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Abstract

Objective: The aims of this study were to develop techniques for spatial microbial assessment in humans and to establish
colonic luminal and mucosal spatial ecology, encompassing longitudinal and cross-sectional axes.

Design: A microbiological protected specimen brush was used in conjunction with a biopsy forceps to sample the colon in
nine healthy volunteers undergoing colonoscopy. Terminal Restriction Fragment Length Polymorphism analysis was used to
determine the major variables in the spatial organization of the colonic microbiota.

Results: Protected Specimen Brush sampling retrieved region-specific, uncontaminated samples that were enriched for
bacterial DNA and depleted in human DNA when compared to biopsy samples. Terminal Restriction Fragment Length
Polymorphism analysis revealed a segmentation of bacterial communities between the luminal brush and biopsy-associated
ecological niches with little variability across the longitudinal axis of the colon and reduced diversity in brush samples.

Conclusion: These results support the concept of a microbiota with little longitudinal variability but with some degree of
segregation between luminal and mucosal communities.

Citation: Lavelle A, Lennon G, Docherty N, Balfe A, Mulcahy HE, et al. (2013) Depth-Dependent Differences in Community Structure of the Human Colonic
Microbiota in Health. PLoS ONE 8(11): €78835. doi:10.1371/journal.pone.0078835

Editor: Adam Driks, Loyola University Medical Center, United States of America
Received March 30, 2013; Accepted September 16, 2013; Published November 6, 2013

Copyright: © 2013 Lavelle et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding was provided by a Science Foundation Ireland grant (09/IN.1/B2606). www.sfi.ie. The funders had no role in study design, data collection and

analysis, decision to publish or preparation of the manuscript.

* E-mail: Ronan.OConnell@ucd.ie

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Humans are now recognized as a composite, co-evolved
organism, with a large, co-evolved microbiota permitting mutu-
alistic interactions [1,2]. The role of the colonic microbiota in
energy harvesting [3] and gut and immune maturation [4,5], are
topics of intense scientific investigation. Conversely, the potential
role of the microbiota in the etiology of conditions such as allergy
and asthma [6], inflammatory bowel disease [7], colorectal cancer
[8], irritable bowel syndrome [9], obesity/metabolic syndrome
[10] and even regulation of the gut brain axis [11], is highly
topical, while a close link between the microbiota and diet and the
progression of senescence has been recently established [12].
Identification of disease-specific microbial patterns may enable
prophylactic and therapeutic manipulation of the gut microbiota
[13]. While metagenomics, metatranscriptomics, metaproteomics
and metabolomics are a rich source of insight into the microbiota,
there is a need to integrate the spatial component to gut ecology.

Seminal papers published recently by the major microbiome
consortia, the Human Microbiome Project and the MetaHIT
project, have shed light on the nature of the microbiome by
harnessing high-throughput sequencing techniques on a massive
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scale [14,15]. These studies have used fecal samples as a starting
material, allowing broad sampling of each individual’s microbial
gene complement, while conceding that there may be microbial
niche-specific variability along the long- and cross-sectional axes of
the colon [14-17]. Fecal sampling is readily adaptable to large
patient cohorts, providing high yields of microbial DNA and
permitting the assessment of temporal responses to environmental
changes.

However, feces do not reflect microbial ecology at the epithelial
interface [17-22]. Current information regarding variation of the
microbiota along the longitudinal axis of the colon reveals a
broadly homogenous pattern within individuals, with prominent
inter-individual variability and notably, some degree of micro-
heterogeneity between adjacent mucosal biopsies [20,23]. Struc-
turally, this is associated with an outer, colonized mucus gel layer
separated from the epithelium by a dense layer of non-colonized
mucus [24].

Attempts to categorize individuals based on analysis of stool
microbiota alone have raised the possibility that with so much data
and such a large degree of variability between individuals, it may
be difficult to distinguish signal from noise, without first
incorporating the other dimensions of microbial ecology [25—
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27]. While a core microbiota may prove elusive, reproducible
patterns in the spatial structure of the microbiota, from the gross
anatomical level down to fine-grained, ultra-structural interactions
at the host-microbial interface, may provide insights that are
difficult for large sequencing projects to discern. With regard to
luminal contents, there are changes from the caecum to the
rectum in terms of carbohydrate concentration, stool consistency,
water content and pH, with pH falling in the cecum from values
found in the distal ileum and then slowing rising across the colon
to the rectum [28]. It is possible that such changes in colonic
physiology might be reflected in the patterns of diseases such as
ulcerative colitis and colorectal cancer that affect the colon in
stereotyped, asymmetrical distributions, and may also be apparent
in the microbiota [29].

In health, interaction between the microbiota and host immune
system results in a state of controlled inflammation, while in
disease states, consequent alterations to the microbiome may result
in a vicious cycle, which perpetuates the underlying condition.
Recently it has been shown that the microbiota can both transfer
and mitigate metabolic syndromes [30,31]. Understanding how
this multidimensional, interlinked process occurs requires the
integration of tools from spatial ecology with molecular microbi-
ological methods to define temporal-spatial patterns of coloniza-
tion in the gut.

