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Abstract

Bacterial diversity of the mucosal biopsies from human jejunum, distal ileum, ascending colon and rectum were compared by

analysis of PCR-amplified 16S rDNA clone libraries. A total of 347 clones from the mucosal biopsies were partially sequenced

and assigned to six phylogenetic phyla of the domain Bacteria: Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, Verrucomi-

crobia, and Actinobacteria. The jejunum sample had least microbial diversity compared to the other samples and a trend towards

highest diversity in ascending colon was observed. The clone libraries of distal ileum, ascending colon and rectum were not signif-

icantly different from each other (P > 0.0043), but they differed significantly from the jejunum library (P = 0.001). The population of

sequences retrieved from jejunal biopsies was dominated by sequences closely related to Streptococcus (67%), while the population of

sequences derived from distal ileum, ascending colon and rectum were dominated by sequences affiliated with Bacteroidetes (27–

49%), and Clostridium clusters XIVa (20–34%) and IV (7–13%). The results indicate that the microbial community in jejunum is

different from those in distal ileum, ascending colon and rectum, and that the major phylogenetic groups are similar from distal

ileum to rectum.

� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The microbiota of the human gastrointestinal tract is

a complex microbial ecosystem and the bacterial compo-

sition in this ecosystem differs along the length of the

intestinal tract. Bacterial concentrations in the stomach

and the upper two-thirds of the small intestine are 102–
104 bacteria ml�1 of gastric or intestinal content [1]. The

numbers of microorganisms are controlled in these areas

by the acidic pH, short transit times of content, secretion

of bile and pancreatic juice. The distal part of the small

intestine, the ileum, has a concentration of 107–108 bac-
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teria ml�1 and usually contains bacteria similar to those

found in the colon [1,2]. The human colon harbours tre-

mendous numbers of bacteria (1010–1011 bacteria g�1

intestinal contents) and obligate anaerobes outnumber

facultative anaerobes by a factor of 100–1000 [1,2].

The composition and activity of intestinal microbiota

play important roles in human health because of its con-
tributions in nutrition, development of immune system

and colonization resistance [3–7]. Some species of gut

bacteria have been used as probiotics to provide health

beneficial effects in humans [8–10]. Intestinal microbes

have also been implicated in association with diseases,

such as inflammatory bowel disease [11,12], colon cancer

[13,14], and multiple organ failure [15]. Our knowledge

of intestinal bacterial diversity is critical to understand
. Published by Elsevier B.V. All rights reserved.
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these phenomena and to evaluate the effects of dietary

treatments aimed at modulating the intestinal bacterial

flora.

Current knowledge of bacterial diversity is largely

based on the use of classical culture-dependent tech-

niques. It is clear that culture techniques have draw-
backs. There is strong evidence that culture-based

methods detect only a small fraction of bacteria present

in the intestine since some bacteria are not cultivable

[16]. In addition, identification and characterization of

isolates by classical methods is time-consuming and

sometimes lacks accuracy [17]. In recent years, molecu-

lar tools based on 16S rRNA, such as PCR cloning

[18], denaturing and temperature gradient gel electro-
phoresis (DGGE and TGGE, respectively) [19,20] and

fluorescence in situ hybridization (FISH) [16] have been

successfully applied in microbial ecology and made it

possible to study the composition and diversity of intes-

tinal flora without need for cultivation. Sequencing of

random PCR-amplified 16S rDNA clones has been ap-

plied to analyse intestinal microbiota and provides valu-

able information on bacterial diversity in the human
intestinal tract [18,21,22]. However, most studies are

based on the analysis of faecal samples, and few authors

have attempted to compare the bacterial diversity in dif-

ferent parts of the human intestinal tract within the

same individual [23].

To our knowledge, the present work is the first at-

tempt, to use molecular analysis of 16S rRNA genes

to examine the microbiota in the mucosa of human jeju-
num, and to compare the bacterial diversity in mucosal

biopsies of jejunum, distal ileum, ascending colon and

rectum within one healthy individual.
2. Materials and methods

2.1. Subject and sample collection

The subject of this study was a 54-year-old female

with previous good health, no earlier surgery, no medi-

cation and with no physical complaints from the gastro-

intestinal tract. She had a normal diet and took no

probiotics and antibiotics for 4 weeks prior to sampling.

