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Fecal sampling is widely utilized to define small intestinal tissue-level microbial communities in healthy and diseased
newborns. However, this approach may lead to inaccurate assessments of disease or therapeutics in newborns because of
the assumption that the taxa in the fecal microbiota are representative of the taxa present throughout the gastrointestinal
tract. To assess the stratification of microbes in the newborn gut and to evaluate the probable shortcoming of fecal
sampling in place of tissue sampling, we simultaneously compared intestinal mucosa and fecal microbial communities
in 15 neonates undergoing intestinal resections. We report three key results. First, when the site of fecal and mucosal
samples are further apart, their microbial communities are more distinct, as indicated by low mean Sgrensen similarity
indices for each patient’s fecal and tissue microbiota. Second, two distinct niches (intestinal mucosa and fecal microbiota)
are evident by principal component analyses, demonstrating the critical role of sample source in defining microbial
composition. Finally, in contrast to adult studies, intestinal bacterial diversity was higher in tissue than in fecal samples.
This study represents an unprecedented map of the infant microbiota from intestinal mucosa and establishes discernable
biogeography throughout the neonatal gastrointestinal tract. Our results question the reliance on fecal microbiota as
a proxy for the developing intestinal microbiota. Additionally, the robust intestinal tissue-level bacterial diversity we

detected at these early ages may contribute to the maturation of mucosal immunity.

Introduction

The rapid microbial colonization of the human neonatal
gastrointestinal tract after birth is an essential driver of intestinal
immune programming and the subsequent development of mature
innate and adaptive immune responses."*? By contrast, the absence
of bacterial colonization results in significant underdevelopment
of key intestinal immune mediators in germ free animal models,
including hypoplastic Peyer’s patches and dramatically reduced
numbers of IgA-producing plasma cells and lamina propria CD4*
T cells.*> These early derangements in microbial colonization
produce altered signal transduction between the microbial
inhabitants and the developing immune system. This altered
interaction may be a key initiator of disease processes during
infancy, such as necrotizing enterocolitis (NEC),*” and in auto-
immune phenomena occurring in childhood, such as type I
diabetes® and inflammatory bowel disease (IBD).’

Despite recognition of the significant dependence of host
immune development on commensal bacteria locally, the
neonatal intestinal microbiome has been solely defined through
analysis of bacterial communities in fecal samples. This
sampling approach may not accurately represent the microbial
composition and diversity in contact with the intestinal
mucosa.'”"! In addition, different regions of the adult intestine
have unique microbial flora that may impact disease processes.
Two studies'™ describe tissue-level bacterial communities in
neonates; however, neither used culture-independent techniques
or modern sequencing-based approaches to comprehensively
define intestinal microbiota. Moreover, we are aware of no study
that has analyzed simultaneously sampled feces and tissue from
the same newborn patient to determine the relationship between
microbial communities from these two different body habitats.

To understand how closely tissue-level and fecal bacterial
communities are related in neonates, we obtained fresh intestinal
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tissue collected during surgery and simultaneous fecal samples
from patients admitted to the newborn intensive care unit
at the Monroe Carell Jr Children’s Hospital at Vanderbilt.
We hypothesized that neonates would have a unique bacterial
colonization pattern at the tissue-level compared with fecal
samples. However, because high inter-individual variation
in both bacterial taxonomy and gene composition has been
observed among infants of different ages,” we predicted that the
greatest disparities in microbial composition would be between
individuals and not between tissue and fecal samples for a single
individual. The most notable finding in our study of the newborn
microbiota is that sample location has more impact on the
presence of microbial diversity than the individual infant from
whom the sample is taken. Understanding the distinct and early
differences in the microbiota detected in tissue vs. fecal samples
in a cohort of newborn infants has significant implications. In
particular, it affects how we interpret studies conducted with fecal
samples and how we ultimately diagnose and treat childhood
gastrointestinal disorders that originate from abnormal intestinal
immune development.

