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Abstract

The intestinal tract is inhabited by a tremendous number of microorganisms, termed the gut microbiota. These microorgan-
isms live in a mutualistic relationship with their host and assist in the degradation of complex carbohydrates. Although the
gut microbiota is generally considered beneficial, the vast number of microbial cells also form a permanent threat to the
host. Thus, the intestinal epithelium is covered with a dense layer of mucus to prevent translocation of the gut microbiota
into underlying tissues. Intestinal mucus is an organized glycoprotein network with a host-specific glycan structure. While
the mucus layer has long been considered a passive, host-designed barrier, recent studies showed that maturation and
function of the mucus layer are strongly influenced by the gut microbiota. In return, the glycan repertoire of mucins can
select for distinct mucosa-associated bacteria that are able to bind or degrade specific mucin glycans as a nutrient source.
Because the intestinal mucus layer is at the crucial interface between host and microbes, its breakdown leads to gut bacte-
rial encroachment that can eventually cause inflammation and infection. Accordingly, a dysfunctional mucus layer has
been observed in colitis in mice and humans. Moreover, the increased consumption of a low-fiber Western-style diet in our
modern society has recently been demonstrated to cause bacteria-mediated defects of the intestinal mucus layer. Here, I
will review current knowledge on the interaction between gut bacteria and the intestinal mucus layer in health and disease.
Understanding the molecular details of this host–microbe interaction may contribute to the development of novel treat-
ment options for diseases involving a dysfunctional mucus layer, such as ulcerative colitis.
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Introduction

The intestinal microbial community, termed the gut microbiota,
lives in a mutualistic relationship with its host and produces
vitamins and other metabolites that are beneficial for host
physiology. However, although these microbiota-derived

molecules can signal to organs distant from the intestine [1],
their microbial producers need to be contained within the intes-
tinal lumen. As the gut microbiota are separated from the host
by only a single layer of enterocytes, the trillions of bacterial
cells form a permanent threat. Thus, to prevent translocation of
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commensal and pathogenic microorganisms across the muco-
sal barrier, the host has developed effective defense mecha-
nisms, including the formation of a physical mucus barrier that
covers the intestinal epithelium.

Intestinal mucus is produced by goblet cells and forms a
highly organized glycoprotein network, mainly consisting of
mucin 2 (MUC2), but also containing a stable core proteome [2].
The mucus layer has long been considered to be a simple lubri-
cator to facilitate passage of the fecal material through the in-
testinal channel, but the recent interest in the gut microbiota
has also brought intestinal mucus into the focus of research.
While we are still only at the beginning of understanding the
function and importance of the mucus layer, recent studies
have already shown that its interaction with the gut microbiota
is more intense than previously thought. Moreover, the obser-
vation of mucus defects in diseases such as inflammatory
bowel disease [3, 4] and hyperglycemia [5] underlines the impor-
tance of this barrier for host physiology. Here, I review recent
findings on the interaction between the gut microbiota and the
intestinal mucus layer in health and disease.

Structure of the intestinal mucus layer(s)

Intestinal mucus is constitutively produced by goblet cells, spe-
cialized secretory cells of the epithelial layer. In the small intes-
tine, goblet cells are primarily localized in the crypts of
Lieberkühn, but also in lower numbers on the small-intestinal
villi. In the colon, the mucus-secreting cells accumulate at the
opening of the colonic crypts but are also found deeper within
the crypts and on the colonic surface. Recently, a specialized
‘sentinel’ goblet cell sub-type has been identified in mice at the
colonic crypt opening, which orchestrates mucus secretion in
response to bacterial invaders that managed to penetrate the
inner colonic mucus layer [6].

The major secreted mucus protein in the intestine is MUC2,
encoded by the MUC2 gene on chromosome 11 in humans. This
gel-forming glycoprotein consists of more than 5100 amino acids
and is highly O-glycosylated [7], generating a molecular weight of
about 2.7 MDa per mucin molecule [8]. In fact, more than 80% of its
molecular weight is due to oligosaccharide side chains, explaining
the characteristic gel-forming properties. In addition, the mucus-
specific glycan decoration is a crucial part of its interaction with
the gut microbiota and will be discussed in more detail below.

