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The mucosal–luminal interface: an ideal sample to study the
mucosa-associated microbiota and the intestinal microbial
biogeography
Walid Mottawea1, James Butcher1, Jennifer Li1, Turki Abujamel1, Juliana Manoogian1, David Mack2 and Alain Stintzi1

BACKGROUND: Alterations in gastrointestinal microbial communities have been linked to human disease. Most studies use fecal
samples as a proxy for the intestinal microbiota; however, the fecal microbiome is not fully representative of the mucosa-associated
microbiota at the site of disease. While mucosal biopsies can be used instead, they often contain a high proportion of host DNA that
can confound 16S ribosomal RNA (rRNA) gene sequencing studies.
METHODS: To overcome these limitations, we sampled the mucosal–luminal interface (MLI) to study the mucosa-associated
microbiota. We also employed a simple bioinformatics workflow to remove contaminants from 16S rRNA gene profiling results.
RESULTS: Our results indicate that the microbial differences between individuals are greater than those between different
microenvironments within the same individual. Moreover, biopsy samples frequently contained contaminants that could
significantly impact biopsy profiling results.
CONCLUSIONS: Our findings highlight the utility of collecting MLI aspirates to complement biopsies and stools for characterizing
human microbial communities.
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INTRODUCTION
In recent years, a large body of research has characterized the
microbial composition of the gastrointestinal tract in relation to
numerous human diseases including inflammatory bowel disease
(IBD), irritable bowel disease, diabetes mellitus, obesity, colorectal
cancer, malnutrition, and cardiovascular diseases.1 The majority of
these studies used fecal samples as a proxy for the intestinal
microbiota. Although close associations between the intestinal
microbiota and human health and disease are now well
established, a general mechanistic understanding of how the
microbiome contributes to disease or health is lacking. A major
challenge for understanding the intestinal microbiota’s role in
disease is that the fecal microbiome is not fully representative of
the mucosa-associated microbiota at the site of disease.2–6

Moreover, the gut microbiota is highly diverse and is substantially
variable between individuals. Both these factors impair our ability
to identify specific disease-associated microbes. For example,
Gevers et al.7 demonstrated that the microbial dysbiosis seen in
Crohn’s disease (CD) is more easily detected in mucosal biopsies
than in stools. Another study found that early signs of intestinal
dysbiosis in a mouse model of colitis could be detected in mucosal
communities but not stools.2 Hence, it is tempting to speculate
that the mucosa-associated microbiota will affect the host to a
greater extent than the luminal bacteria.
Comparative studies of microbial compositions from mucosa-

associated communities to fecal-based luminal communities have
shown heterogeneous patterns characteristic of two distinct
microbial niches.5,6,8–12 While the composition of the luminal

microbial community is easily characterized by using stool
samples, currently the main means of characterizing the
mucosa-associated community are colonoscopic biopsies.
Gastrointestinal biopsies are collected by inserting biopsy

forceps through the endoscope and pinching off a small amount
of tissue. The gastrointestinal wall is often washed with sterile
water prior to sample collection to visualize the mucosa and
determine the optimal regions for biopsy collection. However,
unless the mucosal surface is heavily washed, these biopsy
samples would represent the microbial communities of both the
loose and strongly adherent mucosal layers. In addition, biopsies
represent a small area of the mucosa and might not be
representative of the overall mucosa-associated microbiota,
particularly in patchy diseases such as CD. Biopsy collection is
also relatively invasive as compared to stool sampling, and
biopsies contain high proportions of host DNA as compared to
microbial DNA. High levels of human DNA concurrently with low
levels of microbial DNA have been shown to affect high-
throughput 16S ribosomal RNA (rRNA) gene-based sequencing
datasets and confound their interpretation.13 Molecular biology
reagents are also often contaminated with microbial DNA,14,15 and
thus low biomass microbiotas (e.g., biopsies) are more sensitive to
exogenous microbial DNA contamination. The impact of this
exogenous DNA contamination on samples with low bacterial
biomass remains underappreciated and often ignored during
analysis.14–16 While the presence of contamination has been
clearly demonstrated by running negative controls through
experimental workflows and data analysis pipelines, such controls
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are often not performed, evaluated, or reported.15 A number of
studies using low microbial biomass samples have identified
statistically noteworthy taxa which are also known to be common
exogenous contaminants from molecular biology reagents.14,15

