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ABSTRACT
The mature microbiome is a stable ecosystem that resists perturbation despite constant host
exposure to exogenous microbes. However, the microbial mechanisms determining microbiome
development and composition are poorly understood. We recently demonstrated that a non-
toxigenic B. fragilis (NTBF) strain restricts enteric colonization by an enterotoxigenic (ETBF) strain
dependent on a type VI secretion system (T6SS). We show here that a second enterotoxigenic strain
is competent to colonize, dependent on the Bacteroides fragilis pathogenicity island (BFPAI).
Additional data showing complex environmental regulation of the Bacteroides fragilis toxin (BFT)
suggest that virulence factors may be adapted to modify the colonic niche to provide a strain-
specific colonization advantage. We conclude that more complex models of host-microbe-
microbiome interactions are needed to investigate this hypothesis.
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Introduction

The identity and function of specific factors that deter-
mine composition of the commensal gut microbiota is
an enduring question in medicine and microbiology.
Enteric microbial development follows a predictable
course in which the sterile neonate is progressively
colonized by the environmental contaminant flavibac-
teria, then lactobacilli, followed by facultative anaero-
bic coliforms, and finally the strictly anaerobic
Bacteroidales.1 Despite this apparently ordered pro-
cess, prediction of which specific organisms constitute
the fully mature flora has proved challenging. Micro-
bial exposure is necessary but not sufficient: culture
independent surveys of the indoor environment have
revealed all manner of commensal and pathogenic
microbes absent in individual microbiota despite per-
sistent exposure.2,3 Mouse models have demonstrated
that host genotype is also insufficient to predict the
steady-state microbiota,4 confirmed in human twin
studies that show an observable, but minor, contribu-
tion of genotype to microbial inheritance.5 An under-
standing of how microbial determinants influence
microbiota assembly is lacking.

The mature, adult microbiome is relatively static,
with minimal strain replacement over time.6 A
molecular understanding of complex microbial colo-
nization factors may permit targeted interventions
that minimally disrupt the enteric ecosystem while
eliminating specific commensal microbes, called
pathobionts,7 that can underpin disease. While anti-
microbial therapies may achieve the same end point
of pathobiont elimination, their effect is not targeted
and, as such, contributes to unwanted elimination of
beneficial microbes and fueling of antimicrobial
resistance. Importantly, time-limited antimicrobial
therapy cannot preclude re-colonization with the
same pathobiont.

Many human diseases are associated with commen-
sal microbes or an inappropriate immune response to
commensal microbes. The chronic colitis associated
with Crohn’s disease and celiac disease is a prominent
example of an inflammatory reaction against enteric
flora. Commensal microbes may also mediate acute
episodes of colitis, including many cases of childhood
and antibiotic-associated diarrhea where no pathogen
sensu strictu is detectable.8 One interpretation is that
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the disease state results from a dysregulated interac-
tion between the host and a “healthy” flora. Many fac-
tors likely contribute to this miscommunication,
including the particular configuration of the microbial
community, host genotype, ontogeny, diet, exposure
to antibiotics, and other environmental variables. In
this view, colonization resistance and virulence are
not isolated properties of the host or microbe, but an
emergent property of the interaction between host,
microbe, and microbiome.

Animal modeling of complex colonization events
with toxigenic organisms are required to investigate
this hypothesis. Toxins have long been studied in
models of pathogenesis and understood exclusively as
virulence factors. However, Bacteroides fragilis toxin
(BFT) does not fit neatly within this paradigm. BFT is
a metalloprotease encoded on a transposable element
denoted B. fragilis pathogenicity island (BFPAI). BFT
has been most extensively characterized in models of
pathogenesis as its expression in enterotoxigenic B.
fragilis (ETBF) is associated with childhood diarrhea
and colon cancer.9,10 In vitro, intestinal epithelial cell
intoxication with BFT leads to E-cadherin cleavage,
loss of cell adhesion, and secretion of inflammatory
signaling molecules.11,12 Murine ETBF monocoloniza-
tion stimulates a BFT-dependent activation of Stat3 in
immune and epithelial cells, followed by infiltration of
T cells expressing IL-17.13 In response to this injury,
neutrophil recruitment controls microbial transloca-
tion, while Stat3 activation leads to IL-22-driven epi-
thelial regeneration, antimicrobial peptide secretion,
and mucus glycosylation. B. fragilis may be able to
withstand this pro-inflammatory environment by the
action of LpxF, a phosphatase of lipid A14 that pro-
vides immunity to mucus-bound antimicrobial pepti-
des (AMPs) and allows for evasion of the phagocytic
TLR4 response elicited by LPS.15

