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Editorial on the Research Topic

Carbapenemase-Producing Organisms as Leading Cause of Hospital Infections

Carbapenemase-producing Gram-negative organisms (CPO) currently constitute a severe public
health problem. Among them, the most critical threat is posed by carbapenemase-producing
Enterobacteriacae (CPE), carbapenem-resistant (CR) Acinetobacter baumannii (CRAB), and
Pseudomonas aeruginosa (CRPA). Infections by these organisms are increasingly occurring
worldwide, are associated with adverse patient outcomes and cause a significant burden on
healthcare systems. These pathogens have the ability to spread rapidly among patients due to
their ability to survive and propagate in the hospital environment, and antimicrobial resistance
is further spread due to the mobile genetic elements carrying the responsible genetic loci. CPO are
by definition resistant to multiple antibiotic classes, resulting in limited therapeutic options and
difficult-to-treat infections, with high morbidity and mortality rates. In addition, prompt detection
of these organisms is paramount for implementation of appropriate infection control measures and
early management.

It is therefore evident that infections by CPO entail challenges in their detection, control, and
management. Their global health implications are reflected in the increasingly recorded numbers
of published reports, studies, and recommendations, emphasizing the urgent need for optimization
of diagnostics and therapeutics, as well as for establishment of targeted and data-driven prevention
and control policies.

This research topic intended to present to the readers important peer reviewed articles
containing new knowledge on every aspect of CPO and their respective infections. It overall harbors
24 manuscripts, including original research, methods, and review articles addressing these subjects.
The 173 authors involved in this topic mainly focused on the epidemiology, diagnostics, clinical
characteristics, and therapeutics of CPO. A brief overview of the scientific content of the Topic is
shown in this Editorial.

Several of the published manuscripts analyzed the molecular epidemiology of CPO. Carrasco
et al. reported on the polymyxin resistance of an XDR ST1 carbapenem-resistant A. baumannii
outbreak clone in a Brazilian teaching Hospital. They concluded that the emergence of polymyxin
resistance in this high-risk global clone spreading in their hospital was due to mutations in the
chromosome of the carbapenem-resistant ST1 isolates. Al-Hassan et al. analyzed the molecular
epidemiology of 42 carbapenem-resistant A. baumannii from four hospitals in Khartoum State,
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Sudan. They found a predominance (88%) of international clone
(IC) 2 with OXA-23, and some with NDM-1 carbapenemase.
Isolates belonging to IC1, IC5, and IC9 were also identified.
Solgi et al. reported the occurrence of OXA-48 and NDM-
1 producing Enterobacterales species at a University hospital
in Tehran, Iran, between 2015 and 2016. Two separate
outbreaks of NDM-1-producing ST147 and OXA-48-producing
ST893 Klebsiella pneumoniae and one outbreak of OXA-48-
producing Serratia marcescens were observed. The blaOXA−48

gene was located on an IncL/M conjugative plasmid, while the
blaNDM−1 gene was located on both IncFII ∼86 to ∼140-kb
and IncA/C conjugative plasmids. Chudejova et al. analyzed
whole genome sequences of four Enterobacterales isolates co-
producing NDM- and OXA-48-like carbapenemases recovered
from Czech hospitals, including three K. pneumoniae assigned
to “high risk” clones ST147, ST11, and ST15 and one Escherichia
coli assigned to ST167. All four isolates co-produced OXA-
48- and NDM-type carbapenemases, in different combinations
(K. pneumoniae: blaNDM−5 and blaOXA−181; blaNDM−1 and
blaOXA−181; blaNDM−1 and blaOXA−244; E. coli: blaNDM−5 and
blaOXA−244). The blaOXA−244 was found on a plasmid in one K.
pneumoniae isolate, while the blaOXA−244 was localized in the
chromosomal contig of the E. coli isolate. The blaOXA−181 was
identified in two distinct plasmids. Also, the blaNDM−1 and the
blaNDM−5 were found in four distinct plasmids of the respective
isolates. Liu et al. studied the molecular characteristics of 12
blaIMP−4-producing Enterobacterales from Henan province of
China and their blaIMP−4-carrying plasmids. N-type plasmids
were the predominant plasmids carrying blaIMP−4 among the
collected Enterobacterales (8/12, 66.7%), were more stable than
the other types of plasmids and were transferrable in three
cases. Complete sequence analysis of a representative N type
(pIMP-ECL14–57) revealed that it was nearly identical to pIMP-
FJ1503, an N-type blaIMP−4-carrying epidemic plasmid in a
C. freundii strain. Okanda et al. examined 43 carbepenemase-
producing K. pneumoniae isolates in the intensive care unit
of a 1,900-bed hospital in Bangladesh, among which most
were harboring blaNDM−1 (23, 53%), blaNDM−5 (6, 14%), and
blaOXA−181 (5, 12%), whereas 23% classified as extensively-
drug resistant and 14% were classified as pandrug-resistant.
A study in 80 transplant patients colonized or infected with
carbapenemase-producing K. pneumoniae in Porto Alegre, Brazil
by Raro et al. detected intrahospital and interhospital spread of
epidemic clones ST11/KPC-2, ST16/KPC-2, ST15/NDM-1, and
ST437/KPC-2, accounting for an overall mortality of 21.3%. Pan
et al. investigated 50 carbapenem-resistant Klebsiella aerogenes
from children in a pediatric hospital. Carbapenem resistance
was mediated by NDM-5 in 45 of the isolates, and conjugation
experiments followed by plasmid typing showed that themajority
of plasmids carrying blaNDM−5 were IncX3. All the isolates
belonged to ST-4, and ERIC-PCR suggested 13 clusters, with one
containing 17 isolates. Molecular epidemiology of Pseudomonas
aeruginosa was investigated by Rada et al. who described a
wide variety of isolates harboring VIM-2 and KPC-2 from two
hospitals, within and outside of Medillin, Colombia. Out of 46
isolates, 11 had blaVIM−2, 11 had blaKPC−2, and one had both
genes. blaVIM−2 was associated with class 1 integrons, while

blaKPC−2 was plasmid-encoded and contained within a Tn4401b
transposon. Rep-PCR was used to initially type the isolates, and
16 were further investigated by WGS which revealed that most
of the isolates were unrelated and assigned the 16 isolates to 9
different STs.

Analysis of genomic characteristics of CRE isolates, including
mobile genes or new gene variants, was also reported by a series
of manuscripts in this research topic. Mobile carbapenemase
genes in Pseudomonas aeruginosa were reviewed by Jeong and
Jeong. This review illustrated epidemiologically the carbapenem
resistance in P. aeruginosa, including the resistance rates
worldwide and the carbapenemase-encoding genes, the mobile
genetic elements responsible for the horizontal dissemination of
the drug resistance determinants and the modular mobile
elements including carbapenemase-encoding genes (P.
aeruginosa resistance islands). Yoon et al. identified a novel
KPC variant, KPC-55, which exhibited improved meropenem-
hydrolyzing activity, in K. pneumoniae of ST307. Compared to a
KPC-2-producing isogenic strain, the KPC-55-producing strain
exhibited a lower level of resistance to most β-lactam drugs
tested, however, the KPC-55 enzyme hydrolyzed aztreonam and
meropenem at an increased efficiency compared to the catalytic
activity of KPC-2. Chen, Zhou. et al. reported whole genome
sequence of NDM-7-producing K. pneumoniae strain HZW25
isolate from China and identified an IncX3 blaNDM−7-carrying
conjugative plasmid, which could be horizontally transferred
successfully. The dissemination of such NDM-producing
K. pneumoniae would be troublesome during treatment
using ceftazidime-avibactam. Chen, Lin et al. characterized
a new transposon, Tn6696, on a blaNDM−1-carrying plasmid
from multidrug-resistant Enterobacter cloacae ssp. dissolvens
CBG15936 from China, providing another perspective regarding
the potential for blaNDM−1 to undergo horizontal transfer among
drug-resistant bacteria. In another study from China, Yao et al.
described in K. pneumoniae an IncFIIk plasmid that harbored
multiple antibiotic resistance determinants including blaIMP−26

and a tet(A) variant. The plasmid was found to confer resistance
to multiple antimicrobials and raised theMIC of tigecyline 8-fold
in the transformant. In another study, an IMP variant, IMP-8,
was described by Guo et al. in a rarer organism, Comamonas
thiooxydans. The organism was isolated from amid-section urine
specimen. blaIMP−8 was encoded in an integron, In 655, that is
similar to that described in a K. pneumoniae isolate, but differed
by the presence of two recombinases flanking the integron.
The isolate was susceptible to imipenem and intermediate to
meropenem, but exhibited an MDR phenotype that included
cephalosporins, fluoroquinolones, and aminoglycosides. Lastly,
a case report from China (Chen, Lin et al.) detected a new
transposon, Tn6696, on a blaNDM−1-carrying plasmid in an
E. cloacae ssp. dissolvens isolate, providing evidence for the
potential of blaNDM−1 to undergo horizontal transfer.

Studies of this Topic that evaluated treatment options against
carbapenemase-producing organisms include that of Cui, Shan
et al. who found reduced susceptibility to ceftazidime-avibactam
in 12 (3.5%) of 347 retrospectively tested KPC-producing
Klebsiella pneumoniae isolated in Chinese patients, without
previous exposure to ceftazidime-avibactam. Interestingly, these
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12 isolates were from geographically distinct areas and all
belonged to ST11. Again, in China, Qu et al. performed a
checkerboard assay with Mueller-Hinton broth to study the in
vitro effects of various antimicrobial combinations against 89
CRAB isolates (95.35% were blaOXA−23). Highest synergistic
effects were recorded in sulbactam-based combinations with
polymyxin B (82.35%) and tigecycline (73.91%). Interestingly,
resistance mechanisms were unrelated to clinical outcome. A
study from Spain (Cebrero-Cangueiro et al.) evaluated the
efficacy of fosfomycin and its combination with aminoglycosides
in an experimental sepsis model by carbapenemase-producing
Klebsiella pneumoniae clinical strains. They observed a dissimilar
efficacy of fosfomycin plus aminoglycosides in treating this
severe experimental infection, when caused by different CPO and
suggested that fosfomycin plus amikacin or gentamicin may be
useful to treat infections by OXA-48 plus CTX-M-15 or KPC-3
producer strains, respectively.

Furthermore, in the research topic, an extensive
review about carbapenem-resistant bacteria in patients
with hematologic malignancies by Lalaoui et al.
provided insights on the clinical and microbiological
characteristics of these infections and proposed a
literature-based algorithm for risk assessment and
empirical management.

This research topic also presented studies reporting the
diagnostics of CPO or carbapenem resistance phenotypes. A
study from China (Zhang et al.) evaluated the performance of
the BD Phoenix NMIC413 AST panel on a large collection of
195 CREs and 108 CSE isolates and showed very satisfactory
concordance with BMD used as reference. Cui, Jia et al., reported
a modification of the carbapenem inactivation method, using
Bacillus stearothermophilus as an indicator strain, resulting in a
rapid carbapenemase phenotype detection, requiring only 4 h of
total work time and exhibiting high sensitivity, specificity and
accuracy. Pfaendler et al. evaluated the phenotypic CarbaLux R©

test for routine diagnostics in the medical laboratory; they
reported that this novel fluorescence method allowed simple
and safe handling, reliable readings, and documentation of
carbapenem resistance phenotypes. Bonnin et al. reviewed the
genetic diversity, biochemical properties, and detection methods
of minor carbapenemases in Enterobacterales. They correspond
to class A (SME-, Nmc-A/IMI-, SFC-, GES-, BIC-like. . . ), class

B (GIM, TMB, LMB. . . ), class C (CMY-10 and ACT-28), and
class D (OXA-372) less frequently detected carbapenemases. The
review of phenotypic and molecular methods for detection of
minor carbapenemases and the use of β-lactamase inhibitors
against minor carbapenemase-producing Enterobacterales was
particularly of interest. Finally, Moreno-Morales et al. evaluated
the efficacy of a loop-mediated isothermal amplification (LAMP)
assay to detect the presence of carbapenemases in Acinetobacter
spp. directly from bronchoalveolar lavage (BAL) samples spiked
with 22 Acinetobacter spp. strains producing OXA-23, OXA-
40, OXA-58, NDM, and IMP carbapenemases. The reported
molecular diagnostics kit had enough sensitivity for the detection
of carbapenemase-producing Acinetobacter in clinical BAL
samples with the limit of sensitivity of 103 CFU/ml with a
maximum hands-on time of 15min per sample and 30min run
time (∼45 min total).
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Molecular Epidemiology of OXA-48
and NDM-1 Producing
Enterobacterales Species at a
University Hospital in Tehran, Iran,
Between 2015 and 2016
Hamid Solgi1†, Shoeib Nematzadeh2†, Christian G. Giske2, Farzad Badmasti3,
Fredrik Westerlund4, Yii-Lih Lin4, Gaurav Goyal4, Vajihe Sadat Nikbin3,
Amir Hesam Nemati3 and Fereshteh Shahcheraghi3*

1 Division of Clinical Microbiology, Department of Laboratory Medicine, Amin Hospital, Isfahan University of Medical
Sciences, Isfahan, Iran, 2 Division of Clinical Microbiology, Department of Laboratory Medicine, Karolinska Institutet,
Karolinska University Hospital, Stockholm, Sweden, 3 Department of Bacteriology, Pasteur Institute of Iran, Tehran, Iran,
4 Division of Chemical Biology, Department of Biology and Biological Engineering, Chalmers University of Technology,
Gothenburg, Sweden

Carbapenem-resistant Enterobacterales (CRE) is an increasing problem worldwide.
Here, we examined the clonal relatedness of 71 non-repetitive CRE isolates collected in
a university hospital in Tehran, Iran, between February 2015 and March 2016. Pulsed-
field gel electrophoresis (PFGE) and MLST were used for epidemiological analysis.
Screening for antibiotic resistance genes, PCR-based replicon typing, conjugation
experiments, and optical DNA mapping were also performed. Among all 71 isolates,
47 isolates of Klebsiella pneumoniae (66.2%), eight Escherichia coli (11.2%), five
Serratia marcescens (7%), and two Enterobacter cloacae (2.8%) harbored blaNDM−1

and blaOXA−48 genes together or alone. PFGE analysis revealed that most of the OXA-
48- and NDM-1-producing K. pneumoniae and all of OXA-48-producing S. marcescens
were clonally related, while all eight E. coli and two E. cloacae isolates were clonally
unrelated. The predominant clones of carbapenemase-producing K. pneumoniae
associated with outbreaks within the hospital were ST147 (n = 13) and ST893 (n = 10).
Plasmids carrying blaNDM−1 and blaOXA−48 were successfully transferred to an E. coli
K12-recipient strain. The blaOXA−48 gene was located on an IncL/M conjugative
plasmid, while the blaNDM−1 gene was located on both IncFII ∼86-kb to ∼140-kb
and IncA/C conjugative plasmids. Our findings provide novel epidemiologic data on
carbapenemase-producing Enterobacterales (CPE) in Iran and highlight the importance
of horizontal gene transfer in the dissemination of blaNDM−1 and blaOXA−48 genes. The
occurrence and transmission of distinct K. pneumoniae clones call for improved infection
control to prevent further spread of these pathogens in Iran.

Keywords: carbapenemase-producing Enterobacterales, PFGE, MLST, ST147, optical DNA mapping
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INTRODUCTION

Carbapenems are broad-spectrum beta-lactam agents
that are frequently used as a last resort to treat serious
infections caused by multidrug-resistant Enterobacterales.
Resistance to carbapenems mainly depends on the production
of carbapenemase enzymes. Carbapenemase-producing
Enterobacterales (CPE) are increasingly reported and represent a
major public health threat (Tängdén and Giske, 2015). The most
clinically significant carbapenemases in Enterobacterales include
the class A (KPC type), class B (metallo-β-lactamases [MBLs]
[i.e., VIM, IMP, and NDM types]), and class D carbapenem-
hydrolyzing β-lactamases (OXA-48-like enzymes) (Nordmann
et al., 2011; Tängdén and Giske, 2015). NDM-1 and OXA-48
β-lactamases were initially identified in India and Turkey,
respectively, and then spread to various countries worldwide
including India, the Middle East, and Mediterranean countries
(Yong et al., 2009; Johnson and Woodford, 2013; Sartor et al.,
2014; Jamal et al., 2016; Solgi et al., 2017b). There is a lot
of pilgrimage tourism and business travel between Iran and
neighboring countries such as Iraq, Afghanistan, Pakistan,
Turkey, and the Persian Gulf, so travelers with CPE colonization
may be the vectors for spread of resistant strains. In the scope
of outbreaks in Iran, diverse sequence types (STs) of dominant
OXA-48- and NDM-producing Klebsiella pneumoniae have
been identified in outbreaks or solitary case reports (STs 11,
893, 147, and 915) (Solgi et al., 2017a, 2018). VIM-2-producing
K. pneumoniae ST23 has been reported in Iran more recently
(Mohammad Ali Tabrizi et al., 2018).

The dissemination of OXA-48 and NDM-1 among
Enterobacterales is mediated by the rapid spread of broad
host-range conjugative plasmids. The blaNDM−1 gene has been
detected on plasmids of various incompatibility groups: IncF,
IncA/C, IncL/M, IncH, IncN, and IncX3 or untypeable (Voulgari
et al., 2014). The blaOXA−48 gene has also been carried by various
plasmids types including IncL/M, IncN, and IncA/C (Guo et al.,
2016). Up until today, only one study has reported the finding of
the prevalence and distribution of carbapenem resistance among
Enterobacterales isolates in Iran (Shahcheraghi et al., 2017).
However, limited data about the sequence type of CRE isolates
that has spread in Iran were available.

Here, we investigated the prevalence of ESBL and
carbapenemase genes, to explore the distribution of plasmid
replicons, and molecular epidemiology of CPE isolated in an
Iranian hospital.

MATERIALS AND METHODS

Bacterial Strains
In this cross-sectional study, a total of 71 non-repetitive
carbapenem-resistant Enterobacterales (CRE) clinical isolates
resistant to at least one of the carbapenems (imipenem,
meropenem, or ertapenem) were collected at the Loghman
Hakim Educational Hospital, a 496-bed university hospital in

Tehran (Iran) between February 2015 and March 2016. All
isolates were identified by standard biochemical tests and API
20E (bioMérieux, Marcy-l’Etoile, France).

Antimicrobial Susceptibility Testing and
Phenotypic Assay
Antimicrobial susceptibility testing of 10 antibiotics (imipenem,
meropenem, ertapenem, cefepime, cefotaxime, ceftazidime,
aztreonam, amikacin, gentamicin, and ciprofloxacin) was done
by a standard disk diffusion method according to the Clinical
and Laboratory Standards Institute [CLSI] (2017) guidelines.
The minimal inhibitory concentration (MIC) determinations
for carbapenems (imipenem, meropenem, and ertapenem)
were performed by gradient test strips (Liofilchem, Italy)
based on Clinical and Laboratory Standards Institute [CLSI]
(2017) guidelines. MICs of colistin were determined by
broth macrodilution method using colistin sulfate (Sigma-
Aldrich), and EUCAST breakpoints were used for interpretation
(EUCAST, 2017). Escherichia coli ATCC 25922 was used
as quality control. Initial screening for the presence of
carbapenemases was done by the modified Hodge test (MHT)
test by following the Clinical and Laboratory Standards Institute
[CLSI] (2017) guideline.

Molecular Detection of Genes Encoding
Carbapenemases and ESBLs
Plasmid DNA was extracted using the Gene JET Plasmid
Maxi-Prep Kit (Thermo Scientific). The presence of genes
encoding carbapenemases (blaKPC, blaGES, blaVIM, blaIMP,
blaNDM, and blaOXA−48) and extended-spectrum β-lactamases
(ESBL) (blaCTX−M) and further beta-lactamases (blaTEM, blaSHV)
were detected by PCR amplification using specific primers
as described previously (Poirel et al., 2011; Shahcheraghi
et al., 2013), followed by sequencing (Macrogen Research,
Seoul, South Korea).

Molecular Typing
The genetic relatedness of CPE isolates was investigated by
pulsed-field gel electrophoresis (PFGE). The genomic DNA of
the CPE isolates and reference marker Salmonella serotype
Braenderup strain H9812 were digested by XbaI endonuclease,
which was performed with a CHEF-DRIII system (Bio-Rad
Laboratories) as previously described (Tenover et al., 1995).
A similarity coefficient was obtained using Dice coefficients.
Cluster analysis was done with the unweighted pair group
method with arithmetic averages (UPGMA). Isolates that
exhibited similarity cut-off ≥80% of their banding patterns were
considered to belong to the same clonal lineage (pulsotypes).
Multilocus sequence typing (MLST) was performed according to
the protocol described on the Pasteur Institute MLST website1 for
K. pneumoniae, MLST website for E. coli2, and MLST website for
Enterobacter cloacae3.

1https://bigsdb.pasteur.fr/klebsiella/klebsiella.html
2https://enterobase.warwick.ac.uk/species/ecoli/allele_st_search
3https://pubmlst.org/ecloacae/
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Conjugation Experiments and
PCR-Based Replicon Typing
Conjugation experiments were done using the blaNDM−1 and
blaOXA−48 producers as the donors and E. coli K12 [F− lac +
Nal (r)] as the recipient strain (Filter mating). Isolates LO35,
LO89, LO112, LO179, LO271, and LO273 which harbored only
the blaNDM−1 or blaOXA−48 gene, and isolates LO149, LO155,
and LO204, which harbored the blaOXA−48 and blaNDM−1
genes, were selected and used. Transconjugants were selected
on a MacConkey agar plate containing 32 mg/L nalidixic
acid (Sigma-Aldrich) and 1 mg/L MEM (MAST, Merseyside,
United Kingdom) (Lyimo et al., 2016) and were confirmed to
have blaNDM−1 and blaOXA−48 by PCR analysis. PCR-based
replicon typing analysis (PBRT) was performed to determine the
plasmid incompatibility (Inc) groups for all CPE strains and the
obtained transconjugants (Carattoli et al., 2005).

Plasmid Extraction
Plasmid DNA was prepared from an overnight culture with
NucleoBond R© Xtra Midi kit for isolates according to the
manufacturer’s description for high-copy plasmid purification
(Müller et al., 2016a). Eluted plasmid DNA is then precipitated
with isopropanol and washed with 70%; the dried pellet was
reconstituted TE buffer, pH 8.0. The DNA concentration and
purity were determined using the Qubit 3.0 Fluorometer.

Optical DNA Mapping in Nanochannels
for Plasmid Analysis
The presence of the blaNDM−1 gene on plasmids from isolates
LO94, LO204, LO271, LO247, LO64, LO63, LO89, and LO149
was investigated using optical DNA mapping (Müller and
Westerlund, 2017). For this, Cas9 enzyme (PNA Bio Inc.,
Newbury Park, CA, United States) was used to make a site-
specific cut at the blaNDM−1 gene (target gene sequence was
5′-CGGTATGGACGCGCTGCATG-3′, RNA was synthesized by
Dharmacon Inc., Lafayette, CO, United States) on the plasmids
(Müller et al., 2016b). Cas9 will cut all the blaNDM−1 gene-
carrying plasmids in each isolate at the same location which
would show as a consensus cut site in the ODM data. For the
plasmids not carrying the blaNDM−1 gene, we expected randomly
distributed cuts.

After the Cas9 reaction, the plasmids were stained using
YOYO-1 and Netropsin which created an emission intensity
pattern along the DNA, with dark AT-rich regions and bright
GC-rich regions (Nyberg et al., 2012; Nilsson et al., 2014).
Netropsin prevents the binding of the fluorescent YOYO-1 to
AT-rich regions which results in the formation of a variation
in intensity, a DNA barcode. Plasmids were stretched to their
full contour lengths by confining them in 100 × 150-nm2

nanofluidic channels and imaged using an EMCCD camera. For
each of the eight isolates, hundreds of plasmids were imaged
and analyzed. The barcodes were aligned, clustered based on
similarity, and compared among the isolates using custom-built
MATLAB routines (Müller et al., 2016a). Lambda phage DNA
was used as an internal control to correlate the length in pixels

with the length in base pairs, and this correlation factor was then
used to estimate plasmid sizes.

RESULTS

Bacterial Isolates
During the study period, 71 clinical CRE isolates were collected
from 44 male and 27 female patients. These isolates mainly
belonged to the species K. pneumoniae (56/71, 78.8%), E. coli
(8/71, 11.2%), Serratia marcescens (5/71, 7%), and E. cloacae
(2/71, 2.8%). Twenty-two isolates (31%) were isolated from
an ICU poisoning ward, whereas the remaining of isolates
were recovered from other ward. The majority of the isolates
were from urine (30/71, 42.2%) and tracheal (24/71, 33.8%)
specimens. Other sample types included blood (6/71; 8.4%),
wound secretions (5/71; 7%), sputum (3/71; 4.2%), catheter (2/71;
2.8%), and cerebrospinal fluid (1/71; 1.4%).

Antimicrobial Susceptibility
Susceptibility profiles against ten antimicrobials agents are listed
in Table 1. As expected, the majority of the CRE isolates exhibited
resistance to most β-lactams. Most of the isolates were also
resistant to ciprofloxacin (70/71 98.6%) and gentamicin (42/71
59.1%). On the other hand, most of them were susceptible to
amikacin (46/71 64.8%), and all isolates were susceptible to
colistin, with MICs ≤ 1 mg/L. Based on phenotypic detection,
40 out of the 62 isolates (64.5%) were positive for MHT.

Carbapenemase and ESBL Genes
The genotyping results of carbapenemase and ESBL genes among
CRE isolates are shown in Table 1. Of the 71 CRE isolates, 62
were carbapenemase producers. Among the 62 carbapenemase-
producing isolates, 29 were found positive for the blaNDM−1 gene,
23 were positive for the blaOXA−48 gene, and ten of the blaNDM−1-
positive isolates co-harbored blaOXA−48 genes. Among the
blaNDM−1-positive Enterobacterales species, 26 K. pneumoniae
isolates, two E. cloacae isolates, and a single E. coli isolate
were identified. The twenty-three blaOXA−48 producers were
K. pneumoniae (n = 11), E. coli (n = 7), and S. marcescens (n = 5).
All the ten isolates co-producing blaNDM−1 and blaOXA−48 were
K. pneumoniae. Other carbapenemase genes (blaGES, blaKPC
blaVIM, and blaIMP) were not detected. Among the 71 CRE
isolates, 91.5% (65/71) ESBL producers were observed. Out
of 65 ESBL producers, 64 (98.4%) harbored blaCTX−M−15 and
eight (12.3%) harbored blaSHV−12; furthermore, a lot of isolates
harbored additional blaTEM/SHV genes.

Clonal Relationship of CRE Isolates
Based on a cutoff of 80% genetic similarity, PFGE revealed
that 44 carbapenemase-positive K. pneumoniae isolates could be
categorized in seven clusters A (4 isolates), B (10 isolates), C (3
isolates), D (4 isolates), E (5 isolates), F (2 isolates), and G (5
isolates), while 11 isolates appeared to be singletons (Figure 1).
Clusters E, F, and G belonged to ST147, while clusters A, B,
C, and D were categorized as ST16, ST893, ST377, and ST15,
respectively. The eight NDM-1- and OXA-48-producing E. coli
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TABLE 1 | Clinical information and molecular characteristics of 71 carbapenem-resistant Enterobacterales isolated from a university hospital in Tehran, Iran.

Patient/Strain Species Carbapenemase genes Associated β-lactamases Inc groupa ST Specimen Hospitalization unit Resistance phenotype MIC (µ g/ml)

ERT MEM IPM

LO-1 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-106 IncFII, IncL/M ST15 Tracheal Emergency ICU CAZ, CTX, FEP, CIP 8 8 8

LO-7 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-199 IncFII ST893 Tracheal Poisoning ICU CAZ, CTX, FEP, GEN, CIP 8 8 8

LO-8 K. pneumoniae – CTX-M-15, TEM-1 ND ND Wound Poisoning ICU CAZ, CTX, FEP, CIP 4 1 >4

LO-17 K. pneumoniae NDM-1 CTX-M-15, SHV-1 IncFII ND Urine Nerves of men CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 64

LO-20 K. pneumoniae – CTX-M-15, TEM-1, SHV-1 ND ND Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 4 0/5 >4

LO-21 K. pneumoniae – CTX-M-15, TEM-1, SHV-1 ND ND Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 2 1 >4

LO-30 K. pneumoniae – CTX-M-15, TEM-1, SHV-1 ND ND Urine Poisoning ICU CAZ, CTX, FEP, CIP 4 0/5 >4

LO-36 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-1 IncFII ND Urine Poisoning ICU CAZ, CTX, FEP, GEN, CIP 8 4 >4

LO-56 K. pneumoniae – CTX-M-15, TEM-1 ND ND Wound Surgery CAZ, CTX, FEP, CIP 2 1 >4

LO-63 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 UT ST147 Wound Surgery CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-64 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 8 32 64

LO-68 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 IncFII ST147 Sputum Infectious CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 256

LO-70 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-1 IncFII ND Tracheal General ICU CAZ, CTX, FEP, CIP 8 8 8

LO-77 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 IncFII ST147 Tracheal General ICU CAZ, CTX, FEP, AMK,
GEN, CIP

8 8 32

LO-78 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-12 UT ST147 Tracheal Emergency ICU CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-80 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 IncFII ST147 Urine Infectious CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 64

LO-82 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Urine Internal emergency CAZ, CTX, FEP, AM,
GEN, CIP

8 32 256

LO-88 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-1 IncL/M ND Urine Internal emergency CAZ, CTX, FEP, GEN, CIP 8 4 4

LO-89 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 IncFII ST147 Urine Outpatient CAZ, CTX, FEP, AMK,
GEN, CIP

8 16 32

LO-91 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-1 IncL/M ST377 Tracheal Emergency ICU CAZ, CTX, FEP, AM,
GEN, CIP

8 8 8

LO-94 K. pneumoniae NDM-1 CTX-M-15, SHV-199 UT ST16 Tracheal Infectious CAZ, CTX, FEP, GEN, CIP 8 4 4

LO-95 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Tracheal Internal emergency CAZ, CTX, FEP, GEN, CIP 8 2 >4

LO-97 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV IncL/M ST16 Urine Emergency ICU CAZ, CTX, FEP, AMK,
GEN, CIP

8 2 >4

LO-106 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-1 IncFII ND Blood Poisoning ICU CAZ, CTX, FEP, AMK,
GEN, CIP

4 4 2

LO-110 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 4 2 >4

(Continued)
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TABLE 1 | Continued

Patient/Strain Species Carbapenemase genes Associated β-lactamases Inc groupa ST Specimen Hospitalization unit Resistance phenotype MIC (µ g/ml)

ERT MEM IPM

LO-114 K. pneumoniae NDM-1 CTX-M-15, SHV-1 IncFII ST657 Tracheal Internal emergency CAZ, CTX, FEP, CIP 8 8 8

LO-119 K. pneumoniae – CTX-M-15, TEM-1, SHV-1 ND ND Urine Emergency ICU CAZ, CTX, FEP, GEN, CIP 2 1 >4

LO-121 K. pneumoniae OXA-48 TEM-1, SHV-199 IncL/M ST893 Sputum Internal emergency CAZ, CTX, FEP, CIP 8 8 8

LO-123 K. pneumoniae NDM-1 CTX-M-15, SHV-1 IncFII ST35 Tracheal Poisoning ICU CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-125 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-182 IncL/M ST11 Urine Internal emergency CAZ, CTX, FEP, CIP 4 2 >4

LO-126 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Urine Poisoning ICU CAZ, CTX, FEP, CIP 4 1 >4

LO-147 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-106 IncFII, IncL/M ST15 Tracheal General ICU CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-149 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-106 IncFII, IncL/M ST15 Tracheal Poisoning ICU CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-154 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-199 UT ST16 Urine Internal emergency CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-155 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 8 32 32

LO-179 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-199 IncFII ST16 Urine Infectious CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

LO-181 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-1 IncFII ST147 Urine Surgery CAZ, CTX, FEP, AMK,
GEN, CIP

8 16 8

LO-191 K. pneumoniae NDM-1 – IncFII ST1308 Wound Surgery CAZ, CTX, FEP 8 4 4

LO-204 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-106 IncFII, IncL/M ST15 Catheter Surgery CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 256

LO-216 K. pneumoniae – CTX-M-15, SHV-199 ND ND Urine Internal emergency CAZ, CTX, FEP, CIP 2 0/5 >4

LO-217 K. pneumoniae NDM-1 CTX-M-15, SHV-199 IncFII ST16 Urine General ICU CAZ, CTX, FEP, GEN, CIP 8 16 24

LO-246 K. pneumoniae – CTX-M-15, TEM-1, SHV-1 ND ND Tracheal Poisoning ICU CAZ, CTX, FEP, AMK,
GEN, CIP

