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See Iwarzon M et al on page 893 in CGH.

ackground & Aims: Dysbiosis is a key component
f intestinal disorders. Our aim was to quantitatively
ccess the biostructure of fecal microbiota in healthy
ubjects and patients with chronic idiopathic diarrhea
nd evaluate the responses to Saccharomyces boulardii
reatment. Methods: We investigated punched fecal cyl-
nders from 20 patients with chronic idiopathic diar-
hea and 20 healthy controls using fluorescence in situ
ybridization. Fluctuations in assembly of 11 bacterial
roups were monitored weekly for 3 weeks before, dur-
ng, and after oral S boulardii supplementation. Results:
he structural organization of fecal microbiota in
ealthy subjects was stable and unaffected by S boulardii.
he assembly of fecal microbiota in idiopathic diarrhea
as markedly different, characterized by mucus depo-

itions within feces; mucus septa and striae; marked
eduction in concentrations of habitual Eubacterium rec-
ale, Bacteroides, and Faecalibacterium prausnitzii groups;
uppression of bacterial fluorescence in the center of
he feces; increased concentrations and spatial shift of

ucotrop bacteria to the fecal core; and increased con-
entrations of occasional bacteria. Except for elevated
oncentrations of some occasional bacterial groups, all
arameters typical for diarrhea improved significantly
ith S boulardii treatment and most changes persisted
fter cessation of therapy. The improvement of the fecal
icrobiota was accompanied by partial (40%) and com-

lete normalization (30%) of the diarrheal symptoms.
onclusions: The fecal microbiota is highly structured.
luorescence in situ hybridization analysis allowed us

o quantitatively study the dysbiotic changes. S boulardii
ignificantly improved the fecal biostructure in patients
ith diarrhea but had no influence on the feces in
ealthy subjects.

requency, form, consistency, and composition of fe-
ces are changed in a variety of gastrointestinal dis-

ases. Bacteria compose more than 90% of the fecal mass
nd are always involved in these alterations. In the past

50 years, intensive efforts have been undertaken to
uantitatively characterize the normal fecal microbiota
nd to define the nature of their disturbances1,2 in pa-
ients and healthy subjects of different age groups, cul-
ural habits, diets, or residencies. Although the investiga-
ions were repeatedly performed with the introduction of
ach advanced microbiologic method, no clear cutoff be-
ween healthy and diseased fecal microbiota could be estab-
ished. The fecal microbiota proved to be extremely complex
nd highly dynamic. The composition and concentrations
f single bacterial groups overlapped broadly. Previous in-
estigations of the fecal microbiota ignored its structure;
icroscopy, bacterial culture, polymerase chain reaction,

equencing, or fluorescence in situ hybridization (FISH)
sed either homogenized samples or smears. The homoge-
ization implies the equal distribution of bacteria within

eces. However, the last was never shown. Based on what we
now, the fecal microbiota are not equally intermixed but
patially organized multicellular communities.3 The term
dysbiosis” was introduced to describe the variety of patho-
ogic changes of the fecal microbiota without naming any
articular one.1,2 An important point in the evaluation of
ysbiosis is the stability, reproducibility, and vulnerability of
ndings in response to environmental, dietetic, or probiotic
hallenges.

Saccharomyces boulardii is a yeast probiotic with the
linically proven ability to positively influence acute di-
rrheal symptoms in humans. Its clinical effect is sup-
osed to be due to changes in the composition of the
nteric microbiota.4 The morphologic appearance and
ibosomal RNA sequences of S boulardii differ strongly
rom those of bacteria, and its oral supplementation does
ot interfere with the bacterial detection by FISH.
The aims of this study were to investigate the spatial

rganization of fecal microbiota in patients with chronic
diopathic diarrhea and to study the effects of S boulardii
reatment using multicolor ribosomal FISH on punched
tool cylinders.

Abbreviation used in this paper: FISH, fluorescence in situ hybridiza-
ion.

© 2008 by the AGA Institute
0016-5085/08/$34.00
doi:10.1053/j.gastro.2008.04.017
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Patients and Methods
Patients
Patients with chronic idiopathic diarrhea were re-

ruited from the gastroenterology outpatient clinic of the
harité Hospital. All patients had a complete gastroen-

erological diagnostic investigation, including colonos-
opy, gastroscopy, ultrasonography, and laboratory tests.
he diagnosis of idiopathic (functional) diarrhea was
ade as described.5,6 However, for this study, only pa-

ients with diarrhea of at least 12-month duration with a
eekly average of �4 stools/day were included. Their
ges ranged from 25 to 72 years (mean, 48.2 years; 11
en and 9 women). The healthy controls consisted of

aboratory and medical staff and their relatives, with an
ge range of 18 – 60 years (mean age, 41.2 years; 8 men
nd 12 women), who had no intestinal complaints or
nown diseases. The biostructure of fecal microbiota in
atients with idiopathic diarrhea and healthy controls
as studied. In addition, we investigated the spontane-
us variability and changes due to S boulardii treatment.
n each group, 3 weeks of surveillance was followed by 3
eeks of oral supplementation with the yeast probiotic S

oulardii. The microbiota was also followed up over 3
eeks after the end of probiotic supplementation. Com-
liance was an important inclusion feature. The study
equired weekly investigations of fecal cylinders over 9
eeks. Only subjects who provided all 9 stool cylinders
ere evaluated, and recruitment continued until each
roup had 20 subjects.

Sachets containing 250 mg of S boulardii were applied
o meals twice a day for 3 weeks (Perenterol sachets; UCB
mbH, Kerpen, Germany). In subjects who disliked the

aste of the probiotic, the application was continued with
he same dosage but given as a capsule (Perenterol 250

g). Patients with diarrhea recorded the number of
tools and their complaints in diaries. The healthy par-
icipants were asked to record unusual events in a free
ritten form. Each participant was interviewed at least 3

imes: at inclusion in the study, after the end of S bou-
ardii supplementation, and 3 weeks later.

The study protocol was approved by the institutional
eview board of Charité Hospital.

Sample Collection and Handling
Stools were either dropped on cleansing tissue or

n the dry flat surface part of the toilet (common in
ermany). The 4- to 10-mm-long fecal cylinders were
unched from the stool using plastic drinking straws
ith an inside diameter of 3 mm (Schlecker, Ehingen,
ermany). The drinking straws were precut to 4 cm in

ength and handed out to participants of the study to-
ether with 50-mL Falcon tubes filled with 30 mL of
arnoy’s solution (6/6/1 vol ethanol/glacial acetic acid/

hloroform). Participants were instructed on how to ob-

ain the stool cylinders and given written instructions t
see supplementary material online at www.gastrojourna-
.org). The pieces of drinking straw with the stool inside
ere put into the Falcon tube, fixated in Carnoy’s solu-

ion for 24 hours at room temperature, and then kept
efrigerated at 4°C in Carnoy’s solution until delivered to
he laboratory within 1–2 weeks. In the laboratory, the
traws with the enclosed fecal cylinder were removed and
ipped in black ink to mark the internal portion of the
tool cylinder. The fecal cylinders were then removed
rom the straws with a plastic rod, embedded in paraffin
sing standard techniques, cut longitudinally into 4-�m
ections, and placed on SuperFrost slides (R. Langen-
rinck, Emmendingen, Germany).

