GUT MICROBES
2023, VOL. 15, NO. 1, 2221811
https://doi.org/10.1080/19490976.2023.2221811

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS | check forupsstes

Genome-wide multi-omics analysis reveals the nutrient-dependent metabolic
features of mucin-degrading gut bacteria

Kyoung Su Kim?, Eunike Tiffany®, Ji-Young Lee?, Ara Oh®, Hyeon-Su Jin?, Ji-Sun Kim¢, Jung-Sook Lee,
Myung Hee Nam¢, Soo-Jong Honge, Sowon Parkf, Hong Kohf, Bong-Soo Kim?9, Yun Kyung Lee®, and Dong-
Woo Lee(»?

aDepartment of Biotechnology, Yonsei University, Seoul, Republic of Korea; ®Department of Integrated Biomedical Science, Soonchunhyang
Institute of Medi-Bio Science, Soonchunhyang University, Cheonan, Republic of Korea; “Korean Collection for Type Cultures, Korea Research
Institute of Bioscience and Biotechnology (KRIBB), Jeongeup, Republic of Korea; YSeoul Center, Korea Basic Science Institute, Seoul, Republic
of Korea; ®Department of Pediatrics, Childhood Asthma Atopy Center, Humidifier Disinfectant Health Center, University of Ulsan College of
Medicine, Seoul, Republic of Korea; Department of Pediatrics, Yonsei University College of Medicine, Seoul, Republic of Korea; 9Department of
Life Science, Hallym University, Chuncheon, Republic of Korea

ABSTRACT

The prevalence and occurrence of mucin-degrading (MD) bacteria, such as Akkermansia mucini-
phila and Ruminococcus gnavus, is highly associated with human health and disease states.
However, MD bacterial physiology and metabolism remain elusive. Here, we assessed functional
modules of mucin catabolism, through a comprehensive bioinformatics-aided functional annota-
tion, to identify 54 A. muciniphila genes and 296 R. gnavus genes. The reconstructed core metabolic
pathways coincided with the growth kinetics and fermentation profiles of A. muciniphila and
R. gnavus grown in the presence of mucin and its constituents. Genome-wide multi-omics analyses
validated the nutrient-dependent fermentation profiles of the MD bacteria and identified their
distinct mucolytic enzymes. The distinct metabolic features of the two MD bacteria induced
differences in the metabolite receptor levels and inflammatory signals of the host immune cells.
In addition, in vivo experiments and community-scale metabolic modeling demonstrated that
different dietary intakes influenced the abundance of MD bacteria, their metabolic fluxes, and gut
barrier integrity. Thus, this study provides insights into how diet-induced metabolic differences in
MD bacteria determine their distinct physiological roles in the host immune response and the gut
ecosystem.
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Introduction

Intestinal homeostasis is a prerequisite for stabiliz-
ing the gut ecosystem and involves collaboration
between microbiota and intestinal epithelial cells'.
The highly o-glycosylated mucus layer is vital in
selecting the intestinal gut microbiota and improv-
ing gut barrier functions of the mucosal
epithelium®?. This healthy gut ecosystem is highly
associated with host innate immunity”* and genetic
variation®. Intestinal epithelial cells (IECs) and
macrophages in the intestinal immune system
play a role in maintaining gut homeostasis as the
tirst defense mechanism and as a messenger of
signals from microbiota to other host cells®.
A large body of evidence on the impact of

microbiota on human gut health and disease sup-
ports the notion that host diet alters the interaction
between gut microbiota (and their metabolites) and
host cells or microbiota”®. Indeed, inadequate fiber
intake reshapes the thickness of mucus layers,
mainly due to the abundance of mucin-degrading
(MD) bacteria’, causing gut microbial dysbiosis
and dysregulation of the immune system'’. Leaky
gut-induced dysbiosis and a dysfunctional colonic
epithelium increase the O, concentration in the
gastrointestinal (GI) tract, leading to a significant
decrease in obligate anaerobes''. Since gut dysbio-
sis affects the host immune system, it is highly
associated with many non-communicable human
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diseases' such as obesity'®, diabetes'?, allergy'>'°,
cancer'’, and neurological disorder.

The gut microbiome in healthy individuals mainly
comprises various types of microorganisms, includ-
ing bacteria (e.g., Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Verrucomicrobia)'®,
fungi, and viruses. Among these, glycan-utilizing
anaerobes in the intestinal mucus layer have emerged
as critical players in shaping the gut ecosystem and
reprogramming the metabolism of the host intestinal
epithelium'®~>'. MD bacteria provide essential nutri-
ents such as acetate, propionate, and 1,2-propanediol
(1,2-PDO) for developing commensal bacteria
through cross-feeding networks with butyrate-
producing bacteria®*. Metabolites produced by MD
bacteria contribute to the homeostasis of the human
gut ecosystem and to niche protection by inhibiting
pathogenic bacteria'®, activating the immune
system®™*’, and modulating host signaling and
metabolism®*,

Certain MD bacteria are linked to various
human diseases, such as inflammatory bowel dis-
eases (IBD), prosthesis infections, hematological
malignancies, and atopic dermatitis. For example,
the beneficial bacterium Akkermansia muciniphila
is associated with a healthy gut microbiota and has
been found in higher abundance in healthy
individuals'®*>*°. It has been linked to improved
metabolic health, including the regulation of blood
sugar levels and weight loss®’. Furthermore,
A. muciniphila has anti-inflammatory properties
and can enhance the gut barrier function®.
However, low abundance or absence of
A. muciniphila has also been observed in indivi-
duals with obesity*”, type 2 diabetes®®, and IBD*".
While A. muciniphila has several potential health
benefits, its role in disease is not yet fully under-
stood. Some studies have suggested that over-
growth of A. muciniphila could be associated with
the development of colorectal cancer’>*’ and
aggravation of type 2 diabetes and neurodegenera-
tive diseases>*.

By contrast, increased levels of Ruminococcus
gnavus and R. torques cause leaky gut-induced
inflammation®>*”. The mucolytic activity of
R. gnavus produces inflammatory glucorhamnan
polysaccharides that induce inflammatory cyto-
kines such as TNFa’®. This bacterium produces
an antioxidant defense-related NADH oxidase,

iron ABC transporters, and enterochelin esterase,
which are involved in host pathologic phenotype’®,
and a lanti-peptide synthase, which inhibits other
gut microbes>”. Collectively, empirical evidence
supports the notion that the prevalence and occur-
rence of MD bacteria, as symbionts, play a crucial
role in modulating the gut ecosystem and main-
taining intestinal homeostasis®**. However, the
physiological features of MD bacteria and their
metabolic impacts on the host are still not clearly
understood.

In this study, we performed comprehensive
multi-omics analyses to investigate the distinct
phenotypes of R. gnavus and A. muciniphila
under various culture conditions. To understand
the physiological characteristics and metabolic fea-
tures of both bacteria, we also analyzed their
detailed fermentation profiles on various mucus
constituents and examined the effect of their fer-
mentation products on host immune cells. Based
on the integration of these data with reconstructed
anaerobic core metabolic pathways, we discuss the
nutrient-dependent metabolic features of MD bac-
teria underlying diet-induced alterations of gut
microbiota and how these affect host-microbe
interactions in the human gut environment.

