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SUMMARY

Mucus separates gut-luminal microbes from the
tissue. It is unclear how pathogens like Salmonella
Typhimurium (S.Tm) can overcome this obstacle.
Using live microscopy, we monitored S.Tm interac-
tions with native murine gut explants and studied
how mucus affects the infection. A dense inner
mucus layer covers the distal colon tissue, limiting
direct tissue access. S.Tm performs near-surface
swimming on this mucus layer, which allows probing
for colon mucus heterogeneities, but can also entrap
the bacterium in the dense inner colon mucus layer.
In the cecum, dense mucus fills only the bottom of
the intestinal crypts, leaving the epithelium between
crypts unshielded and prone to access by motile
and non-motile bacteria alike. This explains why the
cecum is highly infection permissive and represents
the primary site of S.Tm enterocolitis in the strepto-
mycin mouse model. Our findings highlight the
importance of mucus in intestinal defense and ho-
meostasis.

INTRODUCTION

In the small intestine and the colon, a layer of mucus covers the

gut epithelium and acts as a barrier, separating the microbes

from the host tissue (Johansson et al., 2008; Ermund et al.,

2013b). Themain structural component of themucus are themu-

cins, highly glycosylated and interconnected proteins that form a

viscous hydrogel, shielding the epithelium against microorgan-

isms. Antimicrobial peptides (AMPs) fortify the mucus barrier,

and the zymogen ZG16 aggregates bacteria (Muniz et al.,

2012; Bergström et al., 2016). Goblet cells constantly replenish

the mucus, balancing losses from microbiota-mediated mucus

degradation and from abrasion (Johansson, 2012). The distal

colonic mucus can be divided into an outer layer, colonized by

bacteria, and a mostly sterile inner layer (Li et al., 2015; Johans-

son et al., 2008). The colonic mucus layer thickness depends on
Cell
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the host species but also on the composition of the resident mi-

crobial community (Jakobsson et al., 2015). The small intestine

features a different mucus architecture. Notably, the ileum

shows an easily detachable, single mucus layer (Atuma et al.,

2001; Ermund et al., 2013a). By contrast, less is known about

the mucus of the cecum, a murine gut segment preferentially in-

fected by Salmonella enterica subsp. enterica serovar Typhimu-

rium (S.Tm) in the streptomycin mouse infection model.

The mucus is crucial for gut homeostasis. Mice lacking the

structural mucin Muc2 develop spontaneous colitis in response

to the resident microbiota (Van der Sluis et al., 2006; Petersson

et al., 2011). Breaches of the mucus layer are observed in

chronic inflammatory diseases such as ulcerative colitis (Swid-

sinski et al., 2005; Johansson et al., 2014), Crohn’s disease

(Schultsz et al., 1999), and Dextran sodium sulfate (DSS)-

induced colitis models (Johansson et al., 2010, 2014; Bergstrom

et al., 2010). The vicious cycle of inflammation and dysbiosis is

characterized by disruption of the mucus structure and contin-

uous hyper-stimulation of the immune system by the microbiota.

Intestinal inflammation also originates from pathogens such as

enterohemorrhagic or enteropathogenic Escherichia coli (EHEC

or EPEC), Citrobacter rodentium, and S.Tm (Kaiser et al.,

2012). They can assault the healthy mucosa and attach to or

invade host epithelial cells that lie below the mucus layer. How-

ever, it remains unclear how such enteropathogenic bacteria can

traverse the mucus to reach the epithelial surface.

The streptomycin mouse model allows deciphering the inter-

play between S.Tm and the host’s gut mucosa (Barthel et al.,

2003; Wotzka et al., 2017). The disease begins in the cecum

within 8–12 h, when S.Tm reaches a density R108 colony-form-

ing units (CFU)/g luminal content (Barthel et al., 2003; Sellin et al.,

2014; Ackermann et al., 2008). The rate of tissue invasion and

disease progression is reduced in non-flagellated S.Tmmutants,

indicating that active motility facilitates infection (Stecher et al.,

2004). Tissue invasion triggers a rapid inflammatory response

by 12 h postinfection. The cecal pathology includes an inter-

feron-g (IFNg) -mediated loss of mucus-filled vacuoles from

the goblet cells (Songhet et al., 2011; Zarepour et al., 2013). In

the colon, the disease proceeds with slower kinetics, showing

enteropathy after 1 day of infection. No signs of overt disease

are observed in the absorptive mucosa of the small intestine,
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at least during the first 4 days of infection. It has remained elusive

why disease kinetics and severity differ so substantially between

the individual segments of the murine gut.

Here, we use live microscopy to study the protective functions

of the host’s mucus layer. This reveals striking differences in

mucus distribution and architecture between the cecum and

the colon, and establishes how this affects the infection process.

RESULTS

S.Tm Exhibits Near-Surface Swimming, Diffusion, and
Entrapment on the Inner Colonic Mucus Layer
The interaction of S.Tm with the murine gut mucus was studied

at the cellular level using livemicroscopy. Instead of synthesizing

an artificial gel (Qi et al., 2017) or using porcinemucus (Celli et al.,

2009; Constantino et al., 2016), we imaged constitutively GFP-

expressing S.Tm (S.TmGFP, pM965) swimming on freshly

excised distal colon tissue, including its native mucus layer.

Initially, we used villin-RFP mice, which feature bright red fluo-

rescent gut epithelial cells (M€uller et al., 2012). For microscopy,

the gut tissue was mounted, submerged in Krebs buffer, and

imaged for <30 min to avoid tissue degradation.

Time-lapse imaging of distal colon tissue explant infections

revealed a well-defined layer about 50–70 mm above the

epithelium, where S.TmGFP accumulated (Figures 1A and 1D,

labeled Z). Literature data report an inner colon mucus layer

thickness of 50–100 mm, and that this layer prevents bacteria

from reaching the tissue (Johansson et al., 2008). Also, fluores-

cent beads accumulate on the inner mucus layer when added

onto explanted tissue (Gustafsson et al., 2012b). Thus, we sus-

pected that S.Tm also accumulated on top of the inner colon

mucus layer in our experiment (Figure 1A, labeled IM). To

demonstrate that the space in between S.TmGFP and the RFP-

labeled epithelium was indeed filled with mucus, we repeated

the experiment with transgenic RedMUC298trTg mice that pro-

duce fluorescently labeled intestinal mucus (Birchenough et al.,

2016). As expected, S.Tm accumulated at the mucus surface

but was excluded from the bulk of the brightly fluorescent inner

mucus layer (Figure 1B). The surface of the inner mucus layer has

a sharp transition to the looser, outer mucus layer (Johansson
Figure 1. Tracking of S.Tm on the Colon Mucus Surface Reveals Three

(A and B) Distal colon tissue from untreated mice (villin-RFP, A, or RedMUC298trTg

series (six frames/second).

(C–E) S.Tm tracks from image planes above the inner mucus (C), on the inner muc

Numbers indicate the tracks shown and the time interval in which they originated

(F) Quantification of the S.Tm track duration. Each dot represents one bacteria

independent experiments. Statistics: non-parametric one-way ANOVA. **p < 0.0

(G) Bacterial swimming speed. Petri dish represents control. Red bars indicat

significant differences between all groups.

(H) Mean squared displacement (MSD) calculated for 50 random S.Tm tracks fro

represents trapped S.Tm. The red dotted line indicates theoretical behavior of a

(I–K) For visibility reasons, the tracks in (D) were separated in two images based

(I) Tracks of actively swimming S.Tm. Magenta represents circular tracks (NSS).

(J and K) Slower tracks are shown in (J) and weremagnified for better visibility (K).

