




to �1, with positive values indicating positive correlation between bacte-
rial taxa and VRE levels, negative values indicating an inverse correlation,
and 0 indicating no association. P values were computed using the asymp-
totic t approximation within the statistical R package command cor.test in
order to test if a detected association was statistically significant.

In order to determine if the Barnesiella genus is differentially abundant
in patients that develop VRE domination (VRE represents �30% of their
fecal microbiota) than in patients that do not, we made use of a set of 16S
rRNA sequences from a previous study in which the fecal microbiota
composition of allo-HSCT patients was determined during the transplant
course (3). In order to calculate the relative abundance of Barnesiella in
each stool sample, sequences were classified using mothur as described
above. For each sample, sequences that were classified as the genus Barne-
siella were divided by the total number of sequences in that specific
sample. The Kruskal-Wallis test was applied to analyze if the relative
abundance of Barnesiella was significantly lower in all samples from VRE-
dominated patients prior to domination (67 samples from 34 patients)
than in all samples from patients that never developed VRE domination
(251 samples from 55 patients). In a second step, we performed 10,000

iterations of first randomly selecting 34 negative patients and then com-
paring their samples to the predomination samples of all 34 VRE-domi-
nated patients, again using the Kruskal-Wallis test on Barnesiella abun-
dance. The mean and standard error over the corresponding P values were
calculated (see Results).

RESULTS
Fecal transplantation eliminates VRE from the intestine. Previ-
ous studies from our laboratory demonstrated that untreated
mice rapidly and completely eliminate orally administered VRE
from the intestine while mice that have been treated with ampicil-
lin become dominated by VRE (2). Once dominated, mice con-
tinue to harbor large numbers of VRE in the colon, as determined
by quantitative cultures (Fig. 1A). To determine whether admin-
istration of normal intestinal flora to dominated mice can elimi-
nate VRE, we obtained feces from untreated mice and mixed them
with PBS under anaerobic conditions for administration to VRE-
dominated mice by oral gavage. Quantitative culturing of “trans-

FIG 1 Fecal transplantation clears VRE colonization in antibiotic-treated mice. Mice were infected with 108 VRE CFU after 1 week of ampicillin treatment. One
day after infection, ampicillin treatment was stopped. Mice received PBS or a suspension of fecal pellets from untreated mice by oral gavage for three consecutive
days, starting 1 day after antibiotic cessation. (A) Numbers of VRE CFU in the fecal pellets of infected mice were quantified every other day for two consecutive
weeks (n � 6). Black dots represent PBS-treated mice and red dots represent fecal transplant-treated mice. (B) Composition of the microbiotas of four PBS and
four fecal transplant (FE) mice was analyzed 15 days following infection and compared with that of the microbiotas of three untreated mice (NT). Hierarchical
clustering was used to cluster samples by their microbiota composition at the genus level. Each column represents one mouse. Each row represents one genus.
The most predominant phyla (left) and genera (right) are indicated.
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planted” mice demonstrated that VRE colonization was reduced
to undetectable levels within 15 days, with reduction in the density
of VRE within 7 days of fecal transfer (Fig. 1A).

To determine the breadth of microbial reconstitution, we am-
plified bacterial 16S rRNA genes from fecal pellets isolated from
untreated mice and mice that had been treated with ampicillin and
colonized with VRE and that either received PBS or were recon-
stituted with normal fecal microbiota. Hierarchical clustering of
mice on the basis of microbiota composition demonstrated that
untreated and reconstituted mice were similar while VRE-domi-
nated mice were distinct (Fig. 1B).

Obligate anaerobic bacteria clear VRE. The large intestine
microbiota consists of many different bacterial taxa that can be
grouped into obligate anaerobes, i.e., oxygen-intolerant bacte-
ria, and oxygen-tolerant bacteria. To determine whether VRE
elimination depends on reconstitution with oxygen-tolerant or
-intolerant bacteria, we cultured murine feces under strictly
anaerobic conditions or under normal atmospheric conditions
and reconstituted mice with bacteria harvested from these cul-
tures. While aerobically cultured fecal pellets did not eliminate
VRE, anaerobically cultured bacteria were as effective as un-
fractionated feces at reducing the density of VRE colonization
(Fig. 2).

