Published OnlineFirst April 10, 2018; DOI: 10.1158/1940-6207.CAPR-17-0370

Research Article

Spatial Variation of the Native Colon
Microbiota in Healthy Adults

Abstract

The microbiome has been implicated in the develop-
ment of colorectal cancer and inflammatory bowel dis-
eases. The specific traits of these diseases vary along the axis
of the digestive tract. Further, variation in the structure of
the gut microbiota has been associated with both diseases.
We profiled the microbiota of the healthy proximal and
distal mucosa and lumen to better understand how bac-
terial populations vary along the colon. We used a two-
colonoscope approach to sample proximal and distal
mucosal and luminal contents from the colons of 20
healthy subjects that had not undergone any bowel prep-
aration procedure. The biopsies and home-collected stool
were subjected to 16S rRNA gene sequencing, and random
forest classification models were built using taxa abun-
dance and location to identify microbiota specific to each
site. The right mucosa and lumen had the most similar

Introduction

The human colon is an ecosystem composed of numer-
ous microenvironments that select for different micro-
biota. Concentrations of oxygen, water, and antimicrobial
peptides change along the gut axis and influence which
microbiota reside in each location. Microenvironments
differ not only longitudinally along the colon, but also
radially from the epithelium to mucosa to intestinal
lumen, offering several sites for different microbial com-
munities to flourish. The identity of these specific micro-
biota and communities is important for understanding the
etiology of complex diseases such as colorectal cancer and
inflammatory bowel disease (IBD). Colorectal cancer and
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community structures of the five sites we considered from
each subject. The distal mucosa had higher relative abun-
dance of Finegoldia, Murdochiella, Peptoniphilus, Porphyro-
monas, and Anaerococcus. The proximal mucosa had more
of the genera Enterobacteriaceae, Bacteroides, and Pseudomo-
nas. The classification model performed well when classi-
fying mucosal samples into proximal or distal sides
(AUC = 0.808). Separating proximal and distal luminal
samples proved more challenging (AUC = 0.599), and
specific microbiota that differentiated the two were hard to
identify. By sampling the unprepped colon, we identified
distinct bacterial populations native to the proximal and
distal sides. Further investigation of these bacteria may
elucidate if and how these groups contribute to different
disease processes on their respective sides of the colon.
Cancer Prev Res; 11(7); 393-402. ©2018 AACR.

IBD can be preceded or accelerated by perturbations of the
structure of the gut microbiota (1-3). The manifestations
ofthese diseases are known to vary based upon the location
in which they occur. For instance, colorectal cancer that
arises in the distal (left) colon is of hindgut origin and
tends to have large chromosomal alterations indicative of
chromosomal instability (1). In contrast, colorectal cancer
arising in the proximal (right) colon is of midgut origin and
tends to be sessile and microsatellite instable (MSI with
BRAF and KRAS mutations; ref. 1). In addition to the
environmental gradients within the colon, the distal and
proximal sides of the colon differ in the amount of inflam-
mation present and the genomic instability of precancer-
ous cells, respectively (1, 4, 5). In IBD patients, disease
occurring in the distal colon extending proximally is usu-
ally indicative of ulcerative colitis (UC), whereas Crohn
disease (CD) can occur anywhere along the GI tract, most
commonly in the ileum and the cecum (2). UC presents as
continuous disease with only mucosal involvement,
whereas CD has skip lesions and full thickness involve-
ment that may cause abscesses, strictures, and fistulas (2).
Thus, given the varied physiology of the proximal-distal
axis of the colon and known differences in disease patterns
at these sites, symbiotic microbiota and their metabolites
likely vary as well, and may influence the heterogeneous
disease prognoses of IBD and colorectal cancer. Because
colorectal cancer can be a long-term complication of IBD,
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the distribution of microbiota is important to understand-
ing the pathophysiology of both diseases.

Several recent findings have shown that development
and progression of IBD or colorectal cancer can be attrib-
uted to specific molecular events as a result of interactions
between the gut microbiota and human host (1, 3, 6). For
instance, comparison of the bacteria present on colorectal
cancer tumors with those found on nearby healthy tissue
has identified specific species that are tumor associated (7).
Specific bacteria have also been identified in fecal samples
of patients with varying stages of colon tumorigenesis (8,
9). These species include the oral pathogens Fusobacterium
nucleatum and Porphyromonas asacharolytica. F. nucleatum
has also been found to be elevated in the stool and biopsies
of patients with IBD as compared with healthy controls
(10, 11). Furthermore, studies of F. nucleatum isolated from
mucosal biopsies showed that more invasive F. nucleatum
positively correlates with IBD disease level (10). Like many
intestinal pathogens, the bacteria appear to have a high
impact despite being lowly abundant in the community
(2). The physiology of these rare taxa may contribute to the
colonic disease state. These studies often examined only
shed human stool or the small intestine, preventing fine-
resolution analysis of paired samples from the proximal
and distal sides of the colon. Similarly, comparisons of on-
or off-tumor/lesion bacteria rarely have matched tissue
from the other side of the colon from the same, disease-
baring patient, limiting what conclusions can be drawn
about the colonic microbiome overall, let alone at that
specificsite (12). Dueto these limitations, the contribution
of the gut microbiota to colorectal cancer and IBD disease
location in the colon is largely undefined. Characterizing
these communities in healthy individuals could provide
needed insight into disease etiology, including how the
disruption of the healthy community could promote the
initiation or proliferation of the distinct proximal and
distal colorectal cancer tumors or IBD flares.