Recent work has proposed using intestinal “lavage” (i.e., fluid
remaining in the bowel after bowel prep) as a proxy for the
mucosal communities.17 Lavage samples would thus be a mix of
the microbial communities remaining in the lumen after bowel
preparation and the loose mucus layer. Ideally, samples collected
to profile the gastrointestinal microbiotas would be able to
differentiate between the luminal, loosely adherent and strongly
adherent mucosal communities.
An alternative procedure for collecting gastrointestinal tract

microbiotas involve flushing the mucosal surface with sterile water
and aspirating the resulting mixture of mucus.18–22 This technique
allows for the mucosal–luminal interface (MLI) to be sampled by
washing off and collecting the loose mucus layer on the surface of
the intestinal wall. The adherent mucosal layer can then be
sampled by taking biopsies at the site of washing. This approach
allows for the microbes that are in close proximity to the host to
be profiled and yields sufficient material for multi-omic experi-
ments such as shotgun metagenomics and metaproteomics.20–24

Moreover, the MLI sampling approach has identified novel taxa
involved in CD pathogenesis.19 However, MLI sampling has not
been compared to biopsies or stools, and thus MLI samples are
not routinely collected for microbiota studies.
This study builds on previous work from others on the impact

of exogenous DNA contamination in microbiome studies13–15 by
characterizing the cross-sectional biogeography of the human
intestinal microbiome. Our aims were to demonstrate the
usefulness of sampling the MLI to study the mucosa-associated
microbiota while minimizing the effects of contaminants and to
characterize the biogeography of the human colonic micro-
biome from the strongly adherent mucosal community
(biopsies) to the more loosely mucosa-associated (MLI) and
luminal (stools) microbiota. We used quantitative PCR (qPCR) to
determine the biomass within our samples and describe a simple
bioinformatics workflow to identify and remove contaminants
from 16S rRNA amplicon-based datasets. We demonstrate that
contaminants may significantly impact the microbiome results
from intestinal biopsies and that MLI sampling constitutes a
valuable source of biomass for characterizing mucosa-associated
microbiota.

METHODS
Ethics approval and consent to participate
Ethics approval for this study was obtained from the Research
Ethics Board of the Children’s Hospital of Eastern Ontario (CHEO).
Informed consent/assent was obtained from subjects and parents.

Human subjects and sample collection
Subjects were selected from children scheduled to undergo
diagnostic colonoscopy at the CHEO (Supplemental Table S1). The
visual appearance on endoscopy was normal on all subjects.
Biopsies from these subjects were also histologically normal, and
their final diagnosis was not for any known inflammatory intestinal
disorder or any condition that is known to be associated with gut
microbiota dysbiosis such as IBD. Patients who had used
antibiotics, probiotics, or immunomodulatory medications within
the last 4 weeks were excluded.
Children received a colonoscopy preparation the day before the

endoscopy, following a previously reported standard protocol for
Pico-Salix® that was shortened to one day rather than the 2-day
preparation.25 At the time of endoscopy, loose fluid and debris
were aspirated from the targeted location. Thereafter, sterile water
was flushed onto the mucosa to remove the loosely adherent
mucosal layer through the colonoscope working channel. There is

never any damage to the intestinal mucosa using this technique.
The resulting mixture was aspirated into a sterile container
through the colonoscope working channel without difficulty and
represents our MLI samples. We routinely obtain between 40 and
80mL of MLI aspirates from colon endoscopies along the length
of the region of colon of interest. After MLI collection, biopsy
samples were collected at the same location. MLI aspirates were
immediately placed on ice in the endoscopy suite, promptly
transferred to the lab, mixed to ensure they were homogenous,
aliquoted, and stored at −80 °C. Biopsies were flash frozen on dry
ice in the endoscopy suite and stored at −80 °C until further
processing. In total, 18 MLI and 10 matched biopsy samples were
collected. To assess the potential impact of freezing on MLI
aspirates, we collected samples from a separate cohort and
processed the MLI aspirates immediately and after freezing at
−80 °C.
We also collected stool samples from 11 patients as this is a

readily available source of microbes that is commonly used in
microbiota studies. Stools were collected by each subject, stored
at −20 °C prior to transport to the CHEO and immediately stored
at −80 °C until further processing.