The first aim of this study was to develop and validate
techniques for reproducible assessment of spatial variability in the
colonic microbiota, combining conventional mucosal biopsy with
microbiological protected specimen brushing (PSB) (Figure 1A and
1B), which employs a plug and sheath to protect the sample within
the colonoscope working channel. The second aim was to apply
these techniques to determine the major axial determinants of
microbial biogeography in the colon, while validating a platform
for the programmed assessment of disturbances in spatial ecology
in colonic disease. The dual use of the colonoscope working
channel for both instrumentation and suctioning of stool
necessitated this approach to protect the samples. Additionally,
by retrieving adjacent mucosal biopsies and luminal brushings
(Figure 1C and 1D) from both the cecum and the rectum, we
could determine whether the associated bacterial communities
clustered predominantly by the colonic location from which they
were sampled, or by their disposition with respect to the host-
bacterial interface.

Materials and Methods

Ethics Statement

Ethical approval was obtained from St. Vincent’s University
Hospital Ethics and Medical Research Committee. All individuals
gave informed, written consent prior to the procedure.

Patient Recruitment

Nine healthy volunteers were recruited who were undergoing
routine day case colonoscopy (Table 1) and were found to have no
mucosal evidence of active pathology. Participants were greater
than 18 years of age and had not taken antibiotics in the previous 3
months. Patients with a history of inflammatory bowel disease,
colon cancer, colonic resection, active GI bleeding or hospital
admission in the preceding six weeks, were excluded. Bowel
preparations used were polyethylene glycol and sodium picosul-
phate based.

Sample Collection

In the cecum, mucosal biopsies were taken using a Radial Jaw®
3 biopsy forceps (Boston Scientific, Natick, MA, U.S.A)
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(Figure 1A). Mucosal biopsies sample the mucus gel layer,
epithelium and variable amounts of the submucosa. The samples
were retrieved with a sterile tweezers preventing fecal contamina-
tion from the outside of the forceps. The sample was immediately
placed in a sterile, nuclease-free 1.5 ml microcentrifuge tubes
(Greiner, Sigma-Aldrich, Baden-Wiirttemberg, Germany) con-
tainer and frozen at -20°C: on dry-ice for storage at —80°C until
DNA extraction.

Brush sampling was conducted with a Microbiological Protected
Specimen Brush (Hobbs Medical Inc., Stafford Springs, Connecti-
cut, USA). This brush targeted the superficial mucus gel layer from
the luminal aspect, was deployed over glistening mucosa and
avoided pools of fluid. This is a sterile, single-use, sheathed brush
with a distal plug at the tip that seals the brush within the sheath
during introduction and retraction through the colonoscope
channel (Figure 1). The brush was deployed under direct vision.
The brush was then sealed into the sheath and retracted as one.
This was repeated in the rectum.

DNA extraction

For brush samples, the plug and the tip of the wire were
dissociated using sterile wire cutters, then placed in a sterile,
nuclease-free 1.5 ml microcentrifuge tubes (Greiner, Sigma-
Aldrich, Baden-Wiirttemberg, Germany). DNA was extracted
using a Qiagen DNA mini kit (Qiagen, Germany). Briefly, 180 ul
of tissue lysis buffer (ATL buffer) was added along with 20 ul of
proteinase K to each micro-centrifuge tube containing the
sampling brush. This was vortexed vigorously for 1 minute to
dislodge adherent mucus, followed by pulse centrifugation at
8,000 rpm for 5 seconds and incubation at 56°C for 1 hour. The
tubes were intermittently removed from the heat-block during
incubation and vortexed again to aid in bacterial cell wall lysis.

Following brush removal, 200 pl of a guanidine-based lysis
buffer (AL) was added, pulse vortexed and incubated at 70°C for
10 minutes. Finally, 100 ul of 100% molecular grade ethanol was
added and the mixture loaded onto Qiagen columns (Qiagen,
Germany) and processed as per manufacturer’s instructions. The
final eluate of DNA was in 200 pl of elution buffer.

Biopsy samples were processed in a similar manner using a
Qiagen DNA mini kit. Briefly, samples were cut using a sterile
blade and vigorously vortexed in 180 ul of buffer ATL and 20 ul
of proteinase K to maximize cell lysis and processed as described
above.