The few existing profiles of the microbial spatial varia-
tion of the colon have been limited by sample collection
methods. The majority of human gut microbiome studies
have been performed on whole shed feces or on samples
collected during colonoscopy or surgery (5). While inva-
sive methods allow investigators to acquire samples from
inside the human colon, typically these procedures are
preceded by the use of bowel preparation methods, such as
the consumption of laxatives to cleanse the bowel. Bowel
preparation is essential for detecting cancerous or precan-
cerous lesions in the colon, but complicates microbiome
profiling as the chemicals strip the bowel of contents and
disrupt the mucosal layer (13, 14). As such, what little
information we do have about the spatial distribution of
the microbiota in the proximal and distal colon is con-
founded by the bowel preparation procedure.

Here, we address the limitations of previous studies and
identify the microbes specific to the lumen and mucosa of
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the proximal and distal healthy human colon. We used an
unprepared colonoscopy technique to sample the natural
community of each location of the gut without prior
disruption of the native bacteria in 20 healthy volunteers.
To address the inherent interindividual variation in micro-
biota, we used a machine-learning classification algorithm
trained on curated 16S rRNA sequencing reads to identify
the microbiota that were specific to each location. We
found that our classification models were able to separate
mucosal and luminal samples as well as differentiate
between sides of the colon based on populations of par-
ticular microbiota. By identifying the distinguishing micro-
biota, we are poised to ask if and how the presence or
disruption of the microbiota at each site contributes to the
development of the tumor subtypes of colorectal cancer in
the proximal and distal human colon.

Materials and Methods

Human subjects

The procedures in this study and consent were
approved by the Institutional Review Board at the Univer-
sity of Michigan Health System with protocol number
HUMO00082721. Subjects were recruited using the online
recruitment platform and were prescreened prior to enroll-
ment in the study. Exclusion criteria included: use of asprin
or NSAIDs within 7 days, use of antibiotics within 3
months, current use of anticoagulants, known allergies to
fentanyl, versed and benadryl, prior history of colon dis-
ease, diabetes, abdominal surgery, respiratory, liver, kidney
or brain impairments, undergoing current chemotherapy
or radiation treatment, and subjects who were pregnant or
trying to conceive. Twenty subjects who met the criteria
were selected and provided signed informed consent prior
to the procedure. There were 13 female and 7 male subjects
ranging in age from 25 to 64. Eighteen of the 20 subjects
had not used antibiotics within a year prior to the collec-
tion date and 2 had not used antibiotics within 6 months.
None of the subjects had medical conditions requiring
frequent or extended antibiotic use.

Sample collection

Atabaseline visit, subjects gave consent and were given a
home collection stool kit (Zymo). One to 7 days prior to
the scheduled colonoscopy, subjects collected whole stool
athome and shipped the samples to a research coordinator
on ice. Notably, subjects did not undergo any bowel
preparation method prior to sampling. On the procedure
day, subjects reported to the Michigan Clinical Research
Unit at the University of Michigan Health System. Subjects
were consciously sedated using fentanyl, versed and/or
benadryl as appropriate. A flexible sigmoidoscope was first
inserted about 25 cm into the colon and jumbo biopsy
forceps used to collect the luminal contents. Two luminal
samples were collected, and the contents were immediately
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deposited into RNAlater (Fisher) and flash-frozen in liquid
nitrogen. The forceps were withdrawn, and new biopsy
forceps were used to collect mucosal biopsies on sections of
the colon that were pink and free of stool matter. Three
mucosal biopsies were collected and flash-frozen in RNA-
later. These samples comprised the distal colon samples.
The sigmoidoscope was then withdrawn, and a pediatric
colonoscope was inserted to reach the proximal colon. The
proximal samples were taken from the ascending colon
proximal to the hepatic flexure at 75 to 120 cm depending
on the subject. Samples were then collected in the same
manner as was done in the distal colon and the colono-
scope was withdrawn. All samples were stored at —80°C.