Quantifying 16S rRNA gene copy numbers by qPCR
The copy number of 16 rRNA genes present in samples was
determined by conducting absolute qPCR on metagenomic DNA
using an Applied Biosystems 7500 and universal 16S rRNA primers
331F (5′-TCCTACGGGAGGCAGCAGT-3′) and 797R (5′-GGACTAC
CAGGGTATCTAATCCTGTT-3′).26 The standard curve for total 16S
rDNA gene copy numbers was constructed from Fusobacterium
nucleatum ATCC 10953 amplicons. DNA from a pure culture of F.
nucleatum was extracted as done for the metagenomic samples,
and the 16S sequence was amplified using the 331F/797R primers.
The resulting amplicons were purified, quantified, and aliquots
containing 107, 106, 105, 104, 103, and 102 copies prepared. Ct
threshold values were determined for each concentration by
qPCR. qPCR reaction conditions were as follows: 30 ng template
DNA with 1 μM of each primer in 25 µL reaction mixture and
QuantiFast SYBR Green PCR master mix (Qiagen). The amplifica-
tion conditions were 5 min at 95 °C followed by 40 cycles of 95 °C
for 10 s and data collection at 66 °C for 1 min. The number of 16S
rRNA gene copies/µg DNA was determined for nine MLI aspirates
and mucosal biopsies in duplicate. A Wilcoxon's matched-pair
signed-rank test in GraphPad Prism (GraphPad, La Jolla, CA, USA)
was used to statistically compare the results.

V6–16S rRNA gene library construction
Metagenomic DNA extraction, V6–16S rRNA gene library con-
struction and sequencing was done as previously described.19

Briefly, metagenomic DNA was extracted using beads beating and
V6–16S rRNA gene libraries constructed using two sequential PCR
reactions. For MLI samples, 2 mL of collected aspirate was pelleted
and used for metagenomic DNA extraction; for biopsies, the entire
biopsy was used. All V6–16S rRNA gene libraries were constructed
from 50 ng input DNA, except for the technical replicates used to
identify the contaminate operational taxonomic units (OTUs). In
these experiments, 10-fold serial dilutions of the input DNA were
used instead (resulting in 50, 5, 0.5, and 0.05 ng inputs). Negative
controls were constructed using sterile water as the template.
Final amplicons were subsequently gel extracted (serial dilutions
and negative controls were extracted even if no amplicon band
was visible) and equal masses pooled for 100 bp paired-end
sequencing on a HiSeq 2500 at the Center for Applied Genomics
(Toronto, ON, Canada).
To assess the potential impact of freezing and sample volumes

on MLI aspirate profiling results, we collected samples from a
separate cohort and processed the MLI aspirates immediately and
after freezing at −80 °C. We also profiled MLI microbial commu-
nities from aspirates volumes of 2, 4, 6, and 10mL. These samples
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were processed separately from the matched sample types and
subjected to V6 amplicon profiling using an Ion Torrent PGM as
previously described.19

Read processing and OTU picking
Raw reads were processed as previously described.19 Briefly, raw
sequencing reads were quality filtered and demultiplexed prior to
OTUs picking. The demultiplexed reads are available at the NCBI
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under
accesssion number PRJNA395534. QIIME 1.8.027 was used to
identify OTU using a closed reference strategy against the
Greengenes 13.5 database, OTUs with <2 counts were removed
and the data were analyzed using phyloseq.28

Identifying potential contaminant OTUs
To identify potential technical contamination, we characterized
the microbiota in four 10-fold serial dilutions of the DNA extracted
from MLI aspirates (libraries were constructed from 50, 5, 0.5, and
0.05 ng input DNA). The OTU table with these samples was
extracted and rarefied to 20,000 reads. Correlations between OTU
relative abundances and the amount of DNA used for library
construction was evaluated using Spearman, Kendall, and Pearson
correlations. The DNA amount used for library construction was
log10 transformed for the Pearson correlation. Correlations with a
Benjamini and Hochberg false discovery rate corrected p < 0.05
were considered significant. The OTUs with significant negative
correlations were iteratively removed from the negative controls
based on their correlation values to assess their contribution to
the reads seen in the negative controls (Supplemental Figure S1).
Removing OTUs with a Spearman ρ < −0.7 reduced the number of
reads in the negative control by >99% and these 26 OTUs were
removed from all samples for subsequent analyses (Supplemental
Figure S2, Supplemental Table S2). The raw data and annotated R
code used to identify the potential contaminant OTUs are
included as supplemental files (Supplemental Dataset 1, Supple-
mental Dataset 2).