4 2 >4

LO-247 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-199 IncFII ND Catheter Neurosurgery CAZ, CTX, FEP, CIP 8 8 4

LO-251 K. pneumoniae NDM-1, OXA-48 CTX-M-15, TEM-1, SHV-199 IncL/M ST893 Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 8 4 2

LO-261 K. pneumoniae OXA-48 TEM-1, SHV-199 IncL/M ST893 Tracheal Infectious CAZ, CTX, FEP, CIP 8 4 4

LO-262 K. pneumoniae NDM-1 TEM-1, SHV-172 IncFII ST147 Urine Neurosurgery CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 256
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TABLE 1 | Continued

Patient/Strain Species Carbapenemase genes Associated β-lactamases Inc groupa ST Specimen Hospitalization unit Resistance phenotype MIC (µ g/ml)

ERT MEM IPM

LO-263 K. pneumoniae NDM-1, OXA-48 TEM-1, SHV-12 IncL/M ST147 Urine Neurosurgery CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 128

LO-264 K. pneumoniae – CTX-M-15, TEM-1, SHV-1 ND ND Tracheal Poisoning ICU CAZ, CTX, FEP, GEN, CIP 4 ND ND

LO-268 K. pneumoniae OXA-48 TEM-1 IncL/M ST23 Sputum Neurosurgery CAZ, CTX, FEP, GEN, CIP 8 4 4

LO-269 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 IncFII ST147 Urine Internal emergency CAZ, CTX, FEP, AMK,
GEN, CIP

8 16 4

LO-270 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-11 IncFII ST147 Urine Infectious CAZ, CTX, FEP, AMK,
GEN, CIP

8 16 4

LO-271 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-12 IncFII ST147 Blood Infectious CAZ, CTX, FEP, AMK,
GEN, CIP

8 16 32

LO-272 K. pneumoniae NDM-1 CTX-M-15, TEM-1, SHV-1 IncFII ST377 Urine Infectious CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 128

LO-277 K. pneumoniae NDM-1 CTX-M-15, TEM-1 UT ST2012 Cerebrospinal fluid Infectious CAZ, CTX, FEP, CIP 8 8 8

LO-278 K. pneumoniae OXA-48 CTX-M-15, TEM-1, SHV-1 IncL/M ST377 Blood Infectious CAZ, CTX, FEP, GEN, CIP 8 16 8

LO-279 K. pneumoniae NDM-1 CTX-M-15, SHV-11 IncFII ST147 Blood Infectious CAZ, CTX, FEP, GEN, CIP 8 32 32

LO-4 E. coli OXA-48 CTX-M-15 IncL/M ND Urine Internal of women CAZ, CTX, FEP, CIP 1 0/125 >4

LO-35 E. coli OXA-48 CTX-M-15 IncL/M ST410 Urine Poisoning ICU CAZ, CTX, FEP, GEN, CIP 0/5 0/125 >4

LO-96 E. coli OXA-48 CTX-M-15, TEM-1 IncL/M ND Wound Infectious CAZ, CTX, FEP, GEN, CIP 1 0/5 >4

LO-175 E. coli OXA-48 CTX-M-15, TEM-1 IncL/M ST1431 Urine Emergency ICU CAZ, CTX, FEP, CIP 2 0/5 >4

LO-180 E. coli OXA-48 CTX-M-15, TEM-1 IncL/M ST3134 Urine Outpatient CAZ, CTX, FEP, AMK,
GEN, CIP

1 0/125 >4

LO-183 E. coli OXA-48 – IncL/M ST5114 Urine Outpatient CAZ, CTX, FEP, CIP 2 0/125 >4

LO-231 E. coli NDM-1 CTX-M-15, TEM-1 IncA/C ST131 Urine Internal emergency CAZ, CTX, FEP, GEN, CIP 2 1 >4

LO-233 E. coli OXA-48 CTX-M-15 IncL/M ST5114 Urine Emergency ICU CAZ, CTX, FEP, CIP 1 0/125 >4

LO-112 S. marcescens OXA-48 CTX-M-15, TEM-1, SHV-12 IncL/M – Blood Poisoning ICU CAZ, CTX, FEP, CIP 8 16 4

LO-113 S. marcescens OXA-48 CTX-M-15, TEM-1, SHV-12 IncL/M – Blood Poisoning ICU CAZ, CTX, FEP, CIP 8 32 32

LO-133 S. marcescens OXA-48 CTX-M-15, TEM-1, SHV-12 IncL/M – Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 8 16 8

LO-166 S. marcescens OXA-48 CTX-M-15, TEM-1, SHV-12 IncL/M – Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 8 16 16

LO-207 S. marcescens OXA-48 CTX-M-15, TEM-1, SHV-12 IncL/M – Tracheal Poisoning ICU CAZ, CTX, FEP, CIP 8 16 16

LO-273 E. cloacae NDM-1 CTX-M-15, TEM-1 IncFII ST78 Urine Outpatient CAZ, CTX, FEP, AMK,
GEN, CIP

8 32 32

N-20-LO E. cloacae NDM-1 CTX-M-15, TEM-1 IncFII ST175 Urine General ICU CAZ, CTX, FEP, GEN, CIP 8 4 4

a Incompatibility (Inc) group. ND, not determined; UT, untypeable.; F, female; M, male; MIC, minimal inhibitory concentrations; S, susceptible; IPM, imipenem; MEM, meropenem; ETP, ertapenem; CAZ, ceftazidime; CTX,
cefotaxime; FEP, cefepime; ATM, aztreonam; AMK, amikacin; GEN, gentamicin; CIP, ciprofloxacin; CST, colistin. Only carbapenemase producing isolates were MLST analyzed.
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FIGURE 1 | Dendrogram based on PFGE of 44 isolates of CPKP and their ST determined via MLST. ND, not determined.

isolates were clonally unrelated by PFGE (Figure 2), including
two belonging to the same sequence type (ST5114). The PFGE
patterns of five OXA-48-positive S. marcescens isolates showed
100% similarity, but the two NDM-1-positive E. cloacae had
distinct PFGE patterns (Figure 3).

Plasmid Replicon Typing and
Conjugation Assay
The blaNDM−1 gene was identified on an IncFII-type plasmid
for twenty-six K. pneumoniae and two E. cloacae isolates and
on an IncA/C-type plasmid for a single E. coli isolate, while the
blaOXA−48 gene was identified on an IncL/M-type plasmid for
nineteen K. pneumoniae, seven E. coli, and five S. marcescens
isolates. In the six K. pneumoniae isolates, we could not identify
the incompatibility group.

Conjugation experiments revealed that all of the NDM-1
and OXA-48 plasmids were successfully transferred to E. coli
K12, conferring resistance to carbapenems and cephalosporins
in transconjugants. In addition, co-transfer of blaNDM−1,
blaOXA−48, and other resistance determinants (blaCTX−M,
blaTEM, and blaSHV) was observed in several isolates (Table 2).
Plasmid gel extraction followed by PCR amplification of the
transconjugants revealed that the blaOXA−48 gene was harbored
on transferable plasmids belonging to the IncL/M incompatibility
group, while the blaNDM−1 gene was located on conjugative
plasmids. Transconjugant Tc-Lo204 had two different plasmids,
and the size of one plasmid was ∼140 kb with blaNDM−1 and the
other one was ∼135 kb with blaOXA−48. Notably, all blaOXA−48-
positive conjugative plasmids co-harbored beta-lactamase gene
blaCTX−M−15.
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FIGURE 2 | Dendrogram based on PFGE of 8 isolates of carbapenemase-producing Escherichia coli and their ST determined via MLST. ND, not determined.

FIGURE 3 | Serratia marcescens and E nterobacter cloacae are grouped together in the same dendrogram for comparison. Dendrogram based on PFGE of 5
isolates of OXA-48-producing S. marcescens and 2 NDM-1-producing E. cloacae.

Optical DNA Mapping
The presence of the blaNDM−1 gene on plasmids of isolates
LO94, LO204, LO271, LO247, LO64, LO63, LO89, and LO149
was characterized using optical DNA mapping (ODM). Table 3
presents a summary of the ODM data for the blaNDM−1-carrying
plasmids in these eight K. pneumoniae strains. DNA barcodes for
each isolate were clustered based on similarity, and clusters with
consensus cut sites (with at least nine barcodes) were used to
infer the Cas9 cutting, suggesting the presence of the blaNDM−1
gene on the plasmids (Müller and Westerlund, 2017). For isolate
LO271, two plasmids (∼86 kb and ∼107 kb) carrying the
blaNDM−1 gene were identified. For isolate LO204, two plasmids
of length ∼140 kb and ∼135 kb were found; however, only the
∼140-kb plasmid carried the blaNDM−1 gene. The remaining six
isolates carried only one plasmid in the size range ∼110 kb to
∼130 kb carrying the blaNDM−1 gene.

After plasmid size estimation and blaNDM−1 gene detection,
we compared the consensus barcodes among the eight isolates
(Figure 4). The ODM assay showed that identical plasmids with
the same size (∼125 kb) and the same location of the blaNDM−1
were found in LO63 and LO64 (Figure 4A). These isolates belong
to sequence types ST147 and ST893, respectively (Figure 1),
suggesting a possible transmission of plasmid from one strain
to the other. Similarly structured plasmids were found in LO89
and LO271 (∼107 kb) (Figure 4A); they both belong to the

same sequence type, ST147. By visual inspection, it appears that
large regions of the plasmids of isolates LO63, LO64, LO89, and
LO271 (Figure 4A) are similar, further accentuated by the fact
that the blaNDM−1 gene is located at the same position. There
are however, other regions that are not the same, and the size
differs (plasmids from LO63, LO64, and LO89 were ∼125 kb
while the plasmid from LO271 was∼107 kb). The plasmids from
the other isolates do not match among each other (Figure 4B) or
with the plasmids in Figure 4A. In total, we therefore found seven
different plasmids carrying the blaNDM−1 gene.

DISCUSSION

Herein, we found 71 CRE in a period of 1 year with a lot of
CPE species from patients in the same hospital in Tehran, Iran,
and major dissemination of the blaNDM−1 and blaOXA−48 genes,
which might be considered endemic in the geographical area,
through the spread of conjugative plasmids.

The co-occurrence of NDM-1- and OXA-48-producing
Enterobacterales species is also considerable since the
identification of NDM-1 and OXA-48 producers in Iran
(Solgi et al., 2017b), Lebanon (Dandachi et al., 2016), and
Kuwait (Jamal et al., 2015) shows that these carbapenemases,
known to be widespread in the Indian subcontinent, may also
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TABLE 2 | Microbiological characteristics of nine clinical CPE isolates and their transconjugants.

Isolate Species ST MIC (mg/L) Antimicrobial
resistance phenotype

β-lactamase(s) Size of plasmids Inc
group

ERT MEM IPM

LO-35 E. coli 410 0.5 0/125 >4 CAZ, CTX, FEP, CIP OXA-48, CTX-M-15 ∼39 kb IncL/M

Tc-LO-35a – 0/125 0/125 >4 CAZ, CTX, FEP OXA-48, CTX-M-15 ∼39 kb IncL/M

LO-89 K. pneumoniae ST147 8 16 32 CAZ, CTX, FEP, AMK,
GEN, CIP

NDM-1, CTX-M-15, TEM,
SHV

104.8 ± 3.6 IncFII

Tc-LO-89a – 4 8 ND CAZ, CTX, FEP NDM-1, CTX-M-15, TEM – IncFII

LO-112 S. marcescens – 8 16 4 CAZ, CTX, FEP, CIP OXA-48, CTX-M-15, TEM,
SHV

∼39 kb IncL/M

Tc-LO-112a – 4 4 2 CAZ, CTX, FEP OXA-48, CTX-M-15, TEM ∼39 kb IncL/M

LO-149 K. pneumoniae ST15 8 32 32 CAZ, CTX, FEP, AMK,
GEN, CIP

NDM-1, OXA-48,
CTX-M-15, TEM, SHV

130.6 ± 3.2 IncFII,
IncL/M

Tc-LO-149a – 8 16 8 CAZ, CTX, FEP, AMK,
GEN

NDM-1, SHV 130.6 ± 3.2 IncFII

LO-155 K. pneumoniae ST893 8 32 32 CAZ, CTX, FEP, CIP NDM-1, OXA-48,
CTX-M-15, TEM, SHV

– IncL/M

Tc-LO-155a – 8 8 >4 CAZ, CTX, FEP OXA-48, CTX-M-15, TEM – IncL/M

LO-179 K. pneumoniae ST16 8 32 24 CAZ, CTX, FEP, AMK,
GEN, CIP

NDM-1, CTX-M-15, TEM,
SHV

– IncFII

Tc-LO-179a – 4 4 ND CAZ, CTX, FEP, AMK,
GEN

NDM-1, TEM – IncFII

LO-204 K. pneumoniae ST15 8 32 256 CAZ, CTX, FEP, AMK,
GEN, CIP

NDM-1, OXA-48,
CTX-M-15, TEM, SHV

140.2 ± 3.2 135.1 ± 3.0 IncFII,
IncL/M

Tc-LO-204a – 8 ND ND CAZ, CTX, FEP, AMK,
GEN

NDM-1, OXA-48, TEM,
SHV

140.2 ± 3.2 135.1 ± 3.0 IncFII,
IncL/M

LO-271 K. pneumoniae ST147 8 16 32 CAZ, CTX, FEP, AMK,
GEN, CIP

NDM-1, CTX-M-15, TEM,
SHV

107.4 ± 4.6 86.3 ± 4.8 IncFII

Tc-LO-271a – 4 8 ND CAZ, CTX, FEP NDM-1, CTX-M-15, TEM – IncFII

LO-273 E. cloacae ST78 8 32 24 CAZ, CTX, FEP, AMK,
GEN, CIP

NDM-1, CTX-M-15 – IncFII

Tc-LO-273a – 8 ND ND CAZ, CTX, FEP, AMK,
GEN

NDM-1 ∼50 kb IncFII

MIC, minimal inhibitory concentrations; ERT, ertapenem, MEM, meropenem; IPM, imipenem; CAZ, ceftazidime; CTX, cefotaxime; FEP, cefepime; AMK, amikacin; GEN,
gentamicin, CIP, ciprofloxacin, CST, colistin. aTc, E. coli K12 transconjugants selected in media containing 1 µg/ml MEM. Plasmid size for LO-89, LO-149, LO-204, and
LO-271 isolates was estimated by ODM; that for other isolates was estimated by plasmid preparation.

TABLE 3 | Clinical and ODM information about blaNDM−1-carrying plasmids in eight K. pneumoniae strains isolated from Loghman hospital in Tehran.

Strain no. MIC (µ g/ml) Species ST blaNDM−1 carrying plasmids (kbp)

ERT MEM IPM

LO-94 8 4 4 K. pneumoniae 16 126.3 + 5.1

LO-204 8 32 256 K. pneumoniae 15 140.2 ± 3.2 135.1 ± 3.0*

LO-271 8 16 32 K. pneumoniae 147 86.3 ± 4.8 107.4 ± 4.6

LO-247* 8 8 4 K. pneumoniae ND* 110.7 ± 2.5

LO-64 8 32 48 K. pneumoniae 893 125.4 ± 3.0

LO-63 8 32 32 K. pneumoniae 147 122.7 ± 2.9

LO-89 8 16 32 K. pneumoniae 147 104.8 ± 3.6

LO-149 8 32 32 K. pneumoniae 15 130.6 ± 3.2

*Did not carry blaNDM−1. ND, not determined.

be widespread in the Middle East. In our study, the majority of
the NDM-1- and OXA-48-producing Enterobacterales isolates
co-harbored at least one ESBL gene which is concordant with
previous reports (Torres-González et al., 2015; Solgi et al.,

2017a). In this study, nine carbapenem-resistant K. pneumoniae
were identified; this may be due to other resistance mechanisms
(e.g., more rare carbapenemases, porin loss, AmpC enzymes)
that were not investigated in detail in this study.
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FIGURE 4 | Plasmid barcodes of blaNDM−1-carrying plasmids in eight Klebsiella pneumoniae strains. Since the plasmids are linearized by Cas9-targeting blaNDM−1,
all barcode ends are where we locate the blaNDM−1 gene. For the samples containing two blaNDM−1 plasmids, sizes are written in brackets to differentiate the
plasmids. (A) Identical plasmids with the same sizes (∼125 kb) and the same location of blaNDM−1. (B) Plasmids encoding blaNDM−1 that do not match among each
other. LO-271 (107.4) and LO-64 were plotted here for reference.

The plasmid incompatibility types IncFII and IncA/C were
identified among the NDM-1-producing isolates, while only
IncL/M was detected among OXA-48 producers (Table 1).
These replicon types have been reported in Enterobacterales
species in many regions of the world (Brañas et al., 2015;
Guo et al., 2016; Kieffer et al., 2016; Solgi et al., 2017b). Also,
Weber et al. (2019) demonstrated that the potential transmission
of mobilized Tn125-like transposons with blaNDM−1 into
different plasmids among Enterobacterales species (Weber
et al., 2019). Conjugation assays were successful for all CPE
isolates and allowed the identification of blaOXA−48-carrying
plasmids belonging to the IncL/M incompatibility group in all
transconjugants, with the exception of Tc-LO-149 (Table 2). Also,
analysis of transconjugants showed that the blaNDM−1 carried
on transferable plasmids belonging to the IncFII and IncA/C
incompatibility group, respectively.

The identification of conjugative plasmids harboring
blaNDM−1 and blaOXA−48 genes in CRE isolates shows that these
plasmids contribute to the dissemination of carbapenemase
genes among Enterobacterales species. Therefore, resistance
to carbapenems in CRE isolates is likely to be associated with
the spread of these genes in this hospital, which is consistent
with previous studies (Jamal et al., 2016; Kieffer et al., 2016;
Solgi et al., 2017a).

Pulsed-field gel electrophoresis revealed that different
clones of carbapenemase-producing K. pneumoniae (CPKP)
were present, and there were two predominated clones that
were identified as ST147 and ST893, comprising 13 and 10
isolates, respectively. ST147 and ST893 have been circulating
in this hospital setting during the period of investigation,
indicating two separate outbreaks, with the ICU poisoning
acting as the epicenter. Indeed, hospital outbreaks of ST147
NDM-1-producing K. pneumoniae are common in Europe

(Bogaerts et al., 2011; Giske et al., 2012), whereas the outbreak
of OXA-48-producing ST893 K. pneumoniae was only reported
from Isfahan, Iran (Solgi et al., 2018).

The dominant endemic sequence type K. pneumoniae in our
study was ST147 which co-harbored NDM-1 and blaCTX−M−15,
blaTEM−1, and blaSHV−11,12,172 genes. As an internationally
successful sequence type, ST147 has previously been linked to
the spread of ESBLs (especially CTX-M-15), OXA-48, VIM, and
KPC and recently also to NDM-1 in various countries (Bogaerts
et al., 2011; Messaoudi et al., 2017). In addition, ST893, the second
most common sequence type in this study that co-harbored
blaCTX−M−15, blaTEM−1, and blaSHV−199, has also only been
reported in Iran among CPKP isolates which has been associated
with ESBL and carbapenemase genes (Solgi et al., 2018). Several
other STs were found among CPKP isolates, including ST16
(cluster A), ST377 (cluster C), ST15 (cluster D), ST11, ST23,
ST35, ST2012, ST657, and ST1308.

The four isolates of ST15 (cluster D) were isolated from
patients in four ward. All isolates carried blaNDM−1 in
combination of blaOXA−48 and blaCTX−M−15, blaTEM−1, and
blaSHV−106 genes. K. pneumoniae ST15 represents a single locus
variant of ST14 and is currently widely disseminated among
CTX-M-15- and OXA-48- or NDM-1-producing K. pneumoniae
isolates in different geographical regions (Poirel et al., 2014;
Kieffer et al., 2016; Ben et al., 2017; Jelić et al., 2017).

The four NDM-1- and one OXA-48-producingK. pneumoniae
in our study belonged to ST16 and were positive for blaCTX−M−15
and blaSHV−199 genes. It is noteworthy that OXA-48-producing
ST16 have also been described in K. pneumoniae that caused
outbreaks in two hospitals in different regions of Spain (Oteo
et al., 2013). Furthermore, two OXA-48- and one NDM-1-
producing K. pneumoniae were isolated from three patients
in two different ward. They belonged to ST377, which has
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previously not been reported as a carbapenemase producer.
Finally, one OXA-48-producing K. pneumoniae isolate that co-
carried blaCTX−M−15, blaTEM−1, and blaSHV−182 was identified
as ST11. The blaOXA−48-harboring IncL/M plasmids have been
mainly described in K. pneumoniae ST11 in different countries
including, Spain (Brañas et al., 2015), Taiwan (Ma et al., 2015),
and Greece (Voulgari et al., 2013).

Considering this study and our previous study in Isfahan
province (Solgi et al., 2018), the main K. pneumoniae STs that
were identified in Iran were ST893, ST11, and ST147. This
scenario suggests that these STs have likely been circulating
in Iran in recent years. Our results show that, in general, the
population structure of CP E. coli is more diverse than that
of CPKP, which is essentially similar to the findings of other
studies (Sartor et al., 2014; Kieffer et al., 2016; Solgi et al.,
2017b). We detected E. coli ST410, ST1431, ST3134, and ST5114
which have been reported as harboring blaOXA−48 and ESBL
genes. Moreover, we identified only one ST131 of E. coli which
harbored blaNDM−1, blaCTX−M−15, and blaTEM−1 genes. The
association of NDM-1 and ESBL genes with the pandemic
clone ST131 has been previously reported from several countries
(Peirano et al., 2011, 2014).

The two NDM-1-positive E. cloacae isolates were genetically
not related and belonged to two STs, ST78 and ST175, both
also carried blaCTX−M−15 and blaTEM−1 genes, while the five S.
marcescens isolates were considered identical (>99% similarity).
Interestingly, looking at the hospitalization ward from which the
patients originated, several infections were detected at the ICU
poisoning, with a total of five patients harboring this OXA-48-
producing S. marcescens strain which co-carried further beta-
lactamase genes (blaCTX−M−15, blaSHV−12, and blaTEM−1). Our
results showed that this OXA-48-producing S. marcescens strain
was isolated among inpatients who shared a room. Therefore, it
is possible that the spread of this strain from patient to patient
occurred. To the best of our knowledge, this is the first report
of an outbreak of OXA-48-producing S. marcescens that co-
harbored ESBL genes in Iran. A small hospital outbreak linked to
OXA-48-producing S. marcescens has been previously reported
in Lebanon (Hammoudi et al., 2014). The exact mechanism of
CPE spread in Iran is not well understood. Our previous study in
July to November 2015 in two university hospitals in Iran showed
that the rate of fecal carriage of CRE among inpatients is high
(37.9%) and predominant species were K. pneumoniae, E. coli,
E. cloacae, and Proteus mirabilis, which harbored the blaNDM−1
and blaOXA−48 genes (Solgi et al., 2017a). The circulation of
blaNDM−1 and blaOXA−48 carbapenemase genes in the general
population may result in a further spread by traveling and
continuous introduction into the hospitals.

In conclusion, findings of extensive analysis of plasmids in
the present study showed the enormous potential of spread of

carbapenemase genes by horizontal gene transfer via plasmids
and we identified the conjugative plasmids carrying the blaNDM−1
and blaOXA−48 genes in different Enterobacterales species that
co-produce ESBLs. Here, in one Tehran hospital, we report two
separate outbreaks of NDM-1-producing ST147 and OXA-48-
producing ST893 K. pneumoniae STs. Furthermore, an outbreak
with OXA-48-producing S. marcescens was observed. It is
necessary to continue epidemiological and active surveillance to
improve the control and prevention of infections associated with
CPE isolates in healthcare facilities.
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KPC-producing Klebsiella pneumoniae (KPC-KP) is the most widely spread
carbapenem-resistant Enterobacteriaceae (CRE) in China. Avibactam is a novel non-
β-lactam β-lactamase inhibitor which is highly active against KPC. Recently, ceftazidime-
avibactam (CAZ-AVI) was approved for clinical treatment in China. Here we conducted
a retrospective study to examine the antimicrobial susceptibility of CAZ-AVI prior to its
usage in China, and evaluated the potential to develop resistance in KPC-KP. CAZ-
AVI MICs were tested in 347 KPC-KP isolates collected from patients with no prior
treatment with this combination from six medical centers in China. Almost all isolates
(n = 346; 99.7%) were CAZ-AVI-susceptible, with only 12 (3.5%) which showed reduced
susceptibility (MIC ≥ 4/4 µg/ml) or resistance. The 12 isolates belong to ST11 and half
of them carry virulence genes. In comparison to susceptible isolates, these isolates
demonstrated higher blaKPC−2 copy numbers and expressions, and demonstrated
higher frequency of developing CAZ-AVI resistance.

Keywords: KPC, Klebsiella pneumoniae, ceftazidime-avibactam, antimicrobial susceptibility, antimicrobial
resistance

INTRODUCTION

With the widely use of carbapenem antibiotics, carbapenem-resistant Enterobacteriaceae (CRE)
have been increasingly detected worldwide. The production of carbapenemases is the leading cause
of carbapenem resistance in CRE. Klebsiella pneumoniae carbapenemase (KPC) is currently the
most widely spread carbapenemase in the world, including China (Nordmann and Poirel, 2014),
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while K. pneumoniae is the main clinical species producing KPC
(Zhang et al., 2017). KPC-type β-lactamases could hydrolyze
carbapenems and almost all β-lactam antibiotics, and traditional
β-lactamase inhibitors have limited effects on KPC (Papp-
Wallace et al., 2010). In addition, isolates producing KPC are
commonly resistant to many other clinical agents (Pollett et al.,
2014) due to the co-expression of several resistant determinants.
Novel treatments for infections caused by KPC-producing
K. pneumoniae (KPC-KP) are in urgent need.

Avibactam, a novel non-β-lactam β-lactamase inhibitor, had
a spectrum of activity against β-lactamase of classes A (e.g.,
KPC), C (AmpC), and selected D (e.g., OXA-48) enzymes (van
Duin and Bonomo, 2016). The combination of ceftazidime-
avibactam (CAZ-AVI) has been approved in clinical treatment
for KPC-producing Enterobacteriaceae by the United States
Food and Drug Administration (FDA) in 2015 (FDA, 2015).
In China, injectable CAZ-AVI (ZAVICEFTA R©) was recently
(May 2019) approved for the treatment of complicated intra-
abdominal infections (cIAI) and hospital-acquired pneumonia
(HAP), including ventilator associated pneumonia (VAP), caused
by multidrug resistant Gram-negative bacteria.

In this study, we examined the CAZ-AVI susceptibility of
KPC-KP from patients with no prior CAZ-AVI treatment history
in China and evaluated the potential of isolates with reduced
susceptibility to this combination to develop resistance through
in vitro selection experiments.

MATERIALS AND METHODS

Collection and Identification of
Carbapenem-Resistant K. pneumoniae
A total of 616 unique clinical K. pneumoniae displaying
carbapenem resistance which were defined as any isolate
displaying imipenem and/or meropenem MIC values of
>2 µg/ml based on CLSI guideline (Clinical and Laboratory
Standards Institute, 2018) were collected from September 2016 to
June 2018 from six tertiary hospitals in six different cities in China
including Chengdu (Southwest China), Kunming (Southwest
China), Guangzhou (Southern China), Yinchuan (Northwest
China), Suzhou (Eastern China), and Beijing (Northern China).
Species identification was performed by matrix-assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-
TOF MS) method using the Bruker Daltonics MALDI Biotyper
according to the instructions of manufacturer, and confirmed by
16S rRNA sequencing (Weisburg et al., 1991).

Detection of Carbapenemases, ESBLs
and Analysis of Porin Encoding Genes
Polymerase chain reaction (PCR) was performed to detect the
presence of carbapenemase-encoding genes (blaKPC, blaNDM ,
blaIMP, blaVIM , blaOXA−48) (Candan and Aksoz, 2015), the
extended-spectrum beta-lactamases (ESBLs) genes (blaCTX−M ,
blaSHV and blaTEM) (Bokaeian et al., 2015) and to amplify porin
encoding genes (ompK35 and ompK36) (Clancy et al., 2013)
in the carbapenem-resistant K. pneumoniae. The entire coding

sequences for these genes were then amplified using previously
published primers and conditions (Costa et al., 2009; Schechner
et al., 2009) and subjected to Sanger sequencing.

Determination of CAZ-AVI Minimal
Inhibitory Concentrations
The CAZ-AVI minimal inhibitory concentrations (MICs) were
determined using the broth microdilution method recommended
by CLSI (Clinical and Laboratory Standards Institute, 2018).
Escherichia coli ATCC 25922 was used as quality control
strain (Clinical and Laboratory Standards Institute, 2018). MICs
were interpreted according to CLSI breakpoints (Clinical and
Laboratory Standards Institute, 2018). A CAZ-AVI MIC of
≥4/4 µg/ml was used as the cut-off of reduced susceptibility to
CAZ-AVI for this study (Shen et al., 2017).

Antimicrobial Susceptibility Testing
In vitro susceptibility of the isolates with reduced CAZ-AVI
susceptibility against the commonly used clinical antimicrobials
was evaluated by Phoenix 100 Automated Microbiology
System and interpreted using CLSI (Clinical and Laboratory
Standards Institute, 2018) guidelines or European Committee
on Antimicrobial Susceptibility Testing (EUCAST) (for
moxifloxacin and colistin). A total of 20 antibiotics belonging to
11 classes of antimicrobials were tested, including carbapenems
(imipenem and meropenem), ureidopenicillin (piperacillin),
β-lactam/β-lactamase inhibitor complexes (amoxicillin-
clavulanate, ampicillin-sulbactam, and piperacillin-tazobactam),
cephalosporins (cefazolin, cefotaxime, ceftazidime, and
cefepime), monocyclic β-lactams (aztreonam), aminoglycosides
(gentamicin and amikacin), fluoroquinolones (ciprofloxacin,
moxifloxacin and levofloxacin), folate metabolic pathway
inhibitors (trimethoprim-sulfamethoxazole), chloramphenicol,
colistin, and tetracycline.

Collection of Clinical Information
The clinical information including city, age range, isolation date,
clinical department, sample, medical condition and outcome of
the patients from whom the carbapenem-resistantK. pneumoniae
was isolated was collected using EPIINFO software based on the
medical records.

Multilocus Sequence Typing (MLST)
Multilocus sequence typing (MLST) was conducted to investigate
the genetic relationships of the isolates with reduced CAZ-AVI
susceptibility. PCR followed by Sanger sequencing was used to
detect conserved housekeeping including gapA, infB, mdh, pgi,
phoE, rpoB, and tonB (Diancourt et al., 2005). Allelic profiles and
sequence types (STs) were determined using the K. pneumoniae
MLST database1.

Pulsed-Field Gel Electrophoresis (PFGE)
The clonal relatedness between the isolates with reduced
CAZ-AVI susceptibility was investigated by pulsed-field gel

1https://bigsdb.pasteur.fr/klebsiella/klebsiella.html
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TABLE 1 | Distribution of the regions and ceftazidime-avibactam MICs of the KPC-KP.

Regions No. (%) of K.
pneumoniae

No. (%) of
KPC-KP

No. (cumulative %) of KPC-KP inhibited at ceftazidime-avibactam MIC (µg/ml) MIC50

(µg/ml)
MIC90

(µg/ml)
≤0.125/4 0.25/4 0.5/4 1/4 2/4 4/4 8/4 16/4

Beijing 43 (7.0) 34 (79.1) – 3 (8.8) 4 (20.6) 16 (67.6) 5 (82.4) 3 (91.2) 3 (100.0) – 1/4 2/4

Chengdu 226 (36.7) 97 (42.9) 2 (2.1) 6 (8.2) 10 (18.6) 38 (57.7) 41 (100) – – – 1/4 2/4

Guangzhou 90 (14.6) 49 (54.4) – 4 (8.2) 2 (12.2) 20 (53.1) 21 (95.9) 2 (100.0) – 1/4 2/4

Kunming 148 (24.0) 119 (80.4) 3 (2.5) 1 (3.4) 6 (8.4) 68 (65.5) 38 (97.5) – 2 (99.2) 1 (100.0) 1/4 2/4

Yinchuan 62 (10.1) 23 (37.1) – 1 (4.3) 4 (21.7) 6 (47.8) 12 (100.0) – – – 2/4 2/4

Suzhou 47 (7.6) 25 (53.2) 1 (4.0) 1 (8.0) 4 (24.0) 13 (76.0) 5 (96.0) 1 (100.0) – – 1/4 2/4

Total 616 (100.0) 347 (56.3) 6 (1.7) 16 (6.3) 30 (15.0) 161 (61.4) 122 (96.5) 6 (98.3) 5 (99.7) 1 (100.0) 1/4 2/4

–, no isolates.

electrophoresis (PFGE) with XbaI-digested DNA using a CHEF
Mapper Power Module instrument (Bio-Rad, United States).
Conditions of electrophoresis were as follow: voltage 6V/cm,
running time 20 h, temperature 14◦C, and pulse times of 1–
40 s. Salmonella enterica serotype Braenderup H9812 was used
as size marker. The results were evaluated using GelJ v.2.0
analyzing software.

