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Background & Aims: Microorganisms that directly inter- 
act with the intestinal mucosa are obscured by fecal 
flora and poorly characterized. Methods: We investi- 
gated the mucosal flora of washed colonoscopic biop- 
sies of 305 patients with bowel inflammation and 40 
controls. The microbial cultures were validated by quan- 
titative polymerase chain reaction with subsequent clon- 
ing and sequencing, fluorescence in-situ hybridization, 
and electron microscopy. Results: We found high con- 
centrations of mucosal bacteria in patients with bowel 
inflammation, but not in controls. The concentrations of 
mucosal bacteria increased progressively with the sever- 
ity of disease, both in inflamed and non-inflamed colon. 
In patients with >10,000 cfu/~L, a thick bacterial band 
was attached to the intact mucosa without signs of 
translocation. Patients with inflammatory bowel disease 
(IBD) and concentrations of mucosal bacteria >50,000 
cfu/l~L had characteristic inclusions of multiple poly- 
morphic bacteria within solitary enterocytes located 
next to the lamina propria, without or having no contact 
with the fecal stream. The identified bacteria were of 
fecal origin. Conclusions: Our findings suggest that the 
changes in the mucosal flora in IBD are not secondary to 
inflammation, but a result of a specific host response. 
We hypothesize that the healthy mucosa is capable of 
holding back fecal bacteria and that this function is 
profoundly disturbed in patients with IBD. 

C linical observations ~ and animal experiments 2 have 
suggested that intestinal bacteria trigger and per- 

petuate chronic bowel inflammation) Bacterial products 
and genes have been repeatedly described within the 
intestinal mucosa of patients with inflammatory bowel 
disease (IBD) using bacterial culture, 4 electron micros- 
copy (EM), 4 immunocytochemistry, 5 and representa- 
tional difference analysis. 6 However, because of the in- 
herent technical limitations of the available methods, 
bacteria interacting with the mucosa in either healthy 

people or IBD patients have not been described ade- 

quately. 
Culture is the gold standard for identifying bacteria. 

The sensitivity of the culture is high for most rods. 
Under optimal conditions, even single bacteria can be 
detected. In a complex bacterial population, however, 
rapid growing bacteria overgrow the culture plate, mak- 
ing the quantification and identification of slow growing 
bacteria impossible. Selective media can help to over- 
come this problem, but only in cases of known species. 
Because a large portion of the resident flora in adults is 
not even characterized, it is not possible to create con- 
ditions under which all or at least 500 known constitu- 
ents can be simultaneously evaluated. 

Another difficulty arises from the high concentration 
of intestinal bacteria. Before mucosa-adhesive and mu- 
cosa-invading bacteria can be studied, irrelevant fecal 
remnants must be removed. Washing biopsies, however, 
can influence the viability of bacteria. Molecular genetic 
methods of polymerase chain reaction (PCR) with a 
universal bacterial primer and comparative sequence 
analysis of ribosomal RNA (rRNA) genes are indepen- 
dent of culture requirements and circumvent the prob- 
lem of differential bacterial growth. Unfortunately, the 
sensitivity of universal 16/23S rRNA PCR is low. Only 
bacterial concentrations greater than 103 cfu/DL can be 
reliably detected. 

The discussed shortcomings can be overcome by com- 
bining different methods in a representative number of 
patients. Our aims were to study the bacterial culture 
from washed colonoscopic biopsies from 305 patients and 
40 controls according to a previously developed proto- 
col /  and to correlate the results with the results of 
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dole; EM, electron microscopy; FISH, fluorescence in-sitU hybridization; 
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quanti tat ive PCR with subsequent cloning and sequenc- 

ing, fluorescence in-situ hybridizat ion (FISH), and EM to 

detect and characterize mucosal and invading bacteria in 
IBD. 

P a t i e n t s  a n d  M e t h o d s  

Patients 

The study was approved by the institutional review 
board, and the patients gave informed consent. Twenty-eight 
patients with self-limiting colitis, 104 patients with indeter- 
minate colitis, 119 patients with ulcerative colitis (UC), 54 
patients with Crohn's disease (CD), and 40 asymptomatic 
controls with normal colonoscopic findings were studied at the 
CharitY, the University Hospital of the Humboldt University 
in Berlin. These patients were referred for evaluation and 
therapy by family physicians, internists, and gastroenterolo- 
gists in private practice. The patients' mean age, age range, 
and gender are summarized in Table 1. 

The asymptomatic control group consisted of patients with- 
out gastrointestinal complaints, who underwent colonoscopy 
for cancer surveillance or non-intestinal-related indications. 
None of the patients in the asymptomatic control group had 
received antibiotics during the 6 months befbre the investiga- 
tion. 

Patients who had colitis for the first time and were asymp- 
tomatic within 2 months after the colonoscopy were defined to 
have self-limiting colitis. 