(L) Fraction of trapped, diffusing, and swimming S.Tm, as assessed manually

experiments. Each data point represents one image series. Bars indicate mean ±

IM, inner mucus layer; L, lumen or loose mucus; T, epithelial tissue; Z, zone of S

See also Figure S1 and Videos S1, S2, and S3.
et al., 2008). This loose structure covers the inner mucus layer

and is penetrable for bacteria-sized beads, but not charcoal par-

ticles (Gustafsson et al., 2012a; Johansson et al., 2010, 2011).

Our experiments did not specifically address the presence of

this outer mucus layer. Thus, we refer to this zone above the

inner mucus layer as lumen or loose mucus (labeled L).

To study the interaction of S.Tm with the mucus layer, we

recorded confocal time-lapse movies in the lumen or loose

mucus (Figures 1A and 1C, labeled L), at the surface (Z) of

the inner mucus layer (Figures 1A and 1D), and within the inner

mucus (Figures 1A and 1E, labeled IM). Bacteria were tracked

with ImageJ (TrackMate; Tinevez et al., 2017). Above the inner

mucus layer, most bacteria produced very short tracks and left

the imaged Z section within 1.5 s (Figures 1C and 1F; Video

S1). This is attributable to bacteria moving through the image

plane in a vertical direction. In contrast, S.Tm showed a

much higher density and longer tracks at the surface (Z) of

the inner colonic mucus (Figures 1D and 1F; Video S2). Fewer

S.Tm were observed within the inner mucus layer (Figures 1A–

1F, labeled IM; Video S3). This is in line with the protective

function of the colonic mucus. To analyze the swimming speed

in more detail, we plotted the tracking data as mean squared

displacement (MSD) of the bacterial cell over time. This re-

vealed three classes of movement patterns on the surface (Z)

of the colon’s inner mucus layer (Figure 1H).

Most S.Tm cells were actively moving along the image plane

(Figures 1H and 1I). A smaller fraction of these was moving on

circular trajectories (Figure 1I, magenta tracks), which results in

oscillating MSD curves (Figures 1H and S1A). This indicates

near-surface swimming (NSS), a phenomenon that is typically

observed when swimming bacteria encounter a smooth, solid

surface (Lauga et al., 2006; Misselwitz et al., 2012) (Figure S1B).

Strikingly, NSS can be observed on the inner mucus layer

surface (Z), which is a soft biological material. We measured

the speed of the actively swimming S.Tm population on the

inner mucus layer (Z; 24.6 ± 6.5 mm/s) of the distal colon and in

areas >20 mm above (L; 18.6 ± 6.7 mm/s). As a control experi-

ment, we measured S.Tm swimming in Petri dishes, without mu-

rine tissue. Compared with the distal colon tissue, S.Tm moved

slightly slower across the surface (16.7 ± 5.6 mm/s) and in the
Different Swimming Patterns

, B) was infected with S.TmGFP, and we recorded z stacks as well as time-lapse

us surface (D), or below the mucus surface (E) in the image stack (A) are shown.

.

l track. Red bars indicate median and quartiles. Data were pooled from two

1.

e the median and the quartiles. A non-parametric one-way ANOVA showed

m (D). Blue represents actively swimming; green represents diffusing; orange

2-mm particle diffusing in water.

on their MSD.

Green arrows indicate diffusing, and orange arrows represent trapped bacteria.

based on optical appearance of the tracks. Data are from four independent

SD.

.Tm accumulation.
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bulk liquid (15.2 ± 4.5 mm/s) of the Petri dish (Figure 1G). The

reduced speedmight be attributable to different drag or frictional

forces imposed by the dish plastic versus the mucus surface.

Nevertheless, our data indicate that S.Tm motility was certainly

not slowed down, neither during near-surface swimming on the

inner colonic mucus layer nor in the lumen or looser mucus layer

above.

The second type of motility observed on the colonic mucus

surface was S.Tm diffusion by Brownian motion (Figures 1D,

1J, and 1K). Brownian motion was verified by plotting the MSD

and calculating the diffusion coefficient of the bacterial tracks

(0.233 ± 0.004 mm2/s) (Figure 1H, green), which is close to the

value calculated for a spherical particle with 2-mm diameter in

water (0.2143 mm2/s) (Figure 1H, red line). The expression of

flagella is costly for S.Tm and regulated in a bi-stable manner

(Freed et al., 2008; Cummings et al., 2006). Depending on

nutrient availability, the fraction of the flagellated S.Tm popula-

tion varies between 0% and 90% (Koirala et al., 2014). This

co-existence of flagellated and non-flagellated subpopulations

explains the occurrence of both swimming (blue) and diffusing

(green) S.Tm cells in our assay (Figure 1H).

The third fraction of S.Tm cells was completely immobile (Fig-

ures 1D, 1J, and 1K). These S.Tm cells formed a distinct class in

the MSD plot (Figure 1I) and in the magnification of the bacterial

tracks (Figure 1K, orange). The immobilized bacteria were

located at the inner colon mucus surface (Figures 1C–1E). Few

such cells were found below the Z layer and none in the lumen

or loose mucus layer. 21% of the S.Tm at the inner mucus sur-

face were in this trapped state, 57% were actively swimming,

and 22%were diffusing (Figure 1L). In conclusion,S.Tm interacts

with the surface of the inner mucus of the colon, and the interac-

tion results in three distinct motility phenotypes: swimming,

diffusion, and entrapment.

Trapping of S.Tm in the Colonic Mucus Layer Depends
on Flagellar Motility
Entrapment of bacteria by the mucus surface could be a

potent mechanism to protect the tissue from bacterial

onslaught. Trapping in the mucus could depend on several

mechanisms. One is that the mucus acts as a filter, preventing

S.Tm from penetrating the pores of the mucus meshwork (Jo-

hansson et al., 2014). Alternatively, bacterial flagella could

adhere to mucin glycans (Haiko and Westerlund-Wikström,

2013). We thus analyzed S.TmDfliGHI (Stecher et al., 2004), a

mutant strain that lacks structural components for flagellar as-

sembly. S.TmDfliGHI accumulated at the mucus surface (Fig-

ure 2A). As expected, S.TmDfliGHI did not engage in NSS and

moved by diffusion alone (Figures 2B–2D; Video S4). Strikingly,

we found hardly any trapped bacteria at the mucus surface of

S.TmDfliGHI-infected tissue (Figures 2D and 2E). Moreover,

S.TmDfliGHI was virtually absent from the inner mucus layer

(Figures 2A and 2I; see STAR Methods). 2.1% ± 2.1% of the

wild-type (WT) S.Tm reached the colon epithelium, whereas

76.4% ± 12.6% did not manage to get below the mucus sur-

face within the 25 min of our experiment (Figures 2F–2H). By

contrast, none of the S.TmDfliGHI cells analyzed reached the

colon epithelium (Figure 2I). We conclude that the colonic inner

mucus is nearly impassable for non-motile S.Tm mutants, and
2668 Cell Reports 27, 2665–2678, May 28, 2019
that flagella are important for trapping of S.Tm in the mucin

meshwork of the inner mucus layer.

To decipher the role ofmolecular binding of flagellar proteins in

S.Tm entrapment, we used S.TmDmotA. This strain lacks the sta-

tor of the flagellar motor complex, leading to paralysis of the

otherwise functional flagella (Ishihara et al., 1981). Similar to

S.TmDfliGHI, S.TmDmotA did not swim actively but still reached

the mucus surface by diffusion (Figure S2A). Again, no trapping

of S.TmDmotA was observed (Figures S2B–S2E). Thus, active

motility rather than binding of flagellar proteins leads to entrap-

ment of S.Tm at the inner mucus layer surface.

