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Structured Abstract

Objective—We aimed to examine associations between the oral, fecal and mucosal microbiome
communities and adenoma formation.

Summary Background Data—Data is limited regarding the relationships between microbiota
and preneoplastic colorectal lesions.

Methods—Individuals undergoing screening colonoscopy were prospectively enrolled and
divided into adenoma and non-adenoma formers. Oral, fecal, non-adenoma and adenoma-adjacent
mucosa were collected along with clinical and dietary information. 16S rRNA gene libraries were
generated using V4 primers. DADAZ2 processed sequence reads and custom R-scripts quantified
microbial diversity. Linear regression identified differential taxonomy and diversity in microbial
communities and machine learning identified adenoma former microbial signatures.

Results—One-hundred-four subjects were included, 46% with adenomas. Mucosal and fecal
samples were dominated by Firmicutes and Bacteroidetes while Firmicutes and Proteobacteria
were most abundant in oral communities. Mucosal communities harbored significant microbial
diversity that was not observed in fecal or oral communities. Random forest classifiers predicted
adenoma formation using fecal, oral, and mucosal amplicon sequence variant (ASV) abundances.
The mucosal classifier reliably diagnosed adenoma formation with an area under the curve
(AUC)=0.993 and an out-of-bag (OOB) error of 3.2%. Mucosal classifier accuracy was strongly
influenced by five taxa associated with the family Lachnospiraceae, genera Bacteroides and
Marvinbryantia, and Blautia obeum. In contrast, classifiers built using fecal and oral samples
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manifested high OOB error rates (47.3% and 51.1% respectively) and poor diagnostic abilities
(fecal and oral AUC = 0.53).

Conclusion—Normal mucosa microbial abundances of adenoma formers manifest unique
patterns of microbial diversity that may be predictive of adenoma formation.

Mini-Abstract

Fecal, oral swab and mucosal samples were obtained at time of screening colonoscopy and 16S
sequencing performed. Microbial abundances and diversity of patients with and without adenomas
were compared. We found that the fecal and mucosal-associated microbiomes were distinct, and
that the mucosal microbiome was highly predictive of adenoma status.

Introduction

Colorectal cancer (CRC) is a leading cause of cancer-related mortality! and has been
associated with increasing age as well as environmental, hereditary, dietary and behavioral
factors.2=> Recent findings suggest that CRC is associated with intestinal microbial
dysbiosis, or an imbalance in the microbiome that associates with a disease state.
Microbiomes may be evaluated multiple ways, including by quantifying the relative
abundance of specific microbial taxa, the byproducts they produce (e.g., metabolites), or
the ecological richness and diversity of the overall microbial community.

The healthy human intestine harbors dense and diverse microbial populations, with the
colon alone harboring approximately 1014 bacteria.”® While an individual’s microbiome

is relatively stable outside of infancy and advanced aging,®-! microbiota also have the
potential to contribute to human disease.1? One disease linked to microbial dysbiosis is
CRC.13-16 Most CRC studies related to the microbiome focus on later stages of the disease
and cancer-tissue specific microbiota.1” Since it is accepted that CRC follows the adenoma-
carcinoma sequence.819 we aimed to examine the changes in the microbiome apparent at
the pre-neoplastic stage of the adenoma. Study of the microbiome associated with adenomas
may help resolve the relationship between the microbiome and neoplasia over the course of
tumorigenesis. Altered microbial diversity has been identified in individuals with colorectal
adenomas.2021 Individuals with adenomas may also harbor potentially pathologic alterations
in the abundance of specific microbiota,20-23 which may possess virulence factors?324 or
synthesize oncogenic byproducts.12:21:2526 Most of the aforementioned studies rely on the
examination of fecal samples exclusively of individuals with adenomas. In addition, these
studies often include previously collected samples, some of which were greater than 10
years old or lacked clinical demographics. The current study is significant as we offer an
analysis of a cohort with rigorous sample collection of oral, fecal and mucosal samples with
associated patient data. We hypothesized that the microbiome associated with adenomas
would be distinctive than that of adenoma free individuals, and that these alterations in the
microbiome may help explain the risk of developing colorectal adenomas. In addition, we
aimed to examine whether fecal, oral and mucosal microbiota signatures similarly depict
microbial populations and if signatures can be used to predict adenoma formation.
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Subject enrollment