The diagnosis of indeterminate colitis was made in patients 
with chronic colitis of more than 6 months duration, with 
histologic changes and a clinical presentation suggestive for 
1BD but not typical for either UC or CD, and in the absence 
of small bowel involvement. 

The diagnosis of IBD was made according to accepted 
criteria.8,9 

Three UC patients were partially colectomized, 13 CD 
patients had a past history of fistula, and 4 of them had a fistula 
at the time of the investigation. 

Patients with collagenous colitis, eosinophilic colitis, and 
diverticulitis were excluded from this study. 

All patients were of European origin. 

Handling of Biopsies 

Biopsy excision. Biopsies (3.2-3.6 mm 3) were taken 
with standard forceps from the ileum and ascending and 
sigmoid colon and processed immediately (biopsy washing and 
the setting of cultures) in the laboratory next to the endoscopy 

room. Additional biopsies were taken from each location for 
histopathology, EM, and FISH. 

Biopsy wash.  Each biopsy was first washed in 500 p~L 
of physiologic saline with 0.016% dithioerythritol to remove 
the mucus, then washed 3 times in 500 [zL of physiologic 
saline by shaking for 30 seconds each time. The supematants 
from the second and fourth wash were used to evaluate the 
superficial microflora. After the fourth wash, the biopsy was 
hypotonically lysed by vortexing for 30 minutes in distilled 
water. The debris left after the hypotonic lysis was evaluated 
for mucosal bacteria. 

Bacterial Culture 

Bacterial culture was obtained from all patients. The 
second and fourth biopsy washes and the cell debris left after 
the hypotonic lysis were plated in 10-fold dilution steps on 
universal and differential media. For the isolation of aerobes, 
we used Schaedler blood agar, MacConkey agar without sup- 
plements, Gram positive selective Columbia blood agar with 
colistin-nalidixic acid supplement (Heipha-Biotest, Heidel- 
berg, Germany), Enterococcus selective Bile-Aesculin Azide 
agar, and Pseudomonas selective EN 511 agar (OXOID GmbH, 
Wiesel, Germany). For the isolation of anaerobes, we used 
Schaedler blood agar, Schaedler blood agar with gentamicin 
and vancomycin (Heipha-Biotest), chromogenic Hackenthaler 
Bierkowski agar (OXOID GmbH), and Clostridium difficile 
cycloserin-cephoxitin-fructose-agar (OXOID Ltd., Basing- 
stoke, Hampshire, England). 

Anaerobic cultures were incubated in Gas Pak jars (Anaero- 
GenTM; OXOID Ltd.). All plates were photo-documented 
after 48 hours (aerobes) and 96 hours (aerobes and anaerobes) 
of incubation at 36°C. Colonies were counted and expressed as 
colony numbers after anaerobic incubation. Although faculta- 
tive anaerobes, such as Enterobacteriaceae and Enterococcus, will 
also grow under anaerobic conditions, their mean counts were 
negligible compared with the number of true anaerobes, al- 
lowing to make this simplification for the presentation of data. 
Single colonies were picked for further identification. The 
locations of picked colonies were marked on plate images. 
Aerobes were identified with an api 20 E, api NE, api Strep, 
and api Coryne kit and anaerobes with rapid ID 32 A (bio- 
M~rieux, Nfirtingen, Germany). L#teria was cultured on Pal- 
cam L#teria selective agar after incubation in nutrient broth 
(Heipha-Biotest). 

Fifty anaerobic colonies from the 1:100 dilution after the 
fourth wash and hypotonic lysis and 20 aerobic colonies from 

Table 1. Patients' Clinical Data 

Asymptomatic Self-limiting 
controls colitis 

Indeterminate 
colitis UC CD 

Number of patients 40 28 104 119 54 
Mean age 49.2 36.3 45.2 44.1 34.6 
Age range 26-77 17-70 19-81 17-86 17-86 
Female/mate 17/23 12/16 58/46 67/52 29/25 
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the undiluted aerobic culture after the fourth wash and hypo- 
tonic lysis were characterized phenotypically. 

Mycobacteria were cultured for 6 weeks on Ogawa and 
Middlebrook 7 H l l  agar from hypotonically lysed debris 
mixed with N-acetyl L-cystein NaOH solution, then incu- 
bated for 25 minutes and neutralized with phosphate buffer. 

