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Chapter 2 
ABSTRACT: 

Objectives: Faecalibacterium prausnitzii is one of the most abundant bacterial species in 
the human gut and one of the major producers of butyrate that is crucial for adequate gut 
functioning.  It has been suggested that reduced numbers of this favorable bacteria may 
play a role in Crohn’s disease. In contrast, these patients harbor increased numbers of 
Escherichia coli as pathosymbionts, which, being facultative anaerobic, could prevail over F. 
prausnitzii in oxygenated conditions near the intestinal wall. There are two major 
phylogroups of F. prausnitzii described. However, it remains elusive what their location and 
distribution is within a fecal sample.  This study aimed to examine the location of F. 
prausnitzii phylogroups 1 and 2 and compare this with other butyrate producers like 
Roseburia in the normal stool of 12 healthy volunteers. 

Design: A straw was used to punch fecal stools while preserving the surface-lumen 
gradient.  After 4% PFA fixation and fluorescence in situ hybridization (FISH) using group-
specific rRNA probes, including new F. prausnitzii phylogroup-specific probes, epi-
fluorescence microscopy was performed to localize the butyrate producing groups. 

Results: F. prausnitzii was mostly detected as single cells in the stool. Phylogroup 2 was 
predominantly located close to the fecal surface in comparison with phylogroup 1. In 
addition, biofilms were detected around distinct food particles in the fecal lumen consisting 
of Clostridium group XIVa, including Roseburia, and F. prausnitzii phylogroup 1 and 2, as 
well as F. prausnitzii’s not belonging to either of the phylogroups. The presence of F. 
prausnitzii close to the fecal surface was mutual exclusive with Enterobacteriaceae 
(including E. coli). 

Conclusion: F. prausnitzii phylogroup 2 preferentially colonizes the feces-mucus interphase 
compared to phylogroup 1, suggesting that it has enhanced tolerance to oxygen. 
Furthermore, specific food particles support the growth of Roseburia and both phylogroups 
of F. prausnitzii. There is an inverse relation between faecalibacteria and the presence of 
Enterobacteriaceae close to the mucus layer. It remains to be determined whether the two 
F. prausnitzii phylogroups have differential effects on gut health and dysbiosis. 
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Localisation of F. prausnitzii 
INTRODUCTION 
The human colon is the residence of a complex microbiota producing metabolites that are 
important for health of the host 1.  Metabolites, such as short chain fatty acids (SCFAs), in 
particular butyrate, are crucial for maintaining a healthy intestinal barrier and function2-4. 
Butyrate is an important source of energy for colonocytes and has potential anti-
inflammatory effects by inhibition of nuclear factor-κB (NFkappaB) and production of pro-
inflammatory cytokines in the intestinal epithelial layer 5. 
Butyrate, propionate and acetate are the main products of the intestinal microbiota that 
ferment undigested dietary fiber and resistant starch6.  The bacteria that are mainly 
responsible for butyrate production are firmicutes related to Clostridium groups IV and 
XIVa5. From these firmicutes, Faecalibacterium prausnitzii, member of the C. leptum group 
(Clostridium group IV), and Roseburia and the related species Eubacterium rectale 
(members of the Clostridium group XIVa) are among the most important butyrate-
producing species within the human gut 7. 
It has been shown that butyrate and butyrate-producing bacteria play a role in prevention 
of several digestive tract diseases, such as colorectal cancer 8 and inflammatory bowel 
disease (IBD). A strong indication for this is that there is a protective effect of F. prausnitzii 
and its culture supernatant against inflammation in a mice model 9. Moreover, a significant 
decrease in abundance of F. prausnitzii in IBD, especially in patients with ileal Crohn’s 
disease, has been observed 10. Additionally, it has been found that the numbers of adherent 
invasive E. coli (AIEC) are higher in this type of IBD patients 9,11, which are associated with a 
decreased number of faecalibacteria, indicating an inverse correlation between the two 
bacteria 11,12.  
F. prausnitzii is designated as a feco-mucus bacterium, which means that it colonizes the 
feces/mucus interphase as well as the luminal part of the feces 13.  Recently, it was 
demonstrated that there are two major phylogroups of F. prausnitzii: phylogroup 1: 
represented by the type strain ATCC 27768, and phylogroup 2, represented by strain A2-
165 14. However, it remains elusive whether these two phylogroups show a different 
distribution in the feces, more specifically, if both phylogroups are feco-mucus bacteria and 
are present close to the oxygen-rich gut epithelial layer.  
Therefore, we performed a study on stools of 12 healthy volunteers in which we analyzed 
the localization of the two major phylogroups of F. prausnitzii within the feces with 
fluorescence in situ hybridization (FISH). For this, probe target sites specific for the cultured 
representative of the two phylogroups were identified within the 16S rRNA sequences and 
these sites were compared with data of non-culture based sequence approaches. The 
newly designed probes were used to explore the fecal biostructure and visualize the 
possible correlation between food particles, F. prausnitzii and other butyrate-producing 
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Chapter 2 
bacteria, such as Roseburia. Finally, the possible counterbalance between E. coli and F. 
prausnitzii was investigated by analyzing their spatial localization within the feces. 