Within the endoplasmic reticulum of goblet cells, MUC2
monomers dimerize via their C-terminal disulphide bridges [9]
and subsequently trimerize via intermolecular disulphide brid-
ges through the characteristic N-terminal von Willebrand D-
domains in the Golgi [10]. These mucin oligomers are then
densely packaged in secretory vesicles, where low pH, high Ca2þ

concentration and the absence of water facilitate organized
storage conditions. The subsequent mucus secretion is best
characterized in the small intestine: hydrogen carbonate
(HCO3

–) secretion by the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) channel leads to alkalizing conditions
and a decrease in Ca2þ concentration compared to the environ-
ment in the mucus granules. These environmental changes al-
low massive expansion of the mucus oligomers, generating 2D,
highly organized sheets that interact with the previously
formed ones to build up the 3D mucus layer [11, 12]. At the
same time, hydration leads to swelling of the mucus, causing a
100- to 1000-fold expansion in the volume of the packaged mu-
cin [13]. However, recent findings suggest that mucin assembly
is likely even more complicated and may also involve non-
mucin molecules: for example, the presence of trefoil factor-3

(TFF3), keratins and calcium-binding proteins in native mucin
preparation may indicate their relevance for mucin assembly,
even though their individual roles and contributions need to be
tested experimentally [14].

Upon secretion into the small intestine, mucus forms a single
layer that extends over the tips of the small-intestinal villi [15].
Whereas only a few studies have investigated the small-intestinal
mucus in detail, it appears that, in mice, the mucus is not
completely impenetrable to bacteria and released from the epi-
thelium by the microbially induced protease meprin-b [15, 16].
Given that the small intestine is a metabolically active organ that
is specialized in nutrient uptake, a loose mucin network may fa-
cilitate the uptake of dietary molecules across the epithelial bor-
der. However, to prevent opportunistic bacteria escaping from
their luminal environment, small-intestinal mucus is charged
with defense molecules, comparable to an electric fence (Figure 1)
[17]. These antibacterial proteins and peptides include, among
others, Paneth-cell-produced defensins, lysozyme, regenerating
islet-derived protein 3a (REG3a; REG3c in mice) and phospholipase
A2-IIA [17–20]. In addition, aggregation of bacteria is induced by
molecules such as immunoglobulin A or alpha-defensin 6, which
thereby prevent mucosal barrier crossing by size exclusion [21,
22]. Of note, despite a sealed physical barrier being required to ef-
ficiently protect the host against the gut microbiota, intended
loopholes within the mucus layer are found. They are localized at
the areas above the Peyer’s patches, which are focal structures
characterized by the presence of microfold (M) cells within the
follicle-associated epithelium [23]. As M cells are specialized in
sampling of microbial and dietary antigens from the intestinal lu-
men, the physical mucus barrier on top of these structures is pen-
etrable to bacteria or may even be absent [15, 23].

In the colon, mucus is characterized by a distinct stratified in-
ner layer that is virtually free of bacteria and a less defined outer
layer, which is composed of mucus, gut bacteria and dietary ma-
terial [24]. Due to its blending with intestinal content, the outer
layer is often difficult to observe in colonic tissue sections or by
other imaging techniques. In contrast, the inner colonic mucus
layer is clearly visible, revealing that its thickness is maintained
at a rather constant level: �50–80mm in mice and �100mm in
humans [4, 15, 24, 25]. Since mucus is continuously secreted at a
basal level, this indicates that the transition from the inner to the
outer layer must be tightly regulated. Indeed, the calcium-
activated chloride channel regulator 1 (CLCA1), which is—despite
its name—a metalloprotease with high abundance in colonic mu-
cus, has recently been shown to contribute to this transition [26].
However, deletion of Clca1 in mice revealed that further, yet
unidentified cysteine proteases can compensate for the lack of
this enzyme, suggesting a level of redundancy in this process.
Whether the transition between the inner and outer mucus layer
is only mediated by host proteases, or whether bacterial enzymes
may add an additional layer of complexity, will be an interesting
question that needs to be investigated in future research.