Patients undergoing screening colonoscopy at Oregon Health and Science University

were prospectively enrolled between October 2018-2019 following informed consent
(Institutional Review Board #17350). As comparable mean abundances were not available
in the literature at the time of study initiation, based enrollment goals on the sample

size required to show differences in comparable studies and were able only to perform a
retrospective power analysis to confirm that we were adequately powered to detect an effect
with a power of 80% and alpha = 0.05 with our sample size. Inclusion criteria were age =
18, English speaking, undergoing screening colonoscopy. Exclusion criteria were planned
diagnostic colonoscopy, failure to complete bowel preparation, failure to collect a stool
sample prior to bowel preparation, history of hereditary CRC syndrome and antibiotics
within 90 days. One-hundred-fourteen patients were enrolled, and 10 excluded (Fig 1). One
patient was excluded as the final polyp pathology demonstrated a colonic carcinoid tumor,
and three patients were excluded due to poor bowel preparation resulting in incomplete
colonoscopy. An additional six patients were excluded from the final analysis as they had
hyperplastic polyps resulting in a mucosal abnormality but not an adenoma.

Data collection and processing

Clinical data—Patients completed a medical and habits questionnaire and additional
information was extracted by study physicians from the electronic medical record.
Endoscopic reports and pathology reports for each lesion were obtained from the electronic
medical record.

Fecal and oral swab samples—Stool samples were obtained by patients using a
Zymo Research DNA/RNA Shield Fecal Collection Tube within the 24 hours preceding
the initiation of a polyethylene glycol-based bowel preparation. Samples were placed
immediately at —20°C and transferred to ~80°C at colonoscopy. Buccal mucosa samples
were collected with the Zymo Research DNA/RNA Shield Collection Tube with Swab and
stored at —80°C.

Mucosal samples—Normal mucosa from the right colon, left colon and rectum of each
subject was collected during colonoscopy using cold biopsy forceps. When polyps were
found, biopsies were taken 1-2mm from the polyp and classified as the microbiome of the
polyp. Mucosal samples stored in RNAlater at —80°C.

DNA Isolation—Microbial DNA was isolated from fecal, oral swab, and mucosal samples
with the DNeasy PowerSoil Pro kit following the manufacturer’s protocol. An additional
10-minute incubation at 65°C facilitated cellular lysis and was followed by bead beating

on the highest setting for 10-minutes using Vortex Genie 2 and a 24-sample vortex adaptor
(QIAGEN).
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Sequencing

Amplification of the 16S rRNA V4 region was performed as previously described using

the 515f and 806r primers in triplicate using 1uL of DNA.27:28 The resulting amplicon
libraries quantified using the Qubit® HS kit and pooled into three sequencing pools by
combining a total of 200ng of individual amplicon libraries. Library pools were purified
using the QIAquick PCR Purification Kit, diluted to a concentration of 10nM and submitted
to the Oregon State University Center for Genome Research and Biocomputing for cluster
generation and sequencing on an Illumina MiSeq instrument. Sequence reads were input
into DADA229 for quality filtering, amplicon sequence variant (ASV) calling (default
parameters), and taxonomic assignment against the Silva database (v128).30

Statistical analysis

Raw ASV tables filtered to remove non-prokaryotic ASVs and rarefied to a depth of
10,000 counts in R. Samples with less than 10,000 sequences were removed. Microbial
community richness and Shannon entropy were calculated in R. Generalized linear models
(fecal and oral) or generalized linear mixed models (mucosa) resolved relationships between
patient adenoma quantity and alpha-diversity. Models were built for each tissue type