Conventional PCR

Conventional PCR analysis targeted the human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene (forward primer
5"-TGATGACATCAAGAAGGTGGTGAAG-3’ reverse primer
5'-TCCTTGGAGGCCATGTGGGCCAT-3") and the 16S
rRNA gene (forward primer 5'-TCCTACGGGAGGCAGCA-
GT-3', reverse primer 5'-GGACTACCAGGGATCT AATCC-
TGTT-3') (Eurofins MWG) (Figure 2). All PCR reactions were
carried out using Go Taq® Polymerase mix (Promega, Madison,
WI, USA), on a Multigene thermocycler (Labnet, Woodbridge,
NJ, USA), under the following thermocycling conditions: 95°C. for
2 minutes followed by 35 cycles of 95°C, 62°C and 72°C, each for
30 seconds followed by a final extension at 72°C for 10 minutes.
PCR products were analyzed by electrophoresis in a 1.5% agarose
gel at 100 V for 60 min, followed by visualization under UV light.
Positive, negative, and extraction controls were included for each
PCR reaction.
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Figure 1. Protected Specimen Brush and biopsy sampling at endoscopy. A. The Hobbs medical protected specimen brush (PSB) in the
closed position, with plug and sheath protecting the sampling brush from contamination within the colonoscope working channel. B. The PSB in the
deployed position. C. A mucosal biopsy being retrieved at colonoscopy. D. The PSB deployed under direct vision at colonoscopy.

doi:10.1371/journal.pone.0078835.g001

Quantitative real-time PCR analysis (qPCR)

gPCR analysis was performed in duplicate wells for each
sample. Positive and negative controls were included for each PCR
assay run. Real-time PCR was performed on an ABI 7900HT
sequence detector (Applied Biosystems, Foster city, CA, USA)
using universal thermal cycling conditions. ABI PRISM®
Sequence detection system version 2.1 (Applied Biosystems) was
used for all data analysis. A typical 20-ul real-time PCR
amplification reaction contained 1X TagMan Universal Master-
mix (Applied Biosystems), the appropriate forward and reverse
primers and MGBNFQ probe at concentrations of 300 nM and
175 nM respectively, and 4 pl of DNA extract adjusted to 1 ng/ul
The primer and probe set had been previously published [32,33].
Each assay run incorporated a reference sample of cloned 16S

Table 1. Characteristics of study volunteers.

Fecal incontinence
Family history cancer

Abdominal pain

Characteristics Subcategories Results
Age (years) Mean 48.2
Range 25-71
Sex Male 5
Female 4
Bowel preparation Picolax 5
Kleanprep 4
Indication PR bleeding 2
Polyp surveillance 2
PR discharge 2

doi:10.1371/journal.pone.0078835.t001
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rRNA gene from Desulfovibrio desulfuricans (ATCC 27774) bacteria
[34]. Post PCR analysis involved determination of the pan
bacterial copy number in each sample based on its fold change
relative to a plasmid DNA standard. Subsequently, the calculated
copy numbers were normalised for extract volume, and concen-
tration. A plasmid DNA standards was generated for the purpose
of determining the Pan Bacterial Copy number within each
sample. This standard was included in each qRT-PCR assay run
and used in a 272 calculation to determine the fold difference in
Pan Bacterial Copy number within each sample. Briefly,
Desulfovibrio  desulfuricans (ATCC  27774) was cultured under
anaerobic conditions in Postgate’s medium and DNA was
extracted using DNeasy® Tissue Kit (Qiagen, Hilden, Germany).
A 466bp amplicon of the 16S rRNA gene, generated from the
culture DNA extract as described previously (Rowen et al 2010)
and cloned into pCR2.1-TOPO vector using the TOPO TA

A B

Figure 2. Brush sampling retrieves an enriched bacterial
sample with less host eukaryotic DNA. A. Agarose gel with bands
representing human GAPDH gene, illustrating the reduced quantity of
human DNA in brush samples compared to biopsy samples. B. Agarose
gel with bands representing the 16S rRNA pan-bacterial gene,
illustrating the increased proportion bacterial DNA which is sampled
by brushing compared to biopsy sampling.
doi:10.1371/journal.pone.0078835.9g002
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cloning system (Invitrogen, Groningen, The Netherlands) accord-
ing to the manufacturer’s instructions. DNA from the recombinant
plasmid mini-preps was purified using the QIAprep® Spin
Miniprep Kit (Qiagen). Total weight per recombinant plasmid
was calculated and this was used to generate a series of DNA
standards of known copy number of the target sequence.

Terminal restriction fragment length polymorphism (T-
RFLP)

T-RFLP analysis was applied to identify differences in bacterial
ecology between (1) cecal and rectal regions of the colon and (2)
brush and biopsy samples. T-RFLP amplifies a conserved region
of the bacterial 16S rRNA gene with a fluorescently labeled primer
then digests amplified product with a restriction enzyme.
Fragment digests of differing lengths are generated and reflect
species level differences in the 16S rRNA gene coding sequence.
Fragment lengths are outputted in the form of an electrophero-
gram and the incidence and relative abundance of fragments can
be used as a proxy for species quantity and diversity (Figure 3A
and 3B). Prior to analysis both spatial and spectral calibration of
the data collection software was performed. Spatial calibration was
performed to ensure alignment and optimal detection between
capillaries. Criteria for evaluation included a single sharp peak for
each capillary, reproducible peak heights, and spacing of 15+/—2
pixels between peaks. Spectral calibration was performed with the
DS-33 Matrix Standard Kit (Dye Set G5) kit (Applied Biosystems)
to correct for the overlapping of fluorescence emission spectra of
the dyes. The threshold for the ) value (a measure of the
consistency between the final matrix and the data from which it
was computed) and C value (the upper and lower measure of the
overlap between the dye peaks in the fluorescence emission
spectra) were set to 0.9 and 4—7 respectively.

