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The human intestine houses a dense microbial ecosystem in
which the struggle for nutrients creates a continual and
dynamic selective force. Host-produced mucus glycans
provide a ubiquitous source of carbon and energy for mi-
crobial species. Not surprisingly, many gut resident bacteria
have become highly adapted to efficiently consume numer-
ous distinct structures present in host glycans. We propose
that sophistication in mucus consumption is a trait most
likely to be found in gut residents that have co-evolved with
hosts, microbes that have adapted to the complexity asso-
ciated with the host glycan landscape.
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Mucus glycans foster interactions with intestine resident
microbes

A complex community of microbes known as the intestinal
microbiota populates the distal gut of mammals. In this dense mi-
crobial ecosystem, competition for nutrients is fierce and
repeated purging of the microbes most poorly adapted to the gut
environment has ensured the selection of a community that pos-
sesses traits optimized for gut survival. In the human intestinal
microbiota, the consumption of diverse classes of carbohydrates
is among the most abundantly represented traits (Cantarel et al.
2009; Lozupone et al. 2012). The success of polysaccharide util-
izing microbes in the gut reflects the abundance and diversity of
the glycan landscape. Complex dietary glycans, such as plant
cell-wall polymers (e.g. dietary fiber) pass to the distal gut un-
digested and represent a major food source for the microbiota. In
addition, host-secreted mucus is ubiquitous and glycan-rich.
The classic definition of mucus as a protective layer has re-

cently changed to include important roles in microbiota inter-
action. Mucus has been viewed as a secretion that functions
primarily as an immunological barrier that physically protects

the host from the dense adjacent microbial community. Recent
insight into the lifestyles of intestine-resident microbes has
required an expansion of the original view of mucus to include a
role in the sustenance and tethering of gut-resident microbial
mutualists (Sonnenburg et al. 2004; Martens et al. 2008;
Johansson et al. 2011; Hansson 2012; Figure 1). In this view, the
mucus serves not just as a consistent endogenous source of carbo-
hydrates for these microbes, but also as a signpost of proximity to
host tissue within a vast and disorienting landscape of otherwise
homogenized digesta that lacks informative landmarks.
Consistent with the role in fostering host interaction with gut

resident microbes, genetic alteration of host gut epithelial and
mucus glycans in humans and mouse models influences micro-
bial communities and host-microbial interaction. FUT2, known
as the secretor locus in humans, encodes a polymorphic
α1-2-fucosyltransferase. Non-secretors, which are homozygous
for non-functional alleles and lack α1-2-fucose residues in se-
cretory tissues and on mucus, are at increased risk for several
diseases including Crohn’s disease and celiac disease
(McGovern et al. 2010; Franks 2012; Parmar et al. 2012) and
have gut communities that are distinct from secretors, who
possess the functional fucosyltransferase (Rausch et al. 2011).
Loss of core-1 or core-3 derived O-glycans increases intestinal
epithelial permeability and susceptibility to colitis; in the case
of core-3 loss, colorectal tumor susceptibility is also enhanced
(An et al. 2007; Fu et al. 2011). These examples support an im-
portant role for host epithelial and mucosal glycans in dictating
aspects of microbial community composition and microbiota-
host dynamics. Although the potential mechanisms contribut-
ing directly or indirectly to these effects are numerous, it is
likely that the attachment to and foraging of host-generated car-
bohydrates is governed by the structural motifs that are present.
Structural nuances of mucin glycans have likely served as a

strong selective force in microbiota assembly and maintenance
within species and between individuals in a population. The
glycan landscape of a mucosal surface such as the gut dictates
aspects of microbial community composition and the nature of
interaction at the mucosal interface in every gut on the planet. So,
although it may seem that these nuances are only of interest to a
few expert glycobiologists around the world, countless microbes
that inhabit each person’s bowel share this appreciation.