MATERIALS AND METHODS 

Design and testing of F. prausnitzii phylogroup probes 
Oligonucleotide probes were designed with the ARB software package15 using an SSU 
reference database (SSURef_106_SILVA_19_03_11) downloaded from the SILVA website16.  
All oligonucleotide probes listed in Table 1, labeled at the 5′- and 3′-end with fluorescein 
(FITC) or at the 5′-end with Cy3, were purchased from Eurogentec (Eurogentec, the 
Netherlands). The specificity of the newly designed oligonucleotides probes for the two 
phylogroups of F. prausnitzii were tested on 36 different bacterial strains for FISH as 
described previously 17. The bacterial strains used for this verification are listed in 
Supplementary Table 1. 

Sample collection and handling 
The straw technique described by Swidsinski et al. was used to punch fecal stools while 
keeping the structure preserved 13. Volunteers gave informed consent and were provided 
with 50 ml falcon tubes containing 25 ml 4% paraformaldehyde (MP Biomedicals, LLC, 
Eschwege, Germany) solution in PBS, pH 7.2-7.5 and drinking straws precut to 4 cm pieces 
18. Volunteers were given a printed instruction on how to collect the fecal samples. Briefly, 
samples were punched by the straw and put into the falcon tube with fixative. The tubes 
with the sample were delivered at the lab within 8 hours and were fixed at room 
temperature for an additional 24 hours and stored at 4°C for an additional week. For 
embedding in paraffin, the luminal part of the punched fecal sample was marked by black 
ink and the samples were taken out of the straw using a scalpel and a glass pin. 
Subsequently, the samples were embedded overnight in paraffin by standard procedures. 
Sections of 4 µm were obtained with a rotary microtome and stretched on warmed water. 
Stretched sections were mounted to poly-L-Lysine pre-coated glass slides (Thermo 
Scientific), and deparaffinized by submerging in xylene solution for three times followed by 
three 96% ethanol wash steps to remove the xylene from the sections and dehydrate them. 
Slides were air dried and stored at room temperature until FISH analysis.  

Fluorescence in situ hybridization 
Sections were analyzed by FISH with different fluorescently-labeled oligonucleotide probes 
listed in Table 1. Fecal sections were surrounded by 1 mm thick plastic rings and the specific 
probes that were mixed with hybridization buffer (10 µl/100 µl), were applied on these 
sections. The slides were hybridized, washed and mounted in Vectashield as described 
before19. Hybridized sections were analyzed using a DM RXA microscope (Leica 
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Localisation of F. prausnitzii 
Mikroskopie, Wetzlar Germany). Filter set of 500–540 nm was used for FITC and 570–630 
nm for Cy3. Images were obtained using 10x, 20x, 40x and 63×. Color micrographs were 
taken with a full frame digital Canon EOS5D MKII camera and processed using Digital Photo 
Professional (Canon, Japan) and Adobe Photoshop 6.0 maintaining the scientific integrity of 
the raw images 20,21.  The ratio of faecalibacteria under the mucus layer to the 
faecalibacteria in the lumen was calculated by counting the number of faecalibacteria 
visually within two identical rectangular boxes drawn digitally on the micrographs, such as 
indicated in Figure 1.  

Table 1: List of the probes used in the present study and their target sequence. Two new probes developed in the 
present study were designed with the ARB software package [ARB] and the other probes were obtained 
commercially. 

Target Probe Sequence 5’->3’ 
Universal probe Eub338 GCTGCCTCCCGTAGGAGT22 
E. rectale & C. coccoides group Erec482 GCTTCTTAGTCARGTACCG19 
F. prausnitzii group 
F. prausnitzii Phylogroup 1 
F. prausnitzii Phylogroup 2 

Fprau645 
Fp1-0184 
Fp2-0184 

CCTCTGCACTACTCAAGAAAAAC23 
CTCTACCCGATGCCGGGT (this paper) 
CTCTGCTCGATGCCGAGC (this paper) 

