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ABSTRACT

Stress is known to perturb the microbiome and exacerbate irritable bowel syndrome (IBS) associated
symptoms. Characterizing structural and functional changes in the microbiome is necessary to
understand how alterations affect the biomolecular environment of the gut in IBS. Repeated water
avoidance (WA) stress was used to induce IBS-like symptoms in rats. The colon-mucosa associated
microbiome was characterized in 13 stressed and control animals by 16S sequencing. In silico
analysis of the functional domains of microbial communities was done by inferring metagenomic
profiles from 16S data. Microbial communities and functional profiles were compared between
conditions. WA animals exhibited higher «-diversity and moderate divergence in community
structure (B-diversity) compared with controls. Specific clades and taxa were consistently and
significantly modified in the WA animals. The WA microbiome was particularly enriched in
Proteobacteria and depleted in several beneficial taxa. A decreased capacity in metabolic domains,
including energy- and lipid-metabolism, and an increased capacity for fatty acid and sulfur
metabolism was inferred for the WA microbiome. The stressed condition favored the proliferation of
a greater diversity of microbes that appear to be functionally similar, resulting in a functionally
poorer microbiome with implications for epithelial health. Taxa, with known beneficial effects, were
found to be depleted, which supports their relevance as therapeutic agents to restore microbial
health. Microbial sulfur metabolism may form a key component of visceral nerve sensitization
pathways and is therefore of interest as a target metabolic domain in microbial ecological
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Introduction

Irritable bowel syndrome (IBS) is linked to alterations
in colonic microbial ecology. Characterizing structural
and functional changes in the microbiome is necessary
to understand how alterations in the microbiome may
change the biomolecular environment and affect host
biology.

Murine models of stress-induced visceral hypersen-
sitivity, dysmotility and altered colonic permeability
(i.e. IBS-like symptoms) allow for the study of altera-
tions in microbial structural and functional ecology in
IBS to reveal functional relationships between host and
microbial biology. Biological, environmental, social
and idiosyncratic heterogeneity inherent in human
populations complicate the description of microbiome

alterations and the discovery of functional

relationships in IBS. Structural and functional micro-
bial alterations discovered in animal models, such as
rats, generate insights to guide the development of
focused inquiries in human subjects, and are important
in the discovery and development of therapeutic tar-
gets.' Rats are particularly salient as model organisms
in the study of GI conditions and the microbiome.
Rats, like mice, are primarily cecal fermenters; how-
ever, it has now been shown that significant fermenta-
tion also occurs in the rat colon.” Furthermore, the rat
microbiome is more similar to that of humans than the
microbiome of mice.” These factors, along with the
larger size and robust nature of rats, making them
more convenient subjects for surgical procedures,
make rats ideal murine models of human GI, and par-
ticular colonic dysregulation and dysbiosis.*
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The use of chronic stress is well established as a
mechanism to induce IBS-like symptoms and symptom
related biologic dysregulation in rats.” Chronic water
avoidance stress, induces visceral hypersensitivity and
concomitant upregulation of cannabinoid (CB1; canna-
binoid receptor 1) and vanilloid (TRPV1; transient
receptor potential vanilloid 1) receptors, and changes in
certain enzymes and sodium channels, on primary
nociceptive neurons in the rat gut® TRPVI plays an
important role in pain signaling and nociception” and
evidence suggests that TRPV1 functioning can be mod-
ulated by bacteria.® Increased fecal output and colonic
permeability is also observed in the rats along with
downregulating glucocorticoid receptors (GR) and tight
junction proteins (claudin-1, occludin and zona occlu-
dens-1) in the colonic but not the jejunal mucosa.’
Cells of the mucosal layer are in intimate contact with
the mucosal adherent microbiome and mounting evi-
dence suggests that the microbiome and its metabolites
play an active role in epithelial health. This rat model
of IBS provides a symptomatically, physiologically and
biologically well characterized context, with described
neurologic and mucosal mechanisms, within which to
characterize and interpret structural and functional
alterations in the colonic microbiome.

