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SUMMARY

The intestinal microbiota is important for induction of inflammatory bowel disease (IBD). IBD is
associated with complex shifts in microbiota composition, but it is unclear whether specific
bacterial subsets induce IBD and, if so, whether their proportions in the microbiota are altered
during disease. Here we fulfilled Koch’s postulates in host-genotype-specific fashion using a
mouse model of IBD with human-relevant disease-susceptibility mutations. From screening
experiments we isolated common commensal Bacteroides species, introduced them into antibiotic-
pretreated mice, and quantitatively re-isolated them in culture. The bacteria colonized IBD-
susceptible and non-susceptible mice equivalently, but induced disease exclusively in susceptible
animals. Conversely, commensal Enterobacteriaceae were >100-fold enriched during spontaneous
disease but an Enterobacteriaceae isolate failed to induce disease in antibiotic-pretreated mice
despite robust colonization. We thus demonstrate that IBD-associated microbiota alterations do
not necessarily reflect underlying disease etiology. These findings establish important
experimental criteria and a conceptual framework for understanding microbial contributions to
IBD.

INTRODUCTION

Inflammatory bowel disease (IBD) arises from complex interactions of genetic,
environmental, and microbial factors (Xavier and Podolsky, 2007). IBD is a spectrum of
chronic, non-communicable diseases, all of which exhibit a primary defining feature of
spontaneous intestinal inflammation. The two major subtypes, ulcerative colitis and Crohn’s
disease, are defined by both distinct and overlapping clinical and pathologic features
(Stenson et al., 2009). Recent progress in understanding the host genetics of IBD has
provided a critical new framework with which to evaluate how microbial factors contribute
its pathogenesis (Cadwell et al., 2010). An important challenge in this field is to understand
the role of commensal bacteria in the context of specific host genotypes.

Host genetics clearly influence IBD susceptibility (Xavier and Podolsky, 2007). The most
current meta-analyses of genome wide association studies identified approximately 100
IBD-susceptibility loci, some specifically associated with either ulcerative colitis or Crohn’s
disease and others associated with both (Franke et al., 2010; McGovern et al., 2010). A
subset of these susceptibility loci are associated with signaling pathways for IL-10 and
TGFp, two important immunoregulatory cytokines that play prominent roles in intestinal
homeostasis (Li et al., 2006; Ouyang et al., 2011). These susceptibility alleles, like most
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others, are all common gene variants that modestly elevate disease risk. Importantly,
investigators also recently showed that rare recessive deficiencies in the IL- 10 receptor
result in fulminant, rapid-onset IBD enterocolitis within one year of age (Glocker et al.,
2009).

The intestinal microbiota also plays an important role in IBD pathogenesis (Xavier and
Podolsky, 2007). The microbiota consists of a large and diverse community containing
hundreds of commensal bacterial species, many of which have only been detected by
culture-independent 16S rRNA gene sequencing (Eckburg et al., 2005; Qin et al., 2010).
Both clinical and laboratory data implicate the microbiota in IBD induction. Medically,
antibiotics provide therapeutic benefits for some manifestations of IBD (Ohkusa et al., 2010;
Sartor, 2008). In patients with Crohn’s disease, surgical diversion of fecal flow produces
remission in inflamed bowel segments with disease recurrence upon flow restoration
(Janowitz et al., 1998). Experimental introduction of small bowel effluent into the surgically
excluded bowel segments also re-induced disease, but a sterile ultrafiltrate of bowel effluent
did not (Harper et al., 1985). In most spontaneous animal models of IBD, disease can be
blocked by antibiotics or re-derivation into a germ-free state, and IBD-susceptible germ-free
animals develop disease upon exposure to commensal microbiota from conventionally
raised hosts (Sartor, 2008). Mass sequencing studies of the intestinal microbiota have
revealed complex disease-associated shifts in microbiota composition, but disease is thus far
not consistently associated with presence or absence of a specific microbe (Frank et al.,
2007; Packey and Sartor, 2009; Qin et al., 2010).

Thus, two related and fundamentally important questions about the role of the microbiota in
IBD remain unresolved: in genetically susceptible hosts, do specific subsets of commensal
bacteria induce IBD (Strober, 2010; Takaishi et al., 2008) and, if so, can these subsets be
identified based on disease-associated alterations in levels of colonization (Tannock, 2008)?
Functional tests of the ability of specific microbes to induce IBD have relied primarily on
germ-free IBD-susceptible animals. These studies demonstrate that select commensal
bacterial species can induce disease in some models (Sartor, 2008). However, translating
these findings to conventionally raised animal models, which more closely mimic IBD
patients, has proven to be challenging. Developing experimental approaches using
conventionally raised animals to functionally assess the roles of specific commensal bacteria
and test the hypotheses generated by culture-independent profiling studies of the microbiota
in IBD is thus a critical priority.

Here, we address these questions using non-germ-free methods in an antibiotic-responsive
mouse model with IBD-relevant deficiencies in IL-10 and TGF signaling. We fulfill host-
genotype-specific Koch’s postulates by isolating commensal bacteria, introducing them into
antibiotic-pretreated mice, assessing disease development, and confirming host colonization
by quantitative re-isolation of the experimentally introduced bacteria in culture. Using this
approach, we identify distinct commensal bacterial subsets with and without disease-
inducing potential in susceptible hosts and show that these subsets would not have been
predicted based on disease-associated alterations in microbiota composition.

Establishment of a non-germ-free system to screen for disease-inducing microbes using

dnKO mice

We evaluated the colitogenic potential of intestinal microbes in the dnKO mouse model of
IBD (Kang et al., 2008). These mice contain a complete knock out of 1110r2 (Spencer et al.,
1998) and express a transgene encoding dominant negative Tgfbr2 restricted to T-cells
(Gorelik and Flavell, 2000). Both mutations are closely linked to pathways implicated in
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human IBD: IL10 and IL10RB (Franke et al., 2010; Glocker et al., 2009; McGovern et al.,
2010) and SMAD3, a direct downstream target of TGFBR2 (Franke et al., 2010). We
previously showed that dnKO mice develop spontaneous, severe, and rapid intestinal
inflammation that is 100% penetrant (Kang et al., 2008). Co-housed 1110r2*/~ littermate
controls did not develop colitis, suggesting the microbial triggers of disease in dnKO mice
were innocuous in non-susceptible hosts (Figure 1A). We confirmed that colitis in dnKO
mice was highly responsive to treatment with metronidazole and ciprofloxacin (Figure 1A).
We quantified colitis severity in several anatomically defined regions of the colon using
multiple independent metrics of gross and anatomic pathology previously validated in this
model (Kang et al., 2008). Intestinal whole mounts were scored for gross pathology in a
blinded fashion (see Figure S1). Histologic mucosal inflammation was quantified by
measuring heights and widths of well-oriented colonic crypts, which we previously showed
to be sensitive metrics of colitis severity (Kang et al., 2008). By these criteria, antibiotic
treatment completely blocked dnKO colitis (Figures 1B through 1G).