Microbial community analyses
Differences between groups were assessed using either a
Kruskal–Wallis test with Dunn’s post hoc or Mann–Whitney test
as appropriate. Principal coordinate analysis (PCoA) was con-
ducted to compare the β-diversity between samples rarefied to
20,000 reads and the variation explained by different metadata
was assessed using adonis.29 When required, p values were
corrected for multiple tests using the Benjamini and Hochberg
approach and an FDR corrected p < 0.05 was considered
significant.
LEfSe30 was used to identify differences in taxa abundance

sample types. The raw OTU table was first filtered to remove OTUs
that were not present in ≥10% of the samples within at least one
group to reduce noise and the samples were then rarefied to
20,000 reads. A log10 linear discriminant analysis significant
threshold ≥2 and p <0.05 was considered significant. The samples
processed from both fresh and frozen MLI aspirates were rarefied
to 8,000 reads and subjected to PCoA to assess the impact of
freezing on MLI aspirate communities.

RESULTS
Study cohort
A total of 18 children (5–18 years old) were included in the
current study. The colonoscopy was medically indicated due to
one or more symptoms such as weight loss, colonic polyp
screening, prolonged unexplained non-infectious diarrhea, and/or
abdominal pain. All recruited subjects exhibited a macroscopically
normal mucosa with endoscopy and microscopically normal colon
on histological examination of the biopsies (Supplemental
Table S1).

MLI aspirates generate higher microbial biomass as compared to
mucosal microbiota
DNA extractions from individual biopsies yielded 10.7 ± 1.8 µg
total DNA (mean ± SEM). In contrast, DNA extractions from 2mL of
our 40–80mL MLI aspirate sample volumes typically resulted in
9.07 ± 0.32 µg total DNA. To test the efficiency of aspirates in
collecting intestinal microbiota, we compared the 16S rRNA gene
copy number/µg total DNA for nine paired MLI aspirates and
mucosal biopsies using qPCR with universal primers. The average
number of 16S rRNA gene copies/µg DNA was 104-fold greater in
MLI aspirates than mucosal biopsies (Fig. 1). Samples with low
microbial biomass are more vulnerable to contamination from
downstream methodologies that may lead to inconsistencies.14,15

To test the impact of the microbial biomass content on the
intestinal microbiota composition, we prepared serial dilutions of
the DNA extracted from MLI aspirates and compared the
microbiota composition retrieved from these dilutions to that of
mucosal biopsies collected from the same children. We also
constructed four negative control sequencing libraries where
sterile water was used as the template. PCoA demonstrated that
clustering of the microbiota was heavily biased on the amount of
input DNA used for library construction (Fig. 2a, b). This visual
clustering was confirmed by analyzing the variation explained by
different covariates, with patient source and input DNA amount
yielded fairly similar results (Table 1). Moreover, it was apparent
that lowering the amount of input DNA in MLI aspirates resulted in
the microbiota becoming more similar to the negative controls
(Fig. 2b). In contrast to the undiluted MLI aspirates, many of the
biopsy samples clustered with the negative controls and other
highly diluted samples, suggesting that their composition was
primarily derived from technical contaminants.
We thus assessed whether the MLI/biopsy samples derived from