(fecal, oral, mucosal) separately. Mixed models accounted multiple mucosal sampling
within patients. The same approach was used to calculate associations between adenoma
number and individual ASV abundances with false discovery controlled using gvalue
(R::qvalue::qvalue).31 Wilcoxon tests quantified differences in alpha-diversity between
adenoma formers and non-formers. Permutational multivariate analysis of variance defined
associations between microbiome beta-diversity and patient parameters. Community level
correlations for microbial abundance were calculated with linear models using patients for
which a complete sample set was available. Since multiple biopsies were collected for each
patient, the mean taxon intra-patient the mean taxon intra-patient mucosal abundance was
used for correlation.

Random forest analysis32evaluated if microbial abundance predicts adenoma formation.
Independent random forest classifiers were generated using fecal, oral, and mucosal ASV or
genera abundances in R (randomForest::randomForest, ntree=5000, mtry = \#ASV, replace
=T). For the mucosal ASV and genera classifiers one-thousand-fold cross-validation was
performed by training a model on a random subset of 90% of mucosal samples and
classifying the remaining samples. Mean error for cross validation was calculated as 1-
(#accurate classifications/total classifications).

Availability of data and materials

All code generated during this analysis is available at the following URL: https://github.com/
chrisgaulke/ohsu_combined_adenoma_data. The raw sequence files generated during the
current study are available at the NCBI Sequence Read Archive (SRA) project numbers
PRINA650009 and PRINA745994,
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Of the 104 patients included, the mean age was 60 years (range 41-78 years, SD +8.7).
Adenomas were identified in 46% of participants and most commonly located in the
ascending colon (58%) (Table 1). The vast majority of adenomas were tubular adenomas
(87%). Patients with and without adenomas were similar in terms of age, sex, body

mass index, race/ethnicity and family history of CRC (Supplemental Table 1). Significant
differences existed between adenoma formers in terms of smoking (26% controls, 48%
adenoma formers, p= 0.016; Supplemental Table 1). Conversely, regular activity was
associated with the absence of adenomas (77% controls, 58% adenoma formers, p= 0.032).

A total of 27,523,989 oral, fecal, and mucosal microbial sequence reads (median = 50,882
reads/library) were generated. Mucosal and fecal samples were dominated by Firmicutes and
Bacteroidetes, while Firmicutes and Proteobacteria were most abundant in oral communities.
At the ASV level, mucosal communities harbored significant microbial diversity not
observed in fecal or oral communities. Only ~40% of mucosal taxa were observed in

fecal samples with a smaller proportion (~9%) represented in oral swabs (Supplemental
Figure 1A). Concordantly, fecal microbial abundances moderately associated with mucosal
abundances (R? = 0.615, p< 2.2x10716; Supplemental Figure 1B). Oral and mucosal taxa
abundances were poorly correlated (R% = 0.005, p= 4.18x10798; Supplemental Figure 1C).

We next asked if microbial abundances were predictive of adenoma formation. Random
forest classifiers predicted adenoma formation using fecal, oral, and mucosal ASV
abundances. Classifiers built using fecal and oral samples manifested high out-of-bag (OOB)
error rates (47.3% and 51.1% respectively) and poor diagnostic abilities (fecal and oral

area under the curve (AUC) = 0.53; Figure 2A). In contrast, the mucosal classifier reliably
diagnosed adenoma formation with an AUC of 0.993 and an OOB error of 3.2%. Consistent
results were observed for classifiers built using genera abundances (Supplemental Figure
2A). Permutational cross-validation confirmed that these results were robust to variation in
the model training dataset (ASV mean prediction error 3.8%, genera mean prediction error
8.6%).

To determine the importance of each taxa in our models we computed the mean decrease

in accuracy that occurred when a specific taxon was removed from our mucosal adenoma
classifiers. Mucosal classifier accuracy was strongly influenced by five taxa associated with
the family Lachnospiraceae, genera Bacteroides and Marvinbryantia, and Blautia obeum
(Figure 2B). Consistent results were observed for genera with Bacteroides, Marvinbryantia,
Lachnoclostridium, Doreaand Intestinibacter contributing substantially to model accuracy
(Supplemental Figure 2B).