She underwent a routine oesophago-gastro-duodeno-

scopy, which proved normal.
The bowel evacuation was performed on the day be-

fore the colonoscopy by drinking 45 ml sodium phos-

phate (Phosphoral�, Ferring, Sweden) twice. Biopsies

were taken orally from the upper part of jejunum, just

distal to the ligament of Treitz, using a Watson intesti-

nal biopsy capsule (Ferraris Development and Engineer-

ing Co, Ltd, Edmonton, London, UK). Biopsies from

distal ileum, ascending colon and rectum were taken
during a colonoscopy with a biopsy forceps (PCF 160

AL colonoscope and FB24 41 biopsy forceps, Olympus,
GmbH, Germany). The time lapse between biopsy tak-

ing and retrieval of the specimen is between 10 and

20 s for both methods. Both the capsule and biopsy for-

ceps were sterilised before use. The biopsy channel was

flushed with sterile saline after taking each sample.

Two biopsies were collected at each location and directly
placed in 1.5 ml TE buffer (10 mM Tris–HCl, 1 mM

EDTA, pH 8.0). The samples were immediately frozen

in liquid nitrogen and stored at �80 �C. The study was

approved by the Human Ethics Committee of Lund

University.

2.2. DNA extraction

The total DNA from biopsies was isolated and puri-

fied by QIAamp DNA Mini Kit (tissue protocol; Qia-

gen, Hilden, Germany) in combination with glass bead

beating. Briefly, biopsies (2 pieces) frozen in TE buffer

were thawed on ice, centrifuged and resuspended in

60 ll of phosphate-buffered saline (PBS, pH 7.3, OX-

OID, Basingstoke, UK). The samples were treated with

buffer ALT, proteinase K, RNase A and buffer AL
according the manufacturer�s instructions. Fifteen glass

beads (2 mm in diameter) were added to tube containing

the sample, and the tube was shaken for 45 min at 4 �C
in an Eppendorf Mixer 5432 (Eppendorf, Hamburg,

Germany) to further disintegrate the cells. DNA was

precipitated with ethanol, purified on a QIAamp spin

column and eluted in 50 ll of AE buffer (10 mM Tris–

HCl, 0.5 mM EDTA, pH 9.0). Sixty microlitres of PBS
were treated in the same way in each of the extraction

procedures to serve as negative control.

2.3. PCR amplification and cloning

Amplification of the 16S rRNA genes was carried out

with the universal primers ENV1 (5 0-AGA GTT TGA

TII TGG CTC AG-3 0 Escherichia coli numbering 8–
27) and ENV2 (5 0-CGG ITA CCT TGT TAC GAC

TT-3 0, E. coli numbering 1511–1492) [24]. The PCR

reaction mixture contained 0.2 lM of each primer, 1–

3 ll of template DNA, 5 ll of 10· PCR reaction buffer

(100 mM Tris–HCl, 500 mM KCl, pH 8.3), 200 lM of

each deoxyribonucleotide triphosphate, 2.5 mM MgCl2
and 2.5 U of Taq DNA polymerase (Roche Diagnostics,

Mannheim, Germany) in a final volume of 50 ll. PCR
was performed in a DNA Thermal Cycler (Perkin–El-

mer, Norwalk, USA) with the following profile: 1 cycle

at 94 �C for 3 min, followed by 25 cycles of 96 �C for

15 s, 50 �C for 30 s, and 72 �C for 90 s, with an addi-

tional extension at 72 �C for 10 min. PCR products were

checked on 1% (wt./vol.) agarose gel in TBE buffer

(89 mM Tris, 89 mM boric acid, 2.5 mM EDTA, pH

8.3) after ethidium bromide staining.
Six reactions were made from each sample, and the

PCR products from the same sample were pooled to
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minimize PCR bias [25]. The pooled PCR products were

run on 1% (wt./vol.) agarose in TAE buffer (40 mM Tris,

20 mM acetic acid, 1 mM EDTA, pH 8.3). Band was ex-

cised from the gel and the DNA was purified with a

GENECLEAN II Kit (Bio 101, Carlsbad, USA). The

purified PCR products were ligated into pGEM-T vec-
tor system II and then transformed into E. coli JM109

high efficiency competent cells according to the manu-

facturer�s instructions (Promega, Madison, USA). Colo-

nies were blue/white screened on Luria–Bertani (LB)

agar supplemented with Ampicillin (100 lg ml�1; Sigma,

St. Louis, USA), X-gal (100 lg ml�1) and IPTG

(0.5 mM; Promega, Madison, USA). White colonies

were randomly picked from each sample and stored in
glycerol buffer at �80 �C.