low inputs of microbial biomass could be improved by removing
technical contaminants. We tested the correlation between the
OTU relative abundance and the amount of input DNA used for
library construction using the Spearman correlation as previously
proposed,13 along with the Kendall/Pearson correlations. OTUs
with significant negative correlations (p < 0.05) were iteratively
removed from the negative controls based on their coefficient
values (Supplemental Figure S1). We found that the Spearman
correlation was more sensitive in detecting potential outliers with
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Fig. 1 Mucosal–luminal interface (MLI) aspirates are efficient in
collecting intestinal microbiota. The number of matched 16S
ribosomal RNA (rRNA) gene copies from MLI aspirates or mucosal
biopsies. The middle horizontal black line represents the median
and pluses represent the mean. (**p < 0.01)
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significant negative correlations as compared to the Kendall/
Pearson correlations. Removing the 26 OTUs with a Spearman
ρ ≤ −0.7 was sufficient to remove >99% of the reads present in
the negative controls, suggesting that these OTUs were true
contaminants (Supplemental Table S2). Interestingly, repeating
the PCoA analysis after filtering out these contaminant OTUs
resulted in the MLI samples and mucosal biopsies clustering
primarily by patient source and not by input DNA amount or
sample type (Fig. 2c, d). In addition, the amount of variation
explained by patient source became the dominant factor
explaining the clustering pattern (Table 1). These results
demonstrate that while low biomass samples such as biopsies
can be heavily influenced by technical contamination, they can be
highly representative of the original microbial community once
this contamination is identified and removed. To note, contami-
nant OTUs represented 61.9 ± 9.67%, 0.06 ± 0.0005%, and 0.06 ±
0.0006% (mean ± SEM) of the total microbial population detected
from mucosal biopsies, MLI aspirates, and stools, respectively,
revealing that biopsies were the only sample type significantly
affected by methodological contaminants.
We also sought to assess the impact of freezing on the MLI

microbiome composition by comparing MLI aspirates processed

for DNA extraction immediately vs. those that were frozen at −80 °
C. PCoA demonstrated that freezing the samples had minimal
impact on the microbiota composition when compared to either
patient source or sampling location (Supplemental Figure S3,
Supplemental Table S3). In addition, we tested whether the MLI
aspirate volume used for the 16S rRNA gene amplicon library
construction impacted the overall composition of the microbial
community profiled (Supplemental Figure S4) and found that 2 mL
aliquots were sufficient to accurately reflect the MLI aspirate
microbial profile.

Patient microbiotas are highly personal across MLI aspirates,
mucosal biopsies, and stool samples
We then proceeded to assess microbial diversity in MLI aspirates,
mucosal biopsies, and stool samples after removing contaminant
OTUs. Stools showed a significantly higher richness (Chao1 index)
and diversity (Shannon index) as compared to the biopsies
or aspirates (p < 0.05; Fig. 3a, b). To gain a general overview of
the gut microbiota similarity among the three sample types, we
conducted PCoA and did not observe any separation between the
samples based on the sample type (Fig. 3c). Instead, the samples
appeared to cluster based on patient source (Fig. 3d). This was
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also apparent in the variation explained by each metadata factor,
with patient source explaining the majority of the clustering
(Table 1).
Given that interpatient variation was dominant in our samples,

we sought to assess how similar the MLI aspirates were to both
biopsy and stool samples by comparing matched patient samples
after contaminant removal. We found that the MLI aspirates are
significantly more similar to biopsies as compared to stool
samples when using the Bray–Curtis dissimilarity (Fig. 4a) or
weighted-Unifrac distance metric (Fig. 4b), but not when employ-
ing the unweighted-Unifrac distance metric (Fig. 4c).
We also compared the abundance of various taxa present in

each sample type. The phyla Firmicutes, Bacteroidetes, and
Proteobacteria accounted for 98% of the total relative abundance
in each sample type (Fig. 5a). Firmicutes and Bacteroidetes
showed an inverse relationship across the three sample types.
Bacteroidetes showed a gradient decrease from biopsy to aspirate
to stool samples, while Firmicutes showed an increasing gradient
(p < 0.05). The high interpatient variation and our limited sample
number precluded an OTU level analysis of the differentially
abundant microbes. Instead, we employed LEfSe30 to identify taxa
that were characteristic of each sample type at each phylogenic
level. This analysis identified numerous taxa that were associated
with each sample type (Fig. 6, Supplemental Table S4). The top
feature for biopsy samples was an enrichment of Bacteroides spp.,
followed by enrichment of the order Bacillales and various
Staphylococcus-related taxa (at the order, genus, and species
levels). In contrast, the top features in aspirates were related to
Lachnospiraceae or Enterococcus taxa. Stools showed general
enrichment of Firmicutes taxa, especially unclassified taxa
belonging to the Clostridiales order.

