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Antibiotic administration disrupts the intestinal microbiota, increasing susceptibility to pathogens such as Clostrid-

ium difficile. Metronidazole or oral vancomycin can cure C. difficile infection, and administration of these agents to

prevent C. difficile infection in high-risk patients, although not sanctioned by Infectious Disease Society of America

guidelines, has been considered. The relative impacts of metronidazole and vancomycin on the intestinal microbiota

and colonization resistance are unknown. We investigated the effect of brief treatment with metronidazole and/or

oral vancomycin on susceptibility to C. difficile, vancomycin-resistant Enterococcus, carbapenem-resistant Klebsiella

pneumoniae, and Escherichia coli infection in mice. Although metronidazole resulted in transient loss of coloniza-

tion resistance, oral vancomycin markedly disrupted the microbiota, leading to prolonged loss of colonization

resistance to C. difficile infection and dense colonization by vancomycin-resistant Enterococcus, K. pneumoniae,

and E. coli. Our results demonstrate that vancomycin, and to a lesser extent metronidazole, are associated with

marked intestinal microbiota destruction and greater risk of colonization by nosocomial pathogens.
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Clostridium difficile is an intestinal pathogen that causes

a wide spectrum of disease in hospitalized patients,

ranging from diarrhea to pseudomembranous colitis

to potentially lethal toxic megacolon [reviewed in 1].

The past 15 years have seen a dramatic increase in the

number of cases, with strains emerging that produce in-

creased amounts of toxin and are resistant to fluoro-

quinolone antibiotics [2, 3]. The Centers for Disease

Control and Prevention (CDC) classifies C. difficile as

“threat level urgent,” a rating intended to call for

“urgent and aggressive action” against this bacterium

[4]. Recent CDC estimates indicate that C. difficile infec-

tions kill 14 000 individuals and lead to >$1 billion in

medical costs each year in the United States. These infec-

tions are also becoming more common outside hospitals,

particularly among elderly individuals living in assisted

care facilities but also in the general community [5, 6].

Antibiotic treatment is key to both the initiation and

resolution of C. difficile infections. One European study

found that 92% of patients with a diagnosis of C. difficile

infection reported antibiotic use during the preceding 3

months, with third-generation cephalosporins and clin-

damycin most strongly correlated with the risk of sub-

sequent C. difficile infection [7–9]. Once C. difficile

infection has been diagnosed, standard protocols call

for administration of more antibiotics: metronidazole

for mild and moderate cases and vancomycin for severe

infection [10]. Vancomycin yields a slightly higher cure

rate in some patients, but concerns over cost and the

emergence of vancomycin-resistant pathogens limit its

use to patients with severe disease [11–13].
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Growing concern over the rise in C. difficile infections has

prompted some physicians to prescribe metronidazole prophy-

lactically to high-risk patients [14]. The Infectious Disease

Society of America recommends prescribing vancomycin to

patients with suspected severe or severe complicated C. difficile

illness before infection has been confirmed; however, it is

estimated that many clinicians start empiric therapy based on

suspicion of mild or moderate disease, with questionable ther-

apeutic benefit [15]. These practices are concerning, because lit-

tle is known about how metronidazole and vancomycin impact

commensal bacteria and how they alter the host’s susceptibility

to other enteric pathogens commonly encountered in hospital

settings [16]. To address this problem, we treated mice with

brief courses of metronidazole, vancomycin, or both in combi-

nation, and assessed the impact on native bacterial populations

as well as colonization resistance to C. difficile spores. We then

extended our investigation to other hospital-acquired infections

and asked whether the same antibiotic regimens affected the

microbiota’s ability to suppress infections in mice challenged

with vancomycin-resistant Enterococcus (VRE), carbapenem-

resistant Klebsiella pneumoniae (KPC), and Escherichia coli.

