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In ammatory bowel diseases (IBD) are associated with compsitional and functional
changes of the intestinal microbiota, but speci c contribdions of individual bacteria
to chronic intestinal in ammation remain unclearEnterococcus faecalisis a resident
member of the human intestinal core microbiota that has beetinked to the pathogenesis
of IBD and induces chronic colitis in susceptible monoassaated IL-10-de cient
(IL-10 = ) mice. In this study, we characterized the colitogenic aatity of E. faecalisas
part of a simpli ed human microbial consortium based on seva enteric bacterial strains
(SIHUMI). RNA sequencing analysis &. faecalisisolated from monoassociated wild type
and IL-10 = mice identi ed 408 genes including 14 genes of the ethanolarme utilization
(eut) locus that were signi cantly up-regulated in response tori ammation. Despite
considerable up-regulation ofeut genes, deletion of ethanolamine utilizationl(eutvVW)
had no impact on E. faecalis colitogenic activity in monoassociated IL-10~ mice.
However, replacement of theE. faecaliswild type bacteria by a1 eutVW mutant in
SIHUMI-colonized IL-10 = mice resulted in exacerbated colitis, suggesting protectie
functions of E. faecalis ethanolamine utilization in complex bacterial communitge
To better understand E. faecalisgene response in the presence of other microbes,
we puried wild type E. faecalis cells from the colon content of SIHUMI-colonized
wild type and IL-10 = mice using immuno-magnetic separation and performed RNA
sequencing. Transcriptional pro ling revealed that the beterial environment reprograms
E. faecalisgene expression in response to in ammation, with the majoty of differentially
expressed genes not being shared between monocolonized andSIHUMI conditions.
While in E. faecalis monoassociation a general bacterial stress response coulde
observed, expression ofE. faecalisgenes in SIHUMI-colonized mice was characterized
by up-regulation of genes involved in growth and replicatio. Interestingly, in mice
colonized with SIHUMI lackingE. faecalis enhanced in ammation was observed in
comparison to SIHUMI-colonized mice, supporting the hypditesis that E. faecalis
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ethanolamine metabolism protects against colitis in compix consortia. In conclusion,
this study demonstrates that complex bacterial consortianteractions reprogram the
gene expression pro le and colitogenic activity of the oppatunistic pathogenE. faecalis
toward a protective function.

Keywords: Enterococcus faecalis , ethanolamine utilization, gnotobiotic mouse models, microbi al consortium,
SIHUMI, IBD, IL-10 de cient mouse, RNA sequencing

INTRODUCTION bacteria. Based on RNA sequencing (RNA seq) analysis, we
characterize the role of ethanolamine (EA) utilization fir
In ammatory bowel diseases (IBD) with the two dominant typesfaecalisurvival and colitogenic activity in a susceptible host.
Crohn's disease (CD) and ulcerative colitis (UC) are chronic The intestine is a rich source of the metabolite EA, which
relapsing in ammatory disorders a ecting the distal intes#. js derived from phospholipid phosphatidylethanolamine of
Several factors appear to be involved in the pathogenesigcterial and eukaryotic cell membranes0,( 31). Bacteria
of IBD, including genetic susceptibilityl( 2) together with  capable of EA catabolism can utilize this compound as a source
diverse environmental triggers resulting in an inappropriateof carbon and/or nitrogen to promote growth as well as a
T-cell mediated activation of immunity toward components signal in uencing virulence during host colonizatior8?). EA
of the intestinal microbiota %-5). IBD is associated with ytilization is a well-recognized property of diverse pathogien
compositional 6-10) and functional (1, 12) changes of the for example Salmonellaand enterohemorrhagicEscherichia
intestinal microbiota referred to as dysbiosis. Dysbiet@nges coli (EHEC) (33-37). The only commensals known to carry
associated with IBD are characterized by an overrepresentat EA utilization genes areE. faecalisand some commensal
of opportunistic pathogens and a loss of bene cial commensadtrains of E. coli (32, 38-41). E. faecalizatabolizes EA using
organisms, indicating that the pathogenic potential of adiysb  enzymes encoded by theut genes that are contained in
community can be linked to certain organisms. Consequentlya |ocus consisting of 19 genes. Tket gene expression is
the specic contribution of individual bacteria to diseasecontrolled by the EutVW two-component system, comprising
pathogenesis needs to be investigated in detail. the sensor histidine kinase EutW and the response regulator
A relevant bacterial species in the context of IBD isEutv (42, 43). Using anE. faecalis eutVWdouble deletion
Enterococcus faecalis. faecalisis a Gram-positive resident mutant (43, we are able to establish a novel correlation
member of the human intestinal core microbiota harboring apenyeenE. faecalissA utilization and an attenuation of the

number of pathogenic traits, which explains the associatibn dyrg-in ammatory host response in the presence of a complex
this bacterium with in ammatory diseases and fatal nosot@m y5cterial consortium.

infections (L3-15). Relative to healthy volunteers, the abundance sing immuno-magnetic separation, we are able to
of enterococci is increased in fecal samples of CD patienﬁjrify wild type E. faecaliscells from the colon content
(16-18). This is in line with a high frequency oE. faecalis of SiHUMI-colonized wild type and IL-10° mice and
housekeeping and virulence genes in CD cohors$) (@nd  analyze the gene expression in the presence of other bacteria.
a high likelihood of the presence of virulence factorsBn \ye show that E. faecalisadapts transcriptionally to the
faecalissolates originating from in amed IBD mucos&(). UC  gther co-colonizing bacteria. To unravel whether these
patients have increased numbers of mucosa-assodiatiecalis - transcriptional alterations have functional consequences,
correlating with disease activity {) and a hight. faecalispecic e colonized wild type and IL-1F mice with the SIHUMI
IgG sero-reactivity2). consortium in the presence and absence Eof faecalis We
The dual characteristics @. faecaliss core member of the getermine a protective activity of. faecalisin SIHUMI
human intestinal microbiota and as an opportunistic pathogen:gjonized susceptible mice, demonstrating that complex
make this bacterium an ideal model to study microbe-hoShacterial consortia interactions can reprogram the cokitoig

interactions relevant to the development of chronic colitis activity of the opportunistic pathogerE. faecalistoward a
a genetically susceptible host. In the10™ 9" mouse (I= protective function.

10 = ), which is a well-characterized model of human chronic

colitis, monoassociation witk. faecalisnduces severe intestinal

in ammation, whereas wild type mice remain disease-freg-( ATERIALS AND METHODS

26). In previous studies, we could show that certain bacteria

structures contribute to the colitogenic activity Bf faecalisn ~ Bacterial Strains and Cultivation

monoassociated IL-1G mice (27, 29). For this study we used the characterized human &afaecalis
Using germ-free wild type and IL-1G mice monoassociated strain OG1RF and an isogen@utVW double deletion mutant

with E. faecalir colonized with a colitogenic human enteric kindly provided by Danielle Garsin (Department of Microbiology

bacterial consortium (SIHUMI) 29, we aim to unravel the and Molecular Genetics, The University of Texas Health Seienc

functional relevance oE. faecalisn colitis development with Center at Houston, Houston, Texas, USAJ). E. faecalistrains

regard to gene expression and interactions with co-cologjzi (Table 1) were cultivated in Brain Heart Infusion (BHI) broth
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TABLE 1 | Bacterial strains used in this study. TABLE 2 | Composition of the bacterial consortium for the respective
experimental groups.
Strain Characteristics References
Experimental group Strains included in consortium
Enterococcus faecalisOG1RF Wild type 44)
Enterococcus faecalisl eutVw OG1RFeutV and @3) SIHUMI @9) E. coli E. faecalis R. gnavus B. vulgatus, F. prausnitzij
eutW double L. plantarum, B. longum
deletion mutant SIHUMI—E. faecalis E. coliR. gnavus B. vulgatus, F. prausnitzij L.
Escherichia coliLF82 wild type ¢5) plantarum, B. longum
Ruminococcus gnavusATCC 29149 wild type 29) SIHUMI1 eutVW E. colj _E._faecalisl eutVW, R. gnavus B. vulgatus, F.
Bacteroides vulgatusATCC 8482 wild type ?9) prausnitzij L. plantarum, B. longum
Faecalibacterium prausnitziA2-165 Wild type @9)
Lactobacillus plantarumWCFS1 wild type ?9)
Bi dobacterium longum subsp. Wild type @9)