Results

Patient demographics

Fifteen neonates (8 females, 7 males) undergoing intestinal
resections were recruited for this study (Table 1). The median
gestational age and birth weight for study participants was 31 4/7
wk (range 24 to 39) and 1660 g (range 700 to 3454), respectively.
The mean age at the time of surgery was 31 d (range 0 to 120).
Eight patients were exposed to antibiotics at least 24 h prior
to surgery. The majority of tissue samples were obtained from
the small intestine (10 ileal and 3 jejunal samples); two colonic
samples were also collected. Fecal and tissue samples from a single
patient (Patient 6) were excluded from all diversity calculations
and principal component analyses (PCoA) due to inadequate
depth of coverage in the fecal sample (approximately 73 reads
per sample).

Increasing anatomical distance between tissue sample site
and fecal sample site decreases their microbiome similarity

To compare each individual’s fecal and tissue microbiota, we
first used the Serensen similarity index (SI). SI is a statistic that
compares the similarity of two samples, with exact similarity of
the feces and tissue microbiota set at 1 and no similarity set at
0. Based on bacterial genera, the mean SI across all 15 samples
was 0.40 (range, 0.19-0.52) (Table 2). Notably, similarity was
highest for tissue and fecal samples adherent to the intestinal
mucosa (mean SI 0.51, n = 2), followed by the first post-operative
stoma output (mean SI 0.43, n = 7) and then the patient feces
retrieved from a diaper (mean SI = 0.32, n = 6). Indeed, mean
tissue-adherent fecal material (median difference = 0.19, 95%
Bayesian credible interval 0.03-0.034) and stoma output SI
values (median difference = 0.19, 95% Bayesian credible interval
0.03—0.34) were significantly higher (posterior probability = 0.99
and >0.99, respectively) than for feces collected from the diaper,
confirming that physical distance between the tissue site and
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Table 1. Characteristics of patients requiring bowel surgery (n = 15)

Origins of intestinal tissue samples

Spontaneous intestinal perforation (SIP)

Reanastomosis after SIP repair

Congenital volvulus repair

Resection of congenital intestinal atresia repair

Stricture removal after medical necrotizing enterocolitis (NEC)

NN NN N2

Resection for mesenteric ischemic gut injury

Reanastomosis after congenital volvulus repair 1

Reanastomosis after NEC surgery 1

Hirschsprungs disease 1

Table 2. Sgrensen’s Index (SI) comparing the bacterial composition of each
patient’s fecal and tissue samples

Patient ID | Intestinal location Type of feces Diet Sk
1 lleum Tissue-adherent® NPO¢ 0.52
2 Jejunum Post-op stool NPO 0.44
3 lleum Tissue-adherent BMme 0.50
4 lleum Post-op stool Formula 0.24
5 lleum Post-op stool Formula 0.32
6 Colon Post-op stool NPO 0.19
7 Jejunum Stoma output’ BM 0.44
8 lleum Stoma output NPO 0.36
9 Colon Stoma output NPO 0.44
10 lleum Post-op stool Formula 0.29
1 lleum Stoma output NPO 0.42
12 lleum Stoma output NPO 0.49
13 Jejunum Post-op stool Formula 0.44
14 lleum Stoma output NPO 0.52
15 lleum Stoma output NPO 0.33

23Sl =2 x c/(a+b), where a and b are the number of genera in feces and tissue,
respectively, and c is the number of genera common to both feces and
tissue. Exact similarity between bacterial species of tissue vs. feces would
have an Sl = 1; conversely, no overlap between microbes of tissue vs. stool
would generate an Sl = 0. ®Collected at the time of surgery directly from
the mucosa of resected tissue. °Nil per os. Collected post operatively as
patient’s first bowel movement from the patient’s diaper. *Breast milk.
fCollected post operatively as patient’s first bowel movement from the
surgical stoma site.

location of fecal sample retrieval drives microbial dissimilarity
between tissue and feces. The mean SI value for ostomy effluent
was only nominally smaller than for tissue adherent feces (median
difference = 0.07, 95% Bayesian credible interval -0.22-0.08,
posterior probability = 0.18).