Inferring a microbial appreciation of mucus glycan
structures

Mucins are cell surface or secreted glycoproteins that help to
form the mucosal barrier that lines the gastrointestinal (GI)
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tract, and therefore, constitute a significant surface area for
interaction with gut microbes. The extensive, primarily
O-linked glycosylation of mucins contributes to their many
physiological roles attributed to the mucosal layer. Among the
numerous roles that these proteins play at mucosal surfaces
(Corfield et al. 2001; Eckburg et al. 2005; Patsos and Corfield
2009), one is specific to the glycan moieties which promotes
the establishment and maintenance of the gut microbiota. Gut
microbiota composition varies by host species, region of the GI
tract and developmental period, all factors that correspond to
differences and dynamics in host mucosal glycan (Nordman
et al. 1997; Robbe et al. 2004; Thomsson et al. 2012). Several
studies have detailed the refined responses of mucus-consuming
bacteria to purified mucus-derived or mucus-like carbohydrates,
which further support the importance of mucin glycan structural
motifs in bacterial recognition and consumption.
Genomic analysis has expanded the list of genes classified as

mucins in humans to over 20 (Corfield et al. 2001; Patsos and
Corfield 2009; Moran et al. 2011). A subset of these is specific-
ally expressed in the GI tract. A hallmark of mucins is their ex-
tensive glycosylation. Glycosyltranferases and their expression
patterns have been manipulated to tease apart the enzymatic
contributions to the complex glycosylation pathways as well as
explore the biological functions of specific structures (Manzi
et al. 2000; Thomsson et al. 2002, 2012; Ismail et al. 2011).

Mucins have repeated peptide sequences of serine or threonine
O-glycan acceptor sites resulting in a molecule that may be up
to 80% carbohydrate by mass. Secreted mucins can form poly-
meric sheets to generate the mucous layer that lines various epi-
thelial surfaces. These secreted forms are synthesized primarily
by specialized goblet cells present along those epithelial tracts
including the GI tract. Whether released from mucosal scrap-
ings or from specific purified mucin glycoproteins, a large
number of GI mucin O-glycans have been structurally charac-
terized using a combination of methods that include mass-
spectrometry and NMR (Nordman et al. 1997; Karlsson,
Herrmann, et al. 1997; Karlsson, Nordman, et al. 1997;
Larsson et al. 2009, 2011).
Early structural work on colonic mucins (Podolsky 1985a, b)

elucidated that although structural variation exists, glycans
from these proteins are mostly variations on general themes.
More recently, glycan core structures 1–7 have been identified
along the GI tract. Extending off of these core structures
(Figure 2A) is often repeating N-acetyllactosamine units and
terminating sialic acids and/or fucose residues. Structural
variety can be generated between individuals, partly attributed
to the expression of blood group epitopes (Hanisch et al. 1993;
Karlsson, Herrmann, et al. 1997; Capon et al. 2001; Robbe
et al. 2003, 2004). The human adult intestinal mucins have a
decreasing gradient of fucosylation and an increasing acidic

Fig. 1. Localization of Bacteroides thetaiotaomicron (Bt) to the outer layer of colonic mucus. (A) A cross-section of distal colon of a gnotobiotic mouse colonized
with Bt. Cells are stained with DAPI and false colored with blue (host tissue) or red (bacterial cells) and mucus is stained with an anti-MUC2 antibody (green). The
small Bt rods occupy discrete microhabitats that include dietary plant material (intense large red and green objects), loose lumenal mucus (diffuse green signal) and
the outer loose layer of epithelium-adjacent mucus. (B). Zoomed in the view of Bt embedded within mucus. Scanning electron micrographs of (C) mucus covering
intestinal villi of the mouse; (D) Bt embedded in a mucus lattice (middle) overlying epithelial cells (bottom left), and in food particle (upper right), within the
gnotobiotic mouse gut (Sonnenburg et al. 2005); (E) zoomed in view of Bt in mucus (Sonnenburg et al. 2005). Bt cells are�1 × 5 μm.
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gradient (i.e. sulfation and sialylation) down the length of the
GI tract. Although these gradients are absent in fetal intestinal
mucins, the diversity of glycan structures parallels that of adults
with more than a 100 structures identified (Robbe-Masselot
et al. 2009). Additional variation is introduced by sulfation and
acetylation, modifications that cannot only affect the charge
state or chemical properties of the mucus, but also require en-
zymatic removal prior to microbial glycoside hydrolase
(GH)-mediated liberation of monosaccharides for fermentation
(Figure 2B).
Structural information for GI mucin glycans is available for