To test the reliability of the single measurements and
he stability of stored material, multiple fecal cylinder
amples were taken from different portions of the same
tool, fixated in Carnoy’s solution, and stored in a refrig-
rator. After different periods of time, the samples were
mbedded in paraffin. Except for occurrence and thick-
ess of the mucus layer, the differences in concentration
nd distribution of single bacterial groups between sam-
les of the same stool were negligible. The quality of
uorescence signals remained unchanged over 4 weeks of
torage in Carnoy’s solution at 4°C.

Light Microscopy
Alcian blue/periodic acid–Schiff stains were used for

valuation of mucus and leukocytes in the stool specimens
nd for the orientation within cylinders. The mucus layer at
ne pole identified the surface of the cylinder; the ink stain
n the opposed pole identified the deep or more central
ortions of the feces.

FISH
A Nikon e600 fluorescence microscope was used.

he images were photodocumented with a Nikon DXM
200F color camera and software (Nikon, Tokyo, Japan).
ybridizations were performed in multicolor FISH ac-

ording to previously described protocols.3,7

Bacteria were quantified using group-specific Cy3 probes.
he fluorescein isothiocyanate–marked universal probe was
sed in each hybridization to evaluate the number of all
acteria; a Cy5-marked probe with a different Cy3 probe
pecificity was used to determine the spatial relation of
ifferent bacterial groups to each other. When bacteria
ccurred in high concentration, they were counted within a
0 � 10–�m area of the microscopic field representative of
he region of interest. Bacteria with uneven distribution or
verall low concentrations were enumerated within larger
reas of 100 � 100 �m, within whole microscopic fields, or
sing the complete surface of the fecal cylinder. All enumer-
tions were performed at a magnification of 1000�. The
onversion of the numbers within defined microscopic ar-
as to concentrations of bacteria per milliliter was based on
he calculation that a 10-�L sample with a cell concentra-

ion of 107 cells/mL has 40 cells per average microscopic

http://www.gastrojournal.org
http://www.gastrojournal.org
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eld. The details of this conversion were previously de-
cribed.7

FISH Probes
To select FISH probes, which are most appropri-

te for longitudinal investigations, the first fecal cylinder
rom each subject participating in this study (N � 40)
as hybridized with a total of 86 different probes, which
ere developed for identification of intestinal bacteria,
edically relevant isolates, and waste water microbial

ommunities (see Table 1), and with the universal Eub
38 probe. The Faecalibacterium prausnitzii probe is de-
cribed by Suau et al.8 The names of all other FISH
robes are listed according to the abbreviations of the
robeBase online resource for ribosomal RNA–targeted
ligonucleotide probes (http://www.microbial-ecology.
et/probebase/credits.asp).9

We selected FISH probes that hybridized with more
han 1% of the fecal population within at least one

icroscopic field of at least 5% of the tested subjects and
epresented bacterial signals with unique morphology,
istribution, and localization. We chose those with the
ighest fluorescence signal by the lowest noise of the
ackground fluorescence at conditions of optimal strin-
ency from probes specific for related bacterial groups
nd partially covering the same fecal bacterial popula-
ion. As a result, 11 group-specific FISH probes (bold in
he list) were selected for use in all patients and samples
n this study. The fluorescence signals of bacteria that
ybridized with the Hel274 probe were in most cases not
ypical for the species, and the concentrations of bacteria
hat positively hybridized with Hel274 were much higher
han expected in humans. Because of this discrepancy, we
ttempted to culture the Helicobacter spp from the feces
f patients with positive signals (data not presented) but
ere not able to confirm their presence. However, Hel274
ybridized with a unique subgroup of spatially organized
occoid bacteria, which were covered with no other
robes. We therefore left the Hel274 probe in the list
espite concern regarding its specificity; however, we
voided the genus name of these bacteria (Helicobacter)
nd used the term “Hel274-positive bacteria” instead.

Statistics
All statistical analyses were performed using the sta-

istical software package SPSS version 15.0 (Chicago, IL).
etails are described in the supplementary material (see

upplementary material online at www.gastrojournal.org).

Results
Compliance
Nine healthy controls and 2 patients with idio-

athic diarrhea who were enrolled in the study failed to
omplete the study protocol and hence were excluded

rom the study and replaced by compliant subjects. The

R

able 1. FISH Probes

bac1790 (Enterobacteriaceae)
CO1167 (Escherichia coli)
nt (Enterobacteriaceae)
NT183 (Enterobacteriaceae)
AM42a (Gammaproteobacteria)
SV687 (Desulfovibrionales)
CA652/ACA23A (Acinetobacter)
CAC (Actinobacillus actinomycetemcomitans)
ERO1244 (Aeromonadaceae)
lc-476 (Alcaligenes faecalis)
RC1430 (Arcobacter)
to291 (Atopobium cluster)
py-1 (Helicobacter pylori)
el274 (Helicobacter spp, Wolinella spp)
EL717 (Helicobacter spp, Wolinella spp)
AN1237 (Helicobacter ganmani)
(T)AFO (Tannerella forsythensis)
ac303 (most Bacteroidaceae)
dis656 (Bacteroides distasonis)
fra602 (Bacteroides fragilis group)
F319a (most Flavobacteria, some Bacteroidetes)
FB560 (Bacteroidetes)
IB724 (mouse intestinal bacteria)
IB661 (mouse intestinal bacteria)
his150 (Clostridium histolyticum)
lit135 (Clostridium lituseburense group)
LOBU1022 (Clostridium butyricum)
sac67 (Clostridium spp)
ST440 (Clostridium stercorarium)
SS658 (Desulfobacteriaceae)
.bar1237 (Eubacterium barkeri)
.bif462 (Eubacterium biforme)
.con1122 (Eubacterium contortum)
.cyl461 (Eubacterium cylindroides)
.cyl466 (Eubacterium cylindroides)
.dol183 (Eubacterium dolichum)
.had579 (Eubacterium hadrum)
.len194 (Eubacterium lentum)
.lim1433 (Eubacterium limosum)
.mon84 (Eubacterium moniliforme)
.ven66 (Eubacterium ventriosum)
cyl387 (Eubacterium cylindroides)
hal1469 (Eubacterium hallii)
rec482 (Eubacterium rectale, Clostridium coccoides group)
US664 (most Fusobacterium spp)
USO (Fusobacterium spp)
ach571 (Lachnospira multipara)
cv13b (Burkholderia vietnamiensis)
ce (Burkholderia spp)
yc657 (Mycobacterium)
ae997 (Pseudomonas spp)
BR2 (Bifidobacterium breve)
den654 (Prevotella denticola)
int649 (Prevotella intermedia)
nig657 (Prevotella nigrescens)
hasco741 (Phascolarctobacterium faecium)
OGI (Porphyromonas gingivalis)
pu (Pseudomonas spp)
pu56a (Pseudomonas putida, P mendocina)
pu646 (Pseudomonas spp)
RIN (Prevotella intermedia)
roCo1264 (Ruminococcus productus)
bro730 (Clostridium sporosphaeroides, Ruminococcus bromii,
Clostridium leptum)
fla729 (Ruminococcus albus)

http://www.microbial-ecology.net/probebase/credits.asp
http://www.microbial-ecology.net/probebase/credits.asp
http://www.gastrojournal.org
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nability to collect stools with very loose consistency
pparently accounted for the noncompliance in patients
ith diarrhea, whereas healthy subjects attributed their
oncompliance to discomfort with handling of feces
nd/or lack of time. The overall readiness to participate
n the study was much higher in patients with chronic
diopathic diarrhea than in healthy controls.