We observed the same trend when we used the Sorensen
Quantitative index (C_) with 95% Bootstrap confidence
intervals, a similarity metric that compares the similarity of
two samples on the basis of taxon presence or absence (Fig. 1).
Higher C values correspond with greater shared similarity
between tissue and fecal samples. The boxplots highlight that the
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Figure 1. Greater overlap between fecal and tissue microbial communities with fecal samples that are in closer proximity to tissue sources. Patients
1-15 and boxplots of Quantitative Sorensen indices (C,) with 95% bootstrap confidence intervals along the x- and y-axis, respectively. Higher indices for
Patients 1, 3, 12, 13, and 14, reflective of greater similarity between fecal and tissue microbiota, correspond with fecal samples collected more proximal

five highest C are for Patients 1, 3, 12, 13, and 14, consistent
with each of these five individuals having the greatest similarity
between their respective fecal and tissue samples. Two of these
fecal samples were tissue adherent and another two were proximal
stoma effluents; only one sample (from Patient 13) was collected
from a diaper.

Tissue samples harbor a distinct microbial community

We classified the microbiota of individual patients into genera
(Fig. 2). The heat maps delineate the enriched operational
taxonomic unit (OTU) diversity and abundance shifts of the
microbiota across patients in tissue vs. fecal samples. Fecal
samples appear to cluster into two groups: the bottom group,
including patients 4, 5, 10, and 15 with the greatest abundance
of Enterococcus, and the top group, which includes all remaining
patients. This grouping is not a function of tissue type, gestational
age, age, fecal sampling, or patient’s diet. However, the surgical
indication for three out of four of the clustered patients was
ostomy takedown. The fourth patient received bowel resection
for a mid-gut volvulus. On the other hand, tissue samples did not
display similar hierarchical clustering.

Next, we averaged the patient data for the four major
gut phyla (Firmicutes, Proteobacteria, Actinobacteria, and
Bacteroidetes)'®" and other “rare phyla” (<1% abundance)

194 Gut Microbes

(Fig. 3A). We constructed extended error bar plots and
associated confidence intervals with bootstrapping in order to
indicate the mean difference for each phyla between fecal and
tissue samples (Fig. 3B). The pie charts (Fig. 3A) illustrate the
marked changes in microbial biogeography of the two dominant
phyla. Firmicutes shift from 16% of the reads in tissue to 49% of
the reads in feces (P = 0.015, paired ¢ test), while Proteobacteria
inversely shift from 55% of the tissue reads to 33% of the
fecal reads (P = 0.009, paired 7 test). In addition, there was
a reduction in the detection of rare phyla in tissue (6%) vs.
fecal samples (1%) (P = 0.016, paired ¢ test). As illustrated in
Figure 3B, differences in the mean proportion of Firmicutes,
Proteobacteria, and rare phyla are still statistically significant
when variation across fecal or tissue samples is considered as well.
Logarithmic plots correlating tissue and fecal samples illustrate
an increased abundance of Actinobacteria, Proteobacteria, and
rare phyla and decreased abundance of Firmicutes in tissue
samples (Fig. 4).

Microbial diversity is highly related to sample location

We applied PCoA to categorize the clusters of taxa in each
sampling site."® We detected two distinct clusters of phylogenetic
relatedness for tissue and fecal sources in both weighted and
unweighted Unifrac measures (Fig. 5). For any individual
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Figure 2. Distinct hierarchical clustering for tissue vs. fecal samples. Patients’ samples are sorted along the y-axis based on the hierarchical clustering
of OTU-based UniFrac distances. Heat maps constructed with in house scripts reflect the relative abundance of the 40 most dominant genera in feces

(top) and intestinal tissue samples (bottom).

patient, in both analyses, the microbial composition of a fecal
sample was closer to other patient’s fecal communities than to the
microbiota of its own matched tissue.