Whether host signals induced by expression of BFT
confer an advantage to the bacterium during colonic
niche establishment has not been investigated. Yet,
studies of clinical isolates suggest that 20% of individ-
uals colonized with B. fragilis are carrying ETBF.16

Most of these individuals do not display evidence of
toxin-mediated disease. As BFT is not known to be
required for B. fragilis commensalism, and indeed
many non-toxigenic strains colonize the human popu-
lation, we consider ETBF to be a uniquely tractable
model for testing the role of a bacterial toxin in com-
mensalism. We propose that while BFT is not essential

for survival in the mammalian gut, the toxin may con-
fer advantages to the bacterium in the competitive
microbial ecosystem of the host colon.

We recently described type VI secretion (T6S) as a
determinant of in vivo competition between an estab-
lished and secondary challenge strain of B. fragilis.17

Mice colonized with a non-toxigenic B. fragilis
(NTBF) strain were protected against colonization
with ETBF and rescued from enteric disease. In con-
trast, an isogenic NTBF mutant lacking a critical com-
ponent of the type VI secretion system (T6SS)
permitted ETBF colonization, demonstrating the
necessity of T6S in predicting the outcome of strain
co-colonization. We now demonstrate that the BFPAI
locus also contributes to the outcome of strain compe-
tition. Thus, canonical ‘virulence factors’ may be
adapted to modify the colonic environment to provide
a strain-specific advantage during competitive coloni-
zation. This finding underlines the importance of
understanding microbiota composition in modeling
enteric disease and highlights the need for develop-
ment and interrogation of more sophisticated animal
models to understand multifactorial host-microbe-
microbiome interactions.

Methods

Bacterial strains, culture conditions, and plasmids. B.
fragilis strains TM4000 (NTBF), ATCC 43858 (ETBF)
and ATCC 43859 (ETBF) were used for this study. All
strains were grown in Brain Heart Infusion (BHI)
broth anaerobically at 37�C with a gas mix of 5% H2,
10% CO2 and 85% N2. BHI was supplemented with
0.0005% hemin and 0.5 mg/mL vitamin K1 for opti-
mal growth (BHIS). Plasmids pFD340 and pAH2 were
conjugated into B. fragilis strains TM4000 and ATCC
43859 from E. coli as described previously.17 Carbohy-
drates for toxin suppression testing were used at final
concentration of 0.5% (weight/volume). For testing of
toxin production during various growth phases of
ATCC 43858, stationary phase overnight cultures
were diluted 1:50 into fresh BHIS. Samples were
removed from the culture each hour to measure opti-
cal density until stationary phase was reached.

In-frame deletion of bfpai was generated through
allelic exchange using a protocol modified from previ-
ous studies.18 1 kb upstream and 1 kb downstream of
bfpai was amplified from ATCC 43859 and fused via
overlap PCR. This construct was cloned into
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pKNOCK and conjugated into ATCC 43859 as
described previously.18 Single clones resistant to clin-
damycin, indicating genomic integration, were pas-
saged (1:100) daily without antibiotics. After 5–10
passages, single clones were patched onto selective
(clindamycin) and non-selective plates. Sensitive colo-
nies were PCR screened for loss of bfpai.