For colonization with the SIHUMI consortium, the
bacterial mixture was prepared as described above. Germ-
free 129S6/SvEv wild type and IL-TO mice were colonized
at the age 10 weeks with 1 1(® bacteria/strain by repetitive

or on BHI agar (BD Difco) at 37C under aerobic conditions. Oral gavage (at week 0 and week 1). The composition of
The SIHUMI (29) consortium ('|'ab|e ]) was k|nd|y provided by the bacterial consortia diered between the experimental
R. Balfour Sartor (Division of Gastroenterology and Hepatglog 9roups as shown inTable2 The mice were sacriced
University of North Carolina, Chapel Hill, NC, USA). All after colonization periods of 4 or 16 weeks. A schematic
SIHUMI strains were cultivated under anaerobic conditions o overview of all experimental setups is included in the
Wilkins-Chalgren-Agar (WCA, Thermo Fisher Scientic) oni Supplementary Material

WCA broth supplemented with 0.05% (w/v) L-cystein (Carl

Roth) and 0.002% (w/v) dithiothreitol (Sigma Aldrich). Of teQ Preparation of Bacterial Lysates

a di erent strain set for rats is also called SIHUMI and shouldBacterial lysates for stimulation of mesenteric lymph node
not be mistaken 46). For colonization of germ-free mice with (MLN) cell cultures were prepared as described previoudy. (
the SIHUMI consortium, the bacterial mixture was prepared aPetails are provided in th8upplementary Material

follows. Strains were grown individually in Hungate tubes f
24 h. A mixture of all strains with an equal cell density of 1.0°
cells/ml was prepared in sterile glass tubes, mixed 1:1 vétilest
glycerol in culture medium (40% v/v, gassed with) dnd sealed
with a rubber septum. The bacterial mixture was stored 80 C
until use.

longum ATCC 15707

Bacterial DNA Extraction

Bacterial cells were lysed by mechanical lysis using
a FastPrep-24 (MP Biomedicals). DNA was isolated
using phenol/chloroform/iso-amyl alcohol (Carl
Roth) and contaminating RNA was digested with
0.1 mg/ml RNase A (VWR) for 30min at 3T.

o , Subsequently, the DNA was puried using the gDNA
Colonization of germ-free 129S6/SvEv wild type and IL-10 clean-up kit (Macherey-Nagel) according to the

mice was performed in the National Gnotobiotic Rodent . taturers instructions.
Research Center, University of North Carolina, USA and in the

Core Facility Gnotobiology of the ZIEL—Institute for Food & . . ..
Health, Technical University Munich, Germany. Mice were fedBaCte“al Community Analysis via

astandard chow diet (V1124-300, ssni Spezialdiaten Gmadf) Quantitative Real-Time Polymerase Chain

libitum. The mice were kept in exible Im isolators ventilated Reaction (QPCR) Assay

via HEPA-ltered air at 22 1 C with a 12-h light/dark For bacterial community analysis, oligonucleotide primers
cycle. Littermates were used when possible, or siblings frofgere used to target species-specic regions of the 16S
multiple breeders were combined and randomly assigned beforihosomal RNA (rRNA) gene. Quanti cation was performed
assignment to experimental groups. The group size is amaximuiising the LightCycler 480 Universal Probe Library System
of 5 mice per cage (oor area 540 cnf). For enrichment the (UPL, Roche). Primers (Sigma Aldrich) and corresponding
animals were provided with bedding, nesting material and arprobes (Roche) are listed iflable 3 Positive and negative

Animal Experiments—Animal Housing

autoclavable cottage. controls were included in every run. Standard curves were
_ ) _ _ generated for each bacterial strain and used to enumerate
Animal Experiments—Experimental Design the 16S rRNA gene copy numbers per species in intestinal

For monoassociation, germ-free 129S6/SvEv wild type and llcontent. 16S rRNA gene copy number per ng DNA was

10 = mice were colonized at the age of 10-12 weeks with eithealculated via the molecular weight of the genome and 16S
E. faecalisild type OG1RF or th& eutVW mutant strainby oral rRNA gene copy numbers/genome. The abundance of each
and rectal swab. The mice were sacri ced after di erent pesiod bacterium was calculated as previously descrit2&)l {sing the

of colonization (1, 4, 8, 12, 16, 20, and 24 weeks). following formula: [(copies of 16S rRNA gene for a specic
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TABLE 3 | Species speci c 16S rRNA gene-targeted primers and UPL probe used for bacterial community analysis.

Target bacterial species Oligonucleotide sequence (5'-3") UPL probe References

Escherichia coliLF82 F: GGGACCTTAGGGCCTCTTG 104 This study
R: GCCTAGGTGAGCCTTTACCC

Enterococcus faecalisOG1RF F: GGTCATTGGAAACTGGGAGA 91 This study
R: TTCACCGCTACACATGGAAT

Ruminococcus gnavusATCC 29149 F: GGGACTGATTTGGAACTGT 55 This study
R: CGCATTTCACCGCTACACTA

Bacteroides vulgatusATCC 8482 F: CGCAACCCTTGTTGTCAGT 73 This study
R: CATCTTACGATGGCAGTCTTGT

Faecalibacterium prausnitziA2-165 F: TATTGCACAATGGGGGAAAC 69 This study
R: CAACAGGAGTTTACAATCCGAAG

Lactobacillus plantarumWCFS1 F: CGAAGAAGTGCATCGGAAAC 35 This study
R: TCACCGCTACACATGGAGTT

Bi dobacterium longum subsp. longum ATCC 15707 F: TGGTAGTCCACGCCGTAAA 42 This study
R: TAGCTCCGACACGGAACC

Total bacteria F: YAACGAGCGCAACCC 69 @7
R: AAGGGSCATGATGAYTTGACG

SIHUMI bacterium/cumulative copies of 16S rRNA gene of aliMicrobial Total RNA Sequencing (RNA Seq)
bacteria) 100]. RNA Seq of E. faecalis Isolated From

Monoassociated Mice

Bacterial RNA prepared from the colonic contentef faecalis

| . . . OG1RF monoassociated wild type and IL-I0 mice (W D 8
solation of E. faecalis CeII_s From Int_estlnal mice/group; colonization period: 16 weeks) was sequenced as
Content by Immuno-Magnetic Separation described previously2@). RNA isolation and rRNA depletion
The isolation method was modi ed according to protocols ofwas done by Jonathan Hansen and Sandrine Tchaptchet from the
Nolle (48. Frozen colonic content from SIHUMI-colonized Division of Gastroenterology and Hepatology of the University
mice was disrupted by bead beating in 1 ml RNAlater (Sigmaf North Carolina in Chapel Hill. Library preparation and
Aldrich) using glass beads (1mm, Carl Roth). Subsequentlgequencing was performed at the Washington University St.
samples were diluted with wash buer (PBS, 0.5% biotin{ ouis Genome Technology Access Center generating in tétal 1

free BSA, 10% RNAlater) and ltered through three cellmillion unidirectional 50-bp reads using an lllumina HiSeaffd
strainers with decreasing pore size (VWR; 100, 70, anar80  jnstrument (lllumina).

