PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Hausman BS, Kaple CE, Cadnum JL,
Memic S, Sangwan N, Donskey CJ (2026)
Longer durations of piperacillin/tazobactam
treatment cause more prolonged alteration

of colonization resistance in mice. PLoS One
21(6): e0350031. https://doi.org/10.1371/

journal.pone.0350031

Editor: Yung-Fu Chang, Cornell University,
UNITED STATES OF AMERICA

Received: March 1, 2026
Accepted: May 7, 2026
Published: June 1, 2026

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication
of all of the content of peer review and

author responses alongside final, published
articles. The editorial history of this article is
available here: https://doi.org/10.1371/journal.
pone.0350031

Copyright: This is an open access article, free

of all copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon,

or otherwise used by anyone for any lawful

RESEARCH ARTICLE

Longer durations of piperacillin/tazobactam
treatment cause more prolonged alteration of
colonization resistance in mice

Bryan S. Hausman', Claire E. Kaple?, Jennifer L. Cadnum’, Samir Memic®/,
Naseer Sangwan®#, Curtis J. Donskey@®***

1 Research Service, Louis Stokes Cleveland VA Medical Center, Cleveland, Ohio, United States of
America, 2 Department of Molecular Biology and Microbiology, Case Western Reserve University School
of Medicine, Cleveland, Ohio, United States of America, 3 Lerner Research Institute/Lerner College of
Medicine of Case Western Reserve University, Cleveland, Ohio, United States of America, 4 Department
of Medicine, Case Western Reserve University School of Medicine, Cleveland, Ohio, United States of
America, 5 Geriatric Research, Education, and Clinical Center, Louis Stokes Cleveland VA Medical Center,
Cleveland, Ohio, United States of America

* curtis.donskey@va.gov

Abstract

Broad-spectrum antibiotics that are excreted into the intestinal tract disrupt microbiota
that provide colonization resistance against healthcare-associated pathogens. Min-
imizing the duration of treatment is a core element of efforts to reduce the adverse
effects of antibiotics, but limited information is available on whether this approach
preserves colonization resistance. Here, we used a mouse model to examine the
impact of 1, 3, 6, and 10-days of treatment with the broad-spectrum antibiotic pipera-
cillin/tazobactam on colonization resistance against vancomycin-resistant Enterococ-
cus faecium (VRE) and carbapenemase-producing Klebsiella pneumoniae at 6-, 10-,
and 24-days post-treatment; colonization resistance against Clostridioides difficile
was tested at 6 days post-treatment. Colonization resistance was not altered at these
time points by 1 day of treatment, whereas 3, 6, and 10 days of treatment caused
more prolonged microbiota disruption and altered colonization resistance extending
to 6, 10, and 24 days, respectively. In contrast, 5 or 10 days of treatment with aztre-
onam, a narrow-spectrum antibiotic with no activity against anaerobes, did not alter
colonization resistance. These findings provide support for efforts to minimize the
duration of antibiotic therapy as longer durations of piperacillin/tazobactam treatment
caused greater and more prolonged alteration of colonization resistance. Our results
also highlight the potential for short courses of broad-spectrum antibiotics to alter col-
onization resistance and suggest that selection of antibiotics that cause less disrup-
tion of anaerobes may be useful to preserve colonization resistance.
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Introduction

To address the adverse effects of antibiotics, there has been an increasing emphasis
during the past 25 years on efforts to reduce the duration of therapy [1,2]. In the early
2000s, Singh and Yu et al. [3,4] and Rice [5] argued that limiting treatment duration
was more realistic than asking physicians to withhold antibiotics when faced with
uncertainty in caring for patients with suspected infections. In 2003, an evaluation of
the appropriateness of antimicrobial use in an acute care hospital demonstrated that
most unnecessary days of therapy were due to administration for longer than recom-
mended durations [6]. Subsequently, many randomized trials have demonstrated that
shorter courses of antibiotic therapy are as effective as longer courses [1,2]. Current
antibiotic stewardship guidelines recommend interventions to reduce antibiotic ther-
apy to the shortest effective duration [7].

A primary rationale for minimizing the duration of antimicrobial therapy is to reduce
selective pressure contributing to emergence of antimicrobial resistance and Clost-
ridioides difficile infection (CDI) [5,8—12]. Increasing durations and cumulative doses
of antibiotic exposure may increase the risk for CDI [13], and some randomized trials
have demonstrated increased emergence of resistance with longer versus shorter
courses of treatment [3,14]. However, many trials of different antimicrobial durations
have not been powered to assess resistance outcomes and/or have not included
screening for emergence of resistance. Notably, in 2 sub-studies of randomized
trials of 7 versus 14 days of antibiotic treatment, no differences were detected in
abundance of antibiotic-resistance genes or microbiota species diversity [15,16].
Moreover, even short courses (i.e., single doses to 3 days) of antibiotics can cause
profound alteration of the intestinal microbiota and prolonged disruption of coloniza-
tion resistance with increased susceptibility to pathogen colonization and overgrowth
[17-24]. It is not known if reducing the duration of broad-spectrum antibiotic treat-
ment will substantially decrease the extent and duration of alteration of colonization
resistance. Here, we used a mouse model to test the hypothesis that longer durations
of treatment with broad-spectrum antibiotics result in greater alteration of the intesti-
nal microbiota and more prolonged disruption of colonization resistance to
healthcare-associated pathogens.

Methods
Ethics statement

The Animal Care Committee of the Cleveland VA Medical Center approved the exper-
imental protocol (#1590938). Work was conducted in compliance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Mice were monitored at least daily throughout the experiments
(16 days for the in vitro evaluation of colonization resistance in cecal contents; 17 or
39 days for the in vivo mouse model evaluation of the impact of different piperacillin/
tazobactam treatment durations on colonization resistance; 16 days for the in vivo
mouse model evaluation of the impact of different durations of aztreonam on colo-
nization resistance). Mice were monitored for weight loss, ruffled fur, poor appetite,
decreased ambulation, and huddling behavior. Mice that displayed huddling behavior
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or reduced mobility were weighed 1x daily. Weight loss of greater than 15% body weight would trigger euthanasia within 2
hours. Based on Animal Care Committee of the Cleveland VA Medical Center guidance, no analgesics were provided for
subcutaneous injections of antibiotics or orogastric gavage of test organisms as these procedures cause only minimal and
transient (<30 seconds) distress. Soft bedding and other enrichment devices were provided.

Death of the mice during the experiment due to antibiotic treatment or colonization with the pathogens was not
considered a likely outcome or planned experimental outcome as mice did not develop overt signs of iliness in pre-
study, mice treated with antibiotics and/or colonized with the test pathogens did not develop any overt signs of illness
during the period of monitoring prior to planned euthanization. No mice were found dead prior to planned euthanasia.
All mice were euthanized at the planned experimental timepoints (16 days for the in vitro evaluation of colonization
resistance in cecal contents; 17 or 39 days for the in vivo mouse model evaluation of the impact of different piperacil-
lin/tazobactam treatment durations; 16 days for the in vivo mouse model evaluation of the impact of different durations
of aztreonam).