DNA Amplification 

Quantitative PCR with subsequent cloning and se- 
quencing was performed in 20 controls and 59 patients (18 
self-limiting colitis, 17 indeterminate colitis, 14 UC, and 10 
CD). DNA was extracted with 1% sodium dodecyl sulfate 
and Proteinase K and further purified with Genclean II Kit 
according to the product protocol (BIO 101 Inc., La Jolla, CA). 
The 5' half of the 16S rRNA genes (600 base pairs) was 
amplified with PCR using a primer set universal for bac- 
teria: 5 ' - A G A G T T T G A T ( c / t ) ( c / a ) T G G C T C A G - 3 ' ,  5 ' -  
ACCGC(g/t)(a/g)CTGCTGGCAC-3'. The quantification and 
identification of bacteria with PCR, cloning, and sequencing 
were previously described. 10 

EM 

Biopsy specimens from 14 patients (1 asymptomatic 
control, 3 indeterminate colitis, 5 UC, 5 CD) were studied 
with EM. Formalin-fixed biopsies were embedded in epoxy 
resin. Ultrathin sections were cut from epoxy resin blocks with 
an LKB ultramicrotome (LKB, Brommer, Sweden) with a 
diamond knife, mounted on 200 mesh copper grids, stained 
with uranyl acetate and lead citrate, and examined with a Zeiss 
EM10 transmission electron microscope (Zeiss, Oberkochen, 
Germany) at 60 kV. 

FISH 

An additional pair of biopsy specimens was taken from 
each location for in-situ hybridization from 10 asymptomatic 
controls, 5 patients with self-limiting colitis, 10 patients with 
indeterminate colitis; 13 patients with UC, and 12 patients 
with CD (360 biopsies all together). One biopsy was not 
washed (180 biopsies), and the other biopsy was washed either 
twice (90 biopsies) or 4 times (90 biopsies). The biopsies were 
fixed in 500 ~L of 4% buffered formalin without shaking and 
either embedded in paraffin or cut by cryostat within 2 - 4  
hours after colonoscopy. Two-micrometer paraffin or 6-~m 
cryostat sections were mounted on organosilane-coated slides, 
baked at 60°C for 16-20 hours, and stored at room tem- 
perature. Sections of biopsies were hybridized as described 
previouslyJ 1 Selected samples were counterstained with 4',6'- 

diamidino-2-phenylindole (DAPI) to visualize DNA. Oligo- 
nucle0tide probes (Table 2) were synthesized and labeled 
with either Cy3 or Cy5 fluorochrome at the 5' end (Interactiva, 
Ulm, Germany). 

A confocal laser scanning microscope at 1000× and 630× 
magnifications was used (LSM510; Carl Zeiss, Oberkochen, 
Germany). Hybridized bacterial cells were excited with either 
a green laser (543 nm) for Cy3- or a red laser (633 nm) for 
Cy5-1abeled oligonucleotide probes. The autofluorescent tissue 
was excited with a blue laser (488 nm). DAPI-stained DNA 
was excited with a UV laser (364 nm). 

Statistics 

Nonparametric data were expressed by median value 
(range); normal distributed data were expressed as mean + 
standard deviation, and differences between or across groups 
were evaluated by analysis of variance. Statistical analysis was 
done using X 2 and t tests. A P value of <0.05 was considered 
significant. 

Resu l ts  

Bacterial Culture 

Bacterial  concentrat ion.  The concentrations of  

mucosal bacteria were low in asymptomat ic  controls and 

high in patients with bowel inflammation, especially in 

patients with CD (Table 3). The bacterial concentrations 

in self-l imiting and indeterminate colitis were interme- 

diate. The percent of  patients wi th  > 10,000 cfu/~L was 

significantly higher in IBD (P < 0.001) than in the other 

groups. Figure 1 shows the percent of  patients with 

concentrations of  mucosal bacteria of  < 1000, < 10,000, 

< 5 0 , 0 0 0 ,  and > 5 0 , 0 0 0  cfu/~L. 

Bacterial species.  There was no distinct differ- 

ence between groups in regard to species isolated from 

the mucosa. The diversity of  isolated bacteria was high. 

The cultured bacteria were of  fecal origin. The mean 

concentration of  anaerobes was 2 powers higher than that  

of  aerobes in all groups. The main anaerobic microor-  

ganism was Bacteroides. The main  aerobes were Enterobac- 
teriaceae (primarily Escherichia coli). Bacteroides made up 

50% to 95% of  the anaerobic populat ion in all but  3 

patients wi th  bacterial concentrations greater than 103 

Table 2. Probes Used in Fluorescence In Situ Hybridization 

Probe Specificity Sequence (5'-3') Position Reference 

EUB338 Eubacteria GCTGCCTCCCGTAGGAGT 338-355 a 12 
GAM42a gamma-proteobacteria GCCTTCCCACATCGTI-F 1027-10435 13 
BAC303 Bacteroides spp. CCAATGTGGGGGACCTF 303-319 a 14 

aposition in the 16S rRNA of E. coil. 
bposition in the 23S rRNA of E. coIL 
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Table 3. Mean Concentrations + Standard Deviation ( X I O  3 cfu/i,L) of Mucosal Bacteria After the 4th Wash and Hypotonic 
Lysis From Ileum and Colon 

Asymptomatic Self-limiting Indeterminate 
controls colitis colitis UC CD 
(n = 40) (n = 28) (n = 104) (n = 119) (n = 54) 

