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Abstract Gut microbiota is the most complex bacterial
community in the human body and its study may give
important clues to the etiology of different intestinal diseases.
Most studies carried out so far have used fecal samples,
assuming that these samples have a similar distribution to the
communities present throughout the colon. The present study
was designed to test this assumption by comparing samples
from the rectal mucosa and feces of nine healthy volunteers by

sequencing libraries of 16S rRNA genes. At the family
taxonomic level, where rarefaction curves indicate that the
observed number of taxa is close to the expected one, we
observe under different statistical analyses that fecal and
mucosal samples cluster separately. The same is found at the
level of species considering phylogenetic information. Conse-
quently, it cannot be stated that both samples from a given
individual are of similar composition. We believe that the
evidence in support of this statement is strong and that it would
not change by increasing the number of individuals and/or
performing massive sequencing. We do not expect clinicians to
stop using feces for research, but we think it is important to
caution them on their potential lack of representativeness with
respect to the bacterial biofilm on the rectal mucosa.

Introduction

The study of bacterial communities is currently an active topic
in biomedical research. Historically, most human microbial
research has focused on studying around 100 single patho-
gens, whereas we have limited knowledge of the 2,000 or so
bacterial species that are beneficial to the human host [33].
This picture is changing rapidly with the advent of
metagenomics, which has enabled the analysis of distribu-
tion and gene composition of bacterial communities [33].

Gut microbiota is arguably the most complex bacterial
community in the human body [17] and probably one of the
most complex natural environments [21]. It plays an important
role in human well-being because of its contribution to
nutrition, development of immune system and colonization
resistance, to name a few [10, 11, 13, 17, 23]. Our knowledge
of bacterial diversity in the human gastrointestinal (GI) tract
has mainly been obtained by studying the sequence variability
of the 16S rRNA genes, principally employing fingerprinting
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techniques, fluorescent in situ hybridization, quantitative PCR,
microarrays and sequencing of 16S rRNA gene amplicons.
Such studies have been carried out on both healthy people [8]
and patients affected by different disorders for the purpose of
assessing the implication of imbalances in gut microbial
composition in the etiology of diseases such as inflammatory
bowel disease [27] or obesity [30, 31], as well as changes in
composition in response to therapeutic treatment [22]. In
summary, studies on this subject have shown that, firstly, there
are two predominant bacterial phyla in the human GI tract,
Bacteroidetes and Firmicutes; secondly, that there is substan-
tial variation in the species composition and distribution
between individuals [8, 31]; and finally, in spite of this
variation, the composition of gut microbiota seems to correlate
with specific disorders.

Most studies of gut microbiota are based on the analysis
of fecal samples because they are easily collected in a non-
invasive manner. However, fecal communities may not
accurately represent the bacterial communities living in the
GI tract, which nevertheless seem to be similar in the
mucosal fraction along the colon [8, 14, 32].

Fecal bacteria could be a mixture of luminal and shed or
poorly adhered mucosal bacteria. Moreover, inadequate
storage of fecal samples can lead to alterations in fecal
microbial composition [19]. For instance, a delay of several
hours between the collection of fecal samples and their
adequate storage is quite common. This may affect fecal
microbial composition due to its dynamic nature, which
depends on growing conditions such as nutrient availability
and oxygen concentration. These two conditions, in
particular, change dramatically after evacuation, potentially
leading to alterations in community composition and
function due to differential bacterial death or growth.

Unlike feces, colon mucosal biopsies provide samples
collected directly from the GI tract and thus seem a more
suitable option for the study of microbiota-related gut
pathologies or treatments. Furthermore, biopsies can be
extracted under controlled conditions and preserved imme-
diately by freezing. On the other hand, there are some
important drawbacks to using biopsy samples. The main
one is that they must be collected by endoscopy, an
invasive procedure that cannot be used routinely. Moreover,
the endoscopic procedure is usually carried out after a
bowel cleansing, which can have an impact on the mucosal
bacterial community. Finally, biopsy samples of an indi-
vidual may pose some methodological problems in techni-
ques such as metagenomics or metatranscriptomics because
there might not be enough material to work with.