METHODS

Mouse Husbandry

All experiments were performed with wild-type female C57BL/

6 mice, aged 6–8 weeks and purchased from Jackson Laborato-

ries. The mice were housed in the specific pathogen-free facility

at Memorial Sloan Kettering’s Animal Resource Center, fed ir-

radiated feed, and provided with acidified water. Three of us

(B. B. L., C. G. B., and R. A. C.) performed all mouse experi-

ments and changed cages at least once per week. The experi-

ments were performed in compliance with Memorial Sloan

Kettering’s institutional guidelines and were approved by its In-

stitutional Animal Care and Use Committee.

C. difficile Susceptibility Time Course Experiments

C. difficile susceptibility was assessed as described by Buffie et al

[17], with different antibiotic treatments: we used metronidazole

(1.0 g L−1; Sigma-Aldrich), vancomycin (1.0 g L−1; NOVA-

PLUS), or 1.0 g L−1 of both antibiotics. Mice were housed in

groups of 5 during antibiotic treatment. At days 1, 3, 7–8, 14–

15, and 21–22 after cessation of antibiotics, 1 mouse was removed

from each group cage, transferred to an individual cage, and in-

oculated with 1000 spores of C. difficile strain VPI 10463 (Amer-

ican Type Culture Collection 43255). Each experiment tested 3

groups of mice per antibiotic treatment, and experiments were re-

peated twice (n = 9 per time point per treatment group tested).

In one group of experiments, mice were administered antibiot-

ics (metronidazole or metronidazole in combination with vanco-

mycin) by oral gavage instead of the drinking water; 3.5 mg of

antibiotics was dissolved in 200 µL of water and administered

every day for 3 days. At 24 hours after the final dose, correspond-

ing to day 1 of the previous experiments, mice were then chal-

lenged with C. difficile spores, as described elsewhere [19].

Quantitative C. difficile Culture

The C. difficile burden in mouse ceca 24 hours after infection

was assessed as described elsewhere [17].

Sample Collection, DNA Extraction, and Quantification of 16S

Copy Number Density

Intestinal content samples were collected frommice on days −3,

1, 3, 7–8, 14–15, and 21–22 (feces) and 24 hours after infection

on days 2, 4, 8–9, 15–16, and 22–23 (colon). The samples were

immediately flash-frozen and DNA was extracted as described

elsewhere [18]. Briefly, the frozen samples (approximately 100

mg) were suspended in 500 µL extraction buffer (200 mmol/L

Tris, pH 8.0/200 mmol/L sodium chloride/20 mol/L ethylenedi-

aminetetraacetic acid), 200 µL of 20% sodium dodecyl sulfate,

500 µL of phenol–chloroform–isoamyl alcohol (24:24:1), and

500 µL of 0.1-mm-diameter zirconia/silica beads (BioSpec

Products). Bacterial cells were lysed with bead beating (BioSpec

Products) for 2 minutes, and DNAwas isolated with 2 rounds of

phenol–chloroform–isoamyl alcohol extraction. After extrac-

tion, the DNA was precipitated in ethanol and resuspended in

200 µL of Tris-EDTA buffer with 100 µg/mL RNAse, and fur-

ther purified with QIAmp Mini Spin Columns (Qiagen).

The DNA extracted from fecal samples was then subjected to

reverse-transcription polymerase chain reaction (PCR) of 16S

RNA gene sequences. We used the broad-range bacterial 16S

primers 517F (5′- GCCAGCAGCCGCGCTAA -3′) and 798R

(5′- AGGGTATCTAATCCT -3′) at 0.2 mmol/L concentrations

with the DyNAmo SYBR Green quantitative PCR kit (Finn-

zymes). Sample amplification was compared with standard

curves to quantify 16S copy number. Cycling conditions were

as follows: 95°C for 15 minutes and then 40 cycles of 94°C

for 15 seconds, 52°C for 30 seconds, and 72°C for 30 seconds.

The program finished with 95°C for 15 minutes, 60°C for 1 mi-

nute, and 95°C for 15 minutes.

