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Abstract

Two C57BL/6 mice colonies maintained in two rooms of the same
specific pathogen-free (SPF) facility were found to have different
gut microbiota and a mucus phenotype that was specific for each
colony. The thickness and growth of the colon mucus were similar
in the two colonies. However, one colony had mucus that was
impenetrable to bacteria or beads the size of bacteria—which is
comparable to what we observed in free-living wild mice—
whereas the other colony had an inner mucus layer penetrable to
bacteria and beads. The different properties of the mucus
depended on the microbiota, as they were transmissible by trans-
fer of caecal microbiota to germ-free mice. Mice with an impene-
trable mucus layer had increased amounts of Erysipelotrichi,
whereas mice with a penetrable mucus layer had higher levels of
Proteobacteria and TM7 bacteria in the distal colon mucus. Thus,
our study shows that bacteria and their community structure
affect mucus barrier properties in ways that can have implications
for health and disease. It also highlights that genetically identical
animals housed in the same facility can have rather distinct micro-
biotas and barrier structures.
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Introduction

The distal small intestine and the large intestine are the reservoirs
for an enormous and complex community of micro-organisms, the
gut microbiota. The density of intestinal microbes forms a gradient
along the intestine with few bacteria in the upper small intestine
and up to 10" bacteria per gram of faeces in distal colon [1]. The
microbiota is diverse and typically made up of in total 500-1,000

species with at least 160 species that are shared among individuals
with two phyla, the Bacteroidetes and Firmicutes being dominant
[2,3]. Less abundant phyla are Proteobacteria, Verrucomicrobia,
Actinobacteria, Fusobacteria and Cyanobacteria. We have co-evolved
with our microbiota and developed a finely tuned co-existence, with
mutual benefits and ways to avoid harmful effects on the host. The
microbiota, for example, aids in food digestion and development of
the immune system [4]. Together with the mucus layers, a stable
microbiota prevents pathogenic bacteria from establishing host
infections [5,6].

Mucus covers the intestinal epithelium, but the principle of this
mucus protection is solved differently along the intestinal tract [7].
The mucus in the small intestine fills up the space between the villi
and covers these, but is not attached to the epithelium and has a
structure that can allow particles as large as bacteria to penetrate [8].
The mucus protection in this site acts as a diffusion barrier with a
high concentration of antibacterial products close to the epithelium
and few bacteria reaching near the cell surface [9,10]. The small
intestinal mucus not only excludes the microbiota, but is also
important for immune system development [11-13]. The higher
bacterial load in colon and the slow transit time requires a different
protective strategy. Here, mucus forms a physical barrier separating
bacteria from the host, which is especially important and developed
in the distal colon. The secreted mucus in distal colon forms a strati-
fied inner layer of mucus that is able to keep the bacteria at a
distance (> 50 um in mice, > 200 pm in human) from the epithe-
lium [14,15]. The mucus is structurally built around the MUC2
mucin that after secretion from the goblet cell expands dramatically
and forms sheets of MUC2 networks that stack and form the strati-
fied mucus layer [16]. Failure of this protective barrier to separate
bacteria from the epithelium is observed in a number of murine coli-
tis models [15,17]. Muc2-deficient mice totally lack a protective
inner mucus layer and have direct contact of bacteria with the
epithelium and these mice develop severe colitis [14]. Mice with
mutations in the Muc2 gene also spontaneously develop inflamma-
tion [18]. Deficiencies in decorating the mucus with O-glycans cause
a faster degradation of the Muc2 mucin network resulting in
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increased bacterial contact with the cell surface and development of
spontaneous colitis [19].

The mucus protection system observed in mouse is also present
in human colon where an even thicker inner mucus layer separates
bacteria from the tissue [15]. Ulcerative colitis (UC) patients with
active disease have bacteria in contact with the epithelium, whereas
patients with UC in remission show a more mixed picture [15]. The
possibility that the microbiota stimulates the host to develop a
mucus layer with improved protective properties has not been
explored.

We have studied the colon mucus barrier in different wild-type
C57BL/6 mouse colonies housed and bred separately in the same
specific pathogen-free (SPF) mouse facility. The mucus phenotypes
were compared with wild normally free-living mice caught in their
natural habitat to elucidate the protective properties of natural
occurring mucus. The bacterial composition in the two mouse colo-
nies was analysed by 16S rRNA gene sequencing, which revealed
specific bacterial compositions in the two colonies. Bacterial trans-
mission of the mucus phenotypes was shown by colonizing
germ-free animals with the flora from the two colonies.