S.Tm Swimming Motility Can Permit Probing for Mucus
Heterogeneities
To further assess the role of flagella in mucus penetration, we

infected explanted tissue from the distal colon of villin-RFP

mice with a 1:1mix of S.TmDfliGHI andWT S.Tm expressing green

or red fluorescent reporters, respectively. Both strains accumu-

lated on the inner mucus surface (Figure 3A). However, the WT

strain was on average residing 11.2 ± 10.5 mmcloser to the tissue

than S.TmDfliGHI (Figure 3B). We observed distinct areas of the

mucus surface from which S.TmDfliGHI was excluded, as well

as areas containing mostly trapped WT S.Tm (Figures 3C and

3D; Video S5). Closer inspection revealed that the trapped WT

bacteria were located deeper within the mucus layer and closer

to the tissue than the diffusing S.Tm (Figures 3E and 3F). This

implied that S.Tm penetrates some part of the colonic mucus,

based on its motility.

The proximal colon features major transverse folds, which

allow time-lapse imaging of the mucus layer in a vertical

direction. We have thus explanted proximal colon tissue from

villin-RFP mice to study S.Tm-mucus interactions in real time

(Figure 4A; Video S6). Again, most S.Tm cells accumulated in

the Z-layer, and many of these engaged in NSS, diffused, or

became trapped, whereas a small fraction traversed the inner

mucus layer. S.Tm swims slower during this traversal of the

proximal colon mucus layer than in the colonic lumen or on the

mucus surface (Figure 4B; also compare with Figure 1G), sug-

gesting that S.Tm experiences resistance or drag while swim-

ming through permeable sites of the proximal colon mucus

layer. Moreover, the bacteria crossed the mucus at distinct sites

(Figure 4A). This was further addressed in proof-of-principle ex-

periments on colon tissue explants from RedMUC298trTg mice

(Birchenough et al., 2016). These mice feature a mixture of

mouseMuc2 andmCherry-humanMUC2, and show an aberrant

inner mucus architecture (C. Wising, F. Svensson, L. Arike, J.K.

Gustafsson, A. Ermund, A.M. Rodriguez-Pineiro, A. Sch€utte,

G.M.H. Birchenough, F.H. Sterky, M.E.V. Johansson, G.C.H.,

unpublished data). The bacterial tracking data from these

RedMUC298trTg mice further support that heterogeneous mucus

structures allow site-specific passage ofmotile S.Tm (Figure S3).

Please note that the interaction ofS.Tmwith this mCherry-MUC2

mucus does not reflect the natural interaction with the inner

mucus of the distal colon. Previous studies report that themurine

proximal colon mucus is heterogeneous and thereby permits

local contact of the microbiota with the epithelium (Ermund

et al., 2013b; Kamphuis et al., 2017). Mucus heterogeneities

thus provide a plausible explanation for the observed mucus
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Figure 2. Colonic Mucus Holds Back More Than 75% of S.Tm, and Motility Is Required to Pass the Mucus

Distal colon tissue samples were excised from untreated villin-RFPmice and mounted on a Petri dish. After mounting, green fluorescent S.TmDfliGHI were added

onto the tissue, and confocal image stacks were acquired.

(A) Side view of a representative z stack after addition of S.TmDfliGHI. The image is labeled as in Figure 1.

(B) Time-lapse microscopy of S.TmDfliGHIwas performed at the surface of the inner mucus layer to track bacterial motion. The bacterial tracks are shown in black.

(C) Magnification of the area marked in (B).

(D) MSD calculated from 50 random S.TmDfliGHI tracks at the colon mucus surface. The plot is color coded for the motility phenotype of each track as in Figure 1.

(E) Trapped, diffusing, and swimming S.Tm were quantified manually based on optical appearance of the tracks. Shown is the mean ± SD of three independent

experiments. Each data point represents one image series.

(F and G) The distribution of S.Tm in the image stacks was assessed by automatic image analysis. Shown is a schematic drawing (F) and data from one

representative image (G) of the S.Tm abundance with respect to the distance from the colon tissue. The images were split into the four parts: tissue surface (T),

inner mucus layer (IM), lumen or loose mucus (L), and inner mucus surface (Z), defined as a range of 15 mm from the lower boundary of S.Tm accumulation.

(H and I) Estimation of the protective effect of themucus. Plotted in log10 scale is the fraction ofS.Tm (H) andS.TmDfliGHI (I) that was located at the tissue surface (T)

or inside the mucus (IM) and on the mucus surface (Z), respectively. Bars indicate the mean ± SD of two independent experiments with two mice each. Each dot

represents one image series.

See also Figure S2 and Video S4.
layer traversal (Figures 4A and 4B). NSS on the mucus layer

could even enhance the chance ofS.Tm to encounter and exploit

such mucus heterogeneities in the colon.

The Murine Cecal Mucus Layer Has Large Gaps and
Allows Epithelial Access, Even for Non-motile S.Tm
Different mucus architectures are well documented for the small

intestine and thedistal colon (Atumaet al., 2001; Johanssonet al.,

2008). Small intestinal mucus is not attached to the epithelium
and is more penetrable for microorganisms and bacteria-sized

beads than the distal colon. Furthermore, the properties of the in-

ner mucus layer change along the colon in mice (Ermund et al.,

2013a). However, less is known about the mucus architecture

of the murine cecum. This is of particular interest because this

site shows the earliest signs of pathology in the streptomycin

mouse model for S.Tm enterocolitis (Kaiser et al., 2012; Barthel

et al., 2003). We thus repeated our live-microscopy experiments

andcompared tissues from thecolon, small intestine, andcecum.
Cell Reports 27, 2665–2678, May 28, 2019 2669
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Figure 3. Motile and Trapped S.Tm Are

Located Deeper in the Mucus Layer

Distal colon tissue samples were excised from

untreated villin-RFP mice and mounted on a Petri

dish. After mounting, green fluorescent S.TmDfliGHI

and red fluorescent WT S.Tm were added as a 1:1

mixture onto the tissue.

(A) Side view of a confocal z stack after adding

the bacterial mixture. The image is labeled as in

Figure 1.

(B) Distribution of S.TmDfliGHI and WT S.Tm,

measured with automated image analysis. Plotted

is the abundance of each S.Tm population with

respect to the distance from the epithelium. The

graph indicates the mean distribution from four

mice in two independent experiments.

(C) Time-lapse microscopy tracks of S.TmDfliGHI

(green) and WT S.Tm (black) on the colon mucus

surface. The areas marked in blue lie below the

surface of the inner mucus and are less accessible

for S.TmDfliGHI. See also Video S5.

(D)Magnification of the areamarked in (C). Diffusing

bacteria are labeled with an asterisk, whereas

trapped bacteria are marked with a red arrowhead.

(E) Side view of a confocal z stack from villin-RFP

distal colon tissue after adding a 1:1 mixture of

S.TmDfliGHI (green) and WT S.Tm (white). Trapped

WT S.Tm were highlighted in red. The tissue border

is marked with a blue dotted line.

(F) Quantification of the bacterial motion pattern

with respect to the distance from the epithelium.

Each dot represents one bacterium. Red lines

delineate the median and quartiles. Statistics:

non-parametric one-way ANOVA comparing the

different groups. **p < 0.01. ns., not significant.
In the small intestine of villin-RFPmice, someS.Tm reached the

space between the villi, but the bulk of the bacteria accumulated

above the tips of the villi. The distance between the zone of S.Tm

accumulation and the tip of the villi was variable and ranged

between 5 and 30 mm (peak at 17.5 ± 2.1 mm; Figures 5A and

5B, green curve). In the distal colon, this distance was less vari-

able, and S.Tm was typically located 50.5 ± 0.5 mm above the

epithelium (Figures 5A and 5B, red curve). By contrast, S.Tm

accumulated directly on the cecal epithelium surface without

any additional zones ofS.Tmaccumulation distant from the tissue

(Figures 5A and 5B, blue curve; Figure S4A). Many S.Tm were

swimming along the epithelial surface with a speed of 18.1 ±

5.2 mm/s or were trapped directly on the epithelium (Figures

S4B–S4E; Video S7). These trapped bacteria could either be
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bound to the host cell glycocalyx (Li et al.,

2019) or irreversibly docked to the host

cell via their type III secretion system 1,

which is an essential step in host cell inva-

sion (Misselwitz et al., 2011a, 2011b, 2012;

Lara-Tejero and Galán, 2009). The fraction

of S.Tm that reached the tissue surface

(i.e., located directly on the tissue surface

and trapped) was significantly higher in

the cecum compared with colon or small

intestine tissue explants (Figure 5C). Using
these parameters for analysis, we found that 24.5% ± 10.6% of

S.Tm in the cecum reach the tissue surface, whereas the small

intestine (9.6% ± 9.6%) and colon (4.6% ± 5.3%) permit less

epithelial access.