The mechanism by which anaerobic bacteria prevent the ex-
pansion of oxygen-tolerant bacteria, such as Enterococcus, in the
gut is unclear. A possible mechanism that limits VRE colonization
of the gut is stimulation of innate immune effector mechanisms by
commensal bacteria and their products. For example, intestinal
lipopolysaccharide (LPS) or systemic flagellin can stimulate TLRs
and induce epithelial cell expression of Reg3�, a bactericidal C-
type lectin that kills VRE (15, 16). To determine the potential role
of TLRs, Nod1 or Nod2, or T cell- or antibody-mediated mecha-
nisms in VRE elimination by fecal transfer, we used MyD88/Trif,
Rip2, and Rag1 knockout mice for colonization by VRE, followed
by reconstitution with normal fecal flora (see Fig. S1 in the sup-
plemental material). Fecal reconstitution resulted in equivalent

reductions of VRE colonization in wild-type and knockout mice,
indicating that adaptive immune mechanisms and TLR or Nod1/2
signaling are not required for VRE elimination by normal colonic
microbes.

Microbiota reconstitution and VRE clearance vary after fecal
transplantation. Although reconstitution with fecal flora mark-
edly reduced VRE density in the colon, the magnitude of reduc-
tion varied between experiments and also between mice within the
same experiment. We reasoned that variability in VRE elimi-
nation reflected differences in reconstitution with distinct bac-
terial taxa following transfer and that comparing the microbi-
ota of mice that eliminated VRE with that of mice that only
partially cleared VRE might enable us to correlate the presence
of specific anaerobic bacteria with VRE clearance. Figure 3
shows the relative abundance of different bacterial taxa and
VRE density in colon contents isolated from experimental mice
described in Fig. 2 (Fig. 3A and B). These results demonstrate
that reconstitution of mice varies and that the magnitude of
VRE elimination also varies within specific groups by a factor
of up to 1,000 (Fig. 3B, PBS group).

Other studies have suggested that the recovery of microbial
diversity, lost during antibiotic administration, may be important
for elimination of antibiotic-resistant pathogens (17). Analysis of
the overall microbial diversity using the Shannon diversity index
showed that some mice that were transplanted with the anaerobic
culture of the fecal microbiota did not recover their overall micro-
bial diversity but were able to suppress VRE colonization
(Fig. 3C). This result suggests that the recovery of key members of
the microbiota, rather than the recovery of a complex microbiota,
is important for VRE elimination.

Reconstitution with Barnesiella correlates with VRE clear-
ance. In order to identify key members of the microbiota that
suppress VRE colonization and to facilitate the analysis of these
complex data, we stratified experimental mice according to VRE
density in the colon and plotted the densities of different bacterial
taxa on a heat map (Fig. 4A). While reconstitution of mice with
bacterial taxa varied from mouse to mouse irrespective of VRE
density, clearance of VRE was markedly enhanced in mice recol-
onized with bacteria belonging to the Barnesiella genus (Fig. 4A).
The Spearman rank correlation test demonstrates that recoloni-
zation with Barnesiella negatively correlates with VRE coloniza-
tion (Fig. 4B) (P � 1.32�7). These results suggest that the Barne-
siella genus contributes to the clearance of VRE colonization. It is
possible, however, that additional bacterial genera corecover with
Barnesiella and contribute to VRE elimination. To identify genera
that positively correlate with recovery of Barnesiella, we used the
Spearman correlation test (see Fig. S2 in the supplemental mate-
rial) to compare the abundance of Barnesiella with the relative
abundance of other bacterial genera. The Barnesiella genus be-
longs to the family Porphyromonadaceae, within the phylum Bac-
teroidetes. While unclassified sequences belonging to the Porphy-
romonadaceae family correlated positively with the prevalence of
Barnesiella, we also found a positive correlation with the genera
Coprobacillus and Adlercreutzia. To determine if these two genera
contribute to VRE clearance, we analyzed their prevalence and the
presence of Barnesiella in mice with reduced prevalence of VRE
(�100 VRE CFU/10 mg feces). While 16 out of 17 mice with low
VRE levels were colonized with Barnesiella, only 11 out of 17 mice
were colonized with Coprobacillus or Adlercreutzia, demonstrat-

FIG 2 Commensal anaerobic bacteria suppress VRE colonization in antibiot-
ic-treated mice. Mice were infected with 108 VRE CFU after 1 week of ampi-
cillin treatment. One day after infection, ampicillin treatment was stopped.
Mice were orally gavaged for three consecutive days, starting 1 day after anti-
biotic cessation, with PBS, a suspension of fecal pellets from untreated mice
(feces), or an aerobic (aero) or anaerobic (anaero) culture of fecal microbiota
from untreated mice. Numbers of VRE CFU in the fecal pellets of infected mice
were analyzed 5 weeks after infection (n � 8 to 10). Limit of detection, 10
CFU/10 mg. ***, significantly different (P � 0.001) from the PBS group; ns,
not significant.
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ing a greater correlation between Barnesiella colonization and
suppression of VRE colonization.