Investigation of the Capsular Types and
Virulence Genes
Multiplex PCR-II analysis was applied to investigate the capsular
types including K1, K2, KL64, KL47 (Yu et al., 2018), and
multiplex PCR-III analysis was performed to detect four virulence
genes previously described on the pLVPK virulence plasmid
namely rmpA, rmpA2, iroN, and iutA (Yu et al., 2018) in the
isolates with reduced CAZ-AVI susceptibility.

Quantitative Real-Time PCR (qRT-PCR)
and blaKPC Promoter Region Sequencing
A total of 16 isolates, including 8 isolates with reduced
susceptibility and 8 randomly selected susceptible isolates, were
examined by quantitative real-time PCR (qRT-PCR) to assess the
blaKPC−2 copy numbers relative to an internal K. pneumoniae
housekeeping gene, rpoB, as previously described (Kitchel et al.,
2010). The expression of blaKPC−2 in the same isolate set
was measured using DNA-free RNA preparations by qRT-
PCR as described previously (Ruzin et al., 2005; Doumith
et al., 2009). The statistical software used in this study
was Prism 5 (Graph Pad Software). In addition, the blaKPC
promoter regions from 12 isolates with reduced CAZ-AVI
susceptibility and the 8 randomly selected susceptible isolates
were amplified and sequenced using the primers (KPCpro-
F, 5′-AACGGTCGTATCAGCGACAT-3′ and KPCpro-R, 5′-
CGAGTTTAGCGAATGGTTCC-3′), covering the previously
described promoter regions in KPC-KP isolates from China
(Huang et al., 2019).

In vitro Selection Testing
All isolates underwent qRT-PCR detection, except for the
CAZ-AVI (MIC 16/4 µg/ml) resistant isolate (n = 15), were
subject to in vitro CAZ-AVI selective pressure testing, using a
previously described method (Rodriguez-Villodres et al., 2020).

TABLE 2 | Susceptibility of the 12 isolates against different antimicrobial agents.

Antimicrobial agenta Resistanceb ([n] %) MIC (µg/ml)

50% 90%

IPM 12 (100) >8 >8

MEM 12 (100) >8 >8

PIP 12 (100) >64 >64

AMC 12 (100) >16/8 >16/8

SAM 12 (100) >16/8 >16/8

TZP 12 (100) >64/4 >64/4

CZO 12 (100) >16 >16

CTX 12 (100) >32 >32

CAZ 12 (100) >16 >16

FEP 12 (100) >16 >16

ATM 12 (100) >16 >16

GEN 12 (100) >8 >8

AMK 12 (100) >32 >32

CIP 12 (100) >2 >2

MXF 12 (100) >4 >4

lEV 12 (100) >8 >8

SXT 5 (41.7) ≤0.5/9 >2/38

C 2 (16.7) ≤4 >16

CL 0 (0) ≤0.5 ≤0.5

TET 5 (41.7) 8 >8

a IPM, imipenem; MEM, meropenem; PIP, piperacillin; AMC, amoxicillin-clavulanate;
SAM, ampicillin-sulbactam; TZP, piperacillin-tazobactam, CZO, cefazolin; CTX,
cefotaxime; CAZ, ceftazidime; FEP, cefepime; ATM, aztreonam; GEN, gentamicin;
AMK, amikacin; CIP, ciprofloxacin; MXF, moxifloxacin; LEV, levofloxacin; SXT,
trimethoprim-sulfamethoxazole; C, chloramphenicol; CL, colistin; TET, tetracycline.
b CLSI M100-S28 interpretive criteria were used in all cases, with the exception of
MXF and CL, for which EUCAST breakpoints were used.

The 15 strains included 7 isolates with reduced susceptibility
(MIC ≥ 4/4 µg/ml) and 8 randomly selected susceptible isolates
(see above). In brief, in vitro selection was performed by
inoculation of ∼108 cfu in 2-ml LB broth containing CAZ-
AVI at the 0.5 × MICs followed by incubation for 24 h. This
procedure was repeated daily, each time doubling the CAZ-
AVI concentration up to a maximum of 8/4 µg/ml. Selected
colonies collected at different in vitro selection antibiotic levels
were subject to CAZ-AVI susceptibility testing. The isolates with
increased MICs ≥ 16/4 µg/ml after CAZ-AVI selection were
determined as selected CAZ-AVI resistance.

Frontiers in Microbiology | www.frontiersin.org 3 June 2020 | Volume 11 | Article 136524

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fm
icb-11-01365

June
19,2020

Tim
e:17:58

#
4

C
uietal.

R
educed

C
A

Z-AV
IS

usceptibility
in

K
P

C
-K

P

TABLE 3 | Clinical information of the 12 patients connected with the isolates with reduced susceptibility to ceftazidime-avibactam.

No. City Age range (y) Isolated date Clinical department Source Antibiotic treatment before isolated Carbapenem usage
(days)

Outcome

1758 Beijing 55–60 Mar. 2017 ICU Respiratory tract Carbapenems Meropenem (3) Deterioration

1762 Beijing 30–35 Mar. 2017 ICU Blood Carbapenems Meropenem (5) +
Imipenem (5)

Improve

1764 Beijing 35–40 Mar. 2017 ICU Intra-abdominal Piperacillin-tazobactam, cephalosporin – Improve

1768 Beijing 45–50 Mar. 2017 ICU Respiratory tract Carbapenems, piperacillin-tazobactam,
tigecycline

Meropenem (11) Improve

2321 Beijing 35–40 Apr. 2017 General ward Blood Carbapenems Imipenem (5) Cure

2322 Beijing 35–40 Apr. 2017 General ward Respiratory tract Carbapenems Imipenem (5) Cure

2477 Kunming 0–1 Sep. 2017 General ward Urinary tract Fluoroquinolone – Improve

2789 Kunming 0–1 Oct. 2017 General ward Urinary tract Piperacillin-tazobactam – Improve

2827 Kunming 0–1 Nov. 2017 General ward Urinary tract Piperacillin-tazobactam – Deterioration

1706 Guangzhou 60–65 Feb. 2017 ICU Blood Carbapenems, piperacillin-tazobactam,
vancomycin

Meropenem (7) +
Imipenem (1)

Improve

5152 Guangzhou 55–60 Sep. 2018 Organ transplantation
department

Blood Not clear – Not clear

3855 Suzhou 45–50 Apr. 2018 General ward Intra-abdominal Fluoroquinolone – Improve

“–”, no carbapenems was used.
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TABLE 4 | Molecular characteristics of the 12 KPC-KP with reduced susceptibility to ceftazidime-avibactam.

No. β-lactamases genes Virulence genes Sequence
type

Capsular
type

OmpK35 OmpK36

1758 blaKPC−2, blaCTX−M−65, blaSHV−12 rmpA, rmpA2,iutA,
iroN

ST11 KL64 Stop codon 134-135 GD

1762 blaKPC−2, blaCTX−M−65, blaSHV−12 rmpA, rmpA2,iutA,
iroN

ST 11 KL64 Stop codon 134-135 GD

1764 blaKPC−2, blaCTX−M−65, blaSHV−12 rmpA, rmpA2,iutA,
iroN

ST 11 KL64 Stop codon 134-135 GD

1768 blaKPC−2, blaCTX−M−65 rmpA, rmpA2,iutA,
iroN

ST 11 KL64 Stop codon 134-135 GD

2321 blaKPC−2, blaCTX−M−65, blaSHV−12 rmpA, rmpA2,iutA,
iroN

ST 11 KL64 Stop codon 134-135 GD

2322 blaKPC−2, blaCTX−M−65, blaSHV−12 rmpA, rmpA2,iutA,
iroN

ST 11 KL64 Stop codon 134-135 GD

2477 blaKPC−2, blaCTX−M−14, blaSHV−12 – ST 11 KL47 Stop codon 134-135 GD

2789 blaKPC−2, blaCTX−M−14 – ST 11 KL47 Stop codon 134-135 GD

2827 blaKPC−2, blaCTX−M−14, blaSHV−12 – ST 11 KL47 Stop codon 134-135 GD

1706 blaKPC−2, blaCTX−M−65, blaSHV−12 – ST 11 KL64 Stop codon 134-135 GD

5152 blaKPC−2, blaCTX−M−65 – ST 11 KL47 Stop codon 134-135 GD

3855 blaKPC−2, blaCTX−M−65 – ST 11 KL64 Stop codon 134-135 GD

“–”, negative for PCR detection.

FIGURE 1 | PFGE cluster analysis of the 12 KPC-KP with reduced susceptibility to ceftazidime-avibactam. 1758, 1762, 1764, 1768, 2321, and 2322 were from
Beijing sharing the same PFGE pattern. 2477, 2789, and 2827 were from Kunming, among which 2789 and 2827 were highly homologous (>90%). 1706 and 5152
were from Guangzhou. 3855 was from Suzhou.
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RESULTS

Distribution of the KPC-KP
The 616 non-duplicate clinical K. pneumoniae collected from
September 2016 to June 2018 were from Chengdu (226, 36.7%,
Southwest China), Kunming (148, 24.0%, Southwest China),
Guangzhou (90, 14.6%, Southern China), Yinchuan (62, 10.1%,
Northwest China), Suzhou (47, 7.6%, Eastern China), and Beijing
(43, 7.0%, Northern China). In this collection 347 (56.3%)
K. pneumoniae contained blaKPC, without coexistence of metallo-
β-lactamases genes, the majority of which were from Kunming
(119, 34.3%) followed by Chengdu (97, 28.0%), Guangzhou (49,
14.1%), Beijing (34, 9.8%), Suzhou (25, 7.2%), and Yinchuan (23,
6.6%) (Table 1).

Antimicrobial Susceptibility of KPC-KP
Minimal inhibitory concentrations of CAZ-AVI inhibiting KPC-
KP ranged from ≤0.125/4 to 16/4 µg/ml, with only one
strain which was resistant (16/4 µg/ml) according to the CLSI
breakpoint (Clinical and Laboratory Standards Institute, 2018).
The MIC50 was 1/4 µg/ml and MIC90 was 2/4 µg/ml (Table 1).
We then used CAZ-AVI MIC of ≥4/4 µg/ml as the cut-off of
reduced susceptibility to CAZ-AVI for this study (Shen et al.,
2017). A total of 12 KPC-KP were found to have a CAZ-AVI
MIC value≥ 4/4 µg/ml with high level resistance to carbapenems
(meropenem MICs ≥ 256 µg/ml) (Table 1).

These 12 isolates showed resistance to nearly all tested
antimicrobials except trimethoprim-sulfamethoxazole (41.7%),
chloramphenicol (16.7%), colistin (0%), and tetracycline
(41.7%) (Table 2).

Clinical Information
The 12 isolates were obtained from distinct patients aged between
0 and 65 years old. They were from Beijing (n = 6), Kunming
(n = 3), Guangzhou (n = 2), and Suzhou (n = 1). Four out of
six Beijing isolates were collected from patients in ICU wards
within the same month. In addition, most of these patients
received empirical antibiotic treatments before these isolation of
strains. Among them, carbapenems were the most commonly
used antibiotic, followed by piperacillin-tazobactam (Table 3).

Detection of ESBL and Virulence Genes
and Capsular Genotyping
These 12 isolates contain ESBLs genes including blaCTX−M−65
(n = 9), blaCTX−M−14 (n = 3) and blaSHV−12 (n = 8). In addition,
the results of multiplex PCR showed that 6 isolates from Beijing
were positive for the four virulence genes, namely rmpA, rmpA2,
iroN, and iutA. Eight isolates belonged to capsular type KL64 and
the other 4 isolates were from KL47 (Table 4).

MLST Sequence Types and PFGE
Patterns
Multilocus sequence typing results showed that all 12 isolates
belonged to ST11. Furthermore, these 12 isolates were
investigated by PFGE. As shown in Figure 1, the 6 isolates
from Beijing shared the same PFGE pattern. In addition, 2 of

the 3 isolates from Kunming were highly homologous (>90%,
dice similarity coefficient). The other isolates demonstrated
different pulsotypes.

Outer Membrance Porin Gene Sequence
Analysis
Sequencing of the outer membrane porin genes ompK35 and
ompK36 showed that all 12 isolates contain a mutant OmpK35,
with a premature stop codon at amino acid position 63, as
well as a mutant OmpK36, due to the glycine and aspartic acid
duplication at amino acid 134 (134–135 GD insertion). However,
the OmpK35 and OmpK36 gene sequences of 8 randomly
selected susceptible K. pneumoniae ST11 isolates showed the
same genotypes (OmpK35 stop codon and OmpK36 134–
135 GD insertion) as those of the 12 isolates with reduced
CAZ/AVI susceptibility.

Mechanism of Reduced CAZ-AVI
Susceptibility
Polymerase chain reaction detection and Sanger sequencing
showed that the 12 isolates all harbored wild-type blaKPC−2.
Examination of the blaKPC−2 promoter regions failed to
identify any mutations in comparison to the sequences
from the susceptible strains. The results of qRT-PCR
showed that the relative blaKPC−2 copy numbers in the
reduced susceptibility group were significantly higher than
those in the susceptibility group (2.6-fold, P = 0.0004)
(Figure 2A). In addition, the relative expressions of
blaKPC−2 in the reduced susceptibility group were
3.9-fold higher than those in the susceptibility group
(P = 0.0034) (Figure 2B).

In vitro Selection Testing
The in vitro selection experiments showed that 4 of the 7
isolates with reduced susceptibility developed resistance to CAZ-
AVI at the selection concentration of 2/4 µg/ml, and all 7
isolates developed resistance to CAZ-AVI with MICs ranging
from 32/4 to 256/4 µg/ml when the selection concentration
reached 4/4 µg/ml. By contrast, no isolates were developed to
be resistance to CAZ-AVI in the susceptibility group, and all
eight isolates stopped growing when the selection concentration
reached 8/4 µg/ml.

DISCUSSION

At present time, KPCs are the most common carbapenemases
identified worldwide especially in K. pneumoniae from China
(Nordmann and Poirel, 2014). Due to the limited therapies, the
detection rate of KPC-KP in China demonstrated a continuous
upward trend (Hu et al., 2016). In this study, CAZ-AVI showed
potent in vitro activities against KPC-KP, which agreed with
previous studies (de Jonge et al., 2016; Spiliopoulou et al., 2020).
However, ∼3% isolates displayed reduced susceptibility to CAZ-
AVI (MIC≥ 4/4 µg/ml) despite they were obtained from patients
without previous CAZ-AVI treatment history. Notably, these
isolates also showed high level resistance to carbapenems.

Frontiers in Microbiology | www.frontiersin.org 6 June 2020 | Volume 11 | Article 136527

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01365 June 19, 2020 Time: 17:58 # 7

Cui et al. Reduced CAZ-AVI Susceptibility in KPC-KP

FIGURE 2 | Relative blaKPC−2 copy numbers and expressions in susceptible and reduced susceptibility isolates. (A) Relative blaKPC−2 copy numbers in selected
isolates. ***P = 0.0004, Unpaired t test with Welch’s correction. (B) Relative blaKPC−2 expressions in selected isolates. **P = 0.0034, Unpaired t test with Welch’s
correction.

In 2018, a fatal outbreak caused by ST11 KPC-KP with
acquisition of a pLVPK-like virulence plasmid that increased the
virulence of these isolates was reported (Gu et al., 2018). In our
study, half of the isolates with reduced CAZ-AVI susceptibility
contained several known virulence genes, suggesting that
these isolates may have increased virulence, which should be
closely monitored.

Since the previously reported gene mutations (e.g., D179Y)
associated to CAZ-AVI resistance (Giddins et al., 2018)
weren’t found in the blaKPC−2 genes, this study suggested
that mechanisms other than blaKPC−2 gene mutation were
underlying the reduced CAZ-AVI susceptibility among these
isolates. OmpK35/36 defects had previously been reported
to lead to reduced susceptibility or resistance to CAZ-
AVI in KPC-KP (Nelson et al., 2017). In this study, our
results showed 12 isolates with reduced CAZ-AVI susceptibility
contained OmpK35 and OmpK36 gene mutations, however,
the same gene mutations were also found in the susceptible
strains, which suggested that OmpK35/36 defects may only
partially contribute to the reduced CAZ-AVI susceptibility
among those 12 strains, while additional mechanisms may
be involved. Our results demonstrated that the blaKPC−2
copy numbers and expressions in the reduced susceptibility
group were significantly higher than those in the susceptibility
group. We therefore suspected that the reduced CAZ-AVI
susceptibility in these strains was likely due to the higher
blaKPC−2 copy numbers and gene expressions, in combination
to the OmpK35/36 defects. The results were consistent
with some previously published studies (Shen et al., 2017;
Zhang et al., 2020). The higher copy numbers of blaKPC−2
may potentially result from the high copy numbers of
the plasmids carrying blaKPC (Roth et al., 2011) and/or

a duplication of mobile genetic elements associated with
blaKPC (Coppi et al., 2020). Since the examination of the
blaKPC−2 promoter regions failed to identify any mutations,
the higher blaKPC gene expression may potentially be affected
by the higher copy numbers of blaKPC or other gene
regulatory mechanisms. Further studies, including whole genome
sequences, are needed to explore the molecular mechanisms
underlying the higher blaKPC−2 copy numbers and gene
expressions among those strains.

Shields et al. (2017) has reported on the acquisition of CAZ-
AVI resistance among ST258 KPC-KP during treatment in the
United States. After that, (Raisanen et al., 2019) isolated a ST39
KPC-KP that was resistant to CAZ-AVI after this combination
treatment. In China, ST11 KPC-KP is commonly prevalent (Chen
et al., 2014; Zhang et al., 2017). In this study, the ST11 KPC-
KP with reduced susceptibility were more prone to develop
CAZ-AVI resistance compared to susceptible isolates under the
pressure of CAZ-AVI exposing.

Taken together, our study demonstrated that CAZ-AVI
has potent in vitro activities against KPC-KP in China and
highlighted the clinical significance of the isolates with reduced
susceptibility to CAZ-AVI isolated from patients without
previous CAZ-AVI treatment history. Our results suggested
that the optimal clinical usage of CAZ-AVI should be guided
by the in vitro susceptibility results in order to prevent
selection resistance.
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Objectives: Carbapenemase-producing Klebsiella pneumoniae (CP-Kp) is a major
cause of infections in transplanted patients and has been associated with high mortality
rates in this group. There is a lack of information about the Brazilian structure population
of CP-Kp isolated from transplanted patients. By whole-genome sequencing (WGS),
we analyzed phylogeny, resistome, virulome of CP-Kp isolates, and the structure of
plasmids encoding blaKPC−2 and blaNDM−1 genes.

Methods: One K. pneumoniae isolated from each selected transplanted patient
colonized or infected by CP-Kp over a 16-month period in a hospital complex in Porto
Alegre (Brazil) was submitted for WGS. The total number of strains sequenced was
80. The hospital complex in Porto Alegre comprised seven different hospitals. High-
resolution SNP typing, core genome multilocus sequence typing (cgMLST), resistance
and virulence genes inference, and plasmid reconstruction were performed in 80 CP-Kp.

Results: The mortality rate of CP-Kp colonized or infected transplanted inpatients
was 21.3% (17/80). Four CP-Kp epidemic clones were described: ST11/KPC-2,
ST16/KPC-2, and ST15/NDM-1, all responsible for interhospital outbreaks; and
ST437/KPC-2 affecting a single hospital. The average number of acquired resistance
and virulence genes was 9 (range = 2–14) and 27 (range = 6–36), respectively. Two
plasmids carrying the blaKPC−2 were constructed and belonged to IncN and IncM types.
Additionally, an IncFIB plasmid carrying the blaNDM−1 was described.
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Conclusion: We detected intrahospital and interhospital spread of mobile structures
and international K. pneumoniae clones as ST11, ST16, and ST15 among transplanted
patients, which carry a significant range of acquired resistance and virulence genes and
keep spreading across the world.

Keywords: transplanted patients, blaKPC−2, blaNDM−1, whole-genome sequencing, cgMLST, epidemic clones

INTRODUCTION AND OBJECTIVE

Carbapenemase-resistant Enterobacterales (CRE) infection or
colonization is a threat to organ transplant recipients (OTRs).
The mortality rates in OTR range from 30% to 50% in infections
caused by CRE (Satlin et al., 2014; Xu et al., 2017), and when
it is focused only in Klebsiella pneumoniae, this risk of death
increases 10-fold (Brizendine et al., 2015; Lanini et al., 2015),
resulting in a worldwide public health emergency, because
these microorganisms have been reported in all continents
(Nordmann et al., 2011; Satlin et al., 2014). In 2017, the World
Health Organization (WHO) released a report (World Health
Organization [WHO], 2017b) that marked carbapenem-resistant
K. pneumoniae (CR-Kp) as a matter of international concern
as one of the major causes of hospital-acquired infections. In
addition, CR-Kp was also included in the global priority list of
antibiotic-resistant bacteria as a critical pathogen by the WHO
(World Health Organization [WHO], 2017a).

The most important mechanisms of carbapenem resistance
in Enterobacteriaceae are the plasmid-borne carbapenemases.
The most common carbapenemases in Enterobacteriaceae are
K. pneumoniae carbapenemase (KPC; class A); Verona integron-
encoded metallo-β-lactamase, imipenemase, and New Delhi
metallo-β-lactamase (NDM; class B); and the OXA-48 types (class
D). Many carbapenemase genes are carried in different plasmid
types (Poirel et al., 2011; Pitout et al., 2015; Raro et al., 2019).

The first study to report the detection of carbapenemases in
Brazil was published in 2009 (Monteiro et al., 2009) and described
the presence of KPC-2 in K. pneumoniae from four patients in
the city of Recife, Pernambuco, Brazil, 10 years after the first
detection of KPC-2 in the world, in North Carolina, United States
(Yigit et al., 2001; Queenan and Bush, 2007). Subsequently,
KPC-2 has been described in other species of Enterobacterales
distributed throughout the country, but K. pneumoniae is the
most frequent species carrying carbapenemases. New Delhi
metallo-β-lactamase was first detected in 2008 in a Swedish
patient who traveled to New Delhi, India (Yong et al., 2009);
5 years later came the first report of an NDM producer strain
in Brazil, which was Providencia rettgeri isolated from a patient
in the city of Porto Alegre, Rio Grande do Sul, Brazil (Carvalho-
Assef et al., 2013). After 2009, sporadic cases of carbapenemase-
producing Enterobacteriaceae (CPE) were described in Brazil,
including the coproduction of NDM-1 and KPC-2 (Pereira et al.,
2015; Quiles et al., 2015).

Dissemination and outbreaks caused by KPC- and NDM-
producing K. pneumoniae isolates have been reported, but we
call attention to the scarcity of reports of CPE isolates colonizing
or infecting transplanted patients reported so far (Taglietti et al.,
2013; Lee et al., 2018).

In the present study, we aimed to describe the phylogeny,
resistome, virulome, and the plasmids encoding blaKPC and
blaNDM of CP-Kp strains isolated from transplanted inpatients in
a tertiary hospital complex from the city of Porto Alegre, Brazil.

MATERIALS AND METHODS

Clinical Data and Strain Collection
In this study, a total of 80 transplanted inpatients admitted to a
1,000-bed tertiary hospital complex in Porto Alegre, from August
2017 to November 2018 were screened in an active surveillance
program to detect carbapenemase-producing K. pneumoniae.
During this surveillance program, rectal swabs of all patients
were collected and screened in admission and once a week for
detection of CPE. At the laboratory, a screening procedure was
performed using disk diffusion to detect carbapenem resistance.
If reduced susceptibility was observed, the isolates were subjected
to CarbaNP phenotypic test (Nordmann et al., 2012) following
complex hospital’s infection control service and microbiology
laboratory recommendations. The hospital complex made up of
seven different specialist hospital buildings, including a national
referral transplant hospital, and is responsible for providing
services to the metropolitan region of Porto Alegre, which
comprises more than 4 million people in the south of Brazil
(Instituto Brasileiro de Geografia e Estatística [IBGE], 2010).
The criteria used to include the patients were as follows: (1)
to be a solid organ or marrow bone transplanted patient;
(2) to be admitted to the hospital complex during August
2017 and November 2018, and (3) to be colonized by CP-
Kp after the transplant surgery (post-operative period). Patient
movement networks among the hospitals were characterized
through Inkscape v0.92.4 vector graphics editor1.

One CP-Kp isolate per patient was collected always in the
post-operative period. Infection isolates were prioritized over
colonization isolates when both were present. When multiple
isolates were detected from different infection sites from
the same patient, isolates collected from invasive infections
(blood) were always prioritized over isolates from other
non-invasive sites. And, when multiple isolates from the
same clinical site were present, the first isolate collected was
prioritized. The identification of the strains and carbapenemase
production was confirmed using MALDI-TOF MS (matrix-
assisted laser desorption ionization time of flight; Bruker
Daltonics, BD, Bremen, Germany) and CarbaNP phenotypic
test (Nordmann et al., 2012) after detection of reduced
susceptibility to at least one carbapenem antibiotic by disk

1http://www.inkscape.org/
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diffusion. Disk diffusion tests were then performed for other
antimicrobial agents (ampicillin, piperacillin-tazobactam,
ampicillin-sulbactam, cefazolin, cefuroxime, cefepime, amikacin,
gentamicin, ciprofloxacin, norfloxacin, nitrofurantoin, and
sulfamethoxazole-trimethoprim) in all clinical isolates according
to the Clinical and Laboratory Standards Institute (CLSI)
guidelines (Clinical and Laboratory Standards Institute, 2018).
The reference strains used in the disk diffusion technique
were Escherichia coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27853 and K. pneumoniae ATCC 700603. For CarbaNP
assay, K. pneumoniae ATCC BAA-1705 and K. pneumoniae
ATCC BAA-1706 were used as positive and negative controls,
respectively, according to the CLSI guidelines (Clinical and
Laboratory Standards Institute, 2018). This strategy was
performed according to the complex hospital’s infection
control service and microbiology laboratory recommendations.
Whole-genome sequencing (WGS) was performed in all
80 CP-Kp isolates.

DNA Extraction, Genomic Library
Preparation, and Sequence Analysis
DNA from the isolates was extracted using a QIAamp R© DNA mini
kit (Qiagen R©, Hilden, Germany) according to the manufacturer’s
instructions. Genomic DNA paired-end libraries were generated
using the Nextera XT DNA sample preparation kit (Illumina Inc.,
San Diego, CA, United States). These libraries were sequenced
using the Illumina HiSeq 500 next-generation sequencer with
2 × 150-bp paired-end reads (Illumina Inc). Raw sequence
data were submitted to the European Nucleotide Archive
(PRJEB34380). The quality of the high-throughput sequence data
was assessed by FastQC (Andrews, 2010), and these short reads
were subsequently assembled de novo into contigs using SPAdes
3.9.0 (Bankevich et al., 2012) testing five different kmers under
parameters optimized to give the best assembly, which quality
was evaluated by QUAST2 (Gurevich et al., 2013). Scaffolding
was performed with SSPACE (Boetzer et al., 2011), and GapFiller
was used to close sequence gaps (Nadalin et al., 2012). Automatic
de novo annotation of draft genomes was done using Prokka
v1.12-beta (Seemann, 2014).

Illumina sequence reads of K. pneumoniae isolates were
mapped to the chromosome of K. pneumoniae NTUH-K2044
(accession no. NC_012731.1) using Snippy to detect SNPs
among all samples3. Additionally, Gubbins software was used to
eliminate recombinant regions (Croucher et al., 2015). Sequence
reads were mapped to an average of 91.97% of the reference
genome, with a mean depth of 153x in mapped regions across
the isolates. Finally, we generated a concatenated alignment with
52,139 SNP sites. Whole-genome sequencing quality data are
detailed in Supplementary Table S1.

Phylogenetic Analysis
A core genome multilocus sequence typing (cgMLST) that relies
on species-specific schemes with a fixed number of chromosomal
target genes was applied. For K. pneumoniae, we applied a

2http://quast.sourceforge.net/quast
3https://github.com/tseemann/snippy

published and public scheme of 2,567 genes (Pérez-Vázquez
et al., 2019). This scheme was used to compare K. pneumoniae
Brazilian isolates with all publicly available complete genomes
of K. pneumoniae of the same STs. A minimum spanning tree
was reconstructed through Ridom SeqSphere+ software (Ridom
GmbH, Münster, Germany) to analyze the results.

A maximum likelihood phylogenetic tree was reconstructed
using SNPs within the core genome using RAxML v7.0.4
(Stamatakis, 2006) with a general time-reversible model and
gamma correction for among site rate variation. The SNP
alignment of each sequence type was used to recalculate
individual maximum likelihood phylogenetic trees. The support
for the nodes on the trees was assessed using 100 bootstrap
replicates. MEGA X software (Kumar et al., 2018) was used to
detect SNPs among all samples.

Analysis of Antimicrobial Resistance,
Virulence Genes, and Plasmid
Reconstruction
Antimicrobial resistance genes were analyzed using
ResFindertool (CGE server)3 with an ID threshold of 98%
except for β-lactamase variants, which were determined with
a 100% identity. Additionally, SRST2 (Inouye et al., 2014) was
used to detect resistance genes and alleles with the ARGannot
database (Gupta et al., 2014). Virulence genes were identified
using the BIGSdb-Kp database (Institut Pasteur, last accessed
March 2019)4 (Bialek-Davenet et al., 2014). Capsule K-locus
and LPS O-antigen typing were characterized using WGS data
through Kaptive tool (Wyres et al., 2016; Wick et al., 2018)5. To
reconstruct the plasmids of each genome, an in-house script was
used6 as described (Pérez-Vázquez et al., 2019).

RESULTS AND DISCUSSION

Clinical and Demographic Data
The 80 selected inpatient gender and mean age (standard
deviation) were 33.8 and 66.3%, female and male, respectively,
and 54 (±13.8) years old. The patients were submitted to different
transplants, with kidney being the most prevalent type of surgery,
representing 61.3%, followed by lung and liver in second and
third place with 17.5 and 16.3% of frequency, respectively. All
transplant types are listed in the Supplementary Table S1.

The patients included in the study were admitted to four of
the seven hospitals from the complex. The number of patients
admitted in each hospital was as follows: hospital A (HA) (61/80,
76.3%), hospital B (HB) (14/80, 17.5%), hospital C (HC) (1/80,
1.3%), and hospital D (HD) (4/80, 5.0%). Complete details of
the hospital and units are in the Supplementary Table S1. The
mortality rate of transplanted patients colonized or infected by
CP-Kp was 21.3% (Supplementary Table S1).

4http://bigsdb.pasteur.fr
5https://github.com/katholt/Kaptive
6https://github.com/BU-ISCIII/plasmidID
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Bacterial Isolates
The 80 selected CP-Kp samples were collected from different
sources, being 40% from surveillance rectal swabs and named
as colonizing CP-Kp. Isolates obtained from clinical specimens
were 21.2% from urine, 20.0% from the bloodstream, 16.2%
from respiratory samples, 1.3% from abdominal liquid, and 1.3%
from catheter tip (Supplementary Table S1). The carbapenemase
genes detected were blaKPC−2 (71 isolates, 88.8%), and blaNDM−1
(nine isolates, 11.2%). The isolates were assigned to eight
different STs: (1) ST11 with 62.5% of the isolates, (2) ST258
with 3.75%, (3) ST437 with 10%, these three STs were part of
the clonal complex 11/258 (CC11/258); (4) ST15 with 8.75%,
(5) ST4019 with 2.5%, both genetically related and the only
carrying blaNDM−1; (6) ST16 with 10%, (7) ST17 with 1.25%,
both STs are part of the clonal complex 17 (CC17); and (8) ST39
with 1.25%. Isolates belonging to CC 11/258 are predominant
in Brazil, as in the present study. On the other hand, other
Brazilian studies described the presence of ST15 CP-Kp isolates,
but to the best of our knowledge, isolates of these studies were
not associated to blaNDM−1, as described here (Gonçalves et al.,
2017; Andrade et al., 2018). ST39 was not reported in previous
studies with isolates obtained from patients in Brazil, and only
individual cases of ST39 producing blaKPC−2 or blaNDM−16 were
reported in two different studies from China (Liu et al., 2017;
Xie et al., 2020).