Results
Bacterial composition in the two husbandries

In the same SPF animal facility, two different C57BL/6 colonies have
been bred in different rooms. These two C57BL/6 colonies were
named as Room 1 and Room 2, where our previous results on mucus
properties have been based on the strain in Room 1, which was
derived from Taconic [14]. The two colonies were maintained on
different diets with different composition, but we controlled for the
impact of diet, at least within one generation of offspring, by feeding
the mice in the two colonies the same chow (Food A, standard chow
or Food B, autoclaved chow) from weaning. On Food A, the mice bred
in Room 1 were significantly heavier compared to mice bred in Room
2 (P =0.022, Supplementary Fig S1A). The stool of mice fed Food A
was hard and formed distinct pellets, while the stool in animals fed
Food B had a looser consistency and did not form hard pellets.

The microbiota composition of mice in the two rooms was analy-
sed by 16S rRNA gene sequencing of bacteria in the lumen of ileum,

Figure 1. Microbiota composition in the two mouse colonies.
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distal colon (called lumen) and caecum as well as bound to the
mucus on the tissue after washing the ileum and distal colon (called
mucus). The sequencing data have been deposited to the European
Nucleotide Archive (ENA) with accession number PRJEB7982. The
mucus bacteria thus reflected the bacteria either attached to the outer
border of the inner colon mucus layer, within the inner colon mucus
in colon, or attached to the epithelial cells of the small intestine.
Analysing the data using QIIME revealed that the microbiota differed
between Room 1 and Room 2. Principal Coordinates Unweighted
UniFrac analysis [20] showed separation of ileum and colon samples
along the first component, whereas the two rooms clearly separated
along PC2 on Food A (Fig 1A and B). The difference remained also
when mice were given Food B (Supplementary Fig S1). When bacte-
rial diversity was studied (Supplementary Figs S2 and S3), the ileum
showed the lowest diversity and the distal colon the highest. The
microbiota throughout the gut thus clearly differed between the two
colonies housed in adjacent rooms in the same animal facility.

The different microbiota was reflected in significant differences
at multiple taxonomical levels (Table 1). However, the relative
amounts of the dominant phyla (Firmicutes and Bacteroidetes) did
not significantly differ between the two rooms at any location
throughout the gut (Supplementary Fig S4, Table 1). The major
difference between the lumen- and mucus-associated microbiota
was found in the distal colon where the phyla Deferribacteres had
higher abundance in both rooms (Supplementary Fig S4, Table 1).

Comparing mice in the two rooms at the class and genus levels
revealed pronounced differences (Food A, Figs 1D-E and 2A-F,
Table 1). In Room 1, the genus Anaerostipes, within the Clostridia
class, was found in significantly higher amounts at all locations
throughout the gut (Fig 2A, Table 1). The Erysipelotrichi class was
also found in higher abundances at all locations in Room 1 (Fig 1E,
Table 1). The dominant genus within this class contributing to this
difference was the genus Allobaculum, which was also found in
higher relative abundances at all locations and significantly so in
the lumen samples (Fig 2B, Table 1). Within the Bacteroidia class,
an unknown genus (family S24-7) was found at significantly higher
levels in Room 1 in both ileum lumen and caecum (Table 1).

In Room 2, the phylum TM7 was a small component but had
a higher relative abundance at all locations (Fig 1C, Table 1).
Proteobacteria was also generally more abundant in Room 2
(Supplementary Fig S4, Table 1). Within this phylum, the classes

A Unweighted UniFrac-based PCoA plot of gut microbial communities from mice in Room 1 (red) and Room 2 (blue) at all intestinal locations.

B Unweighted UniFrac-based PCoA plot of mice gut microbial communities from both rooms at different gut segments; ileum lumen (blue), ileum mucus (yellow),
distal colon lumen (red), distal colon mucus (green) and caecum (brown) (data as in A).

C The relative abundance (%) of the phylum TM7 in ileum lumen Room 1 (n = 11) and Room 2 (n = 11), ileum mucus Room 1 (n = 11) and Room 2 (n = 11), distal
colon lumen Room 1 (n = 11) and Room 2 (n = 11), distal colon mucus Room 1 (n = 9) and Room 2 (n = 7), and caecum Room 1 (n = 11) and Room 2 (n = 11).