Following DNA purification the 16S rRNA gene was amplified
by conventional PCR wusing a 6-carboxyfluorescein (6-FAM)
labeled forward primer (6-FAM-8F AGAGTTT-
GATCCTGGCTCAG Integrated DNA technologies, Coralville,
IA, USA) and a conventional reverse primer (AGAAAGGAGGT-
GATCCAGCC). PCR was performed using 70 ng of template
DNA, Ix Go Taq® Polymerase mix (Promega, Madison, WI,
USA) and 350 nM of primer mix in 50 pl reaction volumes. PCR
cycling conditions were as follows: 94°C for 2 min followed by 45
cycles of 94°C for 30 sec/58°C for 45 sec/72°C for 90 sec. This
was followed by a final incubation of 72°C for 4 min on a
Multigene thermocycler (Labnet, Woodbridge, NJ, USA).

PCR amplicons were column purified using a QIAquick PCR
purification kit (Qiagen, Germany) according to the manufactur-
er’s protocol. 300 ng of the purified DNA was digested with 20 U
of Mspl restriction enzyme (Promega, Madison, WI, USA) for
2 hours at 37°C, and subsequently column purified using a
QIAquick PCR purification kit (Qiagen, Germany) according to
the manufacturer’s protocol. The restricted products were eluted
in a final volume of 30 ul of buffer EB.

Fragments were separated by capillary electrophoresis on a
3100 genetic analyzer (Applied Biosystems, Foster city, CA, USA)
in GeneScan™ mode as follows: 100 ng of the purified Mspl
restricted products were analyzed in duplicate on a CE plate to
which a GeneScan™ Liz 1200” size standard (Applied Biosys-
tems, Foster city, CA, USA) had been added. A control of 100 ng
of undigested PCR product was run in duplicate on the same
plate. The fluorescently labeled terminal fragments, which
generated electropherogram peaks, were identified using Peak
Scanner™ Software v1.0 (Applied Biosystems, Foster city, CA,
USA). Peaks corresponding to fragments of between 50 and 1000
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Figure 3. T-RFLP shows greater similarity based on sampling
technique than colonic region within individuals. A. Electrophe-
rograms of T-RFLP sequence profiles generated from cecal and rectal
biopsies from sample 1, superimposed on each other, illustrating close
approximation of sample profiles. B. Electropherograms of T-RFLP
sequence profiles generated from cecal and rectal brushings from
sample 1. C. Mean Bray-Curtis Similarity Index (BCl) values between
cecal and rectal biopsy samples (0.77 (0.73-0.81)), cecal and rectal brush
samples (0.62 (0.57-0.77)) and biopsy and brush samples at cecum (0.35
(0.27-0.47)) and rectum (0.46 (0.44-0.49)).
doi:10.1371/journal.pone.0078835.9g003

base pairs in length were used for analysis. T-RFLP data is
available upon request from the corresponding author.

Statistical Analysis

Terminal restriction fragment (TRF) sizes were used in
downstream analysis as a proxy for species presence and peak
heights as a proxy for species abundance. Peaks present in both
technical replicates were incorporated into a consensus profile of
normalized, binned peaks using the software program T-align
[35].

Bray-Curtis similarity indices were calculated using the vegan
package in R and the results used to generate a dissimilarity
matrix, which was imported into MEGAS to create neighbor-
joining dendrograms [36—38]. Shannon Diversity Indices (H')

and species evenness (E) were calculated separately in Microsoft
!’

. R
Excel™ using the formulac: H'=— 3 p;lnp, and E= S
i=1 n
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respectively, where p is the proportion of a TRF peak to total TRF
abundance and S is the number of peaks. Graphing and statistical
analyses were carried out in SPSS® v18.0 (IBM). Chromatogram
visualization was performed using PeakStudio [39], while the
vegan and rgl packages in R were used to perform and visualize
non-metric multidimensional scaling (NMDS) and Analysis of
Similarity (ANOSIM) [40]. The Mann-Whitney test was used to
test for statistical significance and results of Bray-Curtis Index and
Diversity measures are presented as medians with accompanying
inter-quartile range (IQR), while DNA quantities and qPCR
results are presented as mean and standard deviations.

Results

Despite DNA yields, as measured by spectrophotometry, being
lower in brush than biopsy samples (biopsy samples (6395 ng (SD
4232 ng)), brush samples (2636 ng (SD 1932 ng) (P=0.024)),
quantitative Real-Time PCR confirmed that the yield of bacterial
DNA in the sample extracts was consistently higher in brush than
biopsy samples (mean 4.075x10° gene copies per sample (SD
2.77x10% versus 1.45x10° (SD 2.35x10% 16S rRNA copies per
sample, respectively P<<.001). Conventional PCR and gel analysis
provided visual confirmation that the proportion of human DNA
in the biopsy samples was greater than that in brush samples, while
the proportion of bacterial DNA was correspondingly higher in
the brush samples than the biopsies (Figure 2A, 2B).