16S Ribosomal RNA Gene Amplification, Multiparallel

Sequencing, and Sequence Analysis

Amplicons of the V4-V5 region of 16S ribosomal RNA (rRNA)

were amplified and sequenced with the Illumina MiSeq plat-

form, as described elsewhere [19]. Sequences were analyzed

using the mothur pipeline, version 1.33.3 [20], as described

[19]. Operational taxonomic units (OTUs) were classified with

a modified Greengenes reference database [21].OTU-based mi-

crobial diversity was estimated by calculating the inverse Simp-

son index and Bray–Curtis dissimilarity index. Phylogenetic

trees were inferred by using Clearcut [22] on the alignment cre-

ated by mothur, and then unweighted UniFrac [23] was run on

the resulting tree, followed by a principal coordinate analysis of

the distance matrix.
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VRE, KPC, and E. coli Susceptibility Time Course Experiments

Mice were treated with metronidazole (1.0 g L−1), vancomycin

(1.0 g L−1), or no antibiotic for 3 days, then switched to untreat-

ed water. At day 1, 7, or 14 after stopping antibiotic treatment,

mice were orally gavaged with 50 000 colony-forming units

(CFUs) of vancomycin-resistant Enterococcus faecium (Ameri-

can Type Culture Collection 700221), KPC, or E. coli (KPC and

E. coli were both isolated from blood cultures collected from pa-

tients at Memorial Sloan Kettering Cancer Center). All mice

were singly housed after infection with the indicated pathogen.

At 24 hours after infection, fecal samples were collected from the

mice, and the corresponding pathogen burden was enumerated

by plating serial dilutions on selective agar plates (VRE: Enter-

ococcoseI agar plates [Difco] with vancomycin [8 µg/mL]; KPC:

Luria Broth with agar [Difco], carbenacillin [100 µg/mL; Lab-

Scientific], and neomycin [50 µg/mL; Sigma-Aldrich]; E. coli:

Luria Broth with agar and neomycin [50 µg/mL]).

Statistical Analysis

Statistical analysis was conducted using the R (version 3.1.1)

and GraphPad Prism (version 6.0c) software packages. Analysis

of the number of 16S rRNA copies, inverse Simpson indices,

and Bray–Curtis dissimilarity was performed using 2-way anal-

ysis of variance with Bonferroni correction and Prism software.

Analysis of differential VRE, KPC, or E. coli burden was

performed using a Kruskal–Wallis test with Dunn correction.

Differences were considered significant at P < .05. For the prin-

cipal coordinate analysis, the analysis of molecular variance

method [24] was used to compare samples that supported

C. difficile growth (susceptible samples) with samples in which

no C. difficile was detected (resistant samples).

RESULTS

Differential Impact of Metronidazole and Vancomycin

Treatment on C. difficile Susceptibility

In the absence of pretreatment with antibiotics, administration

of C. difficile spores does not lead to infection or colonization of

conventionally housed wild-type C57BL/6 mice [25, 17]. To de-

termine the impact of metronidazole and oral vancomycin on

susceptibility to C. difficile infection, we treated mice with met-

ronidazole, vancomycin, or metronidazole plus vancomycin in

Figure 1. Exposure to metronidazole, vancomycin, or both increases susceptibility to Clostridium difficile infection. A, Summary of experimental protocol.

B–D, Burden of C. difficile in ceca of mice 24 hours after infection. E–G, Intestinal bacterial density of animals before and after antibiotic exposure. Hor-

izontal lines represent means; error bars, standard deviations (n = 9 except for metronidazole + vancomycin–treated mice on days 21–22, where n = 8).

