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Background.  Carbapenem-resistant Pseudomonas aeruginosa (CRPA) colonizes the gastrointestinal tract of intensive care unit 
(ICU) patients, and CRPA colonization puts patients at increased risk of CRPA infection. Prior studies have not examined relation-
ships between the microbiota, medications, and CRPA colonization acquisition.

Methods.  Data and perirectal swabs were obtained from a cohort of ICU patients at the University of Maryland Medical Center. 
Patients (N = 109) were classified into 3 groups by CRPA colonization-acquisition status and antimicrobial exposure. We conducted 
16S ribosomal RNA gene sequencing of an ICU admission swab and ≥1 additional swab and evaluated associations between patient 
characteristics, medications, the gastrointestinal microbiota, and CRPA colonization acquisition.

Results.  ICU patients had low levels of diversity and high relative abundances of pathobionts. Piperacillin-tazobactam was pre-
scribed more frequently to patients with CRPA colonization acquisition than those without. Piperacillin-tazobactam was associated 
with low abundance of potentially protective taxa (eg, Lactobacillus and Clostridiales) and increased risk of Enterococcus domina-
tion (odds ratio [OR], 5.50; 95% confidence interval [CI], 2.03–14.92). Opioids were associated with dysbiosis in patients who did 
not receive antibiotics; potentially protective Blautia and Lactobacillus were higher in patients who did not receive opioids. Several 
correlated taxa, identified at ICU admission, were associated with lower risk of CRPA colonization acquisition (OR, 0.58; 95% CI, 
.38–.87).

Conclusions.  Antibiotics differed in their impact on the microbiota, with piperacillin-tazobactam being particularly damaging. 
Certain bacterial taxa (eg, Clostridiales) were negatively associated with CRPA colonization acquisition. These taxa may be markers 
of risk for CRPA colonization acquisition and/or serve a protective role.

Keywords.  microbiota; hospital-acquired infection; antibiotic resistance; antimicrobial stewardship; carbapenem-resistant 
Pseudomonas.

The gastrointestinal (GI) microbiota provides colonization re-
sistance (ie, the prevention of pathogen colonization and/or 
inhibition of pathogen overgrowth) [1]. A significant subset of 
hospitalized patients experience collapse of their GI microbiota 
[2, 3]. Dysbiosis and concomitant loss of colonization resistance 
put patients at increased risk of colonization and infection by 
antibiotic-resistant pathogens [4, 5].

Antibiotics are major contributors to dysbiosis in the GI micro-
biota [6, 7]. However, data to guide clinicians in the selection of 
antibiotics that minimize microbiota disruption remain limited 
[8, 9]. Studies of the impact of antibiotics on the microbiota often 
focus on healthy individuals who differ from hospitalized patients 

and thus may not represent the appropriate study group [6, 10]. 
The clinical spectrum (eg, broad or narrow) of a given antibiotic 
differs from its impact on the GI microbiota, which is determined 
by concentrations achieved in the GI tract and susceptibility of the 
microbiota [9]. Moreover, the pharmacokinetics of antibiotics may 
differ in intensive care unit (ICU) patients compared to healthy 
individuals [11]. ICU patients are exposed to other medications 
(eg, opioids), which may also disrupt the microbiota [2, 12].

Pseudomonas aeruginosa is frequently resistant to antibiot-
ics and readily colonizes the GI tract of hospitalized patients 
[13]. Approximately 28% of ICU patients colonized with car-
bapenem-resistant P. aeruginosa (CRPA) develop infection due 
to their colonizing strain during their ICU admission [14]. 
Thus, prevention of CRPA colonization acquisition represents 
an important target for interventions to reduce infection and 
spread of CRPA in the hospital. We reasoned that greater un-
derstanding of relationships between the microbiota, medica-
tions, and CRPA colonization acquisition would help inform 
the selection of antibiotics that minimize microbiota disruption 
and advance development of tools for patient monitoring for 
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risk of CRPA colonization and infection. Thus, our study goals 
were to (1) describe the GI microbiota of ICU patients; (2) ex-
amine the impact of antibiotics and other medications on the 
GI microbiota; and (3) identify taxonomic markers associated 
with CRPA colonization acquisition in the GI tract.

