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The oligo-mouse-microbiota (OMM12) is a widely used syncom that colonizes
gnotobiotic mice in a stable manner. It provides several fundamental functions
to its murine host, including colonization resistance against enteric pathogens.
Here, we designed and validated specific fluorescence in situ hybridization
(FISH) probes to detect and quantify OMM12 strains on intestinal tissue
cross sections. 16S rRNA–specific probes were designed, and specificity was
validated on fixed pure cultures. A hybridization protocol was optimized for
sensitive detection of the individual bacterial cells in cryosections. Using
this method, we showed that the intestinal mucosal niche of Akkermansia
muciniphila can be influenced by global gut microbial community context. ©
2022 The Authors. Current Protocols published by Wiley Periodicals LLC.

Basic Protocol: Localization and quantification of OMM12 single strains in
mouse cecum cross section
Support Protocol: Establishment of specific FISH probe set for OMM12 syn-
com
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INTRODUCTION

Mammalian gut microbial communities harbor bacteria, archaea, viruses, protists, and
fungi. Bacterial communities, maintaining a mutualistic relationship with their host, con-
fer numerous health benefits ranging from breakdown of dietary components to metabo-
lite production and maturation of immune functions (Lozupone, Stombaugh, Gordon,
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Jansson, & Knight, 2012). Consequently, the risk for common human diseases has been
associated with altered intestinal bacterial profiles (Ebrahimzadeh Leylabadlo, Sanaie,
Sadeghpour Heravi, Ahmadian, & Ghotaslou, 2020; Moszak, Szulińska, & Bogdański,
2020; Nagao-Kitamoto & Kamada, 2017; Zhao, Zhang, Zuo, & Yu, 2017). Bulk com-
munity profiling has given valuable insight into the development and dynamics of the
gastrointestinal microbiome (Bäckhed et al., 2015; Faith et al., 2013; Falony et al.,
2016). However, there are many lines of evidence that spatial organization of the bac-
terial community along not only the longitudinal but also the lateral axis is important
for its functionality. Spatial structure of the community can be altered during diseases
(Desai et al., 2016; Stecher et al., 2008; Swidsinski, Loening-Baucke, Vaneechoutte, &
Doerffel, 2008) in response to diet (Riva et al., 2019; Tropini, Earle, Huang, & Son-
nenburg, 2017) or in immunodeficiency (Blum et al., 2020; Nakajima et al., 2018). To
decipher how microbial biogeography is linked to its functions and provide more insight
into the functionally relevant interactions, microscopy-based methods are essential. The
most common method, which does not depend on genetic modification of the bacteria, is
fluorescence in situ hybridization (FISH) using species- or group-specific fluorescently
labeled 16S rRNA gene–targeted probes (Daims, Stoecker, & Wagner, 2005).

Research using synthetic microbial communities has gained popularity in recent years,
and gnotobiotic animals have become essential tools in microbiome research (Clavel,
Lagkouvardos, Blaut, & Stecher, 2016; Elzinga, van der Oost, de Vos, & Smidt, 2019;
Macpherson & McCoy, 2015). The oligo-mouse-microbiota (OMM12) is composed of 12
phylogenetically diverse bacteria from the murine microbiota (Brugiroux et al., 2016).
This model is unique because it exhibits long-term stability in gnotobiotic mice (Bru-
giroux et al., 2016) and can be reproducibly established in different germ-free facilities
(Eberl et al., 2020). Importantly, it recapitulates central physiologic and functional traits
of a complex mouse microbiome, including colonization resistance to enteric pathogens
(Brugiroux et al., 2016; Studer et al., 2016). The genomes of the 12 bacterial strains
have been sequenced (Garzetti et al., 2017), and strains are publicly available from the
German Type Culture Collection (DSMZ) for noncommercial use. Hence, the OMM12