respectively). The samples were kept on ice throughout and

only pre-chilled bu er solutions were used. The bacterial<el .

were pelleted by centrifugation and resuspended in 1 ml wasRNA Seq of E. faecalis Isolated From SIHUMI

buer. The samples were mixed with 161 Enterococcus Colonized Mice _ _
speci ¢ antibody (biotinylated, Thermo Fisher Scientic PA E- faecalicells in the colonic content of SIHUMI colonized
73123) and incubated for 10 min at@ under gentle agitation. Wild type (0 D 6 mice/group; colonization period: 16 weeks)
The samples were centrifuged for 2min at 9600g. After ~and IL-10 = mice ( D 13 mice/group; colonization period:

a washing step, the cells were resuspended in m0vash 16 weeks) were isolated by immuno-magnetic separation.|Tota
bu er. Ten mml Streptavidin MicroBeads (Miltenyi Biotec) were Pacterial RNA was isolated as described above and puried
added per sample. After incubation for 15min atGlunder USingthe RNeasy MinElute Cleanup kit (Qiagen). Contamingtin
gentle agitation, the cells were washed with wash bu er angenomic DNA was eliminated using TURBO DNase (Thermo
resuspended in 5001 separation buer (PBS, 0.5% biotin- Fisher Scientic) and RNA integrity was validated by agarose
free BSA, 2mM EDTA, 10% RNAlater). Magnetically labele@€! €lectrophoresis. Ribosomal RNA was depleted by using the
E. faecalisells were isolated using MACS lter columns (Ls,R|boM|nusT'V' Transcriptome Isolation Kit (Bacteria, Thermo

Miltenyi Biotec) in a MidiMACS Separator (Miltenyi Biotec) Fisher Scienti c) according to the manufacturer's in_sm'ocls. _
according to the manufacturer's instructions and total fesiml ~ Subsequently, the RNA was fragmented for 180 s using a Covaris
RNA was isolated. E220 sonicator set at 10% duty cycle, intensity of 5 and 200

cycles/burst in 120n 1 mM Tris-EDTA pH 8. The fragmented
RNA was precipitated together with &l glycogen (Thermo
Fisher Scientic), 1:10 sample volume 3M sodium acetate

Bacterial RNA Isolation (Ambion) and 2.5 sample volume of 100% EtOH. Next, the RNA
Bacterial total RNA was isolated as described previously. ( was dephosphorylated using 10 U Antarctic phosphatase per 300
Details are provided in th8upplementary Material ng RNA at 37C for 30 min (New England Biolabs). The RNA
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fragments were recovered using the miRNeasy Mini kit (Qiagerthe LightCycler 480 Universal Probe Library System (UPL,
followed by 5'-phosphorylation using 20U T4 polynucleotideRoche). Primers (Sigma Aldrich) and corresponding UPL
kinase at 37C for 60 min (Thermo Fisher Scienti c). Again, the probes are listed inTable4 Relative quantication of
miRNeasy Mini kit was used for recovery. RNA fragment size wagene expression was calculated by means df 8! values:
examined using the BioAnalyzer on an RNA Pico Chip (Agilenty [(Ctiargetgene Cthousekeeping gedé*™®” (Ctiargetgene Cthousekeepinggede ]
Technologies). The cDNA library was prepared as described iRe|ative gene expression values were normalized to GAPDH and
the TruSeq Small RNA Library Prep Reference Guide (llluminajpRT expression.

with the following exceptions: After adapter ligation and eese
transcription, fragments were size-selected between 14360

bp corresponding to an insert length between 18 and 173 bp.
The sequencing was conducted at the Core Facility Microbiom
generating in total 300 million unidirectional 50 bp readsing
an lllumina HiSeg2000 instrument.

LN Cell Cultures

MLNs were aseptically harvested from gnotobiotic wild type
and IL-10 = mice associated with the SIHUMI consortium.
Subsequently, tissue was homogenized and ltrated through
Bioinformatics 70mm cell strainers (VWR) resulting in unfractionated single
Data ana]ysis was performed using the Ga|axy web p|atf0r|$ﬁ” SUSpenSionS. MLN Ce”S, isolated from individual miae (f
(50) (server: usegalaxy.eu). Quality of the raw sequence dallel0 =~ mice) or a pool of mice (wild type mice), were
was assessed with the FastQC tool (version 0.71). After edapgultured (5 1C cells per well) in RPMI-1640 medium (Sigma
clipping with the Clip adapter sequences tool (version 1.0.3Ydrich) containing 10% fetal calf serum (Biochrom) and 1%
lllumina FASTQ les were mapped to the reference genome.of antibiotics/antimycotics (Sigma Aldrich) and stimulatedth
faecali©OG1RF (GenBank: NC_017316.1) using Bowtie2 (versiohomg/ml of bacterial lysate from the respective colonizing
2.3.4.2). Using htseg-count, the aligned reads overlappingPecies. Afterincubation for 72 h, the supernatants werecttl
with genomic features were counted. Di erentially expressedor cytokine analysis and stored aB0 C.

genes between bacteria isolated from inamed IL-10 vs.

healthy wild type mice were determined using DEseq2 (version

2.11.40.2). KEGG gene set enrichment analysis was execu@ytokine Quanti cation

using the Bioconductor clusterPro ler package (version.B.8 |_-12p40 and IFIg concentration in cell culture supernatant was
implemented in R §1). quanti ed using commercially available ELISA kits (eBiescie).

Histopathological Analysis

The intestinal tract of gnotobiotic wild type and IL-1® mice . S . .
was removed immediately after sacricing the animals anoEthanmamme Quantitation in (_30|0n'c

cleaned from stool. Cross-sections or “swiss-rol&g) ¢f parts  Content by LC-MS/MS Analysis

from the intestinal tract were xed in 4% formalin, dehydrdte Quantitation of ethanolamine in colonic content from wilgige

and embedded in para n. For histopathological analysis, tissu and IL-10 = mice monoassociated with. faecaliSOG1RF or
samples were cut intoBm sections, depara nized and stained 1 eutVWwas performed at the Bavarian Center for Biomolecular
with hematoxylin and eosin. The histopathology was evatliateMass Spectrometry (BayBioMS, Freising, Germany). Sample
by an independent examiner in a blinded manner as describegreparation and mass spectrometry quantitation were modi ed
previously £3), resulting in scores from 0 (not in amed) to 12 after (54). Details are provided in thBupplementary Material
(highly in amed).

RNA Isolation (Mouse Tissue) Statistical Analysis

Tissue sections of distal colon were stored in RNAlategastica| analyses were performed using Prism version 6.05
(Sigma Aldrich) at 80 C. Tissue samples were transferred g anppad). Unless otherwise stated, data are presented as mean
into 500 m RAL bu er (Macherey Nagel) supplemented with * gianqarq deviation. Shapiro-Wilk or D'Agostino-Pearson
10mM DTT (Sigma Aldrich) and the tissue was homogenized, iy s test was used to assess the normality of distribution
using a Miccra D-1 homogenizer. RNA was isolated using¢ i estigated parameters. Statistical signi cant di ereac

the NucleoSpin RNA Kit (Macherey Nagel) according to theyeyeen two groups were determined using two-tailed unpaired

manufacturers instructions. parametric t-test. Statistical signi cant dierences between
- three or more unpaired groups were determined using one-

Reverse_ Transcrlpt_lon_and Gene way ANOVA followed by pairwise testing (Tukey). E ects of

Expression Analysis via qPCR (RNA From genotype and colonization groups were compared using two-way

Mouse Tissue) ANOVA followed by pairwise testing (Tukey). Di erences were

Complementary DNA (cDNA) was synthesized from considered signicantforp 0.05, p 0.01, p 0.001,

1 mg RNA using the Moloney murine leukemia virus p 0.0001.