METHODS

Study Design and Participants

The institutional review board of the University of Maryland, 
Baltimore, approved this study. We used samples and data from 
a longitudinal cohort of adult patients admitted to the medi-
cal ICU (MICU) and surgical ICU (SICU) at the University of 
Maryland Medical Center (UMMC). The UMMC is a 767-bed 
tertiary care facility in Baltimore. The MICU and SICU have 
private rooms and provide care to patients with acute and/or 
life-threatening medical conditions and patients undergoing 
solid organ transplantation and other surgeries, respectively.

Perirectal swabs were obtained at ICU admission, weekly, 
and at ICU discharge as part of an ongoing active surveillance 
program for vancomycin-resistant enterococci (VRE). Rayon 
swabs (BBL CultureSwab, Becton Dickinson) were cultured for 
VRE and imipenem-resistant P. aeruginosa (to identify CRPA 
colonization acquisition) as described previously [14]. After 
culture, the perirectal swabs were frozen and stored at –80°C.

Study patients entered the ICU negative for CRPA and 
were classified into 3 groups: Group  1 included patients with 
CRPA colonization acquisition during their ICU stay; group 2 
included patients without CRPA colonization acquisition; and 
group 3 included patients who did not receive systemic antibi-
otics and did not have CRPA colonization acquisition during 
their ICU stay (Supplementary Figure 1). We analyzed 3 swabs 
from patients in group 1: (1) the ICU admission swab; (2) the 
swab obtained closest to the date prior to the first CRPA-positive 
swab; and (3) the first swab with CRPA detected. We evaluated 2 
swabs from each patient in groups 2 and 3. For group 2 patients, 
we analyzed the ICU admission swab and a second swab tempo-
rally matched to swab 2 from patients in group 1. For patients in 
group 3, we analyzed the ICU admission and discharge swabs. 
Samples were collected between 5 September 2001 and 21 
March 2009.

Data were obtained from the UMMC Central Data Repository 
and medical records review. For each study patient, we collected 
demographic data such as sex, age, and race. Clinical data in-
cluded antibiotics and other medications prescribed during 
the ICU stay, comorbidities, and ICU admission and discharge 
dates. Discharge International Classification of Diseases, Ninth 
Revision codes were used to classify patients as immunocompro-
mised and to obtain the comorbidities for calculating Charlson 
and Elixhauser comorbidity indices [15, 16]. Antibiotics and an-
tibiotic–inhibitor combinations were analyzed individually and 
in clinically relevant groups. Ampicillin-sulbactam, cefotetan, 

clindamycin, imipenem-cilastatin, metronidazole, and pipera-
cillin-tazobactam were grouped as antianaerobic. Cefepime, 
ciprofloxacin, gentamicin, imipenem-cilastatin, and piperacil-
lin-tazobactam were grouped as antipseudomonal. Linezolid 
and vancomycin were grouped as anti–methicillin-resistant 
Staphylococcus aureus (MRSA).

Sequencing and Analysis of 16S Ribosomal RNA Gene Sequences

DNA was extracted from swabs using the PureLink Microbiome 
DNA Purification Kit (Invitrogen, Carlsbad, California). 
Extracted DNA and negative reagent controls were used for 
polymerase chain reaction (PCR) amplification of 16S ribo-
somal RNA hypervariable region V4 [17]. Samples were PCR 
amplified in duplicate. Pooled PCR product and reagent con-
trols were sequenced at the Yale Center for Genome Analysis 
on the Illumina MiSeq using a paired-end 250 bp protocol with 
a PhiX control.

We used Btrim software to sort, trim, and filter low-quality 
sequence reads [18]. USEARCH software was used for derepli-
cation and removing chimeras. Samples were clustered at 97% 
identity using UPARSE-OTU. Next, we created operational tax-
onomic unit (OTU) tables, which were normalized to 10 000 
reads per sample [5, 19]. USEARCH software was used to cal-
culate diversity indices and define taxonomic groupings [20]. 
Taxonomic classification was assigned at the genus level and/or 
the lowest taxonomic level possible at 80% confidence.