Clinical Symptoms
Two of the healthy controls and 6 of the patients

ith diarrhea found the taste of the medication unpleas-
nt and therefore continued the study with S boulardii
apsules instead of powder. Eight subjects reported oc-
asional belching with a sweet, julep yeast-like taste but
ithout any self-reported discomfort. Two patients with
iarrhea reported transient nausea that coincided with S
oulardii supplementation, but considering the transient
nd mild nature of this adverse event it was not a reason
o discontinue the study.

No healthy controls reported changes in general well-
eing, stool appearance, or stool frequency for the whole
uration of the study. In the patient group, symptoms
ssociated with chronic diarrhea persisted in the period
efore S boulardii supplementation. However, these symp-
oms improved in 14 patients (70%) during S boulardii
upplementation, and in particular, the mean number of
tools decreased significantly beginning in the first week
f intervention (Table 2 and Figure 1A). In 6 of these
atients, the improvement was complete and the stool
requency dropped to less than 3 stools a day. After the
essation of S boulardii supplementation, 5 patients with

able 1. Continued

robe63a/Urobe63b (Ruminococcus obeum-like)
eil223 (Veillonella dispar)
EPA (Veillonella parvula)
IB572a (Genus Vibrio)
aga (Streptococcus agalactiae)
au (Staphylococcus aureus)
pn (Streptococcus pneumoniae)
py (Streptococcus pyogenes)
temal (Stenotrophomonas maltophilia)
tr (Streptococcus spp)
trc493 (most Streptococcus spp)
UBU1237 (Burkholderia spp)
RB385Db (Desulfobacterales)
val428 (some Desulfobulbaceae)
ita-649 (Candidatus Sphaeronema italicum)
NA (Sphaerotilus natans)
PH492 (Sphingomonas, Erythrobacter)
TEBA1426 (some members of the Sterolibacterium lineage)
UB338 (most bacteria)
UB338 II (Planctomycetales)
UB338 III (Verrucomicrobiales)
if164 (Bifidobacteriaceae)
prau (Faecalibacterium prausnitzii)

OTE. The probes chosen for hybridization with all samples are listed
n bold.
nitial relief during supplementation (1 full response and w
partial responses) reported a relapse of symptoms,
lthough the symptoms never reached the initial severity.
o change in symptoms was observed during the entire

tudy period in 6 patients with diarrhea. Finally, no
atients reported a worsened pattern of diarrhea and
ssociated symptoms under S boulardii treatment.

Microscopic Structure of the Fecal Cylinder
Mucus. Mucus was observed either as a layer cov-

ring the surface of the stool (mucus layer; Figure 2A and
) or as broad mucus septa, irregularly intersecting the

ecal mass (mucus septa; Figure 2C and D). In addition, in
atients with diarrhea, mucus was also observed as mul-
iple 5- to 20-�m-wide slender lines or striae, arranged in
arallel (Figure 2F) and present in extended regions of
he fecal cylinder surface. While the mucus layer and the
road mucus septa could be clearly visualized with alcian
tain, the slender mucus striae were most apparent on
ISH investigation, using the universal bacterial probe.
The amounts of mucus were massive and significantly

ncreased in patients with diarrhea (Figure 1B–D) com-
ared with healthy controls (Table 2, Figure 2A/B and
/D).
No changes in mucus-related characteristics were ob-

erved in the healthy controls during and after S boulardii
upplementation (Table 2). In contrast, S boulardii supple-

entation significantly reduced the amount of mucus in
eces of patients with diarrhea. The mucus-related changes
ncluded reduced surface and thickness of the mucus layer
overing the feces, a decline in the number of mucus septa,
nd a significantly decreased number of mucus striae, in-
luding the proportion of the fecal surface covered with
triae (Table 2 and Figure 1B–D).

Mucus layer. A mucus layer covering the stool
urface was present in 108 of 180 samples obtained from
ealthy controls (60%) and in 86 of 180 samples from
atients with idiopathic diarrhea (48%; P � .019). In each
ealthy control, at least 3 of 9 investigated stool samples
ad a mucus layer. Seven of the patients with diarrhea
ad no mucus layer at any time of the investigation. No
ubject in either group had a mucus layer in all stool
amples. Despite the overall higher prevalence of a mucus
ayer in healthy controls, the mean thickness of the mu-
us layer was significantly lower in healthy controls than
n patients with idiopathic diarrhea (36 � 35 �m vs
76 � 231 �m; P � .001).

The median values of the mucus layer thickness in
atients with diarrhea decreased from 265 � 266 �m
efore S boulardii supplementation to 96 � 118 �m
uring supplementation (P � .002) and increased there-
fter (Figure 1B). The occurrence of the superficial mucus
ayer in patients with diarrhea increased during S boular-
ii supplementation and remained unchanged in the pe-
iod thereafter, indicating the higher consistency of stool,

hich helped in the preservation of the fecal cylinder.
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able 2. Spontaneous- and S boulardii-Induced Changes of Microbiota

Before treatment During treatment with S boulardii After treatment

Week 1 2 3 4 5 6 7 8 9

ean no. of
stools/wka

40 � 16 39 � 15 39 � 16 25 � 18 26 � 20 26 � 20 29 � 23 32 � 23 32 � 22

ucus layerb Occurrence (%) 60 60 55 40 55 60 60 75 60
Maximal value/ 50 80 120 200 120 100 80 120 120
Width of mucus

layer (�m),
mean � SD

23 � 17 22 � 24 35 � 34 41 � 64 39 � 40 34 � 30 34 � 23 42 � 36 49 � 37

ucus layera Occurrence (%) 45 30 45 60 60 35 45 45 55
Maximal value 1000 800 700 300 500 300 1000 500 1000
Width of mucus

layer (�m),
mean � SD

244 � 307 400 � 253 197 � 224 87 � 80 122 � 159 110 � 109 192 � 341 138 � 157 198 � 288

ucus septab Occurrence (%) 5 0 10 0 5 10 20 15 5
Total no. of

septa
2 0 4 0 1 4 6 4 1

ucus septaa Occurrence (%) 35 45 35 75 89 75 60 55 60
Total no. of

septa
22 31 26 29 32 34 35 34 30

Mean � SD 4.4 � 2.9 3.8 � 2.2 4.1 � 2.9 1.0 � 1.0 1.9 � 1.2 2.1 � 1.2 2.7 � 1.2 2.9 � 1.6 2.2 � 1.7
ucus striaeb Occurrence (%) 0 0 0 0 0 0 0 0 0
ucus striaea Occurrence (%) 100 100 100 50 60 50 65 55 60