Mice

Female, 8-10 week old, Non-Swiss albino (CF-1°) mice (2—8 per group; 110 total) weighing~30g (Inotiv, Indianapolis)
were housed in individual cages with plastic filter tops during the experiments to prevent cross-contamination among
animals. At the conclusion of treatment or the described sampling period, mice were euthanized by sodium pentobarbitol
overdose followed by cervical dislocation.

Pathogens studied

Enterococcus faecium C68 is a previously described clinical vanB vancomycin-resistant Enterococcus faecium (VRE)
isolate [18]. The minimum inhibitory concentration (MIC) of piperacillin/tazobactam for C68 is 1,250 ug/mL [18]. Klebsiella
pneumoniae VA367 (Kp VA367) is a clinical carbapenemase-producing isolate used in previous mouse model studies with
piperacillin/tazobactam MIC of 128 ug/mL [24]. C. difficile VA-17 is a clinical ribotype 027 strain. The MIC of piperacillin/
tazobactam for VA-17 is>256 ug/mL [25].

Antibiotics used for mouse experiments

Piperacillin/tazobactam was used as the primary test antibiotic because it is a broad-spectrum agent commonly used in
hospitals. Piperacillin/tazobactam is excreted in bile and inhibits anaerobes, facultative gram-negative bacilli, and sus-
ceptible enterococci [8,18]. Mice received subcutaneous piperacillin/tazobactam (8.0 mg piperacillin/day) for 1, 3, 6, or
10 days or subcutaneous phosphate-buffered saline (PBS) for 1 day as control with the final day of treatment being the
same for each group. We have previously demonstrated that piperacillin/tazobactam promotes overgrowth of VRE and K.
pneumoniae in mice [8,18,19] and in colonized patients [8,10,26]. In mice treated with 1-3 days of piperacillin/tazobac-
tam, colonization resistance to VRE and C. difficile was disrupted 1-5 days after discontinuation of treatment but showed
evidence of re-establishment by 11-12 days after treatment [21-23].

Aztreonam, a narrow-spectrum antibiotic that was used for comparison, is a monobactam antibiotic with activity against
aerobic and facultative Gram-negative bacteria but not against anaerobes or Gram-positive bacteria [27]. Mice (8 per
group) received subcutaneous aztreonam (3.0 mg/day) for 5 or 10 days. Previously shown in mice, aztreonam treatment
for 5 days suppressed indigenous Escherichia coli, but did not alter enterococci or anaerobes, and did not alter colo-
nization resistance [2,19]. However, it is not known if longer durations of narrow-spectrum antibiotics alter colonization
resistance.

The dose of both antibiotics was based on the daily dose recommended for human adults (in mg per kg of body
weight) [18,19].
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Microbiology

Stool or cecal content samples were serially diluted in phosphate-buffered saline (PBS) and plated on selective media.
C. difficile cultures were processed inside an anaerobic chamber. The selective medias for Kp VA367, VRE C68, and C.
difficile VA-17 included MacConkey agar (Becton Dickinson, Sparks, MD) with 0.5 pg/mL of imipenem/cilastatin, Entero-
coccosel agar (Becton Dickinson) supplemented with 6 pg/mL of vancomycin, and C. difficile Brucella agar (CDBA) [28],
respectively. After incubation for 48—72 hours, we calculated the colony-forming units (CFU) per gram of stool. The lower
limit of detection was~2 log,, CFU.

In vitro evaluation of colonization resistance in cecal contents

Initial experiments were conducted using an in vitro model of colonization resistance which allows testing of multiple
pathogens with a small number of mice [28—31]. A timeline for the experiment is shown in Fig 1. Mice (2 per group; 10
total) were treated with 1, 3, 6, or 10 days of piperacillin/tazobactam or PBS for 1 day as described previously. Six days
after the last antibiotic dose, mice were euthanized as described and cecal contents were collected and transferred to an
anaerobic chamber within 20 min. The duration of the experiment was 16 days prior to euthanasia. The cecal contents
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Fig 1. Impact of different piperacillin/tazobactam treatment durations (timeline, A) on in vitro colonization resistance in cecal contents of mice
(n =2 per group; 10 total mice) inoculated with 10* CFU of the Klebsiella pneumoniae VA367 (B), vancomycin-resistant Enterococcus faecium
C68 (C), and Clostridioides difficile VA-17 (D) 6 days after the last antibiotic dose. CFU, colony-forming units. Error bars show standard error. 1,
challenge of cecal contents with test organisms. *=P<0.05, **=P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0350031.9001
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were diluted threefold (volume/volume) in sterile, pre-reduced PBS. A final concentration of 10* CFU/mL of the test
organisms was added to aliquots of the cecal contents. The test organisms included Kp VA367, VRE C68, and C. difficile
VA-17. The inoculated cecal contents were incubated anaerobically for 24 hours and then serial dilutions were plated on
selective media.

In vivo mouse model to assess the impact of different piperacillin/tazobactam treatment durations on
colonization resistance 10 and 24 days after the final dose

Timelines for the experiments are shown with Figs 2—4. Mice (4-8 per group; 68 total) were treated with 1, 3, 6, or 10
days of piperacillin/tazobactam or PBS for 1 day as described previously. To assess in vivo colonization resistance to

K. pneumoniae and VRE, separate groups of mice were challenged with 10* CFU of Kp VA367 in combination with 10*
CFU of VRE C68 by orogastric gavage on days 10 or 24 after the final dose of piperacillin/tazobactam. These organisms
were administered together to minimize the total number of mice used. Previous studies have demonstrated that VRE
and K. pneumoniae occupy distinct niches and do not compete with one another in mice [32—-34], and VRE and resistant
gram-negative bacteria often co-colonize patients at high colonization densities [26]. To measure the concentration of the
pathogens, stool samples from the mice challenged 10 days after the final dose were collected on days 11, 13, and 17 (1,
3 and 7 days after challenge) and stool samples from the mice challenged 24 days after the final dose were collected on
days 25 and 29 (1 and 5 days after challenge). Mice were euthanized after the final stool collection. The duration of the
experiment was 27 days for the mice challenged with the pathogens 10 days after the final antibiotic dose and 39 days for
the mice challenged 24 days after the final antibiotic does.

Effect of antibiotic treatment on the intestinal microbiota by culture and 16S rRNA amplicon sequencing

For the mice included in the experiments involving pathogen challenge at day 24, stool specimens were collected on days
0 (1 day after the final antibiotic dose for each group),1, 3, 7, 14, and 22. To assess the impact of piperacillin/tazobactam
treatment on facultative Gram-negative bacilli and enterococci, serial dilutions of the stool in PBS were plated on MacCon-
key agar and Enterococcosel agar, respectively.