Statistical Analysis

Statistical analyses were conducted using SAS version 9.3 and R 
3.0.1 software. Diversity indices calculated for each sample were 
the Shannon (natural log), Jost1 (exp[Shannon]), Simpson, and 
the Simpson reciprocal index (1/Simpson). The Shannon diver-
sity index provides a measure abundance and evenness within 
a sample [21]. The Jost1 index provides an estimate of the 
effective number of species [22]. The Simpson diversity index 
describes the probability that 2 randomly selected sequence 
reads will be members of the same OTU and gives more weight 
to abundant taxa [21]. The Simpson reciprocal index provides 
an estimate of the effective number of abundant taxa.

We used linear discriminant analysis effect size (LefSe), with 
3 as the threshold for significance, to identify differentially pres-
ent OTUs in each of 2 populations (eg, patients exposed to a 
given antibiotic [yes/no]) [23]. Principal components analy-
sis (PCA) was used to identify groups of correlated taxa. After 
excluding rare OTUs (ie, a proportion < 0.001 of the microbi-
ota in ≥90% of the samples), remaining OTU proportions were 
normalized with an arcsine square-root transformation prior to 
inclusion in the PCA [24]. We specified an eigenvalue of 1 and 
an orthogonal rotation. OTUs with a loading value of at least 
±0.6 were retained for that factor [25].

We evaluated unadjusted associations between patient 
characteristics or exposures of interest (eg, taxa differing in 
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abundance between groups) and outcomes (eg, CRPA coloniza-
tion acquisition) by χ2 test, Fisher exact test, and repeated-mea-
sures analysis of variance (ANOVA) as appropriate. Clinical 
and microbiota-specific data were incorporated in a series of 
regression models to predict outcomes of interest.

RESULTS

Perirectal swabs and data were collected from 109 ICU patients 
including 41 in group 1, 45 in group 2, and 23 in group 3 (Table 1). 
The 3 patient groups did not significantly differ by age, sex, race, 
Charlson comorbidity index, Elixhauser comorbidity index, or 
time between collection of swabs 1 and 2 (P > .05 for each). The 
proportion of patients who were immunocompromised was sim-
ilar in groups 1 and 2. Fewer patients in group 3 were immuno-
compromised compared with patients in group 1 or 2.

Composition of the GI Microbiota of ICU Patients

We identified 2047 OTUs in 259 swabs from 109 patients. 
Hierarchical clustering was used to group GI communities 
(Figure 1), which clustered based on high relative abundances 
of Enterococcus (OTU1), Escherichia (OTU2), Staphylococcus 
(OTU3), Enterobacteriaceae (OTU4), or Pseudomonas (OTU5), 
or contained a mix of other taxa. The GI microbial communi-
ties did not cluster by swab or patient group. A subset of study 
patients, even some who did not receive antibiotics while in 
the ICU, had a GI microbiota that was dominated (defined as 
≥30% of reads of a single OTU) by at least 1 of 5 pathobionts, 
Enterococcus, Escherichia, Staphylococcus, Enterobacteriaceae, 
or Pseudomonas (Figure  2). We examined patterns of domi-
nance in patient groups and swabs (Table 2). Patients in group 
2 were 3.7 times more likely to have Staphylococcus domi-
nance on swab 2 if they had Staphylococcus dominance on 

Table 1.  Characteristics of the Study Population

Characteristic
All Patients 
(N = 109)

Group 1a

(n = 41)
Group 2b

(n = 45)
Group 3c

(n = 23) P Valued

Age, y, mean (SD) 53.5 (13.6); range, 18–89 52.8 (14.8) 54.8 (11.9) 52.0 (14.7) .66

Sex .82

  Female 46 (42.2) 17 (41.5) 18 (40.0) 11 (47.8)

  Male 63 (57.8) 24 (58.5) 27 (60.0) 12 (52.2)

Racee .38

  Black 53 (49.5) 22 (55.0) 21 (46.7) 10 (45.4)

  White 50 (46.7) 15 (37.5) 23 (51.1) 16 (54.6)

  Other 4 (3.7) 3 (7.5) 1 (2.2) 0

Immunocompromised .04

  No 71 (65.1) 23 (56.1) 28 (62.2) 20 (87.0)

  Yes 38 (34.9) 18 (43.9) 17 (37.8) 3 (13.0)

Charlson score, median (IQR) 1 (2); range, 0–9 1 (2) 1 (2) 2 (2) .94

  0 24 (22.0) 9 (22.0) 11 (24.4) 4 (17.4)

  1 33 (30.3) 13 (31.7) 12 (26.7) 8 (34.8)