Results

Inconsistent functional annotation impedes
understanding of the metabolic features of MD
bacteria

According to the NCBI prokaryotic genome
annotation pipeline (PGAP), the genomes of
Akkermansia muciniphila ATCC BAA-835 (2.66
Mb) and Ruminococcus gnavus ATCC 29,149
(3.55 Mb) have 2,122 and 3,350 protein-coding
sequences (CDSs), respectively (Table S1). To
investigate their genomic features, we performed
the Clusters of Orthologous Genes (COG) analy-
sis with updated versions of Gene Ontology in
the eggNOG database (Figure S1). However, we
discovered that there are discrepancies in func-
tional annotations between the NCBI PGAP and
other pipelines (PathwayTools and ModelSEED)
for both bacterial genomes. The agreement of
functions and length of CDSs between annota-

tion pipelines was 23.5% (38.1%) for
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Figure 1. Functional annotations of the MD bacterial genomes and growth profiles of A. muciniphila and R. gnavus grown in different
media. (a-b) Inconsistent functional and CDS for A. muciniphila (a) and R. gnavus (b). Gene predictions by gen callers coincide only if
both start and stop codons are predicted to be in the same positions. Several missing and unmatched genes are based on the current
functional annotations with different algorithms and databases used. (c-d) Growth curves and fermentation profiles of (c)
A. muciniphila grown in BHI and ADM and (d) R. gnavus grown in TSB and defined medium supplemented with various sugars.
Growth curves data from ¢ were adopted from previous data*. (e-f) the effects of various nutrients on SCFA production and flux
balance analysis for the fermentation products of A. muciniphila (e) and R. gnavus (f).

A. muciniphila and 23.9% (66.5%) for R. gnavus
(Figure 1la,b). When we examined the mis-
matches (-2 to 2) in gene annotation for indivi-
dual CDSs, we found that only 40.4% of proteins
were well-matched (0 to 2) for A. muciniphila
and 41.7% for R. gnavus (Figure S2a,b). By con-
trast, the genomes of A. muciniphila and
R. gnavus had 97 and 104 mismatched genes

(including 13 and 5 MD genes), respectively
(Figure S2).

PGAP and PathwayTools showed relatively con-
sistent results on the CDS and RNAs of
A. muciniphila and R. gnavus because the latter
relies on NCBI BLAST search to predict metabolic
and transport reactions using the MetaCyc database
(DB). On the other hand, ModelSEED annotates
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proteins with k-mer based on the CoreSEED-based
DB (core.theseed.org), revealing 2,576 CDSs and 62
RNAs for A. muciniphila and 3,629 CDSs and 68
RNAs for R. gnavus, respectively (Table SI1).
Consequently, we found that the total number of
genes, CDSs, and RNAs for MD bacteria varies
significantly in DB and algorithm-dependent man-
ners. In particular, genes associated with the assim-
ilatory pathways responsible for producing the
primary metabolites of MD bacteria also remained
elusive. Thus, the current versions of genome anno-
tations and core metabolic pathways, for both of the
MD bacteria being analyzed, need to be revised,
particularly for glycan degradation, sugar metabo-
lism, amino acid and vitamin biosynthesis, and
mucolytic enzymes (Figure S2¢,d).

Reconstructed core metabolism elucidated the
mucin-dependent fermentation of MD bacteria

We attempted to reannotate mismatched/unassigned
1,066 A. muciniphila genes (~50.2% of the total CDSs
after Phase I) and 1,799 R. gnavus genes (~53.7%)
(Figure S3 and Dataset S1). Firstly, we performed
comprehensive domain and structure similarity
searches for the CDSs of both MD bacteria using an
InterPro DB-based analysis (Phase II). We further
analyzed the genome contexts of the relevant protein-
encoding genes by constructing gene arrays and clus-
ters, from conserved gene pairs, to identify several
mismatched and unassigned genes using the
PATRIC DB (www.patricbrc.org). In Phase III, we
reassigned 1,086 A. muciniphila genes (51.2% of the
total genes) and 1,843 R. gnavus genes (55.0%)
(Dataset S2). Further, we annotated unmatched and/
or mismatched genes involved in core metabolism
and mucolytic enzymes using CAZy, MEROPS, and
SulfAtlas DBs (Phase IV). For further validation, these
annotated genes were subjected to protein structure
homology modeling, using SWISS-MODEL, before
structural comparison to previously published homo-
logues (Dataset S3). Consequently, we reassigned
1,110 proteins (52.3%) for A. muciniphila and 1,847
proteins (55.1%) for R. gnavus.

The PGAP- and ModelSEED-based annotations
revealed that A. muciniphila possess a functional
module for the Embden-Meyerhof-Parnas (EMP)
and propionate fermentation pathway (Figure S4a).
The ModelSEED-based AMUC_RS10850 annotation

revealed that A. muciniphila could not ferment
mucin-derived sugars and amino acids to propionate.
However, our annotations revealed that
AMUC_RS10850 was reassigned as pyruvate carbox-
ylase, coincided with the PGAP annotation (Dataset
$4), indicating that this bacterium can produce pro-
pionate via pyruvate. Although AMUC_RS08380 and
AMUC_RS10200 were annotated as alcohol dehydro-
genases in all DBs, A. muciniphila is unlikely to
encode the pyruvate decarboxylase enzyme needed
for ethanol production. We concluded, therefore, that
A. muciniphila can produce propionate through
a reductive TCA cycle, via methylmalonyl-CoA,
from various mucin-derived sugars.

Unlike A. muciniphila, R. gnavus has mixed-acid
fermentation pathways for various SCFAs except
for succinate (Figure S4b). For instance, we rean-
notated several functional genes (i.e., RGna_15055,
RGna_15060, and RGna_15070) involved in
1,2-PDO degradation (Dataset S4). Accordingly,
R. gnavus may ferment mucin-derived fucose to
propionate  using lactaldehyde reductase
(RGna_15100) through the 1,2-PDO degradation
pathway. In addition, the genome context analysis
assigned RGna_15025 as a glycyl radical protein,
which activates pyruvate formate lyase for
1,2-elimination and 1,2-PDO utilization reactions.
Consequently, our comprehensive annotations
enabled us to manually curate 14 enzymes involved
in the core metabolic pathways for A. muciniphila
and R. gnavus (Dataset S4). We also curated 25
enzymes potentially involved in mucin degradation
for these bacteria. Indeed, A. muciniphila and
R. gnavus have a variety of mucolytic enzymes,
including carbohydrate-binding modules (CBMs),
glycoside hydrolases (GHs), peptidases, and sulfa-
tases (Figure S4c). However, the GHs of
A. muciniphila markedly differ from those of
R. gnavus (Figure S4d). Therefore, the distinct sets
of mucolytic enzymes in these MD bacteria may
allow them to utilize different mucin-derived sub-
strates, resulting in their different metabolic
profiles.

The growth rates and metabolic features of MD
bacteria vary in nutrient-dependent manners

The two MD bacteria were cultivated in rich and
defined media supplemented with various mucin
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constituents to quantify biomass and production
yields. A. muciniphila grown in BHI medium pri-
marily produced succinate (0.78 g/L), with much
lower levels of propionate, acetate, and formate
(Figure 1c). The addition of 1% glucose or 0.5%
mucin to BHI increased biomass yields (Y/s) 1.58-
and 1.82-fold, succinate production to 1.13 g/L and
0.94 g/L, and propionate production to 0.21 g/L
and 0.19 g/L, respectively (Fig. S5a and Table S2).
On the other hand, A. muciniphila grown in its
defined medium (AD) supplemented with 0.5%
mucin (ADM) mainly produced propionate and
acetate (Figure Ic). Production yield (Y,/) and
cell yield (Yy/s) were 6.3-fold and 10-fold higher,
respectively, than those in BHI (Table S§2).
Moreover, despite significant growth retardation,
A. muciniphila grown in AD with N-acetylated
galactosamine (GalNAc) and 25mM threonine
produced acetate and propionate exclusively with
a 2.6-fold higher Y, than A. muciniphila grown in
BHI (Figure S5b). These results suggest that SCFA
production is influenced by the availability of
sugars derived from mucin (Figure le). Notably,
the highest specific growth rate (p) of
A. muciniphila in ADM indicates a higher substrate
preference for mucin than for other sugars.
Collectively, the fermentation of sugars from
mucin by A. muciniphila results in the production
of propionate and acetate, as the predominant
SCFAs, and succinate, 1,2-PDO, and formate as
minor metabolites.