Total anaerobes a 0.18 _+ 0.3 1.8 _+ 5.3 3.41 _+ 16 3.8 _+ 11 8.4 + 18 
NS P < 0.08 P < 0.01 P < 0.001 

Bacteroides b 0.02 4- 0.05 0.26 _+ 0.6 0.64 4- 2.1 1.6 + 10 2.0 _+ 5.5 
NS P < 0.01 P < 0.001 P < 0,001 

Total aerobes 0,003 ± 0.05 0.08 4- 0.4 0.09 4- 0.5 0.06 4- 0.5 0.11 4- 0.8 
NS P < 0.005 P < 0.05 P < 0.001 

Enterobacteriaceae c 0,002 4- 0.05 0.06 _+ 0.5 0.08 ± 0.3 0.04 _+ 0.5 0.10 4- 0.8 
P < 0,06 P < 0.005 P < 0.047 P < 0.001 

NOTE. P as compared with controls. 

aTotal anaerobe counts are expressed as colony numbers after anaerobic incubation. Although facultative anaerobes, such as Enterobacteri- 
aceae and Enterococcus, will also grow under anaerobic conditions, their mean counts were negligible compared with the number of true 
anaerobes allowing to make this simplification. 
bBacteroides counts were enumerated on the basis of growth on Schaedler blood agar with vancomycin and gentamicin supplement. 
CEnterobacteriaceae are expressed as numbers grown on MacConkey plates. 

cfu/~L. The highest mean concentrations of Bacteroides 
were found in patients with UC and CD (Table 3). 

The Bacteroides population in each specimen was het- 
erogeneous, composed of at least 3 related species, usu- 
ally 4 to 7 species. All other rods were less numerous, 
found in a mix often associated with Bacteroides or Enter- 
obacteriaceae (Table 4). The second most frequently cul- 
tured anaerobe after Bacteroides was Collinsella aerofaciens, 
found in 80% of all patients. Other less frequent and less 
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Figure 1. Percent of patients with high concentrations of mucosal 
bacteria. 

numerous aerobic and anaerobic organisms are listed in 
Table 4. 

Mycobacteria and Listeria were never cultured. Pseudo- 
monas species were found in low concentrations (1 to 20 
cfu per biopsy) in 11% of patients with bowel inflam- 
mation, irrespective of diagnosis. 

Yersinia and Campylobacter were each cultured twice in 
patients with self-limiting colitis. 

The influence of biopsy location and local inflam- 
mation on the concentrations of mucosal bacteria. The 

concentrations of mucosal bacteria in about half of the 
patients were the same in all locations within the colon. 
The mucosal bacterial concentrations were markedly dif- 
ferent at different locations in 65% of patients with 
self-limiting colitis, 27% of patients with indeterminate 
colitis, and 54% of IBD patients. There was no intra- 
group difference between the mean concentrations of 
mucosal bacteria in the ileum, ascending, and sigmoid 
colon in the asymptomatic control, self-limiting colitis, 
and indeterminate colitis groups (Table 5-I). The highest 

Table 4. Occurrence of Cultured Mucosal Bacteria After the 
4th Wash and Hypotonic Lysis 

Percent of patients Mean (maximum) 
with isolate of percent of isolates 

(n = 340) from one biopsy 

Bacteroides 95 56 (100) 
Collinsella aerofaciens 80 16 (92) 
Clostridia 62 9 (35) 
Bifidobacteria 34 6 (87) 
Enterobacteriaceae 82 4 (100) 
Peptostreptococci 32 3 (24) 
Eubacteria 23 3 (28) 
Propionibacteria 15 < 1  (9) 
Other 90 3 (89) 
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Table 5. Mean Concentrations (XIO 3 cfu/l~L) of Mucosal Bacteria in Different Bowel Segments (I) and Inflamed and 
Noninflamed Mucosa (11) After the 4th Wash and Hypotonic Lysis 

Asymptomatic controls Self-limiting colitis Indeterminate colitis 
(n = 40) (n = 28) (n = 104) UC (n = 119) CD (n = 54) 

A B C A B C A B C A B C A B C 

I 
Ileum 
Ascending 

colon 
Sigmoid 

colon 
II 
Inflamed 

mucosa 
Noninflamed 

mucosa 

0.22 0.03 0.001 1.7 0.05 0.09 2.6 0.88 0.02 8.9  4 .6  0.11 10.0 2.9 0.08 

0.04 0.01 0.002 2.2 0.4 0.05 2.1 0.61 0.10 3.0 0.83 0.03 4.9 0.96 0.07 

0.27 0.005 0.001 0.8 0.07 0.08 4.8 0.52 0.04 1.8 0.35 0.01 9.1 2.28 1.04 

1.4 0.02 0.08 2.29 0.6 0.09 3.5 1.3 0.03 4.5 1.31 0.03 

2.1 0.09 0.09 4.48 0.8 0.04 5.5 2.1 0.06 8.5 3.49 0.09 

NOTE. A: Total anaerobe counts. B: Bacteroides counts from gentamicin and vancomycin agar. C: Enterobacteriaceae counts (mostly E. coli) from 
MacConkey agar. Numbers in bold are statistically significant compared with non-bold numbers within a vertical row of the same part of the table, 
P < 0.05. 

mean concentrations of mucosal bacteria were found in 
the ileum of IBD patients. The differences in concentra- 
tions of mucosal bacteria were nevertheless individual, 
differing markedly from patient to patient, rather than 
group-specific. 