Sample processing, sequencing, and analysis

DNA extraction was performed using the PowerMicro-
biome DNA/RNA Isolation Kit (Mo Bio Laboratories). For
tissue biopsies, Bond-Breaker TCEP solution (Fisher) and
2.8-mm ceramic beads (Mo Bio Laboratories) were added
to the bead-beating step to enhance DNA recovery from
mucosal samples. The resulting DNA was normalized to
equal concentrations across all samples and used as a
template for amplification of the V4 region of the 16S
rRNA gene, and fragments were sequenced on an [llumina
MiSeq as previously described (15). Sequences were curat-
ed using the mothur software as described previously (16).
The sequences were assigned a taxonomic classification
using a naive Bayesian classifier trained using a 16S rRNA
gene training set from the Ribosomal Database Project
(RDP; ref. 17) and clustered into operational taxonomic
units (OTU) based on a 97% similarity cutoff. Sequencing
and analysis of a mock community revealed the error rate
to be 0.018%. Samples were rarefied to 4,231 sequences
per sample in order to reduce the effects of uneven sam-
pling bias.

Diversity analysis was performed using the Simpson
diversity calculator and 6y calculator metrics in mothur
version 1.39.5 (16). fyc distances were calculated to deter-
mine the dissimilarity between two samples. Random
forest classification models were built using the AUCRF
R package using a leave-one-subject-out approach (18).
The random forest models were built using the full, non-
rarefied, dataset as input. For each model, the data were
split into a 19-subject training set and a 1-subject test set.
The model was built and cross-validated using 10-fold k
cross-validation (AUCRFcv) on the training set to estimate
the prediction error of the model. The resultant model was
then used to predict the outcome the left-out subject. This
process was repeated iteratively for all subjects and results
plotted as receiver operator characteristic curves using the
PROC R package (19). Resultant models were used to
identify the OTUs that were most important for classifying
each location. Species-level information for sequences of
interest was obtained by aligning the sequences to the
GenBank nucleotide database using blastn. The species
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name was used only if the identity score was >99% over
the full length of the contig and matched a single reference.

Statistical analysis

Differences in community membership at the phyla level
were tested using the analysis of molecular variance
(AMOVA) metric in mothur. Differences in yc distances
by location were tested using the Wilcoxon rank-sum test
adjusted for multiple comparisons using the Benjamini-
Hochberg procedure.

Data availability

16S rRNA gene sequence reads and experiment metadata
are available on the NCBI Sequence Read Archive (SRA) with
accession numbers SRP124947 and PRJNA418115. A repro-
ducible data analysis pipeline can be found at https://github.
com/SchlossLab/Flynn_LRColon_CancPrevRes_2017.

Results

Microbial membership and diversity of the proximal and
distal colon

Luminal and mucosal samples were collected from the
proximal and distal colons of 20 healthy individuals who
had not undergone bowel preparation (Fig. 1). Subjects
also collected stool at home 1 week prior to the proce-
dure. To characterize the bacterial communities present
at these sites, 16S rRNA gene sequencing was performed
on DNA extracted from each sample. As expected,
each site was primarily dominated by Firmicutes and
Bacteriodetes (Fig. 2A; ref. 20). Samples had varying levels
of diversity at each site, irrespective of the individual
(Fig. 2B). For example, the proximal mucosa was more
diverse than the distal for some individuals while the
opposite was true for others. Therefore, we could not
identify a clear pattern of changes in microbial diversity
along the gut axis.

To compare similarity between the proximal and distal
sides and within the lumen and mucosa, we compared the
community structure of these sites based on the relative
abundances of individual Operational Taxonomic Units
(OTU). Across all subjects, we observed wide variation
when comparing sample locations (Fig. 3A). Those ranges
did not follow a clear pattern on an individual basis.
However, when comparing median dissimilarity between
the communities found in the proximal lumen and muco-
sa, the proximal and distal lumen, the proximal and distal
mucosa, and the distal lumen and mucosa, we found that
the proximal lumen and mucosa were most similar to each
other than to the other samples (P < 0.005, Wilcoxon, BH
adjustment).

Fecal samples resemble luminal samples from the distal
colon

Next, we compared the luminal and mucosal samples
to the fecal sample of each subject. Amidst the large
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intersubject variation, we did identify significantly less
dissimilarity between the distal luminal sample and the
feces (Fig. 3B; P < 0.05, Wilcoxon, BH adjustment). Fur-
thermore, there was an even larger difference in the com-
munities found in the distal mucosa compared with the
fecal communities, indicating that the mucosa is as differ-
ent from the stool as compared with lumen (P < 0.0005,
Wilcoxon, BH adjustment). These results suggest that the
contents of the distal lumen were most representative of
the subjects' feces, and the mucosal microbiota are distinct
from the fecal and luminal communities.
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Figure 2.

Phylum-level relative abundance and diversity in the proximal and distal
human colon. A, Relative abundance of the top five bacterial phyla in each
sampling site. Each box represents the median and interquartile range.

B, Simpson diversity of the microbial communities at each location. The
horizontal lines represent the median values.

Cancer Prev Res; 11(7) July 2018

Figure 1.

Sampling strategy. A flexible
sigmoidoscope was used to sample
the distal colonic luminal contents and
mucosa. The scope was inserted
~25 c¢m into the subject, and biopsy
forceps were used to sample the
luminal contents (D, inset). A separate
set of biopsy forceps was used to
sample the distal mucosa (D, inset).
The sigmoidoscope was removed. A
pediatric colonoscope was inserted
and used to access the proximal colon
(P, inset). Biopsies were taken of the
proximal luminal contents and mucosa
as described. One week prior to the
procedure, stool was collected at
home and sent into the laboratory.
Representative images from one
individual are shown.