One reason for the pronounced accessibility of the cecal

epitheliumcould be a thinner or discontinuous cecal mucus layer.

To visualize themucus, we comparedRedMUC298trTgmouse tis-

sue explants from the small intestine, colon, and cecum. As

described above, although thesemice produce a heterogeneous,

aberrant inner mucus layer in the distal colon, they allow the

direct visualization of the mucus (Figure S3) (C. Wising, F. Svens-

son, L. Arike, J.K. Gustafsson, A. Ermund, A.M. Rodriguez-Pine-

iro, A. Sch€utte, G.M.H. Birchenough, F.H. Sterky, M.E.V. Johans-

son, G.C.H., unpublished data). Fluorescein isothiocyanate
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Figure 4. S.Tm Traverse the Mucus in Distinct Sites

(A) Time-lapse microscopy was performed perpendicular to the mucus layer at

a fold of the proximal colon tissue of villin-RFP mice to track bacterial motion.

Bacterial tracks are shown in black. The red area indicates the colon tissue.

Area Z delineates the zone of bacterial accumulation atop the mucus layer and

the lumen or loose mucus (L). See also Video S6.

(B) Quantification of the bacterial swimming speed. The velocity of actively

swimming S.Tm was quantified in the lumen (L) and inner mucus (IM) of the

explanted proximal colon tissue shown in (A). The swimming speed was

compared with the data shown in Figure 1G using a non-parametric one-way

ANOVA. Luminal S.Tm swimming speeds did not differ between experiments

(p > 0.05). S.Tm swimming speed within the mucus was significantly lower

(p < 0.01) than the speed in the lumen or on the mucus surface. Red bars

indicate the median and quartiles.

See also Figure S3.
(FITC)-coated beads sedimented onto the distal colon mucus

surface by gravity (Figure 5D). Mucus in the small intestine

was less fluorescent and more permeable to fluorescent

beads. This is consistentwith our observation thatS.Tmaccumu-

lates 5–30 mm above the small intestinal villi, and that some

bacteria could reach the space between the small intestinal villi

(Figures 5A and 5B). By contrast with the colon, the fluorescent

beads reached the tissue surface in the cecum (Figure 5D). In a

second experiment, we added fluorescent S.TmDfliGHI to ex-

planted small intestinal, cecal, and colonic tissue of villin-RFP

mice, which form regular mucus. In line with the bead sedimenta-

tion experiments inRedMUC298trTgmice, the cecal tissue of villin-

RFP mice was accessible for non-motile, diffusing S.TmDfliGHI,

which were in rare cases even trapped at the tissue surface (Fig-

ures S4F–S4I).

Finally, we examined methacarn-fixed tissue samples of

untreated C57BL/6 mice that were stained with a-Muc2 anti-

bodies (Johansson and Hansson, 2012). In line with the explant

experiments, the cecum lacked a continuous, Muc2-positive

mucus layer (Figure 5E). Muc2 clouds were predominantly

found at the bottom of the cecal crypts and were mostly absent

at the top of the crypts and on the cecal patch (Figures 5E and

5G). The latter site has a role in antigen sampling from the

luminal content, similar to Peyer’s patches, and is a major

site of S.Tm infection (Hohmann et al., 1978; Carter and Collins,

1974). In line with this discontinuous morphology, the average

thickness of the mucus layer was significantly thinner in the

cecum compared with both small intestine and colon (Fig-

ure 5F). The mucus thickness measured in the methacarn-fixed

tissues was overall lower than in the explant experiments, as

expected by the shrinkage of the water-rich mucus during

fixation.
There are multiple factors that cannot be taken into account

using the explant imaging technique presented above. Intestinal

explants fail to recapitulate peristalsis, interactions with the

microbiota, and the hypoxic conditions encountered in vivo.

We thus performed verifying experiments by intra-vital micro-

scopy, where we injected S.TmGFP into the cecum of villin-RFP

mice (Sellin et al., 2014; M€uller et al., 2012). In line with the

explant experiments, S.Tm could get into close contact with

the cecal tissue surface (Figures 6A and 6B, upper right and

lower left side; Video S8). Some bacteria were moving along

the epithelial surface, but most moved passively with the bulk

of the cecal content. Light-induced heating of the sample

created a flux of the cecal content and prevented the acquisition

of longer time-lapsemovies (Figure S5; Video S9). To circumvent

the injection of S.Tm, we gavaged villin-RFP mice orally with

FITC-coated latex beads and imaged the cecum4 h after gavage

by intra-vital microscopy (Figure 6C). Similar to the injected

S.Tm, the beads got into close contact with the epithelial surface

of the cecum (Figure 6D). The strong fluorescent signal of the

beads even allowed imaging in the colon. There, the distance

between beads and tissue was significantly larger than in the

cecum, demonstrating the accessibility of the cecal tissue by

S.Tm and fluorescent beads in vivo. These data verify the exis-

tence of architectural differences between cecal and colonic

mucus in vivo.

Mucus Organization and Gut Luminal Pathogen
Densities Limit Mucosal Invasion
Next, we assessed how mucus organization and pathogen den-

sities might affect S.Tm tissue invasion rates. C57BL/6 mice

were infected with S.Tm (pM975) and analyzed after 12 h,

when gut lumen and tissue are fully colonized, but expulsion

of infected epithelial cells and tissue inflammation have not

become full-blown (Sellin et al., 2014; Hapfelmeier et al., 2005;

Stecher et al., 2004).

The pathogen loadswere low in the lumenof the proximal small

intestine (median = 2.1 3 104 CFU/g) and increased toward the

distal end of the small intestine (median = 4.1 3 106 CFU/g). It

is, however, noteworthy that this pathogen density is not suffi-

cient to trigger tissue pathology, at least within the first 12–48 h

of infection (Barthel et al., 2003). Considerably higher pathogen

densities were observed in the cecum and in the colonic lumen

(median = 2.5–3.8 3 109 CFU/g; Figure 7A). Such densities are

sufficient to cause disease in the cecum by 12 h postinfection

(p.i.) and in the colon by 24–48 h p.i. (Barthel et al., 2003).

We observed very low intracellular pathogen loads in the prox-

imal and medial small intestine (median < 1 per 20-mm section;

Figure 7B). Intermediate tissue loads were observed in the distal

small intestine and the proximal and distal colon (median = 7.5–

29 per 20 mm-section). This is consistent with the absence of

tissue pathology in the small intestine and the colon during the

first 2 days of infection (Barthel et al., 2003). In the cecum,

S.Tm was located mainly in epithelial cells, particularly in the

exposed areas between intestinal crypts, which were not

covered by mucus (Figure 7C). Pathogen tissue loads were

about 10-fold higher in the cecum (median = 219 per 20-mm sec-

tion) than in the colon (Figures 7B, 7D, and 7E). This factor is even

higher in vivo than in our explant infection assay, where we found
Cell Reports 27, 2665–2678, May 28, 2019 2671
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Figure 5. Cecum Mucus Covers the Crypts

but Leaves the Tips of the Epithelium

Exposed

(A–C) Gut tissue explants were infected and imaged

as in Figure 1A.

(A) Side view of representative confocal z stacks.

(B) Distribution of S.Tm as measured by automated

image analysis. Mean distribution across four in-

dependent experiments.