Ecological diversity is highest in tissue samples, independent
of bacterial load

Three different diversity metrics (Simpson’s inverse index,
Shannon-Wiener, and Chao 1 estimator) were calculated with
genus-level data in order to compare the microbial diversity of

www.landesbioscience.com

Gut Microbes

tissue vs. fecal samples (Fig. 6).” The mean Simpson’s inverse
diversity index, which measures the probability that two random
samples from the same community will belong to the same taxon,
was higher in tissue (8.26) vs. fecal samples (4.67) (P = 0.048,
paired ¢ test). The mean Shannon index, which measures the
uncertainty of predicting the taxon from a random sample, was
also higher for tissue (2.70) compared with fecal samples (2.12)
(P = 0.009, paired # test). Finally, the Chao 1 species richness
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Figure 3. Increased abundance of Proteobacteria and rare phyla, decreased abundance of Firmicutes in tissue samples. (A) Pie charts reflect the
proportions of the four major gut phyla as well as rare phyla (<1% abundance) in the 15 tissue and fecal samples. (B) Extended error bar plot, illustrating
the difference in the mean proportion of the four major phyla between tissue and fecal samples with bootstrapped confidence intervals.

estimator was also higher in tissue (234) vs. fecal samples (140)
(P = 0.003, paired ¢ test). Since we used different extraction
methods for tissue vs. fecal samples that may yield different
amounts of DNA and thus different diversity results, we
considered that different bacterial yield from these two approaches
may confound results. To address this possibility, we performed
quantitative PCR on 12 fecal and tissue samples for which we had
available bacterial DNA. While the total bacterial load for feces
was more variable across samples, the median bacterial content
was the same between tissue and feces (Fig. 7). Additionally, when
we connected median bacterial content with sample source and
diversity metrics (Simpson’s inverse index, Shannon-Wiener, and
Chao 1 estimator), there was no correlation between increased
diversity, bacterial load, and sample source (Table S1). Therefore,
the two extraction methods did not yield different amounts of
bacteria and, even in samples with the lowest bacterial yield,
there was no bias toward less diversity.

Discussion

Tissue-level microbial communities form inseparable
relationships with the mucosal immune system that, when
altered, can trigger exaggerated inflammatory responses known
to characterize a variety of pediatric intestinal disorders, such
as NEC and IBD.*** While defining the microbiota of the
small intestine in neonates is currently not feasible, surrogates
employed in other studies such as nasogastric aspirates and
ileostomy effluents may not fully represent the tissue-adherent

communities that directly impact mucosal immune function.!

196 Gut Microbes

Here we show for the first time that the differences between
tissue and fecal samples delineate two clear microbial niches.
Discrete clusters of fecal and tissue samples on the PCoA plots
illustrate how sample source is a critical determinant for bacterial
composition, more so than the inherent microbial diversity
that is driven by the individual. Site-specific differences in
microbial community structure are amplified with respect to
physical distance such as when the communities from small
intestine are compared with those of feces collected from a
diaper (mostly a product of the large intestine). However,
amidst the rapid shifts in bacterial species known to characterize
this initial gut colonization period,” the intestinal mucosa
quickly emerges with its own microbial niche, even during the
immediate postnatal period when newborns’ bacterial load
is still relatively low.

We found that rare phyla were consistently under-detected in
fecal samples compared with tissue. While missed in conventional
microbiome studies, these rare organisms could become abundant
as the mucosal immune system develops during infancy and
childhood and may be critical for maintenance of an individual’s
health and wellbeing. While detection of the presence or absence
of rare phyla may be affected by the presence of chimera and host
contamination as well as inequalities in sequence depth, we were
intrigued by the complex microbial colonization of intestinal
mucosa within just a few days of age. In fact, based on three
different diversity measures (Simpson’s, Shannon, and Chao 1),
the mucosal microbial environment was found to be significantly
more diverse than that of simultaneously collected fecal samples.
This diversity was independent of the total bacterial load in
tissue vs. fecal samples and the opposite of previous reports
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Figure 4. Rare phyla are consistently under-detected in fecal vs. tissue samples. Logarithmic plots of fecal vs. tissue sample microbial abundance for
each of the four major gut phyla (Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes) and rare phyla <1% compare tissue with fecal samples
for individual patients. Each circle represents a single patient. For any given patient, if phyla abundance (OTUs per samples) of a fecal sample (x-axis)
is greater than that of tissue (y-axis), it is depicted as a blue circle. Conversely, phyla abundance that is greater in a given tissue vs. fecal sample is
represented as a red circle. Exact correlation between a fecal and tissue sample for any given patient would plot along the diagonal line present in each
graph. In the “Rare Phyla” plot, clustering of the majority of points above the diagonal line reflects greater detection of rare phyla (<1% abundance) in

tissue vs. fecal samples.