Alterations in microbiome alpha-diversity have been reported for individuals with colorectal
adenomas.29:21 To determine if colorectal adenoma formation impacted microbiome alpha-
diversity in our cohort, we quantified ASV richness and shannon entropy in each sample
type. We found that adenoma formers exhibited depleted fecal richness (W = 1444, p=
0.004) and Shannon entropy (W = 1357, p= 0.024) compared to non-formers. However,
mucosal and oral community alpha-diversity did not significantly differ between these
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groups (Figure 3A, Supplemental Figure 3A). Fecal richness (GLM, t=-2. 827, p=
0.0058) and Shannon entropy (GLM, t = —2.383, p= 0.0193) also negatively associated with
increasing number of colonic adenomas (Figure 3B, Supplemental Figure 3B). Richness
and Shannon entropy were not correlated with adenoma burden in mucosal or oral samples
(Figure 3C, D, Supplemental Figure 3C, D).

Given the relationship between alpha-diversity and the presence and number of adenomas,
we asked if patients with adenomas manifest different patterns of ASV beta-diversity

as measured by Bray-Curtis dissimilarity. We calculated the beta-diversity across all
samples and then quantified how this diversity associated with tissue type and adenoma
burden. Microbiome beta-diversity was significantly associated with patient adenoma burden
(PERMANOVA, R2 = 0.02, p= 0.0002), tissue type (PERMANOVA, R2=0.24, p=
0.0002), and the interaction (PERMANOVA, R2 = 0.01, p= 0.0008) between tissue type
and adenoma burden (Figure 4). Given the interaction between tissue type and adenoma we
then calculated associations between microbiome diversity and the number of adenomas for
each tissue type separately. For mucosal communities we also asked if the location of the
mucosal sample influenced community diversity. Consistent with our random forest findings
we did not detect significant relationships between oral (PERMANOVA, R2 = 0.01, p=
0.48) or fecal (PERMANOVA, RZ = 0.01, p = 0.26) microbiome diversity and adenoma
number (Supplemental Figure 4). However, mucosal microbiome diversity did correlate
(PERMANOVA, R2 = 0.04, p= 0.0002) with adenoma number. No association between
colorectal location and microbiome diversity was detected (PERMANOVA, R2 = 0.01, p=
0.96).

Next, we used linear regression to quantify associations between individual taxon
abundances and adenoma burden. In mucosal samples, ASVs associated with the genera
Streptococcus and Bacteroides and the families Ruminococcaceae and Lachnospiraceae
consistently correlated with higher adenoma burden (Figure 5). Amplicon sequence variants
associated with the genera Veillonella(GLMM, z = 4.14, p= 3.55x10799), Odoribacter
(GLMM, z = 2.77, p=5.55x10793), Haemophillus (GLMM, z = 2.85, p= 4.28x10703),
Coprobacter (GLMM, z = 2.76, p = 5.85x10793), Eggerthella(GLMM, z = 2.52, p=
1.19%x10792), Granulicatella(GLMM, z = 5.70, p= 1.21x10798), and Actinomyces (GLMM,
z=13.06, p=2.18x10793) were also associated with elevated adenoma number. Two fecal
ASVs, one associated with the family Lachnospiraceae (GLM, t = 4.10, p = 8.99x10705)
and one with the taxa Erysipelatoclostridium ramosum (GLM, t = 4.33, p= 3.89x1079%),
both positively correlated with adenoma burden. A single oral ASV corresponding to Rothia
mucilaginosa (GLM, t = 4.80, p= 6.56x10796) was also positively associated with adenoma
number. However, none of the associations observed between fecal and oral taxa and
adenoma burden were reflected in the mucosa.