D The relative abundance (%) of the phylum Proteobacteria (beta and epsilon) in distal colon lumen and mucus in Room 1 (n = 11 in lumen and n = 9 in mucus) and

Room 2 (n = 11 in lumen and n = 7 in mucus).

E Class level microbiota composition in mice from Room 1 and Room 2. The mean relative abundance (%) of the most abundant bacterial classes in ileum lumen
Room 1 (n = 11) and Room 2 (n = 11), ileum mucus Room 1 (n = 11) and Room 2 (n = 11), distal colon lumen Room 1 (n = 11) and Room 2 (n = 11), distal colon
mucus Room 1 (n = 9) and Room 2 (n = 7), and caecum Room 1 (n = 11) and Room 2 (n = 11). Classes represented as less than 1%: Other, DA0O52, Actinobacteria,
Coriobacteriia, Cytophagia, Flavobacteriia, Sphingobacteriia, (Saprospirae), 4C0d-2, Chloroplast, Deferribacteres, ZB2, Alphaproteobacteria, Betaproteobacteria,
Epsilonproteobacteria, Deltaproteobacteria, Gammaproteobacteria, TM7-3, Mollicutes, Verrucomicrobiae.

Data information: In (C) and (D), data are presented as mean £ SD. Wilcoxon’s rank-sum test was conducted to compare over- or under-representation of the phylum.
To correct for multiple testing, the P-values were converted to false discovery rate values (Q-values). *P < 0.001, Q < 0.001, **P < 0.001, Q < 0.01.

Source data are available online for this figure.
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Betaproteobacteria and Epsilonproteobacteria were found at higher
levels in the mucus of mice in Room 2 and Epsilonproteobacteria
were significantly more abundant in distal colon lumen and caecum
(Fig 1D, Table 1). Within this class, an unknown genus of the Helico-
bacteraceae family was found at higher levels in Room 2 (Table 1).
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Within the Deltaproteobacteria, one genus, Desulfovibrio, was found
in significantly higher amounts at all locations of mice in Room 2
(Fig 2C, Table 1). The Clostridia class was significantly more abun-
dant in ileum mucus and caecum samples of Room 2 (Fig 1E,
Table 1). In ileum mucus, the dominant genus within the Clostridia
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Figure 2. Significant genera between the two mouse colonies.

A-F The relative abundance (%) of the genera Anaerostipes (A), Allobaculum (B), Desulfovibrio (C), Bacteroides (D), Parabacteroides (E) and Prevotella (F) in ileum lumen
Room 1 (n = 11) and Room 2 (n = 11), ileum mucus Room 1 (n = 11) and Room 2 (n = 11), distal colon lumen Room 1 (n = 11) and Room 2 (n = 11), distal colon
mucus Room 1 (n = 9) and Room 2 (n = 7), and caecum Room 1 (n = 11) and Room 2 (n = 11). Data are presented as mean £ SD. Wilcoxon’s rank-sum test was
conducted to compare over- or under-representation of the different genera. To correct for multiple testing, the P-values were converted to false discovery rate
values (Q-values). *P < 0.001, Q < 0.001, **P < 0.001, Q < 0.01, ***P < 0.01, Q < 0.05.

Source data are available online for this figure.

This raised doubts on what is a normal mucus layer. To address
this, mice caught in their wild habitat were studied with the same
methods as for mice from the two rooms. In free-living mice, we
could typically observe a non-penetrable inner colon mucus layer
that separated the beads from the epithelium even further than what
was observed in mice from Room 1 (Fig 3E). Tissue staining of
distal colon tissue could also show bacteria well separated from the
epithelium (Fig 3F). Thus, free-living mice have mucus that is even
better developed, thicker and more stratified with bacteria further
separated from the epithelium than in Room 1.

Bacteria penetration in mucus and histology of mice
in different husbandries

Muc2 mucin immunohistochemistry revealed that the mucus in
fixed sections looked different in mice from Room 2 on Food A
(Fig 4A). When bacteria were localized in relation to the colon
mucus using fluorescent in situ hybridization, bacteria penetrated
the inner mucus layer at distinct locations. A separation between
epithelium and bacteria was observed in other areas and most
bacteria were still not in direct contact with the epithelial surface. A
good separation of bacteria and epithelium by a stratified inner
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mucus layer was only present in mice from Room 1 (Fig 4A). The
inner mucus layer was after fixation observed to be thinner, and
stratification was not evident in sections from animals fed Food B in
both rooms, but the difference between the two rooms remained
(Fig 4B).