For the sequencing analysis, stool specimens (~120 mg) were collected on day 0 to provide a comparison of the effect
of the different durations of piperacillin/tazobactam on the composition of the indigenous microbiota 1 day after the final
dose and on day 14 to assess recovery of the microbiota 2 weeks after completion of treatment. Stool samples were
stored at —80°C until processing. DNA Extraction and 16S sRNA amplicon sequencing were performed as described
previously [34]. Briefly, DNA was isolated from stool samples using the QlAamp PowerFecal Pro DNA kit (Qiagen). The
isolated microbial gDNA was checked for signs of degradation and quantified using the Bio-analyzer (Agilent) to ensure
accurate sample input for the initial PCR step. A nested PCR method was used for amplification of the V4 region of the
16S rRNA gene and the addition of lllumina Nextera Unique Dual indexes. Afterwards, each library underwent standard
quality control procedures to assess sample concentration and quality. Each library was pooled together ensuring equal
sample distribution amongst sequencing reads. Amplicon sequencing was performed on an lllumina MiSeq with a 2x150
read length.

Impact of different durations of the narrow-spectrum antibiotic aztreonam on in vivo colonization resistance

We examined the impact of 5- and 10-day courses of aztreonam on colonization resistance to VRE. Mice (8 per group; 32
total) received subcutaneous aztreonam (3.0 mg/day) for 5 or 10 days; stool specimens were collected on day 3 of aztre-
onam treatment to determine the impact on facultative Gram-negative bacilli. One day after the final aztreonam dose, 10*
CFU of VRE C68 was administered by orogastric gavage. Stool concentrations of VRE were measured 1, 3, and 6 days
after gavage as described previously.

PLOS One | https://doi.org/10.1371/journal.pone.0350031 June 1, 2026 5/16




PLO\Sﬁ\\.- One

>

S ———
[
(E—|
[
]
-10 -6 -3 10 1011 13 17 days
Antibiotic Stool Collection
Treatment Durations Challenge|+1 +3 +7
rrr—
B .., Sl I O
g & 10 day (n=8) 2
S g7 ®6day (n=8) Sc 80;
E56 *3day (n=8) 89
ST ©1day (n=8) c 9 60
O 5 © Saline (n=6) 8o
§_ sS4 E o 40
x‘ 3 3 ) | E 20'
255 F0t 4 : L -
£% ,% e
g2 gg10M 1 17 0 6 3 1 Saline
SEsiqet s )
D _s5— prttencpursion ||
Q7 ® 10 day (n=8) S 100;
® ®6day (n=8) 3 8
wo6 P *3day (n=8) oc 80
2 { e ] |®1day (n=8) 8o
S6° © Saline (n=6) S g 60
g4 | S8 40
i o
-3 ; E 20
e 011 13 17 ° 0
$% .% e
25 £2 10 6 3 1 Saline
L TR
Days after antibiotics Antibiotic Duration
(Days post challenge) Treatment Groups

Fig 2. Impact of the different piperacillin/tazobactam treatment durations (timeline, A) on in vivo colonization resistance to Klebsiella pneu-
moniae strain Kp VA367 (B) and vancomycin-resistant Enterococcus faecium (VRE) strain C68 (D) in mice (n = 38 total including 8 in the 10-,
6, 3, and 1-day treatment groups and 6 in the saline control group) challenged with the test organisms 10 days after the last antibiotic dose

and the percentage of mice in each group with detectable colonization (C,E). Data shown as means with error bars showing standard error. CFU,
colony-forming units. T, challenge with test organisms by orogastric gavage.

https://doi.org/10.1371/journal.pone.0350031.9002

Data analysis

Linear mixed models were used to compare concentrations of organisms among the treatment groups for the in vivo and
in vitro mouse model experiments. Dunnett's method for multiple comparisons was used as a post-hoc test to compare
the treatment groups against the saline controls. Data analysis was performed in R Version 4.2.2.
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Fig 3. Impact of the different piperacillin/tazobactam treatment durations (timeline, A) on in vivo colonization resistance to Klebsiella pneu-
moniae strain Kp VA367 (B) and vancomycin-resistant Enterococcus faecium (VRE) strain C68 (D) in mice (n = 30 total including 8 in the 10-
and 6-day treatment groups, 5 in the 3- and 1-day treatment groups, and 4 in the saline control group) challenged with the test organisms 24
days after the last antibiotic dose and the percentage of mice in each group with detectable colonization (C,E). Data shown as means with error
bars showing standard error. CFU, colony-forming units.t, challenge with test organisms by orogastric gavage.

https://doi.org/10.1371/journal.pone.0350031.9003

For analysis of the sequencing data, individual fastq files without non-biological nucleotides were processed using the
Divisive Amplicon Denoising Algorithm (DADA) pipeline [35]. The output of the dada2 pipeline (feature table of amplicon
sequence variants [an ASV table]) was processed for alpha and beta diversity analysis using phyloseq [36] and micro-
biomeSeq (http://www.github.com/umerijaz/microbiomeSeq) packages in R. Alpha diversity estimates were measured
within group categories using estimate richness function of the phyloseq package. Canonical correspondence analysis
(CCA) was performed using Bray-Curtis dissimilarity matrix between groups and visualized by using ggplot2 package [37].
Differential abundance analysis was performed using ANOVA in R software (The R Foundation for Statistical Computing,
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Fig 4. Impact of different piperacillin/tazobactam treatment (timeline, A) on densities of indigenous enterococci (B) and facultative Gram-
negative bacilli (C) in the same mice shown in Fig 3 (n = 30 total). Data shown as means with error bars showing standard error. CFU,
colony-forming units. Circled day 0 and 14 denotes 16S sample collection (Figs 5 and 6).

https://doi.org/10.1371/journal.pone.0350031.9004

Vienna, Austria). As appropriate, we adjusted for multiple comparisons using the Benjamini-Hochberg False Discovery
Rate (BH FDR) method while performing multiple testing on taxa abundance across groups [38]. Permutational multivari-
ate analysis of variance (PERMANOVA) was performed on all coordinates obtained during CCA.

Results

Longer durations of piperacillin/tazobactam treatment cause greater alteration of in vitro colonization resistance
when challenge occurs 6 days after the last treatment dose

Fig 1 shows the impact of different piperacillin/tazobactam treatment durations on in vitro colonization resistance (data
and analysis shown in S1 Table) For Kp VA367, cecal contents of mice in the 6-, and 10-day treatment groups had
significant growth in comparison to saline controls (P=0.005), cecal contents of mice in the 3-day treatment group had
increased growth that did not reach statistical significance (P=0.053), and cecal contents of mice in the 1-day treatment
group did not have significant growth in comparison to saline controls (P=0.63). For VRE C68, cecal contents of mice

in the 3-, 6-, and 10-day treatment groups had significant growth in comparison to controls (P<0.001), whereas cecal
contents of mice in the 1-day treatment group did not (P=1.0); recovery of VRE was reduced in the cecal contents of the
1-day treatment group and the saline group in comparison to the initial inoculum of 10* CFU/mL. For C. difficile VA-17,
cecal contents of mice in the 6- and 10-day treatment groups had significant growth in comparison to the saline controls
(P<0.001), whereas cecal contents of mice in the 1- and 3-day treatment groups did not (P =1.0); recovery of C. difficile
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was reduced in the cecal contents of the 1- and 3-day treatment groups and the saline group in comparison to the initial
inoculum of 10* CFU/mL.