2.4. Sequencing and phylogenetic affiliation of clones

The plasmid DNA was isolated from selected clones

by Nucleospin MWG-Plasmid Prep 96 (MWG-Biotech,

Ebersberg, Germany). The insert DNA was sequenced

by MWG-Biotech with the automated ABI 3700 sequen-
cer (Applied Biosystems, Darmstadt, Germany). The

sequencing reactions were carried out with primers

S-*-Univ-0519-a-A-18 and S-*-Univ-0915-a-A-16 [26],

and ABI PRISM BigDye Terminators v3.0 Cycle

Sequencing Kit (Applied Biosystems).

The sequences were examined for possible chimeric

artifacts using the programs CHIMERA_CHECK [27]

and Bellerophon [28]. The retrieval of the same sequence
from two independent libraries was considered as evi-

dence of a nonchimeric sequence [21]. The 16S rDNA se-

quences (mostly around 850 base pairs) were assigned to

major phylogenetic groups based on the BLAST [29]

search against GenBank. The sequences from both

mucosal biopsies and public databases with known phy-

logenetic affiliation were aligned with the CLUSTAL X

program [30], and the alignment was checked and cor-
rected manually using Bioedit Sequence Alignment Edi-

tor version 5.0.9 [31]. Phylogenetic analysis was

performed with PHYLIP package (version 3.5c;

distributed by J. Felsenstein, University of Washington,

Seattle). The programs are available online at

http://bioweb.pasteur.fr/seqanal/phylogeny/phylip-fr.html.

Distance and similarity matrices were calculated with

the DNADIST program according to the Jukes-Cantor
model. Phylogenetic trees were constructed using the

neighbor-joining algorithm [32]. Bootstrap analysis

(100 replications) was used to estimate the confidence

of tree topologies and the CONSENSE program was

used to generate consense trees. The TREEVIEW pro-

gram was used to draw trees [33].

The clones from mucosal biopsies were initially par-

tially sequenced and the near-full-length sequencing
was performed on clones that showed <97% 16S rDNA

sequence similarity to GenBank entries. The near-
full-length 16S rDNA sequences and the sequences used

in phylogenetic analyses have been deposited in the Gen-

Bank database with Accession Nos. AY684365–

AY684431 and AY862393–AY862394. The reference

strains and cloned sequences used in phylogenetic anal-

yses were also from the GenBank.

2.5. Statistical analysis

Rarefaction analysis [34], Shannon index, the recipro-

cal of Simpson�s index [35] and Chao-1 estimator [36]

were chosen to characterize the microbial diversity of

mucosal samples. Rarefaction compares observed spe-

cies richness between sites, treatments, or habitats that
have been unequally sampled [37]. The rarefaction

curves were produced using the software program, Ana-

lytic Rarefaction 1.3, which is available online at http://

www.uga.edu/~strata/software/index.html. The Shan-

non index (H 0) is a general diversity index that is posi-

tively correlated with species richness and evenness,

and is more sensitive to change in abundance of rare

species [35,37]. The Simpson�s index (D) is a dominance
measure and shows the probability that two clones

chosen at random will be from the same species [37].

The index is weighted towards the abundance of the

commonest species. The use of 1/D instead of the origi-

nal formulation of Simpson index ensures that the value

of the index (1/D) increases with increasing diversity

[35]. Chao-1 can be used to estimate the total richness

of the microbial community from a sample. Chao-1 is
particularly useful since a valid expression for the vari-

ance exists which can be used to calculate confidence

intervals (CIs) [36].

The phylotype compositions of libraries were com-

pared using the Sorensen index, Cs = 2j/(a + b), where j

is the number of phylotypes found in both samples A

and B, a is the number of phylotypes in sample A, and

b is the number of phylotypes in sample B [35]. The sig-
nificance of difference in the composition between the

clone libraries was examined in pairs by using the LIBS-

HUFF program as described by Singleton et al. [38].