To analyse the reasons for the different mucus properties, proteo-
mic analyses were performed showing no major differences between
the rooms and a high correlation of the proteins identified in the
two rooms (Supplementary Fig S6D and E). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium with the dataset identifier PXD001479. Similar amounts
were observed for major known mucus components such as Muc2,
Fcgbp and Clcal as well as for potential mucus processing proteins
such as meprin B (Meplb) and transglutaminase 3 (Tgase3)
(Supplementary Fig S6A-C). Minor components involved in the
mucosal immune defence systems such as defensin 20 (Defa20) and
Immunoglobulin J-chain (IgJ) did not show significant differences
(Supplementary Fig S6A and B). Inflammatory markers as S100a8,
S$100a9 and eosinophil cationic protein 3 were not detected and no
difference in albumin or alpha 2-macroglobulin was found between
the groups. The protein differences were small and not likely to
explain the variable mucus properties.

© 2014 The Authors
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Figure 3. Differences in mucus properties in the two mouse colonies and in free-living mice.

A Mucus thickness on explants from distal small intestine (pre) and mucus remaining after aspiration (post) in the different rooms (Room 1 and 2) with the different

foods (Food A and Food B). Data are presented as mean 4 SEM (n = 3).

B Mucus thickness measured during one hour on distal colon explants from mice in the two rooms (Room 1 and 2) with different foods (Food A and Food B). The
mucus not attached to the epithelium was removed after 60 min and the attached mucus was measured (post). Data are presented as mean £ SEM (n = 3).

C Penetrability of beads (red 0.5 um, purple 1 pum, green 2 pum) in mucus on explants from mice housed in Room 1 or Room 2 with either Food A or Food B. The
epithelium is stained by Calcein violet (blue). Double arrows indicate impenetrable mucus. Scale bar is 100 um.

D The impenetrable mucus as the mean distance of the 20 most penetrable beads shows a significant difference between the mice in the two rooms with Food A. Data
are presented as boxplots with median and min—max whiskers. Mann—-Whitney U-tests were performed to compare groups (Room 1 and 2) on each food

(Food A: n = 5, Food B: n = 3-4, *P = 0.032).

E Mucus penetrability as in (C) on explants from free-living mice. Double arrow indicates impenetrable mucus. Scale bar is 2100 um.
F Immunostaining for Muc2 (green) of distal colon sections from free-living mice with Hoechst counterstain (blue). Double arrow indicates inner mucus layer without

bacteria (visualized by DNA stain). Scale bar is 50 pm.

Source data are available online for this figure.

The Muc2 mucin biosynthesis was assessed by staining the intra-
cellular ER-localized non-glycosylated Muc2 precursor in mice from
the two rooms on Food A. No differences were observed, suggesting
that the level of Muc2 translation was similar in the two rooms

© 2014 The Authors

(Fig 4C). A tendency towards longer crypts in mice from Room 2
was also observed, but this did not reach significance (Fig 4D). The
number of goblet cells per crypt was counted, but no significant
difference was reproducibly observed (Fig 4E). As elongated colon
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crypts are often observed in mouse colitis models, the number of
infiltrating immune cells in lamina propria was also counted. The
number of these cells was higher in the Room 2 animals; however,
it did not reach significance (Fig 4G and Supplementary Fig S7A),
but there was no major difference in the overall histology between
the groups (Supplementary Fig S7B and C). To further address this
difference, proliferative crypt cells were stained with the Ki67
antibody for dividing cells. The labelled cells were significantly
increased in mice from Room 2 as compared to Room 1 (Fig 4F and H).
These findings did not demonstrate any typical colitis in any of
the mouse colonies, but suggested that the gut microbiota may
modulate colonic inflammation and cell proliferation in a relatively
subtle way.

8  EMBO reports
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Figure 4. Bacteria localization and histology of mice from
the two husbandries.

A, B Immunostaining of colon sections from mice in the two rooms with Food
A (A) or Food B (B) using Anti-MUC2C3 (green) and FISH with a general
bacterial 16S rRNA gene probe to detect bacteria (red) counterstained
with Hoechst (blue). Double arrows mark the inner mucus layer that
separates bacteria from the epithelium. Bacteria are found within the
inner mucus layer (indicated by arrows) in mice housed in Room 2. Scale
bar is 10 pm.