No. of striae/
microscopic
field at
1000�,
mean � SD

8.6 � 1.7 8 � 2.2 7.9 � 2.2 3.9 � 2.5 4.5 � 2.2 3.6 � 1.8 3.7 � 2.1 4.3 � 2.6 5.5 � 2.4

S 78 � 23 85 � 31 63 � 33 41 � 44 38 � 43 40 � 42 51 � 40 49 � 49 51 � 42
rectaleb C 24 � 7.7 24.9 � 6.4 25.3 � 6.2 23.6 � 6.1 24.2 � 7.0 23.4 � 6.8 23.4 � 6.8 24.7 � 6.7 23.7 � 5.9
rectalea C 11.3 � 4.9 11.8 � 4.7 11.7 � 5.9 15 � 8.6 15.2 � 8.2 14.5 � 8.5 14.1 � 8.5 14.6 � 8.8 14.9 � 9.7
S partiala S 10 � 13 14 � 12 6 � 13 5 � 9 3 � 5 5 � 10 8 � 12 10 � 16 8 � 12
S completea S 34 � 37 38 � 43 33 � 39 6 � 13 12 � 20 12 � 27 22 � 32 21 � 31 20 � 26
acteroidesb C 183 � 3.9 19.7 � 4.7 19.3 � 5.2 18.8 � 5 19.5 � 5.6 19.3 � 4.9 20.1 � 5.2 20 � 4.9 18.4 � 6.2
acteroidesa C 7.7 � 5.1 6.2 � 4.0 6.7 � 4.2 12.3 � 6.7 14 � 6.3 11.5 � 6.9 9.9 � 6.9 8.3 � 5 8.9 � 6.3
S partiala S 12 � 25 18 � 26 13 � 27 9 � 23 12 � 29 13 � 24 13 � 23 11 � 23 8 � 20
S completea S 50 � 47 33 � 44 42 � 46 9 � 14 15 � 24 18 � 24 27 � 27 28 � 33 31 � 34
prausnitziib C 14.5 � 4 14.3 � 3.7 14.5 � 4.2 13.7 � 3.2 14.5 � 4.0 14.2 � 3.9 15.0 � 4.1 12.7 � 3.0 14.7 � 4.6
prausnitziia C 8.7 � 4.1 9.9 � 4.4 9.5 � 3.7 10.22 � 4.2 11.2 � 4.7 10.7 � 3.6 9.5 � 4.2 10.1 � 3.7 10.8 � 4.9
S partiala S 29 � 20 27 � 12 24 � 11 4 � 7 6 � 15 4 � 10 6 � 15 4 � 10 7 � 21
S completea S 8 � 12 5 � 10 5 � 9 4 � 8 5 � 12 3 � 10 5 � 12 3 � 10 11 � 15
ifidobacteriumb C 0.72 � 1.5 0.37 � 0.66 0.45 � 1.04 0.41 � 0.72 0.42 � 0.74 0.82 � 1.13 0.25 � 0.38 1.10 � 2.44 0.72 � 1.36
ifidobacteriuma C 2.31 � 2.2 1.78 � 2.0 2.1 � 1.91 1.25 � 2.04 1.36 � 1.99 1.76 � 2.04 1.20 � 1.18 2.06 � 2.02 1.92 � 2.06
topobiumb C 0.84 � 1.1 0.55 � 0.66 0.89 � 1.14 0.88 � 1.31 0.94 � 0.70 0.73 � 0.83 0.80 � 0.72 0.65 � 1.26 0.38 � 0.97
topobiuma C 0.98 � 1.0 0.94 � 1.10 0.92 � 1.10 0.90 � 1.13 0.96 � 0.94 1.02 � 1.18 0.91 � 1.39 0.99 � 2.39 0.73 � 1.33
cylindroidesb C 0.48 � 0.7 0.33 � 0.42 0.53 � 0.91 0.48 � 0.71 0.64 � 0.83 0.88 � 1.00 0.57 � 1.08 0.45 � 0.98 0.44 � 0.98
cylindroidesa C 1.03 � 1.5 0.94 � 1.07 0.82 � 1.11 0.90 � 1.13 0.72 � 0.80 077 � 1.10 0.99 � 1.39 0.50 � 1.12 0.56 � 1.08
halliib 0.24 � 0.4 0.21 � 0.47 0.19 � 0.31 0.09 � 0.24 0.19 � 0.36 0.19 � 0.43 0.06 � 0.07 0.17 � 0.45 0.14 � 0.32
halliia 0.32 � 1.5 0.24 � 0.28 0.34 � 0.89 0.37 � 0.68 0.22 � 0.55 0.18 � 0.49 0.32 � 0.37 0.11 � 0.26 0.25 � 0.27
lituseburenseb C 0.057 � 0.13 0.14 � 0.45 0.06 � 0.13 0.08 � 0.23 0.064 � 0.22 0.086 � 0.23 0.031 � 0.044 0.076 � 0.22 0.06 � 0.1
lituseburensea C 0.21 � 0.52 0.29 � 0.54 0.16 � 0.36 0.21 � 0.41 0.12 � 0.30 0.16 � 0.46 0.12 � 0.45 0.15 � 0.46 0.16 � 0.26
histolyticumb C 0.021 � 0.07 0.026 � 0.07 0.058 � 0.22 0.045 � 0.12 0.19 � 0.36 0.089 � 0.24 0.06 � 0.07 0.031 � 0.043 0.04 � 0.13
histolyticuma C 0.13 � 0.30 0.14 � 0.33 0.11 � 0.46 0.10 � 0.24 0.22 � 0.55 0.18 � 0.49 0.12 � 0.27 0.12 � 0.45 0.14 � 0.13