(MMLV) Point Mutant Synthesis System (Promega) and Analysis of RNA seq data was performed using Galaxy

random hexamers. Quantication was performed usingplatform web platform $0) or R as described in detail above.
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TABLE 4 | Primers and corresponding UPL probes used for mouse gene exgssion analysis.

Targeted gene Gene ID (NCBI gene) Oligonucleotide sequence (5-3") UPL probe

GAPDH 14433 F: GGGTTCCTATAAATACGGACTGC 52
R: CCATTTTGTCTACGGGACGA

HPRT 110286595 F: TCCTCCTCAGACCGCTTTT 95
R: CCTGGTTCATCATCGCTAATC

TNFa 21926 F: TGCCTATGTCTCAGCCTCTTC 49
R: GAGGCCATTTGGGAACTTCT

IFNg 15978 F: GGAGGAACTGGCAAAAGGAT 21
R: TTCAAGACTTCAAAGAGTCTGAGG

IL-12p40 16160 F: ATCGTTTTGCTGGTGTCTCC 78
R: GGAGTCCAGTCCACCTCTACA

IL-17 16171 F: TGTGAAGGTCAACCTCAAAGTC 50

R: AGGGATATCTATCAGGGTCTTCATT

RESULTS as detected by principal component analysis (PCA)

. . indicating that inammation modulates E. faecalis gene
E. faecalis Adapts to a Chronic expression $upplementary Figure 1D). E. faecalisesponse to

In ammatory Environment by Altering Its in ammation was characterized by an up regulation of genes
Gene Expression Pro le associated with a bacterial stress response toward untaeora
To analyse the kinetics oE. faecali-driven in ammation, growth conditions. KEGG pathway enrichment analysis showed
we monoassociated germ-free wild type and IL-10 mice an enrichment of the biosynthesis of amino acids, quorum
at the age of 10 weeks witk. faecaliswild type OG1RF sensing, mismatch repair, and oxidative phosphorylation among
for dierent periods of time. After 4, 8, and 12 weeks of up-regulated gene${gure 1D). Induction of these processes has
colonization, IL-10= mice showed mild signs of in ammation also been observed in previous studies analyEnfpecalisind
in the distal colon as indicated by the histological scoreE. coliadaptation during periods of stres§5-57). Nucleotide
Between the 12th and the 20th week of colonization, IL10 synthesis genes were in general down regulated, as indicate
mice started to develop severe distal colonic in ammationby an enrichment of purine- and pyrimidine metabolism
reaching a plateau after week 20. A similar disease pattetranscripts in wild type mice. Furthermore, a large number of
was also observed in mid colon with an overall lower level offenes involved in metabolism and nutrient acquisition were
in ammation (Supplementary Figure 1A. In proximal colon, dierentially expressed. Sugar metabolism and transport were
the in ammation persisted at a very low level throughout repressed with an enrichment of starch and sucrose metabolism,
the analyzed colonization periodSipplementary Figure 18  ABC transport, PTS transport and glycolysis among down-
All wild type mice remained disease-fre€igure 1A). The regulated genes. On the other hand, genes necessary for the
colonization density as detected by countable colony fagni utilization of alternative carbon sources were up regulate
units (CFU) in luminal colon contents was not aected by with an enrichment of inositol phosphate metabolism and
the level of in ammation Figure 1B). Based on the kinetic of glycerolipid metabolismKigure 1D). Interestingly, genes of the
distal colonic in ammation and on previous publications, 16 ethanolamine utilization€ut) locus were also identi ed among
weeks of colonization were used in subsequent experiments. e top 20 up-regulated genes in response to an in ammatory
this time, in ammation was still in the ascending phase andenvironment Eigure 1. In total, 14E. faecalis eujenes were
therefore advantageous for the analysis of factors modigati signi cantly up regulated in in amed IL-10~ mice indicating
disease severity. an important function of this metabolic pathway for the surviva
We hypothesized thaE. faecaliguickly adapts to a chronic and virulence ok. faecalis the in amed intestine Figure 1F).
in ammatory environment by altering its gene expression
ro le. These adaptation mechanisms are likely responsikie f . . e
![Ohe persistence agd virulence of these bacteri)r:\ in rgsust@pti . faecalls Etha_r]()lamme Ut|||z_at|pn Has
host. To assesB. faecaliglisease-associated transcriptome, wd-rotective Functions in Gnotobiotic
monoassociated mice with. faecaliOG1RF for 16 weeks and [I-10 = Mice Colonized With a Simpli ed
performed RNA sequencing of bacteria isolated from luminal\jicrobial Consortium

colon content of healthy wild type and inamed IL-10 14 determine whether the utilization of ethanolamine (EA)
mice. Transcriptional proling identied 408 signicantly s relevant forE. faecalizolonization and colitogenic activity,
up-regulated and 468 signi cantly down-regulated genegye monoassociated germ-free wild type and IL-10 mice
under conditions of chronic inammation Figure 1C and  \ith E. faecaliswild type OGIRF or anleutVW mutant
Supplementary Figure 1C, SupplemeptaryTabIe.l The  strain (Leuf) for 1 and 16 weeks Figure 2A). The 1 eut
samples clearly clustered according to mouse genotyR&rain does not express tret genes and is not able to utilize
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FIGURE 1 | E. faecalisadapts to a chronic in ammatory environment by altering its gne expression pro le. (A,B) Wild type (WT) and IL-10~ (-/-) mice were
monoassociated withE. faecalisfor 4, 8, 12, and 24 weeks (w).(A) Histological in ammation score in the distal colon(B) E. faecaliscounts/mg in luminal contents
from colon. (C) Experimental setup: Transcriptional pro ling of luminal beteria isolated from the colon ofE. faecalismonoassociated IL-10 = (in amed) and healthy
wild type mice g D 8/group) revealed 408 signi cantly up-regulated genes and 48 down-regulated genes inE. faecalisunder in ammatory conditions. (D-F)
Expression pro les of E. faecalisin an in amed (IL-10 = ) vs. a non-in amed (WT) environment in monoassociated micgD) Expression distribution (log2 lower or
higher) of genes for GSEA-enriched categories (KEGG). Theme group containingeut-genes is highlighted red.(E) Top 20 up-regulated genes. Only annotated genes
with known function are shown. Genes of theeut locus are highlighted in red. Gene functions were assignedcaording to KEGG database.(F) Differential expression
of genes in relation to a chronically in amed environment istgown for signi cantly regulatedeut genes. The log?2 ratio of mean abundance (IL-10= vs. WT) of
normalized expression levels is shown (up regulation is ifwhted red, down regulation is indicated blue). Differencewere considered signi cant for ***p  0.0001.