Interpersonal community variation is greater than the
variation between sites

To determine what factors may have driven the differ-
ences seen among the samples, we compared the commu-
nity dissimilarity between samples from all subjects (inter-
personal) versus samples from within one subject (intra-
personal). We found that samples from one individual
were far more similar to each other than to matched
samples from the other subjects (Fig. 3C); this is consistent
with previous human microbiome studies that have sam-
pled multiple sites of the human colon (21-23). Thus,
interpersonal variation drove the differences between sam-
ples more than whether the sample came from the proximal
or distal side of the colon or from the lumen or mucosa.

Random forest classification models identify important
OTUs on each side

To identify OTUs that were distinct at each site, we
constructed several random forest models trained using
OTU relative abundances. We built the first model to
classify the luminal versus mucosal samples for the prox-
imal and distal sides, independently (Fig. 4A). The models
performed well when classifying these samples (proximal
AUC = 0.716; distal AUC = 0.862). The OTUs that were
most predictive of each site were identified by their greatest
mean decrease in accuracy when removed from the model.
For distinguishing the proximal lumen and mucosa, OTUs
affiliated with the Bacteriodes, Actinomyces, Psuedomonas,
and Enterobacteraceae were included in the best model
(Fig. 5A). The model to differentiate between the distal
lumen and mucosa included OTUs affiliated with the
Turicibacter, Finegoldia, Peptoniphilus, and Anaerococcus (Fig.
5B). These results indicated that there were fine differences
between the different sites of the colon, and that these
could be traced to specific OTUs on each side.

Next, we built a random forest model to differentiate
the proximal and distal luminal samples. The model
performed best when distinguishing the proximal versus
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distal mucosa (Fig. 4B; AUC = 0.808), whereas the model
to differentiate between the proximal versus distal lumen
performed poorly (AUC = 0.599). The OTUs included in
the model differentiating the distal and proximal mucosa
included members of the Porphyromonas, Murdochiella,
Finegoldia, Anaerococcus, and Peptoniphilus (Fig. 6A). The
model that attempted to separate the proximal and distal
lumen included OTUs affiliated with the Bacteroides, Clos-
tridium 1V, and Oscillibacter (Fig. 6B). Interestingly, Anae-
rococcus and Finegoldia were distinct between the mucosa
and lumen and also helped to differentiate between the
proximal and distal sides.

Bacterial OTUs associated with colorectal cancer and IBD
are found in healthy individuals

Given that specific bacterial species have been associated
with colorectal cancer and IBD, we probed our sample set

www.aacrjournals.org
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forthese OTUs. Among our 100 samples, the most frequent
sequence associated with the Fusobacterium genus was
OTU179, which aligned via blastn to Fusobacterium nucle-
atum subsp animalis (100% over full length). This is the only
species of Fusobacterium known to have oncogenic prop-
erties and be found on the surfaces of colorectal cancer
tumors (24). There were 14 samples from 8 subjects with
the F. nucleatum subsp. animalis sequences. Of the samples
with the highest relative abundance of F. nucleatum subsp.
animalis, four of the samples were from the proximal
mucosa and three from the distal mucosa (Supplementary
Fig. S1A). The second most frequent Fusobacterium
sequence was OTU472, which aligned with 99% identity
to F. varium. In addition to F. nucleatum, F. varium has been
associated with IBD (25). Four subjects harbored F. varium
and the samples were split evenly between the proximal
and distal mucosa (Supplementary Fig. S1B). OTU152 was
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Figure 4.

Random forest classifies locations in the colon. A, Receiver operator
characteristic curves are shown for the random forest model classifying lumen
and mucosal samples for the distal (red) and proximal (blue) sides of the colon.
B, Receiver operator characteristic curves are shown for the 10-fold cross-
validation of the random forest model classifying distal mucosa vs. proximal
mucosa (green) and distal lumen versus proximal lumen (purple).

similar to the members of the Porphyromonas genus and the
most frequent sequence in that OTU aligned to Porphyr-
omonas asacharolytica (99% over full length), another bac-
terium commonly detected and isolated from colorectal
tumors. OTU152 was only detected on the distal mucosa,
and in fact was one of the OTUs the classification model
identified as separating distal and proximal sides (Supple-
mentary Fig. S1C). Among the 11 distal mucosa samples
that were positive for P. asacharolytica, the relative abun-
dances for this OTU ranged from 0.01% to 16%. Thus,
disease-associated OTUs could be found in our sample set
of 20 healthy individuals.