nterobacteriaceae
mucotropeb

Occurrence (%) 70 70 50 80 55 80 50 55 70

nterobacteriaceae
mucotropea

Occurrence (%) 70 90 70 70 90 70 90 90 75

nterobacteriaceae
mucotropeb

C 0.2 � 0.33 1.4 � 4.5 0.31 � 0.8 1.3 � 4.4 1.2 � 2.7 0.7 � 2.2 1.0 � 1.7 0.7 � 1.3 1.0 � 1.6

nterobacteriaceae
mucotropea

C 3.5 � 7 5.1 � 7 3.2 � 5.4 2.7 � 4.1 3.7 � 6.9 5.8 � 7.9 2.7 � 3.7 7.5 � 10.1 2.4 � 5.9

nterobacteriaceae
fecalb

Occurrence (%) 45 40 25 25 30 30 30 45 45

nterobacteriaceae
fecala

Occurrence (%) 65 60 50 50 55 50 50 55 65

nterobacteriaceae
fecalb

C 0.1 � 0.22 0.05 � 0.22 0.01 � 0.04 0.005 � 0.02 0.04 � 0.18 0.03 � 0.06 0.07 � 0.02 0.07 � 0.22 0.2 � 0.4

nterobacteriaceae
fecala

C 1.4 � 3 2.3 � 4 1.0 � 2.4 0.3 � 1.3 3.7 � 6.9 1.6 � 3.2 0.5 � 2.2 2.2 � 3.9 2.0 � 3.7

el 274
mucotropeb

Occurrence (%) 40 50 50 50 25 55 35 35 30

el 274
mucotropea

Occurrence (%) 85 80 70 55 65 70 50 55 50

el 274
mucotropeb

C 4.1 � 9.4 3.7 � 9 3.8 � 7.9 4.5 � 7 2.6 � 6.0 3.4 � 5.3 3.5 � 8.2 3.5 � 7.9 2.3 � 8.7

el 274
mucotropea

C 15.1 � 16.5 14.6 � 16 14.7 � 21.5 7.6 � 13.7 6.4 � 9.0 5.8 � 7.9 11.2 � 20 9.7 � 15.7 10.1 � 19.4

el274 fecalb Occurrence (%) 15 15 10 5 15 20 15 20 20

el274 fecala Occurrence (%) 30 45 45 50 50 55 45 45 45
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Mucus septa. In firm feces, the mucus can be
ound exclusively as a layer on the fecal surface. In less
rm but formed feces, the mucus layer can be incorpo-
ated in fecal masses and form mucus septa. In loose
eces, no mucus layer can be found. Mucus striae domi-
ate instead.
In healthy controls, singular mucus septa were ob-

erved in 12 of 180 samples (Figure 2C) but were inde-
endently seen apart from S boulardii supplementation.
n patients with chronic diarrhea, mucus septa were fre-
uent and often occurring in numbers higher than 2
Table 2 and Figure 2D). Mucus septa were consistently
resent in all stool specimens in 5 patients with diarrhea
ver the whole investigation. They were observed in at

east some of the stool samples in all other patients.
verall, the septa were observed in 38% of samples in the
eriod before S boulardii supplementation. The occur-
ence of mucus septa then increased to 80% of all samples
uring S boulardii supplementation and remained high, in
3% of the samples, after cessation of S boulardii supple-
entation (Figure 1C).

Mucus striae. In healthy controls, structures re-
embling mucus striae were occasionally seen in regions
djacent to the mucus layer; however, they never occurred
ithin the fecal core and never fully occupied one micro-

copic field in healthy controls. In untreated patients
ith diarrhea, mucus striae were present in all samples
nd covered at least 75% of the total fecal surface (Figure
F). The occurrence of the striae and the proportion of
he fecal surface occupied by mucus striae diminished
ignificantly beginning in the first week of S boulardii
upplementation and further decreased progressively
uring this therapy (Figure 1D). With S boulardii supple-
entation, striae were observed in 62% of the samples

overing, on average, 39% of the total cylinder surface.
ollowing S boulardii supplementation, 65% of the sam-
les had striae and the total percent of surface covered
ith striae was 50%.

Leukocytes within mucus. No leukocytes were
etected within mucus either in healthy controls or pa-
ients with diarrhea.

FISH Biostructure of the Normal Fecal
Microbiota
Generally, bacteria could be divided either as ha-

able 2. Continued

Before treatment

Week 1 2 3

el274 fecalb C 0.21 � 0.69 0.61 � 1.8 0.04 � 0.16 0
el274 fecala C 1.26 � 2.69 1.15 � 2.6 1.8 � 2.9

OTE. See supplementary material online at www.gastrojournal.org.
, mean � SD surface of the cylinder covered with striae; C, mean � SD concentrations of
Data from patients with diarrhea.
Data from controls.
itual or occasional, diffusely spread or condensed lo- t
ally. Typical for the healthy fecal biostructure was a
redominance of habitual bacterial groups; each individ-
al had a characteristic distribution and composition of
ccasional bacteria within the fecal cylinder, which al-

owed visual differentiation between samples of different
ubjects.

Habitual bacteria were represented by Eubacterium rec-
ale, Bacteroides, and F prausnitzii. They were present in all
amples in high concentrations of more than 1010 bacte-
ia/mL and composed each 15%–50% (Figure 3) of the
otal fecal bacterial population. The concentrations of E
ectale were usually higher than that of Bacteroides and
oncentrations of Bacteroides higher than those of F
rausnitzii. Habitual bacteria were nearly evenly distrib-
ted within the fecal cylinder, with concentrations re-
aining high close to the inner surface of the mucus

ayer yet gradually decreasing from the inner to the outer
urface of the mucus layer. The fluorescence of habitual
acteria was brilliant over the entire surface of the fecal
ylinder in nearly all samples, and this pattern was very
imilar in all specimens (Figure 3).

All other investigated bacterial groups were occasional,
hat is, present only in some of the subjects. The concen-
rations of occasional bacteria were markedly lower than
hat of habitual bacteria. Occasional bacteria were either
iffusely distributed (Atopobium, Bifidobacterium) or fo-
ally condensed. The differences in concentrations of the
ame occasional bacterial groups ranged from 1010 bac-
eria/mL to below detectable within the same sample or
etween different samples or patients (Figure 4).

Additionally, bacteria had a characteristic spatial distri-
ution with regard to the mucus layer and the fecal surface
nd could be divided into mucotrop, mucophob, or feco-
ucus. Mucotrop bacteria were represented by 2 groups:

nterobacteriaceae and Hel274 (unclear taxonomy). The mu-
otrop bacteria were located mainly on the interface be-
ween feces and mucus and were either completely absent in
eces or had at least markedly lower concentrations (Figure
). To correctly quantify the mucotrop bacteria, the num-
ers and occurrence of Hel274 and Enterobacteriaceae groups
ere separately enumerated for the mucus/feces transition

one (mucotrop Enterobacteriaceae, mucotrop Hel274) and
or the fecal regions at least 100 �m below the fecal surface
fecal Enterobacteriaceae, fecal Hel274). The fecal Hel274 bac-

uring treatment with S boulardii After treatment

5 6 7 8 9

0.02 0.19 � 0.69 0.005 � 0.02 0.14 � 0.5 0.06 � 0.22 0.02 � 0.04
1.5 0.85 � 1.5 0.99 � 2.1 0.95 � 2.3 1.2 � 2.2 1.8 � 3.0

ia; HS, hybridization silence.
D

4

.005 �

0.6 �

bacter
eria were always associated with mucotrop Hel274. Fecal

http://www.gastrojournal.org
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nterobacteriaceae occurred independently from mucotrop
nterobacteriaceae.
Bacteria that hybridized with the Bifidobacterium probe

ere mucophob that avoided mucus and were found
ostly at a distance of 0 –5 �m to the mucus layer or to

he fecal surface. Bifidobacterium-positive bacteria were
ccasional and found in 90% of the healthy controls.

All other bacteria, E rectale, F prausnitzii, Bacteroides,
ubacterium cylindroides, Clostridium histolyticum, and Clos-

ridium lituseburense, were fecomucus. Their concentra-
ions were highest in feces, but they could also enter

ucus in lower concentrations.

Fecal Microbiota in Patients With Diarrhea
and Spontaneous and S boulardii–Induced
Changes
The concentrations, occurrence, distribution, and

uorescence intensity of single bacterial groups differed

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 1. (A) Stool frequency, (B–D) mucus amounts in feces, (E) con
ercent of partial and complete hybridization silence (Eubacterium rec

igure 2. Mucus in feces of (A, C, and E) a healthy control and (B, D,
nd F) a patient with diarrhea. The superficial mucus layer is significantly
hicker in patients with diarrhea than in healthy controls (B vs A), while
he mucus inclusions in the feces leading to mucus septa are seldom
bserved in healthy controls (C) yet prominent in patients with diarrhea

D). A homogeneous web structure of the bacterial assembly in healthy
ontrols (E) is disrupted by multiple striae in loose, diarrheal stools (F).