Several studies have dealt with differences between fecal
and colon mucosal samples [2, 4, 8, 14, 19, 20, 32]. Most of
them used fingerprinting techniques and showed differences
between the two types of sample. Despite providing a rapid
method for the comparison and monitoring of microbial

ecosystems, diversity profiles generated by fingerprinting
techniques only recover the most dominant bacteria in the
sampled communities, and sequencing is still necessary for
identification of the community members. Only Eckburg and
co-workers employed massive sequencing of 16S rRNA gene
amplicons for the comparison of mucosal and fecal samples of
three individuals [8]. They detected differences between the
two sample types, but feces were collected 1 month after the
intestinal biopsies, a lag that might have introduced changes
in the composition of the microbiota.

From a clinical point of view, it is necessary to more
accurately determine to what extent fecal microbial com-
munities actually represent the bacterial communities in the
gut. There is a critical question in this respect: how can we
assess whether the gut microbiota is involved in the
etiology of a particular disease when the mucosal micro-
biota has not actually been observed? Or put it in other
terms, how reliable are the results obtained based on fecal
samples? A first step is to assess how well fecal microbiota
represents the intestinal one. To this end, it is essential that
both samples are collected at the same time. Also, the bowel
cleansing prior to colonoscopy may introduce perturbations
in the composition of the mucosal community. We address
both issues in the present study.

The objectives of the present work are: (1) to analyze the
variability in the composition of bacterial communities
between healthy individuals; (2) to analyze the within-
subject variability of the bacterial composition of feces and
colon mucosal biopsies; and finally (3) to measure the
extent to which fecal microbial composition serves as a
predictor of gut microbial composition. To this end, wide
PCR-amplified 16S rRNA gene libraries were obtained
from rectal biopsies and fecal samples of nine healthy
volunteers and analyzed by different statistical and phylo-
genetic methods.

Methods

Sample Collection

Samples were rectal biopsies and fecal samples of nine healthy
volunteers (subjects without intestinal organic disorders or
systemic comorbidities). All subjects gave prior informed
written consent to the study protocol, which was approved by
the Ethics Committee of the Hospital Universitario La Fe
(Valencia, Spain). Volunteers were administered a question-
naire face to face about lifestyle and relevant clinical features.
None had a history of gastrointestinal disease, recent (in the
last 3 months) treatment with antibiotics (except one, who had
taken antibiotics the previous month), immunomodulating
therapy, anti-diarrheal medication or laxatives. Relevant
volunteer details are summarized in Table 1.
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Four random biopsies were obtained from rectal mucosa by
rectoscopy using a standard colonoscopy (Olympus) and
single-use biopsy forceps (Radial Jaw™ 4, Boston Scientific).
Neither laxatives nor enema were administered prior to
endoscopy to avoid the potential disturbance of mucosal
microbiota associated with this procedure. Biopsies were
recovered in dry tubes, preserved on ice and immediately
frozen at −80°C. Endoscopically, the rectal mucosa appeared
normal in all volunteers.

Feces were self collected by the volunteers with the shortest
possible time lapse to the biopsies in order to minimize
potential temporal changes in community composition. Initially
all fecal samples were collected the same day as rectoscopy
(prior to rectoscopy). However, for four of the volunteers, the
fecal sample was so tiny that it did not provide enoughDNA for
the study and eventually a second sample was obtained
between 2 and 8 weeks after rectoscopy (see Table 1 for
details). Fecal samples were recovered in tubes containing
10 mL of phosphate-buffered saline (PBS; containing, per
liter, 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and
0.24 g of KH2PO4 [pH 7.2]) and stored in the volunteers’
home freezers until its release to health service staff.

All samples were stored at −80°C until further processing.