Discussion

We identified bacterial taxa that were specific to the
lumen and mucosa of the proximal and distal sides of
the human colon using samples collected during an
unprepared colonoscopy of healthy subjects. We found

Cancer Prev Res; 11(7) July 2018

that all locations contained a range of phylum relative
abundances and a range of diversity, but that there was a
wide variability between subjects. Pairwise comparisons
of each of the sites revealed that the proximal mucosa
and lumen were most similar to each other. Further,
comparison of colonoscopy-collected samples with fecal
samples demonstrated that the distal lumen was most
similar to feces. Random forest models built using OTU
relative abundances from each sample identified micro-
biota that were particular to each location of the colon.
Finally, we were able to detect some bacterial OTUs
associated with colonic disease in our healthy cohort.
Using unprepped colonoscopies and machine learning,
we have identified bacterial taxa specific to the healthy
proximal and distal human colon.

When examining the relative abundance of the domi-
nant phyla at each site (i.e., Bacteriodes and Firmicutes),
there was a wide amount of variation. This likely reflects
not only the variability between human subjects, caused by
differences in age, sex, and diet, but may also reflect spatial
patchiness in the gut microbiome within a subject. Patch-
iness refers to inconsistent distribution of microbial popu-
lations due to fluctuations in local resources (26). One
study noted that the bacteria recoverable from the same
mucosal sample location can be vastly different when the
samples are taken just 1 cm away from each other (27).
Similar patchiness was also observed in luminal contents
and fecal samples themselves; there was separation of
different interacting microbes along the length of a stool
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Figure 5.

Taxa specific to the distal and proximal sides of the colon. Top five OTUs that
are most important for the classification model for the distal mucosa and
lumen (A) and the proximal mucosa and lumen (B). The vertical lines
represent the median values for each OTU.
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Figure 6.

Taxa specific to the distal and proximal mucosa and lumen. The five OTUs
that were most important in differentiating the distal and proximal
mucosa (A) and the distal and proximal lumen (B). The vertical lines
represent the median values for each OTU.

sample, for instance (28). A third study that sampled six
mucosal sites along the colon observed such patchiness in
two of the three study subjects (21). While our subjects
were not sampled frequently enough to draw specific
conclusions about patchiness along the unprepped colon,
we did observe some specific differences in mucosal versus
luminal samples at the phylum level. The mucosal samples
harbored more Proteobacteria, consistent with previous
studies comparing mucosal swabs to luminal content in
humans (4). However, we must still consider that the
results from phyla analysis may have been impacted by
intersubject patchiness.

To get around the noisiness from a diverse set of
samples, we built random forest classification models
to identify the microbiota that were specific to each side
and in the lumen and mucosa. For each comparison
we identified the top five OTUs that were strongly pre-
dictive of one site or another. Generally, OTUs identified
in each location were consistent with known physiolog-
ical gradients along the gut axis (5). For instance, the
proximal mucosa contains the highest oxygen concen-
trations of the colon and harbored mucosa-associated
facultative anaerobes such as Actinomyces and Enterobac-
teraceae and aerobic Psuedomonas. The distal mucosa was
far more likely to host strictly anaerobic species such as
Porphyromonas, Anaerococcus, Finegoldia, and Peptoniphi-
lus. Thus, the gut microenvironment of each location
likely enriches for these specific microbiota.
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In addition to identifying features that are specific to
each side of the gut, the ability of the random forest to
classify samples can serve as a proxy for similarity. That is, a
higher AUC value indicates the samples are more efficiently
classified (and thus more different) than a model with a
lower AUC value. For instance, the model separating the
proximal and distal mucosa had an AUC of 0.599,
whereas the model for classifying the proximal and distal
lumen had a much lower AUC of 0.580. Further, the
latter model required 44 OTUs to best separate the
samples, whereas the models separating the mucosa only
needed 10 OTUs. The much lower AUC and need for a
high number of features compared with other models
suggest that these locations are the most similar of the
comparisons tested. We speculate that the model was less
effective at classifying the proximal and distal luminal
contents because the mucosal microenvironments have
more variable selective pressure along the colon than the
luminal microenvironments.

We detected F. nucleatum and P. asacharolytica in 8 and 5
of our subjects, respectively. These bacteria have been
shown to be predictive of colorectal cancer in humans
(9) and have oncogenic properties in cell culture and in
mice (29). Though the bacteria are known to colocalize on
colorectal cancer tumors, in our study F. nucleatum was
found on both sides of the colon while P. asacharolytica was
detected only in the distal mucosa. Not much is known
about the distribution of P. asacharolytica along the healthy
colon, but given its anaerobic lifestyle and asacharolytic
metabolism, it is perhaps not surprising that our study
detected the bacteria primarily in the less-oxygen-rich and
protein-rich distal mucosa (4). In studies examining bac-
teria on colorectal cancer tumors, F. nucleatum was more
commonly detected on proximal-sided tumors, and dis-
tribution of F. nucleatum decreased along the colon to
rectum (30). Of the 8 (40%) individuals positive for F.
nucleatum in our study, the bacterium was spread across the
proximal mucosa, distal lumen, and distal mucosa. The
Fusobacterium species nucleatum and varium have been
commonly isolated from mucosal biopsies of patients with
IBD and UC (25, 31). In our study, F. varium was only
detected in three subjects, and two of those samples were
isolated from the proximal mucosa (Supplementary Fig.
S1B). F. varium is most commonly isolated from UC
patient biopsies from the ileum or cecum (adjacent to the
proximal colon; ref. 32), suggesting this species may exhib-
it preference for the higher oxygen content of these gas-
trointestinal sites.