(C) Fraction of fluorescent S.Tm directly in contact

with the tissue surface (versus total number of S.Tm

within a distance of 100 mm from the epithelium).

Bars indicate mean ± SD of four independent

experiments. Each dot represents one image stack

analyzed. Statistics: non-parametric one-way

ANOVA comparing the different groups. **p < 0.01.

(D) FITC-coated beads (2 mm) on gut tissue explants

from untreated RedMUC298trTg mice. Dashed line

indicates tissue border. The small intestinal image

was taken at a site in between two villi, lacking the

crypt.

(E–G) Methacarn-fixed gut tissue samples from

untreated C57BL/6 mice were stained with a-Muc2

antibodies (red), phalloidin (blue), and DAPI (white).

Shown are representative images (E) from the small

intestine, cecum, and distal colon.

(F) Quantitative analysis of the mucus thickness

in tissue sections from five mice as in (E). Each

dot represents the measured average mucus

thickness from one mouse. The black line de-

lineates the median. Statistics: non-parametric

one-way ANOVA comparing the different groups.

*p < 0.05; **p < 0.01; ns., not significant.

(G) Overview image of the cecal patch from an

untreated C57BL/6 mouse (as in E). Dashed line

indicates lymphoid tissue; arrowheads indicate

exposed epithelium.

See also Figure S4 and Video S7.
a �5-fold difference (Figure 5C). The difference between the

explant and the in vivo infection data could be explained by

AMPs and phages stored in the mucus that confer antimicrobial

activity (Antoni et al., 2013; Chromek et al., 2012; Meyer-Hoffert

et al., 2008; Barr et al., 2013) or by pathogen-associated

molecular pattern (PAMP)-triggered mucus expulsion (Birche-

nough et al., 2016). We can thus demonstrate that the net tissue

invasion rate differs in vivo between the cecum and the colon.

Previous studies report an increase in mucus layer thickness

and Muc2 expression at 3 and 7 days p.i. (Zarepour et al.,

2013). This suggested that our measured infection rates could

be affected by dynamic changes in the mucus architecture.
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However, mucus thickness did not change

significantly during the first 12 h of infec-

tion in any segment of the gut or upon

streptomycin pretreatment (compare Fig-

ures 7H and 7I with Figure 5F). S.Tm was

located at the tissue surface in the cecum,

whereas most S.Tm cells were separated

from the colon tissue by mucus (Figures

7F and 7G). Hence, the high luminal path-

ogen densities and the lack of a contin-
uous, protective mucus layer make the cecum the initial site of

infection in mice.

DISCUSSION

The intestinal mucus is essential for gut homeostasis, sepa-

rating the gut tissue from the microbiota and pathogens (Jo-

hansson et al., 2008; Ermund et al., 2013a). Here, we used

S.Tm to investigate interactions between motile, pathogenic

bacteria and the murine mucus. In the colon, a thick inner

mucus layer elicits three distinct types of S.Tm motility behavior

and reduces the infection efficiency by about 5- to 10-fold. We
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Figure 6. S.TmGFP and Fluorescent Beads

Are in Direct Contact with the Cecal Tissue

In Vivo

(A and B) S.TmGFP was injected into the cecal

lumen of villin-RFP mice. Time-lapse two-photon

microscopy assessed luminal bacteria movement.

(A) Sample image. Open arrows indicate luminal

S.TmGFP, white arrows indicate S.TmGFP at the

tissue surface, white dashed line indicates epithe-

lial surface.

(B) Bacterial tracks in image (A) recorded for 30 s.

Red area represents cecal tissue. See also Fig-

ure S5 and Videos S8 and S9.

(C and D) In vivo distribution of fluorescent beads

4 h after oral gavage; imaging as in (A) and (B).

Shown are representative side views (C) from the

cecum and colon tissue.

(D) Quantification of the distance between fluo-

rescent beads and epithelial surface. Each data

point represents the mean of 50 beads from one

image stack. Statistics: non-parametric, unpaired

t test comparing the cecal and colon images. **p <

0.01. Bars indicate the mean ± SD.
establish that motile S.Tm penetrate the inner colon mucus

layer at some sites. Although we could not directly assess

the physical and biochemical properties of the mucus in situ,

our data suggest that penetration may occur at sites featuring

some type of colonic mucus layer heterogeneity. In the cecum,

the mucus has gaps, exposing the epithelial surface between

the crypts, which explains why this gut segment is the primary

target of S.Tm infection in the streptomycin mouse model.

The explant imaging approach provides insights into the pro-

tective function of the mucus layer under near-native conditions.

However, it should be noted that the experimental oxygen levels

are higher than in the unperturbed gut, the pathogen cells have

been raised ex vivo, and the microbiota is missing. Thus, addi-

tional information is needed to establish the relevance of our

observations in the gut of mice and of other hosts of interest.

Our in vivo control experiments could verify several key observa-

tions derived from our gut tissue explant experiments, i.e., large

gaps in the cecum mucus, the preferential infection of the cecal

crypt openings, and the near-surface swimming of S.Tm in the

cecum and on top of the colonic inner mucus layer.

In line with earlier studies (Jakobsson et al., 2015; Gustafsson

et al., 2012a), non-motile particles and non-flagellated S.Tm

did not penetrate the dense inner colonic mucus layer. This

probably applies to many members of the commensal micro-

biota, becausemotility genes are underrepresented in the normal

human gut microbiome (Kurokawa et al., 2007), whereas flagella

are associated with disease (Rooks et al., 2014; Nagao-Kitamoto

et al., 2016; Okumura et al., 2016; Cullender et al., 2013). Accord-
Cell R
ingly, many enteropathogenic bacteria

(e.g., L. monocytogenes, V. cholerae,

E. coli, S.Tm) use flagella as a virulence

factor to traverse the mucus barrier and

cause infection. Flagella-driven motility

can propel the pathogen toward the

epithelium and accelerate disease ki-
netics (Stecher et al., 2004, 2008). However, several enteropatho-

genic bacteria lack flagella, and even some clinical Salmonella

enterica isolates have lost their ability to express flagella (Petty

et al., 2011; Andrade et al., 2002; Yang et al., 2005; Yim et al.,

2011, 2014). It remains to be established if this is attributable to

the costly nature of flagella expression (Soutourina and Bertin,

2003) and/or the strong immune responses elicited by flagellin

(Zhao et al., 2011; Kofoed and Vance, 2011; Franchi et al., 2006;

Miao et al., 2006, 2010; Koch andBarton, 2013). Non-motile path-

ogens could profit from peristalsis and non-continuous mucus,

finding transient breaches or target regions such as Peyer’s

patches to access the host epithelium.

We have previously investigated how NSS affects target site

selection by S.Tm on tissue culture cells (Misselwitz et al.,

2012; Vonaesch et al., 2013). NSS plays a crucial role in this pro-

cess, allowing S.Tm to search for cell borders and membrane

ruffles, which are frequent sites for host cell invasion in vitro.

Similarly, S.Tm engaged in NSS on the colonic mucus surface,

which might help S.Tm to find sites for mucus traversal. The

bacterial swimming speed was reduced within the proximal

colonic inner mucus layer, suggesting that the bacteria experi-

ence drag forces when passing through the mucus. On the cecal

epithelium, we observed swimming speeds that correspond to

the value measured in the colon lumen, emphasizing the acces-

sibility of the tissue at this site.

The penetration of the inner proximal colon mucus layer sug-

gests that some sites are permissive for the traversal of motile

bacterial cells. Permissiveness could be conveyed through
eports 27, 2665–2678, May 28, 2019 2673
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Figure 7. The Exposed Parts of the Cecum Epithelium Are the Main Site of Mucosal Invasion In Vivo

(A–E) Streptomycin pretreated C57BL/6 mice were infected with S.Tm pM975 for 12 h.

(A) S.Tm in the gut lumen assessed by plating. Bars indicate the median of three independent experiments.