DNA Extraction

The four biopsies of each individual were pooled together.
DNA was extracted from biopsies using the QIAamp DNA
Mini Kit (QIAGEN) and its protocol for DNA purification
from tissues. The standard protocol was modified to maintain
incubation at 56°C in buffer ATL and proteinase K overnight
and to extend the incubation from 10 to 30 min at 70°C with
RNase A (100 mg/mL).

DNA was extracted from fecal samples using the QIAamp
DNA Stool Mini Kit (QIAGEN) and its protocol for isolation

of DNA for pathogen detection. Before DNA extraction, fecal
samples were resuspended in PBS and centrifuged at 4,000 rpm
for 8 min to remove fecal debris as far as possible. Between 1
and 4 mL of the supernatants were centrifuged at 14,000 rpm
for 5 min and pellets were resuspended in 2 mL of buffer ASL.
Then, we went on to step 3 of protocol.

DNA extractions were stored at −20°C.

Bacterial 16S rRNA Gene Amplification

The 16S rRNA genes were amplified by polymerase chain
reaction (PCR) using the universal primers 8F (5′-
AGAGTTTGATCMTGGCTCAG-3′) and 1510R (5′-TACG-
GYTACCTTGTTAC GACTT-3′) [1]. Each PCR mixture
was composed of 25 μL GoTag Green Master Mix
(Promega), 1 μL 8F (20 μM), 1 μL 1510R (20 μM) and
1 μL template DNA in a total volume of 50 μL. The PCR
conditions were 5 min of initial denaturation at 95°C
followed by 25 cycles of denaturation (30 s at 95°C),
annealing (30 s at 56°C) and elongation (90 s at 72°C), with
a final extension at 72°C for 8 min. The PCR products were
purified by ethanol precipitation.

Cloning and Sequencing

The PCR products were ligated to pCR-XL-TOPO vectors
using the TOPO XL PCR Cloning kit (Invitrogen) and One-
Shot TOP10 electrocompetent E. coli cells (Invitrogen) were
transformed, according to the manufacturer’s instructions.
Approximately 800 transformant colonies from each library
were picked randomly and plasmid extraction was performed
using the Montage Plasmid MiniPrep96 Kit (Millipore) and a
MULTIPROBE II-Robotic Liquid Handling System.

The 5′ half of the cloned 16S rRNA genes was determined
by cycle sequencing using BigDye Terminator v3.1 Cycle

Table 1 Characteristics of the volunteers and sample collection date

Volunteer Age Sex Nationality BMI Smoker Antibiotics Collection date

Biopsies Feces

1 29 F Spain 21.5 no – 27-11-07 08-02-08

2 26 F Spain 20.2 no – 27-11-07 11-12-07

3 36 F Spaina 23.7 no – 27-11-07 02-01-08

4 61 F Spain 22.6 yes – 27-11-07 08-02-08

5 42 F Spain 32.0 no – 11-12-07 11-12-07

6 33 M Italy (48 months in Spain) 25.4 no Amoxicilin 1 month earlier 02-06-08 02-06-08

7 37 M Spain 31.3 no Ampicilin 4 months earlier 03-06-08 03-06-08

8 40 M Spain 24.4 ex – 03-06-08 03-06-08

9 36 M Mexico (8 months in Spain) 24.4 no – 03-06-08 03-06-08

BMI body mass index, weight/(height2 )
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Sequencing kit (Applied Biosystems) and 0.625 μM of 8F
primer. Sequences were analyzed on ABI 3730 sequencers
(Applied Biosystems).

Sequence Analysis and Taxonomic Affiliation

Base-calling of each sequence was performed by Pregap4;
sequences were then revised by using the Trev and Gap4
programs, all in the Staden package [28]. After adjusting for
quality values, the average read length was around 700
nucleotides.