In this study we investigated structural and func-
tional changes in the colonic microbiome when persis-
tent IBS-like symptoms are induced in rats (visceral
hypersensitivity, increased colonic permeability, and
increased fecal pellet output).

Results
Richness and diversity

The 26 colonic mucosal samples yielded a total of
2,061,133 16S rRNA quality-filtered gene sequences
that mapped to 1,679 OTUs. After the removal of spu-
rious OTUs 1,197 OTUs (2,057,181 gene sequences)
an average of 827 £ 85 OTUs per sample were
retained for downstream analysis. Rarefaction curves
generated from these data did not plateau (Supporting
Information File 1: Fig. S2) indicating additional
OTUs would be detected with increased sequencing
depth. One control animal (C22) yielded an unusually
low microbial richness (> 2 standard deviations), and
when this animal was removed from the diversity
analysis the Shannon diversity index coefficient of var-
iation was 8.7%. The relatively stable Shannon diver-
sity index across samples suggests that although

additional phylotypes would be discovered by
increased sequencing depth the majority of taxa have
been captured. Good’s coverage index (99.8 + 0.1)
shows that the sequencing used adequately character-
izes the microbial composition. Accumulation curves
did not differ (p > 0.1) between control and WA
groups. The WA group had significantly higher num-
ber of observed taxa (p = 0.02), higher ACE index
(p = 0.04) and a nearly significantly higher Chaol
index (p = 0.05), which suggest a difference in the
minimum number of OTUs estimated to be present in
the 2 groups. Shannon’s index, which takes into
account both the number of OTUs and their relative
abundance, did not differ between conditions indicat-
ing similar OTU richness and abundance. No differ-
ences were found in the Good’s coverage index
between conditions indicating that sequencing cover-
age between the 2 conditions did not differ (Fig. 1a to
e, Supporting Information File 2: Table S1).

Microbial community structure

Principle Coordinates Analysis (Fig. 2a) and cluster
analysis (Fig. 2b) of Bray-Curtis found a significant
(ANOSIM: r = 0.12, p = 0.03) divergence in microbial
communities between the control and WA groups.
The first 2 principal components (PC) accounted for
approximately 48% of the observed variation in the
microbiome. Both PC1 and 2 interpreted inter- and
intra-group variability. Cluster analysis broadly dis-
criminated between WA and control groups in agree-
ment with discrimination observed in the PCoA.
Significant condition associated clustering was not
observed in PCoA of Jaccard or Sorensen presence/
absence dissimilarities matrices (Fig. 3a and b). How-
ever, richness and diversity indices indicate a trend of
richer and more diverse microbial communities
among WA animals compared with control animals
(Fig. 1a to d). The modified cladistic analysis of the
presence/absence data bear out this pattern (Fig. 3c).
As the tree is rooted in a hypothetical gnotobiotic
individual, animals with lower diversity are sorted to
the base of the tree (cluster composed mostly of HCs)
and animals with increased diversity are sorted to the
terminal branch ends of the tree (mostly WA ani-
mals). The WA dominated cluster is defined by the
shared presence of microbial taxa (synapomorphies)
belonging to the genera Corynbacterium, Facklamia,
Anearocuccus and Methylobacterium, the families
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Figure 1. a) Observed Richness and the b) ACE diversity indices indicate significantly ("p < 0.05) increased diversity in the microbiome
of WA animals, the ¢) Chao1 index tended to significance (p = 0.05), whereas the d) Shannon'’s index and e) Species Accumulation curve
did not show differences in diversity in the microbiome of Control and WA animals.

Sphingobacteriaceae and Methylobactriaceae and the
order Actinomycetales in contrast to animals with
more basal positions (control dominated) on the tree
in which these taxa are predominantly absent (Fig. 3c).