Cramér-von Mises statistic was used to calculate differ-

ences between homologous and heterologous coverage

curves, and Monte Carlo resampling approach was ap-

plied to infer statistic significance. Since the LIBSHUFF

does not correct experimentwise error for multiple com-
parisons of libraries, the Bonferroni correction was used

to calculate critical p-value. The two libraries were con-

sidered to be significantly different from each other if the

lower of the two P-values generated by LIBSHUFF is

below or equal to the critical p-value (the critical p-value

for four clone libraries is 0.0043). The coverage of clone

libraries was calculated with the formula [1 � (n/N)] as

described by Good [39], where n is the number of phyl-
otypes represented by one clone and N is the total num-

ber of clones. The distance matrices for LIBSHUFF

http://bioweb.pasteur.fr/seqanal/phylogeny/phylip-fr.html
http://www.uga.edu/~strata/software/index.html
http://www.uga.edu/~strata/software/index.html
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analysis were generated using the method described in

section 2.4.
3. Results

The bacterial diversity of the jejunum, distal ileum,

ascending colon and rectum libraries was examined by

calculating diversity measures, comparing phylotype

compositions between the libraries, and analysing the

phylogenetic distribution of 16S rDNA clones in each

library.

3.1. Diversity measures

In order to calculate the diversity measures, the 16S

rDNA clones were partially sequenced and clones with

P98% sequence similarity were grouped into the same
Table 1

Diversity indices for 16S rDNA libraries obtained from mucosal biopsies of

Community No. of sequences No. of phyloty

Jejunum 88 22

Distal ileum 85 33

Ascending colon 86 37

Rectum 88 32

a Shannon index.
b Reciprocal of Simpson index.
c The values in parentheses are the 95% confidence intervals.
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Fig. 1. Rarefaction curves generated for 16S rRNA genes in clone libraries fr

ascending colon (m) and rectum (j). Error bars indicated 95% confidence

similarity P98%. The numbers of phylotypes were significantly different (P

ascending colon and rectum in the range 50 < (number of analysed clones) <
phylotype, as defined by Suau et al. [21]. A total of

347 clones from the mucosal biopsies were analysed,

88 from jejunum, 85 from distal ileum, 86 from ascend-

ing colon and 88 from rectum. In total, 76 phylotypes

were identified, with 22, 33, 37 and 32 detected from

the jejunum, the distal ileum, the ascending colon and
the rectum biopsies, respectively (Table 1).

Rarefaction curves were obtained by plotting the

number of phylotypes observed against the number of

clones sequenced (Fig. 1). The decrease in the rate of

phylotype detection shown on the curves indicated that

the major part of the diversity in the libraries had been

detected. Using the formula of Good [39], the coverage

of jejunum, distal ileum, ascending colon and rectum li-
braries were 86%, 80%, 76% and 80%, respectively. The

rarefaction curves also suggested that the sequence pop-

ulation was the least diverse in the jejunum and the most

diverse in the ascending colon. This conclusion was
jejunum, distal ileum, ascending colon and rectum

pes Diversity measure

H 0a 1/Db Chao-1c

1.897 2.945 40 (26, 93)

3.104 18.402 57 (40, 112)

3.331 29.959 110 (57, 303)

3.081 19.834 85 (46, 234)

50 60 70

r of clones

80 90

om mucosa biopsies collected at human jejunum (n), distal ileum (h),

intervals. Clones were grouped into phylotypes at a level of sequence

< 0.05) between the library of jejunum and libraries of distal ileum,

84.



Table 3

P value obtained by comparisons of 16S rRNA gene sequence libraries

from mucosal biopsies collected at different locations of human

intestinal tract

Sampling locations P valuesa for the clone libraries from samples

collected at the following locations

Distal ileum Ascending colon Rectum

Jejunum 0.001, 0.001b 0.001, 0.001 0.001, 0.001

Distal ileum 0.567, 0.286 0.442, 0.827

Ascending colon 0.329, 0.165

a Calculated by using LIBSHUFF program as described by Single-

ton et al. [38].
b Values are presented as X compared to Y, Y compared to X, where

X is the library indicated in the stub and Y is the library indicated in

the column head. Paired comparisons between the clone libraries

indicate that the jejunum library is significantly different from the

libraries of distal ileum, ascending colon and rectum (P = 0.001).

Comparisons of distal ileum, ascending colon and rectum libraries

suggest that they are not significantly different (P > 0.0043).
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further supported by calculating Shannon and the reci-

procal of Simpson�s indices (Table 1). The Chao-1 esti-

mator suggested a trend of increasing species richness

from jejunum to distal ileum, to ascending colon, and

a slight decrease in species richness was observed from

ascending colon to rectum (Table 1). Because the 95%
confidence intervals (CIs) for the Chao-1 estimator in

each intestinal region overlap, the null hypothesis that

there is no difference between the richness in the four

intestinal regions cannot be rejected at significant level

of 0.05.