non-human mammals such as pig (Karlsson, Nordman, et al.
1997; Nordman et al. 1997), rat (Slomiany et al. 1980;
Karlsson, Herrmann, et al. 1997) and mouse (Manzi et al.
2000; Thomsson et al. 2002, 2012; Ismail et al. 2011). These
studies illustrate that there are common core structures, exten-
sive structural diversity and tissue specific glycoforms.
Differences exist at the level of relative abundance of core
types, of neutral, acidic or sulfated glycans and the localization
of specific glycan linkages. For example, the murine colonic
mucin Muc2 contains more core-1 and -2 type glycans and
more neutral glycans than detected on the human colonic
MUC2 in addition to differences in fucosylation, sialylation
and sulfation (Thomsson et al. 2012). These differences
suggest that if gut microbes are well-adapted and have
co-evolved with one particular host species, there may be
incompatibilities between a symbiont’s mucin-recognition/ad-
herence/consumption machinery and glycan landscape nuances
of a new host species. These differences are also important to

keep in mind when studying gut bacteria in the lab. Much of
the available data for the use of mucin by human-derived
microbiota strains has been obtained using either porcine
mucin (one of the only commercially available sources) during
in vitro growths or murine mucin glycans from in vivo experi-
ments in gnotobiotic mice. It is clear from these studies that
much can be learned in this heterologous setting, likely due to
the strong structural commonalities of mucin glycans in
general; however, less clear is the extent to which incompatibil-
ities between gut microbe and host glycans may be maladaptive
in a competitive gut ecosystem.
Human milk oligosaccharides (HMOs) are a class of oligo-

saccharides that are structurally related to mucin glycans and
are present in the gut early in life. Similar to mucin glycans,
these molecules have structural diversity based on common
cores (Figure 2C). The abundance (5–15 g/L) of HMO in milk
and the inability of these molecules to be digested and absorbed
by infants in the upper GI tract is consistent with these oligo-
saccharides serving as a natural prebiotic to seed mucus
adapted beneficial microbes in the developing infant micro-
biota, among other possible roles (Miller and McVeagh 1999;
Gnoth et al. 2000; Bode 2012; Ruhaak and Lebrilla 2012).
Well-described HMO consumption pathways in Bifidobacteria
and Bacteroides strains, along with the finding that Bacteroides
employ mucus-utilization machinery for consumption of
HMOs supports its role as a prebiotic (Sela and Mills 2010;
Marcobal et al. 2011). Thirteen core structures are used to clas-
sify the HMO glycome and more than a 100 structures of
neutral or acidic character have been described. The structural

Fig. 2. Structural features of intestinal mucin glycans and similarities with HMOs. (A) The vast majority of mucin glycans are based on variations of an O-linked
core in which N-acetylgalactosamine is attached to either a serine or a threonine residue on the mucin polypeptide backbone. Seven discrete core structures have been
associated with gut mucin glycans; the predominant core-1 thru core-4 are shown (Varki et al. 2009). (B) Examples of a mucin O-glycan extended core-4 structure
from the ileum (Robbe et al. 2004) and the diverse set of GHs required to liberate monosaccharides from mucin glycans and makes them available for microbial
fermentation in the gut. (C) Example of a branched HMO built upon a lactose core; note the similarity to the mucin glycan structure. (D) Prototypic operons within
B. bifidum and Bt that encode machinery compatible with mucin glycan use, including multiple GHs.
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composition varies by individual, secretor status and stage of
lactation (Ninonuevo et al. 2006; Wu et al. 2010; Bode 2012).
The structural features common between HMO and mucin
glycans highlights a potential common importance in the role
these molecules play in establishing and maintaining intestine
adapted microbes (Urashima et al. 2012; Yu et al. 2013). It is
tantalizing to speculate that HMOs have been crafted over the
course of evolution to mimic mucin glycan structures, a theory
that implies that mucin utilization is a characteristic of benefi-
cial (non-pathogenic) microbes.

Mucus on the menu

The ability of gut resident bacteria to degrade and consume in-
testinal mucus has been appreciated for over 50 years (Hoskins
and Zamcheck 1968; Bayliss and Turner 1982). Over the past
decade the molecular and genomic details of microbial inter-
action with mucin are beginning to come to light (Figure 2D).
Molecular studies have primarily focused on two major groups
of genes: (i) those encoding proteins that confer adhesion to
mucus and (ii) those encoding proteins required to liberate,
import and metabolize monosaccharides from the complex
glycan structures, such as GHs, sulfatases or proteases.
Although the diversity of bacteria that have been studied to date
is somewhat limited, the existing information provides a
glimpse of themes that are likely to become pervasive for intes-
tinal isolates as new genera and species become the focus of
detailed laboratory investigation.
Members of the genera Lactobacillus and Bifidobacterium,