  2 19 (17.4) 7 (17.1) 7 (15.6) 5 (21.7)

  3–4 20 (18.4) 9 (22.0) 8 (17.8) 3 (13.0)

  ≥5 13 (11.9) 3 (7.3) 7 (15.6) 3 (13.0)

Total Elixhauser score, median (IQR) 4 (2) (range, 1–7) 4 (3) 4 (2) 4 (3) .87

  1–2 25 (22.9) 11 (26.8) 7 (15.6) 7 (30.4)

  3 22 (20.2) 7 (17.1) 11 (24.4) 4 (17.4)

  4 21 (19.3) 9 (22.0) 9 (20.0) 3 (13.0)

  5 27 (24.8) 10 (24.4) 11 (24.4) 6 (26.1)

  ≥6 14 (12.8) 4 (9.8) 7 (15.6) 3 (13.0)

Time from swab 1 to swab 2, d, median (IQR)f 8 (9); range, 2–35 7 (14) 9 (11) 7 (4) .35

  ≤7 53 (48.6) 21 (51.2) 19 (42.2) 13 (56.5)

  8–14 29 (26.6) 7 (17.1) 14 (31.1) 8 (34.8)

  15–21 12 (11.0) 5 (12.2) 6 (13.3) 1 (4.4)

  ≥22 15 (13.8) 8 (19.5) 6 (13.3) 1 (4.4)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: IQR, interquartile range; SD, standard deviation.
aGroup 1: Patients who entered the intensive care unit (ICU) culture negative for carbapenem-resistant Pseudomonas aeruginosa (CRPA) and had CRPA colonization acquisition during their 
ICU stay.
bGroup 2: Patients who entered the ICU culture negative for CRPA and did not have CRPA colonization acquisition during their ICU stay.
cGroup 3: Patients selected because they did not receive systemic antibiotics during their ICU stay, nor had CRPA colonization acquisition during their ICU stay.
dP values: F test for age; χ2 test for all other variables.
eMissing data for group 1 (n = 1) and group 2 (n = 1).
fFor group 1 patients, the median time between swabs 2 and 3 was 7 days (IQR, 3 days), with a range of 1–23 days.
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swab 1.  Group  1 patients were >11 times more likely to have 
Pseudomonas dominance on swab 3 if they had Pseudomonas 
dominance on swab 1. There were no other significant patterns 
of dominance observed.

Alpha-diversity declined while patients were in the ICU 
(Figure 3). Descriptive statistics for α-diversity indices by pa-
tient group and swab are shown in Supplementary Table  1. 
Repeated-measures ANOVA indicated that diversity, as de-
termined by each of the 4 indices, significantly declined in 
the time between collection of swabs 1 and 2 (Supplementary 
Table  2). The mean effective number of distinct taxa, Jost1, 
ranged from a high of 13.9 (standard deviation [SD], 8.8) in 
group 3, swab 1 to a low of 5.1 (SD, 4.5) in group 1, swab 3 
(Figure 3; Supplementary Table 1). The mean effective number 
of very abundant taxa, the Simpson reciprocal index, ranged 
from a high of 7.5 (SD, 5.0) in group 3, swab 1 to a low of 3.2 

(SD, 2.2) in group 1, swab 3 (Figure 3; Supplementary Table 1). 
The Shannon and Simpson diversity indices differed by patient 
group (Supplementary Table 2). Collectively, these data suggest 
that the effective number of taxa in the GI microbiota is low in 
ICU patients, even upon admission to the ICU.

Impact of Antibiotics and Other Medications on the Microbiota

We quantified prescriptions of antibiotics, proton pump inhib-
itors, opioids, and steroids between the swab 1 and swab 2 col-
lection dates for each patient (Table  3). Vancomycin was the 
most frequently prescribed antibiotic. Piperacillin-tazobactam, 
antianaerobic antibiotics, and antipseudomonal antibiotics 
were prescribed more frequently to patients in group 1 than in 
group 2 (P < .05 for each). Piperacillin-tazobactam is included 
in the antianaerobic and antipseudomonal categories and may 
be driving some of these associations. Groups 1 and 2 did not 

H

Figure 1.  Heatmap of the most abundant gastrointestinal microbiota taxa (n = 66 of 2047 identified) with a proportion >0.001 for ≥90% of 259 perirectal swab samples from 
109 intensive care unit patients. The color keys for patient group and swab are indicated on the left. Abbreviation: OTU, operational taxonomic unit.
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significantly differ in frequency of prescriptions for antianaer-
obic (P = .13) and antipseudomonal (P = .22) antibiotics when 
piperacillin-tazobactam was not included in these categories.