Fifty-eight percent of adenomas in our cohort were located in the ascending colon. Since
microbiome variation correlates with adenoma number, we reasoned that differences in
adenoma burden across the length of the colon could link to varying microbial abundance.
To evaluate if the microbiome contributes to this phenomenon, we used generalized linear
mixed models to quantify differences in ASV abundance across colonic locations. The
abundance of five ASVs (q < 0.1) were significantly impacted by colonic location, however,
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none of these were differentially abundant in the right colon when compared to the left
colon (Supplemental Figure 5A). At the level of genera (g < 0.1), the abundance of 13 taxa
associated with colonic location (Supplemental Figure 5B). The abundance of one of these
taxa, Ruminococcaceae_UCG.014 (GLMM, z = -2.65, p= 8.17x10703), was significantly
decreased in the right colon. When more permissive false discovery thresholds (i.e., g < 0.2)
were applied, the abundance of several additional taxa were noted to be altered in the right
colon. Specifically, Blautia(GLMM, z = -2.50, p= 0.01), Alistipes (GLMM, z =-3.05, p
=2.31x10793), Barnesiella(GLMM, z = =2.80, p= 5.06x10793), were all depleted in the
right colon, while the genus Haemophilus (GLMM, z = 3.01, p= 2.60x10703) was elevated
(Supplemental Figure 5B).

Discussion

There is mounting evidence supporting a connection between the microbiome and CRC,
and the key to understanding the principal factors of this relationship likely resides in the
pre-neoplastic stage: the adenoma. The adenoma-carcinoma sequence is well documented,
in which CRC develops from a pre-malignant adenoma.18:21 Analyzing the relationship
between the human intestine and adenoma development may help narrow the focus on
important early changes that either incite, support or result from neoplastic transformation.
Using 16S sequencing, we compared the microbial signatures of patients with and without
adenomas. Our cohort is one of the larger prospectively collected adenoma cohorts
conducted in the United States including robust patient data as well as multiple sample
types. We found that the fecal, oral and mucosal microbiomes are unique. Fecal samples
demonstrated decreased alpha-diversity in association with adenoma formation, a pattern
that was not observed in oral or mucosal samples. Alternatively, mucosal microbial
taxonomic abundances were reliably associated with adenoma formation, even using
samples of normal appearing mucosal tissue, and specific taxa may be linked to adenoma
formation.

The majority of the existing literature regarding the association between the microbiome and
colonic neoplasms has been performed on fecal samples. Our study clearly demonstrates
that the microbial communities are different between sampling type, with far fewer than

half of the taxa observed in two or more sampling types. It is reasonable to assume

that fecal samples are more representative of the intra-luminal microbiome whereas the
mucosal biopsies are more representative of the brush-border associated microbiome,
including microbiota more likely to directly interact with colonocytes, form biofilms or
those with cellular invasion capabilities. We did not identify significant overlap between
these populations, and therefore caution that study of the fecal microbiome alone may
incompletely characterize the intestinal microbiome and its role in adenoma formation.

We also found that the microbiome demonstrates some variation by colonic location as
studied with mucosal biopsies. While the overall diversity was not significantly different
along the colon, we identified a limited number of taxa which were largely decreased in
abundance in the proximal colon in comparison to the distal colon and rectum. Only with
application of a more permissive false discovery rate did we appreciate a relative increase in
one genus: Haemophilus. Notably, Haemophilus also links with increased adenoma burden
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suggesting that this genus may contribute to the development of adenomas or be better
suited to thrive in a microenvironment in which adenomas are present. Haemophilus has
also been associated with CRC in prior studies.?0 The subtle differences in the microbiome
along the colon are interesting as right-sided lesions are commonly of the CMSL1 subtype,
which is characterized by increased inflammatory cell infiltration,33 causing one to consider
the possible interplay between the tumor microenvironment and the microbiome. In fact,
Burns et al, using whole-exome sequencing, found that microbiome alterations seen in CRC,
particularly in the proximal microbiome, were associated with alterations in tumor gene
expression, specifically loss-of-function mutations.34