A–D) Original magnification 100� (alcian stain). (E and F) Universal Eub
y3 probe, orange fluorescence at original magnification 400�.
iarrhea. (E) E rectale concentrations in healthy controls (in gray) and patient
arkedly between healthy controls and patients with
iarrhea (Table 2). In patients with diarrhea, we observed
significant reduction in the concentrations of habitual

acterial groups, suppression of the fluorescence signals
f the habitual bacteria in the central regions of the stool
ylinder (hybridization silence) with massive increase in
he concentrations and spatial shift of mucotrop bacteria
n the central regions of the stool cylinder, and increase
n the relative concentrations of occasional bacterial
roups. We observed high fluctuations in the occurrence
nd concentrations of single bacterial groups between
onsecutive investigations and a marked response to S
oulardii supplementation.

Reduction in concentrations of habitual bacteria.
ypical for diarrheal stools were markedly lower concen-

rations of the habitual bacteria. The differences com-
ared with healthy controls were highly significant (P �

001) for each habitual bacterial group.
The decrease in concentrations could only be partially

xplained by dilution of feces through higher deposits of
ucus (striae, septa). The concentrations of bacteria were

iminished even in zones of maximal concentration. S
oulardii supplementation significantly increased the con-
entrations of habitual bacteria (Figure 1E/F).

Hybridization silence. In patients with diarrhea,
he fluorescence intensity of diffusely distributed bacteria
as reduced or even lost in the center of the feces but
aintained at the periphery close to the stool surface (Fig-

re 6A and B). The phenomenon was especially well seen for
abitual bacterial groups, which were present in each pa-
ient in high concentrations, but was also observed for
iffusely distributed occasional bacteria such as Bifidobacte-
ium and Atopobium. The portion of the cylinder with sup-
ressed fluorescence varied considerably in samples from
he same patient. In distinct cases, bacteria could be clearly
etected exclusively in the regions (Figure 6B) of less than 5
m below the fecal surface or even within the mucus alone.
he loss of the fluorescence in the transition zone from
xcellent to poor fluorescence was gradual while the num-
er of bacteria remained the same, indicating that the de-
reasing number of recognizable bacteria is not due to
ecreasing concentrations but rather due to worsening
raceability. Because occasional bacteria were not present in
ach sample, we quantified the phenomenon of bacterial
ybridization silence only for habitual bacteria. The extent
f the hybridization silence was expressed as a percent of the
ecal cylinder surface in which 10% (partial hybridization
ilence) or less than 0.1% (complete hybridization silence) of
acteria could be clearly identified. The concentrations of
acteria at the fecal surface were used as reference for as-
essment of the hybridization silence.

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
ations of habitual bacteria as mean � SD � 1012, and (F) mean � SD
before, during, and after S boulardii supplementation in patients with
™™™
centr
tale)
s with diarrhea (in black).
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Hybridization silence was a feature pertaining to a
articular sample, and dependent on selected bacterial
roups. While some of the bacterial groups were heavily
uppressed, others showed excellent fluorescence all over
he cylinder. Commonly the fluorescence of Bacteroides

igure 4. Some examples of
ccasional bacterial groups hy-
ridized with Cy3-labeled (orange)

r Cy5-labeled (red) probes.
as more suppressed than that of F prausnitzii and F
rausnitzii more than that of E rectale. The hybridization
ilence was lowest in the Atopobium and Bifidobacterium
roups. The extent of the hybridization silence for the
ame bacterial group varied from 2% to 98% between

Figure 3. The distribution of
habitual bacteria within the fecal
cylinder in a healthy control is
nearly uniform. Habitual bacteria
are represented by 3 groups (E
rectale, F prausnitzii, and Bacte-
roides), which are highly con-
centrated and contribute each
about 15%–50% to the fecal
bacterial population.
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uccessive samples of the same patient, indicating a
ighly dynamic state of this phenomenon. Notwith-
tanding this variability, the involvement of single bacte-
ial groups in hybridization silence was patient specific.
n all probes from the same patients, one of the habitual
acterial groups was suppressed more than the other,

eaving some bacterial groups completely unaffected.
The hybridization silence was nearly lacking in the

ealthy group with an exception of about 15% of
amples irregularly demonstrating a partial hybridiza-
ion silence. Less than 5% of the total surface of all
tool cylinders from healthy subjects showed partial
ybridization silence. Complete hybridization silence
as not observed in any of the stool cylinders from
ealthy subjects. Because of the low incidence and
urface involved, we did not quantify the hybridization
ilence in the healthy controls.

S boulardii supplementation had a profound effect both
n concentrations and hybridization silence of habitual
acteria in patients with diarrhea, leading to improve-
ent of both parameters for all habitual groups. The

mprovement was maximal in the first week of S boulardii
upplementation.

Proliferation of mucotrop bacteria. In patients
ith diarrhea, the occurrence and concentrations of mu-

otrop bacterial groups were massively increased both in
he fecal/mucus transition zone and in the fecal core (P

.001).
S boulardii supplementation significantly reduced the
ucus in feces. This decrease was accompanied by a

eduction in the concentration of Hel274, both in the
ecal core and the feces/mucus transition zone. However,

igure 5. Multicolor FISH shows simultaneously habitual F prausnitzii
Cy5, red fluorescence) and mucotrop Enterobacteriaceae (Cy3, or-
nge fluorescence) in a patient with diarrhea. While F prausnitzii is
ainly located in feces and enters mucus in low concentrations, Enter-
bacteriaceae is located on the border between feces and mucus and
eadily enters mucus in significant numbers and has significantly lower
oncentrations in feces.
he concentrations of mucotrop Enterobacteriaceae were 1
ot perceptibly changed following S boulardii supplemen-
ation (Table 2), indicating that the increase of mucotrop
nterobacteriaceae in diarrhea must be for other reasons
han the amounts of mucus.

Increase in Concentrations of Occasional Bacteria.
he concentrations of all occasional bacteria in patients
ith diarrhea were increased when compared with
ealthy controls. The difference between patients with
iarrhea and healthy controls was significant for Bi-
dobacterium, E cylindroides, C histolyticum, and C litusebu-
ense. S boulardii supplementation reduced the difference
or Bifidobacterium and E cylindroides but not for the other
ccasional bacteria.