C Immunostaining of the Muc2 precursor before it gets O-glycosylated
using the anti-apoMuc2 antiserum on mice from both rooms fed Food A.
Scale bar is 100 pum.

D  The crypt length was measured in distal colon on sections from mice in
the two rooms on Food A (n = 4)

E The number of goblet cells per crypt was counted in distal colon of mice
in the two rooms on Food A (n = 10).

[F The number of cells in lamina propria between two crypts, as shown in
Supplementary Fig S7, was counted in sections from mice in the two
rooms on Food A (n = 10).

G The number of Ki67-positive cells per crypt was significantly different in
distal colon of mice housed in Room 1 and Room 2 on Food A.
Comparison of groups was performed using the Mann—-Whitney U-test
(n = 4,*P = 0.029).

H Ki67 immunostaining (green) on colonic sections from mice in Room 1 or
Room 2 on Food A. Scale bars are 100pum.

Data information: In (D-G), data are presented as boxplots with median and
min—-max whiskers.
Source data are available online for this figure.

The two different mucus phenotypes were reproduced by
colonization of germ-free mice

To test whether the altered microbiota was sufficient to explain the
observed differences in the mucus phenotype in two mouse colo-
nies, germ-free mice were colonized with caecal microbiota from
mice in the two rooms. The separate groups of colonized mice were
subsequently housed in either room. The colon mucus thickness of
the colonized mice was similar to that of the mice conventionally
raised in the same room (Fig 5A). Mucus penetrability phenotypes
were again different as a more penetrable inner mucus layer was
observed in mice colonized with microbiota from Room 2, while
mice colonized with microbiota from Room 1 showed a mucus layer
impervious to beads (Fig 5B and C). Immunohistochemistry
revealed that the bacteria were separated from the epithelium by a
well-stratified mucus layer in Room 1, but bacteria were in close
proximity to the epithelium of mice colonized with microbiota from
Room 2 (Fig 5D). The composition of intestinal microbiota thus has
a major influence on the properties of the inner colon mucus
barrier.

Discussion

Genetically similar animals with slightly different stable and trans-
missible intestinal microbiota showed surprisingly large differences
in the inner colon mucus layer. The mouse colony housed in Room 1
has been described previously [14] with a well-developed inner
mucus layer that is impervious to bacteria. The other colony in
Room 2 had much more permeable mucus, which demonstrates that
mucus properties can vary in mice of the same strain that are main-
tained in identical hygiene conditions. To address which of the two

© 2014 The Authors
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Figure 5. Colonization of germ-free mice transmits the mucus
phenotype.

A

Mucus thickness measured during 1 h on distal colon explants from mice
colonized with flora from animals in Room 1 (Convd 1) or with flora from
mice in Room 2 (Convd 2). Mucus not attached to the epithelium was
removed after 60 min, and the attached mucus was measured (post). Data
are presented as mean + SEM (n = 4-5).

Penetrability of beads in mucus on explants from mice colonized with flora
from Room 1 (Convd 1) or Room 2 (Convd 2) presented as impenetrable
mucus (distance to 20 most penetrating beads). There was a significant
difference between the two groups analysed by the Mann-Whitney U-test
(n =5, *P = 0.032). Data are presented as a boxplot with median and min—
max whiskers

Pictures of Z-stacks of beads (red 0.5 um, purple 1 um, green 2 pum)
penetrating the mucus on colonic explants from Convd 1 or Convd 2 mice.
The epithelium is stained by Calcein violet (blue). Double arrows indicate
impenetrable mucus. Scale bar is 100 pum.

Immunostaining of colon sections of Convd 1 or Convd 2 mice

using Anti-MUC2C3 (green) and Hoechst (blue) staining DNA and
visualizing bacteria in mucus (inserts). Double arrows mark the inner
mucus layer that separates bacteria from the epithelium. Arrows at an
angle point to bacteria in the inner mucus. Scale bars are 10 um.

Source data are available online for this figure.