R. gnavus grown in the Tryptic Soy Broth
(TSB) medium produced ethanol, acetate, and
formate, with low levels of lactate and
1,2-PDO (Figure 1d). The addition of glucose
or mucin to TSB altered neither the organic acid
profiles nor Y, and Yy,,. However, this bacter-
ium exhibited the highest specific growth rate in
TSB supplemented with mucin (Table S3).
R. gnavus grown in a defined medium (RD)
supplemented with other sugars except for
mucin and fucose, fermented sugars to yield
the same primary fermentation products
(Figures. 1d and S5c-d). Cells grown in RD
supplemented with various sugars and amino
acids exhibited 5- to 8-fold higher Y., and
Y. respectively, than in TSB (Table S3).
However, supplementation with either amino
acids (alone) or mucin did not increase yield
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coefficients, indicating that, unlike
A. muciniphila, R. gnavus did not grow well in
defined medium supplemented solely with
mucin. The fermentation profiles of R. gnavus
varied when it was grown in RD supplemented
with mucin (RDM), fucose (RDF), or galactose
(RDG) (Figure 1f). Cells grown in the presence
of mucin produced acetate and formate primar-
ily, whereas growth in RDF resulted in the pro-
duction of acetate, formate, and propionate via
1,2-PDO degradation (Figure 1f).

Multivariate principal component analysis
(PCA) was performed to compare the metabo-
lites derived from different nutrients. The PCA
plot showed a clear distinction between the
bacterial cultured and uncultured media
(Figure S6a,b). Of the metabolites significantly
altered by bacterial culture broths, 54 metabo-
lites were identified using accurate mass and/or
MS/MS fragmentation with the help of data-
bases and the literature (Dataset S5). Among
them, 3-(indol-3-yl) lactate (ILA, C;;H;;NO3)
was found in significant amounts in the cultures
of both MD bacteria grown on mucin or its
constituents (Figure S6c). In A. muciniphila,
ILA production was significantly higher in AD
medium supplemented GalNAc (341.3-fold)
than in ADM (11.3-fold) (Figure S6d). In
R. gnavus, ILA production was increased in
RDM (485.7-fold), RDF (2.5-fold), and RDG
(34.7-fold), respectively. Although both MD
bacteria lack indole pyruvate-mediated pathways
for the production of ILA from tryptophan, they
still produce ILA. Additionally, an ion
(204.0688 m/z) that is predicted to be an ILA
derivative was found only when R. gnavus was
cultured in RDF. By contrast, this metabolite
was produced when A. muciniphila, was grown
in AD supplemented with either mucin or
GalNAc, indicating that mucin constituents
may induce the production of ILA derivatives
in both MD bacteria.

Both MD bacteria exhibited nutrient-dependent
changes in morphology and membrane fatty acid
composition

Electron microscopy revealed that A. muciniphila
cells grown in BHI or AD supplemented with
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GalNAc oval-shaped (Figure S7a,b).
However, the surface layer of A. muciniphila cells
grown in ADM was rougher than that of
A. muciniphila cells grown in BHI, and the cells
also formed long chains. The unsaturated fatty acid
content of cells grown in ADM was higher than in
other media (Figure S7¢). Intriguingly, the levels of
Ci6.0 and Cyg, fatty acids increased when cells were
grown on a mucin-containing medium, whereas
those of is0-Cy4 and anteiso-Cys,o fatty acids
decreased significantly (Dataset S6). R. gnavus
cells had a predominantly coccus-shape, but this
varied in a nutrient-dependent manner (Figure
S7d,e). Cells grown in RDM aggregated, and the
thickness of each cell was slightly wider than cells
grown in TSB. When R. gnavus was grown in RDF,
cells were more compact and formed longer chains
than those grown in TSB. In addition, a net-like
structure was observed around the cell wall when
R. gnavus was cultured in RDM and RDF (Figure
S7e). The unsaturated fatty acid content of cells
grown in TSB was lower than those grown in
other media. In contrast to the levels of C,4. and
Ci6.0 DMA, those of C4.9 and C, g, increased when
cells were grown on mucin (Figure S7f and Dataset
S$6). Thus, changes in membrane thickness and cell
morphology correlated with the unsaturated fatty
acid contents of cellular membranes and the
lengths of fatty acids, indicating that cellular mem-
brane fluidity is associated with mucin utilization
by MD bacteria.

were

Comparative transcriptomic and proteomic
analyses revealed the unique metabolic features
of A. muciniphila and R. gnavus with distinct MD
activities

When gene expression in exponential-phase cells
of A. muciniphila grown in ADM or AD with
GalNAc and Thr was compared with gene expres-
sion in cells grown in BHI, 549 differentially
expressed genes (DEGs) and 285 DEGs, respec-
tively, were identified (Figures 2a,d). COG analysis
revealed DEGs between cells grown in ADM and
those grown in BHI involved in energy production
and conversion, carbohydrate transport and meta-
bolism, amino acid transport and metabolism, and
cell wall/membrane biogenesis (Figure 2b).
Remarkably, GlcNAc—-6-phosphate deacetylase

(AMUC_RS05110) was increased by 13.75-fold,
indicating that mucin-derived GIcNAc serves as
a primary nutrient for bacterial growth and acetate
production, consistent with the fermentation data
(Figure 1le). In the reductive TCA cycle,
AMUC_RS09035 and 09040 involved in the pro-
duction of succinyl-CoA from 2-oxoglutarate were
up-regulated, which might be related to an increase
in propionate in ADM. In particular, up-regulated
expression levels of AMUC_RS06705 (glutamine
synthetase I1I), AMUC_RS00215 (glutaminase A),
AMUC_RS06715 (glutamate synthase), and amino
acid permease (AMUC_RS00210/03895) might
furnish amino acids and building blocks through
arginine biosynthesis for bacterial growth.
Furthermore, genes, including the chaperones
HtpG/GroES/DnaK and protein turnover, were up-
regulated, demonstrating that A. muciniphila
might express these genes together with glycan
degradation enzymes (e.g., GH2/20/29 and sulfa-
tase) when mucin is the primary nutrient for bac-
terial growth. On the other hand, rmIB and gmd
genes involved in LPS synthesis were down-
regulated, indicating that A. muciniphila generates
lower amounts of LPS when it is grown in ADM
than when it is grown in BHI. Thus, A. muciniphila
showed unique expression patterns for utilizing
mucin or its constituents.

Gene set enrichment analysis (GSEA) of DEGs
revealed that bacterial defense systems were all
down-regulated when A. muciniphila was grown
in the presence of mucin (Figures. 2¢, S8 and S9).
On the other hand, nitrogen, Ala, Asp, and Glu
metabolic modules were up-regulated in ADM,
indicating that the biosynthesis of these amino
acids is required for bacterial growth. Some pro-
teins (i.e., AMUC_RS06705, AMUC_RS00215, and
AMUC_RS02075) were highly expressed in cells
grown in ADM compared with cells grown in
BHI or were exclusively identified in cells grown
in ADM (i.e., AMUC_RS00215). Additionally,
amino sugar and nucleotide sugar metabolism,
other glycan degradation, and sphingolipid meta-
bolism were highly up-regulated when
A. muciniphila was grown in the presence of
mucin compared with growth in the presence of
GalNAc (Figures. 2f and S8b).