Terminal restriction fragment length polymorphism
analysis

The Bray-Curtis Index is a quantitative measure of shared
species ranging from O (no shared species) to 1 (identical). This
reflects the degree of similarity in microbial ecology. The median
intra-patient pairwise Bray-Curtis similarity for biopsies was 0.77
IQR 0.73-0.81) and that for brushes was 0.62 (0.57-0.77)
(Figure 3). Thus cecal and rectal biopsies had a median bacterial
similarity of 0.77. Conversely, adjacent cecal biopsies and cecal
brushes had a median similarity of only 0.35 (0.27-0.47), while
adjacent rectal samples had a similarity of 0.46 (0.44-0.49).

Three-dimensional visualization of a Bray-Curtis dissimilarity
matrix by non-metric multidimensional scaling (NMDS) was
performed on the combined cohort, assessing for relatedness
between individuals, sample types and anatomic location (Figure
4). The pattern of clustering re-affirms that clustering occurred by
sampling technique within individuals and not by colonic region.
This was confirmed by Analysis of Similarity (ANOSIM), where
there was no significant difference between cecal versus rectal
samples (R = —0.043, P=0.89), but a highly significant difference
between sampling techniques (R =0.47, P=0.001) [41].

The Shannon Diversity Index (H') was used to quantify
biodiversity, based upon the number of species (calculated by
using terminal restriction fragments as a proxy) and the evenness
of their distribution (Figure 5A-5C). Species diversity was lower in
brush compared with biopsy samples (3.36 IQR 3.3-3.5) vs. 2.94
(2.8-3.1), P<.001)), as was the mean number of unique peaks per
sample (75 (63-81) vs. 44 (36-52), P<.001). Evenness of
distribution was however similar in both groups (0.8 (0.78-0.82)
vs. 0.8 SD (0.75-0.83), P=.591).

To confirm the lack of contamination of biopsy samples from
fluid within the working channel, the outside of the biopsy forceps
and the inside of the endoscope working channel were swabbed in
3 patients and a separate cluster analysis performed using NMDS
and neighbor-joining methods. Samples from the working channel
and the outside of the forceps clustered with luminal brush samples
and quite distinctly from mucosal biopsies (Figure 6A). This
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0.0

NMDS2

© Cecum © Rectum

© Biopsy

© Brush

Figure 4. Separate clustering of luminal brush and mucosal
biopsy samples between individuals. A. Non-metric Multidimen-
sional Scaling (NMDS) reveals samples do not cluster based on colonic
region (black=cecum; red=rectum). B. NMDS analysis reveals that
samples cluster according to their cross-sectional location with respect
to the host bacterial interface (black=Mucosal biopsy; red =Iluminal
brush).

doi:10.1371/journal.pone.0078835.g004

finding re-iterates those previously published, that whole mucosal
biopsies are uncontaminated within the jaws of the biopsy forceps
[42]. However, samples derived from the working channel were
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Figure 5. Reduced diversity in luminal brush samples when compared with mucosal biopsies. A. Boxplot of Shannon Diversity Index
values for brush and biopsy samples (median value for biopsy samples 3.36 (3.3-3.5), median value for brush samples 2.94 (2.8-3.1) (P<.001). Median
values for the working channel 2.6 (2.5-2.8). B. Boxplot of TRF abundance (median value for biopsy samples 75 (63-81), median value for brush
samples 44 (36-52), (P<.001)). Median value for the working channel 29 (27-32). C. Boxplot of TRF evenness (median value for biopsy samples 0.81
(0.78-0.82), median value for brush samples 0.8 (0.75-0.83) (P=0.591). Median values for the working channel 0.78 (0.76-0.8).

doi:10.1371/journal.pone.0078835.9005

less precisely able to discriminate between individuals (Figure 6B)
and had lower diversity (median diversity 2.6 (2.5-2.8)).

Discussion

In this study, community analysis of bacteria from the outside of
the biopsy forceps and from within the working channel of the
colonoscope 1illustrated that mucosal biopsies remain uniquely
uncontaminated within the jaw forceps and that samples from the
working channel are more similar to luminal samples than
mucosa-associated communities. Furthermore samples from the
working channel, which essentially represent directly aspirated
fluid, are unreliable for loco-regional characterization and cluster
less-reliably with brush samples from the same individual
(Figure 6B).