Antibiotic resistance was observed against ampicillin, pipe-
racillin-tazobactam, ampicillin-sulbactam, cefazolin, cefuroxime,
cefepime, imipenem, meropenem, ertapenem, ciprofloxacin,
norfloxacin, and nitrofurantoin to all CP-Kp isolates. On
the other hand, 93.7% of the isolates were susceptible to
amikacin, 18.7% to gentamicin, and 2.1% to sulfamethoxazole-
trimethoprim. Susceptibility profiles of all clinical CP-Kp isolates
are detailed in Supplementary Table S1. We recognize that the
use of diffusion tests, instead of microdilution tests, can limit
the definition of the resistance profile. However, agar diffusion
tests are reliable and endorsed by both European Committee
on Antimicrobial Susceptibility Testing and CLSI (Clinical and
Laboratory Standards Institute, 2018; The European Committee
on Antimicrobial Susceptibility Testing [EUCAST], 2018).

Phylogenetic Analysis of KPC-Kp and
NDM-Kp
Genome assemblies of the sequenced K. pneumoniae were
analyzed by a gene-by-gene approach (Bialek-Davenet et al.,
2014), together with all publicly available complete genomes of
K. pneumoniae of the same STs; the allelic distance from cgMLST
was visualized in a minimum spanning tree (Figure 1A). The
results of allelic distances shown in Brazilian isolates had a
population average difference of 836 (0–2,005) alleles and
clustering into five groups (clusters 1–5). Four outbreaks (A–D)
were detected when the following threshold was applied; less
than 15 alleles distance in a pairwise comparison among all
isolates (Lepuschitz et al., 2019; Miro et al., 2020). The isolates
included in each outbreak presented an average difference of 12
(range = 0–25), 5 (range = 0–11), 4 (range = 0–11), and 2

(range = 0–5) alleles, in outbreak A (ST11/KPC-2), B
(ST437/KPC-2), C (ST16/KPC-2), and D (ST15/NDM-1),
respectively. Outbreak A was due to 47 isolates (colonizing
32%; clinical specimens 68%). They differed from outbreaks
B, C, and D by an average of 355 (range = 346–363), 1,942
(range = 1,915–1,947), and 2,000 (range = 1,968–2,005) alleles.
Outbreak B included six isolates (colonizing 66.7%; clinical
specimens 33.3%); they differed from C and D by an average of
1,951 (range = 1,951–1,952) and 1.993 (range = 1,990–1,994).
Outbreak C was due to seven isolates (colonizing 14.3%; clinical
specimens 85.7%) that differed from outbreak D by an average
of 1,991 (1,990–1,993) alleles. Outbreak D was due to five
isolates (colonizing 80.0%, clinical specimens 20.0%). Both
outbreaks A and B could maintain themselves during all the
four collection quarters of sample collection. Outbreak A was
present in three hospitals of the hospital complex (HA, HB,
and HD) while outbreak B was present only in HA. Outbreak
C was present in three hospitals (HA, HB, and HC) and started
in the second period of sample collection and persisted until
the end. Outbreak D was present in two hospitals (HA and
HB) and started in the second half of the sample collection
period (Figure 2B). Three outbreaks (A, C, and D) were present
in at least two hospitals, suggesting that these K. pneumoniae
high-risk clones (ST11/KPC-2, ST16/KPC-2, and ST15/NDM-1)
were capable of interhospital spread and could be responsible
for interregional and international spread, as reported elsewhere
(Munoz-Price et al., 2013; Wu et al., 2019). We also compared
CP-Kp isolated in this study with K. pneumoniae isolates
of the same STs from other geographic regions; no isolate
from another country was detected as a related clone with
the Brazilian isolates; thus, we can affirm that we have the
dissemination of geographically well-settled clones in our
country (Figure 1A).

A maximum likelihood phylogenetic tree was reconstructed
using 52,139 high-quality SNPs that were identified with
reference to the sequence of K. pneumoniae strain NTUH-
K2044 (Figure 1B). The general population presented SNP
approximation average of 4,609 (0–11,982) SNPs and a clustering
in five groups (clusters 1–5), similar to the clusters described
previously with cgMLST analysis. The isolates were also grouped
into four outbreaks (A–D). The isolates included in each
outbreak presented an average difference of 16 (range = 0–
31), 5 (range = 0–8), 7 (range = 1–17), and 1 (range = 0–
3) SNPs, in outbreaks A (ST11/KPC-2), B (ST437/KPC-2),
C (ST16/KPC-2), and D (ST15/NDM-1), respectively. Both
techniques used to access the phylogeny of the CP-Kp isolates
resulted in the same clusters and outbreaks. When a high-
quality SNP approach was used, high diversity was found in
isolates that belonged to ST11; this fact could be supported
by the idea that some of these SNPs arose because of
recombination events [30]. Patient movement networks between
hospitals revealed that 45 of 47 patients involved in outbreak
A were hospitalized at least once in the HA. Moreover, patient
movement networks also revealed that after hospitalization
patients could be moved once, twice, or even three times
among the hospitals. Hospital A was a source hospital in
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FIGURE 1 | Continued
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FIGURE 1 | (A) Minimum spanning tree. Distance based on an ad hoc cgMLST of 2567 genes. Each colored circle indicates the hospital origin of the isolates; more
than one isolate is indicated with its respective quantities in numbers, and non-colored circles are isolates from other countries. Red shadow indicates outbreak, blue
dashed circles indicate cluster, black dashed circles represent sequence types, and red dashed circles represent clonal complex. Distances are not in scale.
(B) Maximum likelihood tree showing the relationship between isolates, branch lengths are indicative of the number of SNPs. Colored strips in (from left to right)
transplant type, invasive infection, clinical outcome, cluster, carbapenemase type, plasmid type carrying the blaKPC−2 or blaNDM−1 genes, and ESBL type. Nodes are
colored according to the outbreak caused by the isolates. Reference: K. pneumoniae NTUH-K2044 (accession no. NC_012731.1).

64.5% of the patient movements, thus being a significant
reservoir to disseminate and acquire resistance features in
CP-Kp (Figure 2A).

Resistance and Virulence Genes in
CP-Kp
In the 80 CP-Kp isolates studied, the average number of
acquired resistance genes (ARGs) was 9 (range = 2–14,
Supplementary Table S1 and Figure 3). Seventy-one (88.8%)
carried blaKPC−2, and nine (11.2%) carried blaNDM−1. Extended
spectrum β-lactamases genes (ESBL) identified in these isolates
were as follows: 23 (28.7%) isolates carried blaCTX−M−2, 20
(25%) blaCTX−M−15, 5 (6.2%) blaCTX−M−8, 4 (5%) blaCTX−M−14,
1 (1.3%) blaCTX−M−35, and 1 (1.3%) isolate carried blaSHV−40.
Coproduction with ESBL was detected in 62% of blaKPC−2
K. pneumoniae and in 100% of blaNDM−1 K. pneumoniae
isolates. No plasmid-encoded AmpC genes were identified in
our isolates. The predominant genes encoding aminoglycoside-
modifying enzymes were N-acetyltransferases, being the most
frequent aac(3′)-IIa (65%), aac(6′)-Ib3 (55%), and aac(6′)-
Ib-cr (17.5%). Three isolates (3.7%) carried acquired 16S
rRNA methyltransferase rmtB; all these isolates were blaKPC−2
producers and belonged to ST258. Plasmid-mediated quinolone
resistance qnr-like determinants were detected in 18.8% of the
isolates, being qnrS1 the most frequent (11.3%). One study
that performed WGS in 10 KPC-2-producing K. pneumoniae
selected from different cities and states of Brazil found a
high frequency of qnr-like resistant determinants (100%) and
blaCTX−M genes (80%) (Fuga et al., 2019). In contrast, we
found only 8.4% and 62% of qnr-like determinants and
blaCTX−M genes, respectively. Chloramphenicol acetyltransferase
catA1 and catB4 were the most frequent phenicol resistance
mediators, being detected in 57.5 and 22.5% of the isolates,
respectively. The dihydropteroate synthases associated with
sulfonamide resistance also were detected; 67.5% presented sul1
and 15.0% sul2; moreover, 2.5% of the isolates presented both
sul1 and sul2 genes. The dihydrofolate reductases associated
with trimethoprim resistance were detected in 98.8% of
the isolates, being the most frequent dfrA30 (77.5%). The
isolates of outbreaks B and D presented a higher average
number of ARGs when comparing with the isolates from
the other outbreaks (outbreak B: average = 12, range = 12–
12; outbreak D: average = 12, range = 10–13, outbreak
C: average = 9, range = 8–10; outbreak A: average = 8,
range = 2–9). To summarize, the most frequent ARG profile
was as follows: aac(3′)-IIa, aac(6′)-Ib3, blaCTX−M−2, blaKPC−2,
bla-OXA−2, blaTEM−1B, catA1, sul1, and dfrA30, detected in
isolates responsible by outbreak A (ST11/KPC-2). The most
stable ARG profile was found in isolates from outbreak B

(ST437/KPC-2), where all isolates carried the same profile:
aac(3′)-IId, aph(3′)-Ia, aac(6′)-Ib-cr, blaCTX−M−15, blaKPC−2,
bla-OXA−1, blaTEM−1B, mph(A), catB4, sul1, dfrA30, tetA,
and tetD (Supplementary Table S1). The acquisition and
loss of antibiotic resistance genes have been associated to
K. pneumoniae strains undergoing selective antibiotic pressure
(Simner et al., 2018). We noted that isolates within each
outbreak did not have many changes in their ARG profile.
The most relevant change was in isolates from outbreak A,
which we observed an acquisition of blaCTX−M genes in 51.1%
of the isolates.

The analysis of the capsular polysaccharide locus showed
that all isolates included in each individual outbreak had the
same wzi allele, not shared within outbreaks. The following
K-loci were identified in outbreaks: KL64 (outbreak A), KL36
(B), KL51 (C), and KL24 (D), as shown in Supplementary
Table S1 and Figure 4. Notably, KL1 to KL77 are associated
with the classical 77 serologically defined K types. The most
frequent K-locus detected in this study was the KL64, which
was detected in the ST11 isolates. This K-locus is the most
prevalent in China in ST11 isolates and has been reported in
Brazilian ST11 K. pneumoniae isolates since 2018, which in
one case was related to a fatal bacteremia, as we detected here
in three patients (3.8%) which progressed to death (Andrade
et al., 2018; de Campos et al., 2018). The intercontinental
ST15 KL24 clone was found in seven isolates that coproduce
blaNDM−1 and blaCTX−M−15; this capsular type is commonly
linked to blaCTXM−15 but not to blaNDM−1 (Holt et al., 2015;
Andrade et al., 2018).

The LPS O-antigen typing showed that, as in K-locus
analyses, all isolates included in each individual outbreak had
the same O-antigen allele, not shared within outbreaks. The
O-antigens identified in the outbreaks were as follows: O2v1
(outbreak A), O4 (B), O3b (C), and O1v1 (D), as shown in
Supplementary Table S1 and Figure 4. Its estimate that exists
nine main O-antigens clusters described, and serotypes, O1, O2,
and O3, are associated with almost 80% of the K. pneumoniae
infections (Follador et al., 2016; Martin and Bachman, 2018).
In contrast with the study reported by Wick et al. (2018),
we observed a highly conserved O-antigen locus in the CC
11/258 isolates, being O2v1 the most frequent one, involved in
the ST11 isolates.

The virulome was performed by WGS (Supplementary
Table S1 and Figure 4), and in accordance to the BIGSdb-Kp
database (Bialek-Davenet et al., 2014), a total of six virulence
features were detected in this study, being the genotoxin
colibactin cluster (clbABCDEFGHIJLMNOPQR), siderophore
genes (irp1 and irp2), the yersiniabactin siderophore cluster
(ybtAEPQSTUX), the mannose-resistant Klebsiella-like (type III)
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FIGURE 2 | (A) Patient movement networks between hospitals. Outer dashed circles indicate patient’s identification being red (patients with isolates grouped in
outbreak A), blue (outbreak B), green (outbreak C), yellow (outbreak D), and black (non–outbreak associated). Inner dashed circles indicate hospitals (HA, hospital A;
HB, hospital B; HC, hospital C; and HD, hospital D). Continuous lines emerging in each patient represent hospitalization, short dashed lines represent first movement
among hospital, long dashed lines represent second movement, and spaced dotted line represents third movement. All patient movements are identified with patient
identification. (B) Timeline of the four carbapenemase-producing K. pneumoniae outbreaks. Outbreaks are represented by colors (outbreak A, red; B, blue; C, green;
D, yellow). Pentagons indicates the period of the outbreak, stars represent the beginning of the outbreak, and arrows up indicate the first outbreak’s isolate detected
in each hospital (see geolocation on https://microreact.org/project/RZLItlMKm).
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FIGURE 3 | Distribution of the resistance genes in 80 K. pneumoniae expressing blaKPC or blaNDM genes. Genes conferring resistance (resistome) are shown at top.
A map according to the presence or absence of each gene is shown underneath, where presence is shown in gray and absence in white. Nodes are colored
according to the outbreak caused by the isolates. Reference: K. pneumoniae NTUH-K2044 (accession no. NC_012731.1).

fimbriae cluster (mrkABCDFHIJ), the ferric uptake system
(kfuABC), and the yersiniabactin receptor gene fyuA. In general,
the CP-Kp presented an average number of 27 (range = 6–
36) virulence genes. A study recently conducted in São
Paulo, Brazil, published that ST16 KPC-2 K. pneumoniae
presented higher virulence than CC11/258 isolates in the
Galleria mellonella pathogenicity model (Andrey et al., 2019).

Although we had the limitation of not performing any
pathogenicity animal model, in our study, the isolates of
outbreak A (ST11/KPC-2) presented a higher average number
of virulence genes when compared with the isolates from
the other outbreaks (outbreak A: average = 35, range = 27–
36; outbreak D: average = 20, range = 20–20; outbreak C:
average = 19, range = 19–19; outbreak B: average = 6,
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FIGURE 4 | Distribution of the virulence genes in 80 K. pneumoniae expressing blaKPC or blaNDM genes. Genes conferring virulence (virulome) are shown at top.
A colored heat map according to the allele number of each gene is shown underneath. Nodes are colored according to the outbreak caused by the isolates.
Virulence genes groups are shown on top indicating (from left to right) genotoxin colibactin cluster (GCC), yersiniabactin receptor gene (YRG), siderophore genes
(SG), yersiniabactin siderophore cluster (YSC), type III fimbriae cluster (T3FC), and ferric uptake system (FUS). Wzi alleles are shown in the top right. Reference:
K. pneumoniae NTUH-K2044 (accession no. NC_012731.1).

range = 6–6), a fact that may enable ST11/KPC-2 isolates
to be responsible for a high rate of invasive infections, as
observed here and worldwide (Lee et al., 2016; de Campos
et al., 2018). The colibactin cluster genes were only observed
in outbreak A, being present in all the isolates of this group,
but were disrupted in 17.0%. The colibactin-producing K.
pneumoniae induce DNA damage and chromosomal instability
in eukaryotic cells, which leads to senescence of epithelial cells
and apoptosis of immune cells (Faïs et al., 2018), this virulence
mechanism is strongly associated to CC23 K. pneumoniae
(Lam et al., 2018).

The three virulence features included in yersiniabactin loci,
ybtAEPQSTUX, siderophore genes, and yersiniabactin receptor,
were detected in isolates of outbreaks A and C, and in all
isolates of outbreak D, yersiniabactin loci lack yersiniabactin
receptor and irp1 gene, which could reduce the biosynthesis
and expression of yersiniabactin, the adherence capability, and
the pathogenicity of these isolates (Pelludat et al., 1998; Tu
et al., 2016). The yersiniabactin cluster enables the scavenging of
iron from host transport proteins, thus enhancing the ability of
bacteria to replicate within the host and survive, and is mostly
related to invasive infections (Holden and Bachman, 2015).
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FIGURE 5 | Overview of the IncN plasmid harboring blaKPC−2 detected in K. pneumoniae ST11, ST16, ST258, and ST437 involved in outbreaks A, B, and C, in this
study. The figure represents the blaKPC plasmid according to the homology with highly similar one from database (blue outer ring). Graph represents the Illumina
reads mapped against this plasmid with depth of coverage ranging from 0 (red) to 500, colored orange when values are 1 to 20, and green if more than 200 reads.
Gray boxes represent cds from automatic annotation, with dark and light color when they were found in forward or reverse strand, respectively. Colored stripes
represent a more detailed annotation that includes antibiotic resistance genes in red, IS in blue, and Rep genes in yellow. Homology between constructed plasmid
and Illumina assembled contigs is represented in the inner ring, with each contig colored according to its number.

The ybtAEPQSTUX cluster was detected in all outbreaks
described in the study except only one that was not associated
with an invasive infection (outbreak B). The type III fimbriae
cluster (T3Fc) is responsible for mediating adherence to the renal
tubular, respiratory tract, and lung tissue cells, which is crucial for
biofilm formation (Schroll et al., 2010; Ares et al., 2017). Isolates

from all outbreaks presented the T3Fc cluster, although in
some isolates of outbreaks A and B, this cluster was not
complete, and in a few isolates of outbreak A (12,8%, 6/47),
T3Fc was not detected. The ferric uptake system (kfuABC)
was detected only in outbreak D and non-outbreak related
ST15 and ST4019 isolates. Interestingly, blaNDM−1 carriers seem
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FIGURE 6 | Overview of the IncM plasmid harboring blaKPC−2 detected in K. pneumoniae ST17 non-outbreak involved in this study. The figure represents the blaKPC

plasmid according to the homology with highly similar one from database (blue outer ring). Graph represents the Illumina reads mapped against this plasmid with
depth of coverage ranging from 0 (red) to 500, colored orange when values are 1 to 20, and green if more than 200 reads. Gray boxes represent cds from automatic
annotation, with dark and light color when they were found in forward or reverse strand, respectively. Colored stripes represent a more detailed annotation that
includes antibiotic resistance genes in red, IS in blue, and Rep genes in yellow. Homology between constructed plasmid and Illumina assembled contigs is
represented in the inner ring, with each contig colored according to its number.

to be strongly associated with kfuABC system in our study.
KfuABC has been associated with increased virulence by enabling
lineages to use iron from diverse human and environmental
sources, and it was recently associated to K. pneumoniae ST 101
(Roe et al., 2019).

To summarize, the most frequent virulence factor (VF)
profile was as follows: clbABCDEFGHIJLMNOPQR, irp1,
irp2, ybtAEPQSTUX, mrkABCDFHIJ, and fyuA, detected
in isolates responsible by outbreak A (ST11/KPC-2). And
the most stable VF profile was found in isolates from
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FIGURE 7 | Overview of the IncFIB plasmid harboring blaNDM−1 detected in K. pneumoniae ST15 and ST4019, involved in outbreak D in this study. The figure
represents the blaNDM plasmid according to the homology with highly similar one from database (blue outer ring). Graph represents the Illumina reads mapped
against this plasmid with depth of coverage ranging from 0 (red) to 500, colored orange when values are 1 to 20, and green if more than 200 reads. Gray boxes
represent cds from automatic annotation, with dark and light color when they were found in forward or reverse strand, respectively. Colored stripes represent a more
detailed annotation that includes antibiotic resistance genes in red, IS in blue, and Rep genes in yellow. Homology between constructed plasmid and Illumina
assembled contigs is represented in the inner ring, with each contig colored according to its number.

outbreak D (ST15/NDM-1), where all isolates carried
the same profile: irp2, ybtAEPQSTUX, mrkABCDFHIJ,
kfuABC (Supplementary Table S1).

We did not observe great differences when comparing isolates
from rectal swabs or clinical specimens in terms of ST or
outbreak. However, some differences could be observed as
follows: (1) apparently, clinical specimens possessed less acquired

resistance genes (ARGs) and more virulence factors (VFs)
than surveillance isolates (Clinical specimens, ARGs: mean 8.5,
range = 2–14, VFs: 29.9, range = 6–36; Rectal swabs. ARGs: 9.8,
range = 2–14, VFs: 22.1, range = 6–36); (2) as expected, 88.2%
(15/17) of the patients that died were infected by a CP-Kp, the
remaining 2/17 (11.8%) were colonized but did not developed an
infection; and (3) clinical specimens were collected from patients
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hospitalized in all four Hospitals, while the colonizing isolates
were collected from patients hospitalized only in two Hospitals
from the complex (Hospital A and B).

Characterization of Plasmid Sequences
Carrying blaKPC and blaNDM Genes
The plasmidID mapping tool was used for the identification
and reconstruction of three plasmids harboring carbapenemase
genes (two carrying blaKPC−2 and one carrying blaNDM−1).
An IncN plasmid (∼53,081 bp), that was almost identical to
the NC_021664.2 accession number (average identity = 95.68%;
average coverage percentage = 94.57%), which carried a blaKPC−2
gene (Figure 5), an IncM plasmid (∼66,531 bp) highly
similar to the plasmid NC019346.1 accession number (average
identity = 98.04%; average coverage percentage = 95.92%),
carrying a blaKPC−2 (Figure 6), and an IncFIB plasmid
(∼54,064 bp) almost identical to the plasmid NZ_CP014757.1
accession number (average identity = 98.9%; average coverage
percentage = 85.52%) that carried a blaNDM−1 gene (Figure 7).
In addition to the blaNDM−1 gene, the plasmid IncFIB carried five
ARGs (bla-OXA−1, catB4, blaCTX−M−15, qnrS1, and aph(3′)-VI),
but no additional ARGs were identified in the IncN and IncM
KPC-2 plasmids. Thus, the only plasmid that was associated with
multidrug resistance (MDR) was the IncFIB, an IncF plasmid’s
family known by their MDR characteristic (Rozwandowicz et al.,
2018). The IncFIB plasmid was the only presenting the blaNDM−1
in our study. IncFIB was also reported carrying the blaNDM−1
in studies conducted in Myanmar and India, but differently
from this study, and as had been described elsewhere, they
found a greater number of plasmids harboring NDM-1 diversity
(Hudson et al., 2014; Peirano et al., 2014; Conlan et al., 2016;
Sugawara et al., 2018).

The IncN plasmid was detected in all isolates of outbreaks
A, B, and C and in other non-outbreak related isolates
belonging to ST11, ST16, ST258, and ST437; this fact
highlighted the wide-spreading capacity of this plasmid
among K. pneumoniae isolates. The genetic environment of
this plasmid had a variant of Tn4401b, which carried only
the blaKPC−2 as ARG. The Tn4401b isoform also had the
elements tnpR, tnpA, istA, and istB upstream of the blaKPC−2
and downstream a truncated tnpA gene, highly similar to the
already described FCF1305 plasmid (GenBank CP004366.2)
(Perez-Chaparro et al., 2014). This finding confirms the
persistence and movement of the IncN carrying blaKPC−2
around the country.

In one ST17 non-outbreak causative isolate, blaKPC−2 was
harbored by an IncM plasmid. The IncM plasmid was often
misidentified and reported as IncL/M group; this may explain
why there are very few reports of the IncM harboring KPC-
2 in Enterobacterales. The IncL/M group has been more
associated with carrying the blaOXA−48 gene (Kopotsa et al.,
2019), but here in South America, it seems to play a role
in the dissemination of the blaKPC−2 gene; nevertheless, it
was also reported in one study from China to be carrying
the gene (Andrade et al., 2011; Liu et al., 2015; Jure et al.,
2019). To our knowledge, ST17 K. pneumoniae with an IncM

plasmid carrying the blaKPC−2 has only been reported in this
study. The isoform Tn4401f was detected in this plasmid
carrying the blaKPC−2 gene flanked upstream by the elements
istA and istB, and downstream by tnpA and tnpR, a blaKPC
environment similar to the pNE1280 (GenBank JQ837276.1)
(Bryant et al., 2013).

The IncFIB(pQil) plasmid was identified among outbreak D
and in two additional non-outbreak related isolates belonging
to ST15 and two to ST4019; all samples carried the blaNDM−1
gene. Similar to pNDM-1fa (accession number NZ-CP014757.1)
(Conlan et al., 2016), the IncFIB detected in the study collection
has a region that contained a bleomycin resistance gene (bleMBL)
upstream of the blaNDM−1 gene, and downstream it had two
transposases, IS630 and IS30, and an aminoglycoside resistance
gene (aph(3′)-VI). Furthermore, this plasmid also had another
two resistance mediator genes, a fluoroquinolone (qnrS1) and an
ESBL (blaCTX−M−15).

CONCLUSION

Our data reveal that high-risk clones in K. pneumoniae
(ST11/KPC-2, ST16/KPC-2, and ST15/NDM-1) were responsible
for the intrahospital and interhospital spread of blaKPC−2 and
blaNDM−1 genes in transplanted patients from a hospital complex
located in the south of Brazil. Patient movement networks among
different hospitals may be associated with the dissemination
of these clones.

We provided information about the phylogenetics of the study
collection, showing a geographically conserved population in
Brazil not clonally related to strains of the same MLST types
isolated all over the world.

The IncN plasmid was the most frequent in our isolates
and is probably a major cause of the widespread presence of
blaKPC−2 in this country. The dissemination of the blaNDM−1
gene in the hospital complex studied was due to an IncFIB
plasmid that harbored this carbapenemase gene together with the
blaCTX−M−15 gene.

Here we present a public health problem that needs to
be more discussed and researched through further studies
to better understand the spread, structural organization,
and resistance/virulence features of the CP-Kp isolated
in transplanted patients, in order to control and prevent
outbreaks, given the great health and economic impact involved
in these themes.
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In developed countries, hematological malignancies (HM) account for 8 to 10% of
cancers diagnosed annually and one-third of patients with HM (HMP) are expected
to die from their disease. The former wide spectrum “magic bullet,” imipenem, has
been ousted by the emergence of carbapenem resistant (CR) pathogens. In endemic
areas, infections with CR-bacteria occur in vulnerable patients, notably in HMP, who
suffer from high mortality related to infectious complications. In this work, we reviewed
epidemiologic and clinical factors associated with CR-infections in adult HMP and data
on CR-related mortality and antibiotic treatments in this population. We found that
resistance profile of strains involved in HMP infections, mainly bacteremia, reflect local
epidemiology. Significant risk factors for infections with CR-bacteria include sex male,
age around 50 years old, acute leukemia, selvage chemotherapy, neutropenia, and
digestive colonization by CR-bacteria. Mortality rate is high in HMP infected with CR-
Enterobacteriaceae, more particularly in case of acute myeloid leukemia and unresolved
neutropenia, due to inappropriate empiric management and delayed administration of
targeted antibiotics, such as tigecycline, colistin, or new associations of active drugs.
Thus, we developed an algorithm for clinicians, assessing the incremental risk for CR-
bacterial infection occurrence and mortality in febrile HMP, to guide decisions related to
empirical therapeutic strategies.

Keywords: carbapenem resistance, bacteria, invasive infection, hematologic malignancies, antibiotic treatments

INTRODUCTION

In economically developed regions of the world, 8 to 10% of the annual new cancer diagnoses
account for hematological malignancies (HM) and one-third of the HM patients are expected to
die of their disease (Chen and Chen, 2014; Errahhali et al., 2016; Batista et al., 2017; Medecine
Matters, 2020)1. Lymphoid neoplasm represents about three-quarters of all HM, and within this
group, mature B-cell malignancies dominate (source2) (Snowden et al., 2017).

1https://seer.cancer.gov/
2https://www.hmrn.org/home
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Since 2001, the World Health Organization (WHO)
has provided and updated consensus classification of HM
based on cell lineage, genetic abnormalities, and clinical
features, which defines over 60 disease subtypes in the
latest 2016 edition (Arber et al., 2016). Diagnosis of HM
is increasingly complex and relies on new sophisticated
laboratory technologies that are not available worldwide.
Therefore, disparities between geographical areas in terms
of HM incidence and survival can result from: diversity
among HM that complexifies standardized categorizations;
heterogeneity of reporting systems, registries, and methodologies
of reports; geographic and ethnic differences in endogenous
and exogenous conditions at higher risk of HM occurrence,
including genetic, toxic, and viral factors; variations in access
to drugs and their metabolism (Rodriguez-Abreu et al., 2007;
Chen and Chen, 2014; Errahhali et al., 2016; Li et al., 2016;
Kirtane and Lee, 2017).

Besides the underlying patient’s conditions, the type and
stage of the hematologic disease, acute intercurrent events
such as infections can significantly modulate the prognosis.
In a 14-year prospective longitudinal surveillance study
conducted at a regional cancer center in United Kingdom,
patients with HM had a 3-fold higher incidence of blood
stream infections (BSIs) than patients with other cancers
(Schelenz et al., 2013). Infection-related mortality in HM
patients can be high due to weak immune systems and
the accumulation of various factors such as neutropenia,
excessive or repeated chemotherapy, long hospital stays, and
hospital-acquired infections.

Since the spread of Gram-negative (GN) bacteria producing
the extended spectrum ß-lactamase (ESBL) enzymes, which, in
addition to penicillins, confer resistance to cephalosporins
and monobactam (Trecarichi and Tumbarello, 2017),
carbapenems have been used as last-line antibiotics to treat
infection caused by this type of bacteria (Lalaoui et al.,
2019). Unfortunately, shortly after the use of carbapenems,
fermenters (Enterobacteriaceae), and non-fermenters
(Pseudomonas aeruginosa and Acinetobacter baumannii),
GN-bacteria rapidly developed resistance to this antibiotic
family and spread throughout the world (Bialvaei et al.,
2015). Several carbapenem resistance mechanisms have
been developed by GN-bacteria, including the production
of carbapenemase enzymes, which is nowadays identified
worldwide (Nordmann and Poirel, 2014).

Regarding the major concern raised by the global
expansion of carbapenem resistance associated with
significant global mortality (Borer et al., 2009; Falagas
et al., 2014), we focused on morbidity and mortality
related to carbapenem resistance in adult patients with
HM. We reviewed series and case reports of carbapenem-
resistant (CR) GN-bacteria in this targeted population to
describe the epidemiologic and clinical factors associated
with the occurrence of CR infections. We collected data
on antimicrobial susceptibility and the provided antibiotic
treatments. We aimed at identifying key points that could
help assess the risk of CR infection in HM patients and
improve their survival.

METHODS

In this review, we reviewed series and selected case reports
that reported colonization or infection of HM patients with
CR bacteria. The electronic literature search was conducted in
two electronic databases, Pubmed and Google Scholar. Papers
published from January 2010 to January 2019 and written in
English were included. A panel of keywords was used to target
articles that address the topic of our review, including “bacteria,”
“Gram negative,” “Enterobacteriaceae,” “Klebsiella pneumoniae,”
“Escherichia coli,” “Acinetobacter baumannii,” “Pseudomonas
aeruginosa,” “carbapenem resistance,” “carbapenemase,”
“KPC,” “NDM,” “OXA,” “hematological malignancy,”
“leukemia,” “colonization,” “infection,” “blood stream infection,”
“bacteremia,” “neutropenia,” and “chemotherapy.” Only papers
reporting cases of colonization or infection with CR bacteria
in adult HM patients were selected. The following data were
extracted from each study: study type, region, published year,
study period, number of patients included, age, HM-type, CR-
bacterial genera or species, sample, CR mechanism, antibiotic
susceptibility profile of CR bacteria, comorbidity, significative
risk factors associated with occurrence of CR bacteria, mortality
associated with CR bacteria, significative risk factors of mortality
associated with CR bacteria, and provided antibiotic treatments.
A targeted search was performed to find the recommendations
from medical societies for the management of neutropenic febrile
patients and to document the use of new antibiotics to treat CR
bacteria, selecting only the most recent references.

RESULTS AND DISCUSSION

Based on our inclusion criteria, a total of 31 publications treating
cases of colonization or infection by CR bacteria in adult HM
patients were selected to conduct our review. Eighteen series (two
prospective monocentric, three prospective multicentric, nine
retrospective monocentric, and four retrospective multicentric)
and 13 case reports published between 2012 and 2018 treated the
topic that were conducted in 16 different countries, including:
Australia (1/16), Brazil (1/16), China (6/16), Egypt (1/16),
Germany (1/16), Greece (1/16), India (1/16), Israel (1/16), Italy
(8/16), Japan (1/16), Poland (1/16), Spain (1/16), Sweden (1/16),
Turkey (1/16), United Kingdom (1/16), and United States (3/16)
(Figure 1; Tables 1−4). Depending on HM patient’s recruitment
criteria used by the studies, 23/31 included cases of infections
with CR bacteria, 2/31 included cases of colonization with
CR bacteria, and 6/31 included both (Tables 1−4). Only 12
out of the 31 articles reported the CR mechanism (Figure 1;
Tables 1−4). The production of carbapenemase enzymes was
the only mechanism described with the predominance of KPC
(K. pneumoniae carbapenemase) enzyme (8/12) followed by
NDM [New Delhi metallo-ß-lactamases (MBL)] (2/12), VIM
(Verona integron-encoded MBL) (1/12), and IMI (imipenem
resistant variant 1) (1/12) enzymes (Figure 1; Tables 1−4).
Thirteen publications reported some significative risk factors
associated with occurrence of CR bacteria in HM patients
(Table 1). The mortality rate associated with CR bacteria was
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TABLE 1 | Characteristics of the studies reporting factors associated with CR bacteria in HM patients.