Discussion
The analysis of the fecal microbiota in health and

isease was generally regarded as highly unreliable, diffi-

igure 6. (A) The surface of a stool cylinder composed of many single
icrophotographs (original magnification 100�) demonstrates the loss
f bacterial fluorescence in the center: complete hybridization silence

Bacteroides, Cy3, orange). (B) Partial hybridization silence involving the
hole cylinder with the exception of regions close to the mucus layer.
acteria at the fecal core are suppressed but not absent (Bacteroides,
y3, orange, original magnification 400�, inset original magnification

000�).
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ult to perform, and useless for the clinic.1,2 Our study
nd another previous publication10 show that this is
efinitely not the case. Quantitative analysis of bacterial
omposition and fluorescence intensity in the spatial
elation to the fecal core, surface, and mucus allow us to
ifferentiate diseased and normal feces and to longitudi-
ally follow-up the progression of the symptoms and
hange to the normal state. The reason for the failure of
revious attempts to characterize the altered fecal micro-
iota was the lack of awareness for or disregard of the
patial structure of the stool. The FISH analysis of
unched fecal cylinders revealed the highly organized
ecal biostructure with local concentrations of bacteria
hat varied from 1010 bacteria/mL to levels below detect-
ble.10 The irregular distribution of bacteria within feces,
he differences in fluorescence intensity, and the viability
f the bacteria between core, surface, and mucus of the
eces bias the results when homogenized fecal samples
re used. The fecal microbiota are furthermore highly
ulnerable and temperature sensitive. The main masses
f fecal microbiota are obligate anaerobe, for which con-
act with air and decreasing temperature are detrimental.
he unavoidable shifts in microbial composition occur-

ing between collection, fixation, storage, and transport
f the samples to the laboratory alter the results. A
ariation in stool consistency makes the standardization
f findings with regard to weight, volume, and density
ncertain. Of the vast variety of intestinal diseases in
hich the consistency and composition of stool are al-

ered, the investigation of diarrhea is especially problem-
tic. In the past, diarrhea was defined mainly in terms of
tool frequency, consistency, volume, or weight, of which
nly stool frequency, volume, and weight could be quan-
ified. However, the assessment of these parameters af-
orded the cooperation of patients in keeping a stool
ecord and collecting fecal material. The data on stool
requency are highly subjective (the difference between
rive, tenesm, and defecation are vague), and the collec-
ion of feces over extended periods, which is necessary for
ssessment of volume and weight, is odious and of low
nformative value. In contrast, analysis of the fecal bio-
tructure using punched fecal cylinders allows a repro-
ucible and dynamic quantitative assessment of the mul-
iple features characterizing diarrhea, all of which are
ndependent of subjective complaints and patient behav-
or. These include the thickness of the mucus layer cov-
ring the feces, the number of mucus septa per fecal
ylinder, the number of mucus striae per microscopic
eld/percentage of surface covered with striae, bacte-
ial concentrations of different bacterial groups, the
patial organization of bacteria (relative to the mucus
ayer, fecal core, and surface of the fecal cylinder), and
ybridization silence.
The ease of collection, convenience of storage, and

elivery of stool samples together with the high motiva-

ion of chronically ill patients leads to high patient com- s
liance. The immediate fixation of the material in Car-
oy’s solution and succeeding embedment in paraffin
reserves the microbiota in their native state, leads to
igh reliability of the results, and enables investigations
f the samples in reference laboratories of choice even
ears later to answer emerging questions and to take
dvantage of newly developed FISH probes.

The number of probes used in this study was limited.
nly 3 of them were habitual and present in each sample.

t is imaginable that with the widening of the spectrum
f FISH probes, idiopathic diarrhea could be further
ubdivided into specific syndromes based on patterns of
acterial distribution, occurrence, and hybridization si-

ence. However, even 11 FISH probes were sufficient for
onclusive evaluation.

The typical features of the healthy fecal biostructure
ere predominance of habitual bacterial groups, 3 of
hich compose up to 90% (at least 70%) of the whole

ecal bacterial population; homogeneous distribution
nd high fluorescence of habitual bacteria over the sur-
ace of the fecal cylinder, leading to a web-like appearance
f their texture; absence or very low concentrations of
ucotrop Hel274 bacteria within the fecal core; and low

mounts of mucus within the fecal core. Characteristic
or diarrhea were massive increases of mucus secretion
hown either by the thickness of the superficial mucus
ayer, massive mucus inclusion within the fecal core
orming thick septa, or leading to zebra-like disintegra-
ion of architecture of the habitual bacteria by multiple
lim mucus striae covering more or less extended regions
f the fecal surface; increase in concentrations and spatial
hift of mucotrop Hel274 bacteria to the fecal core; the

assive reduction in concentration of dominant bacte-
ial groups; hybridization silence of habitual bacteria at
he fecal core; and relative increase in concentrations of
ccasional bacteria.

Except for hybridization silence, all mentioned changes
ere general for patients with diarrhea and can be explained
s a result of impaired intestinal mucus secretion and water
eabsorption. The origin of hybridization silence appears to
e different. The hybridization silence involved single bac-
erial groups, differently in single patients, indicating the
resence of substances in feces, which selectively suppressed

ntestinal bacterial groups. The epicenter of hybridization
ilence was located at the fecal core and was never observed
n proximity to the mucus layer or fecal surface, indicating
hat the suppressive factor leading to hybridization silence
s not controlled by the colonic wall but originates from the
pper regions of the gastrointestinal tract and presumably
mall intestine. We assume that the high viscosity of mucus
oes not allow the “suppressive factor” to enter the com-
artment adjacent to the colonic mucus layer, where bacte-
ia can survive the host response, building an intact stem
one for later regeneration of the fecal microbiota.

The parameters characterizing healthy and diarrheal

tools were stable over the 3 weeks preceding S boulardii
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upplementation. S boulardii had a marked influence on the
tructural organization of diarrheal feces but had no impact
n healthy feces. The normalization of the fecal biostruc-
ure following S boulardii supplementation was accompa-
ied by subjective improvement of the clinical symptoms.
At present, we can only speculate how Perenterol works.

t may interfere with potential pathogens located in the
mall intestine. It can neutralize exaggerated immune re-
ponse factors (eg, defensins), specifically or nonspecifically
dsorbing them. It can also modulate the mucus barrier and
ecretion.3 However, because the effects of S boulardii can
ow be quantified, all these mechanisms can be specifically
ddressed in future experiments.

Supplementary Data

Note: To access the supplementary material accom-
anying this article, visit the online version of Gastroenterol-
gy at www.gastrojournal.org, and at doi:10.1053/j.
astro.2008.04.017.
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Shortened Translation of the German
Version of Instructions on Stool
Sample Collection

The fecal portion inside the straw represents the
uter side of the feces. The fecal portion on the outer end
f the straw represents an interior of the feces. Dipping
he outer end in ink marks this part of the feces and
llows orientation during light microscopy.

How to Collect the Stool Sample

The bottle contains a special solution for the
onservation of the stool. Should you accidentally splash
ome of the fluid on your skin or in the eye, rinse with
lenty of water. The solution is not harmful to you.
Each bottle has 2 pieces of a straw attached (see Figure

). Stick each of the straws into the stool about 1/3 inch
eep using a twisting movement (see Figure 2). Use 2
ifferent areas of the stool for sampling. Then withdraw
he straw with the stool sample inside and drop the straw
nto the fluid-filled glass tube. If the stool did not stay in
he straw, try again. The straw helps to protect the stool
rom falling apart. After you screwed the lid tight, tip the
ottle once so that the solution flows into the straw.
lease do not shake; that would loosen the stool and it
ay fall out of the straw (Figures 3–5). Please do not put

oose stool parts (not contained within the straw) in the
ottle, because there is not enough solution to fix the
tool.