Roseburia cluster 
 

Rint623 
Rint helper 

TTCCAATGCAGTACCGGG24 
GTTGAGCCCCGGGCTTT 

Enterobacteriaceae EC1531 CACCGTAGTGCCTCGTCATCA25 
 

RESULTS 

Probe design for the two F. prausnitzii phylogroups 
Based on the sequences of the cultured representatives of the two F. prausnitzii 
phylogroups as they were defined by Lopez et al. 2012, we identified a target site in the 
hypervariable V2 region of the 16S rRNA that was discriminative for these phylogroups. In 
silico analysis of the newly designed probes for the two phylogroups showed only a full 
match with the target organisms and no unwanted cross reactions with other cultured gut 
micro-organisms (Table 2). Most of these sequences originate from fecal sequencing 
projects and metagenomic projects.  However, only 3,575 of the approximately 6,000 
sequences of uncultured faecalibacteria actually reacted to the probes. These sequences 
clustered into a single group corresponding to phylogroup 1 and three closely related 
groups that correspond to phylogroup 2 of cultured faecalibacteria. The non-responding 
sequences were clustered into groups that were related to various degrees to the cultured 
phylogroups, but are not represented by any of the currently cultured faecalibacteria. 
These may belong to additional phylogroups of F. prausnitzii. These groups are indicated in 
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Table 2 with different target codes based on the clustering in the sequences. Testing the 
two phylogroup-specific oligonucleotide probes on F. prausnitzii culture representatives 
and reference strains confirmed that the probes reacted according to the design 
(Supplementary Table 1). However, using the probes on fecal samples indeed showed that 
these 2 probes only detected part of the bacteria that are reacting with the universal 
faecalibacterial probe, Fprau645. This means that a subset of faecalibacteria present in the 
feces does not belong to either phylogroup 1 or 2. Yet, in combination with Fprau645, the 
two probes provide valuable information on the location of the currently known 
phylogroups and give information on the other species that do not belong to the known 
phylogroups. 

Localization of F. prausnitzii phylogroups: 
To analyze the location of the different F. prausnitzii phylogroups in feces from healthy 
volunteers, thin sections of fecal cores were hybridized with the panel of probes described 
in Table 1. In all volunteers, phylogroup 2 of F. prausnitzii  was dominant over phylogroup 1, 
which was particularly evident close to the surface of the feces, directly below the feces-
associated mucus (Figure 1A), where enhanced numbers of phylogroup 2 were detected.  

Table 2: Nucleotide sequences of the V2 region (E. coli position 184-194) of F. prausnitzii strains and related 
uncultured sequences. The target groups correspond with the clusters and groups in Figure 1. The probes marked 
with an asterisk were used as fluorescently-labeled FISH probes. Accession numbers are from the cultured strain or 
from a sequence representative for the group. 
Target     5’ A C C C G G C A U C G G G U A G A G  nseq   Probe Accession# 

Fp1 ATCC 27768 . . . . . . . . . . . . . . . . . .  1235 P1*  AJ413954 

Fp phylo1 . . . . . . . . . . . . . A . . . . 214  P1a AY982341 

Fp phylo1 . . . . . . . . . . . . . . U . . . 135  P1b DQ795925 

Fp A2−165  G . U . . . . . . . . A . C . . . . 1748 P2* AJ270469 

Fp phylo22   G . U . . . . . . . . A . C . . G . 243  P2a AY981629 

Fp ph2-like  G G U . . . . . . . . A C C . . . . 1333 P3  EF402439 

Fae3-like c24 G U A . C . . . . G . U A C U . . . 396  P4  AY981447 

Fae-like c2 G U G . C . . . . G A C A C U . . . 192  P5  AY169429 

Fae sp. 1 G U G . C . . . . G . C A C . . . . 174  P6  DQ806513 

S.variabile . U . . . . . . . . . . A . U . . . 151  P7  AJ518869 

Sub5 sp.   G . . . . . . . . . . . . C U . . . 191  P8 AY984258  
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Localisation of F. prausnitzii 
Sub sp.   G . . . . . . . . . . . . C U . C . 152 P8a EU728786  