Longer durations of piperacillin/tazobactam treatment cause more prolonged alteration of in vivo colonization
resistance to VRE and K. pneumoniae

We next examined the impact of the different treatment durations on the recovery of colonization resistance to VRE
C68 and Kp VA367 and the percentage of mice in each group with detectable colonization. We elected to challenge the
mice at 10 and 24 days after completion of antibiotic treatment based on the in vitro results demonstrating alteration

of colonization resistance at 6 days post-treatment (i.e., the goal was to evaluate colonization resistance at multiple
time points post-treatment including the 24-day post-treatment challenge when recovery of colonization resistance was
anticipated). When challenged 10 days after the last antibiotic dose (Fig 2 and S2 Table), the mice in the 6-day treat-
ment group had significantly increased VRE colonization in comparison to saline controls (P=0.011) and the mice in the
10-day treatment group had a non-significant trend toward increased colonization (P=0.072); the 1- and 3-day treat-
ment groups did not differ significantly from saline controls (P 20.41). When challenged 10 days after the last antibiotic
dose, the mice in the 6- and 10-day treatment groups had significantly increased Kp VA367 colonization in comparison
to saline controls (P <0.001), whereas the 1- and 3-day treatment groups did not (P>0.70). For both test organisms,
the number of mice with detectable colonization was lower in the 1-day treatment group in comparison to the 3-, 6- and
10-day groups.

When challenged 24 days after the last antibiotic dose (Fig 3 and S3 Table), the mice in the 10-day treatment group
had a trend toward increased VRE colonization in comparison to saline controls (P=0.09), whereas the other groups did
not differ significantly from saline controls (P=1.0). When challenged 24 days after the last antibiotic dose, the mice in
the 10-day treatment group had significantly increased Kp VA367 colonization in comparison to saline controls (P=0.04),
whereas the other groups did not (P=1.0). For Kp VA367, 60% of mice in the 10-day treatment group had detectable
colonization, versus none in the other groups. For VRE C68, 275% of mice in the 6- and 10-day treatment duration groups
had detectable colonization, versus 20% of the 3- and 1-day duration groups and none of the saline controls.

Piperacillin/tazobactam treatment suppresses indigenous enterococci and facultative Gram-negative bacilli

Fig 4 and S4 Table show the impact of piperacillin/tazobactam treatment on densities of indigenous enterococci and
facultative Gram-negative bacilli. For all treatment durations, both enterococci and facultative Gram-negative bacilli were
significantly decreased at day 0 and day 3 in comparison to saline controls (P <0.05). Levels of enterococci recovered
more rapidly than facultative Gram-negative bacilli in all groups. Gram-negative bacilli remained below 3 log,, CFU per g
of stool through day 22 in the 10-day piperacillin/tazobactam group.

Longer durations of piperacillin/tazobactam treatment cause greater alterations of the intestinal microbiota based
on 16S rRNA amplicon sequencing

We selected 14 days post-treatment in addition to day 0 for the 16S rRNA amplicon sequencing analysis based on
evidence of recovery of indigenous enterococci and facultative Gram-negative bacilli by 14 days post-treatment. Fig 5A
shows the bacterial diversity in stool specimens at day 0 (1 day after the last antibiotic dose) and day 14 for the differ-
ent piperacillin/tazobactam treatment durations. Alpha (Shannon diversity index) analysis of 16S rRNA gene amplicon
sequencing data revealed reduced diversity in piperacillin/tazobactam treatment groups in comparison to saline controls
at both time points. The reductions in diversity were statistically significant in comparison to controls for the 6- and 10-day
groups at day 0 and in the 3-, 6-, and 10-day groups at day 14 (P<0.01 for each comparison). At day 14, the 1-day
treatment group did not differ significantly from saline controls but demonstrated increased diversity in comparison to the
6- and 10-day treatment groups (P <0.05).
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Fig 5. Effect of subcutaneous antibiotic treatment on the intestinal microbiota in stool of the same mice shown in Fig 3 (n = 30 total) (time-
line, Fig 4A) by 16S rRNA amplicon sequencing. (A), alpha diversity in stool specimens at day 0 (1 day after the last antibiotic dose) and day 14 for
the different piperacillin/tazobactam treatment durations; (B), beta diversity of the treatment groups by canonical correspondence analysis at day 0 and
day 14. Black horizontal lines associated with the box plots represent median values. Box and whiskers represent interquartile range and minimum and
maximum values, and black circles outside the whiskers represent outliers. CA, correspondence analysis. *, P<0.05; **, P<0.01.

https://doi.org/10.1371/journal.pone.0350031.9005

Fig 5B shows the beta diversity of the treatment groups by canonical correspondence analysis at day 0 and day 14. In
comparison to the control group, all piperacillin/tazobactam groups demonstrated a large treatment effect size (R2=0.457;
P=0.001) at day 0. At day 14, there was evidence of substantial recovery of the microbiota in the 1-day treatment group
but not in the 3-, 6-, and 10-day treatment groups (R2=0.266; P=0.001).
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Fig 6A shows the relative abundance of 10 taxa at the genus level. At day 0, all the antibiotic duration groups had
reduced relative abundance of Lachnospiraceae NK4A136 group in comparison to saline controls; the 3-, 6-, and 10-day
treatment groups had substantial increases in the relative abundance of Mycobacterium, but the 1-day treatment group
did not. At day 14, all the antibiotic duration groups had substantial recovery in the relative abundance of Lachnospir-
aceae NK4A136 group in comparison to saline controls and the increase in Mycobacterium was no longer present.
Enterococcus had low relative abundance in all groups at day 0 consistent with the culture results showing suppression
of enterococci by piperacillin/tazobactam during treatment; the relative abundance of enterococci was increased in the
3-day treatment group versus the 1-day group and was substantially increased in the 6- and 10-day treatment groups at
day 14 after antibiotic treatment. Fig 6B shows the Differential abundance analysis (P <0.05, ANOVA,

Benjamini-Hochberg [BH]) for the 5 taxa at the genus level whose abundance was differentially altered the most by pip-
eracillin/tazobactam treatment.
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Fig 6. (A) Relative abundance of 10 taxa at the genus level by 16S rRNA amplicon sequencing at day 0 (1 day after the last antibiotic dose)
and day 14 for different piperacillin/tazobactam treatment durations in the same mice shown in Fig 3 (n = 30 total) (timeline, Fig 4A); (B) dif-
ferential abundance analysis (P<0.05, ANOVA, Benjamini-Hochberg highlighting the 5 taxa at the genus level whose abundance was differ-

entially altered the most by piperacillin/tazobactam treatment. 1 day, 3 day, 6 day, and 10 day indicate days of piperacillin/tazobactam treatment. *,
P<0.05; **, P<0.01.

https://doi.org/10.1371/journal.pone.0350031.9006
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Longer durations of the narrow-spectrum antibiotic aztreonam do not alter in vivo colonization resistance to VRE

Aztreonam resulted in suppression of indigenous facultative Gram-negative bacilli to undetectable levels on day 3 of treat-
ment (data not shown). In comparison to saline controls, the 5- and 10-day aztreonam treatment courses did not promote
colonization by VRE (P =0.77 for all comparisons) (Fig 7).