With patients categorized based on antibiotic prescriptions 
(regardless of patient group), LefSe was used to identify differ-
ences in the relative abundance of OTUs on swab 2. The mean 
proportions of selected taxa, identified by LefSe as differentially 
abundant by prescription of vancomycin or piperacillin-tazo-
bactam, are shown by patient group and swab (Supplementary 
Figure  2). Several potentially protective bacteria were more 
abundant in patients who did not receive specific antibiot-
ics. Bifidobacterium was more abundant in patients who did 
not receive vancomycin (Figure  4). Relative abundances of 
Lactobacillus, Blautia, Faecalibacterium, and other potentially 
beneficial taxa were significantly higher in patients who did not 
receive piperacillin-tazobactam, antianaerobic antibiotics, or 
antipseudomonal antibiotics (Figure 4).

LefSe also indicated that Enterococcus was more abundant 
in patients who received piperacillin-tazobactam (Figure  4). 

Enterococcus domination in swab 2 was associated with receipt 
of piperacillin-tazobactam (odds ratio [OR], 5.50; 95% confi-
dence interval [CI], 2.03–14.92). Certain antibiotics may se-
lect for overgrowth of specific pathobionts and/or may remove 
commensals that compete with these taxa.

We compared taxa present on swab 2 in patients who did and 
did not receive steroids and opioids between swab 1 and 2 using 
LefSe (Supplementary Figure 3). These analyses were restricted 
to patients who did not receive antibiotics in the ICU (group 
3); proton pump inhibitors were not evaluated because only 
2 patients did not receive them. Patients who did not receive 
opioids had higher levels of potentially protective Blautia and 
Lactobacillus than those who received opioids. Patients who did 
not receive steroids had higher levels of Bifidobacterium than 
those who did not receive steroids.

Antibiotics, Microbiota Composition, and CRPA Colonization-Acquisition

We identified groups of correlated taxa associated with CRPA 
colonization acquisition by comparing group 1 patients (acquired 

Enterobacteriaceae

Figure 2.  Proportion of samples with domination, defined as ≥30% of reads of a single operational taxonomic unit (OTU), by each of the 5 most frequently identified OTUs 
by patient and swab. Abbreviation: OTU, operational taxonomic unit.

Table 2.  Odds Ratios and 95% Confidence Intervals From Repeated-Measures Logistic Regression Analyses Predicting Dominance, Defined as ≥30% of 
Reads of a Single Operational Taxonomic Unit (OTU), on Swab 2 (or Swab 2 or 3 for Group 1) Compared to Swab 1 for Each of the 5 Most Frequent OTUs

Patient Group Swab No.

OTU Name

Enterococcus Escherichia Staphylococcus Enterobacteriaceae Pseudomonas

Group 1 Swab 1 (Ref) 1.00 1.00 1.00 1.00 1.00

Swab 2 0.66 (.30–1.48) 1.41 (.54–3.69) 0.63 (.21–1.91) 1.90 (.62–5.81) 1.54 (.35–6.70)

Swab 3 1.41 (.67–2.99) 0.46 (.12–1.78) 1.20 (.37–3.95) 0.73 (.25–2.12) 11.25 (2.46–51.42)

Group 2 Swab 1 (Ref) 1.00 1.00 1.00 1.00 …

Swab 2 2.10 (.80–5.51) 0.69 (.31–1.54) 3.73 (1.21–11.49) 0.74 (.32–1.72)  …

Group 3 Swab 1 (Ref) … 1.00 1.00 1.00  …

Swab 2 … 1.00 (.37–2.68) 3.22 (.61–16.91) 1.40 (.32–6.20)  …

Data are presented as odds ratio (95% confidence interval). Values in bold represent statistically significant odds ratios. Logistic regression analyses were not possible for OTUs where none 
of the members in a patient group had the dominant OTU on the reference swab (swab 1)—that is, Enterococcus for group 3 and Pseudomonas for groups 2 and 3.