We found that the adenoma-associated fecal microbiome demonstrates decreased alpha-
diversity, and that the magnitude of decrease in alpha-diversity correlated with adenoma
count. This was not apparent in mucosal or oral samples. Peters et a/, in one of the largest
evaluations of the adenoma-associated fecal microbiome to date, also appreciated similar
alpha-diversity associated with adenomas.2% Alternatively, Hale et a/, evaluating another
large cohort, failed to identify alterations in microbiome diversity in their cohort, as have
others.22:23 |n contrast, Feng et al's analysis of 156 fecal samples from Austrian identified
increased diversity in the pre-neoplastic and neoplastic groups, with a distinct increase in
the number of virulence genes.?! It is possible that the stage of adenoma development may
play a role in the heterogeneity of results. However analyses of diversity at different stages
of adenoma development has yet to identify significant differences in diversity between
early and advanced adenomas,23:35 though trends are apparent. While we did not appreciate
a difference in alpha-diversity in mucosal samples, existing studies have shown variable
results in regard to alpha-diversity though have more commonly demonstrated it to be
increased in association with early neoplasms.21:24.36.37

Aside from the finding that the microbiome is unique to sample types, perhaps the

most compelling finding of this study is the significant association of specific taxonomic
abundances with adenoma burden. We identified differential abundance of specific taxa in
fecal, oral and mucosal samples, though interestingly with limited crossover between the
microbiomes associated with each sample type. In adenoma formers, mucosal samples had
increases in Streptococcus, Bacteroides, Ruminococcaceae, Lachnospiraceae, Veillonella,
Odoribacter, Haemophillus, Coprobacter, Eggerthella, Granulicatella, and Actinomyces.
Using fecal samples, adenoma formers were associated with increases in Lachnospiraceae
and Erysipelatoclostridium ramosum, whereas Rothia mucilaginosa was associated with
increased adenomas using oral swab samples.

Mucosal abundances alone were reliably associated with adenoma formation, with an AUC
of 0.993 and with low out-of-bag error rates. Alternatively fecal and oral abundances
resulted in weaker diagnostic capabilities and higher error rates. To confirm the reliability of
the mucosal findings, we repeated the modeling at different taxonomic levels with consistent
findings. Together these data indicate that adenoma formers are accurately identified using
mucosal microbiota abundance profiles and that these differences in mucosal microbial
signals are not well modelled by fecal and oral microbial communities. What is particularly
interesting, however, is that it is not just the adenoma-adjacent mucosal samples which
harbor this diagnostic capability, but rather the normal appearing samples that are not
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immediately associated with an adenoma. While further study is indicated to understand
causality, the fact that microbiome differences exist in adenoma formers in regions without
structural change does seem to at least suggest that differences in the microbiome may
precede adenoma formation.

Our study includes 104 participants, including 48 with adenomas, and this size certainly
limits our ability to extrapolate the complex relationships between the microbiome and
human characteristics. Additionally, with our sample size, we may have missed subtle
location effects or associations between the microbiome and adenoma formation which
larger studies could help resolve. However, our study is one of the largest studies in which
samples of both fecal and mucosal samples were prospectively collected. The study also
includes multiple tissue types with linked patient data. While we took care to collect the
fecal samples prior to preparation, this was not possible for collection of the mucosal
samples. Shober et a/highlight that the variation introducted by bowel preparation is less
than that of inter-individual variation.38 Given that our groups were subjected to the same
preparation with the same bowel preparation scores, we don’t expect that the variation
introduced by the bowel preparation will significantly affect our conclusions. Our data still
suggest that there are adherent microbiota that are not evacuated with bowel preparation, that
have a significant association with adenoma presence. While inclusion of metabolomics may
aid in understanding some of the interactions between the microbiome and colonocytes, the
absence of this data does not detract from the finding that the microbiomes by sample type
are distinct, and given the AUC in our modeling, is unlikely to add more explanatory power
to our model. While we are able to evaluate relationships between microbiota and adenomas,
clearly without a longitudinal design we are unable to evaluate directionality or more causal
associations within our cohort.