in adults where feces have a greater microbial diversity than
intestinal mucosa'®"?
neonatal microbiota collected anywhere from seconds to within
24 h after delivery across different body habitats (skin, oral, and
rectal mucosa) were relatively homogeneous between body sites
at this early age.”* However, our study population, whose age
range was anywhere from several hours to several months, had
distinct microbiota in two body habitats (feces, intestinal tissue)
suggesting that the time frame for establishment of site-specific
microbiota as found in adults can be as rapidly and as early as
24 h after birth.

Within fecal samples, hierarchical relationships constructed
by Unifrac distances displayed similar microbial community
compositions for the three patients undergoing ostomy
takedowns. Although not mirrored in tissue samples, this finding

or ileostomy effluent.” Samples of the

could reflect the adaptation of gut microbial communities after
bowel resections and intestinal diversions and may warrant
further investigation.

www.landesbioscience.com

Our study has several limitations. One caveat is the deployment
of different bacterial DNA extraction methods
(manual) and fecal (automated) samples, including the use of

for tissue

lysozyme for digestion of the more dense tissue samples. We used
different extraction methods because of the inherent challenges
of processing samples with extremely low bacterial loads, such as
meconium, the first feces of newborns. While we cannot rule out
a methodological bias, both DNA extraction methods yielded
equivalent amounts of DNA. Previous studies performing side-
by-side comparisons demonstrated that microbial diversity for
fecal samples was higher with the automated easyMAG method
than manual DNA extractions.?*® In contrast, we unexpectedly
found less diversity in fecal samples compared with tissue,
suggesting a “top to bottom” microbial colonization pattern in
the newborn.

Although most patients had received antibiotics based on
standard of care practice, this exposure does not confound our
results since we compared tissue and feces samples from the same
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Figure 5. Principal component analyses (PCoA), based on both weighted (A) and unweighted (B), Unifrac distances generated from OTU data,
demonstrate grouping by the source of the sample. Blue squares and yellow diamonds represent tissue and fecal samples (Patients 1-15), respectively.
Variance explained by PC1 or PC2 is reflected by the values in parentheses listed along the axes.

individual. This rationale would also apply to other exposures
known to affect the microbiota in this population, such as mode
of delivery and introduction of enteral feeds, as well as to the
different types of tissue and fecal samples included in this study.

Finally, our method is restricted to newborns undergoing
intestinal resections and therefore is not directly transferable
to fecal studies in healthy newborns. In addition, extensive
replication of mucosa-adherent bacteria has been detected in

2728 which may also be true in

inflammatory bowel diseases,
this cohort of surgical patients and could be the etiology for the
increased tissue-level bacterial abundance. However, because
endoscopic biopsies cannot be obtained in neonates, our approach
currently provides the only mechanism for examining the
microbiota of inaccessible regions of the developing gut. Large-
scale inter-institution collaborations, comparable to initiatives
already developed in adult cohorts,?” will be necessary to generate
a biorepository of fresh tissue samples from neonates with enough
breadth to answer complex questions about host-microbiota
interactions during this critical developmental window.