Differential microbial abundance

LEfSe analysis, performed on microbial abundance
data, revealed OTUs and microbial clades that were
perturbed by the experimental stressor. LEfSe identi-
fied 95 taxa that had significant and uniform differen-
tial abundances between conditions (Supporting

Information File 2: Table S2). Of these, 19 had higher
abundances in control animals and 76 had higher
abundances in WA animals (Fig. 4). The 36 taxa with
the largest effect sizes (LDA Score >3.5) are presented
in Figure 5. The Proteobacteria as a phylum was
prominently over abundant in WA animals (WA: 38
£ 21%; control: 20 + 15%), including the classes y-
and S-proteobacteria (approximately 2-fold higher in
WA respectively), so were the class Flavobacteriia
(WA: 6.8 = 4.7%; control: 3.0 & 3.5%), the orders
Pseudomonodales (WA: 10.0 &+ 10.2%; control: 3.9 +
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Figure 2. a) PCoA of abundance based Bray-Curtis distances of
the colonic microbiome from control (orange) and WA (blue)
rats plotted on the first 2 principal coordinates (PC) which
account for approximately 48% of the observed variation b)
Hierarchical clustering using Ward’s method on Bray-Curtis
distances reflect the clustering of microbial communities by
treatment condition (Control and WA stress) observed in the
PCoA analysis.

3.9%), and Bacillales (WA: 6.8 + 4.7%; control: 3 +
3.6%), the families Weeksellaceae (WA: 6.8 + 4.7%;
control: 3 & 3.5%), Rhodocyclaceae (WA: 1.0 = 0.8%;

control: 0.6 £+ 0.8%) and Moraxellaceae (WA: 0.9 +
0.5%; control: 0.7 £ 1.4%) and the genus Cloacibacte-
rium (WA: 5.2 £ 3.6%; control: 2.3 £ 2.6%) (Figs. 4
and 5). The family Porphyromonadaceae'® (WA: 1.4
£ 0.9%; control: 7.6 + 8.2%), the genus Parabacter-
ioides (WA: 1.3 & 0.9%; control: 7.4 & 7.9%), and the
species Akkermansia muciniphila (WA: 0.3 £ 0.4%;
control: 1.4 + 1.7%), had prominently decreased
abundances in the WA group compared with controls
(Figs. 4 and 5).

Differential abundances, of OTUs only, calculated
using the DESeq2 method found 36 OTUs that were
significantly differentially abundant and passed FDR
(Supporting Information File 2: Table S3). Among
these, OTUs belonging to the genera Akkermansia
and Parabacteroides (> 2-fold lower in WA) were sig-
nificantly less abundant in WA animals; whereas
OTUs belonging to the genera Corynbacterium (> 3-
fold higher in WA) and Acinetobacter (> 2-fold
higher in WA) were significantly over-abundant in
the WA group (Fig. 6). These results were congruent
with those produced by the LEfSe analysis (Figs. 4, 5
and 6). For the complete list of relative abundances
see Supporting Information File 2: Table S4.
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Figure 3. PCoA of presence-absence based a) Jaccard and b) Sorenson distances of the colonic microbiome from control (orange) and
WA (blue) rats plotted on the first 2 principal coordinates (PC) which account for approximately 48% of the observed variation, showing
little separation between conditions ¢) Cladogram constructed using individual rats as taxa, microbial OTUs and clades as characters,
and their presence absence as binary character states. Maximum parsimony was used as the optimality criterion to select the tree that
best described the descendant relationships between animals. Uniquely shared-derived traits (synapomorphies) in the form of microbes
which define the terminal clade (i.e., the most derived clade) on the tree are indicated in the blue triangle. This clade is primarily repre-

sented by WA animals.
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Figure 4. Circular cladogram of statistically and biologically consistent differences in colonic microbial clades between WA and control
animals. Red indicates higher abundance in control animals, green indicates higher abundance in WA animals and yellow is non-signifi-
cant. Each circle’s diameter is proportional to the taxon’s abundance. The cladogram simultaneously highlights high-level trends and
specific genera/species. Abbreviations: Sphing: Sphongobacteriia, Flav: Flavobacteriia, Ver: Verrucomicrobiae, Opi: Opitutae.