Since the combination of antibiotics we used does not sterilize the gut (Heimesaat et al.,
2006), we hypothesized that disease in dnKO mice would depend on a subset of commensal
bacteria which are eliminated by antibiotic treatment. The intestinal microbiota is normally
dominated by members of two bacterial phyla: Firmicutes (Gram +) and Bacteroidetes
(Gram) (Eckburg et al., 2005). To assess the effects of antibiotic treatment on the
microbiota, we collected fecal samples from antibiotic-treated and untreated mice and
performed quantitative PCR using 16S rRNA gene primer sets specific for the Bacteroidetes
families Bacteroidaceae-Porphyromonadaceae-Prevotellaceae (BPP) and for the Firmicutes
families Enterococcaceae, Lactobacillaceae, and Lachnospiraceae-Ruminococcaceae (Nava
etal., 2010). We found antibiotic-treated mice showed a decrease in BPP and
Lachnospiraceae-Ruminococcaceae whereas Enterococcaceae and Lactobacillaceae were
increased (Figure S2). These data supported the hypothesis that antibiotic treatment
prevented disease by selectively altering subsets of commensal bacteria within the
microbiota.

To test this hypothesis, we therefore developed a non-germ-free screen for colitogenic
activity of commensal bacteria taking advantage of the dnKO model’s rapid disease onset
and antibiotic-responsiveness. We housed mice in a specific pathogen-free facility using
stringent precautions to prevent cage-to-cage contamination. We treated dnKO and control
mice at weaning with metronidazole and ciprofloxacin for >3 weeks. Two days after halting
antibiotic treatment, mice were orogastrically gavaged a single time with experimental
inocula or sterile PBS as a control (Figure 2A). Using this experimental design, we found
that antibiotic-pretreated dnKO mice gavaged with sterile PBS remained disease free
(Figures 2B through 2H). To demonstrate that we could induce disease in this system, we
gavaged antibiotic-pretreated dnKO mice with intestinal contents harvested from untreated
control animals from our colony. We used a standardized frozen stock of intestinal contents
for our experiments to control for effects that might occur due to variation between
individual donors (Weinstein et al., 1974). Mice gavaged with freshly thawed aliquots of
intestinal contents developed severe colitis by three weeks post inoculation (Figures 2B
through 2H). Gavage with freshly harvested intestinal contents or cohousing with untreated
mice produced similar outcomes (not shown). Total organ surveys showed that the
predominate site of pathology was the colon with minor more variable effects in the lung
and liver that were similar to the pathology that developed in post weaning untreated dnKO
mice (Gorelik and Flavell, 2000; Kang et al., 2008). We therefore relied on colon-specific
metrics of colitis rather than weight loss or serum cytokines to ensure results were not
confounded by extra-intestinal processes. These results demonstrated the feasibility of
screening for colitogenic bacteria using this method.
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Mixed cultures of intestinal microbes induce disease in antibiotic-pretreated mice

We next asked whether cultivable intestinal bacteria could induce colitis in this system.
Because of the rapid and widespread colitis in dnKO mice, we hypothesized that common,
abundant members of the intestinal microbiota would likely induce disease. As an initial
screen, we therefore serially diluted stock intestinal contents from untreated mice (see
above) and cultured the dilutions in parallel on non-selective and selective bacterial growth
media (Figure 3A). We harvested anaerobic mixed cultures from a dilution at which ~1500
colonies grew, ensuring the culture contained only relatively abundant (approximately
>0.07% abundance) intestinal bacterial cultivable on that media type (Table S1). For
colonization experiments, the anaerobic culture was mixed in equal proportion with a culture
grown aerobically on non-selective media and gavaged into antibiotic-pretreated dnKO
mice. The gavaged mice developed severe colitis relative to PBS-gavaged controls (Figures
3B through 3E). These results demonstrated that colitis-inducing bacteria could be grown in
culture.

To refine potential pools of colitogenic microbes, we also tested cultures grown on more
selective media types. Anaerobic cultures were grown in parallel on media selective for
Gram-negative obligate anaerobes (LKV agar) or media inhibitory towards Gram-negative
bacilli and enriched for growth of Gram-positive anaerobes (CNA agar) (Figure 3A).
Gavage mixtures were prepared as above. Mice receiving the CNA culture showed
pathology that did not significantly differ from PBS-gavaged controls (Figures 3B through
3E). To evaluate why the CNA mixed culture did not induce disease, we isolated common
bacteria from the feces of antibiotic-treated (non-colitic) dnKO mice using non-selective
ANB agar, extracted genomic DNA, and obtained partial sequences of the 16S rRNA gene.
Based on sequence analysis, we identified the isolates as belonging to a variety of families
within the phylum Firmicutes including Enterococcaceae, Lactobacillaceae, Bacillaceae, and
Lachnospiraceae (Table S2). We confirmed that all of these isolates grew on CNA agar.
Additionally, we performed targeted 16S rRNA gene sequencing of bacterial DNA isolated
from the CNA gavage inoculum and found sequences belonging to the Firmicutes species
listed in Table S2. We therefore concluded that these species could colonize antibiotic-
treated dnKO mice without inducing disease. In contrast, antibiotic-pretreated dnKO mice
gavaged with the LKV culture developed robust disease similar in severity to mice given the
non-selective ANB culture (Figures 3B through 3E). These results suggested that abundant
Gram-negative obligate anaerobes would be sufficient to induce disease in dnKO mice.

Commensal Bacteroides isolates induce disease in IBD-susceptible but not non-
susceptible mice

We therefore isolated and identified abundant Gram-negative, obligate anaerobes from the
stock of pooled intestinal contents described above. Based on unique-appearing colony
morphology, we isolated and propagated 17 Gram-negative isolates on LKV agar. Sequence
analysis of the 16S rRNA gene showed that several of the isolates were redundant, but they
included six unique species from the phylum Bacteroidetes (Table S3). Isolation of unique-
appearing colonies from intestinal contents grown in parallel on Bacteroides bile esculin
(BBE) agar produced nine additional Bacteroidetes isolates, all of which were identical to
isolates obtained using LKV agar. Sequences from all isolates were >99% identical to 16S
rRNA sequences previously detected in culture-independent studies of rodent commensal
intestinal microbiota as determined using BLAST and the Ribosomal Database Project
(Altschul et al., 1990; Cole et al., 2007; Cole et al., 2009). Collectively, these results
confirmed the isolates were common, abundant members of the commensal microbiota.

To assess whether any of the isolates could induce disease, we screened five of them in
antibiotic-pretreated dnKO mice. We found that pure cultures of each induced colitis to
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varying degrees. Bacteroides vulgatus and Bacteroides thetaiotaomicron induced severe
ulcerative disease while the Bacteroides sp. TP5 induced milder disease consisting of
lymphocytic infiltrate in the mucosa (Figures 4A and 4B).

Importantly, we confirmed in additional experiments that B. thetaiotaomicron, a well-
characterized symbiotic species (Goodman et al., 2009) potently induced colitis in dnKO
mice but was innocuous in 1110r2*/~ controls (Figures 4C to 4H and S3). The pathology
included a significant colonic neutrophil infiltration with trans-epithelial migration (Figure
41) and a significant increase in the percentage of interferon producing CD4+ T cells
isolated from the lamina propria (Figure 4J). These findings were similar to untreated,
spontaneously colitic dnKO mice (Kang et al., 2008).