In contrast to the ileum, in which antimicrobial peptides kill
microorganisms that reach proximity to the epithelium, the co-
lonic bacteria form an active internal bioreactor that produces a
tremendous number of metabolites, including vitamins and
short-chain fatty acids (SCFAs), which influence host physiology
mostly in a beneficial way [1, 27–31]. Therefore, the internal bio-
reactor needs to be maintained in a regulated manner—hence
with sufficient distance from the epithelium. Accordingly, the co-
lonic epithelium produces fewer antibacterial peptides that stick
to the mucus, but rather secretes peptides that bind and aggre-
gate bacteria and consequently inhibit bacterial trespassing by
physical-size exclusion and inhibition of motility. Remarkably,
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despite the relatively macroscopic mechanism, these peptides
are rather specific. Recently, Ly6/PLAUR domain containing pro-
tein 8 (Lypd8) has been shown to specifically bind flagellated
bacteria and thus blocks their motility in the mouse colon [32].
In addition, the lectin-like protein zymogen granulae protein 16
(ZG16) specifically binds the bacterial cell-wall compound pepti-
doglycan of Gram-positive bacteria and thereby inhibits their
penetration into the inner colonic mucus layer [33]. However,
this binding/aggregation defense system is complemented by
additional antimicrobial peptides, such as REG3c, resistin-like
molecule b (RELMb) and others [19, 34]. Consequently, mucus in
the small and large intestine protects the host against the gut
microbiota by different, yet similarly effective mechanisms.

Specific interaction between gut microbiota
and the mucus layer

Despite being a barrier against the gut microbiota, intestinal
mucus requires the presence of bacteria to develop its full func-
tionality, as has been shown in germ-free (GF) animals. Early
histochemical analyses already described a thinner or locally
even absent mucus layer in the colon of GF rats [35]. Moreover,
by Periodic acid–Schiff (PAS) staining—a technique used to stain
polysaccharides and glycoproteins—the same study revealed
structural differences within the layer, since the colonic mucus
layer appeared less compact in GF rats when compared to con-
ventionally raised rats (Figure 1) [35]. These findings were com-
plemented by more specific lectin-stainings, which identified
less intense reactivity upon UEA-1 (Ulex europaeus agglutinin I; a-

L-fucose) and DBA (Dolichis biflorus agglutinin; a-N-Acetyl-D-ga-
lactosamine) incubation of goblet cells in the cecum, but not the
small or large intestine of GF mice [36]. While this indicates that
the terminal glycan residues in the cecum of GF mice differ
from their conventional counterparts, secreted mucus was not
analysed in this study. Importantly, however, the observation
that mucin glycosylation differs already intracellularly before
mucus secretion suggests that not only bacterial degradation of
specific mucus glycans (see below) but also bacteria-mediated
host processes contribute to mucus fucosylation. This hypothe-
sis is supported by data comparing fucosylated glycoconjugates
between GF and conventionally raised mice: in the small intes-
tine, colonized mice displayed an increasing gradient of fucosy-
lated epitopes in enterocytes, Paneth cells and goblet cells,
whereas small-intestinal fucosylation in GF mice could only be
detected in Paneth cells in the bottom of the crypts of
Lieberkühn [37]. Further experiments revealed that the micro-
biota specifically induced expression of host fucosyltransfer-
ases that add L-fucose in the a-1,2 position [37].

Whereas the comparison between adult GF and convention-
ally raised rodents shows a clear difference in mucus thickness
and composition [35, 36, 38, 39], the GF mouse model is an ex-
treme case of the natural situation, in which the newborn intes-
tine becomes colonized with its individual microbial population
after birth. Interestingly, while expression of the mouse mucin
genes Muc1–4 increased between postnatal Days 1 and 6 even in
the absence of a microbiota [40], the presence of a complex
microbiota resulted in higher baseline expression of the gene
encoding the secreted MUC2, but not of the membrane-bound

Figure 1. The structure of the mucus layer is affected by the gut microbiota. Gut bacteria are separated from the host epithelium by the intestinal mucus layer, which is

fortified with host defense molecules, such as defensins, Ly6/PLAUR domain containing protein 8 (LYPD8), zymogen granulae protein 16 (ZG16), Regenerating islet-de-

rived proteins 3 (REG3a/c) and others. The presence of gut microbiota induces expression of the genes encoding mucin 2 (Muc2) and galactoside 2-alpha-L-fucosyltrans-

ferase 2 (Fut2), thereby affecting mucus strength and mucin glycan structure. This can in return affect gut-microbiota composition, as specific gut bacteria, such as

Bacteroides thetaiotaomicron, can bind and metabolize mucin glycans as an energy source. Degradation of glycans leads to production of microbial metabolites, which

not only affect goblet cell differentiation, but also via cross-feeding the abundance of other microbial species, for example Faecalibacterium prausnitzii. Accordingly, the

composition of the gut microbiota affects mucus function through the availability of microbial metabolites.
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mucins 1, 3 and 4. In contrast, mice mono-colonized with the
probiotic bacterial strains Lactobacillus acidophilus NCFM or
Escherichia coli Nissle 1917 displayed similar Muc2 expression as
compared with the level of GF mice [40]. This indicates that
other members in the complex microbial community are re-
quired to stimulate Muc2 expression or that a potential meta-
bolic interaction between microbial species is required to
produce the Muc2-inducing signal.