Spatial organization of Fusobacteria and other bacterial
species into polymicrobial biofilms that can invade the gut
mucosa has been linked to colorectal cancer (33). The
biofilms promote tumorigenesis by allowing bacteria to
grow near the epithelium, inducing inflammation, geno-
toxicity, and metabolic changes that favor tumor cell
growth (33). In one study of colorectal cancer biofilms
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and tumors, all of the proximal tumors examined con-
tained a polymicrobial biofilm on the tumor mucosa (7).
Further examination of these tumors identified Fusobacteria
species as members of the biofilm. These results indicate
that it is not only the presence of the bacterium but the
tumor community as a whole that contributes to tumor-
igenesis (7). A "driver-passenger” model has been pro-
posed as a mechanism for biofilm assembly in the gut (34,
35). In this model, "driver" species such as Fusobacterium
spp and Porphyromonas spp exert tumorigenic effects locally
and create a niche for adherence of "passenger" species that
comprise the rest of the biofilm (34, 35). Thus, the distri-
bution of these disease-associated microbes in healthy
patients is of interest as their presence can be predictive
of disease prior to the onset of symptoms (9). A better
understanding of the early microbial changes in the gut
microbiome is essential for elucidating a mechanism for
development of colorectal cancer or IBD subtypes in the
proximal or distal colon.

Specific comparisons of our findings to previously pub-
lished studies of spatial variation are confounded by the
use of bowel preparation methods. A rare report of a
matched-colonoscopy study sampled 18 patients' colonic
mucosa and luminal contents prior to and after bowel
cleansing (36). This study found that mucosal and luminal
samples were distinguishable prior to bowel cleansing, but
that bowel preparation resulted in an increase in shared
OTUs between each site (36). After 7 days, bowel cleansing
not only made the samples more difficult to distinguish,
but it also decreased the diversity observed across sites.
Bowel preparation clearly biases the representation of
microbiota recovered from sampling the lumen or mucosa.

By revealing specific differences in microbial popula-
tions at each location in the gut via sampling an unpre-
pared bowel, we can begin to form hypotheses about how
specific host-microbe interactions can affect disease pro-
gression of proximal and distal colorectal cancer and IBD
subtypes. Future investigation of these samples using
metagenomics and metatranscriptomics would illuminate
the microbial activities in these gut microenvironments.
Further, combining this approach with a more compre-

References

1. Yamauchi M, Lochhead P, Morikawa T, Huttenhower C, Chan AT,
Giovannucci E, et al. Colorectal cancer: a tale of two sides or a
continuum?: Figure 1. Gut 2012;61:794-7.

2. Forbes]D, Van Domselaar G, Bernstein CN. The gut microbiota
in immune-mediated inflammatory diseases. Front Microbiol
2016;7:1081.

3. Halfvarson J, Brislawn CJ, Lamendella R, Vazquez-Baeza Y, Wal-
ters WA, Bramer LM, et al. Dynamics of the human gut micro-
biome in inflammatory bowel disease. Nat Microbiol 2017;2:
17004.

4. Albenberg L, Esipova TV, Judge CP, Bittinger K, Chen J, Laughlin
A, et al. Correlation between intraluminal oxygen gradient and
radial partitioning of intestinal microbiota. Gastroenterology
2014;147:1055-63.e8.

400 Cancer Prev Res; 11(7) July 2018

hensive sampling strategy along the unprepped colon
could enhance microbiome-based screening and treatment
modalities for colon disease.

Disclosure of Potential Conflicts of Interest

P.D. Schloss reports receiving a commercial research grant from
Janssen Pharmaceuticals and has received and expert testimony from
Blood Hurst & O'Reardon, LLP. No potential conflicts of interest were
disclosed by the other authors.

Authors' Contributions

Conception and design: KJ. Flynn, M.T. Ruffin IV, D.K. Turgeon,
P.D. Schloss

Development of methodology: KJ.
D.K. Turgeon, P.D. Schloss

Acquisition of data (provided animals, acquired and managed
patients, provided facilities, etc.): KJ. Flynn, M.T. Ruffin IV,
D.K. Turgeon, P.D. Schloss

Analysis and interpretation of data (e.g., statistical analysis, bio-
statistics, computational analysis): KJ. Flynn, M.T. Ruffin IV,
P.D. Schloss

Writing, review, and/or revision of the manuscript: KJ. Flynn,
M.T. Ruffin IV, D.K. Turgeon, P.D. Schloss

Administrative, technical, or material support (i.e., reporting or
organizing data, constructing databases): K.J. Flynn, D.K. Turgeon,
P.D. Schloss

Study supervision: D.K. Turgeon, P.D. Schloss

Flynn, M.T. Ruffin 1V,

Acknowledgments

We thank all the individuals who volunteered for the study. This
work was supported by the Rose and Lawrence C. Page Foundation (D.
K. Turgeon). We would also like to thank Brian Kleiner, Chelsea
Crofoot, and Kirk Herman for their roles in study coordination,
subject recruitment, sample collection, and sample processing. Thanks
also to GI Fellows Drs. Amy Hosmer, Alexander Larson, and Anna
Tavakkoli, who assisted Dr. Turgeon with the colonoscopies.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

Received November 15, 2017; revised February 16, 2018; accepted
April 3, 2018; published first April 10, 2018.