In ongoing efforts to define the microbiome as it establishes
itself in the neonatal gastrointestinal tract, it will be important
to determine how variation in microbial community distribution
between anatomic sites translates into distinct functional
microbiomes. Adult studies suggest that while divergence in
microbial assemblages correlates with a well-preserved core
microbiome at a functional level,” distinct metabolic profiles still
exist when samples from different regions of the gastrointestinal
tract are examined.*® These findings have not been confirmed

198 Gut Microbes

in newborns, whose first several months and years are devoted
to the simultaneous maturation of the intestinal microbiota and
the mucosal immune system, within the context of dynamic and
nascent dietary stimuli. We expect that continued development
of safe methodologies for studies of the neonatal intestinal tissue-
level microbiota and its relationship with mucosal immune
function will advance our understanding of the pathogenesis
of pediatric gastrointestinal disorders such as NEC and IBD.
Furthermore, by continuing to study the relationship between
fecal and tissue-level bacteria, we will be able to develop
predictive models that infer the tissue microbiome from the fecal
microbiome and serve as the basis for practical, bed-side, fecal-
based microbial screens aimed at early disease detection.

Patients, Methods, and Materials

Recruitment of subjects and sample collection

This study was approved by the Vanderbilt University
Institutional Review Board (protocol no. 090161). All infants
born at any gestational age were eligible for the study if they
underwent intestinal resection at <180 d of age. Informed consent
was obtained from parents or legal guardians to permit collection
of metadata from the medical records including gestational
age, birth weight, race, sex, mode of delivery, maternal or fetal
indications for delivery, antibiotic exposure, and enteral feeding
regimen. Tissue was collected at the time of surgery, gently rinsed
with sterile saline solution, snap frozen, and stored at -80 °C.
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Figure 6. Microbial diversity is greater in tissue vs. fecal samples based on three different diversity metrics: Simpson'’s inverse index (A), Shannon-Wiener
(B), and Chao 1 (C€). Sample source (tissue vs. stool) is listed along the x-axis, with tissue on the left and fecal samples on the right, for each individual plot.

Fecal material adjacent to surgical tissue samples was obtained
by gently scraping the surface of the tissue. When feces from
the tissue surface could not be obtained, the patient’s first post-
operative stool was collected, snap frozen, and stored at -80 °C.

DNA extraction and amplification of 16StRNA gene

DNA was extracted from 15 to 25 mg of intestinal tissue using
a modified Qiagen protocol that included pretreatment for lysis
of Gram-positive bacteria with 20 mg/ml lysozyme in TRIS-HCI
and EDTA buffer (Qiagen, DNeasy Blood & Tissue Kit, catalog
no. 69504). The remainder of the tissue DNA extraction protocol
proceeded per the manufacturer’s instructions. All DNA samples
were evaluated for quality using spectrophotometry and agarose
gel electrophoresis. Samples with low yield (<10 ng/pl) or poor
quality metrics (O.D. 260/280 ratio < 1.8; overt degradation)
were discarded and the corresponding subject excluded unless
a repeat extraction yielded high qualicy DNA. All fecal DNA
extractions were conducted with 180-200 mg of feces and were
automated with NucliSENS easyMAG (BioMérieux).

PCR amplification of the V1- V3 hypervariable region of
the bacterial 16S rRNA was conducted with universal primers
5F (5" TGGAGAGTTT GATCCTGGCT CAG-3') and 532R
(TACCGCGGCT GCTGGCAC) that had been previously
validated.® For each sample, 50 pl PCR reactions were set up
consisting of AmpliTaq Gold® 360 Master Mix and GC Enhancer
(Applied Biosystems®, catalog no. 4393901), 50 pmol/pl of
each bacterial primer, and up to 1 pg of template DNA (DNA
concentration range of 4.3-254 ng/pl). PCR was conducted on a
Bio-Rad Thermal Cycler under the following conditions: 10 min
at 95 °C, followed by 30 cycles of 30 s at 95 °C, 30 s at 60 °C,
and 45 s at 72 °C, with a final extension period of 7 min at 72 °C.

www.landesbioscience.com

Barcoded 527 bp amplicons were gel purified (Gel Qiaquick Gel
Extraction Kit, Qiagen, catalog no. 28704), quantified, and then
pooled prior to bi-directional sequencing on a 454 FLX Titanium
sequencer.”