Abbreviation: OTU, operational taxonomic unit.
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colonization) with patients without CRPA colonization acquisi-
tion (groups 2 and 3 combined). PCA identified 4 independent 
factors in ICU patients’ GI microbiota (Supplementary Table 3). 
In logistic regression predicting colonization by CRPA using the 
4 factors, high levels of factor 1 taxa on swab 1 were associated 
with lower odds of CRPA colonization acquisition (OR, 0.58; 
95% CI, .38–.87). Factor 1 contained Peptoniphilus (3 OTUs), 
Clostridiales (2 OTUs), Prevotella, Mogibacterium, Varibaculum, 
Actinomycetales, Dialister, Ezakiella, Porphyromonas, Finegoldia, 
and Murdochiella. These data indicate that levels of factor 1 taxa, 
which can be identified at ICU admission, may serve as a marker 
for risk of CRPA colonization acquisition. Factor 1 taxa may also 
have a protective role in CRPA colonization acquisition.

We examined the impact of combined use of 2 commonly 
prescribed and mutually exclusive antibiotic groups, antian-
aerobic and anti-MRSA, between the collection dates for swab 
1 and swab 2 on CRPA colonization acquisition. This analysis 
was restricted to patients in groups 1 and 2.  The category of 
antipseudomonal antibiotics was not analyzed because of the 
overlap in antibiotics in the antianaerobic and antipseudomo-
nal categories. Compared to having no antibiotics from either of 
these groups, risk of CRPA colonization acquisition was associ-
ated with having been prescribed both antianaerobic and anti-
MRSA antibiotics (OR, 3.06; 95% CI, 1.00–9.40).

DISCUSSION

Our data demonstrate that ICU patients have a GI micro-
biota characterized by high levels of pathobionts such as 
Enterococcus, Escherichia, Staphylococcus, Enterobacteriaceae, 
and/or Pseudomonas. Antibiotics were differentially associated 
with pathobiont dominance and lower relative abundances of 
specific potentially protective taxa. High relative abundances of 
factor 1 taxa at ICU admission were associated with a lower risk 
of CRPA colonization acquisition.

Healthy individuals have approximately 160 different taxa 
in their GI microbiota [26]. In our 109 patients, the effective 
number of species was low; the mean Jost1 ranged from 5 to 14 

effective species per patient across all groups. In addition, 61 of 
109 patients (55.9%) were already experiencing dominance by 
at least 1 of the 5 most frequent pathobionts at ICU admission. 
These data have implications for selective digestive decontami-
nation strategies for infection control, which seek to reduce the 
burden of pathogenic colonizing bacteria while preserving the 
protective microbiota [27, 28]. For some patients, it may be too 
late to protect the anaerobic microbiota by selective digestive 
decontamination upon ICU admission. Our analysis of patterns 
of pathobiont dominance suggests that pathobiont domination 
shifts over time in the ICU; these data are consistent with find-
ings from Zaborin et al [2]. Pathobiont dominance is of concern 
because it has been shown to place patients at increased risk for 
infection [29].

Scientists have proposed reducing the use of certain 
broad-spectrum antibiotics to decrease colonization with, and 
spread of, antibiotic-resistant pathogens in hospitalized patients 
[10, 30]. Piperacillin-tazobactam was commonly prescribed to 
patients in our study, and use was higher in patients with CRPA 
colonization acquisition. Piperacillin-tazobactam was associ-
ated with Enterococcus dominance and lower abundances of 
potentially protective taxa such as Faecalibacterium, Blautia, and 
Lactobacillus. Faecalibacterium species have been evaluated in 
probiotics [31, 32]. Blautia has been identified as protective for 
Clostridium difficile colonization and infection [33]. Abundance 
of Lactobacillus was shown to be higher in hospitalized patients 
who did not acquire colonization by multidrug-resistant organ-
isms [5]. While patients were also exposed to other medications 
and antibiotics, these data suggest that piperacillin-tazobactam 
negatively impacts the GI microbiota. These data are consistent 
with a recent study, which showed that piperacillin-tazobactam 
was associated with dysbiosis in the GI microbiota and increased 
mortality in stem cell transplant recipients [34]. Opioids were 
prescribed to 73.3% of ICU patients and also likely contribute 
to dysbiosis in the GI microbiota; potentially protective Blautia 
and Lactobacillus were higher in group 3 patients who were not 
prescribed opioids.