is widely distributed and currently used by over 40 research groups worldwide to deci-
pher molecular interactions between host and gut microbiota under health and disease
(Bolsega et al., 2019; Brugiroux et al., 2016; Eberl et al., 2020; Fischer et al., 2020; Herp
et al., 2019; Kuczma et al., 2020; Li et al., 2015; Lourenço et al., 2020; Marion et al.,
2020; Studer et al., 2016; van Tilburg Bernardes et al., 2020; Wotzka et al., 2019; Wyss
et al., 2020). Spatial analysis of the OMM12 using strain-specific FISH probes, in combi-
nation with stable isotope-labeling approaches and downstream in vitro characterization
of the strains, will allow deep insight into how interspecies and host-microbe interactions
shape essential functions of this widely used synthetic community (Pereira et al., 2020).

Therefore, we developed a strain-specific probe set for FISH-based spatial analysis of
the OMM12, a synthetic bacterial community. Here we present a protocol to specifically
identify and quantify the individual OMM12 bacteria in situ in intestinal cross sections.
Furthermore, we provide a protocol used to design and validate FISH probes, as well as
to optimize fluorescence signal intensity.

STRATEGIC PLANNING

Essentially, FISH probes need to be developed for each of the target bacteria that will be
specifically studied. For the OMM community, probes are already identified (Table 1), but
this protocol can be expanded to target any specific taxa of interest. For designing specific
probes, please refer to the Support Protocol. Further, the power of this technique is to
capture differences in the quantity, distribution, and physical interaction of the various
taxa under different in vivo conditions such as infection and dietary changes.Brugiroux et al.
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BASIC
PROTOCOL

LOCALIZATION AND QUANTIFICATION OF OMM12 SINGLE STRAINS IN
MOUSE CECUM CROSS SECTION

This protocol presents a method to fix mouse gut tissue before cryosectioning, then to
fluorescently label each single OMM12 strain on mouse tissue, and finally to localize and
quantify each OMM12 strain in vivo.

Materials

Mouse of interest
4% (w/v) paraformaldehyde (PFA; see recipe)
20% (w/v) sucrose in phosphate-buffered saline (PBS)
Tissue-Tek Optimal Cutting Temperature (O.C.T.) compound
Liquid nitrogen
50%, 80%, and 96% ethanol
Hybridization buffers (see Table 2)
Nail varnish
FISH probe (see Support Protocol)
Washing buffers (see Table 3)
Antifade mounting medium (e.g., Vectashield)

Dental floss
Surgical scissors
2.5-ml sample cup with snap-in lid, 32 × 14 mm (e.g., A. Hartenstein, cat. no.

PR02)
Cryotome (e.g., Leica CM1950)
Superfrost Plus slides, 75 × 25 × 1 mm (e.g., A. Hartenstein, cat. no. OTS)
2-ml microcentrifuge tubes
Vortex mixer
50-ml conical tubes
Absorbent paper
Variable temperature oven, dry heat, protected from light
Confocal microscope (e.g., Leica TCS SP5) with image acquisition software
Digital Image Analysis in Microbial Ecology (DAIME) software, version 2.2

(available at: https://dome.csb.univie.ac.at/daime; Daims, Lücker, & Wagner,
2006)

Additional reagents and equipment for mouse euthanasia (see Current Protocols
article: Donovan & Brown, 2005)

NOTE: All protocols involving live animals must be reviewed and approved by the ap-
propriate animal care and use committee and must follow regulations for the care and use
of laboratory animals.

Preparation and fixation of mouse gut tissue in 4% paraformaldehyde
1. Sacrifice mouse by opening the abdomen and carefully exposing intestinal organs

(e.g., cecum) without squeezing the organs.