5. Donaldson GP, Lee SM, Mazmanian SK. Gut biogeogra-
phy of the bacterial microbiota. Nat Rev Microbiol 2015;
14:20-32.

6. Kostic AD, Chun E, Robertson L, Glickman JN, Gallini CA,
Michaud M, et al. Fusobacterium nucleatum potentiates intesti-
nal tumorigenesis and modulates the tumor-immune microen-
vironment. Cell Host Microbe 2013;14:207-15.

7. Dejea CM, Wick EC, Hechenbleikner EM, White JR, Welch JLM,
Rossetti BJ, et al. Microbiota organization is a distinct feature of
proximal colorectal cancers. Proc Natl Acad Sci U S A
2014;111:18321-6.

8. McCoy AN, Araujo-Pérez F, Azcarate-Peril A, Yeh JJ, Sandler RS,
Keku TO. Fusobacterium is associated with colorectal adenomas.
PLoS One 2013;8:€53653.

Cancer Prevention Research

Downloaded from cancerpreventionresearch.aacrjournals.org on July 11, 2018. © 2018 American Association for Cancer
Research.


http://cancerpreventionresearch.aacrjournals.org/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Published OnlineFirst April 10, 2018; DOI: 10.1158/1940-6207.CAPR-17-0370

Baxter NT, Ruffin MT, Rogers MAM, Schloss PD. Microbiota-
based model improves the sensitivity of fecal immunochemical
test for detecting colonic lesions. Genome Med 2016;8:37.
Strauss J, Kaplan GG, Beck PL, Rioux K, Panaccione R, DeVinney
R, et al. Invasive potential of gut mucosa-derived fusobacterium
nucleatum positively correlates with IBD status of the host.
Inflamm Bowel Dis 2011;17:1971-8.

Brennan CA, Garrett WS. Gut microbiota, inflammation, and
colorectal cancer. Annu Rev Microbiol 2016;70:395-411.
Flemer B, Lynch DB, Brown JMR, Jeffery IB, Ryan FJ, Claesson MJ,
et al. Tumour-associated and non-tumour-associated microbiota
in colorectal cancer. Gut 2017;66:633-43.

Jalanka J, Salonen A, Salojarvi J, Ritari J, Immonen O, Marciani
L, et al. Effects of bowel cleansing on the intestinal microbiota.
Gut 2014;64:1562-8.

Harrell L, Wang Y, Antonopoulos D, Young V, Lichtenstein
L, Huang Y, et al. Standard colonic lavage alters the natural
state of mucosal-associated microbiota in the human colon.
PLoS One 2012;7:e32545.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD.
Development of a dual-index sequencing strategy and curation
pipeline for analyzing amplicon sequence data on the MiSeq
illumina sequencing platform. Appl Environ Microbiol 2013;
79:5112-20.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister
EB, et al. Introducing mothur: Open-source, platform-indepen-
dent, community-supported software for describing and com-
paring microbial communities. Appl Environ Microbiol 2009;
75:7537-41.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive bayesian classifier
for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl Environ Microbiol 2007;73:5261-7.

Calle ML, Urrea V, Boulesteix A-L, Malats N. AUC-RF: a new
strategy for genomic profiling with random forest. Hum Hered
2011;72:121-32.

Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C,
et al. pROC: An open-source package for r and s to analyze and
compare ROC curves. BMC Bioinformatics 2011;12:77.
Lloyd-Price J, Abu-Ali G, Huttenhower C. The healthy human
microbiome. Genome Med 2016;8:51.

Eckburg PB. Diversity of the human intestinal microbial flora.
Science 2005;308:1635-8.

Aguirre de Carcer D, Cuiv PO, Wang T, Kang S, Worthley D,
Whitehall V, et al. Numerical ecology validates a biogeograph-
ical distribution and gender-based effect on mucosa-associated
bacteria along the human colon. ISME ] 2010;5:801-9.

www.aacrjournals.org

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Spatial Variation of Native Colon Microbiota

Zhang Z, Geng J, Tang X, Fan H, Xu J, Wen X, et al. Spatial
heterogeneity and co-occurrence patterns of human mucosal-
associated intestinal microbiota. ISME J 2013;8:881-93.
Castellarin M, Warren RL, Freeman JD, Dreolini L, Krzywinski M,
Strauss J, et al. Fusobacterium nucleatum infection is prevalent in
human colorectal carcinoma. Genome Res 2011;22:299-306.
Lee Y, Eun CS, Lee AR, Park CH, Han DS. FusobacteriumlIsolates
recovered from colonic biopsies of inflammatory bowel disease
patients in korea. Ann Lab Med 2016;36:387.