and specifically strains used as probiotics, have been the focus
of several mucus adhesion studies. In Lactobacillus,
surface-associated proteins (e.g. anchored to the cell wall) have
been described as adhesion factors (Buck et al. 2005; Velez
et al. 2007; Goh and Klaenhammer 2010). Lactobacillus
reuteri encodes the mucus-binding protein MUB, which con-
tains a repeated MucBP domain (Roos and Jonsson 2002).
Homologs of MUB and MucBP-type domain have been found
in multiple Lactobacillus spp. (Boekhorst et al. 2006;
MacKenzie et al. 2010) and are implicated in mucin adhesion.
Lactobacillus rhamnosus GG contains cell wall bound pili,
generally associated with the ability to form biofilms
(Kankainen et al. 2009). Interestingly, this strain was originally
selected for mucus-binding ability (Gorbach 2000) and a recent
comparative genomic study has identified a unique genomic
region encoding pilus genes within strain GG (Douillard et al.
2013). 32-Mmubp in Lactobacillus fermentum (Macias-
Rodriguez et al. 2009), the mannose-specific adhesin protein in
Lactobacillus plantarum (Miyoshi et al. 2006) and the mucus
adhesion protein MapA in L. reuteri and L. fermentum (Rojas
et al. 2002; Miyoshi et al. 2006) are additional examples of dif-
ferent surface proteins that facilitate adhesion of different
Lactobacillus spp. to intestinal mucin.
Diverse extracellular proteins appear to be employed by

Bifidobacterium spp. in mucus binding and adherence, al-
though direct functional tests are required to validate several
predictions. Functional genomic analysis of Bifidobacterium
breve revealed type IVb pilus-type proteins are required to fa-
cilitate host-colonization (O’Connell Motherway et al. 2011).

Mucin-binding assays with cloned Bifidobacterium bifidum
extracellular transaldolase demonstrated that the expression of
this extracellular protein was correlated with a mucin-binding
phenotype (Gonzalez-Rodriguez et al. 2012). Bifidobacterium
longum NCC2705 encodes a protein with high homology to
type 2 glycoprotein-binding fimbriae, which are cell-surface
filaments that can mediate the adhesion to host mucus (Schell
et al. 2002). The use of glycan arrays revealed that family-1 of
solute binding proteins encoded in Bifidobacterium longum
subsp. infantis genome has an affinity for host glycans (Garrido
et al. 2011).
The absence of other information related to mucus adherence

in other gut resident microbes is likely due to a lack of study.
For example, it is likely that Bacteroides spp. encode novel
types of mucus binding machinery, as suggested in recent work
on B. fragilis (Huang et al. 2011). Emerging genetic screening
tools along with an increasing number of investigators develop-
ing (and sharing) methods to investigate mucus adherence pro-
mise to push this field rapidly forward in the immediate future.
Genomic and metagenomic sequencing have greatly

expanded the number of predicted microbial enzymes that
degrade polysaccharides, the GHs and polysaccharide lyases
(PL; Cantarel et al. 2009). Based on these activities predicted
from the GH/PL profile of a given organism’s or ecosystem’s
sequence, it is possible to infer the polysaccharide degrading
potential, and these predictions are fueling hypothesis-driven
experiments that aid definitive characterization (Sonnenburg
et al. 2010; Martens et al. 2011). Figure 2B shows GH activities
that are required for mucin degradation, and co-occurrence of
these enzymes in bacterial operons often serve as a signature of
mucin-degrading capacity of a microbe. These enzymes are
typically exo-hydrolases (release monosaccharides from the
non-reducing terminus of the glycan) and are often secreted or
cell-surface associated likely in order to facilitate the liberation
of terminal monosaccharides from the massive mucin mole-
cules. Microbes adept at mucin degradation often encode sulfa-
tases, acetylases, α-sialidases and α-fucosidases. The removal
of these monosaccharides and modifications that often termin-
ate mucin glycan structures is required for further monosacchar-
ide liberation from the extended core structures. The free
monosaccharides produced in this de-capping process may be
utilized by the bacterium responsible for liberation in either
catabolic or biosynthetic (e.g. capsule biosynthesis) metabolism
or shed into the ecosystem for consumption by another microbe
(Comstock et al. 2000; Troy et al. 2010; Marcobal et al. 2011).
Production of α-N-acetylgalactosaminidase that allows the hy-
drolysis of the common O-glycosidic linkages between galact-
ose β1-3/4-N-acetylgalactosamine and serine or threonine in
mucin peptide backbone is another indication of a
mucin-adapted microorganism (Ruas-Madiedo et al. 2008).
Furthermore, the presence of N-acetyl-β-hexosaminidases,
β-galactosidases or lacto-N-biosidases (Wada et al. 2008) is
additional activities that are consistent with mucin degradation.
Bacteroides have long been known to utilize a broad spec-