2. Use dental floss to close intestinal parts of interest with a node, and excise it (e.g.,
1 cm cecum tip).

3. Fix closed organ in 2 ml ice-cold 4% (w/v) PFA in 2.5-ml sample cups with snap-in
lid at 4°C overnight.

4. The next morning, discard 4% (w/v) PFA, and replace with 20% (w/v) sucrose in
PBS. Incubate overnight at 4°C.

Brugiroux et al.
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Table 2 Composition of Hybridization Buffersa

Reagent Volume (μl)

Formamide (% final) 0 5 10 15 20 25 30 35 40 45 50 55 70

5 M NaCl 180 180 180 180 180 180 180 180 180 180 180 180 180

1 M Tris•HCl 20 20 20 20 20 20 20 20 20 20 20 20 20

Deionized distilled water 799 749 699 649 599 549 499 449 399 349 299 249 99

Formamide 0 50 100 150 200 250 300 350 400 450 500 550 700

10% SDSb 1 1 1 1 1 1 1 1 1 1 1 1 1

SDS, sodium dodecyl sulfate.
a
Buffers should be prepared in tightly closable 2-ml tubes and, preparation should be conducted in a fume hood as formamide is highly toxic and

volatile.
b
SDS should be added inside the lid of the 2-ml tube, which will be vortexed immediately before use.

5. Remove 20% (w/v) sucrose in PBS, and dab organ on paper tissue to remove excess
liquid.

6. Embed tissue vertically in O.C.T. compound until it is covered (1 to 2 ml), and snap
freeze in liquid nitrogen.

7. Store frozen samples at −80°C.

8. Generate 7-μm thick cryosections from region of interest (ROI) using a cryotome,
and air-dry sections on superfrost plus slides at least one night before hybridization
at room temperature.

Fluorescence in situ hybridization of mouse gut sections

In order to increase fluorescence signal, FISH probes can be double labeled at 3’ and
5’ ends. This trick was previously described by Stoecker, Dorninger, Daims, & Wagner
(2010). In our case, probes were double labeled with either fluorescein isothiocyanate
(FITC), cyanine 3 (Cy3), or Cy5 and then purified by high-performance liquid chro-
matography (HPLC) and lyophilized by commercial suppliers. Antisense probes should
be used as negative controls. Bacterial DNA can be stained by Sytox-Green.

9. Dehydrate gut sections using increasing concentrations of ethanol (50%, 80%, and
96%) for 3 min each.

10. Air dry ∼5 min. Meanwhile, prepare all hybridization buffers (see Table 2) at 0%,
10%, 20%, 30%, 35%, 40%, 45%, and 55% formamide in a fume hood. Prepare one
2-ml tube per FISH probe. Be careful to add sodium dodecyl sulfate (SDS) inside
the lid of the 2-ml tube, and vigorously vortex right before use.

11. Deposit nail varnish around each dehydrated section mounted on the superfrost plus
slide to build a barrier that keeps liquid on the section.

12. Prepare one moist chamber per slide: take one 50-ml tube, and insert a piece of
absorbent paper at the bottom.

13. Depending on the amount of sections, take an aliquot of the freshly prepared hy-
bridization buffer out of the 2-ml tube, and mix with FISH probe at a final concen-
tration of 5 ng/μl. Use 50 to 100 μl per section (depending on section size).

14. Pour remaining hybridization buffer from the 2-ml tube into the moist chamber to
humidify it.

15. Incubate slide within the horizontally oriented, closed, moist chamber for 4 hr at
46°C in the dark. Meanwhile, prepare corresponding washing buffer (see Table 3) in Brugiroux et al.
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Table 3 Composition of Washing Buffersa

Reagent Volume (ml)

Formamide (%)b 0 5 10 15 20 25 30 35 40 45 50 55 70

5 M NaCl 9.0 6.3 4.5 3.2 2.2 1.5 1.0 0.7 0.5 0.3 0.2 0.1 0

1 M Tris•HCl 1 1 1 1 1 1 1 1 1 1 1 1 1

0.5 M EDTA 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

a
After addition of reagents, all solutions should be brought to 50 ml using deionized distilled water.

b
Indicates the formamide concentration in the corresponding hybridization buffer.

50-ml tubes using the same formamide concentration as in the hybridization buffers.
Prewarm tubes containing washing buffer at 48°C.