In both UC and CD patients, significantly higher 
mean concentrations of anaerobes, especially Bacteroides, 
were found in the ileum than in other colon segments. 
The concentrations of mucosal bacteria were higher in 
apparently normal mucosa than at the sites of inflamma- 
tion in all patients with bowel inflammation. However, 
the differences were only statistically significant for total 
anaerobes in patients with CD (Table 5-II). 

The mucosal flora did not differ noticeably between 
patients with IBD and indeterminate colitis. However, 
the concentrations of mucosal bacteria were significantly 
influenced by disease activity, treatment regimen, and 
other clinical data. If matched for therapy and disease 
activity, much higher concentrations of mucosal bacteria 
were found in untreated IBD patients than in untreated 
patients with indeterminate colitis or patients with self- 

limiting colitis. Because of space constraints, the clinical 
data will be addressed in a separate article. 

Quantitative PCR and Sequence Analysis of 
PCR Products 

Quantitative PCR was performed in 20 controls 
and 59 patients. No bacteria were detected in 18 of 20 
asymptomatic controls. In contrast, concentrations be- 
tween 103 and 10 6 cfu/L were found in 83% of patients 

with self-limiting colitis, 71% of patients with indeter- 
minate colitis, 71% of patients with UC, and 80% of 

patients with CD (Table 6). 
The strongest PCR signal from each patient was 

cloned, and 120 to 200 clones were sequenced. The most 
frequent finding was a mix of various sequences differing 
from biopsy to biopsy and from patient to patient with- 
out any sequences appearing in more than 5% of the 
clones (Figure 2B). In about 70% of patients (Figure 2A, 
Table 6), sequences of one bacterial genus predominated 
(more than 30% of all sequences analyzed). These pre- 
dominant sequences were either that of Bacteroides or 

Table 6. Percent of Patients With Positive PCR (>1000 cfu/i.L) and the Predominance of Sequences of a 
Single Bacterial Group 

Asymptomatic Self-limiting Indeterminate 
controls colitis colitis 
(n = 20) (n = 18) (n = 17) UC (n = 14) CD (n = 10) 

Mucosal bacteria (positive PCR) 10% 83% 71% 71% 80% 
E. coli 5% 27% 29% 21% 20% 
Bactereides 0% 11% 12% 16% 30% 
Mix of sequences a 5% 33% 29% 34% 30% 
Other (Yersinia and Campylobactet) 0% 11% 0% 0% 0% 

aHigh diversity of sequences, without any sequence appearing in more than 5% of the analyzed clones. 



January 2002 MUCOSAL BACTERIA IN IBD 49 

,A 

Figure 2. (k) Adenine sequences of 12 clones from a patient with a 
predominance of an E. coli sequence. (B) Adenine sequences from a 
patient with a mix of different bacterial sequences. 

Enterobacteriaceae. Within a biopsy, Enterobacteriaceae were 
represented by a single sequence (usually E. coli), and 
Bacteroides by at least 3 related Bacteroides sequences. E. 
coli predominance was equally common in patients with 
IBD and indeterminate colitis (Table 6). The predomi- 
nance of Bacteroides sequences was more common in 
patients with CD than in patients with UC or indeter- 
minate colitis; the differences, however, were not statis- 
tically significant. 

Besides these 2 groups, sequences of diverse Streptococci, 
Peptostreptococci, and Clostridium species were identified, all 
of them without any system, probably because of the 
high diversity of mucosal bacteria that is obviously some 
potencies greater than the number of clones sequenced. 
None of the sequences had a relevant homology to My- 
cobacteria or Listeria. 

FISH 

No differences were observed in the fluorescent 
appearance of biopsies from patients of different groups 
using universal, Bacteroides, and gamma proteobacteria 
fluorescence probes. Marked differences were observed 
between biopsies with different concentrations of muco- 
sal bacteria in all groups. 

Biopsies with low concentrations of mucosal bac- 
teria less than 1000 cfu/~L. No bacteria were detected 
on the surface of biopsies or within the epithelial tissue 
of 70% of patients with low concentrations of mucosal 
bacteria. Occasionally, single scattered bacteria were seen 
in unwashed biopsy sections. These scattered bacteria 
were not detected in washed biopsies (Figure 3A). 