*P < .05; †P < .01. Abbreviations: CFUs, colony-forming units; LOD, limit of detection.
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their drinking water for 3 days (1.0 g L−1 for each). Each treat-

ment protocol was tested in 3 replicate cages. After 3 days, an-

tibiotic-containing water was replaced with untreated water for

the remainder of the experiment (Figure 1A). At days 1, 3, 7–8,

14–15, and 21–22 after stopping antibiotic treatment, 1 mouse

was removed from each cage at random and challenged with

1000 spores of C. difficile strain VPI 10463 by oral gavage.

Each infected mouse was housed individually to prevent

cross-contamination. At 24 hours after infection, the mice

were euthanized, and cecal and colonic contents were collected

for assessment of C. difficile burden and sequencing, respective-

ly. Each experiment tested 3 mice per antibiotic treatment and

was conducted 3 separate times (n = 9 for each treatment and

time point).

Of the mice treated with metronidazole alone, approximately

half (56%) had no detectable C. difficile in their ceca when chal-

lenged 1 day after antibiotic removal (Figure 1B). When mice

were challenged 3 and 7–8 days after stopping metronidazole

treatment, the proportion with undetectable C. difficile levels in-

creased to 67% and 89% of mice, respectively. All mice had

Figure 2. Exposure to metronidazole, vancomycin, or both disrupts commensal bacterial species found in the lower intestine. Fecal samples were collected

from mice before antibiotic treatment (day −3) and at the indicated times after cessation of antibiotics. Samples were assessed for bacterial operational

taxonomic units (OTUs), as described in “Methods” section. Each stacked bar represents the mean microbiota composition of 3 independently housed mice.
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recovered colonization resistance 2 weeks after stopping metro-

nidazole treatment.

In contrast, none of the mice treated with vancomycin had

detectable C. difficile in their ceca 1 day after stopping treatment

(Figure 1C). Vancomycin has been shown to persist in the lower

intestine of mice and humans days after the last dose has

stopped, so it is likely that residual vancomycin killed germinat-

ing spores at this early time point [16]. Indeed, by days 3 and

7–8, almost all mice become heavily colonized (89% of mice

on day 3, 100% on days 7–8). By the last time point studied,

only 1 mouse had detectable C. difficile CFUs in its cecum.

The disruption in colonization resistance was more pronounced

in mice treated with both metronidazole and vancomycin, 78%

of which had ceca that supported C. difficile growth 3 weeks

after stopping antibiotic treatment (Figure 1D).

To investigate the causes of the loss of colonization resistance

to C. difficile infection, we first assessed changes in total bacte-

rial density by quantitative reverse-transcription PCR targeted

to bacterial 16S rRNA-encoding genes. We found that the

density in metronidazole-treated mice remained relatively stable

throughout the course of the experiment (Figure 1E ), in

contrast to the vancomycin-treated mice (Figure 1F ) and

metronidazole plus vancomycin-treated mice (Figure 1G). Bac-

terial density approached baseline levels by day 14–15 of the

experiment. However, because many of the mice had not rees-

tablished colonization resistance to C. difficile at this time, the

change in bacterial density did not fully explain changes in C.

difficile colonization resistance (Figure 1B–D).

Prolonged Impact of Metronidazole and Vancomycin Treatment

on Intestinal Bacterial Populations

We next expanded our investigation beyond density measures to

examine changes in bacterial composition over time. DNA ex-

tracted from fecal samples was sequenced on the Illumina

MiSeq platform and reads were analyzed using an in-house pipe-

line mainly derived from the mothur software [20](see “Methods”

section). We found that before antibiotic treatment was initiated,

fecal samples were composed of a rich community of bacterial

OTUs spanning multiple taxa, including the Bacteroidales class

S24.7 as well as many members of the Lactobacillus and Clostrid-

ium genera, among others (Figure 2A–C; day −3 time point).

