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ABSTRACT Patients with burn injuries are at high risk for infectious complications,
and infections are the most common cause of death after the first 72 h of hospitaliza-
tion. Hospital-acquired infections caused by multidrug resistant (MDR) Gram-negative
bacteria (GNB) in this population are concerning. Here, we evaluated carriage with
MDR GNB in patients in a large tertiary-care burn intensive care unit. Twenty-nine
patients in the burn unit were screened for intestinal carriage. Samples were cultured
on selective media. Median time from admission to the burn unit to first sample col-
lection was 9 days (IQR 5 – 17 days). In 21 (72%) patients, MDR GNB were recovered;
the most common bacterial species isolated was Pseudomonas aeruginosa, which was
found in 11/29 (38%) of patients. Two of these patients later developed bloodstream
infections with P. aeruginosa. Transmission of KPC-31-producing ST22 Citrobacter freun-
dii was detected. Samples from two patients grew genetically similar C. freundii isolates
that were resistant to ceftazidime-avibactam. On analysis of whole-genome sequenc-
ing, blaKPC-31 was part of a Tn4401b transposon that was present on two different plas-
mids in each C. freundii isolate. Plasmid curing experiments showed that removal of
both copies of blaKPC-31 was required to restore susceptibility to ceftazidime-avibactam.
In summary, MDR GNB colonization is common in burn patients and patient-to-patient
transmission of highly resistant GNB occurs. These results emphasize the ongoing
need for infection prevention and antimicrobial stewardship efforts in this highly vul-
nerable population.
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Patients with burn injuries are at high risk for infectious complications, and infections
are the primary cause of death in these patients after the first 72 h of hospitalization

(1). In particular, patients with large burns and/or inhalational injury often have pro-
longed hospitalizations during which they are frequently treated with broad-spectrum
antibiotics. This exposure, combined with loss of skin barrier function and the need for
invasive medical devices leads to high antimicrobial resistance rates in burn units (1, 2).
Unsurprisingly, the risk of infection caused by multidrug-resistant organisms (MDRO)
increases with longer hospitalization durations, and colonization with MDRO generally
precedes infection (2, 3). Clinically important MDRO include expanded-spectrum cepha-
losporin-resistant Enterobacterales, carbapenem-resistant Enterobacterales (CRE), and
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MDR non-lactose-fermenting Gram-negative bacteria, such as Pseudomonas spp.,
Stenotrophomonas maltophilia, and Acinetobacter baumannii (4–7). Common underlying
enzymatic mechanisms for b-lactam resistance in Gram-negative bacteria include
extended-spectrum b-lactamases (ESBL), AmpC enzymes, and carbapenemases. In
recent years, novel b-lactam antibiotics have become available for the treatment of
MDR Gram-negative bacteria. These include ceftolozane-tazobactam, ceftazidime-avibac-
tam, meropenem-vaborbactam, imipenem-relebactam, and cefiderocol (8, 9). In the
treatment of CRE infections, novel agents were shown to result in better outcomes com-
pared to polymyxin-based regimens (10–12). However, treatment-emergent resistance is
a concern, especially for ceftazidime-avibactam (13, 14).

Here, we evaluated MDR Gram-negative intestinal colonization and transmission in
a large tertiary-care burn intensive care unit.

RESULTS
Patients. Twenty-nine patients in the burn unit were screened for MDR Gram-nega-

tive bacterial colonization during the study period (Table 1). Median age was 58 years
(interquartile range, IQR 46 to 66 years), and 22 (76%) were male. Burn injury was the
reason for admission in 21 (72%) patients; and flame burns were the most common.
Sixteen (55%) patients were transferred from other hospitals, primarily (15/16) from
other hospitals in North Carolina. In patients with burn injuries, the median total body
surface area (TBSA) involved was 12% (IQR 9% to 28%). Three patients had inhalational

TABLE 1 Clinical characteristicsa

Characteristic All
MDR GNB
colonized

Not MDR GNB
colonized

n 29 21 8
Age, yrs, median (range) 58 (22–88) 58 (22–76) 56 (43–88)
Sex, male 22 (76) 16 (76) 6 (75)
Time from admission to sample, days,

median (range)
9 (0–271) 9 (0–133) 12 (0–271)

Total length of stay, median (range) 37 (2–564) 37 (2–259) 47 (4–564)