Discussion

Minimizing the duration of therapy is a core element of efforts to reduce overuse of antimicrobials. However, relatively
little information has been available on the impact of different durations of antibiotic treatment on intestinal colonization
by healthcare-associated pathogens. Here, we demonstrated using a mouse model that longer durations of piperacillin/
tazobactam treatment cause greater and/or more prolonged alteration of in vivo and in vitro colonization resistance to
multiple pathogens, including VRE, K. pneumoniae, and C. difficile. For mice receiving 10 days of treatment, colonization
resistance to K. pneumoniae remained significantly altered 24 days after the last antibiotic dose. These findings provide
support for efforts to minimize the duration of antibiotic therapy.

Although our results suggest that reducing the duration of treatment may be beneficial, they underscore the fact that
even short courses of broad-spectrum antibiotics can substantially impact colonization resistance. Piperacillin/tazobactam
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Fig 7. Impact of the different aztreonam treatment durations (timeline, A) on in vivo colonization resistance to vancomycin-resistant Entero-
coccus faecium (VRE) strain C68 (B) in mice (n =32 mice; 8 per group) challenged with the test organisms 1 day after the last antibiotic dose.
Data shown as means with error bars showing standard error. CFU, colony-forming units. 1, challenge with test organisms by orogastric gavage.

https://doi.org/10.1371/journal.pone.0350031.9007
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treatment for 3 days altered colonization resistance to VRE and K. pneumoniae when challenge occurred 6 days after the
last antibiotic dose. Although 1 day of treatment did not alter colonization resistance when challenge occurred 6-24 days
after treatment, 1-2 days of piperacillin/tazobactam treatment has been shown to disrupt colonization resistance when
challenge occurs soon after treatment (1-3 days) [18,19]. In clinical practice, efforts to reduce the duration of therapy to
less than 3 days would be challenging and in most clinical trials examining different durations of therapy the shorter treat-
ment durations have been 3 or more days [1,2].

The results of the sequencing analysis are consistent with previous evidence that piperacillin/tazobactam causes
substantial and prolonged alteration of the intestinal microbiome [19,21]. The findings provide some evidence that lon-
ger durations of piperacillin/tazobactam treatment may cause greater disruption of the microbiome. In comparison to the
controls, bacterial diversity was significantly reduced in stool of mice in the 6- and 10-day treatment groups at the end of
treatment (day 0) and in the 3-, 6-, and 10-day treatment groups at day 14 post-treatment. There was evidence of sub-
stantial recovery of the microbiota in the stool of mice in the 1-day treatment group but not the other groups by day 14
after the last antibiotic dose.

In addition to minimizing the duration of therapy, efforts to select antibiotics that cause less disruption of intesti-
nal anaerobes could be considered as an alternative strategy to reduce adverse effects on colonization resistance
have a lower propensity to promote overgrowth with healthcare-associated pathogens than antibiotics that suppress
anaerobes [8,10,34]. In the current study, we confirmed that a relatively long (10-day) course of aztreonam, a
narrow-spectrum antibiotic with no activity against anaerobes, does not disrupt colonization resistance to VRE. In a previ-
ous study, we demonstrated that 19 days of aztreonam treatment did not promote persistence of colonization by VRE [41].
Although selection of agents that do not disrupt colonization resistance is a promising strategy [8,39,40], relatively few
currently available agents have minimal impact on anaerobes and factors such as cost and other adverse effects must be
considered when selecting treatments.

Our findings should be interpreted in the context of the following limitations. We used a mouse model in which healthy
mice were dosed daily and only 1 broad-spectrum antibiotic was studied. Antibiotic excretion in the intestinal tract of mice
and humans may differ. Given that mice metabolize drugs more rapidly than humans and may have more rapid clearance
of antibiotics from the intestinal tract [18,19], it is plausible that short antibiotic courses in mice might translate to longer
durations in humans. However, we have previously demonstrated that piperacillin/tazobactam levels in stool of mice dosed
once daily are comparable to levels reported in patients [21,28]. We did not assess the impact of aztreonam on the anaer-
obic microbiota. However, previous studies have demonstrated that aztreonam does not inhibit anaerobes in the intesti-
nal tract [8]. The challenge with pathogens occurred once at different times after discontinuation of antibiotic treatment.

In clinical settings, it is anticipated that patients may be exposed to pathogens multiple times, including during therapy.
Different time points were used for the assessments of the impact on the microbiome and the assessments of colonization
resistance. Piperacillin/tazobactam achieves high concentrations in bile and may inhibit establishment of colonization by
susceptible pathogens such as C. difficile and VRE when exposure occurs during treatment [8]. To address these limita-
tions of mouse model studies, there is a need for studies to assess the impact of different durations of antibiotic treatment
on colonization resistance in patients. One potential approach to facilitate such evaluations might be to incorporate the use
of in vitro models of colonization resistance that examine pathogen growth in stool suspensions into randomized trials of dif-
ferent treatment durations [28,30]. Finally, we focused on colonization resistance and did not assess the impact of different
treatment durations on the emergence and persistence of resistance genes during therapy [12].

Conclusion

We demonstrated using a mouse model that longer durations of piperacillin/tazobactam treatment cause greater and/or
more prolonged alteration of in vivo and in vitro colonization resistance to multiple healthcare-associated pathogens. Our
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results support efforts to reduce the duration of therapy but also highlight the potential for substantial alteration of coloni-
zation resistance even with short durations of broad-spectrum antibiotic treatment.

Supporting information

S1 Table. In vitro growth in cecal contents.
(DOCX)

S2 Table. In vivo challenge day 10.
(PDF)

S3 Table. In vivo challenge day 24.
(PDF)

S4 Table. Impact on GNB and enterococci by culture.
(PDF)

Acknowledgments
The authors thank the staff at the Cleveland VA Animal Facility.

Author contributions

Conceptualization: Curtis J. Donskey.