Sub-like c1 G A U . C . . . . G . A U C U . C . 143  P9 AY982335 

Fae-like c2 G U A . C . . . . G . C A C U . . . 120  P10 DQ793440 

Sub-like c1 G A U U C . . . . G . A U C U . C . 57   P11 DQ799861 

Fae sp. 2 G U . . C . . . . G . . A G . . . . 50   P12 DQ456147 

Fae-like c1  G . U . C . . . . G . A . C . . G . 40   P13 DQ803805 

Fp ph2-like2   G G U . . . . . . . . A C C U . . . 38   P14 DQ326303 

Fae-like c2 G U U . U . . . . G . A A C U . . . 31   P15 DQ456171 

Fae sp. 2 G U . U C . . . . G A . A C . . . . 28   P16 DQ456155 

Sub-like c1 G U G . C . . . . G . C A C . . C . 28   P17 DQ057424 

Fae-like c1  G . A U C . . . . G A U . C . . U . 22   P18 DQ806101 

Fae-like c1 G A G . U . . . . G . C U C . . U . 21   P19 DQ801930 

Fae-like c2 G U G . C . . . . G . C A C U . . . 19   P20 DQ793524 

Fp cA2-like G . U . C . . . . G . A . C . . . . 18   P21 DQ803809 

Fp cA2-like2 G G U . . . . . . . . A U C U . . . 17   P22 EU762011 

Fae-like c1 G A G . U . . . . G . C U C G . U . 16   P23 DQ798147 

Fp ph2-like3 G G U . . . . . . . . A C C . . U . 16   P24 DQ798293 

Sub-like c1 G U A U C . . . . G . U A C U . . . 15   P25 DQ809116 

Fae sp. 2 G . A . C . . . . G . U . C . . G . 14   P26 DQ808757 

Fae-like c2  G U A . C . . . . G A U A C U . . . 14   P27 DQ809498 

Other 318 
variants  with 
nseq<14  

sum of n= 638   

Total  7509   seq  

1 Fp=F. prausnitzii;  2phylo=phylogroup; 3c=cluster; 4Fae=Faecalibacterium; 5Sub=Subdolonigranum. 

In contrast, phylogroup 1 is much more homogenously distributed throughout the feces 
and hardly present at the fecal surface (Figure 1B). While phylogroup 1 of F. prausnitzii was 
less dominant than phylogroup 2, it remained undetectable even in feces of volunteers 3, 4 
and 6. In contrast to phylogroup 2, phylogroup 1 appeared mostly distributed as single cells 
distributed homogeneous across the sections, not dominating in specific parts.  
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Chapter 2 
The FISH analysis showed that there is a counterbalance in the detection of F. prausnitzii 
and E. coli.   Samples with high numbers of F. prausnitzii cells close to the mucus layer did 
not show cells labelled with the Ec1539 probe for Enterobacteriaceae that are most likely E. 
coli 25.  This phenomenon was observed in volunteers 1, 2, 3, 7, 8, 9, 10 and 11 (Figure 2). 
Vice versa, the mucosal part of stool samples with no detectable F. prausnitzii or with only a 
few cells of phylogroup 2 of F. prausnitzii close to the mucus layer were colonized by 
Enterobacteriaceae cells in volunteers 4, 5, 6 and 12 (Figure 3). These observations are 
summarized in Table 3. 
In addition, FISH with the Fprau645 probe showed the colonization of some food particles 
by F. prausnitzii in the lumen of the feces. These food particles had a stretched and a 
homogeneous structure. The colonization by F. prausnitzii was observed only in volunteers 
9 and 10 (Figure 4). Interestingly, this colonization was only detected with the Fprau645 
probe and not with the phylogroup-specific probes. Figures 5 and 6 show fibers that were 
colonized with faecalibacteria from which only a few cells responded to the phylogroup-
specific probes. Most of these cells belong to faecalibacteria that were not phylogroup 1 or 
2. 

Table 3: Distribution of two phylogroups of F. prausnitzii, Enterobacteriaceae, Clostridium group XIVa and 
Roseburia in fecal samples from 12 healthy volunteers. Bacterial species were analyzed in four compartments:  
Mucus layer colonization (M); Active layer in the oxygenated area close to the mucus layer (O); Luminal part of 
feces (L); In biofilms on food particles (B). 
Vol F. prausnitzii 

Phylogroup 2 
O:L 
ratio 

F. prausnitzii 
Phylogroup 1 

Enterobacteriaceae 
(E. coli) 

Clostridium  
group XIVa 

Roseburia Clostridium 
Group XIVa 
& Roseburia 
(Biofilm) 

1 O, L 1.4:1 Single cells ND* L L ND 

2 O, L 1.6:1 Single cells ND L L B 

3 Single cells NA ND ND L L ND 

4 Single cells NA ND M L L B 

5 Single cells NA Single cells M L L B 

6 Single cells NA ND M L L B 

7 O, L 1.3:1 Single cells ND L L B 

8 O, L 1.6:1 Single cells ND L L B 

9 O, L 1.2:1 Single cells ND L L B 

10 O, L 1.4:1 ND (Single cells) L L B 

11 O, L 3.0:1 Single cells ND L L B 

12 Single cells NA Single cells M L L ND 

* ND: Not detected. NA: Not applicable 
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Figure 1: Distribution of faecalibacteria in a core stool section. High presence of F. prausnitzii phylogroup 2 (Red) 
close to the mucus layer with 208 positive cells in rectangle I (80µ × 300µ), the strength of signal and presence of 
the bacterial cells labeled with the Fp2-0184 probe decreases to the luminal part with 127 positive cells in 
rectangle II (80µ × 300µ) (Figure 1A).  Few single cells of F. prausnitzii phylogroup 1 (green) are localized in fecal 
section (white circle), (Figure 1B). Overlaying the two images reveals a predominance of phylogroup 2 in 
comparison with phylogroup 1. Selected phylogroup 1 cells are shown in circles (Figure 1C). Bar is 100 µm. 