S
E

S
E

Figure  3.  Mean α-diversity indices: Jost1 (effective number of distinct taxa, left panel), Simpson reciprocal index (effective number of abundant taxa, right panel). 
Abbreviation: SE, standard error.
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Some bacteria species co-aggregate based on similar antibiotic 
susceptibilities or metabolic requirements [35]. Abundance of sev-
eral taxa associated with factor 1 from the PCA (eg, Clostridiales, 
Anaerococcus, Finegoldia, and Peptoniphilus) differed by antibiotic 

use and declined while patients were in the ICU. Low abundance 
of Clostridiales has been linked to higher risk of C.  difficile in-
fection [36]. Factor 1 taxa may be important markers of micro-
biota disruption and/or help provide colonization resistance 

Table 3.  Medication Use Among Patient Groups

Medication Patient Group Group 1 (n = 41) Group 2 (n = 45) P Valuea Group 3 (n = 23) P Valueb

Antibiotics Groups 1 and 2 
(n = 86)

Any antibiotic 71 (82.6) 34 (82.9) 37 (82.2) .93 0 …

Antibiotic group

  Antianaerobic 57 (66.3) 32 (78.0) 25 (55.6) .04 … …

  Antipseudomonal 53 (61.6) 31 (75.6) 22 (48.9) .01 … …

  Anti-MRSA 40 (46.5) 22 (53.7) 18 (40.0) .28 … …

Antibiotic class

  β-lactamc 60 (70.0) 31 (75.6) 29 (64.4) .35 … …

  Quinoloned 30 (34.9) 11 (26.8) 19 (42.2) .18 … …

  Cephalosporine 28 (32.6) 12 (29.3) 16 (35.6) .65 … …

  Macrolidef 9 (10.5) 5 (12.2) 4 (8.9) .73 … …

Specific antibiotic

  Vancomycing 38 (44.2) 20 (48.8) 18 (40.0) .52 … …

  Piperacillin-tazobactamc,h,i 35 (40.7) 23 (56.1) 12 (26.7) .008 … …

  Gatifloxacind 26 (30.2) 10 (24.4) 16 (35.6) .35 … …

  Imipenem-cilastatinc,h,i 18 (20.9) 10 (24.4) 8 (17.8) .60 … …

  Metronidazoleh 16 (18.6) 10 (24.4) 6 (13.3) .27 … …

  Ceftriaxonec,e 10 (11.6) 5 (12.2) 5 (11.1) .88 … …

  Clindamycinh 10 (11.6) 5 (12.2) 5 (11.1) .88 … …

  Cefazolinc,e 9 (10.5) 3 (7.3) 6 (13.3) .49 … …

  TMP-SMX 9 (10.5) 4 (9.8) 5 (11.1) .84 … …

  Gentamicini 8 (9.3) 6 (14.6) 2 (4.4) .14 … …

  Ampicillin-sulbactamc,h 7 (8.1) 2 (4.9) 5 (11.1) .44 … …

  Cefepimec,e,i 7 (8.1) 4 (9.8) 3 (6.7) .70 … …

  Linezolidg 6 (7.0) 5 (12.2) 1 (2.2) .10 … …

  Azithromycinf 5 (5.8) 2 (4.9) 3 (6.7) .72 … …

  Cefotetanc,e,h 5 (5.8) 4 (9.8) 1 (2.2) .19 … …

  Ciprofloxacind,i 4 (4.6) 1 (2.4) 3 (6.7) .62 … …

  Erythromycinf 4 (4.6) 3 (7.3) 1 (2.2) .34 … …

  Ampicillinc 3 (3.5) 0 3 (6.7) .24 … …

  Nafcillinc 3 (3.5) 0 3 (6.7) .24 … …

  Cefotaximec,e 2 (2.3) 0 2 (4.4) .50 … …

  Penicillin G potassiumc 2 (2.4) 2 (4.9) 0 .22 … …

  Rifampin 2 (2.3) 0 2 (4.4) .50 … …

  Doxycycline 1 (1.2) 0 1 (2.2) .34 … …

  Rifaximin 1 (1.2) 0 1 (2.2) .34 … …

Other medications Groups 1–3 (n = 109)

  PPIs 91 (83.5) 33 (80.5) 37 (82.2) 21 (91.3) .51

  Opioids 80 (73.4) 31 (75.6) 34 (75.6) 15 (65.2) .61

  Steroids 38 (34.9) 16 (39.0) 17 (37.8) 5 (21.7) .33

Data are presented as No. (%) unless otherwise indicated. Data in boldface text represent statistically significant P values.