Data curation: Bryan S. Hausman, Claire E. Kaple, Jennifer L. Cadnum.

Formal analysis: Samir Memic, Naseer Sangwan.

Funding acquisition: Curtis J. Donskey.

Investigation: Bryan S. Hausman, Claire E. Kaple, Jennifer L. Cadnum, Naseer Sangwan.

Methodology: Curtis J. Donskey.

Resources: Naseer Sangwan.

Supervision: Jennifer L. Cadnum, Curtis J. Donskey.

Validation: Curtis J. Donskey.

Visualization: Bryan S. Hausman.

References

1.

Lee RA, Stripling JT, Spellberg B, Centor RM. Short-course antibiotics for common infections: what do we know and where do we go from here? Clin
Microbiol Infect. 2023;29(2):150-9. https://doi.org/10.1016/j.cmi.2022.08.024 PMID: 36075498

Spellberg B, Rice LB. The Shorter Is Better movement: past, present, future. Clin Microbiol Infect. 2023;29(2):141-2. https://doi.org/10.1016/].
cmi.2022.04.005 PMID: 35436612

Singh N, Rogers P, Atwood CW, Wagener MM, Yu VL. Short-course empiric antibiotic therapy for patients with pulmonary infiltrates in the intensive
care unit. A proposed solution for indiscriminate antibiotic prescription. Am J Respir Crit Care Med. 2000;162(2 Pt 1):505—11. https://doi.org/10.1164/
ajrccm.162.2.9909095 PMID: 10934078

Yu VL, Singh N. Excessive antimicrobial usage causes measurable harm to patients with suspected ventilator-associated pneumonia. Intensive
Care Med. 2004;30(5):735-8. https://doi.org/10.1007/s00134-004-2201-0 PMID: 14991088

Rice LB. The Maxwell Finland Lecture: for the duration-rational antibiotic administration in an era of antimicrobial resistance and Clostridium difficile.
Clin Infect Dis. 2008;46(4):491-6. https://doi.org/10.1086/526535 PMID: 18194098

Hecker MT, Aron DC, Patel NP, Lehmann MK, Donskey CJ. Unnecessary use of antimicrobials in hospitalized patients: current patterns of misuse
with an emphasis on the antianaerobic spectrum of activity. Arch Intern Med. 2003;163(8):972-8. https://doi.org/10.1001/archinte.163.8.972 PMID:
12719208

PLOS One | https://doi.org/10.137 1/journal.pone.0350031 June 1, 2026 14/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0350031.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0350031.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0350031.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0350031.s004
https://doi.org/10.1016/j.cmi.2022.08.024
http://www.ncbi.nlm.nih.gov/pubmed/36075498
https://doi.org/10.1016/j.cmi.2022.04.005
https://doi.org/10.1016/j.cmi.2022.04.005
http://www.ncbi.nlm.nih.gov/pubmed/35436612
https://doi.org/10.1164/ajrccm.162.2.9909095
https://doi.org/10.1164/ajrccm.162.2.9909095
http://www.ncbi.nlm.nih.gov/pubmed/10934078
https://doi.org/10.1007/s00134-004-2201-0
http://www.ncbi.nlm.nih.gov/pubmed/14991088
https://doi.org/10.1086/526535
http://www.ncbi.nlm.nih.gov/pubmed/18194098
https://doi.org/10.1001/archinte.163.8.972
http://www.ncbi.nlm.nih.gov/pubmed/12719208

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Barlam TF, Cosgrove SE, Abbo LM, MacDougall C, Schuetz AN, Septimus EJ, et al. Implementing an Antibiotic Stewardship Program: Guidelines
by the Infectious Diseases Society of America and the Society for Healthcare Epidemiology of America. Clin Infect Dis. 2016;62(10):e51-77. https://
doi.org/10.1093/cid/ciw118 PMID: 27080992

Donskey CJ. The role of the intestinal tract as a reservoir and source for transmission of nosocomial pathogens. Clin Infect Dis. 2004;39(2):219—
26. https://doi.org/10.1086/422002 PMID: 15307031

Zimmermann P, Curtis N. The effect of antibiotics on the composition of the intestinal microbiota - a systematic review. J Infect. 2019;79(6):471-89.
https://doi.org/10.1016/}.jinf.2019.10.008 PMID: 31629863

Donskey CJ, Chowdhry TK, Hecker MT, Hoyen CK, Hanrahan JA, Hujer AM, et al. Effect of antibiotic therapy on the density of vancomycin-
resistant enterococci in the stool of colonized patients. N Engl J Med. 2000;343(26):1925-32. https://doi.org/10.1056/NEJM200012283432604
PMID: 11136263

Sjolund M, Wreiber K, Andersson DI, Blaser MJ, Engstrand L. Long-term persistence of resistant Enterococcus species after antibiotics to eradi-
cate Helicobacter pylori. Ann Intern Med. 2003;139(6):483-7. https://doi.org/10.7326/0003-4819-139-6-200309160-00011 PMID: 13679325

Jakobsson HE, Jernberg C, Andersson AF, Sjolund-Karlsson M, Jansson JK, Engstrand L. Short-term antibiotic treatment has differing long-term
impacts on the human throat and gut microbiome. PLoS One. 2010;5(3):e9836. https://doi.org/10.1371/journal.pone.0009836 PMID: 20352091

Stevens V, Dumyati G, Fine LS, Fisher SG, van Wijngaarden E. Cumulative antibiotic exposures over time and the risk of Clostridium difficile infec-
tion. Clin Infect Dis. 2011;53(1):42—-8. https://doi.org/10.1093/cid/cir301 PMID: 21653301

Chastre J, Wolff M, Fagon J-Y, Chevret S, Thomas F, Wermert D, et al. Comparison of 8 vs 15 days of antibiotic therapy for ventilator-associated
pneumonia in adults: a randomized trial. JAMA. 2003;290(19):2588-98. https://doi.org/10.1001/jama.290.19.2588 PMID: 14625336

Leo S, Lazarevic V, von Dach E, Kaiser L, Prendki V, Schrenzel J, et al. Effects of antibiotic duration on the intestinal microbiota and resistome:
The PIRATE RESISTANCE project, a cohort study nested within a randomized trial. EBioMedicine. 2021;71:103566. https://doi.org/10.1016/].
ebiom.2021.103566 PMID: 34492446

Armstrong E, Kulikova M, Yee N, Rishu A, Muscedere J, Sibley S, et al. Impact of antibiotic duration on gut microbiome composition and antimicro-
bial resistance: a substudy of the BALANCE Randomized Controlled Trial. Open Forum Infect Dis. 2025;12(3):0faf137. https://doi.org/10.1093/ofid/
ofaf137 PMID: 40134637

Ambrose NS, Johnson M, Burdon DW, Keighley MR. The influence of single dose intravenous antibiotics on faecal flora and emergence of Clos-
tridium difficile. J Antimicrob Chemother. 1985;15(3):319-26. https://doi.org/10.1093/jac/15.3.319 PMID: 3846592