Previous studies have demonstrated serum antibody responses to commensal bacterial
antigens in IBD, but assessing the relationship of these antibody responses to disease
induction and etiology has been experimentally challenging (Brandwein et al., 1997; Lodes
et al., 2004). We found that antibiotic-pretreated mice exhibited no serum IgG response to
lysates of cultured Bacteroidetes species prior to gavage. By contrast, dnKO mice given
either B. thetaiotaomicron or B. vulgatus developed robust 1gG responses to multiple
antigens of the respective isolate post-gavage whereas 1110r2*/~ controls given the same
bacteria did not (Figure 4K and Figure S3B). Taken together, these results demonstrate that
colitis induced by commensal Bacteroides species involves activation of both innate and
adaptive immune responses in a host-genotype-specific fashion.

Antibiotic treatment eliminates cultivable intestinal Bacteroides from the fecal microbiota

Since diverse intestinal Bacteroidetes species induced colitis in dnKO mice, we reasoned
that antibiotic treatment should eradicate them from the microbiota. To test this hypothesis,
we performed quantitative fecal cultures on Bacteroides-selective media. Fecal samples
from antibiotic-treated dnKO mice exhibited no bacterial growth when quantitatively
cultured on Bacteroides bile esculin (BBE) agar at a detection limit of 17 colony-forming
units (cfu) per sample (~102 cfu/g of feces). By contrast, we observed high bacterial titers
(~10° cfu/g of feces) on BBE agar in samples from untreated dnKO mice (Figure 5A).
While antibiotic treatment decreased the total bacterial load as assessed by qPCR for the
bacterial rpoB gene (Nava et al., 2010), fecal titers on ANB media did not differ with
antibiotic treatment (Figures 5A and S4A). Collectively, these data further confirmed that
antibiotics prevented disease by selectively altering microbiota composition rather than by
sterilizing the gut.

Commensal Bacteroides species fulfill Koch’s postulates in host-genotype-specific

fashion

We could thus fulfill Koch’s postulates for commensal Bacteroides species by performing
serial, quantitative fecal cultures from single-isolate-gavaged dnKO mice on BBE agar.
Antibiotic-pretreated mice gavaged with PBS remained free of cultivable Bacteroides for up
to 28 weeks, confirming absence of cage-to-cage microbial contamination (Figures 5B and
S4B). By contrast, mice given pure cultures of B. thetaiotaomicron, B. vulgatus, or
Bacteroides species TP5 became stably colonized at ~1010 cfu/g of feces (Figures 5B, 5C,
S4B, and not shown). Bacterial identity was determined based on characteristic colony size,
morphology, and pigmentation pattern and was confirmed by 16S rRNA gene sequencing of
representative colonies (Figures S4C and S4D). Colonization levels were consistent from
animal to animal and experiment to experiment (Figure 5C). Antibiotic-pretreated 1110r2*/~
and dnKO mice became stably colonized with the gavaged bacteria at equivalent levels
(Figures 5B, 5C, and not shown). These results demonstrated that disease induction was
host-genotype-specific.
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Commensal Enterobacteriaceae but not Bacteroides are strikingly enriched in the
microbiota during spontaneous disease

Despite our finding that commensal Bacteroides induced colitis in dnKO mice, studies of
Bacteroides dynamics in the intestinal microbiota of both IBD patients and animal IBD
models have produced variable results, with several studies detecting no significant disease-
associated enrichment (Dicksved et al., 2008; Frank et al., 2007; Onderdonk et al., 1998; Ott
et al., 2008; Takaishi et al., 2008). We therefore examined fecal Bacteroides levels using
both quantitative titers on Bacteroides bile esculin agar and qPCR species-specific primers
for the B. thetaiotaomicron the 16S rRNA gene (Figures 6A, 6B, 6D, 6F, and S5). We found
no significant difference between dnKO (spontaneously colitic) and 1120r2*/~ (non-colitic)
mice by either of these methods. By contrast, many previous studies have documented IBD-
associated enrichment of Enterobacteriaceae, which are Gram-negative, facultative
anaerobes (including the species Escherichia coli) from the phylum Proteobacteria that can
be selectively cultured on MacConkey agar (Burke, 1997; Darfeuille-Michaud et al., 1998;
Frank et al., 2007; Onderdonk et al., 1998). In agreement with findings from these studies,
we observed that commensal Enterobacteriaceae were strikingly enriched in spontaneous
disease in dnKO mice, accounting for ~50% of total cultivable fecal bacteria compared with
<0.5% of cultivable bacteria in co-housed 1110r2*/~ controls (Figures 6A, 6C, 6E, and S5).

Commensal Enterobacteriaceae are not sufficient for disease induction

The observation that Enterobacteriaceae are often elevated in IBD has led to the hypothesis
that these bacteria may play a pathogenic role in disease (Burke, 1997; Frank et al., 2007;
Onderdonk et al., 1998). However, it is unclear whether Enterobacteriaceae enrichment is a
cause or effect of disease because enrichment also occurs during non-IBD intestinal
inflammation experimentally induced by chemicals or microbial pathogens (Heimesaat et
al., 2006; Lupp et al., 2007; Stecher et al., 2007). We found that commensal
Enterobacteriaceae were eliminated from antibiotic-treated mice (Figure 6C), allowing us to
directly test their colitogenic activity in dnKO mice. We isolated an Enterobacteriaceae
species that was highly enriched in the feces of an untreated, colitic dnKO mouse (~33% of
total cultivable bacteria) and identified it as E. coli by 16S rRNA sequence analysis and
phenotypic characterization (Figure S6). To test the isolate’s disease-inducing potential, we
gavaged it into antibiotic-pretreated dnKO mice. Other groups of dnKO mice were gavaged
with B. thetaiotaomicron or sterile PBS as positive and negative controls. We quantified
bacterial colonization by performing serial fecal titers on Bacteroides bile esculin and
MacConkey agar (Figures 7A and 7B). E. coli stably colonized antibiotic-pretreated animals
at higher levels than those observed in untreated dnKO mice (compare Figures 6C and 7B).
However E. coli colonization did not induce significant disease relative to PBS, whereas B.
thetaiotaomicron induced significant disease relative to both E. coli and PBS (Figures 7C to
7H).

DISCUSSION

The commensal microbiota influences the pathogenesis of many diseases including IBD, but
role of specific microbes is incompletely understood. Two central related question are
whether specific commensal bacterial subsets induce IBD and, if so, whether their
proportions in the microbiota are altered during disease (Strober, 2010; Takaishi et al., 2008;
Tannock, 2008). To address these questions, we utilized an antibiotic-responsive genetic
mouse model with defects in IL-10 and TGFp signaling, both of which are associated with
human IBD (Franke et al., 2010; Glocker et al., 2009; McGovern et al., 2010). Using these
mice, we developed a non-germ-free approach to screen for specific disease-inducing
commensal bacteria. Based on the results of this screen, we fulfilled host-genotype-specific
Koch’s postulates for commensal Bacteroides species. We isolated Bacteroides species that
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were common to susceptible and non-susceptible hosts and were eliminated by disease-
blocking antibiotics. We administered pure cultures of the isolates to antibiotic-pretreated
mice and found that they induced colitis with features of adaptive and innate
immunopathology in susceptible hosts but not in non-susceptible hosts. Finally, we showed
that the Bacteroides species could be quantitatively re-isolated from experimentally
colonized animals at equivalent levels regardless of host genotype and disease status. These
results suggest the genotype-dependent disparity in disease induction was attributable to
differences in host response rather than altered colonization susceptibility. Conversely, we
found that commensal Enterobacteriaceae were strikingly enriched in the microbiota during
spontaneous disease but a colitis-enriched Enterobacteriaceae isolate was not sufficient to
induce disease despite robust colonization. We further found that antibiotic-treated, non-
colitic dnKO mice were colonized at high levels with bacteria belonging to several families
of Firmicutes. We thus identified distinct subsets of commensal bacteria with and without
disease-inducing potential and demonstrated that the colitogenicity of these subsets would
not have been predicted based on disease-associated shifts in colonization.