Transcriptome analysis revealed 440 DEGs
between R. gnavus grown in RDM and R. gnavus
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Figure 2. Nutrient-dependent distribution of gene expression for A. muciniphila and R. gnavus. (a) Volcano plot of RNA-seq
transcriptome data of A. muciniphila grown in ADM versus BHI. Up represents significantly up-regulated genes [>2-fold change
(FC) in normalized transcripts per million (TPM), P-value (P) <0.05]. (b) Proposed metabolic features when A. muciniphila was
grown in ADM versus those when it was grown in BHI. Red color: up-regulated genes and metabolic features in mucin-
containing medium. Blue color: up-regulation in each media. (c) Dot plot of enriched analysis performed using the KEGG
database when A. muciniphila was grown in ADM versus BHI. (d) Volcano plot of RNA-seq transcriptome data of A. muciniphila
grown in ADM versus GalNAc. (e) Proposed metabolic features of A. muciniphila grown in ADM versus GalNAc. (f) Dot plot of
results of enrichment analysis when A. muciniphila was grown in ADM versus GalNAc. (g) Volcano plot of RNA-seq
transcriptome data of R. gnavus grown in RDM versus TSB. (h) Proposed metabolic features of R. gnavus grown in RDM
versus TSB. (i) Dot plot of the results of enrichment analysis when R. gnavus was grown in RDM versus TSB. Dot plot showing
the four enriched pathways. (j) Volcano plot of RNA-seq transcriptome data of R. gnavus grown in RDM versus RDF.
(k) Proposed metabolic features of R. gnavus grown in RDM versus RDF. (I). Dot plot of results of enrichment analysis
when R. gnavus was grown in RDM versus RDF.
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grown in TSB and 249 DEGs between cells grown
in RDM and those grown in RDF (Figure 2g,j).
COG analysis revealed that cells grown in RDM
induced genes involved in energy production and
conversion, nucleotide transport and metabolism,
carbohydrate transport and metabolism, transcrip-
tion, replication/recombination and repair, and cell
wall/membrane biogenesis (Figure 2h). In particu-
lar, fucose isomerase (RGna_15280) and carbohy-
drate kinase (RGna_15275) were 11.16-fold and
4.41-fold higher in cells grown in RDM than in
those grown in TSB, respectively. ManNAc
—6-phosphate 2-epimerase (RGna_08350), siali-
dase (GH33, RGna_08355) were also 7.81-fold
and 8.81-fold higher, respectively. These results
indicated that mucin-derived fucose and neurami-
nate serve as nutrients for R. gnavus, in agreement
with the growth data (Figure 1d). Moreover, the
expression of RGna_ 04335 and 04340 encoding
ABC transporter permeases involved in localiza-
tion was 24.29-fold and 26.59-fold higher, respec-
tively, in cells grown in RDM than in those grown
in RDF, suggesting that these transports might be
neuraminate transport. Following glycolysis, pfl
(RGna_15515), Idh (RGna_09990), and adhE
(RGna_08150) were down-regulated, resulting in
decreased production of formate, lactate, and etha-
nol, in support of the fermentation data in RDM
(Figure 1d). Interestingly, the expression of
RGna_15045 and RGna_15100 involved in the
degradation of fucose and 1,2-PDO was signifi-
cantly higher in R. gnavus grown in RDM than in
R. gnavus grown in RDF (Figure 2k). Together with
the proteomic data (Figure S10d), the transcrip-
tomic results confirmed that R. gnavus grown on
fucose produced propionate but rarely ethanol
(Figure 1d,f). Moreover, the transcriptomic and/
or proteomic data validated gene functions, such
as RGna_15035 (fuculose-phosphate aldolase),
RGna_15100 (propanal dehydrogenase),
RGna_15055 (EutM/PduA/Pdu]J-like protein 2),
and RGna_15060/15065 (propanediol utilization
protein PduA), which were highly up-regulated in
RDF (Datasets S8-9 and Figure S10d). In addition,
the  DeoR/GIpR  transcriptional  regulator
(RGna_07620), involved in posttranscriptional
processing, and the Crp/Fnr family transcriptional
regulator (RGna_07660), involved in responses to
environmental changes, were up-regulated in

RDM. However, FtsE (RGna_07475) and FtsX
(RGna_07470) involved in cell division were down-
regulated in RDM compared to RDF. In addition,
sortase (RGna_09235) and SpaH/EbpB family
(RGna_09240), involved in pilus polymerization,
were down-regulated in RDM compared with
TSB or RDF. Those genes might be involved in
determining cell morphological shape, resulting in
more compact growth in RDF (Figure S7).

GSEA revealed that two metabolic modules, oxi-
dative phosphorylation and ascorbate/aldarate
metabolism, were commonly up-regulated in cells
grown in RDM compared with cells grown in TSB
or RDF (Figures 2i,] and S7c-d). Genes involved in
ascorbate/aldarate metabolism were also specifically
up-regulated after growth in RDM compared with
growth in RDF, suggesting that R. gnavus might use
ascorbate as a carbon source via pentose and glucur-
onate interconversions, using several genes (i.e.,
RGna_07065, 07615, 15135, and 15,275) highly up-
regulated in RDM (Dataset S8). By contrast, genes
involved in fatty acid biosynthesis and metabolism
were down-regulated following growth in RDM
compared with growth in TSB (Figure S8c), whereas
genes involved in Arg metabolism, 2-Oxocarboxylic
acid metabolism, and microbial metabolism in
diverse environments were down-regulated when
R. gnavus was grown in RDM compared with
growth in RDF (Figure S8d).

A comparison of DEGs related to glycan degra-
dation and GSEA revealed that A. muciniphila has
a much broader substrate preference for mucin
than R. gnavus (Figure 2), thereby promoting
a higher biomass yield for A. muciniphila grown
on mucin. Indeed, GHs (GH 2, 16, 20, 89, 95, and
110), peptidases (M60 metallopeptidase), and sul-
fatase were highly expressed when A. muciniphila
was grown in ADM (Figure 3a), in partial agree-
ment with previous proteomic data*’. However,
R. gnavus does not express GHs 16, 20, and 89 or
sulfatases. In addition, among five GH 2 enzymes,
only RGna_07950 was highly up-regulated follow-
ing growth in RDM. Rather, R. gnavus showed
higher expression levels of distinct glycolytic
enzymes such as GHs 29, 33, 95, 98, and peptidases
(Figure 3b). Some putative mucolytic enzymes (i.e.,
GH 2 and 42) were more highly expressed in cells
grown in TSB than in those growth in RDM, indi-
cating that these enzymes, including GH 2
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the utilization of available nutrient sources dif-
between MD bacteria

bacterial adhesion and degradation of mucin,
fers

Collectively, growth medium-specific DEGs-
based enrichment analyses indicated that MD
bacteria use markedly different metabolic mod-
ules, including mucolytic enzymes for mucin

A. muciniphila-induced cleavage pattern of mucin. (d) R. gnavus-induced cleavage pattern of mucin. *, carbohydrate binding module

(CBM). Bold letters: mucin-specific up-regulated enzymes. Regular letters: up-regulation of enzymes in mucin and complex media.

the nutrient-dependent expression profiles of enzymes involved in mucin-degradation in A. muciniphila (a) and R. gnavus (b). (c)
Gray letters: the enzymes not up-regulated in media containing mucin.

Figure 3. Mucin-degrading enzyme expression profiles based on transcriptome analysis of MD bacteria. (a-b) Heatmap visualization of

(RGna_14530) are probably not specifically
involved in mucin degradation. Among GHs,
CBMs 32 and 51 were highly up-regulated in
A. muciniphila following growth in mucin,
whereas CBMs 40, 48, and 50 were highly up-
regulated in R. gnavus, suggesting that after

(RGna_11790 and RGna_12080) and GH 42
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catabolism, reflecting distinct bacterial growth,
fermentation capacity, and mucolytic activity.