Biopsies with moderate concentrations of muco- 
sal bacteria between 1000 and 10,000 cfu/~L. Solitary 
bacteria were seen scattered over the surface of unwashed 
biopsies. In 84% of the investigated biopsies, clusters of 
10 to 100 bacteria were seen on the surface. These 

bacteria were mostly lost after washing. In 3% of biop- 
sies, a thick bacterial layer was seen on the surface. 
No intraepithelial bacteria were observed (Figure 3B1 
and B2). 

Biopsies with high concentrations of mucosal 
bacteria greater than 10,000 cfu/~L. All  unwashed bi- 
opsies with bacterial concentrations greater than 50,000 
cfu/~L and 83% of biopsies with bacterial concentrations 
between 10,000 to 50,000 cfu/b~L had a thick layer of 
mostly rod-shaped bacteria on the mucosal surface (Fig- 

ure 3C1/C2). Bacteria were closely attached to the mu- 
cosa in freshly made cryostat sections and often loosely 

attached in previously paraffin-embedded specimens. Us- 
ing Bacteroides and gamma proteobacteria probes (for 
Enterobacteriaceae), both groups of organisms were shown 
in high concentrations within this layer in accordance 

with the results of the bacterial culture. A reliable quan- 
tification of the superficial bacterial layer and its compo- 

nents was impossible because of the high concentration 
of bacteria. 

Single bacteria were seen within the epithelial cell 

layer. Their intracellular location was confirmed by con- 
focal laser scanning microscopy (Figure 4). 

The intracellular bacteria gave a positive hybridization 

signal with both the universal (Cy3) and the Bacteroides 
(Cy5) probes. In some cases, in addition to a positive 
intracellular hybridization with the universal bacterial 
probe, a positive intracellular hybridization with the 
gamma proteobacteria probe was seen. This signal was 
regarded as an error, because single bacteria could not be 

distinguished. No bacteria were detected in the lamina 
propria. 

The washing procedure disrupted the superficial bac- 
terial layer without eliminating it. Clumps of 10 to 1000 
bacteria were seen on the biopsy surface and between the 
folds and crypts even after the fourth wash. The epithe- 
lial cells were damaged by the washing procedure and 

therefore, rendered useless for the evaluation of intracel- 
lular microorganisms. 

EM 

Biopsy specimens of 14 subjects were studied. 
Intraepithelial bacteria were seen in 4 patients (indeter- 
minate colitis = 1, UC = 1, CD = 2) with concentra- 
tions of mucosal bacteria greater than 50,000 cfu/~L 
(Figure 5A-D), and in 1 of 3 patients with concentra- 
tions of mucosal bacteria between 10,000 and 50,000 

cfu/btL (CD = 1, but not in the patient with indeter- 
minate colitis and not in the patient with UC). 

Intraepithelial bacteria were not seen in 7 patients 
(asymptomatic control = 1, indeterminate colitis = 1, 
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UC = 3, CD = 2) with concentrations of mucosal 
bacteria less than 10,000 cfu/DL. 

The electron microscopic picture of intraepithelial 
bacteria was striking and similar in all patients. 

Bacterial cells with different morphologic appearance 
heavily packed the cytoplasm of individual enterocytes 
located next to the lamina propria and having no direct 
contact with the fecal stream. There were no signs of 
apoptosis. No bacteria were seen in adjacent cells (Figure 
5). No bacteria were seen between cells or subepitheli- 
ally. No bacteria were seen in macrophages or M-cells. 

Discussion 

Using a simple and reliable protocol of biopsy 
wash followed by hypotonic lysis, we showed that the 
mucosal surface in healthy controls is basically sterile and 
that the concentrations of mucosal bacteria increased 
progressively from self-limiting colitis to indeterminate 
colitis to IBD, being highest in CD patients. 

Similar to previous studies, we found no principal 
difference in the composition of the mucosal flora in IBD 
patients and controls. 4,15-1v Species isolated from the 
washed mucosa were of fecal origin in all groups. The 
main anaerobic microorganism isolated from the mucosa 
was Bacteroides. The main aerobes were Enterobacteriaceae 
(primarily E. coli). The occurrence and the proportion of 
Enterococci/Streptococci, Clostridia, Peptostreptococci, and Eu- 
bacteria were lower and Collinsella aerofaciens or Propi- 
onibacteria higher than usually found in fecal specimens. 

Figure 3. FISH. Superficial bacterial layer (arrows) in unwashed and 
corresponding washed biopsies visualized with FISH using a universal 
probe. BL, basal lamina; G, goblet cell; N, nucleus. (A) CD patient with 
concentration of mucosal bacteria of 300 cfu/l~L. (B) UC patient with 
concentration of mucosal bacteria of 1500 cfu/t~L (B1) unwashed 
and (B2) washed. (C) CD patient with concentration of mucosal 
bacteria of 72,000 cfu/l~L (C1) unwashed and (C2) washed. 