EA (43 58 59. After 1 week of colonization, wild type faecalisOG1RF andl eut mutant strain showed a similar
and IL-10 = mice showed no signs of in ammation. After colonization density as detected by CFU in luminal contents
16 weeks of colonization, IL-16 mice developed severe from colon (Figure 2D). The colon inammation in IL-

in ammation in the distal colon, independent of thE. faecalis 10 = mice was accompanied by increased spleen weights
strain used for monoassociation (OG1RF histopathologicalSupplementary Figure 2A and increased expression of
score: 5.0 0.9, 1 eut histopathological score: 4.6 0.5). pro-inammatory markers in the distal colon tissue. The
All wild type mice remained disease-fre€iqures 2B,§. E. expression levels of TNF, 1L-12p40, and IL-17 were similar
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FIGURE 2 | E. faecalisethanolamine utilization has protective functions in gnobiotic IL-10 = mice colonized with a simpli ed microbial consortium.(A-F)
Germ-free wild type (WT) and IL-10=  (—/-) mice were monoassociated witE. faecaliswild type (OG1RF) or thel eut mutant for 1 and 16 weeks,
respectively.(A) Experimental setup(B) Histological in ammation in the distal colon(C) Representative hematoxylin/eosin-stained sections of dial colon after 16 weeks
(Continued)
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FIGURE 2 | of colonization.(D) E. faecalispresence in luminal contents from colon as log CFU counts/md@E) Cytokine expression in colon tissue sections. Values are
shown as fold-change normalized to cytokine expression leals in wild type mice colonized withE. faecaliswild type strain. (F) Quantitation of ethanolamine in luminal
contents from colon. (G-L) Germ-free wild type (WT) and IL-10= (—/-) mice were colonized with SIHUMI consortium including. faecaliswild type (SIHUMI) or the

1 eut mutant (SIHUMIL eut) for 16 weeks. (G) Experimental setup.(H) Histological in ammation in the distal colon(l) Representative hematoxylin/eosin-stained
sections of distal colon after 16 weeks of colonization(J) Relative abundances of SIHUMI bacterial species in luminablon content by 16S rRNA gene targeted
gPCR. (K) Cytokine expression in colon tissue sections shown as fold¢hange normalized to cytokine expression levels in wild tygmice colonized with the SIHUMI
consortium. (L) IL-12p40 secretion of MLN cells isolated from SIHUMI or SIHUM! eut colonized mice that were re-activated with the respective acterial lysate for
72h. E. col, Escherichia colj E. fag Enterococcus faecalis R. gna, Ruminococcus gnavus B. vul, Bacteroides vulgatus L. pla, Lactobacillus plantarum B. lon,

Bi dobacterium longum. Differences were considered signi cant forpy  0.05, ***p  0.001, **p  0.0001.

for both colonization groups, only IFYl expression levels abundance Figure 2] Supplementary Figure %. Interestingly,
were increased irE. faecaliswild type OG1RF compared to the E. faecalisl eut mutant strain showed an increased
1 eut mutant monoassociated IL-10 mice (Figure 2E. colonization density compared to the wild type OGI1RF
To determine whethelE. faecaliscatabolizes EAn vivo, we  strain, as detected by CFU in luminal contents from colon
measured EA concentrations in intestinal uid. Luminal EA (Supplementary Figure 2E However, E. faecalisabundance
concentrations were signi cantly higher in wild type mice did not correlate with the histopathology score of the
monoassociated withl eut mutant, indicating catabolism of distal colon Supplementary Figure 2. The only signi cant
EA by E. faecalisSOG1RF. This trend was also observed incorrelation between bacterial abundance and the levellohto
IL-10 = mice after 4 weeks of colonization, but after 16 weekén ammation was detected forR. gnavuswith a decreased
of colonization intestinal EA concentrations were similer abundance being associated with higher in ammatory scores
both E. faecalisOG1RF and1l1 eutmutant monoassociated (Supplementary Figures 2G,) Tissue sections from the distal
mice (Figure 2F). colon of IL-10 = mice showed high expression of pro-
Despite considerable up regulation @it genes, the deletion in ammatory cytokines in comparison to wild type mice.
of ethanolamine utilization revealed no impact & faecalis Tissue expression of TNF and IL-12p40 re ected the degree
colitogenic activity in monoassociated mice. To test theof histopathology with higher expression levels in SIHUMI
hypothesis thatE. faecalisEA utilization is only important 1 eutcolonized compared to SIHUMI colonized IL-18 mice.
for bacterial tness in competition with other microbes, we Expression levels of IFdNwere similar between SIHUMI and
characterized the colitogenic activity Bf faecalid eutmutant  SIHUMI 1 eutcolonized IL-10~ mice, while IL-17 expression
in the context of a simplied human microbial consortium was decreased in SIHUML eut colonized IL-10~ mice
(SIHUMI). We colonized germ-free wild type and IL-10 (Figure 2K). To address the bacterial antigen-speci ¢ immune
mice with SIHUMI consortium either containingz. faecalis responses in colonized mice, we isolated MLN cells from
wild type OG1RF (SIHUMI) orE. faecalisl eut (SIHUMI  IL-10 = mice colonized with SIHUMI or SIHUMI 1 eut
1 euf) mutant strain for a period of 16 weekdigure 2G. consortium and re-stimulated them with respective lysates
When we introduced the bacterial consortium to germ-freeof each of the colonizing species. Unfractionated MLN cells
mice, 6 out of 7 species successfully colonized the mougeoduced high levels of IL-12p40 when stimulated with
intestine, as determined by 16S rRNA gene-based quangtaticoli lysate, while IL-12p40 secretion in response to all other
gPCR Figure 2). Faecalibacterium prausnitziould not be lysates was similar to the negative control. The level of MLN
detected by gPCR and droplet digital PCR at any timeactivation was similar for alE. faecalisstrains §igure 2L).
(Figure 2J Supplementary Figures 2B,Lin intestinal content Since replacement oE. faecaliswild type by the 1 eut
(taken at week 4 and 16 of colonization) and feces (taken amutant resulted in a more severe in ammatory phenotype,
week 2, 4, 8, and 16 of colonization). While IL-f0 mice we investigated whether increased in ammation was asgetia
colonized with the SIHUMI consortium gradually developedwith an enhanced humoral immune response against specic
in ammation in the distal colon (SIHUMI histopathological SIHUMI species. It has been demonstrated by others that
score: 3.1 2.3), colitis severity was signi cantly increasedcertain commensal bacteria induce serum IgA responses that
when E. faecalisOG1RF was replaced by eut mutant confer immunity against polymicrobial sepsi6(f. When we
strain (SIHUMI 1 eut histopathological score: 6.1 1.8) probed lysates of SIHUMI species with sera from SIHUMI
(Figures 2H, ). These results surprisingly suggest protectiver SIHUMI 1 eut colonized IL-10~ mice, we observed the
functions of E. faecali€A utilization in the context of chronic highest number of IgA immunoreactive bands for lysates of
intestinal in ammation. Tissue pathology was accompanied byB. vulgatusand R. gnavusthe two most abundant species
increased spleen weights in IL-T0 mice colonized with in colonized mice $upplementary Figure 2Hand Figure 2J).
the SIHUMI 1 eut consortium Supplementary Figure 2). As  Similar results have been obtained for serum IgG antibodies
expected, all colonized wild type mice remained disease-fre@ata not shown). The serum IgA response against SIHUMI
The replacement oE. faecalisvild type OG1RF strain byt eut species was not inuenced by the level of inammation,
mutant strain resulted in a shift of the bacterial community as the number and intensity of immunoreactive bands was
with a signi cant increase ofBacteroides vulgatueelative similar for lysates probed with SIHUMI or SIHUML eut sera
abundance accompanied by a decreasRuminococcus gnavus (Supplementary Figure 2H.
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Complex Bacterial Consortia Reprogram When comparing E. faecalistranscriptional response to
E. faecalis Gene Expression in ammation between bacteria isolated from mono- and