B. fragilis pellet and supernatant fraction prepara-
tion. For detection of BFT in the cell pellet or super-
natant fraction, the samples were prepared as
follows. 1 mL of ATCC 43858 culture at the indicated
time point was pelleted at 5,000 g for 5 minutes at
room temperature and separated into cell pellet and
supernatant fractions. The cell pellet was resus-
pended in 2X Laemmli sample buffer and heated to
95�C for 10 minutes. The supernatant was precipi-
tated in a final concentration of 10% TCA, incubated
for 1 hour on ice, and the precipitate was pelleted by
1 hour centrifugation on benchtop centrifuge at
15,000 g. The supernatant of this spin was removed
and washed with 100% acetone to resuspend the pre-
cipitate. The washed precipitate was then spun for
10 minutes at maximum speed, followed by removal
of the supernatant, a repeat wash and spin. After
removal of the final wash, the pellet was air-dried for
30 minutes and resuspended in 2X Laemmli sample
buffer for gel electrophoresis.

Immunoblots. For all immunoblots, samples were
suspended in 2X Laemmli sample buffer run on 12%
SDS-PAGE gels and transferred onto activated PVDF
membrane. Membranes were subsequently blocked
with 5% skim milk in TBS buffer supplemented with
0.1% Tween-20 (TBST), incubated with primary anti-
body for one hour, and washed thrice in TBST for
5 minutes. Secondary antibody was incubated with the
membrane for one hour, proceeded by 3 TBST
washes. The membrane was subsequently imaged on a
Li-Cor Odyssey system. Rabbit anti-BFT antibody was
generated as previously reported,19 and used at 1:2000
dilution in TBST. Goat anti-rabbit Alexa Fluor 680
(Life Technologies) was used as the secondary anti-
body at a 1:10,000 concentration in TBST.

Quantitative Reverse Transcription PCR. To test the
mRNA levels of bft, quantitative reverse transcription
PCR (qRT-PCR) was used. RNA was collected from
ATCC 43858 cell culture using the RNeasy kit and
RNA protect (Qiagen), according to manufacturer’s
instructions. RNase-free DNase (Fisher) was used to
digest contaminating genomic DNA in the samples.

First strand cDNA synthesis was performed with
iScript cDNA synthesis kit (Bio-Rad) and qPCR was
performed with SYBR Green (Bio-Rad) on a Bio-Rad
CFX96 machine. BFT transcript was quantified with
BFT-specific primers and normalized to B. fragilis 16s
rRNA as described previously.17 Statistical analysis
was performed using GraphPad Prism software. Pair-
wise comparisons were performed using the unpaired,
parametric, 2-tailed Student’s t-test.

Mouse modeling. All animal studies were conducted
in accord with ethical regulations under protocols
approved by the University of Chicago Animal Care
and Use Committee and Institutional Biosafety Com-
mittee. SPF C57BL/6 mice were bred in-house from
mice originally purchased from Jackson Laboratory.
There was no investigator blinding in animal experi-
mentation, and no animals were excluded from analy-
sis. Mice were pre-treated with 100 mg/L clindamycin
in drinking water for one day prior to and throughout
the course of infection. Sequential colonization was
performed with a modified protocol as described pre-
viously17 and summarized as follows. Primary coloni-
zation was achieved by inoculation of 108 CFU of
TM4000 encoding pFD340 via oral gavage. After colo-
nization for 7 days, secondary challenge was per-
formed via oral gavage with 108 CFU of ATCC 43859
WT or Dbfpai encoding pAH2. To analyze fecal CFU
following oral inoculation, serial 10-fold dilutions of
fecal slurry in PBS were plated on BHIS agar contain-
ing 200 mg/mL gentamicin and 5 mg/mL clindamycin
plus either 10 mg/mL tetracycline, to monitor ATCC
43859 recovery, or 20 mg/mL rifampicin, to determine
TM4000 recovery. CFU/g feces for each clone was cal-
culated, log10 transformed and plotted over time.
Limit of detection is dependent upon the weight of
each fecal pellet, indicated based on average fecal pel-
let weight at »103.5. Statistical analysis was performed
using GraphPad Prism software. Pairwise compari-
sons were performed using the unpaired, parametric,
2-tailed Student’s t-test.