The taxonomic affiliation of sequences was performed by
similarity searches against a taxonomically curated dataset from
the Ribosomal Database Project [5, 6] made as follows: from
an original set of about 350,000 sequences, we obtained a
non-redundant dataset of about 65,000 sequences with known
taxonomic affiliation after performing a clustering at 99% of
similarity using the cd-hit-est program [15]. A local BLAST
search was performed against this dataset. Best-hit sequences
were used to assign a minimal but confident taxonomic
position to each sequence. When the taxonomic position was
not clear, we stopped the assignation at the last clear
phylogenetic level, leaving successive levels as “unidentified”.

Estimation of Bacterial Diversity

Rarefaction curves were calculated using PAST (PAlaeonto-
logical STatistics) ver. 1.67 [12]. The Shannon diversity index
[26] and the Chao1 richness estimator [3] were also calculated.

Comparing Sample Bacterial Composition

1. UniFrac analysis. Representative sequences of the
clusters at 98% of similarity obtained with the cd-hit-est
program [15] were aligned using mothur [25] and the
aligned sequences of the Greengenes ‘Core Set’ as
template alignment [7]. The closest template for each
sequence was found using 9-mer searching and the
pairwise alignment between the sequences and the
templates was made using the Gotoh algorithm. A
neighbor-joining tree was obtained with the programs
DNADIST (by using the F84 model of nucleotide
substitution) and NEIGHBOR from the PHYLIP package
[9]. The derived tree was used as input for UniFrac
together with taxa abundance in the different communities
[16]. The UniFrac metric measures the difference between
two communities in terms of the branch length that is
unique to one community or the other. We employed
weighted UniFrac, which weights the branches based on
the relative abundance of a given sequence for each
particular community. To compare multiple communities,
we used principal coordinate analysis (PCoA).

2. Analyzing variability in sample composition. We first
used detrended correspondence analysis (DCA) to explore

patterns of variation in the taxonomic distributions found in
our samples. We applied CA at several taxonomic levels.
We then applied a Bayesian hierarchical model to analyze
the variability of the bacterial composition between
samples. For the sample of type k=1, 2 (representing
feces and biopsies, respectively) from individual i=1,…,
9, the model assumes that the vector Yik=(Yik1,…,YikJ)

t

with the number of sequences found in each taxon j=1,
…, J is distributed according to a multinomial distribution
with parameters equal to the total number of sequences nik
of that sample and unknown proportions πik=(πik1,
…πikJ)

t. Then, the variation of the πikj (on the log-odds
scale) is decomposed into individual, type and taxon
random effects plus interactions according to logit pikj ¼
aþ li þ qj þ dkþ jij þ gkj þ eikj. All these parameters
are assigned normal prior distributions with unknown
variances that, in turn, are assigned prior distributions.
Inference is made through Markov chain Monte Carlo
methods, which provide a sample from the posterior
distribution of the model parameters. See the appendix for
further details. This model allows to estimate the
unknown proportions πikj as well as to decompose their
variation into different sources while taking into account
the sampling variation due to the different number of
sequences in each sample. The estimated proportions πikj
(or their log-odds transformation) are then used for further
statistical analyses.

3. Evaluating closeness. In order to assess the similarity
between samples according to their bacterial composi-
tion, we computed Euclidean distances between sam-
ples based on their compositions (on the logit scale)
estimated with the above Bayesian model.

4. Predicting sample type from composition. We applied
linear discriminant analysis (LDA) and classification
and regression trees (CART) to assess whether com-
munity composition could characterize sample type.

The statistical analyses were carried out using the free-
license R package [24]. The biodiversity and richness
indices were computed with the vegan R package [18].

Nucleotide Sequence Accession Numbers

The non-redundant sequences from this study have been
deposited in the GenBank database under accession
numbers GU097883–GU108023.