Quantification of total fecal and tissue bacterial load

Real-time PCR amplification was performed in triplicates for
13 patients with 20 ng of fecal or tissue DNA on an ABI 7900
TagMan Real Time PCR System (Applied Biosystems). We used
the conserved eubacterial (EUB) 1114 forward (CGGCAACGAG
CGCAAGCC), and 1221 reverse (CCATTGTAGC
ACGTGTGTGT AGCC) 16S ribosomal primers to detect total
bacteria.”® Reaction mixtures consisted of the DNA template,
100 nM concentration of each primer, 1.25 pL Omni Klentaq
(DNA Polymerase technology, cat no. 350), and 0.2 mM dNTP
(Enzymatics, cat no. N2050L) in a final volume of 50 n.L. Cycling
conditions were as follows: initial incubation of 95 °C for 3 min,
denaturing at 95 °C for 10 s, then 58 for 30 s, then 72 for 30 s, for
40 cycles. We used the Real-time PCR Miner* to analyze qQPCR
curves, obtain reaction efficiency, and relative threshold values.

454 pyrosequencing and data analysis

Sequencing of the barcoded 16S rRNA amplicons on a 454
FLX Titanium sequencer generated 129 149 sequences with
an average of 4305 sequences per sample and a mean length
of 436 base pairs. Bidirectional sequences generated from the
pyrosequencing of barcoded 16S rRNA gene PCR amplicons
were analyzed using default settings in the open source software
package Quantitative Insights Into Microbial Ecology (QIIME;
htep://giime.sourceforge.net).” 16S rRNA gene sequences
were assigned to OTUs using the QIIME implementation of
uclust using a threshold of 97% pairwise identity.** OTUs
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were classified taxonomically with the Ribosomal Database
Project (RDP) classifier 2.2.%” Potential chimeric sequences were
detected via ChimeraSlayer and removed prior to downstream
analyses.® A single representative from each OTU was aligned
using PyNast to build the phylogenetic tree used for measuring
unweighted UniFrac.® Statistical Analysis of Metagenomic
Profiles (STAMP)* was used to generate extended error bar plots
for the comparison of phyla composition between fecal and tissue
samples and associated confidence intervals were calculated via
bootstrapping. Table S2 is a summary of the total number of
OTUs assigned to each phyla for each patient’s tissue and fecal
samples. The total and average number of assigned OTUs were
similar between feces and tissue samples (P = 0.5, paired ¢ test).

Overlap between bacterial genera within an individual’s fecal
vs. tissue sample was determined by Serensen similarity index
(SI) as calculated by: SI = 2C/A + B, where A and B are the
number of genera per sample, respectively, and C is the number
of shared genera between A and B.** Sorensen’s Quantitative
Index was calculated as follows: C = 2jN/N_+ N,, where N_
is the total number of genera in site A (tissue); N, is the total
number of genera in site B (feces); and 2jN is the sum of the
lower of the two abundances for genera found in both sites.
Bootstrapping was used to generate confidence intervals around
C, calculations. Bacterial diversity in tissue vs. fecal samples was
estimated by Shannon-Wiener (/’) and Simpson’s inverse (1/D)
diversity indices using the following equations:

H'=" pilog(pi)

N(N-1)

Zm(m -1

i

D=

where p_ is the proportion of bacteria in the ith species in the
community, s is the total number of species in the community,
N is the total number of sequences and n (or n) is the number
of sequences of species s.*** Chao 1 (S
diversity were calculated as S,
the number of observed species, n, is the number of singletons
(species captured once), and n, is the number of doubletons
(species captured twice). All sequences reported in this paper
have been deposited into the NCBI sequence short read archive
(accession number SRA081700).

chaoy) €Stimates of species

_ 2 .
2 =S, +n?/2n, where S  is
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Figure 7. Median bacterial load across tissue and fecal samples is
equivalent. For each sample, the log (2) of the calculated ratio of the
sample median to the overall population median is determined. A value
of “0” correlates with no difference between the median sample and that
calculated for each patient sample. Of note, the median bacterial DNA
load is more variable across all fecal vs. tissue samples.
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