3.2. Comparison of the microbial compositions between

the clone libraries

Bacterial compositions in the clone libraries were

compared by calculating the similarity indices and using

the LIBSHUFF analysis. The similarities of the phylo-

type populations in these clone libraries ranged from 0

to 0.6078 (Table 2). The jejunum library shared only a

few phylotypes with the libraries of distal ileum and

ascending colon, and had no phylotypes in common
with the rectum library (the similarity index for the jeju-

num and the distal ileum libraries was 0.0727, and for

jejunum and ascending colon libraries was 0.0339).

The library of distal ileum shared similar numbers of

phylotypes with ascending colon and with rectum li-

braries. The highest similarity index (0.6078) was found

between the libraries of ascending colon and rectum,

although the similarity indices between distal ileum
and ascending colon libraries, and between distal ileum

and rectum libraries were relatively high (0.5714 and

0.5846, respectively). Paired comparisons of homolo-

gous and heterologous coverage curves between the jeju-

num libraries and other libraries using LIBSHUFF

analysis resulted in low P values (P = 0.001; Table 3),

indicating that the jejunum library was significantly dif-

ferent from the libraries of distal ileum, ascending colon
and rectum. Comparisons of distal ileum, ascending co-

lon and rectum libraries suggested that they are not sig-

nificantly different (P > 0.0043, Table 3).
Table 2

Pairwise comparisons of phylotype compositions of 16S rDNA

libraries from mucosal biopsies collected at different locations of

human intestinal tract

Sampling locations Similarity indexa for the libraries from samples

collected at the following locations

Distal ileum Ascending colon Rectum

Jejunum 0.0727 0.0339 0

Distal ileum 0.5714 0.5846

Ascending colon 0.6078

a Sorenson similarity index determined as follow: Cs = 2j/(a + b),

where a and b are the numbers of phylotypes in sample A and B,

respectively, and j is the number of phylotypes found in both samples

A and B.
3.3. Phylogenetic affiliation of 16S rDNA sequences

All 16S rDNA sequences generated from the mucosal

samples were subjected to BLAST search against Gen-

Bank. Of the 347 clones in total, 9.5% of the clones

(18 phylotypes) showed less than 97% sequence similar-

ity to their nearest database entries and may belong to

hitherto unknown phylotypes [40]. Based on the BLAST
results, all sequences were assigned to six phylogenetic

phyla of the domain Bacteria: Firmicutes, Bacteroidetes,

Proteobacteria, Fusobacteria, Verrucomicrobia, and

Actinobacteria (http://www.ncbi.nlm.nih.gov/Taxon-

omy/taxonomyhome.html). The majority of the recov-

ered sequences (88%) belonged to the Firmicutes and

Bacteroidetes phyla. The relative abundances of different

phylogenetic groups presented in each clone library are
shown in Fig. 2. Phylogenetic analysis of sequences

showed that the jejunum library was dominated by se-

quences closely related to the Streptococcus genus,

whereas the Bacteroidetes, and Clostridium clusters

XIVa and IV of Collins et al. [41] were the predominant

bacterial groups identified from the libraries of distal

ileum, ascending colon and rectum. A total of 49%,

27% and 43% of the sequences retrieved from the distal
ileum, ascending colon and rectum libraries, respec-

tively, were assigned to the Bacteroidetes phylum. Statis-

tical analysis using Fisher�s exact test revealed that

sequences affiliated with this phylum were less abundant

in the ascending colon library than in the distal ileum

and rectum libraries (p = 0.003 and p = 0.027, respec-

tively), and no significant difference in relative abun-

dance of this phylum was found between distal ileum
and rectum libraries (p = 0.448).

3.3.1. Firmicutes

Fifty-seven percent of the sequences were affiliated to

the Firmicutes. The majority of the sequences in this

http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/
http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/
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Fig. 2. Phylogenetic distribution of 16S rDNA sequences generated from mucosa biopsies of human jejunum, distal ileum, ascending colon and

rectum. Verruco, Verrucomicrobia; Clost, Clostridium cluster [41]. Streptococcus, Clostridium clusters and others belong to Firmcutes.
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phylum were closely related to genus of Streptococcus

and Clostridium clusters of Collins et al. [41].
In the jejunum library, 59 sequences were related to

Streptococcus species (P98% sequence similarity),

including S. mitis (51 clones), S. salivarius (3 clones),

S. oralis (2 clones), S. parasanguis (2 clones) and S. ang-

inosus (1 clone). Two sequences derived from distal

ileum were closest to S. mitis (99.1% sequence similarity)

and S. oralis (98.2% sequence similarity), respectively.