Since we observed a protective e ectoffaecali€A utilization ~complex-associated mice on the gene level, the majority of
only in a complex bacterial community and not under conditoon di erentially regulated genes were not shared. This suggésit

of E. faecalismonoassociation, we aimed to gain a betterthe bacterial environment reprograrts faecaligene expression.
understanding ofE. faecalisgene expression in the presence©Nly 125 genes were shared between both colonization
of other microbes. We puri edE. faecaliscells from the environments, whereas 751 genes were exclusively regulated
colon content of SIHUMI colonized wild type and IL-16 in monoassociation and 203 genes were exclusively regulated
mice using immuno-magnetic separation and performed RNAN _th(_a SIHUMI community [Figure 3H.)' In addition, the .
sequencingRigure 3A). Transcriptional pro ling identi ed 180 majority of shared genes shpwed opposite patterns of regulation
signi cantly up- and 148 signi cantly down-regulated genesSeveral genes associated with fundamental cellular pathwesgs
under inammatory conditions Gupplementary Figure 3A down regulated inE. faecalisnonoassociated mice, whereas
The samples clu);tered accordingppto mous)(la genotype these genes were strongly up regulatedEnfaecalisof the

shown by PCA analysisSGpplementary Figure 38 Among SHumi community (Figure 3I). This includes genes associated

) with the translation apparatuslysS trpS2 rpmB2 rpmH,
the top 20 up-regulated genes, several genes associated Wltﬁ . R
arginine biosynthesis and glycerol metabolism were idedti ST, engA), RNA synthesis rpoZ), DNA replication parB,

(Figure 3B). Arginine biosynthesis genes have been shown tgﬁrcallte?)t?gglri;(?;ﬁz;lisr?&:;dkozg&;?uzlggygahdetsr zgl)?)rtc(avggl
be up-regulated in lactic acid bacteria in response to aciaagH CtpE sech (Figure 31). Vice vers;awe observed an up
stress §9) and genes involved in glycerol metabolism haVeregu,lation of several stres:s-response gene<k.infaecalisof
been shown to be induced during. faecalisnediated mouse '

o . - o . mon i mice, includin nes that en for
peritonitis as well as intestinal colonizatio®l( 62). Additionally, anod ot?r?as;)ecrztr?eds C(;E’ clggddr?aglf grs];a'[Ja;E)EcEdgerocl)Egeatea
an E. faecalignutant a ected in glycerol metabolism showed .

attenuated virulence in a mouse peritonitis mod&?y rlbosomal_stress pr(_)temrpﬁlY_), a detOX|fy|n_g enzymeg(oAa
o . and proteins associated with DNA repaiur(g dinB2 and
Surprisingly, we observed no overlap with the top up-__. . . o
. . . oxidative stress resistancgof) (55 65). In addition, genes

regulated genes irE. faecalisisolated from monoassociated . . . . .
mice (Figures 38 16). Additionally, the functional categories associated with the biosynthesis of amino acids$ aroA, aroB

ich dg I d tiall Y lated gorie ItyrA, pheA, transport §idK, nhaC), transcriptional regulation
anc c smong a |feren Ilé y reguiated genes were yshun (glcR lacl) and a protein homologous to RNA polymerase
lerent between E. aecalsmpnoa_lssomanon or in the subunit RpoE, were up-regulatedin faecalisf monoassociated
context of the SIHUMI community Figures 3G 1D). In the

> A ) ) mice, but down-regulated irE. faecalisSIHUMI colonized
SIHUMI consortium, E. faecalisesponse to in ammation was ice Figure 3).
characterized by an induction of cellular pathways requif@d
growth and replication, including ribosome, aminoacyl-tRNA
biosynthesis, nucleotide synthesis, pyruvate and propanoa@omplex Microbial Consortia Interactions

metabolism, ABC transport and fatty acid biosynthesis ancReprogram E. faecalis Colitogenic Activity

metabolism. In contrast té&. faecalisnonoassociation, inositol \ye next addressed the question of whether the transcriptiona
phosphate metabolism and the biosynthesis of amino acids Wefg orences of E. faecalisin mono- or complex-associated

repressed. Quorum sensing and glycerolipid metabolism wergi-o have functional consequences by applying the SIHUMI
induced, whereas phosphotransferase systems and starch angh<ortium with or without E. faecalis(SIHUMI-E. fad.
sucrose metabolism were repressed in both mono- and complgx; g type and IL-10 = mice were colonized at the age of 10

association of IL-10- mice Figures 3G 1D). InterestinglyE. |, caks for a period of 4 or 16 weekgidure 4A). Surprisingly,
faecalisisolated from SIHUMI colonized mice showed higher o olonization of IL-10= mice with SIHUMI in the
expression ofeut genes in healthy Higure 3D) and mildly  ghqence ofe. faecalisinduced an aggravated in ammatory

in amed(Figure?,E) compared to in amed animals. host response compared to the control. After 16 weeks
InIL-10 mice colonized with the SIHUMI consortium, we of colonization, IL-10= mice colonized with SIHUMI-

observed a gradient of colitis severity. Six out of 12 mia@&a £tz consortium developed severe inammation in the
colitis score< 3 and were de ned as mildly in amed animals, the yistal colon (score: 4.8 2.4), while the degree of colitis
remaining 6 mice with a colitis score3 were de ned as severely -« signi cantly reduced ir’1 IL-1F  mice colonized

in amed animals Figure 3F. When comparing. faecaligene i, gjHUMI in the presence ofE. faecalis(score: 2.8
expression between severely and mildly inamed IL-10 2.5) Figures4B,g. After 4 weeks of colonization,
mice, only 11 genes showed statistical signicant regofati || 19 = mice showed mild pancolitis independent of
(Supplementary Figures 3C,l In particular, the lipoprotein e colonizing bacteria. All colonized wild type mice
SpolllJ (OG1RF_12576), which has been shown to be importaptnained  disease-free Figures 4B,g. The histological

for bile resistance oE. faecalig63) and a cell wall surface ;, armmation was accompanied by increased spleen weights
anchor family protein (OG1RF_10871), which is associateld Wit(SuppIementary Figure 4A.

E. faecalidhio Im formation (64), appeared to be interesting

. - ; The absence oft. faecalisresulted in changes of the
candidates foE. faecalisirulence fFigure 3G).

relative abundances of speci ¢ SIHUMI species in the colonic
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FIGURE 3 | Complex bacterial consortia reprogramE. faecalisgene expression in response to in ammation. LuminakE. faecaliscells were isolated from the colon of

inamed IL-10 = (n D 13) and healthy wild type (WT)(D 6) mice, colonized with SIHUMI consortium (16 weeks), usingimuno-magnetic separation and subjected

to RNA sequencing analysis(A) Experimental setup: Transcriptional pro ling revealed 188igni cantly up-regulated and 148 signi cantly down-regulded genes in
(Continued)
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FIGURE 3 | E. faecalisisolated from IL-10 = mice compared to E. faecalisisolated from wild type mice colonized with the SIHUMI consdium. (B) Top 20
up-regulated genes inE. faecalisisolated from SIHUMI colonized mice (IL-10= vs. WT). Only annotated genes with known function are showrGene functions were
assigned according to KEGG database(C) Expression distribution of enriched genes for GSEA enricldecategories (KEGG) irE. faecalisisolated from SIHUMI
colonized mice (IL-10 = vs. WT). The gene group highlighted red contains theut-genes. (D) Differential expression otut genes inE. faecalisof an in amed vs.
non-in amed environment. The log?2 ratios of mean abundancel(-10 = vs. WT) of normalized expression levels are shown (up regtilen is indicated red, down
regulation is indicated blue)(E) Differential expression otut genes inE. faecalisof a severely in amed vs. mildly in amed environment. The log2atios of mean
abundances of normalized expression levels are shown (up gelation is indicated red, down regulation is indicated ble). (F) Histological in ammation scores in the
distal colon of SIHUMI colonized IL-10= mice comparing severely in amed mice (red) and mildly in amedhnice (blue).(G) Signi cantly differentially regulated genes
of E. faecalisisolated either from severely in amed or mildly in amed SIHUMtolonized IL-10 = mice (up regulation is indicated gray, down regulation is dicated
black). (H-J) Differentially regulated genes in response to in ammationfcE. faecalisisolated from monoassociated (IL-10 = vs. WT) compared to SIHUMI-colonized
mice (IL-10 = vs. WT).(H) Venn diagram showing the differentially regulated genes sied. () Genes down regulated in monoassociated and up regulated in
SIHUMI-associated mice, respectively. The log2 ratios of mesabundances of normalized expression levels are shown (uggulation is indicated red, down regulation
is indicated blue). Gene functions were assigned accordintp the KEGG database; only annotated genes with known funatin are shown. (J) As before, but genes up
regulated in monoassociated and down regulated in SIHUMI asgiated mice, respectively.