Metagenomic analysis

A total of 6,832 KEGG Orthologs (KOs) were detected,
which was reduced to 6, 502 once spurious KOs were fil-
tered out. Of these filtered KOs 84% were shared among
the colonic mucosa-adherent microbiome of all animals.
LEfSe analysis identified 48 KOs that were differentially
abundant between control and WA groups (Supporting
Information File 2: Table S5). Forty-two of these KOs
were over-abundant in WA animals and 6 were depleted
in WA animals compared with controls. KOs that were
over abundant in WA animals mainly represented met-
abolic domains. WA microbiomes were depleted in
genes related to valine-, leucine-, glycine-, serine-, gluta-
thione metabolism (among others) in the amino-acid
metabolism category; genes related to butanoate-, pyru-
vate-, propanoate-, and galactose metabolism in the car-
bohydrate metabolism category (Fig. 7). Other
functional domains represented by genes depleted in
WA microbiomes included glycosphingolipid biosyn-
thesis, polyketide sugar biosynthesis and epithelial cell
signaling (Fig. 7). Functional domains, which exhibited
increased potential in WA animals, included biotin-
and sulfur-metabolism, and the biosynthesis of fatty
acids (Fig. 7).

Discussion

WA animals exhibited an increased richness and
diversity of microbes, and predominance of over-
abundance among differentially abundant taxa. A
trend for increased microbial diversity and richness
in disease such as intra-abdominal hypertension
(IAH),"" obesity'> and in response to stress and
aerobic capacity'® have previously been in reported
rats as well as studies of human health,' including
IBS."> Although decreased microbial diversity and
richness have become generally associated with
stress, disease and poor health,'®!” several factors
may influence the nature of microbiome perturba-
tion in response to stress and disease. Evidence
from a noxious-stress mouse model indicates differ-
ential responses of the mucosa-adherent and lumi-
nal microbial communities and further describes
increased richness and diversity in response to an
acute dose, versus decreased richness and diversity
in response to chronic administration.'®

Several microbial taxa were found to be uniquely
predominantly present in WA animals compared
with controls, contributing to the increased diver-
sity observed in WA animals. Among these the
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family Methylobacteriaceae (phylum: Proteobacte-
ria) has been observed to be uniquely present
and/or enriched in the GI microbiome in several
disease conditions,'”*" and the family Sphingobac-
teriaceae (phylum: Bacteroides) has previously been
experimentally associated with chemically induced
IBS-like symptoms in rats.*”

The majority of perturbed functional domains of
the microbiome showed decreased capacity in WA
animals. Increased taxonomic diversity and abun-
dance in the WA animals was associated with a loss of
microbiome function. This suggests that taxa gained
in the WA animals, though taxominically diverse were
functionally similar, and that enrichment in certain
taxa or clades (e.g. Proteobacteria) may suppress cer-
tain functional domains (e.g., energy metabolism)
across the microbial community.
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The microbiome of WA animals differed substan-
tially in the abundance of certain key taxa and micro-
bial clades. At the phylum level Proteobacteria were
significantly enriched in the WA group, driven by
class wide overabundance in y-Protebacteria and
B-Proteobacteria OTUs. Overabundance of Proteo-
bacteria, and y-Proteobacteria in particular, are com-
monly associated with IBS in humans** and murine
models of visceral hypersensitivity”* and IBD.*
B-Proteobacteria overabundance is also associated
with other systemic conditions such as diabetes.***’
The observed enrichment in the Bacillales, Cloacibac-
terium, Sphingobacteriales, Streptophyta, Lactobacil-
lus, Acinetobacter and Enterococcaceae has also
variously been associated with IBS in humans**** and
primates® as well as rat models of visceral pain.****
The association of the Opitutaceae, Sphingobacter-
iales, Weeksellaceae, and S24_7 with IBS appears to be
novel. The y-Protebacteria and Corynebacteriaceae
are also implicated in chronic pain conditions,

specifically chronic bladder, pelvic and prostate pain
and inflammation.>"*’