Results

A total of 13,368 sequences were obtained with an average
length of 710 bp, distributed in 18 libraries with around 740
clones per library. Clones with ≥98% of sequence similarity
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Families Clusters 98% identity

Sample Seq Obs Chao1 Chao 1 SE Shannon Obs Chao1 Chao 1 SE Shannon

B1 763 29 51 33.41 1.91 296 545.11 55.79 5.24

F1 705 16 16.75 2.29 1.69 199 405.72 59.84 4.64

B2 742 29 30.5 3.49 2.58 173 344.73 53.44 4.17

F2 867 18 23 17.14 1.92 281 680.03 96.4 4.77

B3 751 28 32.67 5.92 1.71 281 746 108.9 4.87

F3 772 14 17 11.66 1.41 219 490.55 75.53 4.63

B4 681 20 20.75 2.29 1.94 166 287.54 38.92 4.18

F4 708 11 11.5 3.74 1.26 126 241.56 44.53 3.74

B5 863 30 48.33 28.64 1.99 260 518.78 66.49 4.97

F5 740 16 18 5.29 1.67 206 399.89 52.71 4.52

B6 617 14 14.75 2.29 1.48 171 365 61.23 4.27

F6 749 10 16 a 1.01 182 345.9 49.22 4.14

B7 623 15 20 10.17 1.37 106 191.56 34.65 3.36

F7 701 14 17 a 1.74 216 448.92 60.83 4.54

B8 832 25 26.5 3.49 1.81 273 481.56 49.9 5.03

F8 678 15 15.25 1.31 1.86 226 679.25 128.31 4.69

B9 754 23 30 10.27 1.76 249 500.67 59.69 4.58

F9 822 17 17.5 3.74 1.56 258 663.03 101.23 4.56

Table 2 Abundance (Obs),
Chao1 richness estimator
(Chao1) and associated standard
error (SE), and Shannon biodi-
versity index calculated for each
sample (B biopsy samples,
F fecal samples) at the levels of
family and clusters at 98% of
identity

a Not computable

Figure 1 Rarefaction curves for
each sample calculated at family
level (a) and at 98% of sequence
similarity clustering (b). B
biopsy samples, F fecal samples
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were grouped. In what follows, we will refer to these
groups as phylotypes. In total 1,793 phylotypes were
identified with 1,086 and 1,186 detected in the rectal
mucosa and feces, respectively. Table 2 summarizes
sequence counts, abundance and biodiversity at family
and phylotype levels for each library.

Rarefaction Analysis

To determine the fraction of operational taxonomical units
(OTUs, considering as such any of the extant taxonomic units
under study) present in the samples that had been recovered, we
carried out a rarefaction analysis (Fig. 1). Rarefaction curves
were obtained by plotting the number of observed OTUs
against the number of cloned sequences. At family level,

curves reach or nearly reach a plateau for most samples,
whereas for curves calculated using phylotypes the upward
phase seems to be ongoing. This means that we have
observed most of the families present in most samples, but
it also indicates there are quite a few phylotypes that have
been missed. The rarefaction curves also show that the
sampled communities were less diverse in the fecal samples
than in the respective biopsies.

Compared Richness and Diversity

We employed the Chao1 estimator of total richness to
estimate the number of families and phylotypes present in
the samples (Table 2). The comparison of the observed and
estimated number of phylotypes indicates substantial

Figure 2 Percentage of sequences (in a gray scale) belonging to biopsies and fecal samples at phylum, class and family taxonomic levels. B
biopsy samples, F fecal samples
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numbers of unseen phylotypes in the samples, which could
only be detected after sequencing many more clones (an
average of 470 phylotypes are estimated to be present while
only 215 were detected), which is in agreement with the
rarefaction curves at this taxonomic level. This can be put
down to the fact that many phylotypes appear at very low
frequencies. The Shannon index (H), that correlates
positively with species richness and evenness was also
calculated at both family and phylotype levels. Overall,
Chao1 estimates and Shannon diversity indices indicate
great richness of the studied intestinal bacterial communi-
ties. Furthermore, there are few differences in the diversity
found between fecal and biopsy samples. As expected, both
richness and biodiversity decreased according to more
inclusive taxa such as genus, family, and order (data shown
only for family level in Table 2).