No Streptococcus clones were found in the libraries of
ascending colon and rectum.

The majority of the sequences in the Firmicutes phy-

lum belonged to the Clostridium clusters [41]. Seventy-

one clones fell into Clostridium cluster XIVa (Fig. 3).

Clones of this cluster were found in the libraries of distal

ileum, ascending colon and rectum, but not in the jeju-

num library (Fig. 2). Sixty-three clones showed P97%

sequence similarity to previously cultured bacteria or re-
ported bacterial clones from human intestine and faeces,

and from the intestine of pig [19,21–23,42,43]. Twenty-

four clones were assigned to Clostridium cluster IV

(Fig. 4). Clones in this cluster were found from all sam-

pling sites, except jejunum (Fig. 2). Three and 14 clones,

respectively, were identified as Clostridium orbiscindens
and Faecalibacterium prausnitzii (>99% sequence simi-

larity). The remaining sequences in cluster IV showed
<97% sequence similarity to GenBank database entries.

Many sequences were also affiliated to Clostridium

clusters IX, XI and XIVb (Fig. 4). Twenty-two clones

were grouped into cluster IX, with 14 clones being iden-

tified as Dialister invisus (>99% sequence similarity) and

6 clones closely related to Veillonella spp. (>98% se-

quence similarity). Four clones were assigned to cluster

XI. All clones in this cluster showed > 98% sequence
similarity to GenBank database entries. In cluster XIVb,

8 clones were closest to uncultured bacterium clone p-

4247-4Wa3 (>97% sequence similarity) [43] and 2 clones

had <94% sequence similarity to GenBank database

entries.

Within the Firmicutes, seven clones could not be as-

signed to the Streptococcus or Clostridium clusters men-

tioned above. Three of these were identified as
Eubacterium dolichum, Gemella haemolysans and Abio-

trophia para-adiacens (>99% sequence similarities). The

remaining clones were distantly related either to Pepto-

coccus niger (90–91% sequence similarity) or to pig intes-

tine clone p-5389-2wb5 (91–92% sequence similarity)

[43].
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Fig. 3. Phylogenetic tree showing the positions of 16S rDNA phylotypes recovered from mucosa biopsies of human jejunum, distal ileum, ascending

colon and rectum for Clostridium cluster XIVa of Collins et al. [41]. The tree was constructed using neighbor-joining method based on the partial 16S

rDNA sequences (E. coli positions 30–875). The bootstrap values (expressed as percentages of 100 replications) are shown at branch points: values of

95% or higher were considered significant. The scale bar represents genetic distance (10 substitutions per 100 nucleotides). Aquifex pyrophilus is used

as an outgroup. Sequences obtained from this study are in bold type and are prefixed on the basis of origin (JJ = jejunum community; DI = distal

ileum; AC = ascending colon; and RC = rectum). The numbers in parentheses indicate the number of times the phylotype was found in each of the

libraries, e.g., AC59 (0, 1, 4, 4) was not found in jejunum community and was present 1, 4 and 4 times in the distal ileum, ascending colon and rectum

communities, respectively.
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3.3.2. Bacteroidetes

One hundred and six clones (31% of the total clone

population) were placed into Bacteroidetes (Fig. 5).

Ninety-five clones from the libraries of distal ileum,

ascending colon and rectum were clustered into the Bac-
teroides fragilis subgroup (RDP registration no

2.15.1.2.8). Clones within this subgroup had P98% se-
quence similarity to GenBank database entries.

Twenty-one clones were identified as Bacteroides unifor-

mis (P99 sequence similarity) and 28 were closest to

Bacteroides thetaiotaomicron (P98% sequence similar-
ity). Three phylotypes (27 clones) were closely related

to uncultured bacterium clones of human colonic

2samples such as HuCB3, HuCC30 and HuCA21 [22].
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Fig. 4. Phylogenetic tree showing the positions of 16S rDNA phylotypes recovered from mucosa biopsies of human jejunum, distal ileum, ascending

colon and rectum for Clostridium cluster IV, IX, XI and XIVb of Collins et al. [41]. The tree was constructed using neighbor-joining method based on

the partial 16S rDNA sequences (E. coli positions 30–875). The bootstrap values (expressed as percentages of 100 replications) higher than 50% are

shown at branch points. See legend of Fig. 3 for explanation.
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Nineteen clones had P99% sequence similarity to the

uncultured bacterium adhufec367 reported by Suau

et al. [21].