Rougharden JD. Patchiness in the spatial distribution of a pop-
ulation caused by stochastic fluctuations in resources. Oikos
1977;29:52.

Hong P-Y, Croix JA, Greenberg E, Gaskins HR, Mackie RI. Pyr-
osequencing-based analysis of the mucosal microbiota in healthy
individuals reveals ubiquitous bacterial groups and micro-het-
erogeneity. PLoS One 2011;6:25042.

Stearns JC, Lynch MDJ, Senadheera DB, Tenenbaum HC, Gold-
berg MB, Cvitkovitch DG, et al. Bacterial biogeography of the
human digestive tract. Sci Rep 2011;1:170.

Sears CL, Garrett WS. Microbes, microbiota, and colon cancer.
Cell Host Microbe 2014;15:317-28.

Mima K, Cao Y, Chan AT, Qian ZR, Nowak JA, Masugi Y, et al.
Fusobacterium nucleatum in colorectal carcinoma tissue
according to tumor location. Clin Transl Gastroenterol 2016;
7:€200.

Ohkusa T. Induction of experimental ulcerative colitis by fuso-
bacterium varium isolated from colonic mucosa of patients with
ulcerative colitis. Gut 2003;52:79-83.

Ohkusa T, Sato N, Ogihara T, Morita K, Ogawa M, Okayasu .
Fusobacterium varium localized in the colonic mucosa of
patients with ulcerative colitis stimulates species-specific anti-
body. ] Gastroenterol Hepatol 2002;17:849-53.

Li S, Konstantinov SR, Smits R, Peppelenbosch MP. Bacterial
biofilms in colorectal cancer initiation and progression. Trends
Mol Med 2017;23:18-30.

Tjalsma H, Boleij A, Marchesi JR, Dutilh BE. A bacterial driver-
passenger model for colorectal cancer: beyond the usual suspects.
Nat Rev Microbiol 2012;10:575-82.

Flynn KJ, Baxter NT, Schloss PD. Metabolic and community
synergy of oral bacteria in colorectal cancer. mSphere 2016;1:
e00102-16.

Shobar RM, Velineni S, Keshavarzian A, Swanson G, DeMeo MT,
Melson JE, et al. The effects of bowel preparation on microbiota-
related metrics differ in health and in inflammatory bowel disease
and for the mucosal and luminal microbiota compartments. Clin
Transl Gastroenterol 2016;7:e143.

Cancer Prev Res; 11(7) July 2018

Downloaded from cancerpreventionresearch.aacrjournals.org on July 11, 2018. © 2018 American Association for Cancer

Research.

401


http://cancerpreventionresearch.aacrjournals.org/

Published OnlineFirst April 10, 2018; DOI: 10.1158/1940-6207.CAPR-17-0370

Downloaded from cancerpreventionresearch.aacrjournals.org on July 11, 2018. © 2018 American Association for Cancer
Research.


http://cancerpreventionresearch.aacrjournals.org/

Published OnlineFirst April 10, 2018; DOI: 10.1158/1940-6207.CAPR-17-0370

AAC American Association
for Cancer Research

Cancer Prevention Research

Spatial Variation of the Native Colon Microbiota in Healthy Adults
Kaitlin J. Flynn, Mack T. Ruffin IV, D. Kim Turgeon, et al.

Cancer Prev Res 2018;11:393-402. Published OnlineFirst April 10, 2018.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/1940-6207.CAPR-17-0370

Access the most recent supplemental material at:
http://cancerpreventionresearch.aacrjournals.org/content/suppl/2018/04/10/1940-6207.CAPR-17-0370.DC
1

Cited articles

This article cites 36 articles, 8 of which you can access for free at:
http://cancerpreventionresearch.aacrjournals.org/content/11/7/393.full#ref-list-1

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerpreventionresearch.aacrjournals.org/content/11/7/393.

Click on "Request Permissions” which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerpreventionresearch.aacrjournals.org on July 11, 2018. © 2018 American Association for Cancer

Research.


http://cancerpreventionresearch.aacrjournals.org/lookup/doi/10.1158/1940-6207.CAPR-17-0370
http://cancerpreventionresearch.aacrjournals.org/content/suppl/2018/04/10/1940-6207.CAPR-17-0370.DC1
http://cancerpreventionresearch.aacrjournals.org/content/suppl/2018/04/10/1940-6207.CAPR-17-0370.DC1
http://cancerpreventionresearch.aacrjournals.org/content/11/7/393.full#ref-list-1
http://cancerpreventionresearch.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerpreventionresearch.aacrjournals.org/content/11/7/393
http://cancerpreventionresearch.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