16. Mix tube containing washing buffer by inversion.

17. Quickly place slide into tube containing washing buffer in a fume hood, and incubate
slide 10 min at 48°C.

18. Rinse slide 5 s in ice-cold distilled water to avoid nonspecific probe binding.

19. Dry slide in a laminar flow hood in the dark for 5 to 10 min until dry.

20. Mount slide in the dark using antifade mounting medium. To do so, add a drop of
mounting medium to each section, and then add a coverslip. Seal with nail varnish,
and dry and store in the dark at 4°C before analysis.

Image acquisition and fluorescence signal analysis
21. Acquire TIFF images (1024 × 1024) using a confocal microscope within 24 hr.

In our case, TIFF images were obtained using Leica LAS AF software.

22. Import merge and grayscale images in .tif format into DAIME software.

Be careful to properly label images; for example, label as X_# where X is common to
all images (letters or number only) and # is the image number. Moreover, images from
different channels (including merge) must be in a separate file.

23. Set up image scale by clicking on the “ruler” icon.

The z-scale corresponds to the number of images.

24. Open the visualizer option, and click on the “OBJ” icon, then on “2D segmentation.”

25. Click on the “freehand” icon, and left click to draw a line to define the ROI. Then,
close ROI using a right click.

26. Convert ROI to an object using the corresponding icon.

27. Sequentially click “Analysis,” “Biofilm tool,” and “Create Slicer template…,” and
enter desired slice thickness. Select appropriated slicing direction, and then press
OK.

The baseline smoothing is 19% by default. Smoothing represents how precisely the slice
bands are going to follow the epithelial borderline.

28. Open resulting object series in visualizer, and click the “OBJ” icon. Click the “rain-
bow” button to better visualize the different slices, and save file as .stk format.

If needed, a single slice can be rejected from the analysis. Right click on the slice, and
then reject it as a normal object. It can also be rejected in the selected image or in all of
them (tick “in all images” option).

Brugiroux et al.
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29. Manually check each gray level picture to remove background particles that could
bias analysis. To do so, select a gray level channel. Open visualizer and use the
“OBJ” icon. After having deleted an object, perform a new 2D segmentation.

Nutrients and other gut contents emit autofluorescence such as in Cy3 and FITC channels.
Deletion of autofluorescent particles is feasible using the “Image Calculator” icon to
subtract the Cy3 channel from the FITC channel.

30. Sequentially click “Analysis,” “Biofilm tools,” and then “Slice & quantify biovol-
ume fraction” to quantify relative biovolume using the robust automated threshold
selection (RATS) algorithm (Kittler, Illingworth, & Föglein, 1985). Ignore objects
up to five pixels (Daims & Wagner, 2007).

The user should not consider the analysis results as good under 80% congruency (i.e.,
80% of the targeted population only also stained with the Eub probes).

31. Export and save the final data.

As an example, saved files can be opened under Editor, and then copied and pasted into
spreadsheet analysis software.

The orange icon “LOG” allows the user to see the commands history, which can also be
exported as HTML or plain text.

An example of the result is presented in Understanding Results.

SUPPORT
PROTOCOL

ESTABLISHMENT OF SPECIFIC FISH PROBE SET FOR OMM12 SYNCOM

To establish an OMM12 FISH probe set, probes were designed using ARB software. In
order to validate FISH probe strain specificity and optimize fluorescence signal intensity,
pure OMM12 bacterial cultures were anaerobically grown, fixed in PFA, and then stored at
−20°C. Determination of optimal formamide concentration, and thus optimal hybridiza-
tion stringency, was achieved by performing FISH using gradients of formamide concen-
trations on each probe-strain combination. Finally, probe strain specificity was confirmed
using pure fixed OMM12 bacterial suspensions. Such an approach can be used to validate
other FISH probes.