To determine whether Barnesiella can prevent intestinal colo-
nization with VRE, mice that had been treated with ampicillin
were reconstituted with commensal bacterial cultures prior to
VRE infection. As shown in Fig. 5, mice that were gavaged with
PBS or the aerobically cultured fecal microbiota became densely
VRE colonized. However, most mice that received anaerobically
cultured fecal microbiota became resistant to VRE colonization.
One mouse that received anaerobically cultured microbiota
lacked Barnesiella and was densely colonized with VRE.

The Barnesiella genus is associated with protection against
VRE domination in transplant patients. Patients undergoing
allo-HSCT have a high incidence of intestinal domination and
associated bacteremia with VRE (3). In general, patients have a
diverse microbiota prior to allo-HSCT and then develop intestinal
domination with different oxygen-tolerant bacterial species, with
VRE the most prevalent and persistent. We prospectively collected
fecal samples before transplantation and throughout hospitaliza-
tion from 94 patients undergoing allo-HSCT and determined the
microbiota composition. Thus, when patients developed VRE
domination (VRE relative abundance, �30% of the microbiota),
we were able to characterize the microbiota that preceded the
development of VRE domination (Fig. 6A). This analysis demon-
strated that most patients had a diverse flora prior to VRE domi-
nation (Fig. 6B), similar to that of patients who did not develop
VRE domination (3). The majority of allo-HSCT patients do not
develop VRE domination, a finding which may be explained by
decreased exposure to VRE and/or antibiotics. We postulated that
Barnesiella may play a role in protecting patients from VRE dom-

ination. Figure 6C shows the relative abundance of Barnesiella in
fecal samples from patients who did not develop VRE domination
compared to that in samples from patients who went on to de-
velop VRE domination. Samples from patients who did not de-
velop VRE domination contained higher levels of Barnesiella (av-
erage, 2.5 � 10�3 parts per unit) than samples from patients who
progressed to VRE domination (average, 4.5 � 10�5 parts per
unit). Results obtained using the Kruskal-Wallis test indicate that
the difference observed in Barnesiella abundance between the
groups of samples was statistically significant (P � 0.02). In order
to ensure that the difference between these two sample sets is not
attributable to a small number of outliers, we performed 10,000
iterations of randomly selecting 34 negative patients and com-
pared their samples to the predomination samples of the 34 dom-
inated patients. This step confirmed the results (Kruskal-Wallis
P � 0.04; standard error [SE], 0.0004). These results suggest that
patients harboring Barnesiella in their colonic microbiota are pro-
tected from VRE domination while the absence of this genus ren-
ders patients more vulnerable to VRE domination.

DISCUSSION

Although clinical studies indicate that antibiotics that kill obligate
anaerobic bacteria result in dense colonization of the intestine
with VRE (3, 7), it has remained unclear whether a specific subset
of anaerobic bacteria inhibits VRE colonization. Our studies in
mice and humans demonstrate that a microbiota containing bac-
teria that belong to the Barnesiella genus restricts colonization of
the intestinal tract by VRE. Further studies will be required to
determine which species and strains within the Barnesiella genus
suppress VRE, the density of Barnesiella spp. required for VRE

FIG 3 Microbiota reconstitution and VRE clearance vary after fecal transplantation. Mice were infected with 108 VRE CFUs after a week of ampicillin treatment.
One day after infection, ampicillin treatment was stopped. Mice were orally gavaged for three consecutive days, starting 1 day after antibiotic cessation, with PBS,
a suspension of fecal pellets from untreated mice (feces), or an aerobic or anaerobic culture of fecal microbiota from untreated mice. (A) Genus level composition.
(B) VRE CFU numbers. (C) Shannon diversity index of murine fecal samples obtained 5 weeks after infection. Each column represents one mouse. For the
microbiota composition, the most abundant bacterial taxa are indicated with different colors.
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suppression, and whether Barnesiella is sufficient or whether other
bacterial taxa are required to eliminate VRE.

