. IDO gene induction may be caused by
E. coli-induced type I and type II IFN responses
because these cytokines are potent inducers of IDO
(Dai and Gupta, 1990a,b) or may be a direct effect of
the bacterium. With regards to the indirect effect of
E. coli through IFNγ, we showed that E. coli LF82
highly induced IFNγ gene expression in mice
(Figure 4), and intestinal epithelial cells do not
express IDO at steady state (Choudhry et al., 2009a,b;
Ogawa et al., 2012). However, we showed that E. coli
LF82 induced IDO in the colon epithelial cell line
independently from IFNγ, which was also reported
for uropathogenic E. coli in bladder epithelial cells
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(Loughman and Hunstad, 2012). In addition, the
same study also reported that commensal non-
pathogenic E. coli did not induce IDO upregulation.
Therefore, a direct induction of IDO by E. coli LF82
seems to be most likely. As IDO presents immuno-
modulatory effects (Mellor and Munn, 2004), we can
hypothesize that the bacterium set up this mechan-
ism to protect itself from the immune response. In
fact, this strategy is used by other pathogens (Boasso,
2011; de Souza Sales et al., 2011; Makala et al.,
2011). Another possibility would be that E. coli LF82
uses the anti-infectious effects of IDO activation via
tryptophan starvation (Pfefferkorn, 1984; Byrne
et al., 1986; Zelante et al., 2009) to keep other
competitors away from its niche. In any case, further
tests are needed to understand this IDO induction by
E. coli LF82.

Thus, the microorganisms we studied have very
different effects on host. Based on the genome-wide
transcriptomics data in mono-colonized mice, we
notably pointed out and confirmed some specific
effects such as Treg induction or angiogenesis.
Although the monoxenic models we used are
artificial and the obtained results could be different
in a complex microbiota context, our results suggest
that, beside global and possibly nonspecific effects of
the microbiota on host, some microorganisms
may have more specific effects with limited redun-
dancy within the microbiota. These effects may be
strain or species specific or even conserved at the
genus level. However, a common perturbation in the
number or activity of a microbial population
involved in one of these specific effects could have
major effects on host physiology. This may be the
case in the numerous human disease associated with
dysbiosis.

In conclusion, although our study have been
performed in monoxenic models that are physiolo-
gically very different from a complex microbiota
context, it revealed that microorganisms with a
potential role in intestinal homeostasis and inflam-
mation may have specific impacts on the host,
highlighting the complexity of microbiota–host
interactions. Gut microbiota and most of the studied
microorganisms had major effects on immune func-
tions. Among them, B. thetaiotaomicron had the
most impressive effect, being almost able to recapi-
tulate the effects of the whole microbiota. In
addition, we noted the effects of E. coli AIEC LF82
on IDO activation and of S. boulardii CNCM I-745 on
angiogenesis modulation and the maturation of
blood vessels. Our results also suggest that R. gnavus
has major effects on metabolism. Interestingly, micro-
organisms known to be increased in IBD patients’
microbiota (E. coli AIEC LF82, R. gnavus and
C. albicans) exhibited a mostly pro-inflammatory
pattern, whereas those known to be decreased
or potentially protective in IBD (R. intestinalis,
S. boulardii) exhibited a mostly anti-inflammatory
pattern. Beyond the information on the role of each
microorganism, this work proposes several new

directions to better understand IBD pathogenesis
and identify therapeutic targets.
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