Additional Materials (also see Basic Protocol)

OMM12 strain of interest
Brain heart infusion medium (see recipe)
Anaerobic Akkermansia medium (see recipe)
Anaerobic gas mixture (7% H2, 10% CO2, 83% N2)
PBS

ARB software (available at: http://www.arb-home.de)
Anaerobic cultivation platform (e.g., Coylab Anerobic Chamber)
Spectrophotometer
Centrifuge
10-well diagnostic slides, 76 × 25 × 1 mm (e.g., Thermo Fisher Scientific)

Additional reagents and equipment to perform culture using the Hungate technique
(for detailed description see https://www.dsmz.de/fileadmin/Bereiche/
Microbiology/Dateien/Kultivierungshinweise/englAnaerob.pdf )

Fluorescence in situ hybridization probe design
1. Load full-length 16S rRNA gene sequences of all OMM12 bacterial strains into

ARB, and use SILVA SSU NR database as described in Ludwig et al. (2004) and
Quast et al. (2013). See Table 1 for probe sequences and further information.

Brugiroux et al.
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Preparation of bacterial anaerobic cultures
2. Inoculate one stock of each OMM12 strain either in 10 ml brain heart infusion

medium for strict anaerobes or in 10 ml anaerobic Akkermansia medium for A.
muciniphila YL44 (Derrien, Vaughan, Plugge, & de Vos, 2004). Incubate at 37°C
without agitation in anaerobic cultivation platform. After 24 hr prepare subcultures:
200 μl culture in 10 ml fresh medium.

3. Gas first and subcultures using the Hungate technique and an anaerobic gas mixture
(7% H2, 10% CO2, 83% N2).

4. Incubate subculture at 37°C until the optical density at 600 nm (OD600) = 1, which
depending on the growth rate can take several hours to days.

As an exception, YL45 is translucent and will not reach OD600 = 1.

Anaerobic cultivation of the OMM12 strains is also described in Brugiroux et al. (2016).

Fixation of bacterial culture in 4% paraformaldehyde
5. Centrifuge 250 μl of each culture (250 μl YL45 after 48 hr subculture) in a 2-ml tube

5 min at 6800 × g, 4°C.

6. Discard supernatant and resuspend pellet in 750 μl ice-cold 4% (w/v) PFA.

7. Incubate 3 hr at 4°C.

8. Centrifuge 5 min at 6800 × g, 4°C.

9. Discard supernatant and resuspend pellet in 1 ml ice-cold PBS.

10. Wash three times in ice-cold PBS, centrifuging 5 min at 10,600 × g, 4°C, between
each step.

11. Resuspend bacterial pellet in 250 μl ice-cold PBS and 250 μl ice-cold 96% ethanol.

12. Store at −20°C before use.

Optimization of hybridization stringency

In order to increase fluorescence signal, FISH probes can be double labeled at 3’ and 5’
ends. This trick was previously described by Stoecker et al. (2010). In our case, probes
were double labeled with either FITC, Cy3, or Cy5 and then purified by HPLC and
lyophilized by commercial suppliers. To identify the optimal formamide concentration
for each probe, increasing formamide concentrations (0%, 10%, 20%, 30%, 35%, 40%,
45%, and 55%) are tested for maximal signal strength and specificity.

13. After probe synthesis, resuspend probes in distilled water to generate 100 ng/μl stock
solutions and to later prepare 50 ng/μl working solutions. Store all probes at −20°C.

14. Spot 2 μl/well PFA-fixed bacterial suspension onto diagnostic slides, and dry at 46°C
for 5 min.

15. Incubate slide sequentially in 50% ethanol, 80% ethanol, and then 96% ethanol for
3 min each.

16. Air dry for about 5 to 10 min. Meanwhile, prepare all hybridization buffers (see
Table 2) at 0%, 10%, 20%, 30%, 35%, 40%, 45%, and 55% formamide in a fume
hood. Prepare one 2-ml tube per FISH probe. Be careful to add SDS inside the lid
of the 2-ml tube, and vigorously vortex it right before use.

17. Prepare one moist chamber per slide: take one 50-ml tube, and insert a piece of
absorbent paper at the bottom.

Brugiroux et al.
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18. Depending on the amount of spots, take an aliquot of the freshly prepared hybridiza-
tion buffer out of the 2-ml tube, and mix with FISH probe at a final concentration of
5 ng/μl. Use 20 μl per spot.