Since Muc2 mRNA expression does not fully match MUC2
production, and mucus function is largely regulated on a post-
translational level, analysis of Muc2 expression is insufficient to
fully evaluate the function of the intestinal mucus layer [12].
Thus, MUC2 protein content and, by using an ex vivo technique
to investigate mucus function on living tissue [25], mucus thick-
ness and mucus penetrability were investigated in GF mice after
being colonized with a complex microbial community [41]. GF
mice had a penetrable inner colonic mucus layer that contained
lower relative abundance of MUC2 protein when compared with
conventionally raised mice. Remarkably, the thickness of the in-
ner colonic mucus layer did not differ between the two mouse
groups by using this ex vivo technique but, since a penetrable
mucus that contains a lower concentration of MUC2 protein
possibly shrinks more than an intact layer during the fixation
procedure [42], these findings likely describe the same biologic
defect as has been observed in fixed tissue sections [38, 39, 43].
After GF mice were colonized with a complex microbial commu-
nity, the colonic mucus layer required about 5 weeks to become
impenetrable—the same time as was needed to allow normal
detachment of the small-intestinal mucus from the intestinal
epithelium [41].

Despite a core gut-microbiota community that is observed in
most individuals, there are considerable differences in intesti-
nal microbial composition between individual hosts [44–48].
Considering the crucial effect of the gut microbiota on mucus
function [41], it is not surprising that differences in microbiota
composition affect mucus properties. Accordingly, in two
mouse colonies that were housed in different rooms of the
same animal facility, one colony displayed a normal, impene-
trable inner colonic mucus layer while the second colony had a
penetrable mucus. This difference could be linked to the specific
gut-microbiota composition, as the mucus phenotype was
transferrable to GF mice by cecal microbiota transplantation
[49]. However, although differences in microbial composition
between the two mouse colonies were observed, strong inter-
individual variations within the mouse colonies did not allow
causally linking specific bacterial taxa to mucus function.
Consequently, although it is obvious that the microbial commu-
nity composition affects mucus function, the effects of specific
members of the gut microbial community are largely unknown
and the effects on mucus function may depend on the commu-
nity structure rather than on individual taxa. However, increas-
ing evidence suggests that certain bacterial strains have
stronger potential than others to affect mucus function (see
below).

Of note, gut-microbiota analyses and microbiota transplan-
tations often focus on bacterial community members, neglect-
ing the potential influence of viruses and fungi that are likewise
transplanted in complex communities. Especially bacterio-
phages—bacteria-specific viruses that populate the gut in high
diversity [50]—have been shown to localize to mucosal surfaces
and are specifically enriched in mucus when compared to the
surrounding environment [51]. According to the proposed ‘bac-
teriophage adherence to mucus’ (BAM) model, phages can ad-
here to glycan residues of the mucin glycoproteins via

interaction with Ig-like domains of their virus capsid proteins,
thereby forming an additional host-independent antimicrobial
shield against the gut microbiota [51]. The observation that the
viral composition in the intestine of patients with inflammatory
bowel disease (IBD) differs from healthy individuals, mainly by
an expansion of Caudovirales bacteriophages, further supports
the importance of a complex phage–bacterial interaction in the
intestine that is relevant for health and disease [52, 53].