Microbes with known or suspected beneficial effects
were significantly depleted in WA animals; these
include Akkermansia muciniphila, and the Porphyro-
monadeaceae'® (the genus Parabacteriodes in particu-
lar). A. muciniphila is a mucin degrading bacteria
which has been found to be important in maintaining
and regulating host epithelial health. The organism
has become an important focus for research into
microbial cross-talk and host health. Depleted abun-
dance of the microbe is associated with epithelial
inflammation, IBD, obesity and diabetes, whereas
restoration of A. muciniphila improves symptoms
and outcomes.’ Elevated abundance of the genus Par-
abacteroides is associated with healthy microbial ecol-
ogies and certain Parabacteroides species exhibit
beneficial properties.'*>>°

Taxonomic perturbations in the microbial commu-
nity were associated with changes in the functional
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profile of the microbiome in response to the stressor.
Various metabolic functions, mainly relating to
energy, lipid and amino acid metabolism appeared to
be decreased in the microbiome of WA animals
whereas the capacity for fatty acid metabolism and
sulfur metabolism were enhanced in the colonic
microbiome of WA animals compared with controls.
The colonic epithelium derives most of its energy
from the microbiome and perturbations in the micro-
biomes’ capacity to effectively extract and supply
energy would affect epithelial health and function.
Dysregulation in fatty acid metabolism is commonly
associated with IBS and inflammatory bowel condi-
tions.”” Increased capacity for short chain fatty acid
metabolism appears to be typical in IBS, though the
opposite trend has also been reported.”®*° Increased
capacity in sulfur metabolism has also been reported
in IBS and IBD and H,S is now appreciated to be an
important neurotransmitter implicated in colonic
hypersensitivity.**> Future experiments may specifi-
cally target sulfur metabolites and sulfur metabolizing
bacteria. If these targets can be successfully modulated
to prevent or alleviate symptoms and symptom sever-
ity in the model current model system they may be
good targets of intervention in patients. Similarly, res-
toration of beneficial microbes, such as A. mucini-
phila, or functional domains, such as fatty acid
metabolism dynamics, will be further examined as
therapeutic targets with translation potential.

In summary, we found significant changes in
colonic mucosa-adherent microbial taxa and clades
and the capacity of functional domains of the
microbiome in a rat model which mimics the
human IBS phenotype. The taxonomic and func-
tional perturbations we describe are largely congru-
ent with patterns of microbiome dysregulation
observed in human and animal models of IBS and
GI distress. These results contribute to the growing
body of research necessary to identify reliable tar-
gets and target profiles (microbes, functions,
metabolites) which can be further developed as
diagnostic and intervention targets.

Materials and methods

Animal husbandry

Adult male Sprague-Dawley rats (weighting 160-
180 g), obtained from Charles River Laboratories
(Wilmington, MA), were housed in the animal facility

that was maintained at 22°C with an automatic
12 hour light/dark cycle. Animals received a standard
laboratory diet and tap water ad libitum. Animals
were hosted in the animal facility for 5-7 d before the
commencement of experiments. At this point animals
weighed between 200-220 g. The animals were then
randomly grouped and subjected to 10-day water
avoidance (WA) stress.” At the end of the study ani-
mals weighed between 300-350 g. The study and
experiments were approved by the University of
Michigan Committee on Use and Care of Animals fol-
lowing National Institutes of Health guidelines.

Experimental stressor

Thirteen male rats were repeatedly exposed to WA
stress as described previously.” Briefly, the animals
were placed on a glass platform in the center of a tank
filled with water (25°C) to 1 cm below the height of
the platform. The animals were left on the platform
for 1 hour (in the morning) each day for 10 consecu-
tive days. Control (sham-stress, n = 13) animals were
similarly treated for 10 days, but in a tank without
water. The repeated WA procedure has been shown to
be a potent psychological stressor, which results in
increased serum corticosterone, visceral hypersensitiv-
ity, increased colonic permeability, and increased fecal
pellet output (altered motility) compared with sham-
stressed control animals.*’