19. Pour remaining hybridization buffer from the 2-ml tube into the moist chamber to
humidify it. Incubate diagnostic slide within the horizontally oriented, closed, moist
chamber for 4 hr at 46°C in the dark. Meanwhile, prepare corresponding washing
buffer (see Table 3) in 50-ml tubes, using the same formamide concentration as in
the hybridization buffers. Prewarm tubes containing washing buffer at 48°C.

20. Mix tube containing washing buffer by inversion.

21. Quickly place diagnostic slide into tube containing washing buffer in a fume hood,
and incubate slide 10 min at 48°C.

22. Rinse slide 5 s in ice-cold distilled water to avoid nonspecific probe binding.

23. Dry slide in a laminar flow hood in the dark for 5 to 10 min until dry.

24. Mount slide in the dark using antifade mounting medium. To do so, add a drop of
mounting medium to each spot, and then add a coverslip. Seal with nail varnish, and
dry and store in the dark at 4°C before analysis.

Image acquisition and fluorescence signal analysis
25. Acquire TIFF images (1024 × 1024) using a confocal microscope within 24 hr.

In our case, TIFF images were obtained using Leica LAS AF software.

26. Import TIFF images as .tif format into DAIME software.

Be careful to properly label TIFF images; for example, label as f%-# where % corre-
sponds to the tested formamide concentration (number only) and # is the image number.

27. Open the visualizer option, and click on the “OBJ” icon and then on “2D segmenta-
tion” using the RATS algorithm (Kittler et al., 1985). Ignore objects up to five pixels
(Daims & Wagner, 2007).

28. Click the “FA%” icon.

29. Export “Mean for each FA conc.,” and use these data for plotting.

REAGENTS AND SOLUTIONS

Anaerobic Akkermansia medium

1. To distilled water, add 18.5 g/L brain heart infusion (e.g., Oxoid, cat. no.
CM1135), 15 g/L trypticase soy broth (e.g., Oxoid, cat. no. CM0129), 5 g/L yeast
extract (e.g., Carl Roth, cat. no. 2363.3), 2.5 g/L K2HPO4 (e.g., Carl Roth, cat.
no. P749.1), 1 mg/L hemin (e.g., Sigma-Aldrich, cat. no. 51280), and 0.5 g/L
D-glucose (e.g., Carl Roth, cat. no. HN06.2).

2. Sterilize by autoclaving.
3. Under sterile conditions, add 0.5 mg/L menadione (e.g., Sigma-Aldrich, cat. no.

M5625), 3% (v/v) heat-inactivated fetal calf serum, 0.25 g/L hog gastric mucin
(e.g., Sigma-Aldrich, cat. no. M1778), 0.5 g/L cysteine-HCl•H2O (e.g., Sigma-
Aldrich, cat. no. C7880), and 0.4 g/L Na2CO3 (e.g., Merck, cat. no. 106392).

4. Stir for 2 days under anoxic conditions before use to reduce the solution and re-
move oxygen.

5. Store at room temperature under anaerobic conditions for up to 1 week.

All reagents are dissolved in distilled water except for the hemin, which is resuspended in
reagent-grade ethanol supplemented with NaOH until it is entirely dissolved.

Brugiroux et al.
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Menadione (which is resuspended in reagent-grade ethanol), Na2CO3, cysteine-HCl•H2O,
and hog gastric mucin should be sterilized by autoclaving, whereas heat-inactivated fetal
calf serum should be filter sterilized.

A. muciniphila YL44 can be grown in this medium, as previously described by Derrien et al.
(2004).

Brain heart infusion medium

Distilled water
37 g/L brain heart infusion (e.g., Oxoid, cat. no. CM1135)
0.25 g/L cysteine-HCl•H2O (e.g., Sigma-Aldrich, cat. no. C7880)
0.25 g/L Na2S•9H2O (e.g., Sigma-Aldrich, cat. no. 208043)
Store at room temperature under anaerobic conditions for up to 1 week

Autoclave brain heart infusion after dissolving in distilled water. Then add the remaining
reagents under sterile, anoxic conditions.