Mucus glycans as an energy source for the gut
microbiota

O-linked oligosaccharides contribute by about 80% to the total
molecular weight of intestinal mucus [7, 54]. As selective intesti-
nal bacteria can degrade mucus glycans as an energy source [39,
55, 56], it is likely that the species-specific gut-microbiota com-
position is influenced by the glycosylation profile of the mucus
layer, which also differs between species [54, 57–60]. In support
of this theory, mice that are lacking expression of core 1-derived
O-glycans have subtle microbiota differences in the cecal lumen
[61]. However, as the mucus glycosylation pattern rather affects
mucosa-associated bacteria, it is conceivable that the microbial
population at the intestinal mucosa would be affected to a
larger extent. Indeed, in humans, expression of the galactoside
2-a-L-fucosyltransferase 2 (FUT2), encoded by the FUT2 (secre-
tor) gene, has been shown to affect the colonic mucosa-
associated gut-microbiota composition [62]. FUT2 transfers a
terminal fucose residue to glycoproteins of the mucus layer and
other body secretions and is responsible for the expression of
ABO histo-blood group antigens [63]. A nonsense-mutation in
the FUT2 gene that inactivates the enzyme and leads to a ‘non-
secretor’ phenotype has been associated with Crohn’s disease
[64, 65]. Moreover, the interaction between Crohn’s disease and
secretor genotype has been associated with alterations in bacte-
rial communities: on a species level (�97% identity), one opera-
tional taxonomic unit (OTU) linked to Lactobacillus and two
OTUs linked to Stenotrophomonas were more abundant among
healthy secretor genotypes while five OTUs belonging to
Prevotella, Brevundimonas, Sutterella, Faecalibacterium and an un-
classified Lachnospiraceae were associated with heathy non-
secretors. In contrast, three OTUs belonging to Alistipes,
Coprococcus and an unclassified Lachnospiraceae were more
abundant in non-secretor individuals with Crohn’s disease [62].
This suggests that a combination of genotype-determined gly-
can structure and disease status may affect the gut microbial
community at the intestinal mucosa. However, the reduced
abundance of bifidobacteria that has been reported for stool
samples of non-secretors in a cohort of 79 Finnish individuals
[66] could not be confirmed when larger cohorts were tested [67,
68]. Yet, in agreement with the previously mentioned mouse
study [61], it is clear that FUT2 genotype only affects the
mucosa-associated microbial community and does not modu-
late fecal microbiota composition that has been analysed in the
large cohorts.

The interaction between mucus glycan structure and gut-
microbiota composition has been demonstrated to be more sys-
tematic than previously thought: in a landmark study, Bry and
colleagues [37] found that Bacteroides thetaiotaomicron (B. theta), a
common member of the normal mouse and human intestinal
microbiota, is able to induce fucosylation in the mouse ileum
(Figure 1). Remarkably, the induction of host fucosyltransferases
by B. theta was regulated by the actual host-derived fucose con-
centration [69] and absent in an isogenic bacterial mutant that
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was unable to metabolize L-fucose as an energy source [37].
This indicates that B. theta induces mucosal fucosylation in or-
der to establish its own nutrient-providing niche. While this
phenomenon illustrates a bona fide host–microbe interaction,
the molecular signal that stimulates epithelial fucosyltransfer-
ases remains unknown, but involves signaling through extracel-
lular signal-regulated kinases (ERK) and c-Jun N-terminal
kinases (JNK) signal transduction pathways in intestinal mu-
cosa [70].

Besides affecting mucus fucosylation, B. theta has also been
shown to promote goblet cell differentiation by stimulating the
secretory lineage in the colonic epithelium of rats—an effect
mediated by the SCFA acetate [71]. In addition, the presence of
B. theta led to increased expression of glycans carrying sialic
acid residues of mucus glycans, whereas expression of sulfated
and neutral oligosaccharides decreased. Interestingly, when B.
theta-mono-colonized rats were supplemented with
Faecalibacterium prausnitzii, an acetate consumer and butyrate
producer, the increase in goblet cell differentiation and the al-
teration in mucus glycan profile was abrogated [71].
Consequently, this study clearly showed that not all mucus is
created equally, but that instead the presence of bacteria, and
more specifically the presence and relative abundance of spe-
cific bacteria, shapes the glycan profile of the mucus layer
(Figure 1).

The gut microbiota degrades dietary substrates that are not
metabolized and taken up by the small intestine and thus reach
the colonic lumen. These dietary substrates are mainly plant-
derived polysaccharides, for which the host has only a limited en-
zymatic repertoire of approximately 17 carbohydrate-active
enzymes (CAZymes) [72]. In contrast, the genetic repertoire of the
human gut microbiota (the gut microbiome) encodes for at least
89 CAZyme families, which suggests the capability of degrading a
broad range of carbohydrates [72, 73]. In fact, the proteome of B.
theta alone includes at least 172 glycosylhydrolases, thereby ex-
ceeding the capacity of many other sequenced gut microbiota
[74]. Remarkably, the prevalence of CAZymes in the gut micro-
biota has been found to be geographically and age-specific, sug-
gesting that a diet-dependent adaptation is possible [72].