MD bacteria grown in specific nutrients
differentially regulate host immune responses

To investigate the effect of MD bacterial metabo-
lites on the host immune responses, we quantified
the expression levels of metabolite receptors in
RAW  264.7 macrophages treated with
A. muciniphila- (AMCS) or R. gnavus-culture
supernatants (RGCS). Notably, the expression
level of Gpr41, which is activated by propionate
and butyrate, was not significantly increased in
macrophages treated with BHI-derived AMCS. By
contrast, Gpr41 expression was significantly up-
regulated in macrophages treated with ADM-
derived AMCS (Figure 4a). Neither BHI-derived
nor ADM-derived AMCS altered the expression
level of Gpr43, which is activated by propionate,
butyrate, and acetate*'. In addition, the expression
level of the Gpr91 gene encoding GPRII
(SUCNR1), which is induced by succinate®®, was
not significantly increased in macrophages treated
with BHI-derived AMCS (Figure 4a). Thus, the
increased concentration of propionate in ADM-
derived AMCS specifically enhanced the expres-
sion level of Gpr41 in macrophages. These results
correspond with SCFA profiles of A. muciniphila
(Figure 1e), in which propionate was the predomi-
nant SCFA. In addition, the expression of the
Mrgprd gene, which is induced by B-alanine®’,
was also increased following exposure of macro-
phages to ADM-derived AMCS (Figure 4a). The
N-methyl-p-aspartate receptor (NMDAR) is acti-
vated through either glutamate or aspartate
binding**. The mRNA expression of Glun2a,
which encodes a subunit of NMDAR, was up-
regulated in macrophages exposed to both ADM-
and BHI-derived AMCS. However, the expression
level was higher in macrophages exposed to the
ADM-derived AMCS (Figure 4a). These data cor-
respond to the up-regulation of the metabolic
modules associated with the synthesis of f-
alanine, aspartate, and glutamate/nitrogen seen in
the enrichment pathway when A. muciniphila was
grown in ADM (Figure S8a). The mRNA expres-
sion of AhR was up-regulated only in ADM-
derived AMCS together with a significant increase

in ILA production (Figure S6d). Collectively, the
results show that different metabolites produced by
A. muciniphila in nutrient-dependent conditions
differently activate the receptors on host macro-
phages. Moreover, metabolites secreted following
growth in ADM are more potent stimulators of
host immune cells than those secreted following
growth in BHI.

For R. gnavus, Gpr41 expression increased only in
macrophages treated with RDF-derived supernatant
(Figure 4b), which correlates with the increased pro-
pionate production observed when R. gnavus was
grown in the presence of fucose (Figure 1f).
However, there was no significant difference in
Gpr43 expression level in macrophages treated with
supernatants derived from any of the growth media.
Thus, these data revealed that R. gnavus metabolites
from fucose were likely to communicate with the host
via GPR41. The expression level of AhR, a nuclear
receptor induced by tryptophan metabolite**",
increased in macrophages treated with RDM-
derived supernatant only (Figure 4b) and is likely to
be due to the presence of ILA, which was produced
most abundantly following growth of R. gnavus in
RDM (Figure S6d). Although media supplemented
with fucose and galactose also stimulated the produc-
tion of ILA by R. gnavus, RGCS derived following
growth in these media did not induce higher AhR
expression in macrophages. The expression of the
cubilin receptor gene (Cubn) was comparable in
macrophages exposed to RGCS derived from all MD
bacteria cultures (Figure 4b), indicating that R. gnavus
does not produce cubilin ligand(s). Collectively, these
results suggest that R. gnavus likely produces metabo-
lites that communicate with host cells.

Next, we examined whether A. muciniphila
and R. gnavus cells following growth on different
media elicited inflammatory-related signals in the
host by measuring the cytokines and polarization
markers in  macrophages. = ADM-derived
A. muciniphila induced significantly lower levels
of expression of the pro-inflammatory cytokines
interleukin (II)-1b and Il6 than BHI. By contrast,
the expression level of the anti-inflammatory
cytokine I/10 was higher in macrophages treated
with the ADM than in those treated with the BHI
(Figure 4c). Similarly, the expression level of
Arginase 1 (Argl), a marker of anti-
inflammatory macrophages, was also significantly
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Figure 4. The differential expression of metabolite receptors (a and b) and pro-inflammatory and anti-inflammatory markers (c and d)
in macrophages regarding the different nutrients for MD bacteria. (a) mRNA expression of Gpr41, Gpr43, Gpr91, Mrgprd, and Glun2a in
RAW 264.7 macrophages treated with culture supernatants of A. muciniphila grown in BHI or ADM for 24 h. (b) mRNA expression of
Gpra1, Gpr43, AhR, and Cubn on RAW 264.7 macrophages treated with culture supernatants of R. gnavus grown in TSB, mucin, fucose,
or galactose containing medium for 24 h. Results were obtained by RT-PCR and normalized to B-actin expression as relative
expression. Uncultured media were used as the control. (c) mRNA expression of ll1b, 116, Nos2, 1110, and Arg1l on RAW 264.7
macrophages treated A. muciniphila grown in BHI or ADM. (d) mRNA expression of 1l1b, 116, Nos2, 1110, and Arg1 on RAW 264.7
macrophages treated with R. gnavus grown in TSB, mucin, fucose, or galactose-containing media. The results were measured by RT-
PCR and normalized with B-actin expression. Data are shown as mean =+ SD, representative of two independent experiments. The
comparison was made using a one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

increased in macrophages treated with ADM-
derived A. muciniphila (Figure 4c). The expres-
sion of inducible nitric oxide synthase (Nos2),
a marker of pro-inflammatory macrophage, was

comparable
A. muciniphila derived from each growth media.
Thus, these data suggest that when cultured in
mucin-containing

in macrophages treated with

media, A.  muciniphila
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produces extracellular metabolites with anti-
inflammatory properties. On the other hand,
R. gnavus grown in RDM showed higher expres-
sion of pro-inflammatory genes, Il1b, Il6, and
Nos2 than R. gnavus grown in TSB, whereas
R. gnavus grown in RDF or RDG showed signif-
icantly lower levels of pro-inflammatory gene
expression than R. gnavus grown in RDM or
TSB. Remarkably, R. gnavus following culture in
RDF showed pronounced expression of 110,
whereas R. gnavus following growth in TSB or
RDG did not. Finally, R. gnavus showed the
highest expression of Argl when grown in RDM
and lower expression when RDF-, RDG-, and
TSB-grown R. gnavus (Figure 4d). Thus, when
grown in media supplemented with mucin,
R. gnavus induces both anti-inflammatory and
pro-inflammatory immune responses.

Different dietary intakes significantly modulated
the abundance of MD bacteria and the host gut
mucosa response in vivo

We conducted an animal study using specitfic
pathogen-free conditioned mice to investigate the
effects of different diets on the abundance of MD
bacteria and their metabolic features in the gut
microbial community. The mice were fed with
a high-fat diet containing 60% fat (HFD) or a fiber-
rich diet supplemented with 10% inulin (ID)
(Figure 5a). The HFD-fed mice gained significantly
more body weight than the ID group (Figure 5b),
and had increased inguinal white adipose tissue
(iWAT) and epididymal white adipose tissue
(eWAT) weights compared to the ID group
(Figure 5c). More importantly, the modified diets
differentially regulated the thickness of the mucus
layer and goblet cell numbers in the colon, with
thinner mucus layers and lower goblet cell num-
bers observed in the HFD-fed mice compared to
ID-fed mice (Figure 5d,e). In addition, the expres-
sion of I110 anti-inflammatory cytokine was signif-
icantly higher in the intestinal epithelial cells (IEC)
isolated from colon of ID-fed mice compared to
HFD-fed mice (Figure S11a). These results suggest
that HFD induces improper mucus production,
while ID maintains proper mucus production and
regulates host gut immunity by inducing the anti-
inflammatory cytokine expression.