  

          

Figure 2: Distribution of faecalibacteria, hybridized by FITC-labeled Fprau645 probe (green) and 
Enterobacteriaceae, detected by the Cy3-labeled EC153 probe (red) in the mucus layer. In this case, only F. 
prausnitzii was detected in the layer next to the mucus layer (Figure 3A). Enterobacteriaceae were not found 
(Figure 3B). Bar is 20 µm. 
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Figure 3: Distribution of faecalibacteria, hybridized by FITC-labeled Fprau645 probe (green) and 
Enterobacteriaceae, detected by the Cy3-labeled EC153 probe (red) in the mucus layer. The mucus layer is 
colonized by micro-colonies of Enterobacteriaceae, in volunteers 4 and 5 (Figure 2A and 2B, respectively). In the 
same sections F. prausnitzii cells were not detected. Bar is 20 µm. 

                 

Figure 4: Biofilm formation of Fprau0645-labelled F. prausnitzii within a food particle with a yellow auto-
fluorescent outline. The magnification shows the faecalibacterial cells inside the structure that have a brighter 
signal compared to the ones outside the structure. Bar is 50 µm. 
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Figure 5: Images of biofilm formation on the food particle structure by F. prausnitzii of the Cy3-labeled Fprau0645 
probe (red) and the FITC-labeled probe Fp1-184 (green) for phylogroup 1. Faecalibacterial cells labeled with 
Fprau0645 have a brighter signal next to food particle than in other parts.  Only few of the cells forming this 
biofilm respond to the phylogroup 1 probe. Bar is 100 µm. The small inset is a zoom out of the food particle giving 
an overview. Bar is 100 µm (A, B) and 200 µm (C). 

          

Figure 6: Merged image of biofilm formation on the food particle structure (same as Figure 5, consecutive section), 
by F. prausnitzii of the FITC-labeled Fprau0645 probe (green) and the Cy3-labeled probe Fp2-184 (red) for 
phylogroup 2. Faecalibacterial cells next to the food particle have a brighter signal than in other parts.  Only few of 
the cells forming this biofilm respond to the phylogroup 2 probe (yellow from green plus red signals, depicted by 
white circle). Bar is 20 µm. 
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Clostridium group XIVa: 
Hybridization of fecal samples with Erec482 (Clostridium group XIVa) and Rint623 
(Roseburia) reveals the dominant presence of Clostridium group XIVa within fecal sections 
in 9 out 12 volunteers (volunteers 2, 4-11). Some of the cells responding to the Erec482 
probe also responded to the Rint623 probe in the same group of volunteers. Although 
Clostridium group XIVa cells were detected throughout the sections, part of this group, 
mostly Roseburia cells, formed biofilms on specific food particles (Figures 7 and 8), which 
was observed in 6 out of 9 samples (Volunteers 4, 5, 8-11, Table 3). Food particles colonized 
by these bacterial groups had different shapes in each volunteer and were structurally 
different than the ones colonized by F. prausnitzii (Table 3). The nature of these particles 
remains unclear. 
 

       

Figure 7: Biofilm formation of Clostridium group XIVa and the Roseburia subgroup around food particles. 
Clostridium group XIVa cells were detected by the Cy3-labeled Erec482 probe (red) and Roseburia detected by the  
FITC-labeled Rint623 probe (green). Figure 7A and 7C show the colonization of food particle by Clostridium group 
XIVa and Figure 7B and 7D illustrate that within the biofilm a major part of these cells are Roseburia. Figure 7E is a 
merged image of both probes, most fluorescent cells are Roseburia (yellow) that respond to both probes, in 
contrast with red cells that only respond to the Clostridium group XIVa probe. Bars are 100 µm (A, B), 50 µm (C, D) 
and 20 µm (E). 
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Figure 8: Biofilm formation of Clostridium group XIVa and the Roseburia subgroup around food fibers. Roseburia 
were detected by the FITC-labeled Rint623 probe (green) and Clostridium group XIVa cells detected by the Cy3-
labeled Erec482 probe (red).  Figure 8A and 8B show the vast colonization of the food fibers by Roseburia (green) 
and Figure 8C and 8D illustrate that not all cells in this biofilm belong to Roseburia, but also to other members of 
the Clostridium group XIVa. Bars are 200 µm (A, C) and 20 µm (B, D). 