Study Period Place Type Recruitment Global effective CR Effective Hematologic
malignancies

Associated
conditions

Significant risk
factors for CR

Asia (Jaiswal et al.,
2018) Mjhid

10/2013–
01/2016

New Delhi,
India

prospective
monocentric

consecutive newly
diagnosed with
HM hospitalized
patients (no
previous
chemotherapy)

225 94/225 patients
with CR-bacteria
colonization (48/94
at admission) and
17/94 with CR-BSI

19 ALL, 37 AML,
22 lymphoma, and
others

NA AML, duration of
hospitalization for
CR-colonization, all
CR-BSI occurred in
CR-carriers

(Wang et al., 2017)
Eur J Clin
Microbiol Infect
Dis

01/2014–
06/2015

Jiangsu
Province, China

retrospective
multicentric (18 tertiary
hospitals)

A. baumannii
bacteremia in HM
patients

3158 patients,
2133 GN isolates,
1358 BSI, 40
A. baumannii-BSI

13/40
A. baumannii-BSI

25 AL, 6 NHL, 4
MM, 2 AA, 2 MDS,
1 CLL

27/40 neutropenic,
16/40 central
venous catheter

longer hospital
stays, previous use
of carbapenem, at
least three types of
antimicrobial
therapy received
before bacteremia

Middle east (Andria et al., 2015)
J Antimicrob
Chemother

2008–2014 Haifa, Israel retrospective
monocentric

GN BSI in HM
patients

330 patients; 423
GN BSI

91/330 patients;
103/423 BSI

264/423 AL and
MDS, 159/423
others (CL or
lymphoma or MM)

364/423
nosocomial BSI,
388/423 central
venous catheter,
53/103
carbapenem
treatment 30 days
before CR BSI

known CR carriage,
salvage
chemotherapy,
urinary catheters,
nasogastric tube,
longer admission
period, lower
albumin level,
hypotension

(Kara et al., 2015)
Infect Dis

01/2005–
12/2009

Ankara, Turkey retrospective
monocentric

BSI in HM patients 2098 HM patients,
281 with BSI
representing 536
BSI episodes

11,5% of GN
isolates

66 AML, 47 ALL, 6
MDS, 69 NHL, 37
MM, 14 HL, 13 CL,
7 AA, others

3703 neutropenic
episodes

NA

Northern
europe

(Ballo et al., 2019)
PlosOne

2007–2015 Frankfurt,
Germany

retrospective
monocentric

AML patients
undergoing
intensive induction
chemotherapy

220 AML patients,
90/220 colonized
at admission

12/90 patients
colonized with
CR-bacteria

AML 100% induction
chemotherapy
(cytarabine,
daunorubicin)
and levofloxacin
500 mg daily as
prophylaxis

NA

(Schlenz et al.,
2013) JAC

1997–2010 Norwich,
United
Kingdom

prospective
monocentric

BSI in HM and solid
cancer patients

HM patients: 473
BSI and 488
isolates; solid
cancer patients:
441 BSI and 461
isolates

2, 5% among GN
BSI in HM patients
and less than 1% in
solid cancer
patients

NA NA NA

Southern
europe

(Trecarichi et al.,
2015) CMI

2009–2012 Rome, Italy prospective multicentric
(9 hematology wards at
tertiary care centers or
at university hospitals)

consecutive HM
patients bacterial
BSI

575 healthcare
and community-
acquired BSI; 668
bacterial isolates;
344 GN

67 isolates NA 529/575
neutropenic (92%)

NA

(Continued)
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TABLE 1 | Continued

Study Period Place Type Recruitment Global effective CR Effective Hematologic
malignancies

Associated
conditions

Significant risk
factors for CR

(Pagano et al.,
2014) Emerg
Infect Dis

01,
2009–12,
2012

Rome, Italy retrospective
monocentric

HM patients
admitted to
hospital with
KPC-Kp BSI

147 GN BSI 26/147 GN BSI
representing 26/38
Kp-BSI

14 AML, 4 NHL, 3
ALL, 2 HL, 1 AA, 1
MDS, 1
myelo-proliferative
disease

13/26 initial or
consolidation
chemotherapy,
19/26 neutropenic

NA

(Girmenia et al.,
2015) Bone
Marrow
Transplantation

01,
2010–07,
2013

Italy retrospective
multicentric (52
transplant centers)

HM patients
undergoing HSCT

6058 auto-HSCT
and 4389
allo-HSCT patients

CR-Kp colonization
in 31 auto-HSCT
and 51 allo-HSCT
patients. CR-Kp
infection in 25
auto-HSCT and in
87 allo-HSCT
patients

40 AML, 18 ALL,
26 lymphoma, 8
MM, 20 others

84 neutropenia, 27
GVHD, CR-Kp
previous
colonization in 8
auto-HCST
patients with
CR-Kp infection
and in 20
allo-HSCT patients

(Trecarichi et al.,
2016) AJH

01,
2010–06,
2014

Italy prospective
multicentric cohort
study (13
hematological
wardsof tertiary
care centers or
university hospitals)

hospitalized HM
patients with Kp
BSI

278 Kp-BSI 161/278 119 AML, 1 CML,
12 ALL, 1 CLL, 18
NHL, 3 MM, 2 MDS

129/161
chemotherapy,
71/161
corticosteroids

peripherally
inserted central
catheters (PICCs),
AML, previous
CR-Kp rectal
swabs, antibiotic
prophylaxis with
fluoroquinolones

(Micozzi et al.,
2017) BMC ID

02,
2012–05,
2013

Rome, Italy retrospective
monocentric

CR-Kp BSI in
hospitalized HM
patients

NA 22 patients with
CR-Kp colonization
and 14 with CR-Kp
BSI

16 AL (12 AML)
and others

5/22 recent
carbapenem,
10/22 neutropenia,
20/22
chemotherapy

AML independent
risk factor for
bacteremia onset in
carriers

(Cattaneo et al.,
2018) Annals of
Hematology

03,
2015–08,
2015

Italy prospective
multicentric (18
hematological
institutions)

consecutive HM
patients admitted
to hematological
wards

144 patients with
MDR-bacteria
rectal carriage
incidence 6,5%

85/144 patients
with
CR-colonization,
12/85 with CR BSI

29/85 AML; 8/85
ALL; 32/85
lymphoma; 8/85
MM

12/85 salvage
chemotherapy

for CR-BSI: urinary
catheters, relapsed/
refractory HM

United States (Satlin et al., 2013a)
Leukemia and
Lymphoma

07,
2007–12,
2010

New York,
United States

retrospective
monocentric

CR-BSI in HM
patients

NA 18 patients 8 AL, 4 lymphoma
or MM

13/18 neutropenia,
13/18
chemotherapy
16/18 prior
systemic
antibacterial
therapy, 6/18
HSCT, 16/18 prior
hospitalization

NA

AA, aplastic anemia; AL, acute leukemia; ALL, acute lymphoid leukemia; allo-, allogenic; AML, acute myeloid leukemia; auto-, autologous; BSI, blood steam infection; CL, chronic lymphoma, CLL, chronic lymphocytic
leukemia; CML, Chronic myeloid leukemia; CR, carbapenem-resistant; GN, Gram-negative;, GVHD, graft vs. host disease; HL, Hodgkin’ s lymphoma; HM, hematologic malignancy; HSCT, hematologic stem cell
transplantation; Kp, Klebsiella pneumoniae; MDR, multidrug resistant; MDS, myelodysplatic syndrome; MM, myelome multiple; NHL, Non-Hodgkin’s lymphoma.
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TABLE 2 | Characteristics of the studies reporting therapeutic management and mortality associated with CR bacteria in HM patients.

Study Period Place Age (year) CR Species CR-Susceptibility (S) or
resistance (R)

Therapeutic
regimens

Mortality CR-related
mortality

Mortality risk
Factors

Asia (Jaiswal et al.,
2018) Mjhid

10, 2013–01,
2016

New Delhi,
India

46 and 49
[2–75]
(medians
[range])

Kp > E. coli
colonization (mainly
hospital
acquisition), 12/17
BSI with Kp and
5/17 with E. coli

100% colistin S; 7/12
(58%) Kp and 4/5 (80%)
E coli tigecycline S; 1/12
(8%) Kp and 1/5 (20%)
E. coli aminoglycoside S

NA 9,5% global
infection related
mortality over
26 months

17/17 (100%)
deaths in CR-BSI

AL, nosocomial
acquisition

(Wang et al.,
2017) Eur J
Clin Microbiol
Infect Dis

01, 2014–06,
2015

Jiangsu
Province,
China

55% <60 A. baumannii 100% colistin S, 91%
tigecycline S and 76%
amikacin S

Effective treatment
in 20/40 (50%)
A. baumannii BSI

32,5% at 30 days 8/13 (62%) APACHE score,
CR: independent
risk factors for
30-day mortality in
A. baumannii BSI

Middle
east

(Andria et al.,
2015) J
Antimicrob
Chemother

2008–2014 Haifa, Israel 50 ± 15
(mean ±

SD)

45% Kp, 25%
polymicrobial, 15%
P. aeruginosa, 13%
E. coli, 13% S.
maltophila, 9%
Acinetobacter spp.

NA 35/103 (34%)
appropriate
empirical antibiotic
treatment, 58/103
(56%) colistin

95/423 BSI (22%)
at 14 days;
187/330 patients
(57%) at 1 year

47/103 BSI (45,6%)
at 14 days; 68/91
patients (74%) at
1 year

NA

Europe (Ballo et al.,
2019) PlosOne

2007–2015 Frankfurt
Germany

60,5
[18–85]
(median,
[range])

Enterobacteriaceae NA NA 8% at 2 months,
25% at 1 year and
41.5% at 2 years in
colonized patients

33% at 2 months,
67% at 1 year and
75% at 2 years in
CR-colonized
patients

significantly
reduced 60- and
90-day, as well as
1-and 2-year
survival rates in
CR-colonized
patients (vs.
non-colonized)

Southern
europe

(Trecarichi
et al., 2015)
CMI

2009–2012 Rome, Italy 52 ± 14
(mean, SD)

15 Kp, 47
Pseudomonas spp.
3 E. coli, 2 E.
cloacae

2/110 (2%) BGN tested
colistin R (Pseudomonas
putida), 9/160 (4%)
tigecycline R (Kp, E.
cloacae, A. baumannii)

NA 13% at 21 days 6/13 (46%) with
CR-Kp vs. 3/20
(15%) with non
CR-Kp; 14/19
(42%) with MDR
P. aeruginosa vs.
2/16 (12%) with
non-MDR
P. aeruginosa

CR-GN BSI

(Pagano et al.,
2014) Emerg
Infect Dis

01, 2009–12,
2012

Rome, Italy NA Kp 81% colistin S, 69%
tigecycline S, 65%
gentamicin S

50% combined
therapy with ≥2
active drugs

21% (32/147) 58% (15/26
KPC-Kp)

NA

(Continued)
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TABLE 2 | Continued

Study Period Place Age (year) CR Species CR-Susceptibility (S) or
resistance (R)

Therapeutic
regimens

Mortality CR-related
mortality

Mortality risk
Factors

(Girmenia et al.,
2015) Bone
Marrow
Transplantation

01, 2010–07,
2013

Italy 54 in
auto-HSCT
group; 43 in
allo-HSCT
group (median)

Kp NA CR-Kp-targeted
first line treatment
in 6/25 (24%)
auto-HSCT and
31/87 (36%)
allo-HSCT patients,
11/112 tigecycline+
gentamicin, 3/112
colistin+
tigecycline+
gentamicin, 10/112
tigecycline+colistin

65/112 60/112 not
CR-Kp-targeted
first-line antibiotic
therapy

(Trecarichi
et al., 2016)
AJH

01, 2010–06,
2014

Italy 57% ≥55 Kp NA NA 101/278 (36%) at
21-days

84/161 (52%) at
21 days

CR BSI, septic
shock, inadequate
initial antimicrobial
therapy

(Micozzi et al.,
2017) BMC ID

02, 2012–05,
2013

Rome, Italy 54 [28–76]
(mean, [range])

Kp 12/22 colistin S, 6/22
tigecycline S and 0
gentamicin S

9/14 (64%) at least
one drug active, 6
of which empirically

12/22 10/22 deaths due
to CR-BSI

AML

(Cattaneo et al.,
2018) Annals
Hematology

03, 2015–08,
2015

Italy 60 [0–89],
(median [range])

12 CR-BSI: 8 Kp
1 Enterobacter sp.;
2 Acinetobacter
Sp.; 1
P. aeruginosa

NA NA 10/144 (7%) at
30-days

5/10 (50%) deaths
due to CR BSI

NA

United
States

(Satlin et al.,
2012)
Leukemia and
Lymphoma

07, 2007–12,
2010

New-York,
United States

56 [24–77]
(median [range])

14 Kp, 3
E. cloacae, 1
polymicrobial

80% colistin S, 65%
tigecycline S, 30%
gentamicin S

2/18 adequate
empirical therapy
10/15 one active
drug 5/15 two
active drugs

NA 10/18 (56%): 7 at
7 days, 9 at
14 days; 3 deaths
before susceptibility
data

NA

AL, acute leukemia; allo-, allogenic; AML, acute myeloid leukemia; auto-, autologous; BSI, blood steam infection; CR, carbapenem-resistant; GN, gram- negative; HSCT, hematologic stem cell transplantation; Kp,
Klebsiella pneumoniae; MSR, multidrug resistant; R, resistant; S, sensitive.
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TABLE 3 | Characteristics of the studies reporting CR bacteria in HM neutropenic patients.

Study Period Place Type Recruitment Global
effective

CR Effective HM CR Species CR- Suscept
ibility
(S)

Thera
-peutic
regimens

Mortality CR-
Mortality

Mortality risk
factors

(Wang et al.,
2015)
Medicine

2008–
2014

China retrospective
monocentric

BSI in febrile
neutropenic
HM patients
undergoing
HSCT

273
patients,
348
episodes of
neutropenic
fever, 85
neutropenic
patients
with BSI, 89
episodes of
BSI, 108
isolates

12/108 (11%)
isolates, 12/73
(16%) GN isolates

22 AML, 16 ALL,
13 lymphoma, 4
MM, 2 CML, 2
AA, 2 MDS, 4
others

4 Kp (16.7%), 3
S. maltophilia, 1
P. aeruginosa, 1
C. freundii, 1
P. stutzeri, 1
A. baumannii
and 1
C. indologenes

NA NA 11/85 (13%)
patients with
BSI cause of
death

6/11 (55%)
BSI-related
deaths due
to CR

BSI with
CR-bacteria
and prolonged
neutropenia
(≥15 days, RR
16.7)

(El-Mahallawy
et al., 2014) J
Egypt Natl
Canc Inst

01,
2009–12,

2009

Cairo,
Egypt

retrospective
monocentric

febrile
neutropenia
among HSCT
recipients

90 febrile
neutropenia
episodes in
50 patients,
39 BSI, 26
GN isolates

20% of GN
bacteria

24 AML, 12 ALL,
7 NHL, and 7
other HM

NA NA NA 5/50 (10%)
with 60%
infection
attributed

NA NA

(Kjellander
et al., 2012)
Eur J
Haematol

2002–
2008

Stockholm
Sweden

retrospective
monocentric

BSI in HM
patients during
chemotherapy-
induced
neutropenia

677 BSI
episodes in
463 patients

6 (1%) isolates 1/3 lymphoma,
1/3 AL, 1/3 MM
or CLL

1 Enterobacter
spp. and 5
P. aeruginosa

100%
gentamicin S

NA 5.2% at
7 days 13.6%
at 30 days

NA NA

(Tofas et al.,
2016) IJAA

2010-
2014

Athens,
Greece

retrospective
multicentric (4)

neutropenic
HM patients
with CR-Kp
BSI

NA 50 patients 34 AML, 6 ALL,
1 CLL, 5 NHL, 1
MDS, 1 MM and
2 AA

CR-Kp
bacteremia

90%
gentamicin S,
86% tigecycline
S, 74% colistin
S

33/50 (66%)
empirical
treatment
with ≥one
active drug,
40/50 (80%)
definitive
treatment
with ≥one
active drug,
30/50
combination
therapy

50% at
14 days

50% at
14 days

unresolved
neutropenia,
septic shock,
inadequate
treatment,
treatment with
one active
drug vs.
combination

(Continued)
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indicated in 14 publications where 10 of them described also
significative risk factors of mortality associated with CR bacteria
(Tables 2, 3). Data on therapeutic management of CR bacteria
in adult HM patients (neutropenic or not) were provided in only
eight publications (Tables 2, 3).

Epidemiology of Gram-Negative/
Gram-Positive Infections Occurrence in
HM Patients
There are epidemiologic specificities per regions of the world
in the predominance of GN or Gram-positive (GP) causal
pathogens responsible for (BSIs) in HM patients. Indeed,
62% of BSIs in HM patients in the United Kingdom were
documented with GP strains (Schelenz et al., 2013), and such
GP predominance was reported from Northern Europe and the
United States (Kjellander et al., 2012; Schelenz et al., 2013; Satlin
et al., 2016). Conversely, GN isolates were responsible for more
than 50% of BSIs in HM patients in Italy (Trecarichi et al., 2015),
Turkey (Kara et al., 2015), Egypt (El-Mahallawy et al., 2014),
and China (Wang et al., 2015). Therefore, the proportion of all
CR pathogens is not comparable to the part of GN bacteria in
areas with different epidemiology. These data highlight the need
for clearer and more standardized measures, which is why we
have been as exhaustive as possible in the reports of the studies’
results in this review.

Carbapenem Resistance in
Hematological Patients vs. the World
Geographical comparison
The emergence of resistance to carbapenems (imipenem,
meropenem, ertapenem) is one of the most important problems
with antibiotic resistance because there are few possible
therapeutic alternatives. The resistance of GN bacteria to
carbapenems may be due to several different mechanisms that
confer a variable rate of resistance to this family of antibiotics,
depending on how these mechanisms are expressed, that is,
alone or in combination. This resistance can be due to structural
mutations that affect the expression of some specific components
of the membrane, such as efflux pump(s) and/or porins; a
combination of these structural damages to the production of
ESBLs or cephalosporinases; modification at the level of penicillin
binding protein inducing a decrease in their sensitivity to the
carbapenem molecules; and finally it can be due to the production
of carbapenemase enzymes (Vila et al., 2007; Hui et al., 2013;
Logan and Weinstein, 2017).

The production of carbapenemase enzymes is the most
widespread mechanism of carbapenems resistance in the world,
and their spread was mainly related to the GN bacteria, especially
to Enterobacteriaceae. Based on the Ambler classification system,
the carbapenemase belong to three different classes of β-
lactamases: class A, class B, and class D β -lactamases.

Class A carbapenemase was either chromosomal encoded
such as NmcA (non-metallo-carbapenemase-A), Sme (Serratia
marcescens enzyme), IMI-1, and SFC (Serratia fonticola
carbapenemase), or plasmid encoded such as GES (Guiana
extended spectrum) and; KPC enzyme, which constitute the

Frontiers in Microbiology | www.frontiersin.org 8 July 2020 | Volume 11 | Article 142254

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01422 July 16, 2020 Time: 9:44 # 9

Lalaoui et al. Carbapenems Resistance in Hematologic Patients

FIGURE 1 | Worldwide distribution of carbapenemase enzymes depending on their regional endemicity or significant outbreak situation and geolocation of studies
reporting the occurrence of CR bacteria isolated in HM patients. AA, aplastic anemia; AL, acute leukemia; ALL, acute lymphoid leukemia; AML, acute myeloid
leukemia; CLL, chronic lymphocytic leukemia; CML, Chronic myeloid leukemia; HL, Hodgkin’s lymphoma; HM, hematologic malignancy; MDS, myelodysplatic
syndrome; MM, myelome multiple; NHL, Non-Hodgkin’s lymphoma.

most transmissible and circulating class A carabapenemase
enzyme in Enterobacteriaceae (Pfeifer et al., 2010; Logan and
Weinstein, 2017). Unlike classes A and D β-lactamase, which
require serine at their active site, class B β-lactamase or MBL,
require zinc to hydrolyze β-lactam (Logan and Weinstein,
2017). VIM, imipenem (IMP), and NDM enzymes are the
MBL enzymes most often detected in GN bacteria (Pfeifer
et al., 2010; Logan and Weinstein, 2017). Finally, the class
D carbapenemases, also known as oxacillinases, have been
subdivided into different subgroups, some of which were of great
clinical importance due to their wide acquisition by pathogenic
bacteria. These important subgroups are mainly represented
by oxacillinase (OXA)-23, OXA-24/ 40, OXA-48, OXA-51,
OXA-58, and OXA-143 subgroups (Pfeifer et al., 2010; Antunes
et al., 2014; Nordmann and Poirel, 2014). This family has
minimal activity on carbapenems compared to that of the KPC
or NDM enzymes, except in the case where these enzymes are
associated with other factors such as membrane impermeability
(Nordmann and Poirel, 2014).

We have represented in Figure 1, the geographical distribution
of the clinically important carbapenemase enzymes found in
Enterobacteriaceae family, including OXA, KPC, IMP, NDM,

and VIM enzymes. As it can be seen, in addition to sporadic
cases, carbapenemase enzymes were found to be endemic or
significantly spread in different continents of the world, such
as North America (United States), South America (Colombia,
Brazil, Argentina), Africa (Morocco, Egypt, Kenya, Senegal),
Europe (Spain, France, United Kingdom, Germany, Poland,
Norway, Sweden, Italy, and Spain), Asia (Turkey, Israel, India,
China, Taiwan, Japan), and Australia (Figure 1).

In order to identify the occurrence of CR in HM patients and
to understand its epidemiology, we reviewed series and selected
case reports that report colonization or infection of HM patients
with CR bacteria. These studies were undertaken in different
areas of the world, including New York, New Delhi, China,
Stockholm, Frankfurt, Roma, Brescia, Athens, Ankara, Cairo, and
Haifa in the series studies (Tables 1−3; Cattaneo et al., 2012,
2018; Kjellander et al., 2012; Schelenz et al., 2013; Satlin et al.,
2013a, 2016; El-Mahallawy et al., 2014; Trecarichi et al., 2015,
2016; Wang et al., 2015, 2017; Micozzi et al., 2017; Ballo et al.,
2019), and in United States, Brazil, Spain, Italy, Poland, Turkey,
Israel, Japan, China, and Austria in the case reports (Table 4;
Muchtar et al., 2012; Carattoli et al., 2013; Chang et al., 2013;
Satlin et al., 2013b; Girmenia et al., 2015; Huang et al., 2015; Kara
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TABLE 4 | Characteristics of case reports studies reporting CR bacteria in HM patients.

Study Place Year Age (Y) Hematologic
malignancies

Other conditions Therapeutic antiobiotic
administrated

CR Species Sites of
isolation

Resistance
mecanisms

Antimicrobial
susceptibility

Death

Asia (Asai et al., 2018)
Infectious Diseases
in Clinical Practice

Japan NA 55 AML neutropenia 5 days
after HSCT

tigecycline Kp stool, blood blaDHA−1 and
Plasmid
FIA(HI1)

tigecycline,
colistin

Yes

(Huang et al., 2015)
Ann Clin Microbiol
Antimicrob

China 2014 30 ALL previous exposure
to colistin

NA E. cloacae blood IMI-1 variant ceftazidime,
amikacin,
ciprofloxacin,
tigecycline,
aztreonam,
ceftriaxone,
cefepime,
piperacillin–
tazobactam,
gentamicin,
tobramycin,
levofloxacin,
trimethoprim,
minocycline

NA

(Zhang et al., 2018)
Emerging Microbes
and Infections

China 2014–2017 29 AML monocytic NA meropenem, isepamicin,
vancomycin, teicoplanin,
piperacillin-sulbactam,
tigecycline, fosfomycin,
amikacin, colistin, linezolid,
polymyxin B

Kp (17
isolates)

fecal, blood,
sputum

KPC-2 tigecycline in
strains 1 to 8,
colistin in strain
1 to 9

No

(Zhang et al., 2016)
IJID

China 2014 56; 22; 63 AL imipenem and
vancomycin
prophylaxis

NA E. coli blood NDM-5 NA NA

(Xing et al., 2015)
Internal Medicine

China 2014–2016 40; 54; 59;
58; 44

T natural killer
(NK) lymphoma,
B lymphoma,
ALL, AML, AA

1/5 agranulocytosis Moxifloxacin–sulbactam/
cefoperazone–tigecycline–
fosfomycin–imipenem/
cilastatin;
meropenem–tigecycline;
tigecycline–cefoperazone/
sulbactam;
moxifloxacin–amikacin;
imipenem/ cilastatin–
vancomycin–tigecycline–
amikacin–fosfomycin

Kp 4 blood, 1
sputum

KPC -2 100% tigecycline,
1/5 levofloxacin,
3/5 amiklin, 2/5
gentamicin, 2/5
vibramycin

4/5

(Continued)
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TABLE 4 | Continued

Study Place Year Age (Y) Hematologic
Malignancies

Other conditions Therapeutic antiobiotic
administrated

CR Species Sites of
isolation

Resistance
mecanisms

Antimicrobial
susceptibility

Death

Middel
east

(Kantarcioglu
et al., 2016)
Molecular
and Clinical
Oncology

Turkey 2015 50 CML prior hospitalization in
Libya

tigecycline, meropenem,
imipenem, gentamicin,
sulbactam,

Kp blood and valve NA tigecycline No

(Muchtar et al.,
2012) IMAJ

Israel 2012 64 pro-B ALL neutropenia piperacillin/tazobactam,
vancomycin, meropenem,
tigecycline, rifampicin and
amikacin

Kp blood, skin
abscess

NA colistin, amikacin Yes

Northern
europe

(Majewski et al.,
2017) IJID

Poland 2013 60 AML neutropenia,
trimethoprim and
aciclovir prophylaxis

cefepime, amikacin, linezolid,
teicoplanin, colistin,
meropenem

C. freundii urine VIM-4 colistin Yes

(Leitner et al.,
2014) AAC

Austria 2011-
2013

[39-89] 7 AML, 2 B-cell
NHL, 1
myelodysplasia

NA NA K. oxytoca blood, skin, stool,
urine, abscess,
bronchoalveolar
lavage, throat,
swab

KPC-2 amikacin, colistin
fosfomycin

4/11

Southern
europe

(Carattoli et al.,
2013) Euro
Surv

Italy 2013 40 ALL prior hospitalization in
Belgrade

piperacillin/tazobactam,
amikacin, vancomycin,
meropenem, colistin,
tigecycline, rifampicin,
daptomycin

P. aeruginosa perianal abscess,
blood

NDM-1 ST235
strain

colistin Yes

(Piedra-Carrasco
et al., 2017)
Microbial Drug
Resistance

Spain 2015 36 Myeloid sarcoma ciprofloxacin
prophylaxis

piperacillin/tazobactam,
amikacin, double-
carbapenem regimen
ertapenem + imipenem

Kp urine KPC-3 gentamicin, colistin,
tigecycline

No

America (Satlin et al.,
2013b) JCM

United States NA 70 AML neutropenia piperacillin/tazobactam,
vancomycin, meropenem,
trimethoprim-
sulfamethoxazole, linezolid,
amikacin

E. gergoviae blood KPC-3 levofloxacin,
gentamicin,
amikacin,
tigecycline

Yes

(Chang et al.,
2013) Rev Soc
Bras Med Trop

Brazil 2010 94 CLL NA ciprofloxacin,
piperacillin/tazobactam,
vancomycin

Kp Urine KPC-2 cefoxitin, cefepime,
colistin, tigecycline

Yes

AA, aplastic anemia; AL, acute leukemia; ALL, acute lymphoid leukemia; AML, acute myeloid leukemia; CML, Chronic myeloid leukemia; Kp, Klebsiella pneumoniae; NHL, Non-Hodgkin’s lymphoma.
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et al., 2015; Leitner et al., 2015; Xing et al., 2015; Kantarcioglu
et al., 2016; Tofas et al., 2016; Zhang et al., 2016, 2018; Majewski
et al., 2017; Piedra-Carrasco et al., 2017; Asai et al., 2018). When
we geolocate the regions that have reported the presence of
CR bacteria in HM patients in Figure 1, it can be observed
that all these studies have been reported in regions that are
either endemic or have a significant increase in carbapenemase
enzymes (a coincidence with regions with high levels of CR
bacteria) (Figure 1).

For example, China and Italy are the two countries with
the highest number of studies reporting cases of colonization
or infection with CR bacteria in adult HM patients. The CR
mechanism treated in these articles report the presence of the
KPC (China and Italy), NDM (China and Italy), or IMI (China)
enzyme type (Figure 1).

From the viewpoint of the epidemiology of healthcare-
associated infections, China and Italy are both endemic to at
least two carbapenemase enzymes, namely KPC and VIM (Italy)
or KPC and NDM (China). This supports our hypothesis that
there is a relationship between the epidemiology of healthcare-
associated infections and that one is found in MH patients.

It should be noted that in some areas of the world,
where carbapenemase enzymes are either endemic (Argentina)
or present a significant outbreak (Australia, Taiwan, Norway,
France, Morocco, Senegal, Kenya, and Arabia Saudi) or both,
as in Colombia, no data on the presence of CR bacteria in
HM patients have been reported (Figure 1). Therefore, the
implementation of diagnostic and therapeutic tools, together
with a monitoring system for CR in hematological units in these
regions, is necessary.

The CR mechanisms of bacteria detected in HM patients are
very rarely studied. Apart from the case reports that indicate
this information, the series are more focused on the clinical
aspect of the resistance in these patients (comorbidity, risk
factors, mortality, and therapeutic strategies). The analysis of data
extracted from case reports showed that the KPC enzyme was
the predominant carbapenemase enzyme detected in CR bacteria
isolated from HM patients (Table 4; Chang et al., 2013; Satlin
et al., 2013b; Leitner et al., 2015; Xing et al., 2015; Piedra-Carrasco
et al., 2017; Zhang et al., 2018). When we compare this data
with those related to the global distribution of carbapenemase
worldwide, it is clear that the occurrence of the KPC enzyme
in HM patients is related to its presence in the area (endemic
or significant outbreak state) where the studies were conducted
(China, Italy, Brazil, United States, Spain, Germany). Other
carbapenemase enzymes have also been identified in CR bacteria
isolated from HM patients, such as IMI (Huang et al., 2015),
VIM (Majewski et al., 2017), or NDM (Carattoli et al., 2013;
Zhang et al., 2018).

Overall, it appears that the resistance profile of strains involved
in BSIs in patients with HM generally reflects the epidemiology
of the country itself, with the exception of local outbreaks
(Trubiano et al., 2015).

Etiology of CR-Bacteria in HM Patients
In clinical settings, K. pneumoniae is considered an important
opportunistic GN-pathogen, responsible for several nosocomial

infections such as pneumonia, septicemia, and infections in
newborns and intensive care patients (Pitout et al., 2015). In
HM patients, this species is the most widespread etiological
bacterium in the world, detected in infections occurring in this
group (Tables 2–4). CR K. pneumoniae was detected mainly
as rectal colonization (Cattaneo et al., 2018; Jaiswal et al.,
2018), CR-bacteria BSIs (Satlin et al., 2016), and nosocomial
CR infection cases (Hussein et al., 2013; Cristina et al., 2017;
Jaiswal et al., 2018).

In Europe, several studies have reported the occurrence of
CR bacteria, mainly represented by K. pneumoniae followed
by Klebsiella oxytoca, Citrobacter freundii, and P. aeruginosa
(Tables 1−4). Most of the investigations conducted on CR
bacteria in HM patients were undertaken in Italy. Indeed,
in this region, when we reviewed the long-term prospective
or retrospective studies (2009–2019, 2010–2012, 2010–2014)
(Tumbarello et al., 2014; Trecarichi et al., 2015, 2016), we
found that CR K. pneumoniae was the bacterial species most
frequently responsible for infections (mainly BSIs) in HM
patients identified at different rates [12.4% (Tumbarello et al.,
2014), 35% (Trecarichi et al., 2015), and 57.9% (Trecarichi et al.,
2016)]. In addition to CR K. pneumoniae, 70% of multidrug-
resistant (MDR) P. aeruginosa, including those resistant to
carbapenem involved in BSIs of HM patients, were reported in
Italy (Cattaneo et al., 2012; Trecarichi et al., 2015).