Given the important role of the intestinal microbiota in IBD pathogenesis, identification of
specific disease-inducing commensal microbes has been a longstanding goal (Burke, 1997;
Sartor, 2008). Many studies have employed germ-free animals because germ-free re-
derivation can provide a source of healthy, yet susceptible hosts for experimental
colonization with defined microbial populations. Specifically measuring colonization levels
of introduced isolates in ex-germ-free animals is relatively uncomplicated, and the absence
of related, indigenous commensal organisms increases confidence that host effects can be
directly attributed to the introduced bacteria (Hapfelmeier et al., 2010). But while studies in
germ-free animals have been crucial in demonstrating that the microbiota plays a role in
disease induction, there are important caveats for using them to identify specific disease-
inducing bacteria. Importantly, the innate and adaptive immune system of germ-free animals
is immature (lvanov et al., 2009; Lee and Mazmanian, 2010) and bacteria known to induce
chronic inflammation or cancer in conventionally raised animals can produce dramatically
different outcomes in germ-free hosts ranging from no disease induction to rapid death
(Garrett et al., 2010; Lofgren et al., 2010; Rhee et al., 2009). These disparate results
highlight the need for additional strategies to identify and characterize disease-inducing
bacteria. The non-germ-free approach we used here generates healthy, IBD-susceptible mice
by pre-treating conventionally raised animals with antibiotics that have been widely studied
in human IBD (Elahi et al., 2009; Ohkusa et al., 2010; Rahimi et al., 2006). We showed that
antibiotic treatment eradicates certain bacterial subsets from the microbiota, enabling us to
experimentally colonize antibiotic-pretreated animals with primary isolates of commensal
bacteria indigenous to our mouse colony and specifically quantify colonization using
culture- and molecular-based techniques. Interestingly, the isolates colonized antibiotic-
pretreated mice at levels even higher than those observed in untreated animals, suggesting
antibiotics produce an altered microbial ecosystem highly susceptible to expansion of
individually re-introduced commensal species. This approach should be broadly applicable
to a wide range of animal models and disease processes.

We found that a range of common, commensal Bacteroides species were sufficient for
disease induction in antibiotic-pretreated dnKO mice, with the two most potent disease-
inducing isolates belonging to the species B. thetaiotaomicron and B. vulgatus. Intestinal
Bacteroides are among the most abundant and well-studied members of the mammalian
commensal microbiota. They provide many beneficial effects to the host including
breakdown of complex dietary carbohydrates and modulation of mucosal glycosylation,
gene expression, angiogenesis, and immune maturation (Comstock, 2009; Hooper et al.,
2001; Round and Mazmanian, 2010; Stappenbeck et al., 2002; Xu et al., 2007). To our
knowledge, B. thetaiotaomicron has not previously been implicated in IBD pathogenesis.
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Conflicting data exist on the role of B. vulgatus in the pathogenesis of IBD. Germ-free rats
transgenically expressing HLA-B27, a human MHC class | allele linked to
spondyloarthritis-associated IBD (Brakenhoff et al., 2010), developed T-cell dependent
colitis when colonized with B. vulgatus but not with various other bacteria including E. coli
(Hoentjen et al., 2007; Rath et al., 1999). Interestingly, E. coli but not Bacteroides species
were enriched in the intestines of conventionally raised, spontaneously colitic transgenic rats
(Onderdonk et al., 1998). Similarly, B. vulgatus colonization was sufficient for disease
induction in germ-free guinea pigs treated with carrageenan (Onderdonk et al., 1983).
However B. vulgatus did not induce disease in germ-free 1110 7~ mice and appeared to be
protective in germ-free 112~ mice, whereas some strains of E. coli were colitogenic (Kim et
al., 2007; Sellon et al., 1998; Waidmann et al., 2003). The 11207~ and 1127~ mice used in
those studies were on different genetic backgrounds than the dnKO mice we used here,
making it unclear whether the disparity in results was due to host genetic differences or to
the fact that our studies were performed in conventionally raised rather than germ-free
animals. Given the human-relevant genetic features of dnKO mice and the use of a non-
germ-free approach, we believe our findings suggest commensal Bacteroides species may
have specific colitogenic effects in at least a subset of human IBD. Mazmanian and
colleagues recently coined the term “pathobiont” to describe commensal or symbiotic
microbes that induce disease only in certain genetic or environmental contexts (Chow and
Mazmanian, 2010; Mazmanian et al., 2008). We propose that fulfillment of host-genotype-
specific Koch’s postulates in dnKO mice demonstrates that commensal Bacteroides species
act as pathobionts in this genetic context.

Many studies have observed IBD-associated enrichment or depletion of specific commensal
bacterial subsets, including most notably enrichment of Enterobacteriaceae and other
Proteobacteria (Burke, 1997; Darfeuille-Michaud et al., 1998; Frank et al., 2007; Takaishi et
al., 2008). Our finding that a colitis-enriched E. coli isolate was not sufficient to induce
disease in antibiotic-pre-treated dnKO mice adds to a growing body of evidence that
intestinal inflammation provides both commensal and pathogenic Enterobacteriaceae with a
selective colonization advantage regardless of inflammation etiology (Heimesaat et al.,
2006; Lupp et al., 2007; Stecher et al., 2007; Winter et al., 2010). Interestingly,
Proteobacteria enrichment also occurs in the lung microbiota of asthma patients (Hilty et al.,
2010) and the gastric microbiota of patients with Helicobacter pylori-induced chronic
atrophic gastritis (Maldonado-Contreras et al., 2010). The pathogenic Enterobacteriaceae
species Salmonella typhimurium directly exploits intestinal inflammation by using
tetrathionate a compound generated in the presence of host-derived reactive oxygen species
as a respiratory electron acceptor to outcompete the commensal bacteria (Winter et al.,
2010). We speculate that analogous mechanisms for exploiting mucosal inflammation may
account for Enterobacteriaceae enrichment in IBD and might also be related to the frequency
with which non-pathogenic Enterobacteriaceae strains have independently and convergently
evolved pathogenic phenotypes (Pupo et al., 1997; Wirth et al., 2006). Thus, although
colitis-enriched bacteria, including some Enterobacteriaceae, may play pro-colitic roles in
certain circumstances (Darfeuille-Michaud et al., 1998; Garrett et al., 2010), our findings
underscore the importance of functionally assessing a microbe’s disease-inducing potential
rather than simply extrapolating from disease-associated shifts in microbiota composition.

In summary, our results provide important insights into the intestinal microbiota’s role in
IBD induction. This work does not support models in which a single microbial species is
both necessary and sufficient for disease to occur, nor can we exclude the possibility that
additional commensal species unexamined in our study may also be capable of disease
induction. Nonetheless, we provide evidence that specific bacterial subsets can induce IBD
whereas other subsets cannot. We demonstrate that the identification and validation of these
subsets is experimentally feasible. As new spontaneous animal models of IBD based on
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other human susceptibility mutations become available, the experimental criteria and
conceptual framework developed here will allow the contributions of commensal bacteria to
be assessed in additional genetic contexts.