(B) Fluorescent S.Tm pM975 loads in the gut tissue. Statistics: non-parametric one-way ANOVA comparing the cecum with the other gut segments. **p < 0.01.

(C) Fluorescent S.Tm loads in exposed and mucus-covered parts of the cecum tissue, including the lamina propria (LP). Statistics: non-parametric, paired t test

comparing the two groups. *p < 0.05.

(D and E) Representative microscopy images of cecum (D) or colon (E) tissue. White represents DAPI; blue represents phalloidin; green represents S.Tm pM975,

also indicated by arrowheads.

(F and G) Methacarn-fixed tissue sections from infected C57BL/6 mice. Sections were stained with antibodies against Muc2 (red) and S.Tm LPS (green); white

represents DAPI; blue represents phalloidin. Shown are representative images from the cecum (F) and the colon (G).

(H) Thickness of the mucus layer 12 h after S.Tm infection (n = 5 mice). Red line indicates median.

(I) Quantification of the mucus layer thickness of non-infected C57BL/6 mice 24 h after streptomycin pretreatment. Statistics: non-parametric one-way ANOVA.

**p < 0.01.

(A and B) Bars indicate the median of three independent experiments. (H and I) Bars indicate the median. ns., not significant.
mucus heterogeneities. These may arise from the dual origin of

the inner mucus layer. The renewal of the inner mucus layer is

ensured by the continuous and fast secretion of mucus by the

surface goblet cells (Johansson, 2012). Sentinel goblet cells,

located at the crypt tips, secrete bursts of mucus by compound

exocytosis upon stimulation with lipopolysaccharide, lipid A, and

flagellin (Birchenough et al., 2016). The mucus from these

different origins mixes in the space between the epithelium

and the laminated part of the existing inner mucus layer, some-
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thing that might cause irregularities in the mucus arrangement

(Johansson, 2012). Such heterogeneities are then possibly ex-

ploited by motile pathogens but are harder to access by non-

motile bacteria, thus further emphasizing the importance of

motility for the virulence of some enteropathogenic bacteria

like S.Tm.

A fraction of themotileS.Tmcells was trapped at the outer sur-

face of the inner colonicmucus layer. This entrapment depended

on bacterial motility. The innermucus is built ofMuc2mucin nets,



staggered onto each other to generate a filter-like structure (Jo-

hansson andHansson, 2016). This inner layer is not penetrable to

bacterial-sized beads down to 0.5 mm, but well to smaller parti-

cles and molecules. S.Tm has a larger diameter of 0.7–1.5 mm.

Entrapment of the bacterium could thus be mediated by the

pore size of the mucus meshwork, trapping bacteria similar to

a fishing net.

Themucus in the distal colon is turned over within 1–2 h, which

is considerably faster than the stool passage (Johansson, 2012).

An earlier study revealed that an accelerated mucus turnover

helps to clear microbes from the gut (McLoughlin et al., 2016).

Thus, trapping of pathogens followed by rapidmucus production

provides an effective way to prevent bacterial infection. It will be

an interesting topic for future research to determine how

trapping affects the S.Tm infection dynamics.

In contrast with the distal murine colon, the cecum is devoid

of a continuous mucus layer. This was surprising, given the

importance of the colonic mucus layer in blocking microbiota

access to the tissue and maintaining homeostasis. In mice,

the cecal microbiota is just as dense as the one in the colon

(approximately 1011 CFU/g), and this mass of microbes should

be in direct contact with the epithelium located between the

crypts. Only the bottom part of the cecal crypts is filled with

mucus. This might help to protect the epithelial stem cells

located at the bottom of the crypts. Indeed, most S.Tm inva-

sion events occurred between cecal crypts. It remains unclear

how chronic inflammation is avoided at these sites, and we can

only speculate how homeostasis is maintained during encoun-

ters with the resident microbiota. The exposed epithelium might

be desensitized, e.g., by downregulating innate immune recep-

tors (Fulde et al., 2018) or by dampening of their signaling path-

ways (Chassin et al., 2010; Lotz et al., 2006). Cecal mucus

release is controlled in part by IFN-g signaling during the in-

flammatory defense and enhanced 2 days after S.Tm infection

(Songhet et al., 2011; Zarepour et al., 2013; Jarry et al., 1994).

Further studies identified the microbiota composition as a key

determinant of the mucus properties (Jakobsson et al., 2015),

stressing that the dynamics of mucus production and turnover

are key factors in the maintenance of a healthy gut mucosa.

In summary, mucus is a highly adaptable protective barrier,

with an appearance that varies considerably along the intestinal

tract. Previous studies have pointed out that mucus thickness

and organization vary between species (Johansson et al.,

2008; Atuma et al., 2001; Szentkuti and Lorenz, 1995). Therefore,

future work will have to investigate the human mucus layer in

more detail to relate the present findings to human disease. Of

note, the differences in cecal physiology, function (Nguyen

et al., 2015), and mucus organization may help to explain why

S.Tm does not target the same mucosal sites in different

species, i.e., the human small intestine versus the cecum of

the mouse. In summary, mucus architecture and mucus

heterogeneities have direct consequences on the interaction

between pathogens, the gut microbiota, and the host.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Salmonella O5 Becton Dickinson Cat#226601

Rabbit polyclonal anti-Mucin 2 Santa Cruz Biotechnology Cat#sc-15334; RRID: AB_2146667

Goat polyclonal anti-Rabbit Fab, Cy3 conjugate Jackson ImmunoResearch Labs Cat# 111-167-003; RRID: AB_2313593

Goat polyclonal anti-Rabbit, Cy5 conjugate Jackson ImmunoResearch Labs Cat# 111-175-144; RRID:AB_2338013

Bacterial and Virus Strains

S. Tm, strain: SL1344 Hoiseth and Stocker, 1981 Cat#SL1344; RRID: WB-STRAIN:SL1344

S. TmDfliGHI, strain: M913 Stecher et al., 2004 N/A

S. TmDmotA, strain: Z1403 This study N/A

Chemicals, Peptides, and Recombinant Proteins

Wheat germ agglutinin, AF647 conjugate Invitrogen Cat#W32466

Fluoresbrite YG Microspheres, 2 mm Polysciences Cat#18338-5

Histoacryl (blue) tissue adhesive B.Braun Cat#1050052

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Cat#JAX:000664; RRID: IMSR_JAX:000664

Mouse: RedMUC298trTG Birchenough et al., 2016 N/A

Mouse: B6.B6-Gt(ROSA)26Sortm1Hjf x B6.SJL-

Tg(Vil-cre)997Gum/J

Madison et al., 2002;

Luche et al., 2007;

M€uller et al., 2012

N/A

Recombinant DNA

Plasmid: pM965 Stecher et al., 2004 N/A

Plasmid:pM975 Hapfelmeier et al., 2005 N/A

Plasmid: pFPV25.5 mCherry This study N/A

Software and Algorithms

Fiji/ImageJ open source Java image

processing program

https://imagej.nih.gov/ij/

Trackmate ImageJ plugin Tinevez et al., 2017 https://github.com/fiji/TrackMate/releases/

tag/TrackMate_-3.5.3

Prism8 statistical analysis software GraphPad https://www.graphpad.com

Other

Confocal microscope Zeiss LSM880

Water dipping objective Zeiss Achroplan 20x/0.5W Ph2; Cat#440049

Confocal microscope Leica SP8 DMI6000B

Multiphoton laser Spectra-Physics Mai Tai XF

Multiphoton laser Spectra-Physics InSight DeepSee

Confocal microscope Zeiss Axiovert 200 m
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources or reagents should be directed to the Lead Contact, Wolf-Dietrich Hardt (hardt@

micro.biol.ethz.ch). Primary image data is available upon reasonable request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
C57BL/6 and villin-RFP mice (M€uller et al., 2012; Madison et al., 2002; Luche et al., 2007) were held under specific pathogen free

(SPF) conditions at the EPIC facility at ETH Z€urich. RedMUC298trTg mice (Birchenough et al., 2016) were held under SPF conditions

at the RCHCI facility at ETH Z€urich. All animal experiments were approved and overseen by Kantonales Veterinäramt Z€urich, Z€urich,

Switzerland (License 193/2016) and comply with the cantonal and Swiss legislation. Both, female and male mice aged 8-12 weeks

were used in the experiments due to animal welfare reasons. Mice of both sexes were randomly assigned to experimental groups.