Sample collection and DNA purification

Animals were killed at the end of the protocol and the
colon was immediately dissected out. A one centime-
ter section of the distal colon was placed in RNAlater®
Stabilization Solution (ThermoFisher Scientific) at
4°C overnight before being stored at —80°C until fur-
ther processing. Prior to DNA extraction the sample
was thawed and vortexed for one minute to mechani-
cally separate the mucosa from the tissue section. The
colon tissue section was removed and stored at —80°C
in RNAlater® Stabilization Solution in a new tube.
The cellular composition of the mechanically sloughed
cells was confirmed to be epithelial by Diff-Quick
staining. Samples were centrifuged and the RN Alater®
Stabilization Solution was discarded. The remaining
pellet of epithelial cells was processed for DNA using
the AllPrep DNA/RNA/miRNA Universal Kit (Qia-
gen) as per the manufacturer’s instructions.



Amplification and high throughput sequencing

The V4 hypervariable domain of the bacterial 16S
rRNA gene was amplified by polymerase chain reac-
tion (PCR) using Platinum PCR SuperMix High Fidel-
ity (Invitrogen) with 2ul of template DNA, and
primers (F515: 5-CTGCCAGCMGCCGCGGTAA-3/,
R806: 5-GGACTACHVGGGTWTCTAAT-3)* to
make up a final reaction volume of 50 ul at a final
concentration of 200 nM. Thermal cycling conditions
used were as follows: 94°C 2 min initial denaturation;
94°C 30 s, 50°C 30 s, 68°C 60 s for 30 cycles; 68°C
5 min.

Each amplicon was purified using the Agencourt
AMPure XP PCR purification process (Beckman
Coulter). Amplicon integrity and concentration was
determined using the Agilent High Sensitivity DNA
kit, which was run on an Agilent 2100 Bioanalyzer
(Agilent Technologies).

Amplicons (20 ng) were further prepared using
200bp Ion Xpress Plus Fragment Library kit and each
purified amplicon library was individually barcoded
for multiplexed sequencing using the Ion Xpress Bar-
code Adapter kit. Enriched template-positive Ion
PI™ Ton Sphere™ Particles were prepared for
sequencing using Ion OneTouch™ 200 Template Kit
v2 DL. Amplicon libraries were multiplexed for
sequencing on separate 316 chips using the Ion Tor-
rent PGM system and Ion PGM™ Sequencing 200
Kit v2. Individual sequence reads, low quality reads,
and polyclonal sequences were filtered from sequenc-
ing data. The amplicon libraries for 7 animals were
loaded onto 2 separate chips and sequenced to exam-
ine the reproducibility of the microbial profiles. Corre-
lation (r*) of OTU sequence counts between replicate
pairs ranged between 0.85 and 0.96 confirming a high
degree of technical replicability of the data (see Sup-
porting Information File 1: Fig. S1).

Microbiome sequence data processing

SecondGenome was contracted to perform data proc-
essing using the following procedures. Sequence
paired-end reads were merged using USEARCH and
the resulting sequences were compared with an in-
house strains database using USEARCH (usearch_glo-
bal). All sequences conforming to a unique strain with
> 99% similarity were assigned an Operational Taxo-
nomic Unit (OTU) identifier. To ensure specificity of
strain assignment, a difference of > 0.25% between
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the first and second most likely strain assignment was
required. For each OTU one matching sequence was
selected as representative and all sequences were sub-
sequently mapped, using USEARCH, against the rep-
OTU sequences to OTU
abundances. Remaining non-strain sequences were
quality filtered and de-replicated with USEARCH.
Resulting unique sequences were then clustered at
97% sequence similarity by UPARSE (de novo OTU
clustering) and a representative consensus sequence
per de novo OUT was determined. The UPARSE clus-
tering algorithm identifies and discards likely chimeric
OTUs. All non-strain sequences which passed quality
filters were mapped to the representative consensus
sequences to calculate the abundance of de novo
OTUs. Representative OTU sequences were assigned a
taxonomic classification via MOTHUR’s Bayesian
classifier, trained against the Greengenes reference

resentative calculate

database of 16S rRNA gene sequences at 99% similar-
ity. The OTU list was further filtered to only include
OTUs present at least once in 10% (i.e., > 3 samples)
of samples. Counts were not rarefied as it has been
shown that rarefaction results in high rates of false
positives in tests for differential abundance.*’