Results

The Bacteroides fragilis pathogenicity island is a
putative locus for enhanced secondary colonization

B. fragilis shows self-exclusion in a mouse model of
competitive colonization in which a challenge inocu-
lum fails to colonize the gut after initial engraftment
of the same strain, dependent on the commensal
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colonization factors (ccf) locus.20 Competition
between strains shows a more complex pattern of
exclusion.17 In particular, we have demonstrated that
ETBF strain ATCC 43859 was alone in successfully col-
onizing the murine gut in the context of initial engraft-
ment with NTBF strains that are otherwise highly
exclusionary. This led us to conclude that ATCC 43859
possesses a genetically encoded phenotype we term
‘enhanced secondary colonization fitness’. This pheno-
type provided an opportunity to test the hypothesis
that bfpai is advantageous to colonization. Indeed, spe-
cific deletion of the bfpai locus (Dbfpai) results in a
5-log reduction of fecal CFU relative to wild-type
(WT) ATCC 43859 after primary colonization with
NTBF strain TM4000 (Fig. 1a, b). As the distinction
between the WT and mutant ETBF clones emerges
over time, and indeed is absent one day post-challenge,
the defect is a function of the dynamic characteristics
of the colonic niche.

Importantly, bfpai is neither necessary nor suffi-
cient for enhanced secondary colonization by ATCC
43859. We found the phenotype to be dependent on
the primary colonizing strain, as Dbfpai was not
impaired in colonizing hosts carrying NTBF strains
NCTC 9343 or YCH46 (not shown). Moreover, a sec-
ond ETBF strain (ATCC 43858) is prevented from
invading the microbiota of mice colonized with
TM4000 despite an intact bfpai.17 The high degree of
strain specificity in sequential colonization illustrates
that differential encoding of genetic elements in the
secondary strain can have an impact on colonization
outcomes. Future work will be required to determine
which elements in the pathogenicity island are

required for enhanced secondary colonization and if
these factors directly impact on the competing organ-
ism or have an indirect effect by modifying the colonic
environment through host signaling.

The pathogenicity island-encoded Bacteroides
fragilis toxin is regulated by environmental cues

As we found bfpai to be advantageous for secondary
colonization in vivo, we examined conditions affect-
ing BFT regulation in vitro to understand the host
niche for which it may be adapted. Toxin production
can be broken down into 3 phases: transcription of
the full-length toxin mRNA, translation of the pro-
toxin and cleavage of pro-toxin into its active secreted
form by the cysteine protease Fragipain (Fpn).19

Superimposed on these phases is toxin release into
the environment, which occurs by an as yet unidenti-
fied mechanism. Glucose is known to suppress BFT
production.21 We performed a time course with and
without supplemental glucose, serially collecting
supernatant, cell pellet, and RNA fractions. This
experiment revealed several key pieces of information:
first, glucose suppressed toxin expression at every
time point as measured by western blot analysis for
full-length toxin (Fig. 2a, FLBFT), the active toxin
moiety (Fig. 2a, BFT�), and quantitative analysis of
bft RNA (Fig. 2b), indicating that this phenotype is
not sensitive to population density. Second, toxin
expression was minimal in all 3 fractions before early
stationary phase, despite the large majority of the
total cell growth already having occurred. Third,
without glucose supplementation, BFTproduction

Figure 1. bfpai locus deletion impairs fitness during competitive secondary colonization. (A-B) Mice were primarily colonized with NTBF
strain TM4000 638R and subsequently challenged with either ETBF strain ATCC 43859 or an isogenic mutant with bfpai deleted (Dbfpai).
Clindamycin (100 mg/L) was maintained in drinking water throughout the experiment. Fecal CFU was monitored for 5 weeks post-chal-
lenge. N D 4 mice per group. Figures are representative of 3 independent experiments. Error bars: mean C/¡ s.e.m (A), mean C/¡ s.d.
(B). Dashed lines indicate the limit of detection. n.s., not significant.
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rapidly increased during early stationary phase in all
fractions, with the majority of expression occurring
within a 1–2 hour period, thus confirming and
extending data from previous literature.21 Impor-
tantly, glucose supplementation did not alter bacterial
growth kinetics (Fig. 2c).