To investigate the effects of different diets on gut
microbiota including MD bacteria, we analyzed the
composition of gut microbiota in feces from mice fed
with HFD and ID diets after 4-week diet intervention.
Alpha diversity was significantly lower in mice fed
with ID compared to HFD (Figure 5f; P=0.001),
while diet explained about 48% of the variability in
microbiota composition (R*=0.48, P=0.001). At the
family levels, microbes belonging to 19 families
showed significant differences between HFD and ID
diets, excluding the unclassified group (P < 0.05), with
Akkermansiaceae, Bacteroidaceae (including MD
bacteria), Lactobacillaceae, and Enterococcaceae, sig-
nificantly higher in mice fed with the ID compared to
HED, and Ruminococcaceae higher in mice fed with
HED (Figure 5h). We built a microbial community
model at the family level using MICOM?Y,
which indicated that the growth rates of
Akkermansiaceae, Bacteroidaceae, Lactobacillaceae,
and Enterococcaceae were higher in the ID diet
group (Figure 5i). Predicted metabolic fluxes showed
that acetate, indole, and 2-oxobutanoate (as
a precursor of propionate) fluxes were significantly
higher in the ID diet, while succinate flux was not
significantly different (Figure 5j and Dataset S10). Our
findings suggest that mucin-preferable bacteria, such
as Akkermansia and Bacteroides, may affect the
growth of commensal bacteria. Therefore, our results
provide insights into the importance of dietary intake
on taxonomic profiles of MD bacteria and their pre-
dicted metabolites.

The expression of Gpr41 and Gpr43, which are
responsible for SCFA signaling, was slightly
increased in ID-fed mice than HFD-fed mice
(Figure S11b). However, the Ahr expression was
comparable between HFD- and ID-fed mice. Our
data suggest that a healthy mucus layer condition
promoted by an inulin-supplemented diet plays
a significant role in maintaining gut microbiota
homeostasis, primarily by boosting MD bacteria
function in the community. These results empha-
size the importance of nutrition availability context
for modulating MD bacteria activities, which could
determine its phenotypes toward inflammation.

Discussion

In the present study, we reconstructed the core meta-
bolic and fermentation pathways of A. muciniphila
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Figure 5. Effects of high-fat diet and high-fiber diet on gut microbiota composition in mice. (a) Schematic of dietary intervention and sample
collection. (b) Weekly body weight measurements of mice fed high-fat diet and high-fiber diet (n = 8). (c) Length of colon and weight of iWAT,
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< 0.01, ****P < 0.0001. Outliers are represented with the black diamonds. (j) Metabolic fluxes from mice fed high-fat diet and high-fiber diet.
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and R. gnavus to determine whether the metabolic
teatures of these MD bacteria would differ when they
are grown with and without mucin. Growth kinetics
and multi-omics data suggested that MD bacterial
SCFA profiles are influenced by the availability of
mucin constituents (Figures 1 and 2). In the presence
of mucin, A. muciniphila produces propionate
through the succinate pathway (Figure S4a), suggest-
ing that mucolytic activity renders this bacterium
beneficial for the gut ecosystem and host immune
system®®. By contrast, BHI-grown cells predomi-
nantly produced succinate and much less propionate
and acetate than when grown in ADM (Figure le).
Indeed, MD bacteria under nutrient-rich conditions,
in the absence of mucin, are more detrimental than
beneficial to host immunity*. The variable fermenta-
tion profiles observed in this study point to microbe-
specific phenotypes and this is likely to impede the
discrimination between beneficial and harmful MD
bacteria in terms of their effects on host health and
disease progression. In the presence of mucin,
R. gnavus produces formate and acetate, presumably
due to its unavailability of mucolytic enzymes
(Figures 1d,b). Nevertheless, this bacterium also pro-
duces pronounced amounts of propionate via the 1,
2-PDO degradation pathway, but only when fucose is
abundant (Figure 1f). These results demonstrate that
both of the MD bacteria have distinct substrate pre-
ferences for mucin constituents and express distinct
profiles of mucolytic enzymes in a nutrient-
dependent manner (Figure 3). The differences in the
fermentation profiles correlated with cell morphology
and membrane fatty acid compositions (Figure S7).
Cell envelope stress responses are highly associated
with the modification of outer- and inner membranes
which, in turn, affects cellular integrity, growth rates,
and fermentation features™. In this regard, the nutri-
ent-dependent nature of SCFA production, metabo-
lism, and cell morphology may contribute to niche
adaptation and pathogenesis of MD bacteria®'.

The GSEA data revealed that nitrogen metabo-
lism (Ala, Asp, and Glu) was significantly up-
regulated, concomitantly with amino acid biosynth-
esis by the enzymes glutamine synthase, glutamate:
GABA antiporter, and amino acid permease, when
A. muciniphila was grown in ADM (Figures 2c and
5a). Since A. muciniphila possesses a variety of GHs
and peptidases for the utilization of mucin as
a nutrient source, the metabolic products of these

enzymes are likely to have knock-on effects on
microbial glutamine auxotrophs and microbes that
are sensitive to GABA, as observed previously for
lactic acid bacteria (LABs) in the cross-feeding net-
work of the gut ecosystem™. Therefore, the metabo-
lites produced by A. muciniphila might have potent
effects in mucin-rich environments. The GSEA and
metabolome results showed that R. gnavus had both
beneficial and adverse effects on host gut immunity
when it was grown in medium containing mucin.
When R. gnavus adheres to mucin and produces
glucorhamnan, it induces inflammatory cytokine
secretion in the host gut*®. However, the expression
of genes (RGna_17540 ~ 17650) involved in glucor-
hamnan polysaccharide biosynthesis was lower in
R. gnavus in medium containing mucin than in TSB
(Dataset S8). Oxidative phosphorylation, in addition
to CBM expression, was up-regulated in R. gnavus
grown in RDM, which might increase bacterial
adhesion to mucus™ (Figsure 2 and 3). In addition,
R. gnavus produces ILA in the presence of mucin
(Figure S6), which can have anti-inflammatory
effects in the immature intestine®*. Furthermore,
although high concentrations of long chain fatty
acids (Cy,_50) can induce the expression of virulence
genes in E. coli (EHEC)™, R. gnavus probably does
not induce virulence genes in the presence of mucin
because the expression of fatty acid synthesis genes,
including accB, fabD, fabF, fabG, and fabK, were
lower when it was grown in RDM than when it
was grown in TSB (Figure S8c). Taken together,
these results demonstrate that the distinct metabolic
features of MD bacteria play a crucial role in the
maintenance of intestinal gut microbiota and the
regulation of host gut epithelial immunity.

The dominance of MD bacteria and/or their
mucolytic activities in the gut are directly related
to the functionality of the highly O-glycosylated
mucus layer in maintaining gut homeostasis. The
O-glycosylated layer serves as a source of carbon,
nitrogen, and sulfur for MD bacteria and other
commensal bacteria in the human GI tract.
Several specific mucolytic enzymes, including
GHs (e.g, GH 16 family enzymes from
Bacteroides spp’®, peptidases, and sulfatases, have
been identified but have not yet been fully charac-
terized. Since A. muciniphila has a high preference
for mucin, it may flourish in environments such as
the gut, where mucin is likely to be a major carbon



source. The comparative transcriptomic data sug-
gest that CBM 32/51 and sulfonate binding pro-
teins (SBPs) (i.e., AMUC_RS00610, 02255, 02260,
06930, and 06940), which were highly up-regulated
in ADM, may be novel mucolytic enzymes
(Figure 3a and Dataset S7). These cell surface
enzymes directly bind to a component of mucin.
In addition, GH 2 encoding CBM contributes to
the cleavage of the Gal-p-1,3-GIcNAc bond, and
GH 20 cleaves the core 1, 2, and 4 regions of
O-glycan mucin. Furthermore, potential mucolytic
enzymes include GHs 16, 29, 33, 89, 95, M60, and
sulfatases (Figure 3c). In the case of R. gnavus, GH
33 encoding CBM 40 is likely to cleave the Gal-
a2,3/6-GlcNAc bond because CBM 40 was highly
up-regulated in RDM, and potential mucolytic
enzymes also include GHs 2, 95, 98 (Figure 3b).
However, this bacterium does not seem to cleave
the core 1, 2, and 4 regions of O-glycan mucin
due to lack of GH 20. Although peptidase might
be used to cleave the glycoprotein backbone,
turther study is needed to determine which site
is preferentially cleaved. Collectively, the results
indicate that GH, CBM, and SBP enzymes play
a crucial role in binding and cleaving mucin,
indicating that A. muciniphila has a broader
range of MD enzymes including GHs than
R. gnavus.