© 2014 The Authors
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mucus phenotypes that most closely resembled mammals in a real-
life environment, we analysed caught free-living Mus musculus, that
is the same species as experimental mice. Spanning a more diverse
genetic as well as environmental background, we expected that
these wild mice would show larger individual variability than the
laboratory strains [22-25]. Wild mice do in addition have effects
from parasites and viruses that are not present in laboratory
animals. Nevertheless, these mice often had an even more devel-
oped mucus layer than observed in Room 1, which further supports
the influence of the microbiota on mucus and that the Room 1 can
be considered as a reasonable model. As the two mucus phenotypes
in Room 1 and 2 were transmissible by colonizing germ-free mice
with caecal contents, one can predict that the mucus phenotypes
were almost solely dependent on the microbiota composition. The
origin of the germ-free mice is more related to the origin of the
animals in Room 2, but as they still were able to form a functional
mucus barrier upon colonization with flora from animals in Room 1,
genetic influences are less likely.

Sequencing the 16S rRNA gene from the two mouse colonies
revealed significant bacterial differences. However, mechanisms
for how bacteria affect the host epithelium and its production of
mucus are far from understood. As there is a normal physical
separation between the bacteria and epithelium, one possibility
is that bacterial products, such as LPS and short chain fatty
acids, diffuse through the mucus layer and affect the epithelium.
As the vast majority of bacterial species identified were identical
between the two colonies, the bacterial capacity to control
mucus properties cannot be a general effect of all bacteria, but
rather of specific microbes. Identifying the nature of these
microbes and the products they secrete with a high capacity to
stimulate mucus formation and improving mucus properties is of
high priority.

The commensal bacteria live in the non-attached and expanded
outer mucus of colon [26], where they can cleave off and utilize
mucin glycans as energy source. The exoglycosidases are usually
arranged in specialized genetic loci for utilizing specific types of
substrates as, for example, starch (Sus) and xylose-containing poly-
saccharides (PUL) [27]. As the mucin-decorating glycans are
protecting the mucin polymeric network from degradation, it is
important that the degradation process is not too fast. The impor-
tance of sufficiently complex mucin glycans was demonstrated in
studies of mice with truncated glycans as found in O-glycan core 1
or core 3 deficient mice [19,28]. In especially the core 1 deficient
mice, the inner mucus layer was more vulnerable and quickly
dissolved allowing bacteria to reach the epithelium and by this trig-
ger inflammation [19].

The animals in Room 1 with a more restricted bacterial contact
with the epithelial cells due to a better mucus layer showed higher
amounts of bacteria of the Erysipelotrichi class, mainly the genus
Allobaculum. These bacteria have been suggested to have beneficial
effects and this could also be the case for the mucus properties and
formation [29]. However, its increased abundance upon alteration
to Food B in both rooms resulted in increased penetrability of the
mucus. This would then maybe speak against a mucus promoting
effect of Allobaculum. Our study corroborates previous studies
showing an association between altered diets and an increase in
Erysipelotrichi and Allobaculum, but various effects are shown for
fat-enriched diets [29-32]. Together, our present results do not
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argue for any specific bacteria contributing significantly to the
development of a better mucus layer.

Mouse colitis models typically show features like crypt elonga-
tion due to increased cell proliferation, infiltration of immune cells
in lamina propria, thickening of muscularis propria and weight loss,
all criteria used for scoring colitis [33,34]. Subtle changes in these
parameters, as observed in Room 2, could indicate an immune stim-
ulatory effect of the microbiota. This might be caused by the closer
contact of bacteria with the epithelium in these mice due to mucus
defects. This assumption is in line with the observations that colitis
might be driven by extensive bacterial contact as shown both in
mouse colitis models and in human UC patients [15]. The gut micro-
biota is a prerequisite for inflammation in the gut and an imbalance
in the microbiota in patients with inflammatory bowel disease (IBD)
has been suggested [35].

Certain bacteria can, in contrast to promoting well-developed
mucus, also destroy the mucus and its protective properties. Such
capacities can be expected among pathogenic bacteria as these have
developed specific mechanisms to circumvent the mucus protective
system [36-38]. We could not identify any bacteria that could be
clearly linked to a more developed inner mucus layer and associated
with the colony in Room 1. However, in Room 2, we found
increased levels of (Beta-, Delta- and Epsilon-) Proteobacteria in
distal colon mucus, the site for the observed mucus defects. Species
of lower taxonomic levels within the Proteobacteria phylum have
been correlated with colitis in a maternally transmitted fashion [39].
The phylum Proteobacteria has been associated with human
Crohn’s disease [40]. The class Deltaproteobacteria contains
sulphur-reducing bacteria (SRB) that are also found at higher
frequencies in patients with IBD as compared to healthy individuals
[41]. We found that higher levels of the genus Desulfovibrio, a SRB,
were associated with a penetrable mucus phenotype in animals with
a higher inflammatory tone. This is in line with the suggestion that
SRB are linked to an inflammatory state of the gut [41,42]. We also
found higher relative abundances of the genera Bacteroides and
Prevotella in mice with less developed mucus, bacteria that have
been found to be increased also in other colitis models or patients
with IBD [39,43].