In light of these findings, the assumption that the fecal microbiome is an appropriate
surrogate for the mucosal microbiome is called into question. We have shown these
microbial communities to be unique, which is consistent with prior findings.39 We did
identify differences apparent in the fecal microbiome which did associate with adenoma
formation, most notably a decrease in the fecal alpha-diversity in individuals with adenomas.
While these differences were not apparent in the mucosal samples, it is possible that the
intra-luminal microbiome, as captured by the fecal samples, interacts with cellular functions
through metabolomics, not through direct microbial and colonocyte interactions. Despite
possible mechanisms for the intra-luminal microbiota to interact with colonocytes, our data
suggest that the mucosal microbiome is far more predictive of adenoma formation, even in
samples from normal appearing tissue. This suggests that future study of the microbiome
may be incomplete if mucosal samples are excluded. More exciting, though, is the predictive
capability of the microbiome on adenoma formation.

Conclusions

An altered microbiome has been implicated in CRC development. As CRC follows the

adenoma-carcinoma sequence, study at the adenoma stage may help unlock key interactions
between the microbiota and tumorigenesis. Our study provides an analysis of multiple tissue
sample types for evaluation of the microbiome in association with adenoma formation, with
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non-adenoma formers serving as a control. Importantly, we found that the fecal microbiome
and mucosal microbiome were distinct and not proxies for one another. While decreased
fecal microbial diversity was associated with adenoma formation, differences in taxonomic

m

icrobial abundances were the most predictive indicator of adenoma presence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cohort enrollment flowchart.
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Figure 2. Mucosal Microbial Signatures Accurately Predict Adenoma Formers.

A) Receiver operator characteristic curves for fecal (green line), Mucosal (Orange line), and
Oral (purple line) random forest classifiers. The grey line represents an area under the curve
(AUC) of 0.5. Model AUCs are colored by tissue and model out-of-bag (OOB) error is
indicated. B) A variable importance plot for mucosal random forest classifier.
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Figure 3. Adenoma abundance correlateswith microbial richnessin feces.
A) Boxplot of microbial richness in adenoma formers (orange boxes) and non-formers

(green boxes) across tissues. Depleted microbial richness associates with increasing number
of colonic adenomas in B) feces but not in C) mucosal or D) oral samples. Mucosal
community richness is shown for each individual biopsy collected from an individual
patient. Colored lines indicated best fit regression lines with shaded regions indicating
standard error. In box plots ™™ denotes p < 0.01.
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Figure 4. Microbial diversity associates with collection site and adenoma burden.
A non-metric multidimensional scaling ordination of fecal (green), mucosal (orange), and

oral (purple) microbiome samples. Associations (PERMANOVA) between adenoma burden
and tissue type are indicated.
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Figure5. Microbial taxa abundances associate with adenoma bur den.
A heat map of associations between Amplicon Sequence Variant (ASV) abundances and

colonic adenoma burden. The color of each heat map cell represents the magnitude and
direction of an individual ASV generalized linear model coefficient in fecal, oral, or mucosal
samples. ASVs with g-value < 0.1 in at least one tissue type are included and a grey asterisk
in a cell indicates a g-value < 0.1. The ASV identifier and imputed ASV taxonomy indicated
for each row is the most granular taxonomic classification available for each ASV.
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Adenoma Characteristics

Table 1:

N % Min  Max

Participants with adenomas 48 46% O 17

TA 41 3% O 16

TVA 3 3% 0 1

SS 11 10% O 2
Frequency of adenomaby type 128

TA 111 87%

TVA 3 2%

SS 14 11%
L ocation of adenomas 128

Ascending 74 58%

Transverse 20 16%

Descending 27 21%

Rectum 7 5%

N, Number; Min, Minimum; Max, Maximum; TA, tubular adenoma; TVA, tubulovillous adenoma; SS, sessile serrated adenoma
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