 
DISCUSSION 
This study describes the distribution of major groups of butyrate-producing bacteria in the 
feces of healthy individuals. Faecalibacteria were found throughout the feces with a 
preference of phylogroup 2 close to the stool surface and the mucus layer that is in close 
contact with the mucosal surface. Roseburia cells were mostly attached to food particles in 
thick biofilms. Enterobacteriaceae were mostly present in low numbers in the mucus layer, 
but occasionally in high numbers, which coincided with a low presence of faecalibacteria.   
The preferential colonization of the fecal surface by F. prausnitzii close to the mucus layer 
confirms the findings of Swidsinskii et al. who detected F. prausnitzii throughout the feces, 
but mostly in the fecal-mucosal interface, classifying it as a feco-mucus bacterium 13. Our 
findings suggest that this phenomenon is mostly due to phylogroup 2 of F. prausnitzii rather 
than phylogroup 1. Localizing of phylogroups 2 of F. prausnitzii close to the oxygenated 
zone of the gut is in line with the findings of Khan et al., who described the ability of F. 
prausnitzii A2-165, a representative of phylogroup 2, to grow in the oxygenated area of 
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agar cultures. Under these conditions, F. prausnitzii uses free thiols as the electron 
acceptors and flavins as the redox mediators to shuttle the electrons, which allows growth 
of this bacterium in presence of oxygen 26. 
The counterbalance between F. prausnitzii close to the mucus layer and the micro-colonies 
of E. coli within the mucus layer may indicate that F. prausnitzii limits the growth of E. coli 
cells through competition for nutrients in this zone, and vice versa. The control of F. 
prausnitzii over E. coli could be mediated via its anti-inflammatory effects on epithelial cells 
9,27. The anti-inflammatory effects could lead to the suppression of oxidative stress in the 
epithelial layer of the gut and thereby diminish the growth of potential pathogens, such as 
E. coli, that would otherwise benefit from the oxidative stress28. On the other hand, 
inflammation caused by Enterobacteriaceae, like E. coli, may suppress growth of F. 
prausnitzii close to the mucus layer by creating oxidative stress. This counterbalance is in 
line with earlier findings that showed the increased abundance of E. coli coinciding with a 
reduced abundance of F. prausnitzii in CD patients when compared to stool of healthy 
volunteers 9,11,12. Our findings may indicate that the anti-inflammatory properties of F. 
prausnitzii could also be due to the suppressive control of this bacterial species on bacterial 
groups like E. coli, in addition to the direct anti-inflammatory properties of F. prausnitzii. 
Butyrate, one of the main products of F. prausnitzii  could be one of the direct anti-
inflammatory products of F. prausnitzii responsible for the improvement, as shown in  a 
chemically-induced colitis model in mice9. 
Biofilm formation around food particles is an important characteristic of Clostridium group 
XIVa and Roseburia 24. In all cases, Roseburia is part of these biofilms and cells hybridized by 
the Rint623 probe are closer to the food particles than the other bacteria in the biofilm. 
Fecal samples from two volunteers showed colonization of food particles by F. prausnitzii 
that are different in shape and structure when compared to food particles colonized by 
Clostridium group XIVa and Roseburia. Most of the food particle-associated faecalibacteria 
did not belong to either phylogroup 1 or 2. In addition, cells detected by the two newly-
designed specific probes, do not cover all the cells responding to Fprau645 probe. These 
findings imply that a third phylogroup of F. prausnitzii exists, which has also been suggested 
by the analysis of the non-culture study sequences. This third phylogroup may have 
different substrate specificity, since it seems to be able to colonize food particles while the 
other phylogroups do not. At present, there are no cultured F. prausnitzii representatives of 
this phylogroup. Defining the nature of the food particle may help to develop specific media 
to culture this phylogroup.   
Analyzing the biostructure of fecal stool of healthy volunteers opens new avenues for 
further research. Firstly, it revealed that food particles are colonized by beneficial butyrate-
producing bacteria, such as Roseburia and F. prausnitzii, and supports the importance of a 
diet  rich in fibers. The food particles still need to be identified. Secondly, phylogroups 1 and 
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2 of Faecalibacterium show a differential pattern of colonization in feces, since phylogroup 
1 colonizes the whole stool, while phylogroup 2 is more dominant close to the mucus layer. 
In addition, this study reveals the presence of a third phylogroup of F. prausnitzii that 
preferentially colonizes specific food particles. Culturing representatives of this group is the 
next challenge. Finally, a counterbalance between Enterobacteriaceae and phylogroup 2 of 
F. prausnitzii indicates that promoting growth of the latter may help to improve the 
microbial balance close to the epithelial cells and in this way improve intestinal 
homeostasis. 

ACKNOWLEDGEMENTS 
The authors would like to thank M. Tanweer Khan (UMCG, Groningen) and Alexander 
Swidsinski (Charité Universitätsmedizin Berlin, Germany) for valuable discussions during the 
initiation of this study. We would like to thank Gerard Dijkstra and Klaas Nico Faber for 
critical reading of the manuscript. 