The main aim of the study was to subsequently determine the
major spatial variable, if any, which accounted for partitioning of
microbial communities within the colon. The study was designed,
a priori, to maximize separation by cluster analysis of the dominant
variable (if one existed) by acquiring paired samples of adjacent
luminal and mucosal communities with minimal distance between
them in two regions that were maximally separated on the colonic
longitudinal axis (cecum and rectum). Thus, if regional variability
were dominant, the close approximation of luminal and mucosal
samples would allow for this to become apparent with clustering,
while if segregation of luminal and mucosal communities was the
major determinant of biogeography, it would be evident despite

PLOS ONE | www.plosone.org

the large distance in sampling from the cecum to the rectum
(approximately 150-180 cm). T-RFLP analysis submitted to
NMDS and neighbor-joining protocols illustrated that partitioning
of the luminal and mucosal communities was evident, not just
within individuals, but across the cohort as a whole and was
statistically significant (Figure 4These findings are consistent with
those that have been previously reported in studies of spatial
microbial assessment, although with the addition of a paired brush
sample demonstrating a partially distinct bacterial community
[18,20].

As inter-individual variability in the microbiota is so marked, it
is perhaps surprising that this did not figure more prominently in
the community analysis reported here[43]. Samples from the same
individual by the same technique clustered together, however the
separation of luminal and mucosal communities overcame this
effect in the combined analysis. However, T-RFLP while ideally
suited to the questions asked in the present study, is limited in its
ability to resolve diversity at the species and strain level. T-RFLP
fragments are likely to be redundant to a certain extent due to
fragments of common length and sequence potentially existing
between distinct species. The fact that fragment length is used as a
proxy for species also imposes a certain limitation given that
equally sized fragments are indistinguishable but could contain
variable sequence reflecting generation from distinct species. As
such, the statistically significant reduction in diversity described
here in microbial brushes should be interpreted cautiously, as the
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Figure 6. Poor discrimination between individuals by samples derived from colonoscope channel. A. NMDS plot (stress 0.085)
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sensitivity of T-RFLP may not resolve more closely related species-
level phylotypes in these samples.

The effect of colonic lavage must also be acknowledged, for this
can alter both the luminal [44] and mucosal microbiota [45]. With
regard to the mucosal microbiota, there appears to be a reduction
in phylotype richness and overall diversity following colonic
lavage, however this does not appear to be directed at specific
bacterial families nor does it seem to have more than a short-term
effect on the microbiota [46].

Using microbial brush sampling, we have demonstrated that
paired mucosal and brush samples are distinct with little variability
across the long axis of the colon and a reduced diversity in brush
samples. The exact niche that is represented by brush samples in
the prepared colon is not entirely clear, however the consistently

References

1. Hooper L, Midtvedt T, Gordon J (2002) How host-microbial interactions shape
the nutrient environment of the mammalian intestine. Annu Rev Nutr 22: 283~
307. doi: 10.1146/annurev.nutr.22.011602.092259.

2. Xu J, Gordon JI (2003) Honor thy symbionts. Proc Natl Acad Sci USA 100:
10452-10459. doi: 10.1073/pnas.1734063100.

3. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, et al. (2006) An
obesity-associated gut microbiome with increased capacity for energy harvest.
Nature 444: 1027-1031. doi: 10.1038/nature05414.

4. Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG, et al. (2001) Molecular
analysis of commensal host-microbial relationships in the intestine. Science 291:
881-884. doi: 10.1126/science.291.5505.881.

5. Stappenbeck TS, Hooper LV, Gordon JI (2002) Developmental regulation of
intestinal angiogenesis by indigenous microbes via Paneth cells. Proc Natl Acad
Sci USA 99: 15451-15455. doi: 10.1073/pnas.202604299.

6. Maslowski KM, Mackay CR (2010) Diet, gut microbiota and immune responses.
Nat Immunol 12: 5-9. doi: 10.1038/ni0111-5.

7. Sokol H, Seksik P, Furet J, Firmesse O, Nion Larmurier I, et al. (2009) Low
counts of Faecalibacterium prausnitzii in colitis microbiota. Inflamm Bowel Dis
15: 1183-1189. doi: 10.1002/ibd.20903.

8. Collins D, Hogan AM, Winter DC (2010) Microbial and viral pathogens in
colorectal cancer. Lancet Oncol 12: 504-512. doi: 10.1016/51470-
2045(10)70186-8.

9. Kassinen A, Krogius-Kurikka L, Mikivuokko H, Rinttili T, Paulin L, et al.
(2007) The fecal microbiota of irritable bowel syndrome patients differs
significantly from that of healthy subjects. Gastroenterology 133: 24-33. doi:
10.1053/j.gastro.2007.04.005.

10. Dumas ME, Barton RH, Toye A, Cloarec O, Blancher C, et al. (2006)
Metabolic profiling reveals a contribution of gut microbiota to fatty liver
phenotype in insulin-resistant mice. Proc Natl Acad Sci USA 103: 12511-12516.
doi: 10.1073/pnas.0601056103.

11. Collins SM, Bercik P (2009) The relationship between intestinal microbiota and
the central nervous system in normal gastrointestinal function and disease.
Gastroenterology 136: 2003-2014. doi: 10.1053/j.gastro.2009.01.075.