In America, a few studies have reported the emergence of CR
bacteria in HM patients. Most of them were undertaken in North
America and more precisely in New York (Figure 1; Table 4). The
first study reported the occurrence of BSIs in neutropenic patients
with acute myeloid leukemia (AML) due to the Enterobacter
gergoviae strain producing the KPC-3 carbapenemase enzyme.
This strain was nevertheless sensitive to levofloxacin, gentamicin,
amikacin, and tigecycline (Table 4; Satlin et al., 2013b).
E. gergoviae species is among the least common CR pathogens
responsible for BSIs reported in neutropenic patients. The second
study was a retrospective multicentric case control conducted
over a 4-year period (2008–2012) on 1992 BSIs cases that
occurred in neutropenic HM patients, where 43 cases (2.2%)
of BSIs were reported to be due to CR bacteria, with the
K. pneumoniae species predominating (68% of CR BSIs), followed
by Enterobacter cloacae (18% of CR BSIs), E. coli (5% of CR BSIs),
and others (Satlin et al., 2013a). The last study was a retrospective
monocentric analysis that included 18 febrile neutropenic HM
patients with CR BSIs, and as expected, the most frequently
found etiological bacterium responsible for BSIs in these patients
was K. pneumoniae (14 out of 18) followed by E. cloacae (3
out of 18) (Satlin et al., 2013a; Table 4). Only one study was
conducted in Brazil (South America), in which the authors
reported a KPC-producing K. pneumoniae collected during a
urinary tract infection in a patient with chronic lymphocytic
leukemia (Chang et al., 2013).

Unlike other continents, the etiology of CR related to HM
patients in Asia is more diverse. When we examined the series
and cases reports, different CR-bacterial species were detected in
HM patients, including K. pneumoniae (Wang et al., 2015; Xing
et al., 2015; Asai et al., 2018; Zhang et al., 2018), E. cloacae (Huang
et al., 2015), E. coli (Zhang et al., 2016), and A. baumannii (Wang
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et al., 2015). These bacteria have been isolated either in a context
of colonization (stool, sputum) or infection (mainly BSIs).

Neutropenia is the predominant condition in HM patients
reported in the reviewed studies. CR BSIs in these patients
have also been documented with less-frequent pathogens, such
as E. gergoviae, K. oxytoca, S. marcescens (Satlin et al., 2016),
Stenotrophomonas maltophilia, C. freundii, Pseudomonas stutzeri,
and Chryseobacterium indologenes (Wang et al., 2015).

Risk Factors for CR Bacterial Infection in
HM Adult Patients
Literature Review
In several areas, HM was reported as a significant risk factor for
CR-Enterobacteriaceae positive culture, representing a comorbid
condition in 8 to 27% of the hospitalized documented cases
(Tumbarello et al., 2014; Marimuthu et al., 2017). In the
14-year prospective longitudinal surveillance study conducted
in the United Kingdom, 2.5% of the GN pathogens isolated
from bacteremia in HM patients were resistant to meropenem,
compared to less than 1% in patients with solid cancer (Schelenz
et al., 2013). In a prospective Italian cohort study conducted in
nine hematology wards in 2009 to 2012, 21% of GN bacteria
isolated from patients with BSIs (among 668 bacterial isolates)
were resistant to meropenem. In a retrospective monocentric
Turkish study on BSIs in HM patients over a 5-year period, 12%
of GN-bacteria were resistant to meropenem (Kara et al., 2015).

Among all HM, the most at-risk population was on average
50 years old, mainly men, with acute leukemia (AL) or
relapsed/refractory hematological disease (Tables 1−2). One
study reported an age beyond 60 years as a major risk factor
and lymphoma as protector (Cattaneo et al., 2018). Factors
significantly associated with CR infections were longer hospital
stays before bacteremia, CR-bacteria carriage, previous CR
isolate, urinary catheters, and AML (Table 1; Satlin et al., 2016;
Marimuthu et al., 2017; Micozzi et al., 2017; Wang et al., 2017).

In hematological cohorts without specific recruitment, white
blood count, central venous catheter, and previous antibacterial
therapy, including recent carbapenem treatment or antibio-
prophylaxis (mainly fluoroquinolones), were inconstant risk
factors for the occurrence of invasive infection with CR bacteria
(Andria et al., 2015; Micozzi et al., 2017; Cattaneo et al., 2018),
although these were frequent associated conditions (Table 1;
Trecarichi et al., 2015; Satlin et al., 2016; Tofas et al., 2016;
Wang et al., 2017). This is in line with emerging data that
tend to put antibiotic pressure in the background to explain
the emergence of resistance (D’Costa et al., 2011). However,
some regions of the world with the highest prevalence of CR
bacteria (e.g., Asia, Middle East, North Africa, Central and
South America) clearly do not overlap with regions of the
world with the greatest access to and use of carbapenems in
community-acquired infections (Righi et al., 2016; Versporten
et al., 2018). In a case-control study investigating risk factors
for infection or colonization with CR K. pneumoniae conducted
in Philadelphia, very few patients had a history of carbapenem
use (1%) (Gasink et al., 2009). Antibiotic resistance is probably
not only selected by direct pressure during use but also

results from complex interactions in natural populations and
ecosystems (Hiltunen et al., 2016). Moreover, a major bias of these
studies is the restriction to healthcare-associated infections, and
systematic exclusion of community acquired invasive infections,
although community carriage is increasingly documented. This
nosocomial recruitment obviously overestimates the role of prior
exposition to antibiotics in the CR-bacteria sepsis occurrence.

A salvage chemotherapy was also associated with the
occurrence of CR-bacterial infection (Andria et al., 2015).
We hypothesize that the antibacterial properties of sequential
chemotherapies could have an impact on the microbiomes of
treated patients and alter the natural barriers that prevent endo-
invasive infections with bacterial colonizers. Indeed, Galloway-
Peña et al. (2016) highlighted in a prospective cohort of adults
undergoing induction chemotherapy for AML, that a decrease in
the Shannon diversity index of both oral and stool samples was a
significant risk factor for subsequent infectious episodes, whereas
neutropenia itself was not (Galloway-Peña et al., 2016).

Leukemias, Mainly Acute Myeloid Leukemia, at the
Highest Risk
Similarly, as in series studied in our review, the majority of
HM patients infected with CR bacteria in case reports had
leukemias (19/26, 73%), mostly AML (12/19, 63%; Table 4).
Specific alterations in the immunity of leukemia patients and
the disease-induced neutropenia for prolonged periods may
contribute to the increased risk of CR colonization and infection
in this population. Leukemias account for 2.5% of all cancers
and affect all aged groups (Bray et al., 2018). Leukemias are
usually classified into four categories: acute lymphocytic leukemia
(ALL), chronic lymphocytic leukemia (CLL), AML, and chronic
myelogenous leukemia (CML). Among lymphocytic leukemias,
CLL predominates and mostly concerns the elderly, 70 years
being the median age at presentation; while 80% of ALL occur in
less than 20 years old people. For unclear reasons, CLL is much
rarer in Asian populations than in Western countries where it
is the most common leukemia in adults (Rodriguez-Abreu et al.,
2007; Sant et al., 2010)3.

Myelogenous leukemias are mainly adult diseases with a
median age at presentation around 60. The most prevalent is
AML, which involves the clonal expansion of myeloid blasts
in the bone marrow and peripheral blood (Arber et al., 2016).
Globally, AML represents 4 to 6% of HM and 30% of leukemias in
adults, with a M/F ratio around 1.4 (World Health Organization,
2014). Incidence of AML increases with age; while the relative
survival dramatically reduces with age (50% at 6 months in older
than 70 years) (Haematological Malignancy Research Network,
2011). Indeed, patients over 60 years of age more frequently
present unfavorable chromosome abnormalities or co-morbid
medical conditions that make it more difficult to use intense
chemotherapy treatments (Deschler and Lübbert, 2006). There
are some worldwide disparities in AML distribution between
countries with medium and low human development (World
Health Organization, 2014). The AML annual incidence is the
highest in Europe [2.5 to 5.5/100 000 age standardized rate

3https://seer.cancer.gov/statfacts/html/clyl.html
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(ASR)] and the United States (3.7/100 000 ASR) compared to
other areas (0.5 to 3.2/100 000 ASR) (Lubeck et al., 2016).
Notably AML is less frequent in Morocco, Yemen, and China
and affects younger people in Asia (Chen and Chen, 2014;
Errahhali et al., 2016).

Unfortunately, no detailed world statistics are available for
subclassified leukemias. We overlay the current endemic
distribution of carbapenemases by country (Logan and
Weinstein, 2017) with the global repartition of leukemia
incidence ASR provided by the WHO and the International
Agency for Research on Cancer 2019 (Data source GLOBOCAN
2018 available at http://gco.iarc.fr/today) in order to estimate the
regions at most risk for CR-bacteria occurrence in hematologic
patients (Figure 2). This map brings out the United States, Italy,
Greece, Turkey, Israel, and Taiwan as the countries with the
highest risk for CR infections in HM patients.

Role of Carbapenem Resistance Colonization
Three studies demonstrated that CR carriage was a significant risk
factor for CR BSI occurrence in HM patients (Andria et al., 2015;
Trecarichi et al., 2016; Jaiswal et al., 2018). The rate of CR-bacteria
colonization among HM patients at the admission ranged from
3.8% (85/2226)—in Italy, without association with previous
exposure to antibiotics—to 21% (48/225) in India. In this Indian
cohort, 20% (46/225) of patients acquired CR colonization during
hospitalization (Jaiswal et al., 2018). Of the colonized HM
patients, 14% (12/85) developed a subsequent BSI with the same
CR germ (Cattaneo et al., 2018). Similarly, in a second study,
18% (17/94) of CR-colonized patients developed CR-bacteria
BSIs, all of them during a course of therapy-induced neutropenia
(Jaiswal et al., 2018). Likewise, CR-K. pneumoniae colonization
documented before or after transplant was followed by an
infection in 26% of auto-hematopoietic stem cell transplantation
(HSCT) and 39% of allo-HSCT CR-colonized patients (Girmenia
et al., 2015). AL diagnosis, mostly AML, was the strongest
risk factor for overall CR-bacteria colonization and bacteremia
occurrence (Ballo et al., 2019).

These data support the idea of implementing prevention
strategies based on colonization surveillance and gut
decontamination in CR-bacteria carriers with HM. It may
be hypothesized that dysbiosis and damage of the mucosal
surfaces combined with immunocompromised state associated
with HM (mainly AL) and neutropenia increase the risk for
CR-Enterobacterial invasive infection in colonized patients.
Gut-decolonizing strategies against CR-Enterobacteria include
antibiotics, bacteriophage therapy in trials, fecal microbiota
transplantation, and alternative treatments such as probiotics or
psyllium. Regimens with oral colistin sulphate and/or gentamicin
and a regimen with streptomycin and neomycin have been used
but with the risk of resistance development and with discordant
results in terms of mortality reduction and clinical outcome
according to the studies (Tacconelli et al., 2019). Preventive
strategies, such as fecal microbiota transplantation, have been
reported to be safe and eradication of CR K. pneumoniae from
the gastrointestinal tract was successful (Bilinski et al., 2017).
However, the 2019 ESCMID-EUCIC clinical guidelines do not
recommend the routine decolonization of MDR GN bacteria

carriers, including immunocompromised carriers, regarding
insufficient data for or against any intervention (Tacconelli et al.,
2019). Pending on reevaluation of these recommendations,
CR-Enterobacteria positive patients should be put under barrier
nursing care precautions as per Centers for Disease Control
and Prevention guidelines (single room, dedicated nurse and
housekeeping staff, contact isolation) (Centers for Disease
Control, 2019). Control measures implementation, including
weekly rectal screening and contact precautions, reduced
significantly the spread of CR K. pneumoniae in patients with
HM in an Italian teaching hospital (Micozzi et al., 2017).

CR in Neutropenic Patients
Neutropenia is a major adverse effect of chemotherapy, HSCT,
or disease course in HM patients, mainly AL (Table 3).
Neutropenic cases belong to a subgroup of HM patients who
are at particularly high risk of infection, including opportunistic
and fungal pathogens. In the cohorts of neutropenic HM
patients, CR BSI accounted for less than 1% of BSI in Northern
Europe (Kjellander et al., 2012), 2% of BSI in New York
(Satlin et al., 2016), while 11% and 13% of BSI in China
and Cairo, respectively (Table 3; El-Mahallawy et al., 2014;
Wang et al., 2015). In the multicentric retrospective American
case control study, BSI due to CR bacteria over a 1-year
period was of 1.8% in neutropenic HM patients vs. 0.7% in
other types of hospitalized patients (p = 0.003), and factors
independently associated with CR bacteremia in multivariable
analyses were the use of a β-lactam/β-lactamase inhibitors or
carbapenems within the previous 30 days and treatment with
trimethoprim-sulfamethoxazole or glucocorticoids at BSIs onset
(Satlin et al., 2016). Likewise, in a meta-analysis of 30 studies, CR
in neutropenic patients was associated with previous exposure
to carbapenems (OR 4.63, 95% CI [3.08–6.96]), but this result
relied on only four papers (13%) that had reported a significant
association, none of them being prospective and half (2/4) failing
to target HM patients (Righi et al., 2016).

As a result, neutropenic patients undergo multiple concurrent
conditions, including antibiotics as prophylaxis or treatment,
chemotherapy, and glucocorticoids that may contribute to
promote CR-bacteria invasive disease while lacking immune
defense mechanisms (Jaiswal et al., 2018).

Management of CR-Infections in HM
Adult Patients
Regarding antimicrobial susceptibility, CR strains in HM patients
were globally susceptible to colistin (80–100%), tigecycline
(60–80%), or gentamicin (10–60%) (Tables 2−4). The lowest
rate of susceptibility to aminoglycosides was recorded in
India (Jaiswal et al., 2018) and Italy (Micozzi et al., 2017),
where CR-K. pneumoniae isolates with high minimal inhibitory
concentration to gentamicin, tigecycline, and colistin were
reported (Cristina et al., 2017). The worst resistance profile
was observed by Micozzi et al. (2017) with only half of
CR-K. pneumoniae strains susceptible to colistin (12/22),
27% (6/22) to tigecycline, and none (0/22) to gentamicin
(Micozzi et al., 2017).
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FIGURE 2 | Global repartition of leukemia incidence age-standardized rate provided by the WHO, International Agency for Research on Cancer 2019 (Data source
GLOBOCAN 2018 available at http://gco.iarc.fr/today), and the overlay of current endemic distribution of carbapenemases by country.

In literature, focusing on CR-K. pneumoniae, a “targeted”
antibiotic therapy, has been defined as an association of at least
two antibiotics, including colistin, tigecycline, and gentamicin,
with at least one of them active in vitro against the isolate
(Tumbarello et al., 2012; Girmenia et al., 2015). The standard
therapy required in HM patients with documented CR-bacterial
infection is the combination of: tigecycline–gentamicin /
colistin–gentamicin / colistin–tigecycline–gentamicin / colistin–
tigecycline / all ± in association with meropenem (Table 2).
Indeed, the colistin–meropenem combination appeared
synergistic in vitro against CR bacteria (Paul et al., 2014;
Tumbarello et al., 2015; Blennow and Ljungman, 2016; Tofas
et al., 2016) but failed to be proven in trials (Paul et al., 2018),
and in vivo synergisms have not been demonstrated (Del Bono
et al., 2016). In a subgroup study, the use of colistin even against
colistin-resistant isolates was a cornerstone in the treatment of
CR Acinetobacter (Dickstein et al., 2018). The clinical efficacy of
colistin in combination with rifampicin against colistin-resistant
KPC-K. pneumoniae and VIM-1-producing E. cloacae has also
been reported (Tascini et al., 2006, 2013). In ICU nosocomial
CR-K. pneumoniae BSIs, high-dose regimens of tigecycline
(200 mg loading dose followed by 100 mg/12 h) rather than
standard dose (100 mg then 50 mg/12 h) were associated with
significantly lower mortality without additional adverse effects
(Geng et al., 2018).

Combination regimens are efficient in selected patients when
antimicrobial susceptibility testing is available, but may have

some toxicity, mainly renal. Empiric therapy first-line treatment
in patients at-risk of infection with CR bacteria is challenging and
could benefit from the arrival of new antibiotics active against
CR-Enterobacteria and/or MDR P. aeruginosa and A. baumannii.
However, recommendations and antimicrobial stewardship
programs to position these therapeutic options are still lacking.
Notably, additional data on clinical efficacy are needed for some
of them (Peri et al., 2019). New β-lactamase inhibitors avibactam,
relebactam, and vaborbactam can inhibit the activity of KPC-
K. pneumoniae. Ceftazidime-avibactam was well tolerated and
associated with higher clinical cure rates in HM patients
with CR-enterobacteremia (Castón et al., 2017). However, its
use can be associated with the emergence of resistance in
patients with KPC-K. pneumoniae, so that it is recommended
to associate ceftazidime-avibactam with other antibiotics such as
tigecycline, aminoglycoside, colistin, or carbapenem. Moreover,
ceftazidime-avibactam and meropenem-vaborbactam may lack
activity against MBL (NDM and VIM) (Peri et al., 2019).
Cefiderocol (S-649266), a novel siderophore cephalosporin, was
stable against relevant carbapenemases, including MBL, KPC,
and OXA-48-group carbapenemases. Ceftolozan-tazobactam
could be a therapeutic option in non-carbapenemase-producing
CR GN strains in HM patients (Saran et al., 2019); Non-β
lactam antibiotics, plazomicin and eravacycline, also represent
potential options for the treatment of CR GN-bacterial infections.
Plazomicin is a new generation aminoglycoside with increased
in vitro activity against KPC-producing bacteria, but with a
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limited activity against the NDM group of CR bacteria, and is
currently recommended to treat urinary tract infections, but not
BSI (Cloutier et al., 2017; Connolly et al., 2018). Eravacycline
is a novel fluorocycline structurally similar to tigecycline, not
affected by most mechanisms causing tetracycline resistance, and
has shown to be active against ESBL, KPC-, and OXA-producing
Enterobacteriaceae (Zhanel et al., 2018).

In non-fermenter GN bacteria, colistin in combination with
ceftazidime is clinically effective against MDR P. aeruginosa
(Tascini et al., 2006, 2013). New antimicrobial molecules can
inhibit the activity of some non-fermenter GN bacteria. Hakki
and Lewis (2018) showed the success of ceftolozane, a novel
cephalosporin, used in combination with tazobactam for the
treatment of MDR P. aeruginosa infections in hematopoietic-
cell transplant recipients (Hakki and Lewis, 2018). Unlike
in P. aeruginosa, eravacycline (the novel fluorocycline)
is active against MDR A. baumannii and S. maltophilia
(Zhanel et al., 2018).

It should be noted that active empiric therapy was rarely
administrated in HM patients with CR BSIs: 34% in an
Israeli study (Andria et al., 2015), 24% in an Italian HCST
cohort (Girmenia et al., 2015), and only 14% vs. 56 to 88%
in hematological controls with non-CR BSIs (p < 0.001)
in neutropenic American patients (Satlin et al., 2016;
Tables 2−3). For high-risk neutropenic patients, all of the
guidelines recommend starting monotherapy with a beta-
lactam active against P. aeruginosa (piperacillin-tazobactam,
imipenem, meropenem, cefepime, ceftazidime) and to add
other antimicrobials in patients who are clinically unstable and
when there is suspicion of infection caused by resistant GN
or GP bacteria (Freifeld et al., 2011; Gea-Banacloche, 2013).
But even after susceptibility data, few HM patients received
optimal antibiotic therapy. In the cohort of 50 neutropenic HM
patients with CR-K. pneumoniae BSIs, 90, 86, and 74% of the
isolates were susceptible to gentamicin, tigecycline, and colistin,
respectively. However, for definitive treatment, 80% received
at least one active drug, and only 60% of patients received a
combination therapy (Tofas et al., 2016). In the New York series,
80% of CR Enterobacteria were susceptible to colistin, 65% to
tigecycline, and 30% to gentamicin, but only 5/15 (33%) received
two targeted agents (Satlin et al., 2013a).

Therefore, providing adequate treatment for patients with CR
bacteria, not only at the time of empirical antibiotic therapy but
also after susceptibility test results, remains a real therapeutic
challenge. HM patients with CR infection would really benefit
from the early help of infectious diseases consultants (Cristina
et al., 2017) and should be approached according to the algorithm
proposed in Figure 3.

Factors of Mortality in HM Patients With
CR Bacterial Infections
We found the overall mortality rate of HM patients ranged from 7
to 55% according to the series, and mortality was much higher (45
to 100%) among CR-infected HM patients (Tables 2−3). Among
CR bacteria, mortality was linked with CR K. pneumoniae and CR
A. baumannii, which were identified as independent risk factors

for 30-day mortality in HM patients (Wang et al., 2017). The CR-
related mortality rate was particularly high in allo-HSCT patients
(64.4% at 3 months) and in neutropenic patients: for example,
51% at 30 days vs. 15% in controls (p < 0.001) and 50 vs. 13% in
overall BSI-related mortalities (Table 3; Satlin et al., 2013a; Wang
et al., 2015; Trecarichi et al., 2016; Kirtane and Lee, 2017). In
comparison, in a review of studies published worldwide before
2012, Falagas et al. (2014) estimated that 26 to 44% of deaths
worldwide were due to CR (Falagas et al., 2014), and Borer et al.
(2009) reported the highest attributable mortality rate for CR-
K. pneumoniae bacteremia in all comorbidities as 50% with a
mortality risk ratio of 3.3 (95% CI, 2.9–28.5) (Borer et al., 2009).
Moreover, in a carbapenemase non-endemic European country,
CR-colonized HM patients had a significantly reduced 60- and
90-day, as well as 1- and 2-year survival rates when compared to
non-colonized patients (Ballo et al., 2019).

It is worth noting that the methods and timing of outcome
measurement differ from one study to another and that the
age range of the population is often extended across cohorts
(Tables 2−3). However, in assessing mortality factors in patients
with HM, it is important to take into account the classification
and progression of the disease by WHO and the age of the
patients, especially in the case of AML where age and neutropenia
have a significant impact on survival rates as explained above
(Deschler and Lübbert, 2006).

Three studies reported CR-inactive empirical therapy as
an independent risk factor of mortality (Falagas et al., 2014;
Girmenia et al., 2015; Trecarichi et al., 2016). One study
demonstrated inadequate treatment and the absence of active
drug combination as a significant risk of death with a mortality
rate up to 90% in neutropenic patients with inadequate
treatment (Tofas et al., 2016). Likewise, studies investigating
intensive care unit patients have demonstrated that the use
of combinations with CR K. pneumoniae-targeted antibiotics
are associated with increased survival of patients with BSIs
(Tumbarello et al., 2012). In the Indian prospective series
reporting a global infection-related mortality at 26 months as
9.5% (22/225) with 77% of deaths (17/22) due to CR-bacteria
BSIs, the mortality in HM patients with CR bacteremia was
100% in a median time of 6 days, with 100% of strains
susceptible to colistin and 65% to tigecycline, but the antibiotic
therapies and delay of introduction were not specified (Jaiswal
et al., 2018). In the Italian multicentric study, the overall
21-day mortality rate in HM patients with bacterial BSIs
was significantly higher for patients with BSIs caused by
CR Enterobacteriaceae vs. non-CR strains, but no treatment
was detailed (Trecarichi et al., 2015). Besides, (Satlin et al.,
2013a) reported a 40% mortality rate at 7 days in CR BSI
and explained that only 2/18 (11%) of patients had received
an adequate empirical therapy. Three deaths occurred before
susceptibility data, the median time to introduce an active
drug after susceptibility results was 55 h, and only one-third
of survivors finally received two active agents representing
less than 30% of CR-infected HM patients in this study
(Satlin et al., 2013a).

Moreover, in the specific population of neutropenic patients,
unresolved neutropenia (i.e., >14 days) was an independent
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FIGURE 3 | Proposal for CR-bacterial infection risk assessment and empirical management of febrile hematologic patients, based on morbidity and mortality
determinants recorded from this literature review.

predictor of death (Wang et al., 2015; Tofas et al., 2016). In
Jaiswal’s cohort, all CR bacteremia occurred in CR-bacteria
carriers during neutropenia, which appears to be a promoting
factor of CR-infection occurrence and severity (Jaiswal et al.,
2018). Others factor of death were nosocomial acquisition of CR
bacteria (Jaiswal et al., 2018) and AML (Micozzi et al., 2017).

Therefore, the delay and the combination of active
antimicrobial therapy in HM patients with CR GN bacterial
infections, especially if associated with conditions at higher
risk of mortality (profound neutropenia, HSCT, AML, and
elderly people) exposes them to increased morbidity and
mortality. Treatment failures do not appear to be due to
a “therapeutic impasse,” but most deaths have occurred in
vulnerable HM patients without adequate antibiotic treatments
being introduced in time.

CONCLUSION AND STRATEGIES

As proved with broad-spectrum beta-lactam-resistant
Enterobacteria (Woerther et al., 2015), close monitoring
CR intestinal carriage can help control their spread and
decide on the appropriate initial antimicrobial treatment for
vulnerable HM patients with infection. Surveillance of gut
colonization in HM populations, at the time of diagnosis and
along the course of chemotherapeutic lines and hospitalizations,
should be implemented in the most at risk areas we identified
(high incidence of carbapenemase bacteria and leukemias),
but also in those with a low prevalence of CR to monitor

the risk of CR BSI occurrence in HM patients per regions
(Ballo et al., 2019).

Importantly, the most at-risk patients should be early
identified since the first-line CR-bacteria-targeted treatments
do not correspond to standard empiric antibiotic therapies
recommended in HM patients, and CR-bacteria identification
takes at least 48 h, while time is counted in this group (Sepkowitz,
2005; Averbuch et al., 2013). A critical aspect for the management
of CR pathogens in HM patients and the reduction of the
related mortality is the definition of early therapeutic strategies
based on timely empiric antibiotic combinations, including
tigecycline and colistin +/– aminoglycosides, or new drugs such
as ceftolozan-tazobactam and ceftazidime-avibactam, according
to the antimicrobial susceptibility profiles locally documented.
Based on the determinants recorded from this literature
review, we propose an algorithm assessing the incremental
risk for CR-bacterial infection occurrence and mortality in
febrile hematologic patients, guiding the empirical therapeutic
strategies (Figure 3).

Finally, the mechanisms (whether it is carbapenemase
production or not) and the genetic support of the resistance to
carbapenems were poorly documented in the clinical series of
HM patients (Satlin et al., 2013a; Girmenia et al., 2015; Tofas
et al., 2016). However, the way GN bacteria resist carbapenems
may play a role in the antibiotic combination synergies.
Clinical trials and studies on therapeutic efficacy should
integrate epidemiological data regarding the existing diversity
of resistance mechanisms and profiles in CR Enterobacteriaceae
(Senchyna et al., 2018).
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Carbapenems and tigecycline are two important classes of antimicrobial agents to
treat the infections caused by Enterobacterales. Here, we reported a plasmid carrying
both blaIMP−26 and tet(A) variant in clinical Klebsiella pneumoniae KP-1572. MIC results
showed that K. pneumonia KP-1572 was resistant to a wide range of antimicrobials.
The blaIMP−26 and tet(A) variant were located on an identical plasmid, which was
indicated by S1-PFGE and southern blotting hybridization and can be successfully
transferred by electroporation. Whole-plasmid sequencing and analysis revealed that
a 142,993-bp-sized plasmid, designated pIMP1572, contains an IncFIIk backbone and
a variable region harboring blaIMP−26 and tet(A) variant. The plasmid pIMP1572 was
apparently originated from a tet(A)-carrying IncFIIk plasmid but with a deletion length
of 6,216-bp and a multiple drug resistance region (MDRR) insertion of 25,259 bp. The
plasmid pIMP1572 in the present study represents the first report of the IncFIIk plasmid
co-carrying blaIMP and tet(A) variant, which should be monitored.

Keywords: Klebsiella pneumoniae, carbapenems, tigecycline, resistance, blaIMP−26, tet(A) variant, IncFIIk plasmid

INTRODUCTION

Carbapenem-resistant Klebsiella pneumoniae (CRKP) is an increasing problem worldwide
(Nordmann et al., 2011; Munoz-Price et al., 2013). Horizontal transfer of plasmid-mediated
carbapenemase-encoding genes, especially the predominant blaKPC, is contributing to the
dissemination of carbapenem resistance among CRKP (Zhang et al., 2017). Unlike the blaKPC gene,
the IMP-type metallo-β-lactamase (MBL) genes, which have been reported carried by IncL/M,
IncA/C, IncHI2, and IncN plasmids in Enterobacterales from Australia and China (Villa et al.,
2010; Dolejska et al., 2016; Wang et al., 2017), were not frequently detected in CRKP and associated
with IncFIIK plasmids (Wang et al., 2018). IMP-26, which differs from IMP-4 by a single amino
acid substitution (Phe49Val), was firstly reported from the Pseudomonas aeruginosa isolate in
Singapore in 2010 (Koh et al., 2010; Tada et al., 2016) and was demonstrated to possess increased
carbapenem-hydrolyzing activity to meropenem than IMP-1 (Tada et al., 2016).
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Tigecycline was considered to be the last-resort drug to treat
infections caused by CRKP (Tasina et al., 2011). However, the
previously described tet(A) variant (Yao et al., 2018) and recently
identified tet(X) variants, such as tet(X3), tet(X4), tet(X5), and
tet(X6) (He et al., 2019; Sun et al., 2019; Wang L. et al., 2019a;
Liu et al., 2020), have been reported to mediate the low-level
and high-level tigecycline resistance, respectively. Both tet(A)
variant and tet(X) variants are mobilized, indicating that they are
posing a higher threat to public health. The association between
the tigecycline resistance genes and carbapenem-hydrolyzing
enzymes genes in CRKP has not been well explored.

Herein, we characterized an IncFIIk plasmid co-carrying
blaIMP−26 and tigecycline-resistant gene tet(A) variant in a
clinical K. pneumoniae isolate which displayed resistance to
carbapenems and tigecycline.

MATERIALS AND METHODS

Bacterial Isolation, Antimicrobial
Susceptibility Testing, and PCR
Detection
Klebsiella pneumonia KP-1572 was obtained from a sputum
culture of a 1-day newborn boy hospitalized due to intracranial
hemorrhage associated with neonatal infections at a teaching
hospital of the Zhengzhou University.

The MICs to imipenem, meropenem, aztreonam, ceftazidime,
gentamicin, amikacin, tetracycline, tigecycline, colistin, and
fosfomycin were determined using the broth microdilution
method and the agar dilution method (for fosfomycin)
according to the Clinical and Laboratory Standards Institute
guidelines (CLSI) (CLSI, 2020) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST)1. Escherichia coli
ATCC 25922 served as the quality-control strain.

PCR was used to determine the presence of the carbapenem-
resistance and tigecycline-resistance genes blaKPC, blaNDM,
blaIMP, blaVIM, blaOXA, tet(A), and tet(X4) with primers
described previously (Poirel et al., 2011; Yao et al., 2018;
He et al., 2019).

Multilocus Sequence Typing
Multilocus sequence typing (MLST) of K. pneumoniae KP-1572
were performed as described previously (Diancourt et al., 2005).
PCR amplification and sequencing for seven housekeeping genes
(gapA, infB, mdh, pgi, phoE, rpoB, and tonB) were carried out.
Then, the sequences of these seven housekeeping genes were
submitted to a database2 to obtain the ST type.

S1-PFGE and Southern Blotting
S1-PFGE and Southern blotting were performed to detect the
location of the resistance genes. The whole-cell DNA of the
K. pneumonia KP-1572 isolate in agarose gel plug was treated
with S1 nuclease (TaKaRa, Dalian, China) and then separated by

1http://www.eucast.org
2https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_
isolates

PFGE under the conditions reported previously (Qin et al., 2014).
The location of the blaIMP−26 and tet(A) variant was indicated
by Southern hybridization using a digoxigenin-labeled blaIMP
and tet(A) probe, respectively, according to the manufacturer’s
instructions for the DIG-High Prime DNA Labeling and
Detection Starter Kit II (Roche Diagnostics, Basel, Switzerland).

Conjugation Assay and
Electrotransformation Experiments
Conjugation assays were performed according to the method
described previously with minor modification (Borgia et al.,
2012). Briefly, the rifampicin-resistant E. coli isolate EC600
was used as the recipient, and donor and recipient strains
were mixed at a ratio of 1:4 on LB agar and cultured for
12 h. The mixtures were collected and then plated on an
LB agar containing rifampicin (64 µg/mL) and meropenem
(1 µg/mL) or tigecycline (0.5 µg/mL). Electrotransformation was
performed as described previously (Yan et al., 2020). Briefly,
the plasmid co-harboring the blaIMP−26 and tet(A) variant was
extracted from K. pneumoniae KP-1572 and then transferred
into the recipient Electro-Cells E. coli DH5α (TaKaRa, Dalian,
China) by electroporation (Bio-Rad MicroPulser, 1.8 kV, 5 ms).
The electrotransformants were screened by LB agar containing
meropenem (1 µg/mL).