Compared Composition

Of the 13,368 clones analyzed, only 668 (5.0%) had a best
hit in the database with a similarity lower than 97%, and
475 (3.6%) lower than 96%. The distribution of the 16S
rRNA gene sequences at phylum, class and family levels is
shown in Fig. 2. We observed that most sequences were
assigned to the Firmicutes and Bacteroidetes phyla, which
have repeatedly been described as major and functionally
significant components of the human intestinal microbiota.
Proteobacteria was the third most abundant phylum and its
presence was lower in feces than in rectal biopsies. Low
prevalence of other phyla was also found in the biopsy
samples, such as Actinobacteria, Fusobacteria, Gemmatimo-
nadetes, Lentisphaerae, Tenericutes, and Verrucomicrobia,
which were lower or even absent in fecal samples. The
relatively low abundance of Actinobacteria could be a result
of an insufficiently rigorous cell lysis procedure (this phylum
has been found as a major constituent of the GI tract
microbiota by using other molecular approaches [33]).

The Firmicutes phylum covered 59.4% of the total number
of sequences, and 67.9% of the phylotypes. Most (96.9%) of
the Firmicutes sequences belonged to the Clostridiales order,
being Ruminococcaceae and Lachnospiraceae the most
abundant families. Lachnospiraceae was less abundant in
feces than in rectal biopsies, while no trend was observed for
Ruminococcaceae. The Bacteroidetes phylum included 36.1%
of the sequences and 26.5% of the phylotypes. These were
almost exclusively members of the Bacteroidales order
(99.3%). Large variation between individuals was observed
in the relative abundance of the families belonging to this
order. The counts for the Rikenellaceae family were higher in
feces than in rectal biopsies and the same occurred in general
for Bacteroidaceae, again with high between-individual
variability. All Proteobacteria classes were found in feces
and biopsies, being Alpha-, Beta- and Gammaproteobacteria

the most abundant. There was large variability in the
abundances between samples where Proteobacteria were
detected. Betaproteobacteria was the only class found in all
individuals, at least in biopsies.

Sample composition was also studied at the species level
by working with phylotypes defined using a threshold of
98% identity (Supplementary Figure 1). We observed a
remarkable portion of species in each individual as sample
type specific. An average of 17% of the phylotypes
detected in one subject was present in both their feces and
rectal biopsy, and an average of 52% of the cloned
sequences belonged to clusters shared between the two
types of sample. Species shared between feces and their
respective biopsy also differed in their relative abundance,
depending on the family. For instance, in Lachnospiraceae,
most species found were not shared between the two paired
samples and those that were had similar relative abundan-
ces in biopsies and feces. In contrast, many Ruminococca-
ceae species found in biopsies were also present in feces,
but their relative abundance was different in the two types
of sample.

Variation Between Individuals and Samples

Detrended correspondence analysis showed a great deal of
variation in the sample community composition (Supplemen-
tary Figure 2). At coarse taxonomic levels such as phylum,
no pattern was observed. However, when using intermediate
levels such as family or genus, DCA plots separated fecal

Figure 3 Principal coordinate analysis for biopsies and feces at 98%
of sequence similarity clustering. Weighted UniFrac was used in the
comparison. B biopsy samples, F fecal samples
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and biopsy samples. At phylotype level a new pattern
emerged showing fecal and biopsy samples to be closer to
each other. We also used UniFrac to compare the composi-
tion of the sampled bacterial communities at this same level,
taking into account phylogenetic distances between phylo-
types besides their abundance. The UniFrac comparison
showed some clustering by sample type similar to the DCA
plots at genus or family level (Fig. 3).

The Bayesian model confirmed the high level of
variation in the community composition between samples.
It also revealed that most of the variation in the proportions
πikj characterizing community composition was mainly due

to differences between individuals (45%) and between
sample types (45%), and to a lesser extent to differences
between taxa (5%). These results were consistent across
taxonomic levels.