DISCUSSION
Currently, collecting mucosal biopsies is the most common
methodology to sample mucosal microbiota at specific sites
within the gastrointestinal tract. Stools are also frequently
employed to survey microbiota communities as they are easily
collected, non-invasive, and supply ample biological material for
experimentation. However, it has become increasingly obvious
that stools are poor proxies for regional changes that may occur in
the gut.2–4,6,7 Stool is an amalgamation of microbiotas from the
entire gastrointestinal tract and is most similar to the luminal
microbiota from the descending colon.11 Indeed, stool is
increasingly less representative of the gastrointestinal tract
microbiota as one moves away from the rectum.11,31 While
biopsies will profile a specific site within the gut, they are typically
quite small and may not yield sufficient biological material for
multiple experiments. In addition, there are several reports
suggesting that the tightly adherent and loosely adherent
mucosal communities of the gut contain distinct and functionally
non-redundant bacterial communities.3–5

It should be noted that regardless of source, samples collected
for microbial community profiling must have sufficient microbial

biomass. We found that mucosal biopsies contain much less
microbial biomass as compared to MLI aspirates (Fig. 1) and were
often indistinguishable from negative controls and MLI samples
that had been diluted 1000× (Fig. 2a, b). In fact, identifiable
contaminants represented on average ~62% of the total micro-
biota identified from mucosal biopsies compared to ~0.06% in MLI
aspirates or stool samples. Removing these contaminants from
mucosal biopsies resulted in samples clustering by source
individual as would be expected (Fig. 2c, d). Thus, it is likely that
the low microbial biomass in mucosal biopsies is often swamped
by reagent/laboratory contaminants, which may lead to incon-
sistent and misleading findings. Indeed, a recent report comparing
colonic lavages to unwashed biopsy samples also noted the
enrichment of likely contaminants in their biopsy microbiota
results.17

There have been numerous reports describing the microbiota
communities present in low biomass sample types such as
breastmilk,32 blood,15,33 and the placenta.34,35 These attempts to
characterize microbiota communities in low biomass samples
haves highlighted some of the technical challenges inherent in
using PCR-based profiling of microbial communities.14,15,36 Indeed,
as others have previously noted,16 many of the “core” microbiota
present in these samples are common contaminants within DNA
extraction kits,14 PCR reagents,15 and ultra-pure water facilities.37

Many groups have begun to include positive controls to assess
their microbiota profiling pipelines using in-house or commercially
available mixtures. However, these controls are typically included
under ideal conditions (i.e., at high concentration) that may not be
representative of low biomass samples. Serially diluting represen-
tative samples known to contain high levels of bacterial biomass
to assess the presence of contaminants can thus overcome these
limitations. Moreover, we propose assessing the efficiency of
contaminant removal to negative controls sequenced alongside
true samples. We found that the Spearman correlation out-
performed Kendall/Pearson correlations and that setting a thresh-
old of ρ < −0.7 removed >99% of the reads present in our
negative sequencing control. Each metric can be easily tested
using the framework proposed above to find the optimal
approach and threshold for each unique experimental setup. This
approach would also be able to discriminate between true taxa
that are part of the microbial community under study and
phylogenetically related contaminants. Similarly, we note that
existing positive control workflows could also be easily adapted to
this approach.
The MLI aspirates and mucosal biopsies collected in this study

exhibit lower microbial diversity as compared to stool samples
(Fig. 3a, b), as previously reported for biopsies vs. stool
samples.7,38,39 This is not surprising as stool microbiotas are
composed of free luminal microbiota in addition to the shed
mucosal microbiota from varying intestinal regions, whereas MLI
aspirate/biopsies are microenvironments with specific microbial
niches and communities. Our results indicate that the microbial
differences between different individuals are greater than the
differences between these microenvironments within the same

Table 1. Sample clustering associated with various metadata

Covariate MLI dilutions/biopsies prior to contaminant
filtering (Fig. 2a, b)