Animals treated with metronidazole alone experienced

relatively transient disruptions in their fecal microbial commu-

nities, and returned to a state similar to pretreatment composi-

tion by 1–2 weeks after stopping treatment (Figure 2A). In

contrast, animals treated with vancomycin or metronidazole

plus vancomycin experienced a profound shift in their microbiota

composition, with taxa such as Bacteroidales S24–7 falling

Figure 3. Impact of starting microbiota and route of antibiotic administration on resulting changes in bacterial composition. The experiment represented in

Figure 2 (mouse cohort 1) was repeated with different cohorts of wild-type C57BL/6 Jackson mice. Mice from cohort 2 were subdivided into 2 additional

treatment groups, with the first group receiving antibiotics dissolved in water (A, E), and the other receiving antibiotics by daily oral gavage (B, F ). Each stacked

bar represents a mean of 3 mice per time point per treatment group (exception: F at day 22, where n = 2). Abbreviation: OTUs, operational taxonomic units.
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permanently below the limit of detection (Figure 2B and 2C). In

parallel, bacterial OTUs present at low or undetectable levels be-

fore antibiotics expanded greatly, including members of the

genus Enterococcus, unclassified Proteobacteria, and novel

members of Lactobacillus and Clostridium.

Repeating these experiments with new cohorts of mice re-

vealed that the expanding bacterial populations were highly de-

pendent on the initial commensal bacteria present in the mice,

and that different mouse cohorts (all wild-type C57BL/6 mice

obtained from the Jackson Labs) were colonized with different

communities (Supplementary Figure 1). In 3 separate experi-

ments performed with mice obtained ≥1 month apart, vanco-

mycin treatment led to the expansion of primarily Lactobacillus

aviarius and Enterococcus faecalis (Figure 2B, cohort 1),

Klebsiella oxytoca (Figure 3C, cohort 3), or K. oxytoca and

Akkermansia muciniphilia (Figure 3D, cohort 4).

Many patients report that metronidazole has an unpleasant me-

tallic taste, which could affect how much treated water the mice

drink during the 3 days of antibiotic administration. We therefore

gavaged mice every day for 3 days with metronidazole or metro-

nidazole plus vancomycin (using doses that corresponded to the

measured daily intake of water in untreated mice) and then chal-

lenged them with C. difficile spores, as described elsewhere [19].

Although themice administered antibiotics via oral gavage seemed

to preserve slightly more diversity, as measured by the inverse

Simpson and Bray–Curtis indices, this trend was not statistically

significant (Figure 3B, 3F, and Supplementary Figure 2). These re-

sults indicate that the timing of antibiotic administration has less

of an impact on bacterial shifts than the initial microbial popula-

tions present in the mice before treatment begins. The effects of

antibiotic treatments on microbial composition and diversity are

summarized in Figure 4 and Supplementary Figure 3.

Figure 4. Summary of effects of metronidazole and vancomycin on fecal microbial populations. Sequences from fecal samples were binned into oper-

ational taxonomic units (OTUs), and abundance of the 50 most highly represented OTUs was plotted based on percentage of total sequences. Each hor-

izontal bar represents 1 OTU; each vertical bar represents the mean abundance of individual OTUs within 1 cohort of mice at specified time point and

treatment group (n = 3 for each vertical bar).
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Figure 5. Antibiotic-induced disruptions of microbial communities contribute to Clostridium difficile susceptibility. A–C, Colon samples were collected from mice 24 hours after C. difficile infection and

assessed for abundance of individual bacterial operational taxonomic units (large panels). Each stacked bar represents mean microbiota composition of 3 independently housed mice from cohort 1. Small panels

in A–C represent the fraction of mice found susceptible to C. difficile 24 hours after infection in all cohorts (red bar; n = 9 mice per time point). D–G, Principal coordinate analysis of colon samples from all cohorts

24 hours after infection. Squares represent preantibiotic samples; circles, postantibiotic treatment samples. Circle sizes represent the time point of each posttreatment sample, with large circles representing

earliest time points. Analysis of molecular variance (AMOVA) F statistics were used to compare samples in which C. difficilewas not detected (gray points bounded by shaded region) with samples that supported