A heatmap of the posterior medians of the πikj
parameters (i.e., the median of the sample from the
posterior distribution for each parameter provided by the
MCMC methods) at family level (Fig. 4) highlighted, as
stated above, that most communities were dominated by
species from just a few taxa, though there was a low
prevalence of many other families too. We also computed
Euclidean distances between community distributions (on

Figure 4 Heatmap at family level of the posterior medians of πikj grouped into five intervals. On top, hierarchical cluster based on Euclidean
distances of the estimated distributions πik=(πik1,…,πikJ)

t on the log-odds scale. B biopsy samples, F fecal samples
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the log-odds scale) estimated with the Bayesian model (see
Appendix) to assess similarities between samples. At family
level, a hierarchical cluster based on this distance matrix
revealed that the estimated community distributions
grouped samples by sample type. Each column in Table 3
lists all samples ranked by increasing distance to the fecal
sample that appears in the column header. In most
instances, we can see that for a given sample the closest
ones are those of the same type, as indicated by the
dendrogram in Fig. 4, i.e., the closest samples to a given
fecal sample are usually other fecal samples. For individ-
uals six, seven, and nine, the closest biopsy sample to their
fecal sample turned out to be their own paired biopsy
sample. These are three of the five individuals that provided
both samples on the same day. It should be noted that
biopsy six is the closest biopsy to seven out of the nine
fecal samples and is the second closest to the remaining
two. This is partly due to the relative low diversity present
in biopsy six that makes its bacterial distribution similar to
those found in feces. Similar results were found at genus
level.

Finally, LDA and CART did not prove useful to
discriminate sample type by community composition,
probably due to the large variability observed and the
relatively small sample size. For the LDA, we tested
multivariate normality and homokedasticity of the covari-

ance matrix of the logit πikj (the output of the Bayesian
model) and did not find significant departures from the null,
though this again may be a consequence of the relatively
reduced sample size. CART in contrast is a non-parametric
method and more robust in general (less sensitive to
outliers, invariant to monotonic transformations of the
variables, etc.), so it should be less affected by the sample
size.

Discussion

Most of the studies carried out until now on gut metage-
nomics do not take into consideration that a fecal sample
contains a microbial composition that not necessarily can be
taken as a good predictor of a corresponding intestinal one.
Here, we address the analysis of equivalences and/or
correspondences between fecal and rectal mucosal samples
from nine healthy individuals. Extrapolation of our results to
other sites in the intestine should be made with caution as the
microbiota composition may vary along the gut.

Our work confirmed the findings from previous studies that
suggested that fecal and mucosal microbial diversity from the
same individual are not similar [4, 8, 14, 19, 20, 32].
However, our approach has several differences over previous
studies. Firstly, we attempted to provide this diversity
comparison from fecal and mucosal samples collected as
close as possible in time. Secondly, we did not carry out a
bowel cleansing prior to colonoscopy to avoid the potential
disturbance of mucosal microbiota associated with this
procedure. This however opens the possibility for rectal
biopsies to contain bacteria from feces loosely sticking to the
mucus but not being actually part of the mucosal microbiota.
Biopsies were taken in the absence of macroscopic feces. It
is nevertheless unlikely that biopsies were contaminated with
fecal material because stools usually have hard consistency
and are not attached to the mucosa in the rectum, where they
are formed to be expelled outside the body and do not adhere
to the mucosa because nothing is absorbed nor secreted
there, unlike other sections of the intestine. Given the
differences we found in the microbiota between the two
types of sample, we think this can hardly be a generalized
situation, though the possibility cannot be ruled out
completely. Finally, the results presented here have been
generated through sequence analysis of clone libraries, which
enabled the identification of the microorganisms.