Pultz NJ, Stiefel U, Subramanyan S, Helfand MS, Donskey CJ. Mechanisms by which anaerobic microbiota inhibit the establishment in mice of
intestinal colonization by vancomycin-resistant Enterococcus. J Infect Dis. 2005;191(6):949-56. https://doi.org/10.1086/428090 PMID: 15717271

Stiefel U, Pultz NJ, Helfand MS, Donskey CJ. Increased susceptibility to vancomycin-resistant Enterococcus intestinal colonization persists after
completion of anti-anaerobic antibiotic treatment in mice. Infect Control Hosp Epidemiol. 2004;25(5):373-9. https://doi.org/10.1086/502408 PMID:
15188841

Buffie CG, Jarchum |, Equinda M, Lipuma L, Gobourne A, Viale A, et al. Profound alterations of intestinal microbiota following a single dose of clin-
damycin results in sustained susceptibility to Clostridium difficile-induced colitis. Infect Immun. 2012;80(1):62—73. https://doi.org/10.1128/IAl.05496-
11 PMID: 22006564

Jump RLP, Polinkovsky A, Hurless K, Sitzlar B, Eckart K, Tomas M, et al. Metabolomics analysis identifies intestinal microbiota-derived biomark-
ers of colonization resistance in clindamycin-treated mice. PLoS One. 2014;9(7):e101267. https://doi.org/10.1371/journal.pone.0101267 PMID:
24988418

Obrenovich ME, Tima M, Polinkovsky A, Zhang R, Emancipator SN, Donskey CJ. Targeted metabolomics analysis identifies intestinal
microbiota-derived urinary biomarkers of colonization resistance in antibiotic-treated mice. Antimicrob Agents Chemother. 2017;61(8):e00477-17.
https://doi.org/10.1128/AAC.00477-17 PMID: 28584146

Stiefel U, Harmoinen J, Koski P, Kaaridginen S, Wickstrand N, Lindevall K, et al. Orally administered recombinant metallo-beta-lactamase pre-
serves colonization resistance of piperacillin-tazobactam-treated mice. Antimicrob Agents Chemother. 2005;49(12):5190—1. https://doi.org/10.1128/
AAC.49.12.5190-5191.2005 PMID: 16304203

Hausman BS, Memic S, Cadnum JL, Zink EG, Wilson BM, Donskey CJ. Effect of ceftaroline, ceftazidime/avibactam, ceftolozane/tazobactam,
and meropenem/vaborbactam on establishment of colonization by vancomycin-resistant enterococci and Klebsiella pneumoniae in Mice. Pathog
Immun. 2024;9(2):194—204. https://doi.org/10.20411/pai.v9i2.711 PMID: 39345792

Kundrapu S, Sunkesula VCK, Jury LA, Cadnum JL, Nerandzic MM, Musuuza JS, et al. Do piperacillin/tazobactam and other antibiotics with
inhibitory activity against Clostridium difficile reduce the risk for acquisition of C. difficile colonization? BMC Infect Dis. 2016;16:159. https://doi.
0rg/10.1186/s12879-016-1514-2 PMID: 27091232

Bhalla A, Pultz NJ, Ray AJ, Hoyen CK, Eckstein EC, Donskey CJ. Antianaerobic antibiotic therapy promotes overgrowth of antibiotic-resistant,
gram-negative bacilli and vancomycin-resistant enterococci in the stool of colonized patients. Infect Control Hosp Epidemiol. 2003;24(9):644-9.
https://doi.org/10.1086/502267 PMID: 14510245

Brogden RN, Heel RC. Aztreonam. A review of its antibacterial activity, pharmacokinetic properties and therapeutic use. Drugs. 1986;31(2):96—130.
https://doi.org/10.2165/00003495-198631020-00002 PMID: 3512234

PLOS One | https://doi.org/10.1371/journal.pone.0350031 June 1, 2026 15/16



https://doi.org/10.1093/cid/ciw118
https://doi.org/10.1093/cid/ciw118
http://www.ncbi.nlm.nih.gov/pubmed/27080992
https://doi.org/10.1086/422002
http://www.ncbi.nlm.nih.gov/pubmed/15307031
https://doi.org/10.1016/j.jinf.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31629863
https://doi.org/10.1056/NEJM200012283432604
http://www.ncbi.nlm.nih.gov/pubmed/11136263
https://doi.org/10.7326/0003-4819-139-6-200309160-00011
http://www.ncbi.nlm.nih.gov/pubmed/13679325
https://doi.org/10.1371/journal.pone.0009836
http://www.ncbi.nlm.nih.gov/pubmed/20352091
https://doi.org/10.1093/cid/cir301
http://www.ncbi.nlm.nih.gov/pubmed/21653301
https://doi.org/10.1001/jama.290.19.2588
http://www.ncbi.nlm.nih.gov/pubmed/14625336
https://doi.org/10.1016/j.ebiom.2021.103566
https://doi.org/10.1016/j.ebiom.2021.103566
http://www.ncbi.nlm.nih.gov/pubmed/34492446
https://doi.org/10.1093/ofid/ofaf137
https://doi.org/10.1093/ofid/ofaf137
http://www.ncbi.nlm.nih.gov/pubmed/40134637
https://doi.org/10.1093/jac/15.3.319
http://www.ncbi.nlm.nih.gov/pubmed/3846592
https://doi.org/10.1086/428090
http://www.ncbi.nlm.nih.gov/pubmed/15717271
https://doi.org/10.1086/502408
http://www.ncbi.nlm.nih.gov/pubmed/15188841
https://doi.org/10.1128/IAI.05496-11
https://doi.org/10.1128/IAI.05496-11
http://www.ncbi.nlm.nih.gov/pubmed/22006564
https://doi.org/10.1371/journal.pone.0101267
http://www.ncbi.nlm.nih.gov/pubmed/24988418
https://doi.org/10.1128/AAC.00477-17
http://www.ncbi.nlm.nih.gov/pubmed/28584146
https://doi.org/10.1128/AAC.49.12.5190-5191.2005
https://doi.org/10.1128/AAC.49.12.5190-5191.2005
http://www.ncbi.nlm.nih.gov/pubmed/16304203
https://doi.org/10.20411/pai.v9i2.711
http://www.ncbi.nlm.nih.gov/pubmed/39345792
https://doi.org/10.1186/s12879-016-1514-2
https://doi.org/10.1186/s12879-016-1514-2
http://www.ncbi.nlm.nih.gov/pubmed/27091232
https://doi.org/10.1086/502267
http://www.ncbi.nlm.nih.gov/pubmed/14510245
https://doi.org/10.2165/00003495-198631020-00002
http://www.ncbi.nlm.nih.gov/pubmed/3512234