Prepare cysteine and Na2S in distilled water, and filter sterilize before storing under anoxic
conditions.

Prepare Na2S in a fume hood because it is highly toxic.

This recipe was obtained from the DSMZ list of media for microorganisms (recipe
215c; available at: https://www.dsmz.de/collection/catalogue/microorganisms/culture-
technology/ list-of-media-for-microorganisms), which represents a useful tool to gain insight
into cultivation conditions and medium recipes.

PFA, 4%

1. Heat 60 ml distilled water to 60°C.
2. Add 8 g PFA and 20 μl of 1 M NaOH.
3. Stir vigorously until PFA is dissolved.
4. Add 20 ml PBS, and bring volume to 200 ml with distilled water.
5. Adjust pH to ∼7.
6. Filter sterilize using a 0.22-μm filter, and aliquot in sterile 50-ml tubes.
7. Store at −20°C for long-term storage.

COMMENTARY

Background Information
In previous studies, we have used FISH

approaches to detect and localize targeted
bacterial populations (Brugiroux et al., 2016;
Herp et al., 2019). In fact, automatic im-
age analysis remains challenging due to soft-
ware limitations, which leads to an under-
exploitation of FISH associated data. Here,
we present an approach to quantitatively de-
termine bacterial abundance using microscope
images, as well as to analyze specific bacte-
rial populations and their enrichment at epithe-
lial borders on gut cross sections of OMM12

mice.

Critical Parameters
Using this approach, quantification of to-

tal and specific bacterial populations is based
on biovolume quantification. Therefore, nu-
cleic acid staining such as with DAPI cannot
be used to determine total amount of bacteria.
This is because the cellular area stained us-
ing a nucleic acid stain is too different from

the area stained using ribosomal RNA gene–
targeted probes.

Optimally, signal intensity of different
FISH probes should be similar to each other to
optimize image acquisition and analysis. Con-
focal microscopy is highly recommended, and
all images should be generated using the same
microscope settings.

Of note, in order to determine whether a
bacterial population of interest is enriched at
the epithelial border, an ROI must be drawn.
Such analysis will only work if the epithelial
border is roughly parallel to the picture side.

Troubleshooting
See Table 4 for troubleshooting considera-

tions associated with this protocol.

Understanding Results
A. muciniphila is known to be able to de-

grade mucin (Derrien et al., 2004). There-
fore, we hypothesized that A. muciniphila
was enriched at the epithelial border. In or-
der to validate our approach, we used the

Brugiroux et al.
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Table 4 Troubleshooting Guide to Optimize Fluorescent Probe Signal

Problem Possible cause Solution

Poor signal Probe not bound enough to
targeted sequence

Increase hybridization time up to 24 hr

Verify in silico that probe sequence is 100% similar to targeted sequence

Double label FISH probe at 3’ and 5’ ends

Fluorophore photobleached Preserve slides from light as much as possible; use another fluorophore

Unspecific
binding

Unspecific binding of
fluorophore

Keep slides at 4°C (or at −20°C) before microscope observations

FISH, fluorescence in situ hybridization.