C. difficile growth (red points).
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Correlation of Antibiotic Treatment-Mediated Changes in

Commensal Bacterial Populations With C. difficile Colonization

Resistance

We next asked whether the observed shifts in commensal mi-

crobial populations after antibiotic treatment corresponded

with susceptibility to C. difficile spore challenge. At 24 hours

after infection, colonic content was collected from mice, se-

quenced, and analyzed as described elsewhere. Mice treated

with metronidazole alone were found to maintain a relatively

stable microbiota, which corresponded with the rapid recovery

of resistance to C. difficile (Figure 5A). In contrast, the colons

of mice treated with vancomycin or metronidazole plus vanco-

mycin were found to contain severely disrupted microbiota,

which correlated with delays in returning to a colonization-

resistant state (Figure 5B and 5C, respectively). Examination

of microbial communities with principal coordinate analysis

demonstrated that, in the case of vancomycin (Figure 5E) and

metronidazole plus vancomycin treatment (Figure 5F ), colon

samples frommice that were unable to suppress C. difficile growth

(susceptible mice) clustered separately from the samples in which

C. difficile growth was undetected 24 hours after spore challenge

(resistant mice) (analysis of molecular variance F statistic in van-

comycin- vs metronidazole plus vancomycin–treated mice, 2.38

vs 3.11; both P < .001). These data demonstrate that not only

do C. difficile– targeting antibiotics significantly alter intestinal

microbial communities but these disrupted communities are

also then more likely to support C. difficile expansion.

Impact of Metronidazole and Vancomycin Treatment on

Susceptibility to Infection With Other Nosocomial Pathogens

We next asked whether the observed shifts in microbial compo-

sition after metronidazole or vancomycin treatment also

contribute to heightened risk of colonization with other

nosocomial infections. Of growing concern in many hospitals

are VRE species, KPC, and E. coli infections [4]. We therefore

treated a cohort of wild-type C57BL/6 Jackson mice with met-

ronidazole or vancomycin for 3 days, followed by challenge with

approximately 50 000 CFUs of VRE, KPC, or E. coli at 1, 7, or 14

days after antibiotic cessation (Figure 6). In all cases we saw a

similar pattern of intestinal colonization. First, the untreated

cohort was colonized at very low densities (or not at all)

throughout the time course. Second, the metronidazole cohort

displayed moderate bacterial burden at early time points, then

recovered colonization resistance resembling that in the control

mice. Finally, the vancomycin cohort remained highly suscep-

tible to colonization throughout the duration of the experiment.

Only in the VRE-infected group did the vancomycin-treated

mice display a trend toward recovery of colonization resistance

2 weeks after antibiotic removal (Figure 6A).

DISCUSSION

The high incidence of C. difficile infection in select, highly vul-

nerable patient populations has led to the consideration of using

metronidazole or vancomycin prophylactically [15, 26]. Al-

though it is not recommended by the Infectious Disease Society

of America, clinicians caring for highly immunocompromised

patients undergoing cancer treatment or organ or stem cell

transplantation are increasingly administering these antibiotics

to prevent C. difficile infections. Both metronidazole and vanco-

mycin are known to effectively treat active infections, but their

impact on commensal bacterial populations has not been exten-

sively studied. We found that metronidazole treatment disrupts

the microbiota initially, but the effect is transient and mice are

able to regain colonization resistance to C. difficile relatively

Figure 6. Exposure to metronidazole and vancomycin affects the colonization ability of vancomycin-resistant Enterococcus, carbapenem-resistant Kleb-

siella pneumoniae, and Escherichia coli. Mice were treated with indicated antibiotics for 3 days and then allowed to recover. After cessation of antibiotics,

mice were challenged with approximately 50 000 colony-forming units (CFUs) of vancomycin-resistant Enterococcus (A), carbapenem-resistant K. pneumo-

niae (B ), or E. coli (C). Fecal pellets were collected from mice 24 hours after infection and assessed for the corresponding pathogen burden. *P < .05,
†P < .01. Horizontal lines represent means; error bars standard deviations (n = 3 [days 1 and 7] or n = 6 [day 14]). Abbreviation: LOD, limit of detection.