content. Compared to SIHUMI colonized mice, the relativeDISCUSSION

concentrations ofE. coliand B. longumwere slightly higher,

while B. Vu|gatusc0ncentrations were lower in SIHUME. In this study, we demonstrate thak. faeca”SfUnCtiona"y
fae colonized mice Figure 4D, Supplementary Figure . In  adapts to chronic in ammation, supporting the hypothesis that
addition, the relative abundance df. coli and B. longum host-related mechanisms contribute to the colitogenidvatyt
correlated positively with the development of histopathology©f opportunistic pathogensE. faecalisis a disease-relevant
E. faecalissbundance was not correlated with colitis activityPathobiont and colonization of IBD-related mouse models,
(Figures 4E,F Supplementary Figure 40). The expression of such as IL-107 mice, supports the concept that commensal
the pro_in amma’[ory Cytokine ”:N] was Signi Cant|y increased bacteria harboring pathogenic traits drive chronic in amticn

in IL-10 = mice colonized with SIHUMIE. fae supporting in genetically susceptible but not wild type hostsg)( In
the observation at the level of tissue pathology. TNF an@ddition to previous identi ed genes modulating the colitayc
IL-17 expression levels followed the same pattern, wheregsect of E. faecalig28), we performed transcriptional pro ling
IL-12p40 expression was nhot in uenced by the Compositiorpf E. faecalisunder in ammatory conditions and identi ed

of the colonizing consortium Figure 4G). To address the 876 genes to be dierentially regulated compared to normal
bacterial antigen-speci ¢ immune responses of colonizedemic conditions. Despite considerable up regulation of 14 genes
we isolated MLN cells from IL-1G mice colonized with ©Of the eut locus in inamed IL-10 = mice, the deletion
SIHUMI in the presence and absence & faecalisand Of E. faecalisthanolamine utilization 1 eutvVW) showed no
re-stimulated them with respective lysates of each of th& ect on the colonization density and colitogenic activity Bf
colonizing SIHUMI species. After 4 weeks of colonizationfaecaliin monoassociated mice. Interestingly, coliresponds
the secretion of IFN and IL-12p40 in response t&. coli to inammation in monoassociated IL-10° mice by the up
lysate stimulation was slightly increased in MLN cells ismla regulation of stress response genes, but targeted delefion o
from mice colonized with SIHUMI. All other lysates failed to these genes aggravated the in ammatory phenotypg (2).
activate the MLN cell culturesSupplementary Figures 4B,C ~ This supports our observation that bacterial adaptation preess
After 16 weeks of colonization, MLN cells produced maximaforrelating with intestinal in ammation are not necesdgri
levels of |F|\g and ||_-]_2p40 upon stimulation withE. coli harmful for the host. In line with thiS, we have shown in
lysate, although the relative luminal concentrations ofsth & previous study that genes that produce two colitis-relevant
bacterium were quite lowRigures 4D,H,l). The MLN response structures inE. faecalisare not transcriptionally regulated in
toward E. coli lysate was even more pronounced in MLNsin amed monoassociated IL-10  mice 8. The measurement
isolated from mice colonized with SIHUMIE- faeconsortium ~ Of luminal intestinal EA allowed us to demonstrate that
(Figures 4H,)), suggesting compensatory mechanisms in théaecalisutilizes this substraten-vivo in wild type mice and
absence ofE. faecalis The level of serum IgA antibodies not-inamed IL-10 = mice. However, EA concentrations in
agains'[ SIHUMI Species was On|y S||ght|y in uenced by thén amed IL-10 = mice were similar for bothE. faecaliswild
composition of the bacterial consortium. When we probed lgsat type OG1RF and eut mutant colonization. This is surprising
of SIHUMI species with sera from SIHUMI or SIHUME- fae asE. faecalis eugenes were massively up regulated in in amed
colonized IL-10= mice, we observed the highest number oflL-10 = mice relative to wild type controls. This paradox could
immunoreactive bands for lysates & vulgatus R. gnavus, Pe explained by limitations of our model as we only analyzed
and E. coli The number and intensity of immunoreactive gene expression and neut protein levels. Additional studies
bands againstE. coli and B. vulgatuslysates were slightly to understandE. faecaliseut-gene expression anith-vivo EA
increased when probed with SIHUME- faesera, indicating Metabolism are needed.

increased levels of IgA antibodies against these species inWe provide for the rst time evidence for a protective e ect
mice colonized with SIHUMI in the absence &. faecalis of bacterial EA utilization in the context of chronic intésal

(Supplementary Figure 4 in ammation. Using a simpli ed microbial consortium based on
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FIGURE 4 | Complex microbial consortia interactions reprogram coliigenic activity ofE. faecalisin gnotobiotic IL-10 = mice. (A) Experimental setup: Germ-free
IL-10 = (~/-) and wild type (WT) mice were colonized with SIHUMI congarm or SIHUMI consortium withoutE. faecalis(- E. fae) for a period of 4 and 16 weeks.(B)
Histological in ammation in the distal colon(C) Representative hematoxylin/eosin-stained sections of dial colon after 16 weeks of colonization(D) Relative
abundances of SIHUMI bacterial species in luminal colon coant by 16S rRNA gene targeted gPCR(E) Correlation betweenB. longum abundance (colon and
cecum luminal content) and mean histological scores of ceam tip and distal colon. (F) As before, correlation ofE. coliabundance. (G) Cytokine expression in colon
tissue sections shown as fold change, normalized to cytokie expression levels in wild type mice colonized with the SIHUMonsortium. (H) IFNg secretion of MLN
cells isolated from SIHUMI or SIHUMI withouE. faecaliscolonized mice (colonization period: 16 weeks) that were ractivated with the respective bacterial lysate for
72h. (1) As before, IL-12p40 secretion.E. col, Escherichia colj E. fag Enterococcus faecalis R. gna, Ruminococcus gnavus B. vul, Bacteroides vulgatus L. pla,
Lactobacillus plantarum B. lon, Bi dobacterium longum. Differences were considered signi cant forpp  0.05, **p  0.01, ***p  0.001.