While dietary carbohydrates are the main source of
nutrients for the gut microbiota, the mucus layer is an alterna-
tive source of host-derived glycans and contributes to bacterial
colonization and persistence in the human gut [55, 75, 76]. Such
metabolic flexibility is especially evident and beneficial for the
microbe when complex carbohydrates—or microbiota-accessi-
ble carbohydrates (MACs [77])—are lacking in the diet, as exem-
plified by studies investigating the glycan metabolism of B. theta
in newborn mice [78] or in mice fed a diet that is devoid of die-
tary fiber [79]. The ability of switching from dietary glycans to
host-derived glycans accordingly determines which gut micro-
biota can persist in the gut when dietary MACs are scarce.

Among a synthetic community consisting of 13 human-
derived gut microbial species that cover members from the
dominant phyla in the human gut, Akkermansia muciniphila and
Barnesiella intestinihominis have been found to be mucus special-
ist and exclusively feed on mucin O-glycans. In contrast, B. theta
and Bacteroides caccae demonstrated the metabolic flexibility
mentioned above, and were thus termed mucus generalists that
can feed on a variety of polysaccharides [39]. Remarkably, when
mice that were colonized with this synthetic community were
switched from a fiber-rich to a fiber-free diet, expression and
activity of CAZymes responded by an increase in mucus-
targeting enzymes and a decrease in fiber-targeting enzymes.
As a consequence, mice fed a fiber-free diet had decreased

thickness of the colonic mucus layer, which increased suscepti-
bility towards infection by the enteric mucosal mouse pathogen
Citrobacter rodentium (Figure 2) [39]. Of note, mice defective in the
major mucus protein MUC2 (Muc2–/–) were similarly susceptible
to C. rodentium infection [80], which resembles infection with
enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli
(EHEC) in humans [81]. Thus, the parallel between diet-
dependent destabilization of the mucus layer and the absence
of MUC2 indicates the crucial role of the gut microbiota in form-
ing the protective mucus shield against infection by enteric
pathogens.

In addition to the protection against enteric pathogens, de-
fense against the trillions of commensal gut bacteria is an
equally important task for the intestinal mucus. Indeed, feeding
a diet devoid of MACs to gnotobiotic mice led to a thinning of
the colonic mucus layer and consequently increased the prox-
imity of commensal gut bacteria to the mucosa [38]. This was
accompanied by increased production of the antimicrobial de-
fense molecule REG3b in the ileum. Remarkably, a similar up-
regulation of Reg3b and Reg3c has been observed in the small
and large intestines of Muc2–/– mice, which lack the protective
mucus barrier and eventually develop colitis [4, 82]. Thus, these
studies further demonstrate that the lack of dietary MACs may
lead to detrimental changes of the mucus layer, which eventu-
ally may cause intestinal diseases.

In a recent study, we could show that feeding a Western-
style diet (WSD)—a diet with high content of saturated fatty
acids and sucrose but only little dietary fiber—led to increased
penetrability of the colonic mucus layer [83]. While this can in
part be explained by gut microbial degradation of host glycans
[38, 39, 55], we also detected less MUC2 protein in the colonic
mucus of WSD-fed mice when compared with the mucus of
control-diet-fed mice [83]. This indicates that the penetration of
gut bacteria into the mucus layer may be due to increased bac-
terial glycan degradation, but may also be caused by a host de-
fect that leads to decreased production, secretion or assembly
of the MUC2 mucin.

The healthy inner colonic mucus layer expands towards the
intestinal lumen at a speed of about 2 mm/min (‘mucus growth
rate’), thereby actively pushing the gut microbiota away from
the epithelial surface [25]. However, upon WSD feeding, this
growth rate decreased to about 0.5 mm/min—a defect that could
be prevented by supplementing the WSD with a microbiota
transplant from mice fed a fiber-rich control diet, or even with a
single probiotic Bifidobacterium longum strain [83]. Consequently,
diet-mediated alterations of the gut microbiota led to defects of
the mucus layer that are likely caused by a combination of host
and microbial factors (Figure 2).