Nutrient-dependent changes in propionate and
butyrate produced by gut microbiota contribute to
immune development and improve gut barrier
function by stimulating GPR41 and GPR43”’. By
contrast, succinate exacerbates autoimmune and
autoinflammatory diseases via the receptor
GPR91°®, Indeed, these SCFAs activated GPR 41
in macrophages (Figure 4a,b) and higher GPR41
and GPR43 expression in colon epithelial cells was
found in fiber-rich diet-fed mice (Figure S11b).
Furthermore, the nutrient-dependent metabolism
of A. muciniphila may also affect endocytosis and
trafficking by host epithelial cells and macro-
phages. Such metabolic variations raises the issue
of whether MD intestinal bacteria are pathobionts
like mucolytic Helicobacter pylori >° or (nonpatho-
genic) symbionts. Interestingly, MD bacteria exhi-
biting variable phenotypes can induce differential
host inflammatory responses™”. Recent studies have
highlighted the beneficial role of MD bacteria such
as A. muciniphila in ameliorating disease
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symptoms, such as IBD and obesity®®.
A. muciniphila has been suggested to attenuate
inflammation by stimulating AhR®*. Furthermore,
AhR was significantly up-regulated when this bac-
terium was grown in mucin (Figure 4a). Our
in vivo experiment data also suggest that ID diet
compared to HFD diet can increase indole, which
is beneficial for intestinal barrier integrity®
(Figure 5j). However, A. muciniphila, grown in
mucin-deficient media (e.g., BHI and Columbia
broth), exhibited pathogenicity in colitis-
associated colorectal cancer and Salmonella typhi-
murium-induced gut inflammation in gnotobiotic
mice’*®. Indeed, pathogen interference and
inflammation such as ulcerative colitis and high-
fat-induced obesity might disrupt the function of
goblet cells, leading to mucin depletion'"*>°°,
Since different mucin levels in culture media
resulted in different bacterial metabolic profiles, it
suggests that MD bacteria may provide endogen-
ous and exogenous factors that can influence the
complex structure of gut microbiota'>%". Indeed,
MD bacterial and probiotics abundance were sig-
nificantly increased in ID diet compared to HFD
diet (Figure 5h), and might affect iWAT, eWAT
and mucus thickness (Figure 5c-e). Besides, IL-10
as the anti-inflammatory cytokine, which is impor-
tant in maintaining intestinal homeostasis, was
expressed higher in colon epithelial cells of ID-fed
mice (Figure S11a). Furthermore, such physiologi-
cal changes associated with nutrient-dependent
MD bacterial metabolites, including bacterial mur-
amyl dipeptides, can influence the pathogenesis of
Crohn’s Disease®®. This idea is supported by our
data showing that macrophages exposed to
a  culture supernatant obtained from
A. muciniphila, following growth in complex med-
ium without any mucin supplementation, pro-
duced higher levels of pro-inflammatory markers.
By contrast, R. gnavus supernatants obtained after
culture in mucin-containing media showed high
pro-inflammatory attributes. R. gnavus showed
low pro-inflammatory characteristics when it was
grown in RDF, together with ILA derivative only
produced in RDEF. Intriguingly, R. gnavus,
a pathobiont for IBD®, has been reported as
a predominant strain in the intestine of infants,
along with Lactobacillus, Bifidobacterium, and
Clostridium , hence the nature of Ruminococcus
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metabolites warrants further investigation.
Nutrient-dependent variations in MD bacterial
metabolite production can be regarded as bacterial
adaptations to the host niche, but they can also
influence host physiology, tissues, and intestinal
homeostasis. Diet-induced variations in physiology
and metabolism of MD bacteria can impact host
health and disease status. In this regard, nutrient-
dependent variations in SCFA profiles and cell
membrane fatty acid compositions can activate
tissue-resident macrophages to produce pro-
inflammatory cytokines.

Previous studies have shown that dietary mod-
ifications can alter microbial composition and
mucosal layer function”®®’°, The functional phe-
notype of MD bacteria can be reflected by host
physiological and pathological conditions, such as
mucin availability and inflammatory status.
A. muciniphila can serve as a beneficial microbe
in a homeostatic environment or mucin-rich envir-
onment, owing to its supporting metabolites.
However, in a highly inflamed or mucin-depleted
environment, A. muciniphila might degrade the
remaining mucin in a more pathogenic manner,
leading to the growth of pathobionts”'. In contrast,
the R. gnavus has a different functional phenotype,
as it requires a more specific mucin composition to
enhance its beneficial role. For example, a diet con-
taining fucose, such as fucosyllactose, might reveal
this phenomenon”?,

In conclusion, A. muciniphila plays a vital role in
degrading mucin into its monomeric constituents,
which are further metabolized, yielding propionate
and acetate (Figure 6). R. gnavus could utilize
fucose as its primary carbon source to beneficially
boost its growth and support the beneficial role of
A. muciniphila. The reprogramming possibilities
are complicated by variations in nutrient-specific
MD capabilities. Thus, A. muciniphila cannot
always be considered a beneficial microbe since it
induces higher expression of pro-inflammatory
markers on macrophages following growth in com-
plex media lacking mucin. Similarly, a disease-
associated organism such as R. gnavus may not be
harmful to the host when it is present under certain
environmental conditions. This research has
revealed the context-dependency of MD bacteria,
whose metabolism and host effects are altered by
nutrient availability. Furthermore, in vivo models

also showed histological, and gut microbiota
including MD bacteria and commensal bacteria
changes depending on dietary intakes. Thus, con-
trolling microbial communities in the GI tract by
influencing the abundance of MD bacteria and
their metabolic functions via nutrient availability
is a promising therapeutic strategy for rebalancing
the colonic microbiota in many human diseases.

Materials and methods

Additional details are provided in supplementary
file

Bacterial strains and growth conditions
Akkermansia muciniphila Muc! (ATCC BAA-835)
and Ruminococcus gnavus (ATCC 29,149) were
grown anaerobically in serum bottles sealed with
butyl-rubber stoppers at 37°C. A. muciniphila was
cultured in either complex medium, BHI or
a minimal medium*’ supplemented with type III
hog gastric mucin (Sigma-Aldrich, St. Louis, USA)
or various nutrients. For R. gnavus, cells were
grown in either TSB as a complex medium, or
minimal medium supplemented with mucin, glu-
cose, N-acetyl glucosamine, galactose, or fucose.

High-performance liquid chromatography (HPLC)
Bacterial culture broths (1 ml) were centrifuged for
fermentative metabolite analysis, and analyzed
using an HPLC instrument (Waters 2695)
equipped with an HPX-87 H column that per-
forms separation with diluted sulfuric acid based
on ion-exchange ligand-exchange chromatography
at a column temperature of 47°C and an eluent
flow of 0.45 ml/min with 5mM sulfuric acid as
previously described””.