Antibiotic exposuresb

Cefazolin 11 (38) 9 (43) 2 (25)
Cefepime 12 (41) 8 (38) 4 (50)
Vancomycin 15 (52) 11 (52) 4 (50)

Comorbidities
Hypertension 19 (66) 14 (67) 5 (63)
Alcohol use 17 (59) 15 (71) 2 (25)
Lung disease 8 (28) 7 (33) 1 (13)
Heart disease 10 (34) 6 (29) 4 (50)
Diabetes 10 (34) 8 (38) 2 (25)
Kidney disease 4 (14) 1 (5) 3 (38)

Mechanical ventilationc 14 (48) 10 (48) 4 (50)

Burn characteristics
Revised Baux score 69 (31–126) 69 (31–110) 92 (53–126)
TBSA, %, median (range) 12 (0–87) 12 (0–87) 14.25 (10–56)
Inhalational injury 3 (10) 2 (10) 1 (13)
Mechanism
Flame 9 (31) 5 (24) 4 (50)
Scald 5 (17) 5 (24) 0
Other burnd 7 (24) 5 (24) 2 (25)
Nonburn injury 8 (28) 6 (29) 2 (25)

Hospital mortality 4 (14) 3 (14) 1 (13)
aAll data in n(%), unless otherwise indicated.
bAntibiotic exposures preceded collection of the isolates.
cMechanical ventilation on the day of sample collection.
dOne person with an unknown mechanism of burn was included in “Other.”
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injury. The remaining 8 (28%) patients were admitted to the burn unit for other rea-
sons, including nonburn skin disorders (n = 4). Median time from admission to the
burn unit to first sample collection was 9 days (IQR 5 to 17 days).

Intestinal colonization. Thirty-four MDR GNB were recovered from 21 (72%)
patients. Most clinical characteristics, including burn size were similar between patients
with and without MDR Gram-negative bacterial carriage (Table 1). Numerically, more
patients with a history of alcohol use were colonized with MDR GNB. The median num-
ber of species was one per patient (range 1 to 5). Carbapenemase genes were only
found in Citrobacter freundii isolates. The most common bacterial species isolated was
Pseudomonas aeruginosa, which was found in 10/29 (34%) of patients (Table 2). Eight
of these isolates were nonsusceptible to carbapenems in vitro. Three P. aeruginosa iso-
lates were ST167 by MLST, and one additional isolate was very similar on MLST (6 iden-
tical alleles and a single-nucleotide variant for the nuoD allele). The other 6 isolates
belonged to 6 different strain types by MLST. Two patients with ST167 P. aeruginosa
were admitted to adjacent rooms in the unit.

In one patient colonized with Enterobacter cloacae complex, the same species was
cultured from a respiratory sample collected for clinical reasons prior to obtaining the
study sample. Two patients colonized with P. aeruginosa developed subsequent bac-
teremia with P. aeruginosa after research sample collection. In one of these patients, a
similar antimicrobial susceptibility pattern was observed in the infecting strain com-
pared to the colonizing strain. No other patients had pre- or postsample clinical cul-
tures with growth of the colonizing species.

Transmission of KPC-producing C. freundii. Two patients were colonized with car-
bapenem nonsusceptible C. freundii; blaKPC-31 was detected in both isolates. These iso-
lates displayed in vitro resistance to ceftazidime-avibactam (MIC .64 mg/mL). The
index patient was admitted from another hospital 44 days prior to sample collection
and stayed in the ICU 60 days after sample collection. The second patient’s sample was
collected on the seventh day of hospitalization, 9 days after the first patient’s sample
collection date. The second patient stayed in the burn ICU for 10 days after sample col-
lection. Neither patient had a clinical culture positive for carbapenem-resistant C. freun-
dii. C. freundii was also not recovered from any other clinical cultures during the study
period in the burn ICU.