Microbiota–mucus interaction and the
relevance for disease

MUC2-deficient mice are incapable of preventing contact of the
intestinal microbiota with the host epithelium. Accordingly,
these mice develop spontaneous colitis and augmented dissem-
ination of colonic C. rodentium infection, highlighting the contri-
bution of the mucus layer to intestinal disease [4, 80, 84].
Similarly, in humans, the mucus of patients with ulcerative co-
litis, self-limiting colitis and acute appendicitis was penetrable
to bacteria and revealed reduced mucus thickness that corre-
lated with disease severity [3, 4, 85]. Moreover, increased num-
bers of mucosa-adherent bacteria were detected in patients
with IBD when compared to healthy controls or patients with
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irritable bowel syndrome (IBS) [86]. Accordingly, characteriza-
tion of the mucosa-associated bacteria is a superior predictor of
disease phenotype than the analysis of fecal microbiota compo-
sition [87].

While changes in gut-microbiota composition in IBD
patients have been observed in several larger and small cohorts,
methodological differences, cohort heterogeneity and increased
fluctuations of the microbiome in IBD patients failed to identify
specific common microbial taxa that were associated with ei-
ther form of IBD [88–91]. Still, a recent longitudinal study inves-
tigating stool microbiota in patients with IBD for up to
12 months identified a novel Ruminococcus gnavus clade that was
transiently enriched in IBD patients [91]. Of note, when investi-
gating specific genomic adaptations of the R. gnavus clades, the
authors identified genes involved in mucus and sugar utiliza-
tion exclusively in the IBD-specific R. gnavus clade (Figure 2).
This specificity of mucus degradation pathways in R. gnavus is
in line with a previous study that analysed mucus degradation
and utilization of two human-derived R. gnavus strains: Only
strain ATCC 29149, but not E1, was able to grow on mucin as a
single carbohydrate source—a feature that could be linked to
the presence of a specific sialidase and fucosidases [92].

Bacterial mucin degradation that exceeds mucus renewal by
the host is an evident factor that leads to barrier dysfunction
and likely contributes to disease. However, recent studies sug-
gest that a penetrable or absent mucus layer itself may not be
sufficient to cause disease. For example, in the absence of
MUC2, increased expression of the Retnlb gene (encoding
RELMb) induced production of the antimicrobial protein REG3b,
which reduced the number of beneficial Lactobacillus species
[93]. Correspondingly, application of two murine-derived lacto-
bacilli, but not of a commercial probiotic mixture containing
three human-derived Lactobacillus strains, could ameliorate

colitis in Muc2–/– mice (Figure 2). Although Lactobacillus-treated
mice had increased SCFAs in the colon, it has to be determined
whether these organic acids indeed mediate amelioration of co-
litis, especially since the comparison with human-derived
Lactobacillus strains demonstrates that the modulation of muco-
sal barrier function is strain-specific. Likewise, two Lactobacillus
reuteri strains derived either from rat or human have been
shown to increase the thickness of the inner mucus layer in a
mouse model of chemically induced dextran sodium sulfate
(DSS) colitis—an effect that was paralleled by reduced expres-
sion of inflammatory markers and increased expression of
tight-junction proteins [94].

A similar mucus-thickness-promoting effect has recently been
observed in rats after application of the Bifidobacterium pseudolon-
gum strain Patronus, which has been isolated from the stool of
antibiotic-treated rats [95]. Microbiota analyses in these rats
revealed a relative decrease of A. muciniphila, which is, despite its
specific mucus-degrading capacity [39, 96], considered to be a bene-
ficial intestinal inhabitant [43, 97]. Thus, it is unclear whether the
improved mucus thickness is due to increased abundance of
Bifidobacterium or due to reduced mucus degradation by A. mucini-
phila. Of note, and in contrast to expectations, administration of A.
muciniphila to mice fed a high-fat diet led to increased colonic mu-
cus thickness [43]. Since such an outcome was not observed in
mice fed a control diet, the effect of A. muciniphila on mucus degra-
dation, and consequently mucus thickness, may be context- and
especially diet-dependent. In addition, and in favor of a direct
mucus-modulating capacity of distinct Bifidobacterium strains, we
have recently shown that application of a probiotic human-derived
B. longum strain could prevent the mucus growth defect in mice fed
a WSD [83]. Moreover, enriching low-fiber WSD with the dietary fi-
ber inulin, which is known to promote growth of Bifidobacterium [98,
99], prevented mucus penetrability in our ex vivo mucus analysis.