Bacterial strains and culture conditions
SL1344 was used as WT strain (Hoiseth and Stocker, 1981). S.TmDfliGHI was described elsewhere (Stecher et al., 2004). S.TmDmotA

was generated by P22-transduction of a kanamycin resistant DmotA mutant (Porwollik et al., 2014) into SL1344. The green

fluorescent reporter plasmids pM965 (rpsM promoter) and pM975 (ssaG promoter) were described earlier (Stecher et al., 2004; Hap-

felmeier et al., 2005). The constitutively red fluorescent reporter plasmid is a derivative of pFPV25.1 (Valdivia and Falkow, 1996),

where the GFP cassette was replaced with mCherry.

Bacterial cultures were grown for 12h at 37�C in LBmedium containing 0.3M NaCl, subcultured for 4h at 37�C and resuspended in

PBS prior to use.

METHOD DETAILS

Streptomycin mouse model
8-12week oldmicewere orally pretreatedwith streptomycin (25mg) 24 h prior to infection. Infection was performed by oral gavage of

5$107 cfu S.Tm. Mice were sacrificed by CO2 asphyxiation or cervical dislocation 12 h post infection.

Histological Methods
For counting of the S.Tm tissue loads, small intestinal, cecal and colon tissue was excised, fixed in 4% paraformaldehyde (w/v in

PBS) for 5 h at room temperature, followed by 24 h in 20% sucrose solution (w/v in PBS) at 4�C. The samples were embedded

and frozen in Tissue-Tek OCT medium (Sysmex). 20 mm sections of these cryoblocks were cut and stained using DAPI and

TRITC-Phalloidin.

For mucus staining, intestinal tissue was excised and directly fixed in freshly prepared Methacarn solution (60% methanol, 30%

chloroform, 10% glacial acetic acid) for 24 to 72 h. The samples were transferred to pure methanol for 2 h and kept for 30, 60 and

again 60 min in subsequent baths of 100% ethanol at 37�C. This was followed by 30, 45 and 60 min in Xylol at 37�C and 45, 60 and

60 min in paraffin at 62�C. 10 mm sections were cut from paraffin blocks and dried on polysine coated slides (Fischer Scientific) over-

night. Slides were deparaffinized for 20min in Xylene substitute solution (Sigma) and rehydrated by 5min incubation steps in 100, 95,

70, 50 and 30%ethanol and PBS. Slides were sequentially stained using a rabbit antiS.TmLPS antiserum (Difco), goat anti rabbit Cy3

Fab fragment (Jackson), anti Muc2 (Santa Cruz Biotechnology) and goat anti rabbit Cy5 (Jackson) antibodies as well as DAPI. As an

alternative for the Muc2 antibodies, fluorescently labeled Wheat germ agglutinin (WGA) was used for mucus staining.

Images of fixed tissues were recorded using a confocal Zeiss Axiovert 200 m microscope with two evolve 512 EMCCD cameras

(Photometrics) and a 20x air objective.

Explant microscopy setup
Explant tissues were imaged using an upright Zeiss LSM 880 laser scanning microscope. For these images, a Zeiss Achroplan 20x

water dipping objective was used. Live-imaging was performed at framerates of 0.166 s (S.Tm) or 0.615 s respectively (S.TmDfliGHI

and S.TmDmotA).

For live-imaging of explantedmouse tissues, mice were sacrificed by cervical dislocation and the intestine was excised. 2 cm parts

of the terminal ileum, cecum or distal colon were opened lengthwise and the intestinal contents were removed by careful agitation in

Krebs buffer. The tissue was attached to the bottom of a Petri dish using tissue glue (Histoacryl, Braun) with the luminal side facing up

and covered with Krebs buffer. S.TmGFP (107 cfu) was added dropwise to the buffer and imaging was completed within% 30 min of

sacrificing the mouse. This ensured tissue and mucus integrity without interference from mucosal degradation.

FITC-coated (Polysciences Inc.) latex beads (2mmdiameter) were diluted 1:20 and added dropwise to the liquid covering the tissue.

Beads were allowed to sediment for 2 min prior to imaging.

S.Tmwas grown as indicated above. The culture was resuspended in Krebs buffer and diluted 1:5. 50 ml of this solutionwere added

to the liquid covering the tissue. Bacteria were allowed to distribute in the sample for 2 min. prior to imaging.

Intra-vital microscopy
Intra-vital microscopy was performed as previously described (Sellin et al., 2014; M€uller et al., 2012). In short, mice were initially

anaesthetized by intravenous injection of Propofol. Subsequently, the mice were intubated and held under continuous isoflurane

anesthesia (1.8 - 1.9% isoflurane). The cecum or colon tissue was exposed and inserted into a custom-made microscopy stage.
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S.TmGFP was not detectable upon oral gavage due to its low fluorescence intensity in the anaerobic intestine. Thus, we injected 50 ml

S.TmGFP from the bottom of a 4h subculture, as described above, directly into the cecal lumen. The cecum was gently massaged to

mix the injected solution with the cecal content and equilibrated for 15 minutes prior to imaging. Following equilibration, we tracked

individual gut luminal S.Tm over time via two-photon microscopy through the intact cecal wall. Images were acquired with a Leica

SP8 DMI6000B microscope equipped with a Mai Tai XF and an InSight DeepSee laser unit (spectra-Physics). Fluorescence was de-

tected with an external two-channel NDD detector unit with two Leica HyD detectors. Mouse health and anesthesia was monitored

throughout the experiment. After the experiment, the mice were sacrificed by cervical dislocation. For fluorescent bead detection,

mice were gavaged with 100 ml of FITC-coated latex beads (Polysciences Inc.) of 2 mm diameter 4h prior to imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Analysis
Distancemeasurements onMethacarn fixed slideswere donemanually using Fiji/ImageJ.Mucus thicknesswasmeasured at 5 points

per image on at least five images per mouse.

Image stacks from explant microscopy samples were resliced in Z-direction. A maximum intensity projection of the image was

used to visualize the distance of S.Tm or fluorescent beads (green fluorescence) to the tissue (red fluorescence).

S.Tm in different regions above the tissue explants were counted using a customized ImageJ macro. In short, fluorescent S.Tm

were enumerated in consecutive image planes perpendicular to the tissue, each spaced 5 mm apart. The image stack was then

divided into four different regions (Figures 2F and 2G): The tissue surface (T; 10 mmcentered around the topmost image plain covered

50% with epithelium), the inner mucus layer of variable thickness (IM; region between T and Z) and the surface of the inner mucus

layer (Z; slice of 15 mm above the lower edge of the zone of S.Tm accumulation). As a fourth region, we quantified S.Tm in the lumen /

loose mucus (L) up to 50 mm above Z.

Bacterial motion was analyzed using the ImageJ plugin Trackmate. A blob size of 2.2 mm was set as size constraint for bacterial

detection. Occasionally, tracks had to be manually corrected due to incorrect linking. Tracking data was exported and the mean

square distance was calculated for each track. Bacterial motion was categorized by plotting the MSD data for each track using

GraphPad Prism. The frequency of NSS, straight swimming, diffusion and trapping were quantified based on the optical appearance

of the tracks, as illustrated (Figure S1B). Linear regression was performed with the MSD data for the first 10 time intervals. The diffu-

sion coefficient was then calculated as 1/4 times the slope of the regression line (Michalet, 2010). S.Tm swimming speeds were

directly obtained from the tracking data exported from Trackmate.