Transcriptome and proteome analysis

Total RNA was isolated from bacterial cells using the
RNeasy minikit (Qiagen GmbH, Hilden, Germany)
and ribosomal RNA was removed using the NEBNext
rRNA Depletion Kit (NEB) according to the manu-
facturer’s instructions. c¢DNA libraries were
sequenced using the Illumina NovaSeq (Illumina,
Inc., San Diego, CA, USA), and an average of
27.6 million reads per sample were obtained after
quality trimming (See supplementary Materials and
Methods for detailed procedures). Differential gene
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Figure 6. Proposed mechanism of metabolic features of MD bacteria. (a-b) Schematic diagram of the core metabolic pathways of
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expression was assessed while taking into considera-
tion gene length and sequencing coverage, by using
Transcripts Per Million (TPM) reads data. Genes with
a fold change > 2 in normalized TPM and a P-value <
0.05 were considered differential genes. The biological
functions and interactions of the differentially
expressed genes were determined using gene pathway
over-representation tests, and gene set enrichment
analysis (GSEA)”* was performed using the
R packages clusterProfiler.

For proteomic analysis, the preparation of
protein extracts and analysis of protein digests
were performed by reversed-phase HPLC-ESI-
MS/MS wusing a NanoLC-2D Ultra system
(Eksigent, Dublin, CA, USA) coupled to a nano-
ESI LTQ-XL mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) as previously
described*® (See supplementary Materials and
Methods for detailed procedures). Data analysis
was conducted using integrated tools in
PeptideShaker. MS and MS/MS spectra were
processed using MSConvert (ProteoWizard) to
convert raw data into peak lists (.mgf format).
Processed spectra were compared with the
FASTA database of R. gnavus ATCC 29,149
(UniProt Accession: UP000004410), using the
target decoy database search strategy. A list of
proteins and peptides was obtained, with a false
discovery rate (FDR) of less than 0.01 (1%).

Electron microscope (EM) analysis

Bacterial cells grown on different media were ana-
lyzed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (See sup-
plementary Materials and Methods for detailed
procedures). The SEM samples were covered with
a layer of gold-palladium using a Carbon Coating
Unit (EM ACE600, LEICA, Austria) and viewed
with an FE-SEM (Merin, Carl ZEISS, Germany) at
2.0 kV in high-vacuum mode. In the case of the
TEM, ultrathin sections were cut and stained.
Bacterial cells were then observed with a JEOL,
JEM-1011 transmission electron microscope,
using an accelerating voltage of 80 kV.

Fatty acid analysis
Cellular fatty acids were saponified, methylated,
and extracted from bacterial cells according to the

protocol of MIDI/Hewlett Packard Microbial
Identification System’>. The fatty acids were then
analyzed by a Gas chromatograph (model 6890N;
Agilent) equipped with a flame ionization detector
(FID) (See supplementary Materials and Methods
for detailed procedures).

LC-MS analysis of the extracellular metabolome
Bacterial cells were pelleted by centrifugation at
13,000 x g for 10 min, and the cell-free supernatant
was collected and injected into an ultra-
performance liquid chromatography/quadrupole
time-of-flight mass spectrometer (UPLCQ/TOEF-
MS; Waters Corporation, Milford, MA, USA) (See
supplementary Materials and Methods for detailed
procedures). Briefly, the metabolites were sepa-
rated using an Acquity UPLC BEH C18 column
(2.1 x100mm, 1.7pum particle size; Waters
Corporation). Data processing including mass ion
alignment and peak picking was performed using
Progenesis QI software (Waters Corporation). The
intensities of the mass peaks for each sample were
applied to multivariate statistical analysis with
Pareto scaling using the SIMCA-P + 12 software
(Umetrics, San Jose, CA, USA).

Fecal DNA extraction and 16S rRNA amplicon
sequencing

Fecal DNA was extracted using the QIAamp
PowerFecal Pro DNA Kits (QIAGEN, Germany)
according to the manufacturer’s instructions. For
PCR, 12.5 ng of DNA from each sample was ampli-
fied by PCR with Illumina 16S metagenomic
sequencing library preparation. V1-V3 16S rRNA
region was amplified with the 27F and 534 R pri-
mers. Sequencing was performed using the
[lumina Miseq platform with 2 x 300 bp paired-
end reads. Trimmed forward and reverse sequences
by fastp version 0.23.27° were concatenated by
JTax’’. An amplicon sequence variant table was
generated by filtering, dereplicating, and denosing
the sequences using DADA2’®. Reads were
assigned taxonomy using SILVA version 138.1
within the tool QIIME 2 version 2022.27°.
DADA2 was used as a plugin within QIIME 2.
Relative abundance and richness, including
observed OTUs and Shannon index, were shown
using the phyloseq, vegan, and ggplot2 R packages.



Growth rates and metabolic fluxes depending on the
microbial community composition

Each model corresponding on the gut microbial
communities of the HFD and ID groups in mice
was constructed by matching the AGORA models
version 1.03*" at the family level. The growth rates
and metabolic fluxes were predicted at a trade-off
value of 0.3 using MICOM®* and compared
between the HFD and ID groups. Statistical analy-
sis was performed using a paired t-test. Nutrient
flux models for the high-fat and high-fiber diets
were obtained from the MICOM media repository
(https://github.com/micom-dev/media).

Treatment of RAW 264.7 cells with bacteria culture
supernatant

The murine macrophage cell line, RAW 264.7
(KCLB), was cultured in Dulbecco’s modified eagle
medium (DMEM) (Corning, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS; Gibco,
United States) and 1% penicillin/streptomycin
(Corning). Culture supernatants were obtained by
sequential centrifugation of liquid culture broths of
A. muciniphila and R. gnavus. Then, 7.5% (v/v)
A. muciniphila-culture supernatant, R. gnavus-
culture supernatant, or uncultured media in a total
volume of 2 mL were added to the serum-free media,
and the «cells were cultured for 24hours.
A. muciniphila and R. gnavus were grown in different
media and were heat-killed at 100°C for 30 minutes.
Then, 3 x 10° CFU in 150 uL. DPBS was incubated
with RAW 264.7 macrophages in the serum-free
media in a total volume of 2 mL and incubated for
24 hours. Cells were collected and resuspended in
TRIZOL for RNA isolation. For quantitative Real-
Time PCR, the primers are listed in Table S4. B-actin
was used to normalize the CT value before the
expression of genes was calculated as the relative
mRNA expression. The results were representative
of at least two independent experiments and were
analyzed using a one-way ANOVA test.

Animal studies

Male C57BL/6 mice were purchased from
Orient Bio Korea and housed in a specific
pathogen-free animal facility. Experimental
diets were obtained from DooYeol Biotech
(Seoul, Korea). Seven-week-old mice from each
group were fed either a high-fat diet containing
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60% of fat or inulin-supplemented diet contain-
ing 10% inulin for 6 weeks. Fecal samples were
collected bi-weekly for gut microbiota analysis.
At the end of experiment, the colon and WAT
were collected for further analysis. All animal
experimental protocols were performed accord-
ing to regulations and experimental procedures
were approved by the Institutional Animal Care
and Use Committee at Soonchunhyang
University (SCH22-0009, SCH23-0005).

Histologic analysis of intestine

The mouse colons were fixed in Carnoy’s solution
and embedded in Tissue-Tek OCT compound.
OCT blocks were sectioned at 10 um thickness
and the slides were stained with Alcian Blue/
Periodic acid-Schiff (AB/PAS) for mucus measure-
ment. Mucin thickness was measured using Image]
software (NIH, USA).

The isolation of intestinal epithelial cells

The colons were isolated and flushed with cold 1x
PBS to remove luminal contents. Mesenteric fat tis-
sues were removed, and the colon was vertically
opened and cut into small pieces. The pieces were
then transferred into pre-digestion buffer (1x Hank’s
balanced salt solution without Ca, Mg, and phenol
red) (Cellgro), 1 mM DTT (Sigma-Aldrich), 5mM
EDTA (Sigma-Aldrich), 10 mM HEPES (Gibco),
and 2% FBS (Gibco). Samples were incubated at
37°C in a shaker for 20 min at 40 rpm. Intestinal
epithelial cells were obtained by passing through
a 70 um cell strainer. The cells were washed with
PBS and resuspended in Trizol™ for RNA isolation.
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