Of the remaining clones, one recovered from rectum
had a sequence closest to Bacteroides distasonis (97% se-

quence similarity). Seven sequences were grouped to-

gether with Rikenella microfusus with two similar to

uncultured bacterium adhufec52.25 (>99% sequence

similarity) [44] and five being closest (>95% similarity)

to uncultured bacterium clone HuCB 23 [22]. All three

clones recovered from jejunum were closely related to

the Prevotella genus (>97% sequence similarity).

3.3.3. Proteobacteria

Seventeen sequences (5% of the total clone popula-

tion) were placed into Proteobacteria (Fig. 6). Within
b-proteobacteria, three sequences were identified as

Neisseria subflava (>99% sequence similarity) and

two sequences were closely related to Sutterella

wadsworthensis (96% and 99% sequence similarity,
respectively). Twelve clones were identified in c-prote-
obacteria group and all the clones in this group were

closely related to previously cultured bacteria

(>98.5% sequence similarity) including Haemophilus

parainfluenzae, E. coli, Acinetobacter johnsonii, Acine-

tobacter haemolyticus, Acinetobacter lwoffii and Pseu-

domonas putida.

3.3.4. Other phyla

The remaining phyla comprised 7% of the total num-

ber of sequences recovered from mucosal biopsies. Se-

ven sequences were assigned to Fusobacteria phylum
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Fig. 5. Phylogenetic tree showing the positions of 16S rDNA phylotypes recovered from mucosa biopsies of human jejunum, distal ileum, ascending

colon and rectum for Bacteroidetes. The tree was constructed using neighbor-joining method based on the partial 16S rDNA sequences (E. coli

positions 30–875). The bootstrap values (expressed as percentages of 100 replications) higher than 50% are shown at branch points. See legend of Fig.

3 for explanation.
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and 17 clones were placed into Verrucomicrobia phylum

(Fig. 6). Clones in Verrucomicrobia phylum were de-
tected from distal ileum, ascending colon and rectum,

but not from jejunum (Fig. 2). Only one clone was clus-

tered into Actinobacteria (Fig. 6) and this clone was

identified as Micrococcus mucilaginosus (99% sequence

similarity).
4. Discussion

In the present study, 16S rDNA sequence analysis

was used to compare the bacterial diversity in the differ-

ent parts of the human intestinal tract. While other 16S

rRNA-based techniques, such as DGGE and FISH,

have proved to be valuable tools in characterizing
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Fig. 6. Phylogenetic tree showing the positions of 16S rDNA phylotypes recovered from mucosa biopsies of human jejunum, distal ileum, ascending

colon and rectum for Acitinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia. The tree was constructed using neighbor-joining method

based on the partial 16S rDNA sequences (E. coli positions 32–478). The bootstrap values (expressed as percentages of 100 replications) higher than

50% are shown at branch points. See legend of Fig. 3 for explanation.
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bacterial diversity in the human intestinal tract, one

great advantage of sequence analysis is that the genera-
tion of sequence data can be used to design group-spe-

cific probes and primers for further studies. The data

derived from jejunal and ileal mucosal biopsies in this

study are particularly important since little 16S rDNA

sequence information has been previously reported from

these two regions. Although many efforts have been

made to define the microbial diversity of the intestinal

tract in recent years [21–23], the present study still re-
vealed that 9.5% of the clones had less than 97% se-

quences similarity to any database entry.