PLO\S\% One

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

Pultz NJ, Donskey CJ. Effect of antibiotic treatment on growth of and toxin production by Clostridium difficile in the cecal contents of mice. Antimi-
crob Agents Chemother. 2005;49(8):3529-32. https://doi.org/10.1128/AAC.49.8.3529-3532.2005 PMID: 16048976

Borriello SP, Barclay FE, Welch AR. Evaluation of the predictive capability of an in-vitro model of colonisation resistance to Clostridium difficile
infection. Microb Ecol Health Dis. 1988;1(1). https://doi.org/10.3402/mehd.v1i1.7394

Abujamel T, Cadnum JL, Jury LA, Sunkesula VCK, Kundrapu S, Jump RL, et al. Defining the vulnerable period for re-establishment of Clostrid-
ium difficile colonization after treatment of C. difficile infection with oral vancomycin or metronidazole. PLoS One. 2013;8(10):e76269. https://doi.
org/10.1371/journal.pone.0076269 PMID: 24098459

Harris HC, Best EL, Normington C, Saint-Lu N, Sablier-Gallis F, de Gunzburg J, et al. Optimization of an assay to determine colonization

resistance to Clostridioides difficile in fecal samples from healthy subjects and those treated with antibiotics. Antimicrob Agents Chemother.
2020;65(1):e01401-20. https://doi.org/10.1128/AAC.01401-20 PMID: 33139292

Caballero S, Carter R, Ke X, Susac B, Leiner IM, Kim GJ, et al. Distinct but spatially overlapping intestinal niches for vancomycin-resistant
Enterococcus faecium and carbapenem-resistant Klebsiella pneumoniae. PLoS Pathog. 2015;11(9):e1005132. https://doi.org/10.1371/journal.
ppat.1005132 PMID: 26334306

King OG, Yip AYG, Horrocks V, Miguéns Blanco J, Marchesi JR, Mullish BH, et al. Vancomycin-resistant enterococci utilise antibiotic-enriched nutri-
ents for intestinal colonisation. Nat Commun. 2025;16(1):6376. https://doi.org/10.1038/s41467-025-61731-z PMID: 40640200

Xu D, Mana TSC, Cadnum JL, Deshpande A, Afsari F, Sangwan N, et al. Why does doxycycline pose a relatively low risk for promotion of Clostridi-
oides difficile Infection? Pathog Immun. 2022;7(1):81-94. https://doi.org/10.20411/pai.v7i1.512 PMID: 35800258

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADAZ2: High-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869 PMID: 27214047

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One.
2013;8(4):€61217. https://doi.org/10.137 1/journal.pone.0061217 PMID: 23630581

Ginestet C. ggplot2: elegant graphics for data analysis. J R Stat Soc Series A: Stat Soc. 2011;174(1):245-6. https://doi.
org/10.1111/j.1467-985x.2010.00676_9.x

Benjamini Y. Discovering the false discovery rate. J R Stat Soc Ser B. 2010;72:405-16. https://doi.org/org/10.1111/].1467-9868.2010.00746.x

Mufioz KA, Ulrich RJ, Vasan AK, Sinclair M, Wen P-C, Holmes JR, et al. A Gram-negative-selective antibiotic that spares the gut microbiome.
Nature. 2024;630(8016):429-36. https://doi.org/10.1038/s41586-024-07502-0 PMID: 38811738

Kullberg RFJ, Haak BW, Chanderraj R, Prescott HC, Dickson RP, Wiersinga WJ. Empirical antibiotic therapy for sepsis: save the anaerobic micro-
biota. Lancet Respir Med. 2025;13(1):92—-100. https://doi.org/10.1016/S2213-2600(24)00257-1 PMID: 39401510

Donskey CJ, Hanrahan JA, Hutton RA, Rice LB. Effect of parenteral antibiotic administration on persistence of vancomycin-resistant Enterococcus
faecium in the mouse gastrointestinal tract. J Infect Dis. 1999;180(2):384—-90. https://doi.org/10.1086/314874 PMID: 10395853

PLOS One | https://doi.org/10.1371/journal.pone.0350031 June 1, 2026 16/16



https://doi.org/10.1128/AAC.49.8.3529-3532.2005
http://www.ncbi.nlm.nih.gov/pubmed/16048976
https://doi.org/10.3402/mehd.v1i1.7394
https://doi.org/10.1371/journal.pone.0076269
https://doi.org/10.1371/journal.pone.0076269
http://www.ncbi.nlm.nih.gov/pubmed/24098459
https://doi.org/10.1128/AAC.01401-20
http://www.ncbi.nlm.nih.gov/pubmed/33139292
https://doi.org/10.1371/journal.ppat.1005132
https://doi.org/10.1371/journal.ppat.1005132
http://www.ncbi.nlm.nih.gov/pubmed/26334306
https://doi.org/10.1038/s41467-025-61731-z
http://www.ncbi.nlm.nih.gov/pubmed/40640200
https://doi.org/10.20411/pai.v7i1.512
http://www.ncbi.nlm.nih.gov/pubmed/35800258
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1111/j.1467-985x.2010.00676_9.x
https://doi.org/10.1111/j.1467-985x.2010.00676_9.x
https://doi.org/org/10.1111/j.1467-9868.2010.00746.x
https://doi.org/10.1038/s41586-024-07502-0
http://www.ncbi.nlm.nih.gov/pubmed/38811738
https://doi.org/10.1016/S2213-2600(24)00257-1
http://www.ncbi.nlm.nih.gov/pubmed/39401510
https://doi.org/10.1086/314874
http://www.ncbi.nlm.nih.gov/pubmed/10395853

	Longer durations of piperacillin/tazobactam treatment cause more prolonged alteration of colonization resistance in mice
	Introduction
	Methods
	Ethics statement
	Mice
	Pathogens studied
	Antibiotics used for mouse experiments
	Microbiology
	In vitro evaluation of colonization resistance in cecal contents
	In vivo mouse model to assess the impact of different piperacillin/tazobactam treatment durations on colonization resistance 10 and 24 days after the final dose
	Effect of antibiotic treatment on the intestinal microbiota by culture and 16S rRNA amplicon sequencing
	Impact of different durations of the narrow-spectrum antibiotic aztreonam on in vivo colonization resistance
	Data analysis

	Results
	Longer durations of piperacillin/tazobactam treatment cause greater alteration of in vitro colonization resistance when challenge occurs 6 days after the last treatment dose
	Longer durations of piperacillin/tazobactam treatment cause more prolonged alteration of in vivo colonization resistance to VRE and K. pneumoniae
	Piperacillin/tazobactam treatment suppresses indigenous enterococci and facultative Gram-negative bacilli
	Longer durations of piperacillin/tazobactam treatment cause greater alterations of the intestinal microbiota based on 16S rRNA amplicon sequencing
	Longer durations of the narrow-spectrum antibiotic aztreonam do not alter in vivo colonization resistance to VRE

	Discussion
	Conclusion
	Supporting information
	References