A. muciniphila YL44 strain, which also be-
longs to the OMM12 syncom. Three groups
of gnotobiotic mice were used: low complex-
ity microbiota (LCM) colonized mice as nega-
tive control, LCM mice colonized with YL44
(LCM + YL44), and OMM12. YL44 was de-
tected using a Muc1437-Cy3 probe, and to-
tal bacterial populations were detected us-
ing a Eub338I/III-Cy5 mix. DAPI staining
was performed as a control. Confocal images
were taken, and merged images were virtually
sliced from the epithelial border to the gut lu-
men (40 μm thick). Then slicer templates were
applied to gray level images (Fig. 1D and F).
The biovolume of the targeted bacterial popu-
lation was calculated relative to the biovolume
of all bacterial populations. On cecal cross
sections of LCM-colonized mice, we observed
low Muc1437 signal (Fig. 1A and G). As this
signal was not colocalized with Eub338 I/III
signal, we concluded that the signal derived
from unspecific binding of the probe to the ce-
cal content, which might be due to the fluo-
rophore itself (i.e., Cy3). We confirmed this
hypothesis using another fluorophore (FITC),
which appeared to exhibit less unspecific bind-
ing (data not shown). On cecal sections of
LCM + YL44 colonized mice, we observed
that the Muc1437 probe hybridized to small
coccoid bacterial cells similar to YL44, which
seemed to be enriched at the epithelial bor-
der (Fig. 1B). When calculating YL44 rela-
tive biovolume, we confirmed that YL44 was
significantly enriched between 0 and 40 μm
from the epithelial border compared to deeper
layers within the lumen (Fig. 1H). However,
on cecal sections of OMM12-colonized mice,
YL44 was homogenously distributed in the ce-
cal cross section (Fig. 1C). This was confirmed
by the relative biovolume showing no enrich-
ment between 0 and 240 μm from the epithe-
lial border (Fig. 1I).

To sum up, we have established a new ap-
proach combining FISH and DAIME analy-
sis in order to specifically detect and quan-

tify a bacterial population through cecal cross
sections. We showed that YL44 was enriched
at the epithelial border in LCM + YL44–
colonized mice but not in OMM12-colonized
mice. This suggests that the distribution of the
YL44 bacterial population in the mouse cecum
is dependent on microbial context.

Time Considerations
Staining and analysis of a reasonable num-

ber of slides (e.g., 10 to 20) should take
∼2 working days: 1 working day for staining,
0.5 days for image acquisition, and 0.5 days
for image analysis using DAIME software.
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Figure 1 Establishment of a fluorescence in situ hybridization (FISH) assay to localize and quan-
tify single strains in the oligo-mouse-microbiota (OMM12) mouse gut. Left column: Gnotobiotic
mice stably colonized with a low complexity microbiota (LCM; Stecher et al., 2010). Middle col-
umn: Gnotobiotic LCM mice inoculated with Akkermansia muciniphila YL44 for 21 days (LCM +
A. muc YL44). Right column: OMM12 mice stably colonized with 12 strains (Clostridium innocuum
I46, Bacteroides caecimuris I48, Limosilactobacillus reuteri I49, Enterococcus faecalis KB1, Bi-
fidobacterium animalis YL2, Muribaculum intestinale YL27, Flavonifractor plautii YL31, Entero-
closter clostridioformis YL32, A. muciniphila YL44, Turicimonas muris YL45, Blautia coccoides
YL58, Acutalibacter muris KB18). (A, B, C) FISH on paraformaldehyde-fixed cecal cryosections
targeting all bacteria (EUB338-I/III, grayscale) and A.muciniphila YL44 (Muc1437, red). Upper right
squares (yellow) show magnification. Scale bars = 25 μm. White line, epithelial border. (D, E, F)
Slicer template generated by DAIME. Same magnification as for A, B, C. Colors represent the dif-
ferent virtual layers from the epithelial border (dark red) to the gut lumen (light blue). Thickness
per layer = 40 μm. (G, H, I) A. muciniphila YL44 biovolume quantification relative to the EUB338
probe signal using DAIME. (G) LCM-colonized mouse (3 mice, 12 pictures). (H) LCM + A. muc
YL44-colonized mouse (3 mice, 34 pictures). (I) OMM12-colonized mice (5 mice, 33 pictures). De-
tection limit of YL44 in H and I corresponds to unspecific background fluorescence signal detected
in G = 0.65%. Data are given as mean and standard deviation. Mann-Whitney U test: *** p < .001.
One-way ANOVA Kruskal–Wallis test: (G) p = .6514, (H) p < .0001, (I) p = .0643.

Data Availability Statement
The data, tools, and material (or their

source) that support the protocol are available
from the corresponding author upon reason-
able request.
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