Genomics of C. freundii. The two C. freundii isolates from two unique burn patients
were sequenced. The two genomes both belonged to ST22 and differed by 5 SNPs in the
core genome. They carried the same resistance genes. In addition to blaKPC-31, they con-
tained the following notable resistance genes: ant(29')-Ia, aadA1, sat2 (encoding aminogly-
coside resistance), blaFOX-5, blaTEM-1, blaCMY-48 (b-lactam resistance), catA2, catB3 (phenicol
resistance), qacEdelta1 (quaternary ammonium resistance), sul1 (sulfonamide resistance),
tet(D) (tetracycline resistance) and dfrA1 (trimethoprim resistance). Hybrid assembly of the

TABLE 2 Bacterial species

Species Alla Carbapenem nonsusceptiblec

Pseudomonas aeruginosa 10 (34) 8 (80)
Enterobacter cloacae complex 5 (17) 2 (40)
Other Pseudomonas speciesb 5 (17) 1 (20)
Klebsiella pneumoniae 4 (14) 2 (50)
Escherichia coli 2 (7) 0
Citrobacter freundii 2 (7) 2 (100)
Stenotrophomonas maltophilia 2 (7) 2 (100)
Enterobacter bugandensis 1 (3) 1 (100)
Hafnia alvei 1 (3) 0
Klebsiella aerogenes 1 (3) 0
Achromobacter dentrificans 1 (3) 0
aNumbers are shown as n (% of 29 total patients). Totals add to more than 100% as some patients were
colonized by more than one species.

bOther Pseudomonas species included P. luteola (1), P. putida (1), P. otitidis (1), P. guariconensis (1).
cDefined as nonsusceptibility to imipenem and/or meropenem. Numbers are shown as n (% of patients
colonized with that species).
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first isolate (59174) showed that this strain harbors four plasmids of 43.6 (p59174-43.6,
pKPC-CAV1193-like), 57.6 (p59174-57.6, IncX8), 80.5 (p59174-80.5, IncFIB), and 171.4
(p59174-171.4, IncC) kb in length. Interestingly, blaKPC-31 was present on two plasmids
(p59174-43.6 and p59174-80.5, Fig. 1). On both plasmids, blaKPC-31 was part of a Tn4401b
transposon. p59174-43.6 was nearly identical to plasmid pKPC_UVA01, with 100% blast
query coverage and .99.99% nucleotide identities, recovered in a Virginia hospital in
2007 (15). In p59174-80.5, the Tn4401b element was inserted an IS5 element, generating
5-bp target duplicate sequences of GTTTT. The result suggested that the origin of blaKPC-31
in p59174-80.5 was likely the result of duplication and transposition of Tn4401b from
p59174-43.6. Further comparison of the sequences of the index-2 isolate with the close ge-
nome of the first isolate revealed that the index-2 isolate contained the same four plasmids
as those of 59174, but harbored an additional IncFIB(pHCM2) type plasmid; ;106 kb in
length). Antimicrobial resistance genes were not found in this IncFIB(pHCM2) plasmid. To
determine the impact of two copies of blaKPC-31 on ceftazidime-avibactam susceptibility, we
used a CRISPR-Cas-mediated plasmid curing approach to remove p59174-43.6, p59174-
80.5, respectively and together. The results showed the curing on both plasmids restored
susceptibility to ceftazidime-avibactam, but deletion of only a single copy did not (Table 3).

DISCUSSION

Burn injuries are a common cause of morbidity and mortality in the United States and
across the world (16). Infection is the most frequent cause of mortality in patients who sur-
vive the first 72 h after the initial burn injury (1, 2). In this cohort of patients admitted to a
large burn ICU, intestinal carriage of multidrug resistant Gram-negative bacteria was very
common. Hospitalizations for burn injuries are associated with several risk factors for
MDRO infections. The local immune barrier function of the skin is decreased, and burn

p59174-43.6-KPC-31

p59174-80.5-KPC-31

IRIRL IRRIRRIRIRL IRRIRR

Tn4401b in p59174-80.5-KPC-31

5bp TSD 5bp TSD
GTTTT GTTTT

tnpR tnpA istA istB blaKPC-31 ISKpn6 �IS5�IS5

FIG 1 The plasmid structures of the two blaKPC-31 harboring plasmids, p59174-43.6 (left) and p59174-80.5 (right). Colored arrows indicate open reading
frames, with purple, orange, green, red, and blue arrows representing replication genes, mobile elements, plasmid transfer genes, the antimicrobial and
heavy metal resistance gene, and plasmid backbone genes, respectively. The bottom panel shows the Tn4401 insertion in the IS5 in p59174-80.5.
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injuries—especially those involving greater total body surface areas—are also associated
with a central immunomodulatory impact (17). Furthermore, antibiotic use and long-term
need for invasive medical devices is common in this population (1). Given the high risk for
infection and the potential for poor outcomes after infection, empirical antibiotic use is
common in burn patients. These antibiotics are often directed against MDR bacteria fre-
quently seen in the burn ICU, and this increased antibiotic pressure thus creates a vicious
cycle.