 

REFERENCES: 
1. Zoetendal EdV, Willem. Effect of diet on the intestinal microbiota and its activity. Curr 
Opin Gastroenterol 2014;30:189-195. 
2. Peng L, Li ZR, Green RS, Holzman IR, Lin J. Butyrate enhances the intestinal barrier by 
facilitating tight junction assembly via activation of AMP-activated protein kinase in Caco-2 
cell monolayers. J Nutr 2009;139:1619-1625. 
3. Benus RF, Harmsen HJ, Welling GW, et al. Impact of digestive and oropharyngeal 
decontamination on the intestinal microbiota in ICU patients. Intensive Care Med 
2010;36:1394-1402. 
4. Kumari R, Ahuja V, Paul J. Fluctuations in butyrate-producing bacteria in ulcerative colitis 
patients of North India. World J Gastroenterol 2013;19:3404-3414. 
5. Segain JP, Raingeard de la Bletiere D, Bourreille A, et al. Butyrate inhibits inflammatory 
responses through NFkappaB inhibition: implications for Crohn's disease. Gut 2000;47:397-
403. 
6. Louis, P Scott, K P Duncan, S H Flint,H J. Understanding the effects of diet on bacterial 
metabolism in the large intestine. J Appl Microbiol 2007;102:1197-1208. 
7. Duncan SH, Holtrop G, Lobley GE, Calder AG, Stewart CS, Flint HJ. Contribution of acetate 
to butyrate formation by human faecal bacteria. Br J Nutr 2004;91:915-923. 
8. Scheppach W, Bartram HP, Richter F. Role of short-chain fatty acids in the prevention of 
colorectal cancer. Eur J Cancer 1995;31A:1077-1080. 

39



 
Chapter 2 
9. Sokol H, Pigneur B, Watterlot L, et al. Faecalibacterium prausnitzii is an anti-inflammatory 
commensal bacterium identified by gut microbiota analysis of Crohn disease patients. Proc 
Natl Acad Sci U S A 2008;105:16731-16736. 
10. Willing B, Halfvarson J, Dicksved J, et al. Twin studies reveal specific imbalances in the 
mucosa-associated microbiota of patients with ileal Crohn's disease. Inflamm Bowel Dis 
2009;15:653-660. 
11. Willing B, Halfvarson J, Dicksved J, et al. Twin studies reveal specific imbalances in the 
mucosa-associated microbiota of patients with ileal Crohn's disease. Inflamm Bowel Dis 
2009;15:653-660. 
12. Harmsen HJ, Pouwels SD, Funke A, Bos NA, Dijkstra G. Crohn's disease patients have 
more IgG-binding fecal bacteria than controls. Clin Vaccine Immunol 2012;19:515-521. 
13. Swidsinski A, Loening-Baucke V, Kirsch S, Doerffel Y. Functional biostructure of colonic 
microbiota (central fermenting area, germinal stock area and separating mucus layer) in 
healthy subjects and patients with diarrhea treated with Saccharomyces boulardii. 
Gastroenterol Clin Biol 2010;34 Suppl 1:S79-92. 
14. Lopez-Siles M, Khan TM, Duncan SH, Harmsen HJ, Garcia-Gil LJ, Flint HJ. Cultured 
representatives of two major phylogroups of human colonic Faecalibacterium prausnitzii 
can utilize pectin, uronic acids, and host-derived substrates for growth. Appl Environ 
Microbiol 2012;78:420-428. 
15. Ludwig W, Strunk O, Westram R, et al. ARB: a software environment for sequence data. 
Nucleic Acids Res 2004;32:1363-1371. 
16. Pruesse E, Quast C, Knittel K, et al. SILVA: a comprehensive online resource for quality 
checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res 
2007;35:7188-7196. 
17. Harmsen HJ, Raangs GC, He T, Degener JE, Welling GW. Extensive set of 16S rRNA-based 
probes for detection of bacteria in human feces. Appl Environ Microbiol 2002;68:2982-
2990. 
18. Buijssen KJ, van der Laan BF, van der Mei HC, et al. Composition and architecture of 
biofilms on used voice prostheses. Head Neck 2012;34:863-871. 
19. Franks AH, Harmsen HJ, Raangs GC, Jansen GJ, Schut F, Welling GW. Variations of 
bacterial populations in human feces measured by fluorescent in situ hybridization with 
group-specific 16S rRNA-targeted oligonucleotide probes. Appl Environ Microbiol 
1998;64:3336-3345. 
20. Zijnge V, van Leeuwen MB, Degener JE, et al. Oral biofilm architecture on natural teeth. 
PLoS One 2010;5:e9321. 
21. Franks AH, Harmsen HJ, Raangs GC, Jansen GJ, Schut F, Welling GW. Variations of 
bacterial populations in human feces measured by fluorescent in situ hybridization with 