A more penetrable mucus layer was associated with a high prev-
alence of the bacterial phylum TM?7. This is a phylum, with no culti-
vated representatives, commonly found in the oral flora at low
levels [44,45]. This phylum has been linked to inflammatory condi-
tions of the mouth such as periodontitis [46]. The TM7 phylum is
also found in human stool samples at low levels [47] and proposed
to play a role in intestinal inflammation [48]. The TM7 phylum has
also been found in mice more susceptible to colitis caused by
Helicobacter hepaticus [49]. Both TM7 and Proteobacteria are found
at increased levels in the altered flora after epithelial cell-specific
ablation of MyD88 [S0]. TM7 and the genus Prevotella are also
increased in mice deficient in the inflammasome component Nlrp6
and suggested to be associated with inflammation [51]. SFB is prom-
inent in the ileum mucus as it can attach to the epithelium. These
bacteria, capable of stimulating the immune system, are more
common in Room 2 and could influence the mucus properties.
However, it is considered to foster a normal intestinal homeostasis
in healthy mice, something that is in contrast to the here observed
less developed colon mucus [52]. Together, there is a set of bacteria
that might be possible to link to less developed colon mucus and
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bacteria closer to the epithelial cells. Whether any of the identified
bacteria in Room 2 could be linked to the altered mucus properties
observed in this room remains to be shown. The microbiota mucus
sample strategy used may have reduced the observed differences in
mucus microbiota as the amounts of attached mucus were not
controlled for. Unfortunately, more elaborate mucus sampling tech-
niques are difficult to perform. It is obvious from this study that the
microbiota influences the properties of the mucus barrier and that
this can be observed within the same animal house with animals of
identical genetic background. This observation is very important to
consider when analysing results from different laboratories and
emphasize the importance of using littermate controls for most
types of studies, also studies where this can have an indirect effect.
The present results further emphasize the importance of careful
interpretation upon comparison of phenotypes in different mouse
colonies. The problems of comparing results generated with identi-
cal mice with different microbiota are evolving into a very central
challenge to many fields of study and can jeopardize the basic
concept of scientific research: the possibility to reproduce the results
in different laboratories. Subtle changes towards inflammation in
control animals may have an impact on results studying intestinal
homeostasis. We have also observed different inner mucus pheno-
types in animals from different vendors, further emphasizing the
need for standardization and caution.

In conclusion, we demonstrate that different microbes have
different effects on the properties of the colon mucus barrier. Even
though the present study reveals subtle differences in the microbiota
between the two mouse colonies, an increased inflammatory tone
was observed in Room 2. Microbial changes with increased amounts
of Proteobacteria and TM7 as observed in Room 2 argue for a set
of bacteria that can be less favourable for an impenetrable inner
colon mucus barrier. The results from the free-living mice strongly
argue for the importance of a well-developed inner mucus layer
that efficiently separates bacteria and host epithelium in a natural
habitat.

Materials and Methods

A more detailed description can be found in Supplementary Experi-
mental Procedures.

Animals

Wild-type female C57BL/6 mice were bred in two different environ-
ments (Room 1 and Room 2) in the same SPF unit fed either a stan-
dard chow diet (Food A: R34, Labfor, Lactamin, Stockholm,
Sweden) or an autoclaved diet (Food B: 5021 Labdiet®, IPS, London,
UK via Opend, Herfolge, Denmark). Germ-free mice were colonized
with caecal flora from mice in the two rooms and treated as conven-
tional animals onwards [53]. Wild free-living house mice (Mus
musculus) were caught alive in south-eastern Norway using Ugglan
traps (Grahnab, Gnosjo, Sweden), approved by the Norwegian Envi-
ronment Agency, and transported directly to the University of Goth-
enburg, approved by the Swedish Board of Agriculture. All animal
experimental procedures were done in full compliance with Swedish
animal welfare legislation and approved by the Swedish Laboratory
Animal Ethical Committee in Gothenburg.