Free glucose is not found in the mammalian
colon.22 Therefore, we sought to determine if sup-
pression of BFT is specific to glucose or extends to
other carbohydrates found in the gut. To accom-
plish this, ATCC 43858 was grown overnight with
a series of supplemental carbohydrates and the
supernatant screened for toxin production through
anti-BFT immunoblot. Comparison of active toxin
in the supernatant reveals that, in addition to glu-
cose, multiple carbohydrates suppress toxin output
relative to the PBS control, while others have no
effect (Fig. 2d). This phenotype is associated with
fermentation, as B. fragilis can metabolize only the
suppressive carbohydrates, indicating that toxin is
co-regulated with simple carbohydrate metabo-
lism.23 Together, these data suggest that toxin pro-
duction in vitro is dependent upon available
fermentable carbohydrates and growth phase, regu-
lated through a transcriptional mechanism. Several
of these carbohydrates are constituents of mucus
and may be important to BFT regulation in vivo.24

BFT is expressed as a pro-toxin and requires proc-
essing dependent on Fpn for its activity.19 Fpn is most
active at pH 6.5–819, consistent with the classical
mechanism of action for cysteine proteases. Since B.
fragilis cultures acidify to pH 5.6 during stationary
phase,21 we reasoned that the pH of the environment
might affect the levels of active BFT seen during in
vitro culture. Production of both BFT transcript and
protein occurs during late stationary phase (Fig. 2a),
with degradation of mRNA within an hour of produc-
tion, and levels of cleaved BFT in culture supernatants
remains stable for up to 24 hours. As predicted, trans-
fer of stationary phase bacteria into fresh media at a
pH 7.4 allows for increased production of cleaved BFT
relative to transfer into fresh media adjusted to pH
5.6, indicating that environmental pH can affect BFT
maturation (Fig. 3a). Interestingly, pH is variable
across the colonic mucosa, increasing from 5.6 in pre-
formed mucus secreted from the goblet cell to 6.8–7.2
in the fully stratified mucus coating the epithelium of
the distal colon.25 These data indicate that BFT activ-
ity may be tied via pH to a spatially restricted niche.

We also observed that exposure of ATCC 43858 to
either oxidative stress through aeration or heat
stress increased BFT production (Fig. 3b). Room air
increased levels of full-length protoxin, while
heat increased levels of both pro-toxin and active

Figure 2. BFT is transcriptionally regulated by fermentable carbohydrates. (A) Full-length protoxin (FLBFT) in cell pellet and cleaved
active BFT (BFT�) in culture supernatant was probed by western blot during log (5, 6 h) or early stationary (7, 8 h) phase growth from
cultures with or without 0.5% glucose. (B) RNA from cell pellet in (a) was assayed by qPCR at various time points during log (5, 6 h) or
early stationary (7, 8 h) phase growth from cultures with (filled bars) or without (empty bars) 0.5% glucose. �p<0.05, �� p<0.01; ns, not
significant. (C) B. fragilis cultures show log phase growth in BHIS (filled squares) with early stationary phase beginning around 7–8 hours.
The addition of 0.5% glucose to BHIS (open squares) does not affect growth kinetics. (D) ETBF was grown overnight in BHIS supple-
mented with PBS (-) or 0.5% of various carbohydrates (Glu D glucose, A D arabinose, F D fructose, Gal D galactose, R D rhamnose,
L D lactose, S D sorbitol, M D manitol) and cleaved active BFT (BFT�) was probed by western blot from culture supernatants.
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cleaved BFT (Fig. 3b). Aerobicity is significant at the
epithelial surface in vivo but rapidly decreases with
distance. Thus, oxygen tension is a defining element
of the colonic niche. Enteric microbes have been
described to modify this variable with virulence fac-
tors for the selective benefit of their growth.26

Together with a bfpai-dependent advantage during
competitive colonization, these data revealing envi-
ronmental regulation of BFT indicate B. fragilis may
fit within such a paradigm.