trum of polysaccharides including mucin glycans (Roberton
and Stanley 1982; Macfarlane and Gibson 1991). Studies over
the past two decades, largely focused on the model human gut
symbiont Bacteroides thetaiotaomicron (Bt) have provided
genomic and mechanistic understanding of polysaccharide use

Gut microbiota utilization of mucin glycans

1041



by members of this genus (D’Elia and Salyers 1996; Shipman
et al. 2000; Xu et al. 2007). Functional genomics and molecular
genetics have expanded our insight into how the machinery
encoded by a polysaccharide utilization locus (PUL) accom-
plishes the task of turning an extracellular glycan into an intra-
cellular glycolytic substrate and how a single bacterium can
efficiently regulate over 80 loci with differing specificities de-
pending upon nutrient availability (Bjursell et al. 2006;
Martens et al. 2008; Sonnenburg et al. 2010; Lynch and
Sonnenburg 2012).
PULs are characterized by the presence of homologs of two

starch utilization related genes susC and susD (Reeves et al.
1996; Martens et al. 2008) and often encode glycolytic
enzymes, sensor regulators and other accessory proteins such
as sulfatases and monosaccharide transporters. susC encodes a
TonB-dependent transporter involved in importing starch into
the periplasm (Reeves et al. 1996), and susD encodes a secreted
α-helical starch binding protein associated with the outer Bt
membrane (Koropatkin et al. 2008). Numerous Bt PULs
involved in mucin glycan consumption have been described
in vitro and in vivo and the deletion of five of these loci com-
promised Bt’s transmission from gnotobiotic mouse mother to
offspring, an event in which mucin glycan use appears to be
critical (Sonnenburg et al. 2005; Bjursell et al. 2006; Martens
et al. 2008). It is clear that at least some of these loci respond to
discrete structural motifs, like core-1 disaccharide (Martens
et al. 2008) consistent with structural and biochemical work on
sensor regulators that delineate-specific recognition of host
glycans (Lowe et al. 2012). More recently, studies addressing
how a PUL-associated sensor regulator enables Bt to prioritize
a class of dietary glycans over a mucus carbohydrate provided
some insight into the role of mucin glycans in Bt’s life in a
dynamic gut ecosystem (Lynch and Sonnenburg 2012). Indeed,
the ability of Bacteroides to adaptively forage on available car-
bohydrates and switch between dietary glycans and host mucin
based on availability and a substrate priority hierarchy appears
to be a hallmark of this genus (Sonnenburg et al. 2005; Xu
et al. 2007).
The importance of sulfatase production has also been

described for Bt (Dierks et al. 2003; Benjdia et al. 2007, 2011;
Carlson et al. 2008). Twenty putative sulfatase genes have been
identified in the Bt genome as well as one anaerobic sulfatase-
maturing enzyme (anSME) gene required for sulfatases activity.
Deletion of anSME results in the loss of Bt sulfatase activity,
which is essential for Bt gut colonization and sulfated glycan
consumption. Analysis of sequenced Bacteroidetes genomes
revealed that anSME and sulfatases are encoded within many
species (Benjdia et al. 2011), consistent with earlier studies
showing other Bacteroides are able to release sulfate from
mucin (Willis et al. 1996).
The ability to metabolize mucin glycans appears to be some-

what restricted within Bifidobacterium (Ruas-Madiedo et al.
2008; Wasilewska et al. 2008), with B. bifidum appearing to be
the most adept at this function. Whole-genome sequencing of
the B. bifidum strain PRL2010 revealed a large proportion of
GHs associated with mucin degradation, most of which are
uniquely present in B. bifidum relative to other sequenced
strains within this genus (Turroni et al. 2011). Proteomics and
transcriptomics reveal the expression of several genes related to