© 2014 The Authors
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Sample collection for microbiota analysis

Using clean, sterile dissection tools, the ileum (Si8 only), distal
colon and caecum were removed. The lumen content from Si8
and distal colon was removed by gently squeezing out the
intestinal content in a collection tube. The intestinal segment was
then gently flushed with 2 x 1 ml sterile PBS. The tissue was
considered the mucus sample. The samples were immediately
flash-freezed in liquid nitrogen and later stored at —80°C until
analysis.

DNA extraction

DNA was extracted and homogenized with a FastPrep-24 Instrument
(MP Biomedicals) and then treated with lysozyme and precipitated.
The dissolved DNA was treated with RNase A (Qiagen) and protein-
ase K in Buffer AL (Qiagen). The DNA was extracted using QIAamp
DNA mini kit (Qiagen).

16S rRNA gene tag pyrosequencing and sequence analysis

Bacterial 16S rRNA gene sequences were amplified from each
sample using the primers 27F (5 AGAGTTTGATCCTGGCTCAG 3')
with Titanium Adaptor B and 338R (5" TGCTGCCTCCCGTAGGAGT 3')
with Titanium Adaptor A and a sample-specific barcode sequence
consisting of twelve nucleotides targeting the V1-V2 hypervariable
region of the 16S rRNA gene using FastStart Taqg DNA Polymerase
(Roche). Triplicate PCRs were performed for each sample that were
pooled and purified with AMPure beads (Becton Dickinson). The
samples were amplified in PCR mixture-in-oil emulsions and
sequenced from the 338r primer using Roche 454 FLX and Titanium
chemistry (Roche) at the Science for Life Laboratories (Solna,
Sweden). Post-processing of pyrosequencing data was done using
QIIME software 1.7.0 package [54]. The sequences were assigned to
operational taxonomic units (OTUs) using UCLUST [55]. The reads
were aligned to the Greengenes Core reference alignment using
PyNAST [56]. The GG taxonomies were used to generate summaries
of the taxonomic distributions of OTUs across different levels (phy-
lum, order, family, genus and species A phylogenetic tree was built
with FastTree [57] and used for estimates of a-diversity (Rarefaction
curves, Chaol [58], Shannon diversity [59]) and B-diversity (using
unweighted UniFrac [20].

Mucus measurements

The thickness of the intestinal mucus was measured as described
previously [21,60]. Mucus penetrability was measured as described
previously [15,21].

Tissue fixation and immunostaining

Pieces of ileum or colon with faecal material were fixed in Carnoy
(methanol) and bacterial FISH and immunostainings were done
with MUC2C3 antisera [14], apoMuc2 antisera [61] or Anti-Ki67
antibody (ab16667, Abcam) and DNA by Hoechst 34580 (Life tech-
nologies) as previously described [14]. The sections were analysed
for crypt length, number of lamina propria cells, number of goblet
cells and number of Ki67-positive cells.

© 2014 The Authors
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Proteomic analysis of mucus samples

The mucus samples removed after thickness measurements were
solubilized in a guanidinium hydrochloride-based buffer and
processed by the FASP method as described before. The samples
were analysed by nano-reversed phase liquid chromatography
(nRPLC) coupled to electrospray ionization—tandem mass spectrom-
etry (ESI-MS/MS) in an LTQ-Orbitrap XL (Thermo Scientific) [62].
Data from the MS/MS experiments were analysed with the
MaxQuant 1.2.2.5 software [63]. Relative protein amounts were
quantified in ppm by intensity-based absolute quantification (iBAQ)
[64].

Statistical analysis

For all mucus, histology and immunostaining measurements data
were analysed using a two-tailed Mann-Whitney U-test. For the
microbiota analysis, significant differences were conducted using
the Wilcoxon rank-sum test, and P-values were converted to false
discovery rate values (Q-values) to correct for multiple testing in the
R software (http://www.r-project.org/).

Data availability

The data behind the graphs are presented in a source data file at
http://embor.embopress.org/. Microbiota 16S rDNA sequencing
data have been deposited to the ENA sequence read archive under
accession number PRJEB7982 (http://www.ebi.ac.uk/ena/data/view).
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomex-
change.org) via the PRIDE partner repository [65] with the dataset
identifier PXD001479.

Supplementary information for this article is available online:
http://embor.embopress.org
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