Conclusion

Deletion of bfpai in ETBF ATCC 43859 eliminates this
strain’s ability to successfully compete in vivo against
an initial colonizing NTBF strain TM4000. BFT, the
toxin encoded on bfpai, responds to several environ-
mental cues. Maximum expression of bft in vitro
occurs during early stationary phase and can be inhib-
ited by free glucose and other fermentable carbohy-
drates, including galactose, which is among the most
common glycosylations of colonic mucus. BFT activity
at the protein level is regulated by Fpn, a cysteine pro-
tease that operates efficiently at pH 6.5 to 8.0, the
range found in human feces and mature colonic

mucus. Lastly, we show that heat and oxygen upregu-
late BFT.

Together, these data suggest a genetic link between
virulence and niche competition through regulation of
toxin over both time and space (Fig. 4). We propose
that competition during enteric microbial develop-
ment in early life drives ETBF into the host mucus

Figure 3. Complex protein-level regulation of BFT by environ-
mental cues. (A) Bacteria from stationary phase cultures of ETBF
strain ATCC4 3858 were sedimented, resuspended in spent media
from normal growth conditions (UT) or fresh BHIS at pH 5.6 and
pH 7.4, incubated for 1 hour at 37�C, and separated into pellet
and supernatant fractions. BFT in the supernatant fraction was
analyzed by Western blot for full length protoxin (FLBFT, upper
band) and cleaved active toxin (BFT�). (B) Heat and oxidative
stress upregulate BFT production. ETBF strain ATCC 43858 was
grown to late-log phase, a growth phase during which BFT
expression is not normally detected. Cultures were then exposed
to different conditions for 1 hour: normal growth conditions (UT),
42�C, room temperature (RT), or room air (O2). Cell pellet and
supernatant fractions were probed for full length protoxin (FLBFT,
upper band) and cleaved active toxin (BFT�). The lower band is
nonspecific.

Figure 4. Spatiotemporal regulation of BFT predicts the outcome
of virulence and competition. Bacterial competition during host
development drives ETBF into colonic mucus where BFT activity
manipulates the carbohydrate composition for its advantage by
stimulating host immunity (top panel). This interaction becomes
homeostatic during mucus layer maturation as Fragipain deacti-
vates in immature acidic mucus most proximate to the epithe-
lium (middle panel). Depletion of fermentable carbohydrates due
to depletion of the mucus layer, or insufficient dietary fiber
intake, drives ETBF further into the mucosa, where host-microbe
interaction is further dysregulated by aerobic upregulation of
BFT (bottom). In this case Fpn deactivation is compensated for by
the number of organisms, volume of bft transcription, or host
proteases.
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layer, a niche inaccessible to many other microbes due
to the presence of cationic antimicrobial peptides that
are ineffective against Bacteroides.14 BFT expression
during this period activates host immune signals that
modify the composition of mucus to include carbohy-
drate constituents most beneficial for ETBF fermenta-
tion, leading to nutritional exclusion of competing
strains from the mucus niche. This host-microbe
interaction becomes homeostatic during development
as the colon becomes anaerobic, downregulating BFT
expression. Concurrently, the mucus layer matures,
becoming structured such that pH-dependent Fpn
activity is maximized at a distance from the epithe-
lium where oxygen is scarce, fermentable carbohy-
drates from the diet and mucus are plentiful, and
injury from BFT activation is minimized.

Environmental conditions that alter the set points
for Fpn activity or bft expression, for example elevated
mucosal pH or a diet low in fermentable substrates,
may predispose to chronic subacute disease.27,28 Exog-
enous perturbations may upset this balance further to
induce acute disease pathogenesis. Such perturbations
include withdrawal of dietary fiber (e.g. fasting during
acute illness), transient hyperoxia due to enteric tissue
reperfusion injury after surgery, or mucus layer deple-
tion during microbial dysbiosis. Dynamic regulation
by Fpn and these environmental cues warrants further
investigation as potentially important genetic determi-
nants of virulence and strain competition.