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; PPI, proton pump inhibitor; TMP-SMX, trimethoprim-sulfamethoxazole.
aFisher exact test for group 1 vs group 2.
bχ2 test for groups 1, 2, and 3.
cß-lactams: ampicillin, ampicillin-sulbactam, cefazolin, cefepime, cefotaxime, cefotetan, ceftriaxone, imipenem-cilastatin, nafcillin, penicillin G, potassium, piperacillin-tazobactam.
dQuinolones: ciprofloxacin, gatifloxacin.
eCephalosporins: cefazolin, cefepime, cefotaxime, cefotetan, ceftriaxone.
fMacrolides: azithromycin, erythromycin.
gAnti-MRSA: linezolid, vancomycin.
hAntianaerobic: imipenem, piperacillin-tazobactam, ampicillin-sulbactam, cefotetan, clindamycin, metronidazole.
iAntipseudomonal: imipenem, piperacillin-tazobactam, cefepime, ciprofloxacin, gentamicin.
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against CRPA. It is also important to note that while taxa such as 
Anaerococcus, Finegoldia, and Peptoniphilus may play a protective 
role in the GI microbiota, they have also been sporadically identi-
fied in infections and chronic wounds [37].

Our study had several limitations. We did not have data re-
garding medications or swabs prior to ICU admission. Some 
of our patients had relatively long ICU stays (Table 1) and may 
not be representative of all ICU patients. These data indicate 

Antianaerobic Antipseudomonal

Figure 4.  Linear discriminant analysis effect size scores ≥3.0 for comparisons between No. (%) among 109 intensive care unit patients exposed or not exposed to a 
given antibiotic. A, Vancomycin. B, Piperacillin-tazobactam. C, Antianaerobic antibiotics (ampicillin-sulbactam, cefotetan, clindamycin, imipenem-cilastatin, metronidazole, 
and piperacillin-tazobactam). D, Antipseudomonal antibiotics (cefepime, ciprofloxacin, gentamicin, imipenem-cilastatin, and piperacillin-tazobactam). Genus names (eg, 
Anaerococcus) that appear more than once represent different OTUs that are members of the same genus. Abbreviations: abxno, not exposed to antibiotic; abxyes, exposed 
to antibiotic; LDA, linear discriminant analysis.
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that many patients are experiencing dysbiosis upon ICU admis-
sion and perhaps all ICU patients should be monitored for mi-
crobiota disruption. High levels of factor 1 taxa in swab 1 were 
associated with lower odds of CRPA colonization acquisition, 
which suggests admission swabs may provide a useful tool for 
patient monitoring. We used perirectal swabs to capture the GI 
microbiota, and the composition may differ from stool samples. 
Perirectal swabs are frequently used in infection control and 
have excellent sensitivity for detection of GI tract colonization 
with pathobionts [38]. Group 1 patients had a longer total time 
at risk for CRPA acquisition than other patient groups (Kruskal-
Wallis test, P = .001; Supplementary Table 4). However, patients 
in the 3 groups did not significantly differ in terms of the time 
between collection of swab 1 and swab 2.

Our data suggest that piperacillin-tazobactam contributes to 
microbiota disruption and indicate that low relative abundances 
of specific taxa may be related to risk of CRPA colonization acqui-
sition. When possible, antimicrobial therapy should be tailored 
based on colonization status and/or when infection is suspected 
in CRPA-colonized patients. Experimental studies are needed to 
determine which commensals are causally related to coloniza-
tion resistance. CRPA can colonize patients at non-GI sites [39]. 
Future studies should examine relationships between the skin 
and respiratory microbiota and CRPA colonization acquisition at 
other body sites. Greater understanding of these relationships will 
facilitate (1) the development of microbiota disruption indices 
that could be used for monitoring patients at risk of CRPA col-
onization and infection; and (2) the development of strategies to 
minimize infection and spread of CRPA in the hospital.
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