If the stool that is sampled is very loose and falls out
f the straw, please use some Vaseline to close the lower
nd of the straw. The upper end of the straw needs to stay
pen so the solution can reach the stool sample. The
tool sample should stay at room temperature for 24
ours and then can be kept in the refrigerator for 2– 4
eeks.
f

Statistics
All statistical analyses were performed using the

tatistical software package SPSS version 15.0 (Chicago,
L). Deviation of each continuous variable from a theo-
etical normal distribution was assessed through the one-
ample Kolmogorov–Smirnov test procedure. Accord-
ngly, because the P value to the Kolmogorov–Smirnov
-statistic was consistently �.05, all analyses were per-

ormed under the nonparametric assumption. Differ-
nces in the distribution of a variable at subsequent
oints in time were first explored by comparing mean
anks of that variable for each point in time. If the latter
omparison revealed a significant difference, then data
ere reanalyzed according to a repeated-measures design
nder the nonparametric assumption with the Friedman
est. Statistical significance was accepted if the 2-tailed
robability level was �.05.

Supplementary Material to Table 2
Describing Details of the Statistical
Analysis

Stool Frequency
Distribution of stool frequency among patients

ith chronic idiopathic diarrhea was heavily skewed to
he right and thereby deviated significantly from a theo-
etical parametric distribution (one-sample Kolmogorov–
mirnov test; P � .010). The mean rank of stool fre-
uency per week differed significantly for each week
hen accounting for the entire study period (�2 � 19.59;
� .012) and in particular when accounting for the

retreatment and treatment period, that is, up to 6 weeks
�2 � 20.76; P � .001). When data were pooled as serial
ata according to pretreatment, treatment, and posttreat-
ent status, respectively, a highly significant trend was

bserved (Friedman �2 � 72.66; P � .001).

Proportion of Stool Specimen Surface
Covered With a Mucus Layer
The proportion of the stool specimen surface cov-

red with a mucus layer was non-normally distributed
one-sample Kolmogorov-Smirnov test; P � .001). When
ccounting for cases for which a mucus layer was ob-
erved, the mean rank of percentage surface covered with

ucus differed significantly for each week during the
rst 6 weeks (Kruskal–Wallis test; P � .027) although not
ver the entire study period (Kruskal–Wallis test; P �

108) because the initial difference with treatment was
pparently leveled off by the reappearance of the mucus
ayer following treatment cessation.

Mucus Septa
The number of mucus septa was non-normally dis-

ributed (one-sample Kolmogorov-Smirnov test; P � .001).
hen accounting for cases with chronic idiopathic diarrhea
or which mucus septa were observed, the mean rank of the
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umber of septa varied significantly over time (Kruskal–
allis test; P � .014) and especially during the first 6 weeks

Kruskal–Wallis test; P � .014). A similar trend was not
bserved with healthy control subjects (Kruskal–Wallis test;
� .072 for the first 6 weeks and P � .353 for the entire

tudy period, respectively). Overall, when data were pooled
s serial data according to pretreatment, treatment, and
osttreatment status, respectively, a significant trend was
bserved in the number of mucus septa among patients
Friedman �2 � 9.27; P � .010), although not with healthy
ontrols (Friedman �2 � 4.32; P � .115).

Mucus Striae
The number of mucus striae was non-normally

istributed (one-sample Kolmogorov-Smirnov test; P �
001). The mean rank of number of mucus striae differed
ighly significantly per week throughout the study

Kruskal–Wallis �2 � 27.99; P � .001). When data were
ooled as serial data according to pretreatment, treat-
ent, and posttreatment status, respectively, a highly

ignificant trend was observed in the number of mucus
epta among patients (Friedman �2 � 72.71; P � .001).

E rectale
When data were pooled as serial data according to

retreatment, treatment, and posttreatment status, re-
pectively, there was a highly significant trend over time
n E rectale concentrations among healthy controls (Fried-

an �2 � 18.70; P � .001) and among patients with
hronic idiopathic diarrhea (Friedman �2 � 12.31; P �
002) as well as a significant trend in average E rectale
ybridization silence (Friedman �2 � 49.52, P � .001 and
2 � 25.09, P � .001, respectively).

Bacteroides
When data were pooled as serial data according to

retreatment, treatment, and posttreatment status, respec-
ively, there was a highly significant trend over time in
acteroides concentrations among healthy controls (Fried-
an �2 � 14.45; P � .001) and among patients with chronic

diopathic diarrhea (Friedman �2 � 20.83; P � .001).

F prausnitzii
When data were pooled as serial data according to

retreatment, treatment, and posttreatment status, respec-
ively, there was a highly significant trend over time in F
rausnitzii concentrations among patients with chronic id-
opathic diarrhea (Friedman �2 � 8.08; P � .018), although
ot among healthy controls (Friedman �2 � 0.13; P � .9).

Bifidobacterium
The mean rank of Bifidobacterium concentrations

id not differ significantly across subsequent sampling
eeks or among healthy subjects (P � .49) or patients

ith chronic idiopathic diarrhea (P � .46). c
Ato
The mean rank of Ato concentrations did not

iffer significantly across subsequent sampling weeks or
mong healthy subjects (P � .43) or patients with
hronic idiopathic diarrhea (P � .10).

E cylindroides
The mean rank of E cylindroides concentrations did

ot differ significantly across subsequent sampling weeks
r among healthy subjects (P � .33) or patients with
hronic idiopathic diarrhea (P � .17).

Ehal
The mean rank of Ehal concentrations did not

iffer significantly across subsequent sampling weeks
mong healthy subjects (P � .31) but showed a marked
ifference over time among patients with chronic idio-
athic diarrhea (Kruskal–Wallis �2 � 25.43; P � .001).
ence, when data were pooled as serial data according to
retreatment, treatment, and posttreatment status, re-
pectively, there was a highly significant trend over time
n Ehal concentrations among patients with chronic id-
opathic diarrhea (Friedman �2 � 16.18; P � .001).

C lituseburense
The mean rank of C lituseburense concentrations

id not differ significantly across subsequent sampling
eeks or among healthy subjects (P � .64) or patients
ith chronic idiopathic diarrhea (P � .21).

C histolyticum
The mean rank of C histolyticum concentrations

id not differ significantly across subsequent sampling
eeks or among healthy subjects (P � .81) or patients
ith chronic idiopathic diarrhea (P � .18).

Enterobacteriaceae Surface
Mean rank of Enterobacteriaceae surface concentra-

ions did not differ significantly across subsequent sam-
ling weeks or among healthy subjects (P � .51) or
atients with chronic idiopathic diarrhea (P � .45).

Enterobacteriaceae Deep
The mean rank of Enterobacteriaceae deep concen-

rations did not differ significantly across subsequent
ampling weeks or among healthy subjects (P � .46) or
atients with chronic idiopathic diarrhea (P � .42).

Hel Surface
The mean rank of Hel surface concentrations did

ot differ significantly across subsequent sampling weeks
r among healthy subjects (P � .55) or patients with

hronic idiopathic diarrhea (P � .23).
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