P. aeruginosa was the most frequently encountered species. P. aeruginosa is a fre-
quent cause of invasive infections in burn patients which are associated with high rates
of morbidity and mortality (1, 2, 18, 19). Infections with P. aeruginosa after burn injury
generally occur during extended hospitalizations; the reported median time from
admission to first positive P. aeruginosa culture in other burn centers is between
10 days to 32 days (2, 20–23). This prolonged period between admission and first posi-
tive culture suggests a nosocomial acquisition. The finding of genetically related ST167
and ST167-like P. aeruginosa strains in four patients—including two patients who were
in neighboring rooms—supports transmission within the unit. Our data further support
intestinal colonization as an intermediary step to infection. In fact, two patients in our
cohort had subsequent pseudomonal bacteremia.

The spread of highly resistant bacteria in hospital settings is alarming. We report
here the spread of blaKPC-31 carrying C. freundii between two patients. As clinical infec-
tions were not documented to result from these bacteria, investigations by infection
preventionists were not performed. Possible intermediary transmission steps include
the burn unit environment, and health care personnel. Randomized trials have shown
limited impact of interventions aimed at preventing spread from HCP to patients for
Gram-negative bacteria (24, 25). In contrast, many outbreaks of Gram-negative bacte-
rial infections in intensive care units have been linked to environmental sources. In a
French ICU study, contaminated tap water was a predictor (OR 1.76, 95% CI 1.09 to
2.84) of acquiring P. aeruginosa during ICU stay (26). Sink traps were shown to be the
source of an ICU outbreak of OXA-48-producing Serratia marcescens (27). However,
another study showed frequent and prolonged colonization of hospital sinks with car-
bapenemase-producing Enterobacterales without any documented transmission to
patients (28).

The C. freundii isolates were found to produce KPC-31, the most common ceftazi-
dime-avibactam-resistant variant of KPC-3, with a D179Y amino acid substitution in the
X loop of the enzyme (29, 30). Of interest, two copies of blaKPC-31 were present on two
distinct plasmids. Inactivation of a single copy failed to restore susceptibility to ceftazi-
dime-avibactam. The coexistence of more than one copy of resistance genes may
improve the survival of bacteria under antibiotic therapy and increase the further
spread of the resistance plasmids. We postulate that the additional ;106 kb IncFIB
(pHCM2) type plasmid in the second isolate may have been acquired after transmis-
sion. Our study further demonstrated that CRISPR-Cas9-mediated plasmid curing
method provide a useful tool to dissect the relative contribution of different plasmids
to the antimicrobial resistance in clinical MDR strains. In addition, resistance gene or
plasmid curing can be potentially used as a novel approach to resensitize resistant
strains to antibiotics (31).

TABLE 3 Antimicrobial susceptibility of C. freundiia

Isolate CAZ CZA IPM ETP MEM I-R
Index-1 .64 .64 4 1 ,0.5 1
Index-2 .64 .64 8 4 4 1
KPC-31 on p59174-43.6 plasmid cured .64 32 4 2 4 1
KPC-31 on p59174-80.5 plasmid cured .64 64 8 2 2 1
Both copies cured .64 2 8 1 2 1
aCAZ, ceftazidime; CZA, ceftazidime-avibactam; ETP, ertapenem; IPM, imipenem; I-R, imipenem-relebactam;
MEM, meropenem.
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This study has several limitations. This was a cross-sectional study without longitu-
dinal samples, therefore the timing of acquisition of MDR GNB could not be estab-
lished. As a cross-sectional sample, we screened patients at various time points since
admission. Nonetheless, our study provides evidence of high rates of colonization with
MDR GNB in burn patients and evidence of transmission in this setting. We collected a
relatively small sample size during the short time period. The environment may be an
important intermediary for MDR GNB transmission in the BICU, however, environmen-
tal sampling was beyond the scope of the current study.

In conclusion, intestinal carriage of MDR Gram-negative bacteria was very common
in this cohort of patients admitted to the burn ICU. Pseudomonal isolates were the
most frequently encountered and several of these were resistant to carbapenems. We
also found evidence for transmission of a ceftazidime-avibactam-resistant C. freundii
strain between two patients. These findings reinforce the need for strict antimicrobial
stewardship and infection prevention measures in this highly vulnerable population.