Plasmid Sequencing and Analysis
The plasmid was sequenced by the PacBio RS and Illumina MiSeq
platforms (Shanghai Personal Biotechnology Co., Ltd., China).
The PacBio sequence reads were assembled with HGAP4 and
CANU (Version 1.6) and corrected by Illumina MiSeq with Pilon
(Version 1.22). The prediction and annotation of ORFs were
performed using Glimmer 3.0.

RESULTS AND DISCUSSION

Klebsiella pneumoniae KP-1572 exhibited a multiple drug
resistance (MDR) profile for a wide range of antimicrobial agents,
including imipenem, meropenem, aztreonam, ceftazidime,
gentamicin, tetracycline, tigecycline, and colistin, while it was
susceptible to amikacin and fosfomycin (Table 1). Resistance
gene screening and sequencing revealed that K. pneumonia
KP-1572 co-carried the carbapenem-resistance gene blaIMP−26
variant and tigecycline-resistance gene tet(A) variant. The tet(A)

TABLE 1 | Antibiotic susceptibility of KP-1572 isolate and its electrotransformant.

Isolate Antibiotic susceptibility (µg/ml) to

IPMa MEM ATM CAZ GN AK TET TIG CL FOS

KP-1572 64 >64 64 >64 64 8 >64 2 8 8

DKP1572 16 16 8 64 32 1 >64 2 0.5 <1

DH5α <0.25 <0.25 <0.25 0.5 0.25 0.5 <0.25 <0.25 <0.25 <1

a IPM, imipenem; MEM, meropenem; ATM, aztreonam; CAZ, ceftazidime; GN,
gentamicin; AK, amikacin; TET, tetracycline; TIG, tigecycline; CL, colistin; FOS,
fosfomycin.
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variant showed a mutation profile of I5R, V55M, I75V, T84A,
S201A, F202S, and V203F compared with tet(A) (X00006)
(Waters et al., 1983) and exhibited 100% identity with that
in our previous study (Yao et al., 2018). Multilocus sequence
typing (MLST) showed that K. pneumonia KP-1572 belonged
to uncommon sequence type ST1083, which was reported in
carbapenem-resistant K. pneumonia isolated from clinical bovine
mastitis in Tunisia (Saidani et al., 2018).

S1 nuclease PFGE and Southern blotting confirmed that
the gene blaIMP−26 and tet(A) variant were located on an
identical plasmid of KP-1572 (Supplementary Figure S1).
The conjugation experiments failed after three attempts;
however, transformants were successfully obtained by
electroporation, which was confirmed by PCR and S1-
PFGE (Supplementary Figure S1). The susceptibility
testing results indicated that the electrotransformant
(designed DKP1572) showed > 64-fold increased resistance

to meropenem and imipenem compared to the recipient
DH5α. DKP1572 also exhibited an increased resistance level
(2 µg/mL, eightfold increase) to tigecycline than that of
DH5α (Table 1).

Whole-plasmid sequencing of plasmid in DKP1572 (named
pIMP1572) showed that it is an IncFIIk-type plasmid with a
length of 142,993 bp and an average GC content of 53.5%,
which encodes 117 predicted open reading frames. The plasmid
pIMP1572 consisted of an 89,521-bp IncFIIK typical backbone
encoding genes responsible for plasmid replication, transfer, and
stability functions, and a 53,472-bp variable region (Figure 1).
The oriTs, relaxases, T4SS gene clusters, and T4CPs are closely
associated with conjugation of plasmids (Li et al., 2018);
however, mutations were present in relaxases, TraB, TraD,
and T4CP encoding genes in pIMP1572, which might explain
the failure of its conjugation. pIMP1572 is a multiple-drug-
resistance plasmid that included the aminoglycoside resistance

FIGURE 1 | The structure of the plasmid pIMP1572 from K. pneumonia KP-1572. The size scale in bp; genes are color-coded, depending on functional annotations:
red, antimicrobial resistance; blue, plasmid transfer; green, plasmid replication; yellow, transposition; purple, other functions; and white, hypothetical proteins.
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FIGURE 2 | The structure comparison of the plasmid pIMP1572 identified in this study with others published previously. The gray-shaded areas represent genomic
regions that share 99% nucleotide sequence identities.

genes aac(3)-IId, aadA16, and aac(6′)-Ib-cr; β-lactam resistance
genes blaTEM−1B, blaCTX−M−15, and blaTEM−1C; macrolide
resistance gene mph(A); rifampicin resistance gene arr-3,
sulfonamide resistance gene sul1; and trimethoprim resistance
gene dfrA27 in addition to the blaIMP−26 and tet(A) variant
(Figure 1). Multiple transfer elements, such as IS26, were also
present in this plasmid (Figure 1), which may promote the
dissemination of resistance genes among K. pneumoniae and
other Enterobacterales.

Analysis of the flanking regions of blaIMP−26 revealed that
this gene was located in a class 1 integron cassette, IntI1-
blaIMP−26-ORF1-qacEM1-sul1, which contained a complete 5′
conserved sequence (5′-CS, integrase intl1) and 3′-CS (qacEM1-
sul1). The blaIMP−26-carrying class 1 integron cassette in this
study showed 100% identity and 97% query coverage with the
corresponding region of a plasmid pIMP26 in Enterobacter
cloacae isolated from the bloodstream in China (Wang S. et al.,
2019b) but was different from that reported in P. aeruginosa
in Vietnam (Tada et al., 2016). Tn1721 was a member of Tn3-
family unit transposons, with the complete genetic structure
of mcp-res-tnpR-tnpA-tetR-tet(A)-pecM-1tnpA (Allmeier et al.,
1992). In this study, the tet(A) variant was found in a
truncated Tn1721-like transposon with arrangement of the
1tnpA-relaxase-tetR-tet(A) variant (Figure 1). Recently, the
tet(A) variant was found located on a blaKPC−2-carrying plasmid
in K. pneumonia and was confirmed to mediate tigecycline
resistance (Yao et al., 2018; Zeng et al., 2020). To our knowledge,
the current study is the first time to report the presence of
a blaIMP−26 and tet(A) variant-co-carrying plasmid, which can
render K. pneumonia to be reduced susceptibility significantly to
both carbapenems and tigecycline, posing a threat to treatments
of CRKP infection in clinic.

The sequence data revealed that pIMP1572 shares 99.99%
identity and 89% query coverage3 with an IncFIIk type

3https://blast.ncbi.nlm.nih.gov/

pKp21774-135 in K. pneumoniae (accession number in GenBank,
MG878868) (Figure 2). Multiple drug resistance regions
(MDRR) with a length of 25,259 bp insertion and 6,216
bp deletion were found in pIMP1572 plasmids in this
study, when compared with pKp21774-135 (Figure 2). The
insertion MDRR that contained multiple resistance genes was
bracketed by IS26, including qacEM1-sul1, blaTEM−1, aac(3)-
IId, and mph(A) in addition to blaIMP−26. The sequence of
the MDRR region showed 99% identity and query coverage
to the corresponding region of an IncA/C2 plasmid pCf52
(KY887592) from Citrobacter freundii (Figure 2), indicating
that this MDRR may be acquired from C. freundii other than
K. pneumonia.

IncFIIk plasmid, a member of the divergent IncFII replicon
plasmids, played a significant role in restoring and transferring
the blaKPC gene in K. pneumoniae (Feng et al., 2017; Wang
et al., 2017; Bi et al., 2018; Fu et al., 2019), which was also
reported sporadically to carry MBL-encoding genes, such as
blaNDM (Sugawara et al., 2019). The plasmid pIMP1572 identified
in this study is different from previously reported blaIMP-
harboring plasmids that belonged to incompatibility groups
IncL/M, A/C, HI2, and IncN (Carattoli, 2009; Dolejska et al.,
2016; Wang et al., 2017) and represents the first report of
IncFIIk plasmid carrying blaIMP. Association of blaIMP-like
genes with an epidemic IncFIIk plasmid may facilitate their
further dissemination among K. pneumonia. Thus, enhanced
efforts should be made to monitor the potentially rapid
dissemination of blaIMP and tet(A) variant-encoding IncFIIk-
type plasmid.
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Objectives: There is an urgent need for accurate and fast diagnostic tests to identify

carbapenemase-producing bacteria. Here we used Bacillus stearothermophilus as an

indicator strain in the format of the carbapenem inactivation method (CIM) procedure to

develop a rapid carbapenemase phenotype detection method: CIMB.S.

Methods: The CIMB.S test was derived from the mCIM, where B. stearothermophilus

replaced Escherichia coli as the indicator strain. The test bacteria were incubated in the

presence of imipenem for 30min, and then, aliquots were placed on colorimetric plates,

and incubation was continued for 3.5 h at 60◦C. We examined 134 clinical strains to

evaluate the CIMB.S performance.

Results: The CIMB.S can be completed in 4 h, and we successfully identified

38/39 (97.4%) carbapenemase-producing Enterobacteriaceae, including 17/18

(94.4%) carbapenemase-producing Pseudomonas aeruginosa and 18/19 (94.7%)

carbapenemase-producing Acinetobacter baumannii. All non-carbapenemase

producers we tested were negative and included Enterobacteriaceae (n = 36), P.

aeruginosa (n = 17), and A. baumannii (n = 5).

Conclusions: The CIMB.S test is a rapid carbapenemase phenotype detection method

requiring only 4 h of total work time and displays high sensitivity and specificity.

Keywords: Bacillus stearothermophilus, carbapenem inactivation method, rapid, colorimetric, phenotype

detection

INTRODUCTION

The carbapenems are a highly efficacious group of antibiotics and are considered as the
last resort for treating multidrug-resistant Enterobacteriaceae (1). However, infections caused
by carbapenem-resistant Gram-negative bacteria (CRGB) have been increasing (2). The
global spread of CRGB is an urgent public health challenge due to limited therapeutic
options, such that these infections are often accompanied by high mortality rates (3).
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Carbapenem resistance is due to decreased porin expression,
increased expression of multidrug efflux pumps, and
overexpression of AmpC and carbapenemases. The latter is
the primary resistance mechanism for these infections (4).

Carbapenemase genes are frequently located on mobile
genetic elements, including plasmids, and this increases transfer
frequencies to other bacteria (5, 6). Thus, a crucial element
to prevent dissemination of carbapenemase resistance is early
detection of CRGB (7). Unfortunately, the classic methods of
antibiotic susceptibility testing are not completely effective for
CRGB because many are not resistant to meropenem, such as
the partial OXA-48-producing strains (8). In addition, molecular
techniques, such as PCR and whole genome sequencing, are
available but rely on expensive equipment and supplies (9).
Phenotype detection is an important adjunct to molecular
detection, such as the Carba NP test and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, which
detects carbapenemase hydrolysis products (10), as well as
lateral flow immunoassays that rely on anti-carbapenemase
antibodies (11).

In contrast to these assays, the modified Hodge test (MHT)
and modified carbapenem inactivation (mCIM) methods are
growth-based assays that determine the extent of antibiotic
resistance based on the growth of an indicator organism
in the presence of the antibiotic (12, 13). The mCIM is
widely used in clinical laboratories because of its simplicity,
accuracy, and low cost, but the procedure is time-consuming
(13). However, these time constraints can be overcome by use
of carbapenemase-susceptible bacteria that can grow rapidly.
For example, Bacillus stearothermophilus is a Gram-positive
thermophile that grows at 45–75◦C and is an acid producer
that can rapidly alter the pH of the growth medium (14). Here,
we used B. stearothermophilus as indicator strain to develop
the CIMB.S, a rapid carbapenemase phenotype detection method
derived from mCIM that reduces the carbapenemase phenotype
detection time from more than 18–4 h.

MATERIALS AND METHODS

Strains and Reagents
We used 134 clinical isolates that were provided by Huizhou
First People’s Hospital and The Third Affiliated Hospital of
Sun Yat-sen University (Table S1). All tested strains were
identified to the species level by using MALDI-TOF MS
(Axima-Assurance, Shimadzu, Kyoto, Japan). These clinical
strains were used to evaluate CIMB.S test performance and
included 76 isolates that possessed the carbapenemase genes
NDM, KPC, VIM, IMP, or OXA and 58 strains that did
not carry any carbapenemase gene. This strain collection was
composed of 39 carbapenemase-producing Enterobacteriaceae
(CPE) that included 14 E. coli (NDM-1, NDM-5, VIM-2, and
IMP-2), 16 Klebsiella pneumoniae (NDM-1, NDM-5, VIM-2,
IMP-2, and KPC-2), 2 Citrobacter freundii (NDM-1), and 7
Enterobacter cloacae (NDM-1, VIM-1, and IMP-2) as well as
18 carbapenemase-producing Pseudomonas aeruginosa (CPPA)
(NDM-5, VIM-2, and IMP-2) and 19 carbapenemase-producing
Acinetobacter baumannii (CPAB) isolates (NDM-1, OXA-23, and

KPC-2). The 58 non-carbapenemase-producing strains included
18 E. coli, 6 K. pneumoniae, 8 C. freundii, and 4 E. cloacae as well
as 17 P. aeruginosa and 5 A. baumannii.

Ertapenem, meropenem, imipenem, bromothymol blue,
bromocresol purple, and ZnSO4 were obtained from Sigma
(St. Louis, MO, USA). B. stearothermophilus ATCC 7453 and
E. coli strain ATCC 25922 were obtained from the American
Type Culture Collection (Manassas, VA, USA). Imipenem
disks and Mueller-Hinton agar were obtained from Oxoid
(Bassingstoke, UK).

Carbapenemase genes were identified using PCR, and the
following genes were included: blaKPC, blaNDM, blaIMP, or blaVIM
(15). PCR amplicons were sequenced using Sanger sequencing.

Antibiotic Susceptibility Testing
Standard antimicrobial susceptibility assays were performed and
interpreted according to the CLSI guidelines (16) using the agar
dilution method with ertapenem, meropenem, and imipenem as
the test agents and ATCC 25922 as the quality control strain.

Carbapenemase Activity Assays
The Blue-Carba assay was performed as previously described
(17). Briefly, a loop of a pure bacterial culture was suspended in
100 µL of both test and negative-control solution in a 96-well-
microtiter plate and incubated at 37◦C with agitation (150 rpm)
for 2 h. The test solution consisted of 0.04% bromothymol blue at
pH 6.0 containing ZnSO4 (0.1mM) and imipenem (3 mg/mL)
at a final pH of 7. The negative-control solution consisted of
0.04% bromothymol blue pH 7. If the test isolates produced
carbapenemase, the color of the wells turned from blue to yellow;
otherwise, the test isolate was considered negative.

The mCIM was performed as previously described with slight
modifications (13). Briefly, a loopful (1µL for Enterobacteriaceae
and 10 µL for P. aeruginosa and A. baumannii) was added into
400 µL of sterile water containing a 10-µg imipenem disk and
incubated for 30min. The disk was then placed on a Mueller-
Hinton agar plate containing the susceptible E. coli indicator
strain ATCC 29522 and incubated for 18 h. Carbapenemase
production by the test strain was indicated by growth of the
indicator bacterium.

Colorimetric plates used for CIMB.S assays were prepared
using a filter-sterilized solution of 18mg bromocresol
purple/10mL dH2O water that was combined with 10mL
of exponential phase culture (1 × 108 cfu/mL) of B.
stearothermophilus 7453 that was added to 980mL freshly
prepared and cooled (45–50◦C) MH agar (pH 7.0). The plates
were prepared using 20mL in 90-mm bacteriological petri dishes
to obtain a 4-mm depth or an equivalent to 70mL in 150mm
dishes. The plates were stored at 4◦C and were discarded after 7
days if not used for testing.

The CIMB.S testing procedure was derived from the mCIM.
One loopful (1 µL for Enterobacteriaceae and 10 µL for P.
aeruginosa and A. baumannii) of overnight liquid cultures was
added to Eppendorf tubes containing 400 µL sterile water. One
10-µg imipenem disk was added to the suspension that was
vortexed for 1min and incubated for 30min at 37◦C. The disk
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FIGURE 1 | Identification of carbapenemase-producing bacteria using the CIMB.S test. (A) Strategy of the test. The results are determined by the size of the

colorimetric inhibition zone as compared with negative control. (B) Comparison of re-incubation time between the CIMB.S and mCIM. The re-incubation time of CIMB.S

required only 3.5 h, which is shortened by 4.5 h from mCIM.
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TABLE 1 | Carbapenemase and non-carbapenemase-producing Enterobacteriaceae tested.

MIC (mg/L) No. of isolates with a positive test/no. of isolates tested

Species n Carbapenemase Ertapenem Imipenem Meropenem Blue-Carba mCIM CIMB.S

Test strains 75

carbapenemase-

producers

39

E. coli 3 NDM-1 4– >64 2->64 16–>64 3/3 3/3 3/3

E. coli 8 NDM-5 8–>64 2–>64 2–>64 6/8 7/8 7/8

E. coli 2 VIM-2 >64 >64 >64 2/2 2/2 2/2

E. coli 1 IMP-2 >64 32 32 1/1 1/1 1/1

K. pneumoniae 3 NDM-1 16–64 4–32 4–32 3/3 3/3 3/3

K. pneumoniae 3 NDM-5 ≥64 16–64 16–64 3/3 3/3 3/3

K. pneumoniae 1 VIM-2 64 32 32 1/1 1/1 1/1

K. pneumoniae 1 IMP-2 >64 64 16 1/1 1/1 1/1

K. pneumoniae 8 KPC-2 16–≥64 16–64 4–>64 8/8 8/8 8/8

C. freundii 2 NDM-1 64 8–16 8–16 2/2 2/2 2/2

E. cloacae 3 NDM-1 32–64 4–16 4–16 3/3 3/3 3/3

E. cloacae 1 VIM-1 4 4 2 1/1 1/1 1/1

E. cloacae 3 IMP-2 8–64 2–8 2–16 3/3 3/3 3/3

Non-carbapenemase-

producers

36

E. coli 18 - 0.125–64 ≤0.125–32 <0.125–16 0/18 0/18 0/18

K. pneumoniae 6 - 0.125–16 ≤0.125–8 <0.125–8 0/6 0/6 0/6

C. freundii 8 - <0.125–0.5 <0.125–0.5 <0.125 0/8 0/8 0/8

E. cloacae 4 - 2–8 0.25–0.5 <0.125 0/4 0/4 0/4

n, number of isolates tested.

was then placed on a colorimetric plate and incubated for 3.5 h at
60◦C (Figure 1A).

Acid production by the indicator strain results in a color
change from purple (pH 7) to yellow (pH < 5.8) resulting in
colored zones that were measured with a Vernier caliper. If the
tested strain produced carbapenemase, imipenem is degraded,
allowing the growth of the susceptible indicator strain and a
yellow colorimetric zone.

Statistical Analysis
The sensitivity was calculated by dividing the number of positive
strains by the number of strains harboring the carbapenenase
genes. The specificity was calculated by dividing the number of
strains with negative results by the number of strains without the
carbapenem gene. All experiments were performed in triplicate.
Statistical analyses were performed using GraphPad Prism 7
(GraphPad Software) and Excel 2010 (Microsoft, Redmond,
WA, USA).

RESULTS

Detection Time of the CIMB.S

The CIMB.S was evaluated on 134 tested strains to detect a
carbapenemase activity, and it can finish the carbapenemase
phenotypic detection in 4 h by use of B. stearothermophilus as
indicator strain with result same as mCIM (Figure S1).

After incubation with the test bacteria culture, the imipenem
disk was placed on a colorimetric plate at 60◦C, and colorimetric
zones started to form and became clearly visible by 3.5 h
(Figure 1B). This incubation time can be extended appropriately,
but prolonged incubation should be avoided because further
medium acidification blurred at 8 h, and the colorimetric zones
in the positive control disappeared at ∼18 h. However, at 18 h,
inhibition zones similarly to those produced in the mCIM assay
can be used for interpretation.

Sensitivity and Specificity of CIMB.S

We also examined the specificity of our CIMB.S using known
carbapenemase producers. In our group of Enterobacteriaceae,
we successfully identified 38/39 that were CIMB.S positive and
one E. coli strain carrying the NDM-5 gene that was negative. All
36 non-CPE were CIMB.S negative. Overall, the sensitivity and
specificity of the CIMB.S for the Enterobacteriaceae were 97.4 and
100%, respectively (Table 1).

When we assayed the P. aeruginosa strains, 18/18 CPPA were
CIMB.S positive, and all 17 non-CPPA isolates tested CIMB.S

negative. The corresponding sensitivity and specificity were 100%
(Table 2). In the A. baumannii group, we found that 18/19 of the
CPAB were positive, and one CPAB strain carrying the NDM-
5 gene that was negative; all 5 non-CPAB isolates were CIMB.S

negative. The sensitivity and specificity of the CIMB.S for the A.
baumannii were 94.7 and 100%, respectively (Table 2).
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TABLE 2 | Carbapenemase and non-carbapenemase-producing P. aeruginosa A. baumannii and tested.

MIC (mg/L) No. of isolates with a positive test/no. of isolates tested

Species n Carbapenemase Ertapenem Imipenem Species Blue-Carba Mcim CIMB.S

Test strains 35

carbapenemase-

producers

18

P. aeruginosa 9 NDM-5 >64 32 32 7/9 9/9 9/9

P. aeruginosa 4 VIM-2 >64 >64 >64 4/4 4/4 4/4

P. aeruginosa 5 IMP-2 16–>64 8–>64 >64 5/5 5/5 5/5

A. baumannii 1 NDM-1 ≥64 32–≥64 32–64 1/1 1/1 1/1

A. baumannii 17 OXA-23 ≥64 32–≥64 32–64 3/17 16/17 16/17

A. baumannii 1 KPC-2 >64 >64 64 0/1 1/1 1/1

Non-carbapenemase-

producers

P. aeruginosa 17 – 8–32 2–32 2–32 0/17 0/17 0/17

A. baumannii 5 – 1–8 0.125–1 2–8 0/5 0/5 0/5

n, number of isolates tested.

All test results of CIMB.S are consistent with mCIM,
illustrating that the indicator strain changed from E. coli
to B. stearothermophilus without affecting the sensitivity and
specificity (Figure 2). However, compared with Blue-Carba, the
results of CIMB.S are different. A total of 18 tested strains (1
E. coli, 2 P. aeruginosa, and 14 A. baumannii) were Blue-Carba
negative but CIMB.S positive. In this study, when detecting
Enterobacteriaceae and P. aeruginosa, the CIMB.S and Blue-
Carba are both highly sensitive; at the same time, CIMB.S is more
accurate. For detection of theA. baumannii, Blue-Carba is poorly
sensitive (21.1%); however, the sensitivity of the CIMB.S (94.1%)
is much higher than Blue-Carba.

DISCUSSIONS AND CONCLUSION

In this study, we presented the CIMB.S, which can rapidly
detect carbapenemase activity in Enterobacteriaceae and P.
aeruginosa. CIMB.S is derived from mCIM, and there is no
difference with the results, requiring only 4 h of total work
time, which is compatible with the daily practice of a clinical
microbiology laboratory.

Compared to the other carbapenemase activity detection
method, CIMB.S considerably shortens the time needed to
identify the carbapenemase phenotype, such as the several
days needed for whole-genome sequencing (18). Additionally,
our assay does not require highly trained personnel or
special equipment. Nonetheless, tests based on Carba-NP,
such as the CIMB.S, require subjective interpretation (19).
The mCIM is a carbapenemase activity detection method
recommended by the CLSI and is widely used in clinical
microbiology laboratories. The amount of time needed for this
test is still the largest shortcoming, and our use of the B.
stearothermophilus strain replacing E. coli provided a same-
day result. A previous study changing the indicator strain
from E. coli to P. aeruginosa PAO1 improved the accuracy of

MHT but was still time-consuming (20). B. stearothermophilus
is widely used in commercial enzyme production and as a
biological sterilization indicator to detect antibiotic residues. B.
stearothermophilus has also been used as an indicator strain for
antimicrobial detection inmuscle tissue (Explorer test), requiring
a total work time of only 3 h based on B. stearothermophilus
growth inhibition. To the best of our knowledge, our study
is the first to use B. stearothermophilus as an indicator
strain to detect carbapenemase activity. Furthermore, higher
growth temperatures reduce potential issues from interference
by mesophilic contaminants, making the application of B.
stearothermophilus more promising in the clinical microbiology
laboratory. The method uses a color change of the pH indicator
based on acid production by the growth of the indicator bacteria.
Other acid-producing carbapenemase-sensitive bacteria may also
be used as indicator strains.

At the same time, as described in the results of use of mCIM
detecting CR-non CPPA, even if the disk contains antibiotics,
the test strain can still grow around the disk, thus interfering
with the result of interpretation (Figure S2). However, using
B. stearothermophilus as indicator strain, the colorimetric plates
requiring the incubation of 60◦C resulted in growth inhibition of
mesophilic contaminants, which makes the interpretation of the
results more clear.

A rapid carbapenem inactivation method (rCIM) was recently
developed that could detect CPE within 3 h, but it required
automated turbidity measurements, which may be a restriction
for some clinical laboratories (21). Some researchers have
attempted shorter incubation periods of the disk on the indicator
strain (8 h), aiming to reduce incubation time of mCIM, but it is
still time-consuming (22).

In summary, the CIMB.S is a rapid colorimetric CRGB
phenotypic detection method that has a sensitivity and specificity
comparable with that of mCIM and detection time comparable
with that of Blue-Carba. At the same time, CIMB.S is a
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FIGURE 2 | A comparison of test results for 128 bacterial strains using the CIMB.S and mCIM assays. This strain collection was composed of 70 CPGB (39 CPE, 18

CPPA, and 19 CPAB) and 58 non-CPGB. Compared with the results of CIMB.S and mCIM, there is no difference in detecting Enterobacteriaceae, P. aeruginosa, and

A. baumannii.

consistent and cost-effective assay, which can be adopted
as a tool to detect CRGB on a routine basis in resource-
limited regions. However, this test is qualitative, making it
difficult for laboratory personnel to quantify uncertainty. The
major limitation of this study is that the tested carbapenem-
resistant Gram-negative bacteria only possessed several prevalent
carbapenemases, in particular lacking the genotype like OXA-
48, which is necessary to further study. In addition, we did
not examine clinical samples of blood and urine, but these
samples could be applicable because a carbapenem hydrolysis
test for these sample types has been developed (22). Evaluation
of the CIMB.S assay to detect clinical samples is worthy of
further study.
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Carbapenemase-producing Klebsiella pneumoniae has been a major clinical threat
worldwide because therapeutic options are limited. Although New Delhi metallo-
β-lactamase (NDM) is an important carbapenemase responsible for carbapenem
resistance, it is uncommon in carbapenemase-producing K. pneumoniae in China. In
this study, we described strain HZW25, an NDM-7-producing K. pneumoniae strain
belonging to sequence type 34 (ST34). HZW25 exhibited resistance to all β-lactams
tested but was susceptible to aminoglycosides and fluoroquinolones. The whole
genome of HZW25 was sequenced with Pacific Biosciences RSII SMRT technology.
HZW25 was composed of one chromosomal DNA and four plasmids, and the resistance
genes of HZW25 were all located on the chromosome, except blaNDM-7 was located on
a conjugative plasmid belonging to type IncX3 designated P4. The results of conjugation
and transformation experiments showed that blaNDM-7 could be horizontally transferred
successfully from the donor strain, HZW25, to the recipient strains, E. coli J53 and
E. coli DH5α. The NDM variant transposable elements of the blaNDM-7-harboring plasmid
P4 were the ISL3 and IS3000 families. The upstream region of blaNDM-7 contained
1ISAba125, which was inserted near the IS5 or 1IS5 sequence. Our study is the first
report of metallo-β-lactamase NDM-7 in a carbapenemase-producing K. pneumoniae
strain with ST34 in China. The emergence of NDM-producing K. pneumoniae would
be troublesome during treatment using ceftazidime-avibactam. Therefore, the rapid and
accurate identification of carbapenemase-producing K. pneumoniae is necessary.

Keywords: metallo-β-lactamase, NDM-7, IncX3, carbapenemase-producing Klebsiella pneumoniae, ceftazidime-
avibactam

INTRODUCTION

Clinical treatment of carbapenem-resistant Enterobacteriaceae (CRE) is a critical challenge (Lee
et al., 2016). Carbapenemase, which can be found as serine proteases and metalloproteinases,
is responsible for carbapenem resistance. New Delhi metallo-β-lactamase (NDM) is a metallo-
β-lactamase able to hydrolyze carbapenem (Khan et al., 2017). Although NDM-producing CRE
has increased globally recently, the worldwide distribution and prevalence of NDM-positive strains
appear to be variable between different countries and regions (Findlay et al., 2017; Khan et al., 2017;

Frontiers in Microbiology | www.frontiersin.org 1 August 2020 | Volume 11 | Article 188581

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.01885
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2020.01885
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.01885&domain=pdf&date_stamp=2020-08-05
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01885/full
http://loop.frontiersin.org/people/277996/overview
http://loop.frontiersin.org/people/1043331/overview
http://loop.frontiersin.org/people/1043260/overview
http://loop.frontiersin.org/people/455969/overview
http://loop.frontiersin.org/people/210088/overview
http://loop.frontiersin.org/people/1043461/overview
http://loop.frontiersin.org/people/1043450/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01885 August 3, 2020 Time: 18:11 # 2

Chen et al. NDM-7 in Klebsiella pneumoniae

Lazaro-Perona et al., 2017; Wang et al., 2018; Perez-Vazquez
et al., 2019; Wu et al., 2019). NDM-producing CRE strains have
mainly spread in South Asia, the Baltans, North Africa and
the Middle East (Dortet et al., 2014; Wu et al., 2019). Chinese
national surveillance of carbapenem-resistant CRE in China has
shown that NDM-producing CRE are less common than KPC-
producing CRE, and NDM-positive strains are mainly E. coli
(Zhang et al., 2017, 2018; Wang et al., 2018).

Since the first report of NDM in 2009, many variant NDMs
have emerged (Yong et al., 2009; Dortet et al., 2014; Khan et al.,
2017; Wu et al., 2019). Compared with NDM-1, NDM-7 has only
two different amino acids, including Asp130Asn and Met154Leu,
and NDM-7 has more enzymatic hydrolysis activity against
carbapenem (Cuzon et al., 2013; Rahman et al., 2014). NDM-
7 mainly exists in the IncX3-type plasmid and disseminates
among different isolates (Chen et al., 2015). In this study,
we analyzed the genomic sequence of the NDM-7-producing
ST34 K. pneumoniae strain and the genetic surroundings and
molecular characterization of NDM-7.

MATERIALS AND METHODS

Patient and Bacterial Strain
Carbapenem-resistant K. pneumoniae was isolated from a bile
sample collected from a young woman in Hangzhou First
People’s Hospital in March 2017. The strain was identified
by matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF-MS, Bruker MALDI-TOF
Microflex LT/SH, Bruker Diagnostics, Germany) according to
the manufacturer’s instructions. The patient had no history of
traveling abroad. Informed consent was obtained for this study.
The methods in this study were approved by the institutional
ethics committee of Hangzhou First People’s Hospital and were
carried out in accordance with the approval guidelines.

Antimicrobial Susceptibility Testing and
Detection of Carbapenemase
Antimicrobial susceptibility was determined by the VITEK
compact II automated microbiology system and interpreted
according to the Clinical and Laboratory Standards Institute
guidelines in 2018 (CLSI). The modified carbapenemase
inactivation method (mCIM) and EDTA-modified mCIM
(eCIM) were used to detect carbapenemase and metallo-
β-lactamase as recommended by the CLSI in 2018 (CLSI, 2018).

Detection of Carbapenemase Genes
PCR was performed to screen carbapenem resistance genes,
including blaKPC, blaIMP, blaVIM , blaNDM, and blaOXA-48. The
amplicons were sequenced by Sanger sequencing.

Conjugation and Transformation
Experiments
To evaluate the horizontal transferability of blaNDM, mixed
broth mating was used as described in a previous study (Du
et al., 2017). Sodium azide-resistant E. coli J53 was used as

the recipient strain (donated by Professor YU, Sir Run Run
Shaw Hospital, College of Medicine, Zhejiang University). The
transconjugants were selected on MacConkey agar containing
100 mg/liter sodium azide and 2 mg/liter meropenem for 24 h
at 37◦C. The electrotransformation assay was also performed
to evaluate the dissemination of blaNDM using DH5α as the
recipient strain as in a previous study (Findlay et al., 2017).
The presumptive transconjugants were selected on MH agar
plates supplemented with 2 mg/liter meropenem. All successful
transformants were confirmed for the presence of blaNDM by
PCR, and an antimicrobial susceptibility test was performed
using the E-test method in parallel with the original strains
and donor strains.