Virulence as a dimension of enteric microbial
ecology

We propose that BFT, previously only considered as a
virulence factor, is an adaptation for colonization in a
competitive enteric environment. By manipulating
mucosal immunity, BFT empowers ETBF to construct
a colonic niche defined by particular resources and
other conditions, such as mucus mobility, pH, and
aerobicity, most advantageous to ETBF. Once con-
structed, niche access is regulated by bacterial adapta-
tions for occupancy, such as mucus adhesion factors29

and polysaccharide utilization loci.20 Occupancy may
not be exclusive to ETBF, as closely related strains
could express many of the same adaptations. Thus,
our model predicts that colonization is dependent on
2 layers of ecological priority after initial niche con-
struction by ETBF. First, niche access is dictated by
relatedness of accessory genes to the original

colonizing strain. Second, niche occupancy is dictated
by type VI contact-dependent compatibility between
the established and invading strain.

This ecological view of virulence and colonization
offers several important predictions. If this view is bio-
logically relevant, we predict that co-colonizing strains
in the mature human microbiome will be either highly
related with compatible type VI secretion systems
occupying the same niche, or so unrelated that they
are adapted for different niches; highly related strains
with incompatible type VI secretion systems should
not co-occur. Serial competitive replacement of B. fra-
gilis strains during development means that the
mature ecosystem is expected to reach an optimum
that is highly stable and homeostatic, with strain
replacement occurring only rarely when a novel strain
is encountered.30 Moreover, the initial colonist that
constructs the niche may be replaced during host
development given substantial changes in anatomy
and physiology.6 The ability of strains to persist
throughout this period reflects competitive fitness in
environmental conditions that are unpredictable dur-
ing initial enteric colonization, including changes in
diet and exposure to other enteric microbes in child-
hood and beyond.31 Finally, because individual strains
make sequential, potentially unique, modifications to
the niche, early colonizing strains may influence the
nature of the niche and its final occupants even after
their elimination. Early life colonization with ETBF
may therefore be a key event in shaping the adult
microbiome, and represents an untapped opportunity
for probiotic therapy.

Genetic determinants of virulence and competition
may depend on experimental model

Testing these predictions requires novel animals
models of colonization and competition. Although B.
fragilis acquisition by humans is likely to occur dur-
ing development and in the context of myriad other
microbes, existing murine models have relied on
gnotobiotic systems or antibiotic control to enable B.
fragilis colonization. These models do not account
for either microbial acquisition in a complex colonic
ecosystem or native microbial acquisition during
perinatal development. Murine models are needed
that facilitate a detailed examination of early neona-
tal colonization in a developing and complex micro-
bial environment, including potentially important
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events that govern durable colonization, such as
birth, suckling, and weaning. Revealing microbial
adaptations for strain competition and virulence may
require animal models that account for these features
of host development.

Several barriers exist to the development of suit-
able models. Stable B. fragilis colonization of the
specific pathogen-free (SPF) mouse requires antibi-
otic decolonization of the gut, a treatment program
that necessarily prevents analysis of complex host-
microbe-microbiome interactions.20 Moreover,
quantification of B. fragilis colonization over time
may prove challenging if B. fragilis cannot be read-
ily distinguished from the SPF fecal flora, possibly
requiring culture-independent methods of
quantification.

Moreover, to test the hypothesis that ecological
perturbations underlie host-commensal driven dis-
ease, animals lacking genes required for structuring
the enteric ecosystem will also be critical. Several
such models exist, including mice deficient in the
secreted colonic mucin Muc2, the fucosyltransferase
Fut2 that attaches fucose modifications to mucopo-
lysaccharides, and intestinal core 1- and core 3-
derived O-glycans.32 These animals show increased
disease susceptibility in several colitis models,32-34

however niche occupancy by B. fragilis has not been
tested in these host variants. ETBF is a common
enteric commensal in the developed world35 and
must only rarely induce acute disease pathogenesis.
Accounting for this distinctive feature of B. fragilis
is likely to uncover a broader understanding of how
genetic determinants of virulence and competition
shape the microbiome and confer resistance or sus-
ceptibility to disease.
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