MATERIALS ANDMETHODS
Patients. During the study period of August to December of 2019, patients who were admitted to

the burn intensive care unit (BICU) of the North Carolina Jaycee Burn Center were included in the study.
The BICU has 20 beds and approximately 650 annual admissions. Patients with cutaneous burns, with
inhalational injury only, and with nonburn severe skin disorders (e.g., Stevens-Johnson syndrome) were
all eligible. Clinical data were collected from the electronic health record. This study was approved by
the Institutional Review Board.

Stool samples. Stool samples were collected using the BioWipe method in all patients and addi-
tional whole stool samples when available. The BioWipe collection method was previously described
(32). Briefly, a 100 � 160 mm square of soft, absorbent synthetic fiber material attached to a plastic back-
ing layer (Fisher Scientific, USA) is used before cleaning with toilet paper after a bowel movement. The
collected stool sample is placed onto the surface of an absorbent pad (3M Petroleum Sorbent Pads,
Fisher Scientific, USA) containing modified Cary Blair transport media followed by elution with 20 mL
mix of Phosphate Buffer Saline solution (PBS) and 0.1% Tween 80 (vol/vol). For whole stool samples,
100 mg of whole stool was suspended in 5 mL of PBS prior to processing.

Microbiology. For both BioWipe and whole stool samples, 100 mL aliquots were plated on MacConkey
agar plates supplemented with 1 mg/L of cefotaxime and mSuperCarba (Chromagar, Springfield, NJ) agar
plates in duplicate, and incubated at 37°C for 24 6 3 h. Selected colonies were streaked onto a new plate of
the same selective media. Five colonies were selected from each type of selective media plate. The plates
were incubated for 246 3 h at 37°C. Purified colonies were transferred into Tryptic Soy Broth (TSB) nonselec-
tive media and incubated for 24 6 3 h at 37°C. Matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) mass spectrometry was used for species identification. Antimicrobial susceptibility testing was
performed using agar dilution in triplicate. Breakpoints from the Clinical and Laboratory Standards Institute
(CLSI) were used. Targeted PCR to detect the carbapenemases blaKPC, blaNDM, blaOXA-48-like, blaIMP, blaVIM was per-
formed as previously described (33). Multilocus sequencing typing (MLST) of P. aeruginosa was preformed
and ST type assigned according to the allelic profiles in the MLST database (https://pubmlst.org/organisms/
pseudomonas-aeruginosa) (34). Quality control was performed for all microbiology procedures.

Whole-genome sequencing and analysis. Whole-genome sequencing of two KPC-31-producing
Citrobacter freundii isolates was carried out using the Illumina Novoseq 6000 sequencing platform (Illumina
Inc., San Diego, CA), with 2 � 150 bp paired-end reads. These isolates were selected on the basis of pheno-
typic resistance to carbapenems and ceftazidime-avibactam. The raw data were filtered using Trimmomatic
v0.39, followed by assembly using Spades v3.14 (35, 36). In addition, one isolate was subject long-read
sequencing using the Oxford Nanopore Technologies (ONT) MinION sequencing. Hybrid assembly was con-
ducted using Unicycler v0.4.9. with the default settings (37). Antimicrobial resistance genes were determined
using AMRFinderPlus v3.10.20 and ResFinder v4.0, while plasmid replicons were analyzed using
PlasmidFinder v2.1 (38, 39). Core single nucleotide polymorphism (SNP) distance was determined using
methods described previously (40). In brief, trimmed, paired-end sequences from each genome were
mapped to hybrid assemblies of the first C. freundii isolate, using snippy (https://github.com/tseemann/
snippy), and SNPs in the repeated regions were excluded. The complete genomes sequences of the C. freun-
dii 59174 were deposited in GenBank bioproject accession no. PRJNA549322.

Plasmid curing. CRISPR-Cas mediated plasmid curing was conducted as previously described (31).
Two guide RNAs (gRNA) were designed to target the replicon genes of the two blaKPC-31 harboring
plasmids, p59174-43.6 (n20 sequences, GTACTGGATCAATCCCCACG) and p59174-80.5 (n20 sequences,
AGTCATTATCCATATCCAGG), respectively.
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