Statistical analysis

Within sample community (&) diversity (i.e., sample
richness) was assessed by observed diversity (i.e., sum
of unique OTUs per sample), Chaol, Abundance Cov-
erage Estimator (ACE), abundance based richness
estimators, which are sensitive to rare OTUs, and
Shannon’s diversity index, which is more dependent
on highly abundant OTUs and less sensitive to rare
OTUs, a in RStudio using the R package “vegan” (v
2.3-0) and compared between treatments using a
Mann-Whitney U-test. Good’s coverage index was
calculated as C = 1 -(s/n), where s is the number of
OTU singletons and n the numbers of individuals in
the sample.*® Sample-based species accumulation
curves for each condition were calculated using the
exact accumulation method set to a 100 permutations
using the package BiodiversityR (Roeland Kindt R).
Divergence in community composition between
samples (pB-diversity) was assessed by calculating a
Bray-Curtis (abundance) and, Jaccard and Sorenson
(presence/absence) distance matrices. Ordination was
Coordinates
clustering

visualized wusing Principle
(PCoA)

Analysis

and hierarchical (Ward’s
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method),”” and compared using the ANOSIM test
(999 permutations) in RStudio with the R package
“vegan” (v 2.3-0).

Differences in the patterns of the presence and
absence of taxa were further examined using a novel
application of cladistic analysis modified for the analy-
sis of —omics data.*® The approach is similar to that
used in the study of phylogeography®® except here
individual animals are treated as geographic isolates
and the microbes as the faunal communities. Cladistic
analysis, using Maximum Parsimony algorithms, sort
individuals in to a hierarchy based on the uniquely
shared presence or absence of microbes among indi-
viduals (synapomorphies). The agglomerated data
table was used to identify robust differences at higher
taxonomic levels. First, counts of less than or equal to
3 were converted to zero (minimum threshold for
being present), and only taxa with at least one count
above the threshold was retained. Redundant taxa
were filtered to ensure that higher level taxon clusters
were not weighted when represented by only one
OTU. This procedure reduced the taxon list to 330
taxa, which were binary coded for presence absence.
We assigned a gnotobiotic root to the tree, though
permutations with a root based on the median HC or
median for all taxa yielded similar tree topographies
and synapomorphies as trees using a gnotobiotic root.
The data was uploaded to TNT (V1.1)*° and run using
default setting for the “New Technology Search” (a
rapid heuristic search algorithm for large data sets).
The estimated consensus tree was retained and taxa
responsible for major clusters were determined from
this tree.

Differences in the relative abundance of microbes
(at the OTU and higher taxonomic levels) and the
abundance of microbial functional domains were per-
formed with the LEfSe (Linear Discriminant Analysis
with Effect Size) analysis method (http://huttenhower.
sph.harvard.edu/galaxy/), which characterizes the sta-
tistical significance, biologic consistency and effect
size in identifying differentially abundant taxa.”’ An o
of 0.05 and effect size of 2 was specified for differen-
tially abundant features to be considered significant
and to be retained for further consideration and dis-
cussion. Univariate differential abundance of OTUs
was also tested using a negative binomial noise model
for over dispersion as implemented by the R package
“DESeq2” (v 1.11.9).*°% DESeq2 was run under
default settings and q values were calculated using the

Benjamini-Hochberg procedure to control for false
discovery rates.

The meta-genome was characterized by using both
the KEGG 70.1 and BioCyc 18.0 databases as reference
genomes. A genome was inferred for each 16S rRNA
OTU based on the sequence identity between the
OTU’s representative sequence and the nearest neigh-
bor 16S rRNA sequence from the genome databases
restricted to a minimum identity of 97%. OTU abun-
dance was normalized by 16S rRNA copy numbers,
then multiplied by the gene contents of each inferred
genome to predict each sample’s metagenome. Only
KOs seen at least once within 10% of the data set were
kept and moved forward to downstream data analysis.
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