One conclusive result of our study is that the bacterial

community in jejunum is remarkably different from that

in distal ileum, ascending colon and rectum in terms of
diversity indices, phylotype composition and phyloge-

netic distribution of the 16S rDNA clones. The jejunum
library was the least diverse (Table 1), had a few or no

phylotypes in common with the other libraries (Table

2), and was dominated (67%) by sequences closely re-

lated to the genus of Streptococcus (Fig. 2). The libraries

of distal ileum, ascending colon and rectum were more

diverse (Table 1) and dominated by sequences affiliated

with Bacteroidetes (27–49%), Clostridium clusters XIVa

(20–34%) and IV (7–13%) (Fig. 2). It is unlikely that
the differences found in this study were simply due to

PCR and cloning bias, as our findings are consistent

with what is know about the physiological environments

that the microbes inhabit, and the evidence from

previous investigations supports this. Studies using
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conventional culture methods have shown that the prin-

cipal microbial types in the upper two-thirds of small

intestine (duodenum and jejunum) are acid-tolerant bac-

teria such as streptococci and lactobacilli [1]. Hold et al.

[22] analysed the 16S rDNA clone libraries obtained

from colonic tissue of three elderly subjects and showed
that Clostridium clusters XIVa was the most dominant

group (43–49%), followed by Bacteroidetes (20–35%)

and Clostridium cluster IV (11–18%). A recent investiga-

tion performed on mucosal biopsies of a 35-year-old fe-

male revealed the most representative groups harboured

in human distal ileum and colon were Bacteroidetes

(38%) and Clostridium clusters XIVa (34%) [23]. The

study on faecal samples of 27 healthy human adults
using oligonucleotide probe hybridization indicated that

Bacteroidetes in faecal flora could vary from 20% to 52%

between individuals [45].

Several studies compared the bacterial communities

in different parts of the human intestinal tract. Wang

et al. [23], who used 16S rRNA gene cloning and

sequencing analysis to compare the microbiota of termi-

nal ileum, proximal colon and distal colon of one
person, suggested an internally consistent proximal-

to-distal gradient in which the number of operation

taxonomic units (OTUs) increased and the shared OTUs

were least between most distant sites. Zoetendal et al.

[20] used DGGE to compare the bacterial communities

of ascending, transverse and descending colon of 10 vol-

unteers, revealing that mucosa-associated bacteria are

uniformly distributed along the colon. In our study,
the clone libraries of distal ileum, ascending colon and

rectum were similar when diversity indices and phylo-

type compositions were compared, but phylogenetic

analysis indicated the sequences affiliated with Bacteroi-

detes phylum were less abundant in the ascending colon

library (27%) than in the libraries of distal ileum (43%)

and rectum (49%). However, as we only compared the

samples from a single person, the general nature of
our findings needs to be tested in studies of a larger

number of individuals.

PCR-based analysis can introduce different types of

biases [25,46,47] and these biases may result in an

over-or underestimation of the microbial diversity.

Thus, microbial diversity in the 16S rRNA gene clone li-

brary does not necessarily reflect the diversity of a natu-

ral microbial system. For example, formation of
chimera and 16S rRNA gene heterogeneity within one

organism could lead to the diversity being overesti-

mated. On the other hand, underestimation of diversity

may result from insufficient cell lysis and differential

PCR amplification caused by differences in the efficien-

cies of primer binding [47]. Previous studies showed that

high G + C Gram positive bacteria, such as Bifidobacte-

rium and Atopobium group, were found in significant
numbers when FISH with probes targeted to these

groups were used [48], but they were hardly detected
in 16S rRNA gene clone libraries generated from human

faecal or mucosal samples [21–23]. However, all clone li-

braries were created under identical conditions in our

study to ensure that any biases occurred to the same de-

gree across the samples, so statistical analysis could be

used to make relative comparisons of bacterial diversity
at different parts of intestinal tract. In addition, low tem-

plate DNA concentrations were added to PCR amplifi-

cation mixtures and multiple PCR amplifications were

combined to minimize PCR selection and drift [49].

In conclusion, we have compared the bacterial diver-

sity on the mucosa samples obtained from different parts

of the human intestinal tract by analysis of 16S rDNA

clone libraries. Our results revealed that the microbial
community in jejunum is significantly different from

those in distal ileum, ascending colon and rectum, and

that the major phylogenetic groups are similar from dis-

tal ileum to rectum. Moreover, we also found signifi-

cantly less Bacteroidetes in ascending colon compared

to distal ileum as well as rectum. These findings suggest

that to study functions such as fermentation of fibers

or involvement of microbiota in diseases, occurring in
different regions of the GI-tract, it is of importance to

take samples from the actual region. This is the first at-

tempt to compare the microbial communities in mucosal

biopsies of jejunum, distal ileum, ascending colon and

rectum, and to describe bacterial population in the hu-

man jejunum by molecular analysis of 16S rRNA genes.
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