human strains (SIHUMI), we demonstrate th&t faecaliEA  density ofl eutmutant was slightly increased compared to wild
utilization attenuates colitis in mice colonized with a cplex type E. faecalisHowever, the relative abundance bf faecalis
bacterial community. The replacement Bf faecaliwild type  did not correlate with the histological in ammation, suggieng
strain by aleut mutant resulted in exacerbated colitis in that increasedE. faecalisl eut numbers do not explain the
SIHUMI colonized IL-10~ mice, as indicated by increased aggravated in ammatory phenotype. MLN cells secreted high
histological in ammation, increased tissue expression &fFT levels of IL-12p40 in responsefo colilysate, but the highest IgA
and IL-12p40 and increased spleen weights. The colonizatiammunoreactivity was observed 8 vulgatusindR. gnavughe
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two most abundant species. The bacterial community changdaketween bacteria have already been illustrated for two neesb

whenE. faecalisvild type OG1RF was replaced hyeut mutant
strain, with a signi cant increase in the relative abundanaf
B. vulgatusaccompanied by a decrease in the abundanci.of
gnavusB. vulgatusnduces colitis in HLA/B27-om rats, but does
not induce in ammation in other colitis models (e.g., IL-10
orlL-2 = mice) (67), which makes it di cult to assess whether
this bacterium has colitogenic activity in a complex communit
inIL-10 = mice. Taken together, our data suggest thafecalis
is not the driver of in ammation in the SIHUMI community,
but modulates disease by interaction with co-colonizingtbaa.
The catabolism of EA blg. faecalisnay prevent the utilization of
this metabolite by the more colitogenic spedie<oli It has been
shown that EA can promotE. coligrowth and virulence5, 54).
However, the expression of selectedcolivirulence (iC, mH,
ompA ompQ and ethanolamine utilization genesytR eutG

of the dominant gut bacterial phyleéEubacterium rectaland
Bacteroides thetaiotaomicroadapt their prole of utilized
substrates in response to the co-colonizing species in giattob
mice (/5. In addition, Plichta et al. {6) demonstrated
transcriptional species-speci c interactions in a complex
bacterial community with central metabolisms being strongly
a ected by coexistence with other microbes. Using immuno-
magnetic separation, we were able to isolgtefaecaliscells
from SIHUMI colonized mice. This allowed us to study.
faecaligranscriptional response to host in ammation depending
on the microbial environment. Interestingly, the majorityf
regulated genes were not shared betweefaecalisolonizing in
monoassociation or in the SIHUMI community. This shows that
E. faecaliadapts transcriptionally to the co-colonizing microbes.
In monoassociated IL-1G mice,E. faecaligene expression

eutQ was not a ected in our model (data not shown) and alsowas characterized by an enrichment of functions important
the relative abundance & coliwas not increased in the presencefor bacterial stress adaptation. General stress-respornsesge

of E. faecalid4 eutmutant.

amino acid biosynthesis genes and genes involved in the

Our data provide new insights into the role of EA utilization utilization of alternative carbon sources were up reguat&
in microbiota-host interactions. EA plays a well-recogudize similar regulation pattern has been observed by others aivay
role in host adaption and virulence of enteric pathogensE. faecalistranscriptome during mammalian infection. The

including EHEC, Salmonellaand Listeria monocytogengss,
36, 54, 68 69. In contrast, we show thak. faecalisEA
utilization has a protective function in IL-1G mice in the

intraperitoneal transcriptome oE. faecalisn gnotobiotic mice
is characterized by the up regulation of stress-responsesyen
and a metabolic adaptation to an in amed environmerg.

presence of other resident bacterial species. These disciepanFrank et al. {7) demonstrated thate. faecaliscells undergo
might arise from dierences in bacterial physiology andtranscriptional adaptation and exist in a stringent responsgest

pathogenicity. The pathogersalmonellarequires alternative

in a rabbit subdermal abscess model. The stringent respanse,

electron acceptors released from in amed host tissue for EMacterial stress adaptation mechanism, is characterizethdy

utilization (34, 70), whereaskE. faecalican grow anaerobically
on EA in the absence of alternative electron acceptdi$. (n

repression of fundamental cellular pathways, whereas amiwo aci
biosynthesis genes and stress-survival genes are stindgbed.

addition, others have demonstrated a protective e ect of EAn addition, metabolic rearrangements including the wdtion

utilization by opportunistic pathogens as well. The metalmlis

of alternative carbon sources are a hallmark of the strihgen

of EA resulted in reduced virulence together with a delayedesponsef5, 78). Since we observe similar pathways regulated in

onset of disease in a hamster model @lostridium di cile
infection (72). Furthermore, EA utilization by commens&.

response to in ammation and a link betweén faecalistringent

response and virulence has been demonstrated in a study by Gaca

coli isolates allowed them to outcompete the pathogen EHE@t al. 5), one could speculate that the gene expressiof.of

(41). Consistent with our data, the colonization e ciency of
E. faecalisl eutVW in the murine gastrointestinal tract was
increased relative to the wild type straii3. This stands in

faecalisexplains the colitogenic character of this bacterium in
monoassociated IL-1G mice. The detailed investigation &f
faecaliggenes and their biological role in the pathophysiology of

contrast to enteric pathogens, where the loss of ethanolamirchronic in ammation awaits further investigation.

utilization resulted in a competitive disadvantagé,(36, 54). In

In co-colonization with other microbes, howevét, faecalis

Caenorhabditis eleggren E. faecalis eunutant was attenuated gene expression in in amed mice is not primarily charactetize
in virulence, but in this host somE. faecalistrains are regarded by the induction of stress-response pathways, but rather by
as a pathogenic organism resulting in the death of infectedn enrichment of pathways important for bacterial growth
nematodes 8). In contrast, probioticE. faecalisprotect C. and replication. Although some genes important for bacterial
eleganagainst EHEC, underlining the importance of strain-leveladaptation to environmental stress were up regulated (e.g.,
based experiments{). In any case, the interesting correlation arginine deaminase pathway genepuG phrB) (38 55), the
between bacterial pathogenicity and the role of EA utilaafior  transcriptional pro le does not indicate a stringent respossate
bacterial survival and virulence awaits further invesiga as observed in monoassociatédfaecalisFundamental cellular
To the best of our knowledge, this is the rst published pathways like replication and translation were induced and the
study to analyze the inuence of co-colonization with aexpression of general stress-response genesliikeclpP, dnak,
bacterial consortium on gene expression and function of aminaJgroEL andgroESvere repressedg, 79).
opportunistic pathogen. Most importantly, we demonstrate Previous studies analyzing. faecalisfunction in chronic
that complex bacterial consortia interactions reprogram theén ammation were conducted in monoassociated IL-TO
gene expression pro le and the colitogenic activityfoffaecalis mice and revealed a colitogenic behavi@g (24, 27, 28). By
toward a protective function. Transcriptional interactions characterizinge. faecaliss part of a microbial consortium, we
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are adding new knowledge to the complex interdependence @f a human-oriented complexity in carefully selected midabb

opportunistic pathogens, the genetically predisposed hostlzd t consortia could be a viable way to unravel the complex microbe

luminal microbial environment. Colonization of IL-1G mice  host and microbe-microbe interactions in disease etiolddys

with SIHUMI under omission ofE. faecali®r in the presence may contribute to a basic understanding of the pathogenesis o

of E. faecalisvith defective EA utilization resulted in a more human IBD and have therapeutic options.

severe phenotype as indicated by the histological in amnmatio

spleen weights and the pro-in ammatory cytokine expression iDATA AVAILABILITY

colon tissue. This supports the hypothesis thataecaliprovides

protective mechanisms in complex consortia by the utilizatth The RNA seq datasets generated for this study can be found in

EA. A massive pro-in ammatory response of reactivated MLNthe SRA archive of NCBI under the accession No. PRINA527872

cells to E. colilysate stimulation and a positive correlation and PRINA528098.

between histological score aiifl coliabundance point to this

bacterium and notE. faecalisas a main driver of SIHUMI ETHICS STATEMENT

mediated colitis. One could speculate tEafaecalisutcompetes

E. colior other SIHUMI strains for EA, but wheik. faecaliss  All animal procedures were approved by the Institutional Animal

missing, orE. faecali€A utilization is defective, the virulence of Care and Use Committee of the University of North Carolina,
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