EXPERIMENTAL PROCEDURES

Mouse Care

Animal protocols were approved by Washington University’s animal studies committee.
Generation of dnKO mice was previously described (Kang et al., 2008). dnKO mice are
CD4-dnTgfgrll x 1110r2 7~ 1110r2*/~ littermates were used as controls. Mice were housed
in a specific pathogen-free facility in cages that were autoclaved after assembly and opened
only in a laminar flow cabinet after thorough disinfection of all outer surfaces with a 1:8:1
preparation of Clidox®S (Pharmacal Research Laboratories, Inc.). 1110r2+/~and dnKO mice
were co-housed. Antibiotic treatment consisting of 0.66 mg/ml ciprofloxacin, 2.5 mg/ml
metronidazole (Sigma), and 20 mg/ml sugar-sweetened grape Kool-Aid Mix (Kraft Foods)
in drinking water (Kang et al., 2008) was begun at weaning (3 weeks old); mice were
transferred to fresh sterile cages 2—3 times per week. For gavage experiments, mice were
antibiotic-pretreated for >3 weeks, gavaged 2 days after treatment cessation, and euthanized
3 weeks post-gavage or upon loss of 230% of maximum body weight. Data are
representative of at least 2 independent experiments per group unless otherwise indicated.

Tissue harvest, fixation, and preparation for histology

Mice were euthanized and ceca and colons were immediately removed, flushed with PBS
and Bouin’s fixative, opened longitudinally with scissors (ceca were opened from the
ileocecal junction to the cecal tip along the greater curvature), pinned open mucosa-upward
in square Petri dishes filled with wax (Carolina Biological), fixed in Bouin’s fixative for 4-8
hours at 4°C, washed and stored in 70% ethanol, and processed for histology as previously
described (Kang et al., 2008).

Gross pathology scoring, histology, and histologic quantification of mucosal inflammation

Whole mount images of fixed intestines were taken at 7X (cecum only), 20X, 40X, and 90X
magnification using an Olympus SZX12 dissecting microscope with an Olympus DP70
Digital Microscope Camera at 1360x1024 image size (Diagnostic Instruments). Images were
scored for gross pathology according to a previously validated scoring system (Figure S1)
(Kang et al., 2008) by an anatomic pathologist (TSS) blinded to the identity of the samples.
Representative images of rectal histology (<0.5 cm from the anorectal junction) were taken
using the same camera on an Olympus BX51 microscope. Blinded microscopic analysis of
HE-stained histologic samples for height and width of well-oriented crypts in the transverse
colon, and distal 0.5 cm of the rectum was performed at 400X magnification as previously
described (Kang et al., 2008). Counts of neutrophil trans-epithelial migration per 50 crypts
were performed on non-ulcerated segments of colon by TSS.

DNA extraction and PCR amplifications

Fecal pellets were collected from untreated mice or mice treated with antibiotics for >3
weeks and frozen. Bacterial genomic DNA was extracted using a bead-beating system
(Matrix E and Bio101 FastPrep cell disrupter, MP Biomedicals; Solon, OH) and a
commercial kit (QIAamp DNA Stool Mini Kit, Qiagen, Valencia, CA) following the
manufacturer recommendations. Extracted genomic DNA was used as a template for PCR
amplification and quantification (pg of DNA/ul) of different bacterial groups. Bacterial
DNA concentrations were estimated by quantitative PCR (qPCR) assays using primers and
protocols previously validated in our laboratory (Nava et al., 2010). Total bacterial load was
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estimated based on amplification of the bacterial rpoB gene (Nava et al., 2010). 16S rRNA
gene primers specific for bacterial families were used to quantify the groups Bacteroidaceae-
Porphyromonadaceae-Prevotellaceae, Lachnospiraceae-Ruminococcaceae, Enterococcaceae
(Rinttila et al., 2004) and Lactobacillaceae (Barman et al., 2008).

Bacteroides thetaiotaomicron was quantified using established species-specific primers
targeting the 16S rRNA gene (Miyamoto et al., 2002). Specificity of this primer set was
verified using the Probe Match function at the Ribosomal Database Project (Cole et al.,
2009) and by PCR assays using DNA from the Bacteroides thetaiotaomicron, Bacteroides
sp. TP5, B. uniformis, and Parabacteroides goldsteinii isolates described in Table S3. The
cycling protocol was: denaturation at 94°C (3 min), 33 cycles of 94°C (45 sec), 61.6°C (30
sec), 72°C (45 sec), followed by one cycle of 72°C (7 min). Specificity was confirmed by
visualizing single and expected-size PCR amplicons via agarose gel electrophoresis.

All gPCR assays were conducted in a Mastercycler ep realplex real-time PCR machine
(Eppendorf, Westbury, NY) using SYBR Green PCR technology (Clontech Laboratories,
Mountain View, CA). Each 17 ul gPCR mixture consisted of 8.5 ul of 2X SYBR Green
Master Mix (Clontech Laboratories), 1.7 ul of BSA (100 pg/ml), 0.5 ul of each primer (10
M), 2 ul of extracted genomic DNA and 3.10 ul PCR-grade water. Denaturation curves
were determined from 60°C to 95°C for all products for quality assurance. DNA
concentrations (rpoB and 16S rRNA genes) in each fecal sample were determined using the
absolute quantification method. Standard curves were constructed with 5-fold dilutions of
genomic DNA templates of known concentration. DNA extracted from mouse intestinal
contents was used as a template for total bacteria and family-specific gPCR, whereas DNA
extracted from B. thetaiotaomicron was used for species-specific gPCR. Concentrations of
DNA used in the standard curves ranged from 100 ng to 1.3 pg/ul. For each gPCR assay,
standard curves were amplified at the same time as fecal samples. PCR amplifications were
performed in triplicate. Bacterial group-specific gPCR signals were normalized to total
Bacteria (rpoB gene) qPCR signal. Then, bacterial DNA densities were estimated by gram
of fecal pellet. Detection limit for family-specific and B. thetaiotaomicron gPCR assays
were around 6.4 /pl and 1.28 /ul, respectively.

Intestinal content and mixed culture preparation

All anaerobic bacteriology and manipulation of uncultured intestinal contents was
performed in a Bactron 1V Anaerobic Chamber (Sheldon Manufacturing) in an atmosphere
of 5% hydrogen/5% carbon dioxide/90% nitrogen (Airgas-Mid America). Anaerobic
cultures were incubated at 35-36°C while aerobic cultures were incubated at 37°C in
ambient air.

To develop a standardized source of intestinal contents, ceca were harvested from untreated
littermates of dnKO mice and were then transferred to the anaerobic chamber where
contents were removed, suspended in sterile, pre-reduced PBS + 20% glycerol, and frozen at
—80°C in single-use aliquots in 1.8 mL CryoTube Vials (377267, Nunc).