12. Claesson MJ, Jeffery IB, Conde S, Power SE, O'Connor EM, et al. (2012) Gut
microbiota composition correlates with diet and health in the elderly. Nature
488: 178-184. doi: 10.1038/naturel1319.

13. Shanahan F (2011) The colonic microflora and probiotic therapy in health and
disease. Curr Opin Gastroenterol 27: 61-65. doi: 10.1097/MOG.1090-
b1013e328340076f.

14. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, et al.
(2008) A core gut microbiome in obese and lean twins. Nature 457: 480-484.
doi: 10.1038/nature07540.

15. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, et al. (2010) A human gut
microbial gene catalogue established by metagenomic sequencing. Nature 464:
59-65. doi: 10.1038/nature08821.

16. Kurokawa K, Itoh T, Kuwahara T, Oshima K, Toh H, et al. (2007)
Comparative metagenomics revealed commonly enriched gene sets in human
gut microbiomes. DNA Res 14: 169-181. doi: 10.1093/dnares/dsm018.

17. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, et al. (2005)
Diversity of the human intestinal microbial flora. Science 308: 1635-1638. doi:
10.1126/science.1110591.

18. Zoetendal E, Von Wright A, Vilpponen-Salmela T, Ben-Amor K, Akkermans A,
et al. (2002) Mucosa-associated bacteria in the human gastrointestinal tract are
uniformly distributed along the colon and differ from the community recovered
from feces. Appl Environ Microbiol 68: 3401-3407. doi: 10.1128/
AEM.68.7.3401-3407.2002.

19. Swidsinski A, Loening-Baucke V, Vaneechoutte M, Doerffel Y (2008) Active
Crohn’s disease and ulcerative colitis can be specifically diagnosed and
monitored based on the biostructure of the fecal flora. Inflamm Bowel Dis 14:
147-161. doi: 10.1002/ibd.20330.

20. Hong PY, Croix JA, Greenberg E, Gaskins HR, Mackie RI (2011)

Pyrosequencing-based analysis of the mucosal microbiota in healthy individuals

PLOS ONE | www.plosone.org

Biogeography of the Human Colonic Microbiota

discrete community profile of brushes compared to their mucosal
counterparts suggest they are dominated by luminal communities.
Our study thus extends the findings of Aradjo-Pérez et al. [22],
who examined paired rectal swabs and biopsies, to include the
entire colon and provides a method to access different colonic
regions via a colonoscope.

Author Contributions

Conceived and designed the experiments: AL GL PRO DCW ND JCC
KS DO. Performed the experiments: AL GL AB. Analyzed the data: AL
PRO DCW ND JCC FS GD HEM. Contributed reagents/materials/
analysis tools: JMH DO HEM. Wrote the paper: AL PRO.

reveals ubiquitous bacterial groups and micro-heterogeneity. PLoS One 6:
€25042. doi: 10.1371/journal.pone.0025042.

21. Momozawa Y, Deffontaine Vr, Louis E, Medrano JF (2011) Characterization of
Bacteria in Biopsies of Colon and Stools by High Throughput Sequencing of the
V2 Region of Bacterial 16S rRNA Gene in Human. PLoS One 6: ¢16952. doi:
10.1371/journal.pone.0016952.

22. Aragjo-Pérez Fl, McCoy AN, Okechukwu C, Carroll IM, Smith KM, et al.
(2012) Differences in microbial signatures between rectal mucosal biopsies and
rectal swabs. Gut microbes 3: 530-535. doi: 10.4161/gmic.22157.

23. Wang M, Ahrne S, Jeppsson B, Molin G (2005) Comparison of bacterial
diversity along the human intestinal tract by direct cloning and sequencing of
165 rRNA genes. FEMS Microbiol Ecol 54: 219-231. doi: 10.1016/
j-femsec.2005.03.012.

24. Johansson MEV, Larsson JMHn, Hansson GC (2011) The two mucus layers of
colon are organized by the MUC2 mucin, whereas the outer layer is a legislator
of host-microbial interactions. Proc Natl Acad Sci USA 108: 4659-4665. doi:
10.1073/pnas.1006451107.

25. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, et al. (2011)
Enterotypes of the human gut microbiome. Nature 473: 174-180. 10.1038/
nature09944.

26. Jeffery IB, Claesson MJ, O'Toole PW, Shanahan F (2012) Categorization of the
gut microbiota: enterotypes or gradients? Nat Rev Microbiol 10: 591-592.

27. Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R (2012)
Diversity, stability and resilience of the human gut microbiota. Nature 489: 220~
230. doi: 10.1038/nature11550.

28. Nugent SG, Kumar D, Rampton DS, Evans DF (2001) Intestinal luminal pH in
inflammatory bowel disease: possible determinants and implications for therapy
with aminosalicylates and other drugs. Gut 48: 571-577. doi: 10.1136/
gut.48.4.571

29. Walker A, Sanderson J, Churcher C, Parkes G, Hudspith B, et al. (2011) High-
throughput clone library analysis of the mucosa-associated microbiota reveals
dysbiosis and differences between inflamed and non-inflamed regions of the
intestine in inflammatory bowel disease. BMC Microbiol 11: 7. doi: 10.1186/
1471-2180-11-7.