Metronidazole, Vancomycin and Microbiota • JID 2015:212 (15 November) • 1663

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/2
1
2
/1

0
/1

6
5
6
/2

4
5
9
1
5
8
 b

y
 g

u
e
s
t o

n
 1

9
 J

a
n
u
a
ry

 2
0
2
4



quickly. In contrast, vancomycin treatment causes severe shifts

in commensal microbial species that correspond with pro-

longed susceptibility to C. difficile, an effect magnified when

vancomycin is administered concurrently with metronidazole.

The continued disruption of commensal bacterial species can

help explain the high relapse rate associated with C. difficile dis-

ease, which most commonly occurs within a few weeks of suc-

cessful treatment [reviewed in 27].

In addition to recurrent C. difficile episodes, a disordered

commensal microbiota also leaves patients susceptible to

other nosocomial infections. Of chief concern in hospitals are

infections with VRE species, carbapenem-resistant Enterobac-

teriaceae, such as K. pneumoniae, and E. coli. These pathogens

are found with increased prevalence in hospital settings, and

many have acquired resistance to remaining available antibiot-

ics [4]. We found that in addition to its effect of prolonged

susceptibility to C. difficile infection, brief treatment with van-

comycin opens a niche in the intestinal environment that allows

dense colonization with VRE, KPC, and E. coli. Metronidazole

treatment, however, has a more transient effect. When prescrib-

ing metronidazole or vancomycin for active C. difficile infection

(or as empiric therapy for suspected cases), clinicians must take

into account the collateral damage to protective bacterial species

and take steps to prevent patient exposure to nosocomial path-

ogens long after treatment has been completed. One alternative

is fidaxomicin, an antibiotic recently approved by the Food and

Drug Administration for the treatment of C. difficile infections.

In contrast to vancomycin and metronidazole, fidaxomicin has

been demonstrated to have a narrower spectrum of activity

against obligate anaerobes of the colon [28, 29]. Given its

specificity, it would probably have less impact on colonization

resistance, but this still requires further study.

More broadly speaking, our experiments reveal an important

challenge regarding any investigation of commensal bacterial

populations. Concordant with previous studies [30], we discov-

ered that wild-type mice purchased from the same vendor har-

bored different microbes depending on the date and barrier

facility from which they were obtained (Supplementary Fig-

ure 1). The differences in starting commensal species were mag-

nified after conditioning antibiotic treatments (Figure 3C and

3D). This finding highlights the need to actively monitor the

microbiota in laboratory animals even before starting experi-

mental treatments.

Although vancomycin treatment is known to improve C. dif-

ficile symptoms, studies in mice demonstrate that it also increas-

es recurrence rates more than metronidazole treatment [31].

Our experiments were specifically designed to study the impact

of these 2 agents on the normal microbiota and their relative

ability to destroy colonization resistance. Our findings demon-

strate that oral vancomycin, and to a lesser extent metronida-

zole, leave the host far more vulnerable to infection with

C. difficile but also to additional antibiotic-resistant bacterial

species. Another antibiotic occasionally used to treat C. difficile

infections (tigecycline) has been shown to disrupt colonization

resistance in a similar manner [32]. In clinical circumstances

where the risk of exposure to and acquisition of C. difficile

spores is high, the short-term potential benefits of antibiotic

prophylaxis with either metronidazole or vancomycin needs

to be weighed against the increased long-term risk for infection

with C. difficile, VRE, carbapenem-resistant Enterobacteriaceae,

and E. coli.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases

online (http://jid.oxfordjournals.org). Supplementary materials consist of

data provided by the author that are published to benefit the reader. The
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data are the sole responsibility of the authors. Questions or messages regard-
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