Statistical analysis
All datasets were analyzed usingGraphPad Prism8. Statistical details such as the test used and the number of animals and replicates

are stated in the figure legends. In general, we used a non-parametric 1-way ANOVA to compare between different groups. In Fig-

ure S3, we use aWilcoxon signed rank test to assess whether the dataset is significantly different from 1. We show the mean ± SD in

scatter dot plots and the median and quartiles for violin plots. In Figures 5F and 7, we indicate the median of all mice measured

instead. p values above 0.05 were considered non significant (ns.). Lower p values were classified as * (p < 0.05) and ** (p < 0.01).
Cell Reports 27, 2665–2678.e1–e3, May 28, 2019 e3
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Fig. S1, related to Fig. 1: Measuring bacterial near surface swimming with the mean squared 
displacement. (A) The mean squared displacement (MSD) is a way to characterize the random walk 
of particles in 1 to 3 dimensions. For each time interval possible, the average distance travelled 
(squared, to avoid negative values) is calculated and plotted on the MSD graph. Particles that are 
constrained in their movement or move slowly produce a slight slope whereas freely diffusing and 
actively moving particles have steeper slopes. The circular motion during NSS generates an oscillating 
curve since the bacterium repeatedly returns to the origin of its trajectory. (B) Schematic drawing of 
the forces exerted on bacteria during near surface swimming (NSS). The torque of the flagella 
rotating counter-clockwise (CCW, Red arrow) induces a slower rotation of the bacterial body in the 
opposite direction (CW, yellow arrow). Upon contact with a surface, the rotation of the bacterial 
body generates a perpendicular force (blue arrow) that diverts the bacterium from its linear to a 
circular track.  
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Fig. S2, related to Fig. 2: S.TmΔmotA is not trapped in the mucus layer. Distal colon tissue samples 
were excised from untreated villin-RFP mice and mounted on a petri dish. After mounting, green 
fluorescent S.Tm were added onto the tissue and confocal image stacks were acquired. (A) Side-view 
of a confocal z-stack after addition of S.TmΔmotA. The image is labeled as in Fig. 1. (B) Time-lapse 
imaging of the mucus surface in image stack (A). The tracks of the bacteria on the mucus are shown 
in black. (C) Magnification of the area marked in (B). (D) Mean Squared Displacement (MSD) 
calculated from 50 random S.TmΔmotA tracks at the colon mucus surface. The plot is color-coded for 
the motility phenotype of each track as in Fig. 1. (E) Trapped, diffusing and swimming S.Tm were 
quantified manually based on optical appearance of the tracks. Depicted is the mean ± SD from three 
independent experiments.  
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Fig. S3, related to Fig. 4: S.Tm can probe for heterogeneities to penetrate the mucus. This proof of 
principle-type experiment visualizes S.Tm interactions with inner mucus layer heterogeneities. For 
this purpose, we used distal colon explants of RedMUC298trTg mice. These mice show an uneven, 
aberrant mucus distribution, caused by the presence of both, the native murine Muc2 and mCherry-
tagged human MUC2. It is important to note that this heterogeneous mucus does not represent the 
situation in wild type mice, and is a specific artefact of the RedMUC298trTg mice. (A) Explant imaging of 
distal colon samples from untreated RedMUC298trTg mice, revealing uneven distribution of the 
fluorescent signal. It is currently not clear, whether dimly fluorescent areas are enriched with 
unlabeled, murine mucus or have an overall lower mucus density. Shown is the side-view of a 
representative confocal z-stack. Labels indicate the tissue (T), inner mucus layer (IM) and the lumen / 
loose mucus (L). (B-E) Distal colon tissue from untreated RedMUC298trTg mice was infected with 
S.TmGFP. (B) Side-view of a confocal z-stack after addition of the bacteria. S.TmGFP accumulates on the 
Z-layer and traverses the mucus in a few cases. (C) Time-lapse imaging of the tissue surface in image 
stack (B). S.Tm predominantly moves through areas with low fluorescence intensity. The tracks of the 
bacteria are shown in white. Fluorescent mucus is shown in red. (D) Quantification of the S.Tm 
swimming speed in the inner colonic mucus layer. The average S.Tm swimming speed during the 
traversal of the RedMUC298trTg mucus did not differ from the speed measured in the proximal colon 
of villin-RFP mice (compare with Fig. 4 B). The bars indicate the median and quartiles. (E) 
Quantification of the mCherry -MUC2 fluorescence at the location of swimming or trapped S.Tm 
from time-lapse microscopy data. Entrapped bacteria were preferentially located at sites with strong 
mCherry-MUC2 fluorescence. This could either be attributable to heterogeneous mucus densities or 
different adhesion properties between mucus of murine and human origin. Shown is the average 
fluorescence intensity beneath trapped S.Tm compared with swimming bacteria in the same image 
series. Each dot represents one time-lapse movie. Error bars delineate the mean ± SD. Statistics: 
Wilcoxon signed-rank test (non-parametric) testing whether the fluorescence ratio is different from 
1.  
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Fig. S4, related to Fig. 5: The cecum tissue is easily accessible for S.Tm. (A - E) Cecal tissue samples 
were excised from untreated villin-RFP mice and mounted on a petri dish. After mounting, S.TmGFP 
was added onto the tissue and confocal image stacks were acquired. (A) Side-view of a confocal z-
stack from the cecum after addition of S.Tm. Labels indicate the tissue (T) and the lumen / loose 
mucus (L). (B) Time-lapse imaging of the tissue surface in image stack (A). The tracks of the bacteria 
are shown in black. The red area marks the cecal tissue. See also Movie M7. (C) Swimming speed of 
actively moving S.Tm at the cecal tissue surface. Bars indicate the median and the quartiles. (D) Mean 
Squared Displacement (MSD) calculated from 50 random S.Tm tracks at the cecal tissue surface. The 
plot is color-coded for the motility phenotype of each track as in Fig. 1. (E) Trapped, diffusing and 
swimming S.Tm were quantified manually based on optical appearance of the tracks. Shown is the 
pooled data of three independent experiments. Each data point represents one image series. The 
error bars indicate the mean ± SD. (F - I) Cecal tissue samples were excised from untreated villin-RFP 
mice and mounted on a petri dish. After mounting, green fluorescent S.TmΔfliGHI were added onto the 
tissue and confocal image stacks were acquired. (F) Side-view of a confocal z-stack from the cecum 
after addition of non-motile S.TmΔfliGHI. Labels indicate the tissue (T) and the lumen / loose mucus (L). 
(G) Time-lapse imaging of the tissue surface in (E). The tracks of the bacteria are shown in black. The 
red area marks the cecal tissue. (H) Mean Squared Displacement (MSD) calculated from 50 random 
S.TmΔfliGHI tracks at the cecal tissue surface. The plot is color-coded for the motility phenotype of each 
track as in Fig. 1. (I) Trapped, diffusing and swimming S.TmΔfliGHI were quantified manually based on 
optical appearance of the tracks. Shown is the pooled data of two independent experiments. Each 
data point represents one image series. The bars indicate the mean ± SD.  

  



t = 0s t = 7s t = 14s t = 21s
S. Tm Villlin-RFP



Fig. S5, related to Fig. 6: Light-induced heating of the samples leads to mixing of the intestinal 
content during intra-vital microscopy. S.TmGFP was injected into the cecal lumen of an anaesthetized 
villin-RFP mouse. S.Tm movement in the cecal lumen was tracked over time using two-photon 
microscopy. See also Movie M9. Fluorescent S.TmGFP are depicted in green. The border of the red 
fluorescent tissue is marked with the white dashed line. Auto-fluorescent food particles appear in 
orange. Thus, microscopy artefacts prevented more detailed analysis of the pathogen mucus 
interaction in the intact mouse gut. 
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