mucin breakdown: two exo-α sialidases, a α1-2-L-fucosidase,
two α1-3-L-fucosidases, a putative endo-α-N-acetylgalactosa-
minidase and a lacto-N-biosidase. In addition, the B. bifidum
genome encodes four N-acetyl-β-hexosaminidases, four β-
galactosidases as well as several putative carbohydrates trans-
porters that may aid in import of the mucin glycan degradation
products. Comparative genomic hybridization from different
B. bifidum strains links the absence of a specific putative carbo-
hydrate transporter and α1-2-L-fucosidase to reduced growth on
mucin-containing media (Turroni et al. 2011).
Akkermansia muciniphila of the Verrucomicrobia phylum is

a prominent member of the human microbiota and was isolated
in pure culture due to its capacity to grow on mucin (Derrien
et al. 2004). The genome sequence from A. muciniphila reveals
numerous putative mucin-degradation-related genes. The small
size of the Akkermansia genome along with the high abundance
of mucin-related genes (predicted 11% of open reading frames
encode for mucin-consumption-related functions) suggests
that this microorganism has specialized in mucus use, in con-
trast to many of the mucin-utilizing Bacteroides that exhibit
broad polysaccharide degradation potential. The Akkermansia
sp. genome encodes eleven N-acetyl-β-hexosaminidases, two
α1-2-fucosidases, four sialidases and two β-galactosidases,
most of which are characterized by the presence of signal
peptide suggesting extracellular functions, explaining its ability
to deplete complex glycan structures produced by the host.
However, this species lacks the canonical mucus-binding
domains involved in the adherence to the intestinal mucus
layer, indicating possible novel mucin adhering mechanisms.
The depletion of Akkermansia in the mucosa of individual’s ex-
periencing IBD compared with healthy controls (Png et al.
2010) is consistent with its adaptation to a non-inflamed
mucosal environment.
Multiple other taxa appear to be endowed with mucin glycan

utilization abilities (Hoskins and Zamcheck 1968; Salyers et al.
1977; Pultz et al. 2006), and detailed investigations are likely to
be highly informative to the extent of convergent functionalities
between distantly related bacteria. The role of lateral gene trans-
fer from other gut residents or environmental microbial gene
reservoirs in honing and altering the specificity of Bacteroides
PULs has been demonstrated for certain dietary polysacchar-
ides (Hehemann et al. 2010, 2012). As the rules governing the
evolution of glycan consumption emerge, it will be interesting
to see the extent of symmetry between how systems specific for
dietary polysaccharides versus those that target host mucin
glycans adapt to the respective carbohydrate dynamics.

Sophistication in mucus use: a trait more likely
in co-evolved gut residents?

Human gut pathogens interact with host glycans in diverse
ways (Moran et al. 2011); however, many appear to be poorly
adapted to utilize complex glycans associated with host mucus.
For those bacteria that cause disease as a strategy, it is possible
that the absence of complex mucus-adapted machinery is due
to a pathogenic lifestyle. Host antagonism often results in the
immune-mediated eradication of the microbe from either the
gut or mucosal sites or reduced host fitness (which translates
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into reduced microbiota transmission/fitness). Therefore, changes
in the host glycan landscape that occur over developmental,
spatial or evolutionary windows may be difficult for transiently
interacting pathogens to adapt to. Co-adaptation between sym-
biont and host mucus glycans is supported by the selective inter-
action between the squid Euprymna scolopes and its light organ
symbiont Vibrio harveyi and extends to microbial regulation of
glycan structure (Nyholm et al. 2000). For example, the ability of
Bt to up-regulate host gut fucosyltransferase as a way to increase
the “harvestable” fucose on mucus glycans, an ability that
depends upon the bacterium’s ability to catabolize that sugar sug-
gests that microbes may be adapted to manipulate and shape the
glycan landscape to suit their consumption preferences (Bry et al.
1996; Hooper et al. 1999).
Several examples exist that support a reliance of gut patho-