40



 
Localisation of F. prausnitzii 
group-specific 16S rRNA-targeted oligonucleotide probes. Appl Environ Microbiol 
1998;64:3336-3345. 
22. Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Stahl DA. Combination of 16S 
rRNA-targeted oligonucleotide probes with flow cytometry for analyzing mixed microbial 
populations. Appl Environ Microbiol 1990;56:1919-1925. 
23. Suau A, Rochet V, Sghir A, et al. Fusobacterium prausnitzii and related species represent 
a dominant group within the human fecal flora. Syst Appl Microbiol 2001;24:139-145. 
24. Aminov RI, Walker AW, Duncan SH, Harmsen HJ, Welling GW, Flint HJ. Molecular 
diversity, cultivation, and improved detection by fluorescent in situ hybridization of a 
dominant group of human gut bacteria related to Roseburia spp. or Eubacterium rectale. 
Appl Environ Microbiol 2006;72:6371-6376. 
25. Poulsen LK, Licht TR, Rang C, Krogfelt KA, Molin S. Physiological state of Escherichia coli 
BJ4 growing in the large intestines of streptomycin-treated mice. J Bacteriol 1995;177:5840-
5845. 
26. Khan MT, Duncan SH, Stams AJ, van Dijl JM, Flint HJ, Harmsen HJ. The gut anaerobe 
Faecalibacterium prausnitzii uses an extracellular electron shuttle to grow at oxic-anoxic 
interphases. ISME J 2012;6:1578-1585. 
27. Miquel S, Martin R, Rossi O, et al. Faecalibacterium prausnitzii and human intestinal 
health. Curr Opin Microbiol 2013;16:255-261. 
28. Winter SE, Winter MG, Xavier MN, et al. Host-derived nitrate boosts growth of E. coli in 
the inflamed gut. Science 2013;339:708-711. 
  
 

 

 

 

 

 

 

 

41



 
Chapter 2 
Supplementary Data 

Supplementary Table 1. Bacterial strains used in the validation of the newly designed probes. The part highlighted 
in gray shows the strain-specificity of Fp1-0184  for phylogroup 1 and Fp2-0184 for phylogroup 2. No cross-
reactivity was detected between the two new F. prausnitzii probes and this panel of reference strains. 
 Strain  Probes tested   

  Eub338 Fprau465 Fp1-0184 Fp2-0184 

      

F. prausnitzii type strain  ATCC27768 + + + - 

F. prausnitzii  strain A2-165 DSM 17677 + + - + 

Blautia coccoides DSM 935 + - - - 

Blautia hansenii DSM 20583 + - - - 

Blautia producta DSM 2950 + - - - 

Clostridium innocuum MMB1 + - - - 

Clostridium beijerinckii MMB + - - - 

Clostridium sporosphaeroides DSM 1294 +  -  -  - 

Clostridium perfringens MMB + - - - 

Clostridium dificile ATCC 9688 + - - - 

Eubacterium cylindroides DSM 20477 + - - - 

Eubacterium eligens MMB + - - - 

Eubacterium ventriosum DSM 3988 + - - - 

Eubacterium tenue DSM 20695 + - - - 

Lactobacilllis acidophilus DSM 9126 + - - - 

Roseburia intestinalis DSM 14610 + - - - 

Ruminococcus bromii ATCC 27255 + - - - 

Ruminococcus callidus ATCC 27760 + - - - 

Parabacteriodes distansonis DSM 20701 + - - - 

Bacteriodes vulgatus DSM 1447 + - - - 

Bacteriodes fragilis DSM 2151 + - - - 

Bifidobacterium adolecentis NIZO B659 + - - - 
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Bifidobacterium breve MMB + - - - 

Bifidobacterium longum MMB  + - - - 

Clostridium butyricum MMB + - - - 

Lactobacillus gasseri DSM 20243 + - - - 

Lactococcus lactis DSM 20069 + - - - 

Prevotella intermedia MMB + - - - 

Steptococcus intermedius DSM 20573 + - - - 

Fusobacterium mortiferum MMB + - - - 

Fusobacterium nucleatum DSM 20482 + - - - 

Campylobacter ureolyticus MMB + - - - 

Escherichia coli DSM 25922 + - - - 

Klebsiella pneumoniae MMB + - - - 

Parviromonas micra DSM 20468 + - - - 

Veillonella parvula MMB + - - - 

Staphylococcus aureus DSM 20231 + - - - 

1MMB strains are clinical isolates from the laboratory of Medical Microbiology UMCG, Netherlands. 
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