Figure 4. Intracellular bacteria (arrows) visualized with Bacteroides- 
specific probe, G, goblet cell; N, nucleus. 
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Rgure 5, Electron microscopic 
appearance of intraepithelial 
bacterial inclusions (arrows). 
(A-D) Concentrations of mu- 
cosal bacteria greater than 
50,000 cfu/l~L. (E) Concentra- 
tion of mucosal bacteria of 
19,000 cfu/t*L. Bars = 1 l~m. 
BL, basal lamina; er, endoplas- 
mic reticulum; F, pericryptal fi- 
broblast sheet; G, goblet cell; 
gr, mucous granules; M, mito- 
chondria; N, nucleus; nu, nu- 
cleolus. 
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We found no Mycobacteria and Listeria that were previ- 
ously associated with IBD, 5,18 either by culture or PCR. 
The concentrations of Pseudomonas were low. 

Most microbiologic studies, 15-~7 except one 4 of iso- 
lates from colonoscopic biopsies, reported no difference 
in bacterial concentrations between IBD patients and 
controls. The estimated bacterial concentrations between 
10 5 and 1011 cfu/btL were not principally different from 

fecal concentrations. The difference to our finding of 

basically no bacterial concentration in healthy controls, 
may be a result of the small number of investigated 
patients, conclusions being drawn exclusively on the 
basis of bacterial growth without verification by culture 
independent methods, and a result of contamination by 
luminal flora, because unwashed biopsies were used and 
transported under anaerobic conditions to the microbio- 
logic laboratory. The mucosal surface is a boundary be- 
tween mainly anaerobic intestinal flora and aerobic mu- 
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cosa. Opposite requirements are needed to maintain the 

viability of each, making it impossible to create transport 
and handling conditions, which are adequate for both. 

The stringent anaerobic conditions for transport improve 

the recovery of anaerobes, but lead to biopsy necrosis and 
secondary tissue infiltration by the fecal flora. It is im- 

possible to separate mucosal from fecal flora except if the 

separation is started immediately. We chose gentle wash- 
ing conditions for the mucosa, being aware of losses that 

could occur to the anaerobic organisms. To make the 
losses calculable, we combined the microbiologic culture 
with culture-independent methods such as quantitative 
PCR with subsequent cloning and sequencing, FISH, 

and EM, and tried to keep the biopsy handling time as 

short as possible. Animal experiments had shown that 
"normal" fecal bacteria induced bowel inflammation in 
interleukin-10-deficient mice and HLA-B27 transgenic 

rats and that not all luminal gut bacteria have equal 
proinflammatory activities. 19 21 Bacteroides strains were 

much more active in inducing colitis in animal experi- 
ments than E. coil; E. coil was more active than Streptococci 
or other fecal species, leading to the assumption that 
some fecal bacteria can trigger intestinal inflammation. 2° 

On the other hand, it was shown that the appearance and 

number of mucosal adherent bacteria were altered before 

the onset of the colitis in interleukin-10 gene-deficient 
mice. e~ Our data show the preferential increase in con- 

centrations of Bacteroides and E. toll, followed by Col- 
linsella aerofaciens in IBD patients. However, Bacteroides 
was not represented by a single pathogen, but by at least 

3 and often 5 to 7 different species within 1 biopsy. 
Many investigators studied adhesive E. coli in IBD in 
humans. Based on an in-vitro adherence assay to epithe- 
lial cel ls ,  22-24 adhesive E. coil strains were found to be 

significantly more frequent in patients with IBD than in 

healthy controls, leading to the assumption that E. coli 
adherence may be of primary importance rather than 
arising secondary to disease. 23,24 However, neither sero- 

typing of isolated strains nor investigation of their vir- 
ulence factors was performed. Our serotyping data and 

analysis of genetic virulence markers of mucosal E. coli 
(data not presented) showed a wide variability of mucosal 
E. coli strains. This speaks against a single E. coli pathovar 

being responsible. 
Surprisingly, concentrations of mucosal bacteria were 

higher in non-inflamed than inflamed mucosa, which 

contradicts the hypothesis that microbial pathogens are 
directly responsible for local lesions in IBD. There was 
no evidence of bacterial translocation in the lamina pro- 
pria and in macrophages. The bacteria were not invading 
denuded mucosal locations, but covering the intact mu- 

cosal surface. A secondary invasion of mucosa caused by 
alterations of the barrier function secondary to inflam- 

mation is therefore also unlikely. 
A typical finding of FISH was a bacterial film with the 

integrity and thickness increasing parallel to increasing 
concentrations of mucosal bacteria. No bacteria were seen 
on the surface of biopsies with concentrations of less than 