Figure 2. Defects of the intestinal mucus layer exacerbate intestinal infection and inflammation. Diets lacking microbiota-accessible carbohydrates, as contained in di-

etary fiber, direct gut microbial species to degrade host glycans of the intestinal mucus layer (depicted by lighter mucus color), thereby deteriorating mucus strength. A

defective mucus layer increases the risk for intestinal infections, for example by the mouse pathogen Citrobacter rodentium. The diet-mediated mucus defect can be pre-

vented by specific gut bacteria, such as Bifidobacterium longum. During colitis (depicted by intense red epithelial cells), increased expression of resistin-like molecule b

(Relmb) induces production of the antimicrobial protein regenerating islet-derived protein 3b (REG3b), which reduces beneficial Lactobacillus species. Correspondingly,

application of Lactobacillus can ameliorate colitis. In the mucus of inflammatory bowel disease patients, an increased number of the mucus-degrading bacterium

Ruminococcus gnavus has been observed, while a defective mucus layer may lead to increased translocation of bacterial lipopolysaccharide, thereby contributing to met-

abolic diseases.
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Thus, although the molecular mechanism is so far unclear, it is
possible that distinct metabolic or structural components of spe-
cific Bifidobacterium and/or Lactobacillus strains prevent intestinal
disease by modulating the function of the mucus layer.

Gut microbiota not only affect the physiology of the intestine,
but also signal to distant organs, thereby affecting whole-body
metabolism [29, 83]. As such, gut bacteria have been identified as
a contributing factor to metabolic diseases, and a defective intes-
tinal mucosal barrier may be the crucial interface between host
and microbes [100–104]. Indeed, translocation of the bacterial en-
dotoxin lipopolysaccharide (LPS) from the gut induces adipose
tissue inflammation and obese humans and mice have increased
levels of LPS in their plasma (Figure 2) [102, 104, 105].

Without doubt, consumption of a WSD with its high content
of sugar and fat contributes to metabolic diseases but, at the
same time, impairment of intestinal mucus function has been
observed in several studies, as described above. In addition,
common dietary emulsifiers such as carboxymethylcellulose
and polysorbate-80 have been shown to induce low-grade in-
flammation, metabolic syndrome and colitis in a susceptible
mouse model via modulation of the gut microbiota [106]. Even
in humans, a recent study observed an increased number of
unidentified gut bacteria in the mucus of patients with impaired
glucose metabolism when compared with a control group [5].
While this association suggests a critical role of an intact mucus
barrier for glucose metabolism, further studies are required to
demonstrate that a dysfunctional mucus layer does indeed con-
tribute to metabolic alterations in humans.

Conclusion and perspective

The intestinal mucus layer separates the gut microbiota from
the host and accumulating evidence suggests that a breakdown
of this anti-infective barrier contributes to diseases such as coli-
tis and metabolic diseases. While alterations in the gut-micro-
biota composition have been associated with these diseases,
the molecular details are yet to be identified.

In recent years, several studies have discovered that the gut
microbiota affects physiology and function of the mucus layer.
After previous, mostly associative, studies observed correlations
between the mucus structure and specific gut microbial com-
munities, current analyses investigate the contribution of iso-
lated bacteria on mucus function. These studies revealed that
microbial modulation of mucus function is not defined on a
species level, but that microbial characterization requires at
least strain-level resolution. As the gut microbiota is a complex
community that is influenced by environmental factors, these
external contributors also need to be considered. Here, the com-
position of the diet, and specifically the abundance of dietary fi-
ber, is a critical factor that affects how individual gut microbiota
interacts with the mucus layer.

Targeting the gut microbiota to improve mucosal barrier
function is a major aim that drives research in this area. The in-
testinal mucus layer as the crucial interface between host and
microbes is therefore a promising target that has only recently
come into focus. Accordingly, identification of the molecular
mechanism—why individual intestinal bacteria elicit beneficial,
barrier-strengthening effects while other, closely related strains
do not—could be exploited for the development of future next-
generation probiotics. Moreover, enriching beneficial microbiota
by targeted dietary interventions may provide an additional ap-
proach to treat or even prevent gastrointestinal diseases in the
future.
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