For mixed cultures of intestinal contents, frozen intestinal contents harvested from untreated
mice (see above) were thawed, transferred to the anaerobic chamber, adjusted to the
concentration used for gavage in Figure 2, serially diluted in sterile, pre-reduced PBS, plated
in parallel on various solid media types, and incubated either anaerobically or aerobically.
Anaerobic cultures were grown on anaerobic reducible blood agar (“ANB”, R01059,
Remel), anaerobic reducible blood agar with colistin and nalidixic acid (“CNA”, R01064,
Remel), or anaerobic reducible laked blood agar with kanamycin and vancomycin (“LKV”,
R01068, Remel). After 3 days of incubation, material was harvested from anaerobic culture
plates at the indicated dilutions (Figure 3A and Table S1) using sterile swabs, suspended in
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sterile pre-reduced PBS, and frozen at —80 C in single-use aliquots with 20% pre-reduced
glycerol. Aerobic cultures grown on chocolate agar (R01300, Remel) were harvested by the
same method after 48 hours incubation (Table S1).

Bacterial isolation

To isolate bacteria from antibiotic-treated dnKO mice, fecal samples were collected in
sterile microcentrifuge tubes, immediately placed on ice, weighed, transferred to an
anaerobic chamber within <1 hr of collection, suspended in 500 ul of sterile pre-reduced
PBS by repeated vigorous vortexing and disruption with a sterile pipette tip, serially diluted,
and cultured on non-selective ANB agar. Unique-appearing colonies were picked from
plates, sub-cultured on fresh media, and passaged to ensure purity. Genomic DNA was
extracted from individual isolates, the 16S rRNA gene was PCR-amplified using primers
Bact-8f and Bact-1510r (Eckburg et al., 2005; Gill et al., 2006). The resulting PCR product
was directly Sanger sequenced using the original PCR primers. Sequences were edited and
trimmed for quality using Trev 1.9 from the Staden Package® and assembled using SeqMan
from the DNAStar® Lasergene software package, Version 8.0.2. Sequences were classified
using the Ribosomal Database Project (RDP, Release 10, Update 15) Classifier and the most
similar bacterial type strain sequences were identified using RDP’s SeqMatch program
supplemented by BLAST (Ackermann et al., 2008; Cole et al., 2007; Cole et al., 2009;
Wang et al., 2007). Sequence identity was determined by BLAST2 analysis (Table S2).

To isolate Gram-negative, anaerobic bacteria, freshly thawed aliquots of intestinal contents
were diluted to the concentration used in preparation of the LKV mixed culture used for
gavage (Table S1) and cultured anaerobically on LKV or BBE agar. Unique species of
Gram-negative obligate anaerobes isolated from LKV agar (all of them members of the
phylum Bacteroidetes) are listed in Table S3. For isolates <98% identical to the most similar
type strain, the most similar cultured isolate in the RDP database was also identified.
Escherichia coli (Figure S6) was isolated from feces of an untreated dnKO mouse cultured
on ANB agar, and identified by 16S rRNA sequence supplemented by phenotypic
identification using the API 20E strip (biocode 5144532, bioMerieux, Inc., Durham, NC) in
the Barnes-Jewish Hospital Medical Microbiology Laboratory (99% confidence).

For preparation of gavage inocula from single isolates, 24-hour cultures of Bacteroidetes
were grown anaerobically in standing culture in TYG broth (Goodman et al., 2009) and 16-
hour cultures of E. coli were grown in Trypticase Soy Broth (#22092, Sigma) in a 37°C
shaker at 225 rpm. Each culture was concentrated by centrifugation, mixed with sterile, pre-
reduced PBS + glycerol to a final concentration of 20% glycerol, and frozen at —80°C in
single-use aliquots.

Gavage experiments

Titers of each frozen stock were determined prior to use in gavage. To perform
colonizations, aliquots were thawed in a 37°C water bath, transferred to the anaerobic
chamber, volume-adjusted in sterile pre-reduced PBS, and immediately transported to the
mouse facility for orogastric gavage (Goodman et al., 2009). Gavage doses were confirmed
by back-titering the inocula.

Titration of Fecal Bacteria

Fecal samples from 4-week-old untreated mice, mice treated with antibiotics for >3 weeks,
or antibiotic-pretreated mice experimentally manipulated as described were collected in
sterile microcentrifuge tubes. Samples were immediately placed on ice, weighed, transferred
to an anaerobic chamber within <1 hr of collection, suspended in 500 pl of sterile pre-
reduced PBS by repeated vigorous vortexing and disruption with a sterile pipette tip, and
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titered by culturing 10-fold serial dilutions on ANB agar, Bacteroides bile esculin (BBE)
agar (R01104, Remel), or MacConkey agar. 10 pl of each dilution was spotted in triplicate
on quadrants of titer plates (see Figure S4D). MacConkey titers were counted after 12—-16
hours and confirmed for negative growth at 48 hours, BBE titers were counted after 48
hours with colony characteristics confirmed under magnification, and ANB titers were
counted at 48 hours and confirmed after 5 days. Identity of bacteria on BBE and
MacConkey titer plates from single-isolate-gavaged mice was confirmed by 16S rRNA gene
sequencing of representative colonies.

Bacterial culture images

Culture plates were photographed with backlighting using a digital camera. Representative
colonies were imaged on a dissecting microscope at 12.5X magnification with both
backlighting and reflected lighting at an exposure time of 1/500 s.

Serum Immunoblots

Lysates of pure cultures of B. thetaiotoaomicron or B. vulgatus were obtained by Fastprep
bead lysis using 106 um acid-washed glass beads (Sigma, Cat. # G4649). Protein was
quantified using the DC protein assay (BioRAD, Cat. # 500-0111). Aliquots containing 50
ug of protein were separated using NUPAGE precast 10% polyacrylimide Bis-Tris gels and
then transferred to nitrocellulose membranes. Membranes were probed at room temperature
for 3 hrs with a 1:200 dilution of serum from antibiotic-pretreated 1120r2*/~ or dnKO mice
collected immediately prior to gavage with live cultures of the respective bacterial isolate
(“pre-gavage™) or collected at sacrifice 3 weeks later (“post-gavage™). The secondary probe
was HRP-conjugated goat anti-murine IgG (BioRAD, Cat. # 170-6516) diluted 1:10 000 and
incubated at room temperature for 1 hour. Blots were developed using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific, Cat. #34077). Gels were run,
transferred, blotted, and exposed in parallel to ensure comparability.

Statistical Analysis

Statistical analysis was performed using Prism v3.02 and v5.01 (GraphPad Software) except
for Mann-Whitney U-tests, which were calculated using SPSS 16.0 (SPSS Inc.).
Significance for crypt morphometric measurements and log,g-transformed fecal bacteria
titers and titer proportions was determined as described in figure legends using unpaired t-
test, Dunnett’s multiple comparison test, or 1-way ANOVA with post-hoc Tukey’s multiple
comparison test if the omnibus p-value by ANOVA was < 0.05. F-statistics are reported as
Ftreatment residual- Significance for pathology scores, bacterial gPCR, and neutrophil trans-
epithelial migration was determined by Mann-Whitney U-test, Dunn’s multiple comparison
test, or Kruskal-Wallis test as indicated. Kruskal-Wallis statistics are reported as
Haegrees-of-freedom- Statistical significance was defined as p < 0.05; p-values are two-tailed.
Significance of pairwise comparisons was denoted by: n.s., p > 0.05; *, p < 0.05; **, p <
0.01; *** p < 0.005.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Antibiotic treatment quantitatively prevents colitis development in dnKO mice

(A) Representative images of H&E stained rectal histology of 4-week-old untreated and
antibiotic-treated 1120r2*/~ and dnKO mice (distal 0.5 cm of colon). Abx = antibiotics
(metronidazole + ciprofloxacin in drinking water). Scale bar = 100 pm.