30. Vrieze A, Van Nood E, Holleman T, Salojarvi J, Kootte RS, et al. (2012)
Transfer of intestinal microbiota from lean donors increases insulin sensitivity in
individuals with metabolic syndrome. Gastroenterology 143: 913-916 ¢917. doi:
10.1053/j.gastro.2012.06.031.

31. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, et al. (2006) An
obesity-associated gut microbiome with increased capacity for energy harvest.
Nature 444: 1027-1031. doi: 10.1038/nature05414.

32. Rowan F, Docherty NG, Murphy M, Murphy TB, Coffey JC, et al. (2010)
Bacterial Colonization of Colonic Crypt Mucous Gel and Disease Activity in
Ulcerative Colitis. Ann Surg 252: 869-875. doi: 10.1097/SLA.0-
b013e3181fdc54c.

33. Nadkarni MA, Martin FE, Jacques NA, Hunter N (2002) Determination of
bacterial load by real-time PCR using a broad-range (universal) probe and
primers set. Microbiology 148: 257-266.

34. Rowan F, Docherty NG, Murphy M, Murphy B, Calvin Coffey ], et al. (2010)
Desulfovibrio bacterial species are increased in ulcerative colitis. Dis Colon
Rectum 53: 1530-1536. doi: 10.1007/DCR.0b013e3181f1e620.

35. Smith CJ, Danilowicz BS, Clear AK, Costello FJ, Wilson B, et al. (2005) T-
Align, a web-based tool for comparison of multiple terminal restriction fragment
length polymorphism profiles. FEMS Microbiol Ecol 54: 375-380. doi:
10.1016/j.femsec.2005.05.002.

36. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'Hara RB, et al.
(2012). The Comprehensive R Archive Network. vegan: Community Ecology
Package. R package version 2.0-5. Available: http://CRANR-projectorg/
package = vegan. Accessed 2013 Sept 29.

37. R Core Team (2012). The R Project for Statistical Computing: R Foundation for
Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0. Available: http://
www.R-project.org/. Accessed 2013 Sept 29.

November 2013 | Volume 8 | Issue 11 | 78835



38.

39.

40.

41.

42.

Tamura K PD, Peterson N, Stecher G, Nei M, and Kumar S (2011) MEGAS:
Molecular Evolutionary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Mol Biol Evol:
2731-2739. doi: 10.1093/molbev/msr121.

The Fodor Lab (2012). PeakStudio. Available: www.fodorlab.uncc.edu. Accessed
2013 Sept 29

Adler D, Murdoch D (2012). The Comprehensive R Archive Network. rgl: 3D
visualization device system (OpenGL). R package version 0.92.894. Available:
http://CRANR-projectorg/package =rgl. Accessed 2013 Sept 29.

Rees GN, Baldwin DS, Watson GO, Perryman S, Nielsen DL (2004) Ordination
and significance testing of microbial community composition derived from
terminal restriction fragment length polymorphisms: application of multivariate
statistics. Antonie van Leeuwenhoek 86: 339-347. doi: 10.1007/510482-004-
0498-x.

Dave M, Johnson LA, Walk ST, Young VB, Stidham RW, et al. (2011) A

randomised trial of sheathed versus standard forceps for obtaining uncontam-

PLOS ONE | www.plosone.org

44.

46.

Biogeography of the Human Colonic Microbiota

inated biopsy specimens of microbiota from the terminal ileum. Gut 60: 1043—

1049. doi: 10.1136/gut.2010.224337.

. Claesson MJ, Cusack S, O'Sullivan O, Greene-Diniz R, de Weerd H, et al.

(2011) Composition, variability, and temporal stability of the intestinal
microbiota of the elderly. Proc Natl Acad Sci U S A 108 Suppl 1: 4586-4591.
doi: 10.1073/pnas.1000097107.

Mai V, Greenwald B, Glenn Morris J, Raufman J-P, Stine OC (2006) Effect of
bowel preparation and colonoscopy on post-procedure intestinal microbiota
composition. Gut 55: 1822-1823. doi: 10.1136/gut.2006.108266

. Harrell L, Wang Y, Antonopoulos D, Young V, Lichtenstein L, et al. (2012)

Standard Colonic Lavage Alters the Natural State of Mucosal-Associated
Microbiota in the Human Colon. PLoS ONE 7: ¢32545. doi: 10.1371/

journal.pone.0032545.

O'Brien CL, Allison GE, Grimpen F, Pavli P (2013) Impact of Colonoscopy
Bowel Preparation on Intestinal Microbiota. PLoS ONE 8: e62815.
doi:10.1371/journal.pone.0062815.

November 2013 | Volume 8 | Issue 11 | 78835