1000 cfu/DL. Clusters of 10 to 100 bacteria were seen on 
the surface of biopsies with mucosal bacteria concentra- 

tions between 1000 and 10,000 cfu/l~L. Starting with 
10,000 cfu/p~L, a thick bacterial film was observed 
tightly attached to the mucosal surface in fresh biopsies 

and loosely attached to the mucosa in previously paraffin- 
fixed biopsies. This superficial bacterial film could not be 

washed away by our washing procedure. The microscopic 
appearance of the bacterial film did not depend on the 
patient's diagnosis, but depended on the concentration of 

the mucosal bacteria. However, mucosal bacterial con- 

centrations higher than 50,000 cfu/btL were found in 
patients with indeterminate colitis, more so in patients 

with UC, and most often in patients with CD. 
Until now, only one other study was published inves- 

tigating the spatial distribution of bacteria in the rectum 
using in-situ hybridization. 25 Formalin-fixed and paraf- 

fin-embedded rectal biopsies from 16 IBD patients and 

controls were investigated. Similar to our results, bacte- 
ria were found within the mucin layer of 12 IBD pa- 
tients, but not in healthy controls. However, different to 
our study, no mucosal-attached or intracellular bacteria 
were seen, and the thickness of the mucosal bacterial 

layer was moderate compared with our observations (Fig- 

ure 3C). Differences to our results could be a result of a 
non-intended wash of biopsies by formalin during the 
transport and the small number of investigated patients. 

The moderate number of bacteria located in clusters of 

10 to 100 cells is predictable and identical to our result 

in patients with concentrations of mucosal bacteria be- 
tween 1000 and 10,000 cfu/l~L. We could clearly dem- 
onstrate intracellular bacteria with FISH in patients with 
concentrations of mucosal bacteria greater than 10,000 

cfu/btL using universal and Bacteroides specific fluores- 

cence probes. 
The EM was superior to FISH in demonstrating the 

intracellular bacterial inclusions. The electron micro- 

scopic picture in different patients was strikingly similar, 
despite polymorphism of intracellular bacteria. Bacteria 

were found not in superficial epithelial cells, but in cells 
close to the basal lamina, not having direct contact with 
the fecal stream. Bacteria occurred in high numbers 
within cytoplasm of single cells surrounded by normal, 
presumably immature epithelial cells without bacterial 
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inclusions. The nuclei of invaded and adjacent ceils 
showed no signs of apoptosis. 

Recently, a series of mutations in the NOD2 gene has 
been described and studied. 26 31 It has been suggested 
that mutations in the leucin-rich region of the NOD2 
gene alter activation of nuclear factor KB in response to 
bacterial lipopolysaccharides and thus impair the han- 
dling and clearance of bacteria. However, it should be 
pointed out that only about 6% of patients with CD are 
homozygous and about 18% are heterozygous (in com- 
parison to 6 % - 8 %  in UC and normal controls). There- 
fore, other mechanisms must contribute to the findings 
reported in our study. 

High concentrations of mucosal bacteria in patients 
with chronic bowel inflammation, but not in healthy 
controls, location of mucosal bacteria in non-inflamed 
and morphologically intact parts of the colon, lack of 
signs of translocation, characteristic appearance of bacte- 
ria in epithelial cells located close to the basal lamina 
without direct contact with the fecal stream, lack of 
apoptosis in the nucleus of invaded enterocytes, normal 
electron microscopic appearance of the adjacent cells, and 
tissue structures all indicate a specific process. However, 
the high diversity of the mucosal flora without a pre- 
dominance of a single microorganism is against a specific 
pathogen being the cause. Much more likely is therefore 
a specific host response, resulting from peculiarities of 
immunity, genetic disposition, or symbioses-like inter- 
actions. 

We hypothesize that the healthy mucosa is capable of 
holding back fecal bacteria, preventing a close contact of 
resident microflora with the epithelial surface. This mu- 
cosal cleaving function is disturbed in patients with IBD 
primary to local inflammatory changes. 
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Escherich of Escherichia coil 

Copyright holder unknown. Photo obtained 
from the National Library of Medicine 
Website (http:///www.nlm.nih.gov). 

Theodor Escherich (1857-1911) was born in Ansbach, Bavaria, the son 
of a physician. He studied medicine at Strassburg, Kiel, Berlin, W~irz- 
burg, and Vienna, a peripatetic curriculum not unusual for students of 
his day. At W~irzburg he chose to devote his career to pediatrics. 
Stimulated by the work of Robert Koch (1843-1910),  he acquired 
skills in the burgeoning field of bacteriology. In 1886, he published a 
monograph on the intestinal bacterial flora of infants in which he 
described a number of new types of organisms, including the one to 
which in 1919 his name became attached: Escherichia coli. In more 
recent years this became the single most thoroughly investigated and 
documented organism on planet Earth. During his tenure at the 
University of  Graz in Austria (1890-1902) ,  he focused his attention on 
the nutrition of infants. Escherich's mount ing reputation was rewarded 
by his appointment  as head of the St. Anna Hospital  in Vienna. His 
career was cut short at its zenith by a fatal stroke at the age of 53. 
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