(B and C) Cecum and transverse colon pathology scores of untreated and antibiotic-treated
1120r2*/~ and dnKO mice as described in Figure 1A. Intestinal whole mounts were scored
for gross pathology in a blinded fashion by an anatomic pathologist (T.S.S.) according to a
validated system: ranging from 0 (no pathology) to 3 (severe pathology; see Figure S1 for
details). Individual (squares) and median (bars) pathology scores are displayed. Kruskal-
Wallis test: (B) H3 = 13.75, p = 0.0033; (C) H3 = 13.75, p = 0.0033. (D to G) Transverse
colon and rectum crypt heights and crypt widths of mice in described in Figures 1B and 1C
displayed as mean +/— SEM. 1-way ANOVA with post-hoc Tukey’s test: (D) F3 11 = 40.87,
p <0.0001; (E) F311 = 10.71, p = 0.0014; (F) F3 11 = 33.25, p < 0.0001; (G) F3 11 = 9.501, p
=0.0022. All statistically significant pairwise comparisons are displayed: **, p < 0.01, ***,
p < 0.005.

See also Figure S1

Cell Host Microbe. Author manuscript; available in PMC 2012 May 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Bloom et al.

Page 19
. c Cecum D Transverse Colon
Experimental Approach (Abx-pretreated dnkO) (Abx-pretreated dnkO)
>3Wks 2 Days 3 Wks #ﬂ. w

|
Start Abx

|
Halt Abx

Gavage (Day 0)

B Abx-pretreated dnKO, PBS gavage

Sacrifice

Pathology Score

3 e
ZL
0

pgg Intestinal

Contents

Gavage Inoculum

Transverse Colon
(Abx-pretreated dnKO)

S w

Pathology Score

=3

Intestinal
ik Contents

Gavage Inoculum

Transverse Colon
(Abx-pretreated dnKO)

_300 N 65 =0.0074
= 0.0246 7 p=0.0074
250 2 55
-
£
:E, 200 s 45
% 3
I 150 E
| oY
S100 &35
(8] (8]
50 ; ] 25 | I
ntestinal ntestinal
PBS Contents PBS Contents
Gavage Inoculum Gavage Inoculum
G Rectum H Rectum
(Abx-pretreated dnKO) (Abx-pretreated dnKO)
_ 300 65
g. 250 =0.0092 E.
= p=0092 55 -
= ’9-0‘0143
£ 200 £
2 S5
[}
T 150 s
=
[
£ 100 38
(5] (3]
50 I I 25 | |
ntestinal ntestina
PBS Contents PBS Contents

Gavage Inoculum Gavage Inoculum

Figure 2. A non-germ-free system for colitis induction in antibiotic-pretreated dnKO mice

(A) Experimental timeline. Antibiotic treatment began at weaning (age 3 weeks); mice were
antibiotic-treated for >3 weeks and gavaged 2 days after treatment cessation (Abx =
antibiotics).

(B) Representative images of H&E stained rectal histology of antibiotic-pretreated dnKO
mice orogastrically gavaged with sterile PBS or with a standardized frozen stock of
intestinal contents from untreated animals. Gavage dose = 2x107 total cfu/mouse on
Anaerobic Reducible Blood (ANB) agar (non-selective anaerobic culture media; cfu =
colony-forming unit). Scale bar = 100 pm.

(C and D) Cecum and transverse colon pathology scores of antibiotic-pretreated dnKO mice
gavaged with sterile PBS or intestinal contents from untreated donors as described in Figure
2B displayed as individual (symbols) and median (bars) scores. Mann-Whitney U-test.

(E to F) Transverse colon and rectum crypt heights and crypt widths of mice described in
Figure 2C and 2D displayed as mean +/— SEM. Unpaired t-test.

See also Figure S2
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Figure 3. Mixed cultures of intestinal contents induce disease in antibiotic-pretreated dnKO mice
(A) Diagram of preparation of mixed cultures of intestinal contents. An aliquot of frozen
intestinal contents (see Figure 1C) was thawed, serially diluted, and cultured on the
indicated media types. 3-day mixed cultures were harvested from the indicated culture plates
(in squares) and frozen in 20% glycerol. Aliquots of each culture were subsequently thawed
and adjusted to standardized doses for gavage.

(B and C) Cecum and transverse colon pathology scores of antibiotic-pretreated dnKO mice
gavaged with sterile PBS or with the indicated anaerobic mixed cultures of intestinal
contents mixed 1:1 with aerobic cultures grown on chocolate agar at 0 dilution. Individual
(symbols) and median (bars) pathology scores are displayed. Gavage doses: ANB = 6.4x107
total cfu/mouse; LKV = 7.3x107 total cfu/mouse; CNA = 5.4x107 total cfu/mouse.
Statistical significance relative to PBS determined by Dunn’s multiple comparison test: n.s.,
p>0.05; *, p <0.05; **, p<0.01.

(D and E) Transverse colon and rectum crypt heights of antibiotic-pretreated dnKO mice
described in Figure 3B and 3C, displayed as mean +/— SEM. Statistical significance relative
to PBS determined by Dunnett’s multiple comparison test. The screen was unrepeated.

See also Table S1 and S2
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Figure 4. Commensal Bacteroides induce disease in antibiotic-pretreated dnKO but not 1n1or2*-
mice

(A) Screen for colitis induction by Bacteroidetes isolates. Cecum gross pathology scores of
antibiotic-pretreated dnKO mice gavaged with 1x108 cfu/mouse of pure cultures of the
indicated primary bacterial isolates (see Table S3). Not repeated for B. uniformis and P.
goldsteinii.

(B) Representative H&E stained cecal histology of mice gavaged with pure cultures of the
indicated bacterial isolate as described in Figure 4A. Scale bar = 200 um. Cecal histology of
a non-colitic 1110r2*/~ mouse gavaged with B. thetaiotaomicron is shown for comparison.
(C and D) Cecum and transverse colon pathology scores of antibiotic-pretreated mice of the
indicated genotypes gavaged with PBS or a pure culture of the Bacteroides thetaiotaomicron
isolate (7x107 cfu/mouse). Kruskal-Wallis test with post-hoc Dunn’s test. (C) H, = 12.26, p
=0.0022; (D) H, = 11.36, p = 0.0034. All significant pairwise comparisons are displayed: *,
p <0.05.

(E to H) Transverse colon and rectum crypt heights and crypt widths of mice described in
Figure 4C and 4D displayed as mean +/— SEM. 1-way ANOVA with post-hoc Tukey’s test:
(E) F2,10 = 8.596, p = 0.0067; (F) F2 19 = 12.55, p = 0.0019; (G) F3,19 = 2.057, p = 0.1786;
(H) F2.10 = 12.05, p = 0.0022. All significant pairwise comparisons are displayed if the
omnibus p-value by ANOVA was significant: *, p < 0.05; **, p < 0.01.

(1) Graph of the number of neutrophils per 50 well-oriented crypts located within the
intestinal epithelium/crypt lumen in colons of the mice described in 4C and 4D. Kruskal-
Wallis test: Hy = 6.529, p = 0.0382.