The majority of intestinal obligate anaerobes belong to the
Firmicutes and Bacteroidetes phyla. Our analyses of murine mi-
crobiotas of reconstituted mice did not identify taxa belonging
to the Firmicutes phylum that restrict VRE colonization. On the
other hand, our studies demonstrate that when species of
Barnesiella, a genus within the Porphyromonadaceae family of
the Bacteroidetes phylum, are part of the intestinal microbiota,
the density of VRE decreases until it is ultimately cleared. In
addition to the family Porphyromonadaceae, the Bacteroidetes
phylum includes the Bacteroidaceae and Prevotellaceae families.
Bacteria belonging to the Bacteroidaceae family include Bacte-
roides fragilis, which produces polysaccharides that stimulate
innate and adaptive immune development in the gut (18). Re-
cent studies have implicated bacteria belonging to the Prevotel-
laceae family with bowel inflammation in mice treated with
dextran sulfate sodium (DSS) and with the development of
steatohepatitis in mice treated with a methionine-choline-de-
ficient diet (19, 20). In contrast, the Porphyromonadaceae fam-
ily, including the genus Barnesiella, has not been associated
with immune development or inflammatory diseases in the
intestine. Consistent with our findings, studies with antibiotic-
treated mice correlated colonization with Porphyromonadaceae
with resistance to infection by Salmonella enterica serovar Ty-

phimurium and Citrobacter rodentium; however, in those stud-
ies, the protective bacterial genera were not identified (21, 22).
Factors influencing the density of Porphyromonadaceae in the
colon include dietary fat intake (23), exposure to stress (24),
and possibly major histocompatibility complex (MHC) haplo-
type (25).

Previous studies demonstrated that intestinal colonization by
VRE can be suppressed by MyD88-dependent and microbiota-
mediated induction of RegIII� expression by epithelial cells (15).
In this study, we find that elimination of VRE from the intestine by
fecal transplantation does not depend on TLRs, NOD receptors, B
cells, or T cells. Thus, commensal flora-mediated inhibition of
dense intestinal VRE colonization can be indirect, by innate im-
mune induction, or direct. The mechanisms of direct VRE inhibi-
tion by the anaerobic flora remain undefined.

Oxygen-intolerant bacteria have limited options on the earth’s
surface, and the metazoan colon represents an essential, and for
many anaerobic species, sole, sanctuary. Despite their density in
the colon and their proximity to the bloodstream, obligate anaer-
obes rarely cause human disease and their survival depends on
their host’s survival. Obligate anaerobes of the gut promote their
host’s survival by limiting the expansion of oxygen-tolerant bac-
teria, which, by and large, are the subset containing most of the
intestinal pathogens. Our results suggest that Barnesiella spp., by
restricting the growth of VRE, regulate the composition of the

FIG 4 Colonization with the Barnesiella genus correlates with VRE elimination. (A) Genus level composition of the fecal microbiota (red heat map) and VRE
CFU levels (blue heat map) for the different mice described in Fig. 2 5 weeks after VRE infection. Only the microbial taxa representing at least 1% of the
microbiota are shown. Each heat map row represents one mouse, and mice are sorted by VRE colonization levels in descending order. (B) Spearman correlation
analysis of the different bacterial genera present in the fecal microbiota of mice with the VRE CFU levels 5 weeks after infection. Spearman correlation coefficient
values range from �1 (maximum positive correlation value) to �1 (maximum inverse correlation value). Each point represents one genus. To analyze the
statistical significance of a given coefficient Spearman value, P values were computed using the asymptotic t approximation. Spearman coefficient values with a
P value of �0.05 are indicated.

FIG 5 Commensal anaerobic bacteria prevent VRE intestinal colonization. Mice were treated with ampicillin and, after antibiotic treatment was stopped, were
reconstituted with either PBS or an aerobic or anaerobic culture of the fecal microbiota. (A) Two weeks after reconstitution, the fecal microbiota composition of
the mice was determined and mice were infected orally with 108 VRE CFU. (B) The level of VRE colonization was determined 1 week after infection. Each column
represents one mouse.
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microbiota and optimize host survival. Although some studies
demonstrate that obligate anaerobes of the gut can trigger and/or
promote inflammatory diseases, the ability of other anaerobes to
restrict the growth of intestinal pathogens suggests that these bac-
teria may be exploited to limit colonization with highly antibiotic-
resistant bacteria.
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