gens on commensal GHs for mucus monosaccharide liberation.
Salmonella typhimurium and Clostridium difficile, two patho-
gens common to the human GI tract, possess the ability to cata-
bolize the mucosal monosaccharide sialic acid, but neither
encode machinery necessary to harvest sialylated glycan on
their own, including the absence of a sialidase. Both pathogens are
therefore reliant upon other members of the resident microbiota to
liberate this sugar from glycosidic linkage (K. Ng, J. Ferreyra,
J. Sonnenburg, manuscript in preparation). Commensal liber-
ated fucose provides an advantage to Campylobacter jejuni in
vivo (Stahl et al. 2011). Similarly, there is evidence that vanco-
mycin resistant Enterococci consume mucosal carbohydrates
that have been liberated by other commensal microbes (Pultz
et al. 2006). Enterohaemorrhagic E. coli has been shown to rely
upon microbiota-liberated fucose as a signal to induce virulence
and metabolic transcriptional programs in the gut (Pacheco
et al. 2012). And detailed analysis of pathogenic and non-
pathogenic E. coli strains reveals a capacity to use diverse
monosaccharides derived from host glycans despite lacking
many of the corresponding GHs (Fabich et al. 2008).
Therefore, cross-feeding of commensal carbohydrates appears
to be an important theme in enteric pathogen strategy; pre-
liminary genomic analysis of common gut pathogens indicates
that many are limited in the GHs necessary for liberation of
mucus-derived monosaccharides (S. Smits, A. Marcobal,
J. Sonnenburg, unpublished data).

Clearly, many selective pressures shape intestinal mucin
glycan structures including interactions with enteric pathogens
and mutualistic microbiota residents (Figure 3). Several intes-
tinal mutualists, such as Bacteroides species, have adapted to
use carbohydrates present in the distal intestine including
dietary plant polysaccharides and host mucus as carbon and
energy sources. These non-pathogenic residents have spent
eons co-evolving with host-mucus structures. Considering co-
evolution between a microbe and host mucus would be
expected to result from a long, sustained association, it is prob-
able that sophistication in mucus consumption is associated
with bacteria that are unlikely to cause disease. The presence of
soluble mucin-like glycans in human milk (i.e. HMO) may rep-
resent an attempt to control the rapid and chaotic assembly of a
newborn infant’s intestinal microbiota. Promoting colonization
by beneficial or benign species may be best accomplished by
attracting mucus-adapted bacteria. Therefore, an infant may
gain a selective advantage if milk oligosaccharides are confined
to structures that co-opt extant mucin glycan utilization path-
ways. Attracting such mucin-adapted resident mutualists, such
as Bacteroides spp. that can adaptively forage on dietary
glycans, may provide the added benefit of ensuring some stabil-
ity in microbiota composition as the infant diet transitions to
solid food.

Diet and the extent of microbiota reliance upon mucin:
food for thought (and microbes)

It is worthwhile to consider that existing data suggest that
decreased dietary plant polysaccharides shifts the burden of
microbiota nutritional support to host mucus glycans. This was
originally demonstrated in vivo for Bt in the gnotobiotic mouse
intestine: depletion of polysaccharides from the host diet
resulted in profound shift by the gut symbiont to host mucus
consumption (Sonnenburg et al. 2005). Accruing data suggest
that decreased fiber or plant material in host diet also leads to
decreases in microbiota diversity and shifts in composition con-
sistent with a reliance upon host mucus. For example, in the gut
of hibernating ground squirrels in late winter, the microbiota
exhibits loss of diversity and enrichment of Bacteroidetes and
Akkermansia spp. (Carey et al. 2013). Additionally, microbiotas

Fig. 3. The role of mucus in supporting a gut ecosystem. (A) Mucus supports an adhesive community of microbial mutualists that dine on and embed within the
outer loose layer of mucus. Degradation of the structural complexity of mucin glycans is accomplished by this community of highly adapted gut residents. (B)
During times of perturbation, efficient partitioning of host mucus resources may be disrupted enabling less adapted strains, like pathogenic species (represented with
flagellae) to cross-feed on free monosaccharides. (C) Milk oligosaccharides offer an orally delivered mucin-glycan-like substrate to the distal gut to aid in the
nutritional support and establishment of a beneficial community of microbes.
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of the industrialized world have much less diversity compared
with the microbiota of traditional societies, which correspond
to vastly different lifestyles that include much lower dietary
fiber consumption in “Westerners” (De Filippo et al. 2010;
Yatsunenko et al. 2012). The increased reliance upon host
mucus in the presence of a Western diet has been demonstrated
in mice (Mahowald et al. 2009) and microbial breach of colonic
mucus is observed in ulcerative colitis (Johansson et al. 2013).
So while the ability to utilize complex mucus glycan appears to
be a trait of co-evolved gut symbionts and may play an import-
ant role in structuring the microbiota during infancy or after
microbiota disturbance, the effects of an increasing reliance of
gut microbes on host derived carbohydrates for extended
periods of time and the relevance to Western diseases is worthy
of detailed investigation.
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