MLI dilutions/biopsies after contaminant
filtering (Fig. 2c, d)

All sample types (Fig. 3c,
d)

Sample type 0.0952 (0.001)* 0.0164 (0.002)* 0.0697 (0.001)*

Patient source 0.3758 (0.001)* 0.7938 (0.001)* 0.7014 (0.001)*

Amount of input DNA 0.3407 (0.001)* 0.0599 (0.001)* Not applicable

Residuals 0.1882 0.1299 0.2289

Adonis R2 values are displayed with p values within parenthesis and * indicating p <0.05
MLI mucosal–luminal interface
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individual (Fig. 3c, d). This finding is in agreement with other
reports profiling mucosal biopsies and luminal microbial commu-
nities.6 By employing matched patient samples, we found that MLI
aspirates were significantly more similar to biopsies as compared
to stool samples when employing classical (Bray–Curtis) or relative
abundance based (weighted-Unifrac) distance metrics (Fig. 4a, b).
However, biopsy samples contain numerous rare microbial taxa
that distinguish them from MLI aspirate samples (unweighted-
Unifrac, Fig. 4c), highlighting the unique microbial communities
that exist in close proximity to the gastrointestinal wall. It should
also be noted that the biopsy samples may still harbor technical
contaminants that were not able to be removed using our
bioinformatic pipeline. As such, these rare microbes may actually
be technical contaminants, and these could contribute to the

differences seen between the biopsy samples and their matched
stool/MLI aspirates. Additional carefully controlled studies (i.e.,
with appropriate negative and kit blanks etc.) with larger patient
cohorts would be required to fully distinguish between “true” rare
mucosal microbes and technical contamination.
The distinct microbial communities that exist within each

sample type were further highlighted when comparing differen-
tially abundant taxa. There was an inverse relationship between
Bacteroidetes and Firmicutes across all three sample types with
the presence of a gradient running from biopsies to aspirates to
stools (Fig. 5b). As befitting their status as an intermediate
between biopsies and stools, we identified fewer taxa as
biomarkers for aspirates10 as compared to either biopsies or
stools (>60 each) (Supplemental Table S4). In addition, other
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niche-specific factors might also contribute to the observed
biogeographic microbial distribution including the host secretion
of antimicrobial compounds and nutrient availability.8 These
results suggest that aspirates are well poised to serve as an
intermediary sample source that has features that straddle both
biopsies and stools while still retaining unique information on the
microbial composition in the human gastrointestinal tract.
Our collective findings reveal the utility of collecting MLI

aspirates to complement biopsies and stools as for characterizing
human microbial communities. Although the collection of MLI
aspirates is still an invasive approach, it is far less traumatic to the
intestinal epithelium, covers a larger surface area and generates a
higher microbial biomass as compared to mucosal biopsies. The
latter characteristic is important for avoiding technical contami-
nants and for performing multiple meta-omic studies on the same
sample. Indeed, MLI sampling typically results in 40–80mL of
aspirate (as compared to 5mL for colonic lavages17) and allows for
the same sample to be profiled using multiple experimental

setups including metaproteomics,20–24 16S rRNA gene profiling,19

shotgun metagenomics,22 and potentially other applications such
as metatranscriptomics or metabonomics. Additional advantages
of the MLI approach are that freezing MLI aspirates appears to
have minimal impact on the microbial composition as assessed via
16S rRNA amplicon profiling (Supplemental Figure S3), and the
rich biomass in MLI aspirates allows for a consistent microbial
community profile to be maintained when storing aliquots
(Supplemental Figure S4). This is an attractive feature for the
clinical implementation of MLI samples in multi-center cohort
studies to allow for batch sample processing.
In conclusion, sampling the MLI using aspirate washings during

colonoscopy has the potential to combine the strengths of both
stools and biopsies. In particular, MLI aspirates can mimic the
regional specificity of biopsies, but still provide comparable
biomass to stools. Moreover, MLI samples represent an important
sample type in their own right to characterize human microbiota
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communities. Only by combining all three sample types will we
achieve a complete picture of the human colonic microbiome,
from strongly adherent mucosal communities (biopsies) to the
more loosely mucosa-associated (MLI) and luminal (stool)
microbiota.
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