(J) Percent of CD4+ T-cells expressing Ifny, determined using validated procedures (Kang et
al., 2008), in the colonic lamina propria of antibiotic-treated 1110r2+/~ (n=2) and dnKO
(n=4) mice or antibiotic-pretreated 1110r2*/~ (n=3) and dnKO (n=3) mice gavaged with 108
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cfu/mouse of B. thetaiotaomicron and sacrificed 3 weeks post-gavage. 1-way ANOVA with
post-hoc Tukey’s test: F3 g = 27.93, p = 0.0001. All significant pairwise comparisons are
displayed: **, p < 0.01; ***, p < 0.005.

(K) Immunoblots of B. thetaiotaomicron lysate probed with a 1:200 dilution of pooled
serum collected from antibiotic-pretreated 1110r2+/~ (n=3) or dnKO (n=8) mice immediately
prior to gavage with 108 cfu/mouse of B. thetaiotaomicron (pre-gavage) or at sacrifice 3
weeks later (post-gavage). Secondary antibody is a-mouse IgG. Equal amounts of bacterial
lysate were separated by SDS-PAGE, transferred to nitrocellulose membranes, blotted, and
exposed in parallel for all groups

See also Table S3 and Figure S3
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Figure 5. Intestinal Bacteroides are eliminated by antibiotics and stably re-colonize gavaged,
antibiotic-pretreated mice independently of host genotype

(A) Plot of fecal titers from untreated and antibiotic-treated dnKO mice grown in parallel
anaerobically on non-selective (ANB) agar and Bacteroides bile esculin (BBE) agar. Titers
from individual mice (symbols) and means of logo-transformed titers (bars) are displayed.
Unpaired t-test (logqo-transformed titers).

(B) Plot of serial fecal titers on BBE agar from antibiotic-pretreated mice gavaged on Day 0
with sterile PBS or B. thetaiotaomicron (7x107 cfu/mouse). Individual titers (symbols) and
means of logyg-transformed titers (lines) are displayed. Unpaired t-tests comparing log -
transformed fecal titers from B. thetaiotaomicron-gavaged dnKO mice to 1110r2*/~ mice.
(C) Frequency histogram of all 92 B. thetaiotaomicron fecal titer measurements (logyo-
transformed) we have performed on individual, single-isolate-gavaged, antibiotic-pretreated
mice regardless of mouse genotype. Fecal titers were performed between 6 and 20 days
post-gavage; data are compiled from multiple independent experiments with 4-9 mice per
experiment. Gavage doses ranged from 6.6x107 to 8.6x108 cfu/mouse. Excluding the single
outlier value (8.78), the titers are normally distributed as assessed by the D*Agostino &
Pearson K2 omnibus normality test: p = 0.5894, K2 = 1.057, skewness = —0.153, kurtosis =
0.3345. Statistical analysis performed using GraphPad Prism v5.01 (GraphPad Software).
See also Figure S4

Cell Host Microbe. Author manuscript; available in PMC 2012 May 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bloom et al.

Page 24

A ANB agar B BBE agar c MacConkey agar
(Non-selective anaerobic media) (Bacteroides Bile Esculin) (Enterobacteriaceae)
1om 101 p=08275 101 p =0.0004
1010 —=— _at _ 1010 . . 1010 .t
2 100 - B g100 —_— g 100 .
g 10 groog g0 ..
L 10? . " ) “— 107 - 107
S, 106 No significant differences 3105 3105
3 105 3108 Ewos
o 107 0104 Below limit of detection © 10¢ Below limit of detection
108 103 —OOOTm  —OOOO= 108 B e s ]
102 102 102
110r2** dnk0O  H10r2*" dnko 1110r2*" dnKO  110r2*" dnkO H10r2*" dnkKO  110r2*" dnko
Untreated Abx-Treated Untreated Abx-Treated Untreated Abx-Treated
D BBE agar E MacConkey agar F B. thetaiotaomicron-specific
(Bacteroides Bile Esculin) (Enterobacteriaceae) 16S rRNA gPCR
p=0.1792 p <0.0001
2 1 2 ! s i = 04848
S Sg — 8.3 —
25 o 2T o & .
?._c"‘ Z ..E > Sy . =
eq 001 c¥ 00 . 2, .
Som o3 . = *
Em tQ —_— -]
S = 0.001 S g 0.001 T g2 . ‘
g— g— s 3 Limit of detection
= = - 1 . .. BO0000
& 0.0001 - 2 g.0001 v
1110r2* dnKO H1gr2*" dnkKo H10r2*" dnKO  1110r2*" dnKO
Untreated Untreated Untreated Abx-Treated

Figure 6. Commensal Enterobacteriaceae are enriched in spontaneous colitis

(A to C) Plot of fecal titers from untreated or antibiotic-treated mice of the indicated
genotypes grown in parallel anaerobically on ANB and BBE agar and aerobically on
MacConkey agar (selective for Enterobacteriaceae). 1110r2*/~ and dnKO mice were co-
housed; data compiled from >2 cages/group. 1-way ANOVA (ANB titers: F3 13 = 1.344,p =
0.3031) or unpaired t-test (logyp-transformed titers).

(D and E) Proportions of total cultivable bacteria in Figure 6A to 6C that grew on BBE agar
and MacConkey agar, calculated by dividing BBE and MacConkey titers by ANB titers.
Data is displayed as individual (symbols) and means of logyp-transformed proportions
(bars). Unpaired t-test (logyo-transformed proportions).

(F) Plots of fecal samples from untreated and antibiotic-treated dnKO and 1110r2*/~ mice (n
= 6 per group) analyzed by quantitative PCR using primers specific for the B.
thetaiotaomicron 16S rRNA gene. 1110r2*/~ and dnKO mice within each treatment group
were co-housed; data are compiled from >3 cages/group. Results of qPCR assays were
normalized to sample weight. Mann-Whitney U-test (logo-transformed values).

See also Figure S5
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Figure 7. A colitis-enriched commensal Enterobacteriaceae isolate robustly colonizes antibiotic-
pretreated dnKO mice without disease induction

(A and B) Plot of serial fecal titers grown on BBE and MacConkey agar from antibiotic-
pretreated dnKO mice (5-6 per group) gavaged with PBS, B. thetaiotaomicron (1x108 cfu/
mouse), or Escherichia coli (2x108 cfu/mouse). Bacterial identity was determined by colony
characteristics, confirmed by sequencing the 16S rRNA gene of representative colonies.

(C and D) Cecum and transverse colon pathology scores of mice described in Figures 7A
and 7B displayed as individual (symbols) and median (bars) scores. Kruskall-Wallis test
with post-hoc Dunn’s tests: (C) H, = 11.49, p = 0.0032; (D) Hy = 12.02, p = 0.0025. All
significant pairwise comparisons are displayed: *, p < 0.05; **, p < 0.01.

(E to H) Transverse colon and rectum crypt heights and crypt widths from mice described in
Figures 7A and 7B displayed as mean +/— SEM. 1-way ANOVA with post-hoc Tukey’s
test: (E) F2,14 = 2.580, p = 0.1112; (F) F2 14 = 5.434; p = 0.0179; (G) F2,14 = 6.438, p =
0.0104; (H) F2 14 = 7.268, p = 0.0068. All significant pairwise comparisons are displayed if
omnibus p-value by ANOVA was significant: *, p < 0.05.

See also Figure S6.
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