Overall, we found that two phyla, Firmicutes and
Bacteroidetes, dominated those communities, accounting
for nearly 85% of all sequences. However, we also
observed large between-sample variability in community
composition at nearly all taxonomic levels. At phylotype
level in particular, the majority of phylotypes detected were
sample-specific, showing that each individual carried a

Table 3 Sample ordering based on the Euclidean distance among the
logit of the taxonomic distributions πik

Order F1 F2 F3 F4 F5 F6 F7 F8 F9

1 F1 F2 F3 F4 F5 F6 F7 F8 F9

2 F4 F8 F8 F1 F8 F4 F8 F7 F8

3 F8 F1 F7 F3 F9 F3 F9 F9 F7

4 F3 F9 F4 F7 F7 F7 F3 F3 F5

5 F9 F3 F1 F8 F1 F8 F5 F5 F1

6 F5 F5 F9 F6 F2 F1 F4 F1 F3

7 F2 F7 F2 F9 F3 F9 F2 F2 F2

8 F7 B6 F5 F5 B6 F5 F1 F4 F4

9 B6 F4 F6 B6 F4 B6 B7 B6 B9

10 F6 B9 B6 F2 B9 F2 F6 B7 B6

11 B1 B8 B7 B7 B7 B7 B6 B9 B7

12 B9 B7 B9 B9 B8 B9 B9 B8 F6

13 B8 B3 B3 B4 B3 B8 B8 F6 B8

14 B7 B1 B8 B8 B5 B3 B3 B3 B1

15 B3 F6 B1 B1 F6 B1 B1 B1 B3

16 B4 B2 B4 B3 B1 B4 B4 B4 B4

17 B5 B4 B5 B5 B4 B5 B5 B5 B5

18 B2 B5 B2 B2 B2 B2 B2 B2 B2

In each column, samples are ordered by increasing distance to the
fecal sample in the column header. Highlighted is the paired biopsy of
each fecal sample
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particular combination of bacterial lineages, as previously
reported [8, 23, 29, 31]. Strong within-subject variability
was also found in the feces-biopsy paired samples.

Our results suggest that community composition in fecal
samples is not highly representative of the microbiota in the
rectal gastrointestinal tract. In fact, at family and genus
levels, taxa distributions group samples by type rather than
individual, even for those sample pairs collected the same
day. Evaluating the closeness between samples based on
distances between their estimated compositions (on the log-
odds scale), we found that any fecal sample is more similar
to any other fecal sample than to a rectal biopsy sample. We
also found that the closest biopsy sample to the feces of an
individual was his own paired biopsy sample in three of the
five individuals that provided both samples on the same
day, a finding that cannot be considered as conclusive given
the (statistically) small sample size, especially considering
that one of the biopsies is very similar to all fecal samples.
These results confirm that the intestinal microbiota is an
extremely complex community, the richness and diversity
of which seems to be under-represented in fecal samples.
However, it has yet to be assessed whether this impover-
ishment is because not all species in the intestine are
susceptible to ending up in feces or whether it is a
consequence of the impact of the sudden change in growing
conditions (temperature, oxygen, nutrient availability, etc.)
on leaving the body. Also, the biopsy samples were frozen
immediately after collection, whereas fecal samples were
not. It should be considered the possibility that this might
have had an impact on reducing the biodiversity found in
feces compared to biopsies.

We are well aware that feces will continue to be used in
the study of gut microbiota because they are easier to
collect than intestinal samples and current work with
biopsies is limited to certain methodologies due to the
quantity of material that could be obtained from them.
Actually, each sample type may provide a distinct and
complementary picture of the diversity and ecology found
in the human gut microbiota. However, since bacterial
diversity in the colon mucosa is under-represented in feces,
we think it is important to caution researchers, especially
those dealing with bacteria-associated pathologies, on the
potential risk of making inference about the intestinal
mucosal microbiota, or even about the entire gut one, from
that found in feces.

Further research is needed to assess whether, despite the
disparity of assemblages of microorganisms found here,
there exists a functional microbial core in the microbiome.
This could be explored with other “-omic” strategies, as
some recent studies have shown [23, 31]. Another
alternative is the existence of multiple community config-
urations that are functionally equivalent despite not sharing
a common functional core. Analogously, the question of

whether feces are representative of gut microbiota would be
better addressed at a functional level rather than at the
organism level.
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