Whole Genome Sequencing
The DNA of HZW25 was extracted according to the
manufacturer’s instructions and sequenced with Pacific
Biosciences RSII SMRT technology SMRT technology (Menlo
Park, CA, United States). Sequence reads were assembled using
a hierarchical genome assembly process (HGAP) compiled
specifically for quality trimming and de novo assembly. The
graphical maps of the whole genome were converted by BLAST
Ring Image Generator (BRIG). The whole-genome sequence
was annotated using the Prokaryotic Genomes Automatic
Annotation Pipeline (PGAAP) server available at NCBI.1

Multilocus sequence typing (MLST) analysis of HZW25
and cgMLST phylogenetic relationship analysis of all public
sequences of ST34 were performed using the BacWGSTdb
server with the entire genome sequence (Ruan and Feng,
2016). The antibiotic resistance genes were determined using
ResFinder 3.0 with > 97% gene identity threshold (exception of
β-lactamase variants with 100% identity) and 100% gene length
and the comprehensive antibiotic resistance database (CARD)
at https://card.mcmaster.ca/ with resistance gene identifier
of > 90% identity. The virulence factors were detected using
the virulence database of K. pneumoniae2 and a virulence factor
database.3

Plasmid Analysis
All plasmid sequences were annotated using the PGAAP server.
The plasmid replicon type was determined by PlasmidFinder4

with a 95% threshold for identity and 100% coverage. The
blaNDM-7-carrying plasmid was compared to the publicly
available plasmid references using BLAST at GenBank (www.
ncbi.nlm.nih.gov/GenBank/). The plasmid comparisons were
generated by Easyfig according to the online protocol,5 and
presentations were generated by EdrawMax. The genetic
environment of blaNDM-7 was analyzed and compared that of
blaNDM variants.

1http://www.ncbi.nlm.nih.gov/
2https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_
seqdef&page=sequenceQuery
3http://www.mgc.ac.cn/VFs/
4https://cge.cbs.dtu.dk/services/PlasmidFinder/
5https://mjsull.github.io/Easyfig/
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Nucleotide Sequence Accession Number
The complete nucleotide sequence of HZW25 and four
plasmids were deposited under the GenBank accession numbers
CP025211–CP025215.

RESULTS

Susceptibility Test
HZW25 was resistant to all β-lactams tested, while it was
susceptible to aminoglycosides and fluoroquinolones.
Carbapenemase activity was positive with mCIM and eCIM
tests, suggesting the production of metallo-β-lactamase (MBL).

Antimicrobial Resistance Genes and
Transfer Experiments
The acquired antibiotic resistance genes, including blaNDM-7,
blaSHV−26, fosA, oqxA, and oqxB, were responsible for the
resistance profile of HZW25. In addition, intrinsic antibiotic
resistance genes with CARD resistance gene identifiers were
also identified, including antibiotic efflux pumps of the major
facilitator superfamily (MFS) (KpnE, KpnF, KpnG, KpnH, and
ermR), an ATP-binding cassette (ABC) antibiotic efflux pump
(msbA), regulators of the efflux pump (marA and marR), the
porin membrane protein OmpK35 and a bleomycin resistance
gene (BRP). There were no mutations in resistance genes on
the chromosome. Only blaNDM-7 was located on the plasmid,
while the other resistance genes were located on the chromosome.
blaNDM-7 was successfully transferred to E. coli AzR J53 by
conjugation and to E. coli DH5α by electroporation, and
the transconjugants displayed resistance to broad-spectrum
cephalosporins and carbapenems (Table 1). The presence of the
blaNDM-7 gene in transconjugants was confirmed by PCR.

Molecular Grouping and Whole Genome
Sequencing
Approximately 1.2 Gb clean data was generated after whole
genome sequencing with Pacific Biosciences RSII SMRT
technology, providing a 221.0-fold average coverage of the
genome. The data were assembled into five contigs, which
contained one chromosome and four plasmids (Figure 1).
HZW25 belonged to ST34 with the MLST sequence 2-3-6-1-9-7-
4. The isolate was negative for the string test due to the deficiency
of the rmpA and rmpA2 genes. HZW25 belonged to the K73
capsular type as determined by the wzi gene encoding the outer

membrane protein of the cluster. Virulence genes were present
in HZW25, including the mrkABCDFHIJ operon encoding type
3 fimbriae for biofilm formation, the fimABCDEFGHIK operon
encoding type 1 fimbriae for adherence, the iutA gene encoding
aerobactin, the entABCDEFS operon and the fepABCDG operon
encoding enterobactin siderophore, and the iroE and iroN genes
encoding salmochelin. HZW25 also had a secretion system
including the clpV gene encoding T6SS-II, dotU, the impAFGHJ
operon, ompA and sciN encoding T6SS-III. The four plasmids
were designated P1, P2, P3 and P4, and they belonged to
IncFIB(K), IncR, IncFII(pKPX1), and IncX3, respectively. The
plasmids were characterized, and the results are shown in Table 2.
Only P4 carried a resistance gene with blaNDM-7, and the other
plasmids harbored no resistance genes. To date, there have been
57 K. pneumoniae strains belonging to ST34 worldwide, including
Japan (n = 31), the United States (n = 10), China (n = 2),
the United Kingdom (n = 2) and other countries (n = 12).
Almost all strains were collected from humans and carried the
blaSHV−26, fosA, oqxA, and oqxB resistance genes, but only
HZW25 had blaNDM variants of blaNDM-7. Thirty-one strains
from Japan carried blaIMP−1 and blaCTX−M−2 in addition to
blaSHV−26 (Supplementary 1). All chromosomes of the ST34
K. pneumoniae strains harbored virulence clusters, such as the
type I fimbriae cluster fim operon, type III fimbriae cluster
mrk operon, and enterobactin siderophore cluster fep and ent
operon (Supplementary 1). The phylogenetic trees of all ST34
K. pneumoniae strains in GenBank revealed that HZW25 was in
a separate cluster (Figure 2), suggesting that the HZW25 strain
had a long evolutionary distance from the others.

Characterization and Genetic Context of
the blaNDM-7 Gene
The blaNDM-7 gene was localized in plasmid P4 and could
be horizontally transferred successfully from the donor strain
HZW25 to the recipient strains E. coli J53 and E. coli DH5α. P4
was 68 637 bp in size with a G+C content of 45.69% and 93 open
reading frames. Comparative DNA sequence analysis showed
that P4 possessed an IncX3-type backbone. A comparison of
the whole region between P4, pEC25_NMD-7, pNDM5_020001,
and pEh1A showed that the genetic context of the regions
flanking the NDM variants was similar, and the backbone of
plasmids showed high degrees of conversation and similarity.
The NDM variant transposable elements of P4, pEC25_NMD-7
and pNDM5_020001 were highly similar with the ISL3 family

TABLE 1 | The minimum inhibitory concentration to antibiotics of transformed isolates with E-test methods (ug/mL).

CRO AMC CTX FEP SCF MEM IPM CIP LEV MH ATM TM CN

HZW25:J53 >256 >256 >256 >256 >256 >32 >32 0.008 0.023 1 0.064 0.25 0.25
J53 <0.064 4 <0.064 <0.064 <0.064 <0.008 0.5 <0.008 0.023 1 0.064 0.25 0.25
DH5a:pHZW25 >256 >256 >256 >256 256 32 >32 0.008 0.023 0.5 0.064 0.25 0.25
DH5a <0.064 2 <0.064 <0.064 <0.064 <0.008 0.008 <0.008 0.023 0.5 <0.064 0.25 0.25
HZW25 >256 >256 >256 >256 >256 >32 >32 0.25 0.75 >256 0.5 0.25 0.25

CRO, Ceftriaxone; AMC, Amoxicillin-clavulanic acid; CTX, Cefotaxime; FEP, Cefepime; SCF, Sulbactam and Cefoperazone; MEM, Meropenem; IPM, Imipenem; CIP,
Ciprofloxacin; LEV, Levofloxacin; MH, Minocycline; ATM, Aztreonam; TM, Tobramycin; CN, Gentamicin.
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FIGURE 1 | The complete genome of K. pneumoniae strain HZW25.

and IS3000 transposons. 1ISAba125 was upstream of the blaNDM
variants and was inserted by the IS5 or 1IS5 sequence (Figure 3).

DISCUSSION

Carbapenemase-resistant K. pneumoniae (CRKP) has been a
significant clinical problem with very limited therapeutic options
(Lee et al., 2016). Due to the high-level resistance of CRKP
to almost all antibiotics and the high mortality rate of CRKP
infections, carbapenemase-producing carbapenem resistance is a
public health threat (Lee et al., 2016; Zhang et al., 2018).

In China, CRE strains are mainly composed of KPC-
producing K. pneumoniae and NDM-producing E. coli (Zhang
et al., 2017, 2018). NDM-7 has been reported in E. coli strains
(Hao et al., 2018). Recently, NDM-7 carrying the IncA/C2 type
plasmid harbored by K. pneumoniae strain ST147 was reported
(Shankar et al., 2019). In our study, blaNDM-7 was first reported in
ST34 K. pneumoniae. HZW25 was isolated from a young woman

with acute cholangitis infection; based on multilocus sequence
typing, HZW25 belongs to ST34 and contains several resistance
genes responsible for beta-lactam resistance. The blaNDM-7 gene
was located on an IncX3 plasmid, and the genetic environments
and characteristics of the blaNDM-7-producing plasmid P4 were
analyzed. The module of NDM-7 transposable elements was

TABLE 2 | The genomic information of HZW25 and four plasmids.

Genome
length

Number of
genes

Plasmid
type

Resistant
genes

Accession
number

HZW25 5 198 587 5 776 – SHV-26, oqxA,
oqxB, fosA

CP025211

P1 145 759 174 IncFIB(K) – CP025212

P2 103 957 112 IncR – CP025213

P3 87 395 123 IncFII(pKPX1) – CP025214

P4 68 637 93 IncX3 NDM-7 CP025215
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FIGURE 2 | The phylogenetic trees of all ST34 K. pneumoniae strains of released public sequences. The evolutionary distance showed that HZW25 was far from the
other strains.

highly similar to the blaNDM variants harboring the IncX3-
type plasmid, suggesting that this NDM variant module could
disseminate among different clones.

In recent years, NDM variants, including NDM-7, have been
increasingly reported in CRE isolates (Khan et al., 2017; Wu
et al., 2019). In contrast to foreign countries, such as India,
Spain and Canada, where NDM-7-producing strains are mainly
K. pneumoniae strains (Chen et al., 2015; Seara et al., 2015;
Lynch et al., 2016; Lazaro-Perona et al., 2017), in China, NDM
variants are more common in carbapenemase-producing E. coli
(Bi et al., 2018; Wang et al., 2018; Zhang et al., 2018). Wang L
reported NDM-7-producing uropathogenic E. coli from a patient
with bacteriuria in 2016 (Wang et al., 2016). Bi R reported a
high prevalence of blaNDM variants in CRE E. coli strains, and
blaNDM-7 ranked third among those variants (Bi et al., 2018).
Hao Y analyzed the genotypic and phenotypic characterization
of blaNDM-7 in E. coli from a patient with a urinary tract infection
(Hao et al., 2018). Recently, Xu J and He F also reported NDM-7-
producing E. coli from a urinary sample (Xu and He, 2019).

Although blaNDM variants are both located on bacterial
chromosomes and plasmids, blaNDM variants positioned on
plasmids play a vital role in the dissemination of resistance genes
(Bonnin et al., 2012; Ho et al., 2012). blaNDM variants harboring

plasmids are mainly of the IncFII, IncX3, and IncC(IncA/C2)
types (Perez-Vazquez et al., 2019). IncX3 is the most common
type of plasmid carrying blaNDM, and most IncX3 plasmids
are present in E. coli (Paul et al., 2017; Bi et al., 2018).
From the worldwide distribution of blaNDM-carrying plasmids in
Enterobacteriaceae, IncX3 plasmids may serve as an important
vehicle in the dissemination of NDM in East Asia, particularly
in China (Ho et al., 2012). Hao Y compared the backbones of
plasmids carrying NDM variants and collected from human and
food animal origin, and the results showed that all plasmids
were highly similar (> 99%) among patients (Hao et al.,
2018). This suggested that IncX3 plasmids may serve as one
of the major platforms on which blaNDM genes evolve with
the generation of new NDM variants. Lee CS isolated NDM-
7-producing K. pneumoniae and E. coli simultaneously from a
patient, suggesting that blaNDM-7 might be transferred between
K. pneumoniae and E. coli in vivo (Lee et al., 2014).

In our study, blaNDM-7 was in a 68 637 bp IncX3-type plasmid.
blaNDM-7 was successfully transferred to E. coli AzR J53 by
conjugation and to E. coli DH5a by electroporation. Compared
to the common genetic contexts of blaNDM variants, blaNDM-7
had a similar surrounding environment, with ISAba125 (intact
or truncated) upstream and bleMBL downstream; these elements
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FIGURE 3 | The comparative genetic context of blaNDM variants between P4, pEC25_NMD-7, pNDM5_020001, and pEH1A.

are located in the transposon-like structure flanked by IS3000
and IS26, responsible for horizontal transfer of blaNDM-7 among
Enterobacteriaceae.

The blaNDM-7 gene can be carried by different K. pneumoniae
strains of different STs, including ST147, ST138, ST273, ST437,
and ST278 (Lee et al., 2014; Chen et al., 2015; Seara et al.,
2015; Chou et al., 2016; Lynch et al., 2016; Perez-Vazquez
et al., 2019; Shankar et al., 2019). Although these strains were
isolated in different countries and regions, these strains contain
plasmids carrying blaNDM-7 with similar surroundings and are
characterized by horizontal gene transmission (Chen et al.,
2015). Chen described blaNDM-carrying plasmids from different
Enterobacteriaceae isolates with identical structures, suggesting
that very effective horizontal transfer events had occurred (Chen
et al., 2015). Seara N reported the interhospital spread of NDM-
7-producing K. pneumoniae in Spain (Seara et al., 2015). In our
study, ST34 K. pneumoniae carrying blaNDM-7 was reported for
the first time, and the evolutionary distance from known ST34
K. pneumoniae strains showed that the strain we isolated was far
from the other isolated strains.

Ceftazidime-avibactam is an effective antibiotic for CRE.
It has good antibacterial activity against KPC-producing
K. pneumoniae but not NDM-producing K. pneumoniae or E. coli
(van Duin and Bonomo, 2016; Shirley, 2018). The emergence of
NDM-producing K. pneumoniae would be troublesome in CRE
treatment using ceftazidime-avibactam. Therefore, it is important
to screen carbapenemase types before ceftazidime-avibactam
therapy, and it is necessary to detect serine proteases and
metalloproteinases in epidemiological investigations.

CONCLUSION

This study describes blaNDM-7 in an ST34 K. pneumoniae
strain for the first time. The blaNDM-7 gene is located on a

conjugated and horizontally transmitted IncX3-type plasmid.
The potential dissemination of blaNDM-like genes in IncX3-
type plasmids should be considered. Before treatment with
ceftazidime-avibactam, it is necessary to determine the types of
carbapenemase in carbapenemase-resistant K. pneumoniae.
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Background: Enterobacter cloacae is an opportunistic pathogen which is responsible
for serious nosocomial infections. A gene which plays an important role in resistance to
carbapenems is the New Delhi metallo-β-lactamase 1 (NDM-1). Currently, the spread of
NDM-1-producing E. cloacae strains is a serious public threat.

Methods: A multidrug-resistant E. cloacae ssp. dissolvens strain CBG15936 was
recovered in 2017 in Guangzhou, China. PCR, S1-pulsed-field gel electrophoresis,
and Southern blotting were performed to locate the blaNDM−1 gene. Susceptibility
testing and conjugation experiments were also performed. Illumina HiSeq and Nanopore
sequencers were used to perform whole-genome sequencing.

Results: Strain CBG15936 belongs to ST932 and is resistant to carbapenems. The
blaNDM−1 gene was found on a ∼62-kb plasmid, which has a conjugation frequency of
1.68 × 10−3 events per donor cell. Genome sequencing and analysis revealed that the
NDM-1-carrying IncN1 plasmid contained a new transposon Tn6696, which consists of
an intact qnrS1-carrying Tn6292 element, an inverted 8.3-kb Tn3000 remnant, ISkpn19,
1tnpA, and IS26.

Conclusion: A new transposon, Tn6696, has been detected on a blaNDM−1-carrying
plasmid recovered from multidrug-resistant E. cloacae ssp. dissolvens CBG15936 from
China. This finding provides a new perspective regarding the potential for blaNDM−1 to
undergo horizontal transfer among drug-resistant bacteria.

Keywords: Enterobacter cloacae, carbapenem resistance, blaNDM1, Tn6696, whole genome sequencing

INTRODUCTION

Enterobacter cloacae is a gram-negative opportunistic pathogen which belongs to
Enterobacteriaceae. Previous studies have reported that E. cloacae are ubiquitous in nature
and can be isolated from clinical samples (Davin-Regli et al., 2019). With the extensive use of
antibiotics, carbapenem-resistant E. cloacae have become an important nosocomial pathogen
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which can cause septicemia and lower respiratory tract infections
(Mayhall et al., 1979; Daw et al., 1989). In recent years,
carbapenem-resistant E. cloacae isolates have been reported
worldwide (Davin-Regli and Pagès, 2015). New Delhi metallo-
β-lactamase 1 (NDM-1) was first detected in a Swedish patient
transferred from India, and it plays a major role in the
appearance and dissemination of carbapenem-resistant gram-
negative bacteria (Yong et al., 2009; Jamal et al., 2013). NDM-1
has become a burden on the health care system especially in
intensive care units (Ahmad et al., 2018; Khalid et al., 2019).
The detection rate of NDM-1 in E. cloacae has been increasing
globally (Karlowsky et al., 2017). Prevalence of NDM-1-carrying
E. cloacae was observed in France (Perry et al., 2011) and Mexico
(Torres-Gonzalez et al., 2015). Genome sequencing and analysis
also revealed an NDM-1 E. cloacae outbreak in a hospital in
the UK (Fairley et al., 2019). In the southwest region of China,
132 carbapenem-resistant E. cloacae isolates were obtained from
patients between 2012 and 2016. Twenty (15.2%) of these strains
were identified as NDM-1 positive (Jia et al., 2018). It is important
to monitor the spread of blaNDM−1 among E. cloacae stains.

Transposons are mobile genetic elements which are able to
translocate chromosome or plasmids. Transposons have been
shown to carry drug resistance genes and provide antibiotic
resistance in pathogenic bacteria (Whittle et al., 2002). Tn6292
is a Tn-family unit transposon which belongs to the Tn3-
family and has an IS26 at the right end. In addition, Tn6292
contains a quinolone resistance region qnrS1 (Feng et al., 2016).
Multidrug-resistant (MDR) bacteria containing Tn6292 have
been reported many times in China (Li et al., 2018). Tn3000 is
bracketed by IS3000 at both ends and contains the blaNDM−1
gene. Tn3000 has been shown to be responsible for transmission
of the blaNDM−1 gene in various parts of the world (Campos
et al., 2015). Thus, it is important to elucidate the genetic
features of transposons in order to explore possible mechanisms
of bacterial resistance.

Therefore, in this study, we report a carbapenem-resistant
E. cloacae ssp. dissolvens strain and the genetic features of the
blaNDM−1-harboring plasmid it carries. In addition, we identify a
new transposon, Tn6696, present in this plasmid. These findings
provide a new perspective regarding possible mechanisms of gene
transmission to mediate drug resistance.

MATERIALS AND METHODS

Bacterial Identification
Strain CBG15936 was recovered from the sputum of a patient
in Guangzhou, China, in 2017. The strain was identified by
using the Vitek 2 Compact System (BioMérieux, France) and
confirmed with 16S rRNA gene sequencing. The blaNDM−1
gene was detected by PCR amplification as previously described
(Zhang et al., 2013). This isolate was collected through routine
surveillance, and verbal consent was obtained as no personally
identifiable data were included. The ethics of the study was
reviewed and supervised by the Center for Disease Control
and Prevention of PLA. All experiments were performed in the
biosafety cabinet following the standard procedure.

S1-Pulsed-Field Gel Electrophoresis
(PFGE) and Conjugation Experiments
Genomic DNA was prepared in agarose plugs and digested with
the S1 endonuclease (Takara, Dalian, China). DNA fragments
were electrophoresed on a CHEF-DR III system (Bio-Rad,
Hercules, United States) for 15 h at 14◦C with run conditions
of 6 V/cm and pulse times from 0.22 to 26.29 s. The Salmonella
enterica serotype Braenderup H9812 was used as the size
marker. To determine the location of the blaNDM−1 gene,
DNA was transferred to a positively charged nylon membrane
(Roche) and then hybridized with digoxigenin-labeled blaNDM−1.
Conjugation experiments were carried out in LB broth cultures.
Azide-resistant Escherichia coli strain J53 [F(-) met pro Azi(r)]
(recipient) and strain CBG15936 (donor) were mixed at a
1:3 ratio and then incubated at 37◦C (Yi et al., 2012). After
18 h, transconjugants were selected for 12 h on MacConkey
agar plates supplemented with meropenem (4 µg/ml) and
sodium azide (150 µg/ml). Horizontal transferability of drug
resistance was confirmed with antimicrobial susceptibility
testing. Transconjugant-carrying plasmids were subsequently
confirmed by PCR amplification and PFGE.

Susceptibility Testing
The minimum inhibitory concentrations (MICs) of amikacin,
aztreonam, nitrofurantoin, ciprofloxacin, piperacillin,
gentamicin, cefepime, ceftriaxone, ceftazidime, cefotetan,
cefazolin, tobramycin, imipenem, and levofloxacin were
determined with the Vitek 2 Compact System (Bobenchik et al.,
2015). E. coli reference strain ATCC25922 was used as quality
control. The MIC value of meropenem was determined using
an E-test. The results were interpreted according to Clinical and
Laboratory Standards Institute [CLSI] (2018) guidelines.

Whole-Genome Sequencing and
Comparative Genome Analysis
Genomic DNA was extracted by using the High Pure PCR
Template Preparation Kit (Qiagen, Inc., Valencia, CA,
United States). Whole-genome sequencing was subsequently
performed by using Illumina HiSeq according to the 350-bp
paired-end protocol available from Novogene Company (Beijing,
China) and MinION in our lab. The genome was assembled de
novo by using a Unicycler (Li et al., 2010). RAST 2.0 was used
to annotate the genome sequences obtained (Aziz et al., 2008).
ResFinder v3.2 was used to identify acquired antibiotic resistance
genes (Jia et al., 2016). Plasmid replicon type was analyzed by
using PlasmidFinder (Carattoli et al., 2014). IS sequences were
analyzed by using ISfinder (Siguier et al., 2006). Sequences
of pNDM1-CBG and three similar plasmids were compared
by using BLAST and Easyfig software (Sullivan et al., 2011).
Whole-genome sequences of CBG15936 were used to determine
multilocus sequence typing (MLST) based on detection of seven
housekeeping genes (arcA, aspC, clpX, dnaG, fadD, lysP, and
mdh) in pubMLST1 (Larsen et al., 2012). Twenty-nine sequences
of the hsp60 gene of eight Enterobacter clusters were retrieved

1https://pubmlst.org/mlst/
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from NCBI and used for phylogenetic analysis to identify the
species of the strain.

Nucleotide Sequence Accession
Numbers
The entire sequence of strain, CBG15936, as well as plasmids,
pTEM-CBG and pNDM1-CBG, have been deposited in
GenBank under accession numbers CP046116, CP046117, and
CP046118, respectively.

RESULTS

Microbiological and Genetic Features of
E. cloacae ssp. dissolvens CBG15936
Strain CBG15936 was identified as E. cloacae using Vitek and
16S rRNA and further classified as E. cloacae ssp. dissolvens
based on hsp60 genotyping (Figure 1). Susceptibility testing
showed that E. cloacae ssp. dissolvens strain CBG15936
exhibits resistance to amikacin, aztreonam, piperacillin,

cefepime, ceftriaxone, ceftazidime, cefotetan, cefazolin,
and imipenem (Table 1). The E-test showed that strain
CBG15936 (MIC ≥ 16) and transconjugants (MIC > 32)
both exhibit resistance to meropenem. The strain was
found positive for the blaNDM−1 gene by PCR. S1-PFGE
showed that this strain contains two different plasmids
∼60 and 75 kb in length (Figure 2). Southern blotting
indicated that the blaNDM−1 gene is present in the ∼60-
kb plasmid. S1-PFGE and conjugation assays revealed that
transfer of the plasmid carrying the blaNDM−1, qnrS1,
and dfrA14 genes from strain CBG15936 to E. coli J53
occurs at a frequency of 1.68 × 10−3 events per donor
cell (Figure 2). And the transconjugants were observed
to acquire resistance to piperacillin, cefepime, ceftriaxone,
ceftazidime, cefotetan, cefazolin, and imipenem (Table 1).
According to MLST, strain CBG15936 is Sequence Type 932.
Unicycler assembly results showed that this strain contains
two plasmids with lengths of 75,044 and 62,663 bp. The
∼75-kb plasmid was designated pTEM-CBG, and it contains
four drug resistance genes: fosA3 (conferring fosfomycin
resistance), rmtB (conferring aminoglycosides resistance),

FIGURE 1 | Phylogenetic tree of Enterobacter cloacae ssp. dissolvens strain CBG15936 with other 29 available E. cloacae complex hsp60 genes from GenBank.
Strain CBG15936 is marked with the black dot.
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TABLE 1 | Antibiotic susceptibilities of CBG15936, transconjugants, and
recipients.

Antibiotic MIC (µg/ml) Recipients
(E. coli J53)

CBG15936 Transconjugants
(E. coli J53)

Amikacin ≥64 ≤2 ≤2

Aztreonam 32 ≤1 ≤1

Nitrofurantoin 32 ≤16 ≤16

Ciprofloxacin ≤4 ≤1 ≤0.25

Piperacillin ≥128 ≥128 ≤4

Gentamicin 16 ≤1 ≤1

Cefepime ≥64 ≥64 ≤4

Ceftriaxone ≥64 ≥64 ≤4

Ceftazidime ≥64 ≥64 ≤1

Cefotetan ≥64 ≥64 ≤1

Cefazolin ≥64 ≥64 ≤1

Tobramycin 16 ≤1 ≤1

Imipenem ≥16 ≥16 ≤1

Levofloxacin ≤8 ≤1 ≤0.25

blaCTX−M−65 (conferring cephalosporin resistance), and
blaTEM−1B (conferring penicillin resistance). The ∼62-kb
plasmid was designated pNDM1-CBG, and it contains three
resistance genes: qnrS1 (conferring quinolone resistance), dfrA14
(conferring trimethoprim resistance), and blaNDM−1 (conferring
carbapenem resistance).

Genetic Features of the
blaNDM−1-Carrying Plasmid
Plasmid pNDM1-CBG belongs to IncN1, has an average GC
content of 52.34%, and has 91 open reading frames. Plasmid
pNDM1-CBG also shares 99.95% identity and 100% coverage
with plasmid pNDM-BTR, carried by E. coli BTR in Beijing,
which was identified in 2013 (Zhao et al., 2017). Meanwhile,
pNDM1-CBG shares 100% identity and 83% coverage with
plasmid p378-IMP, carried by Pseudomonas aeruginosa in
Chongqing, which was identified in 2013 (Feng et al., 2016).
Both plasmids are composed of a similar ∼40-kb backbone
and a variable multidrug resistance region. The backbone
is composed of replication (repA), antirestriction (ardA and
klcA), stability (stdB), conjugation (tra), and type IV secretion
system (virB) genes. Compared with pNDM-BTR, pNDM1-
CBG had an inversed 1Tn3000, an insertion of ISkpn19,
a deletion of 144 bp upstream of the MDR region, and
deletion of IS26 downstream of the MDR region. Compared
with p378-IMP, pNDM1-CBG is missing ardA downstream
of the antirestriction region, yet it is present before the
stability region. Replacement of In823b (which contains blaIMP−4
downstream of the type IV secretion region) with In191
(which contains dfrA14) is observed in plasmid pNDM1-
CBG (Figure 3A).

The MDR region in pNDM1-CBG is composed of a novel
transposon designated Tn6696. The latter consists of 1Tn3000,
Tn6292, IS26, ISkpn19, and 1tnpA. The blaNDM−1 gene

FIGURE 2 | S1-PFGE pattern and Southern blotting for strain CBG15936 and
E. coli J53 transconjugants. Lanes: Marker, Salmonella serotype Braenderup
strain H9812 as a reference size standard. (A) PFGE result for S1-digested
plasmid DNA of strain CBG15936. (B) Southern blot hybridization with probes
specific to blaNDM−1; (C) PFGE result for S1-digested plasmid DNA of strain
E. coli J53 transconjugants.

is located in 1Tn3000 between a truncated ISAba125 and
the ble gene. Compared with Tn3000, IS3000 is deleted in
1Tn3000, which is organized as IS3000-1ISAba125-blaNDM−1-
ble-trpF-tat-1cutA1-groES-groEL. Tn6292 was first identified
in p378-IMP and organized as orf1393-tnpR-orf591-1trpA-
tnpR-qnrs1-insA-1insB-IS26. Tn6696 is a combination of
Tn6292 and a truncated Tn3000 and is similar to Tn6360,
which was first identified in pNDM-BTR. Meanwhile, an
inversed 1Tn3000 and deletion of ISkpn19 characterize
Tn6360 (Figure 3B).

DISCUSSION

E. cloacae have a broad range of hosts and have been isolated
from wastewater, patients, and soil microcosms (Osborn et al.,
2000; Chen et al., 2014; Zhang et al., 2014). Here, we report
an NDM-1-producing MDR E. cloacae ssp. dissolvens strain,
CBG15936, recovered from China. Our previous study showed
that the expression of blaNDM−5 differed in plasmids and
that the transconjugants with one plasmid exhibited higher-
level carbapenem resistance than those with two plasmids or
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FIGURE 3 | A comparative schematic diagram of (A) entire plasmids including VI (39,744 bp), p379-IMP (51,207 bp), pNDM1-CBG (62,663 bp), and pNDM-BTR
(59,400 bp) and (B) transposons including Tn6292 in p37-IMP, Tn6696 in pNDM1-CBG, Tn6360 in pNDM-BTR, and Tn3000. Open reading frames are indicated
with arrows. Homology regions among different plasmids are denoted with light gray coloring. Gene backbones are shown in dark gray. Black, carmine, cyan,
orange, and green arrows represent genes association with replication, antirestriction, stability, conjugation, and the type IV secretion system, respectively.
Accessory modules are shown in blue; gene backbones of integron are shown in royal blue; blaNDM−1 is shown in red; qnrS1 is shown in yellow; blaIMP−4 is shown
in brown; dfrA14 is shown in purple.

larger plasmids (Yang et al., 2020). Resistance to meropenem
of transconjugants and strain CBG15936 may be affected
by different NDM expressions and numbers of plasmids.
This strain contains a novel transposon, Tn6696, carrying
blaNDM−1 and located on the IncN1 plasmid pNDM1-
CBG. Considering broad-host-range plasmids generally occurs
at a variable frequency from 10−3 to 10−6 (Grohmann
et al., 2003), pNDM1-CBG exhibited a relatively high transfer
frequency. Our results support the potential for cross-species
transmission to occur.

The novel transposon, Tn6696, identified in pNDM1-CBG
contains an inverted Tn3000 remnant and an intact Tn6292.
The latter is a Tn3-family transposon with an IS26 at the
right end and has previously been found in a pP378-IMP

plasmid obtained from P. aeruginosa recovered in China (Feng
et al., 2016). Tn3000 was first located in a pEh1A plasmid
from Enterobacter hormaechei E0083033-1 and in pEc2A from
E. coli E0083033-2 recovered from Brazil (Campos et al.,
2015). Therefore, a reorganization event involving fusion of
Tn3000 and Tn6292 may have created Tn6696. The NDM-1
gene in Tn6696 is bracketed by two copies of the insertion
sequence, ISkpn19. It is hypothesized that the resulting special
structure has the potential to mobilize a drug resistance
gene (Wu et al., 2016). However, Tn6696 had an additional
copy of ISkpn19 and an inverted 1Tn3000 compared with
Tn6360, suggesting that the former may originate from the
latter through transposition and inversion of the ISkpn19-
1Tn3000 structure.
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Plasmid pNDM1-CBG also shares high similarity, yet lower
coverage, with plasmid VI from E. coli. The main difference
between these plasmids is the quite variable MDR regions, which
are all inserted in the fipA gene at the same position. In a previous
study, fipA was shown to be interrupted into two fragments by
MDRs in many different plasmids (Zhao et al., 2017; Yang et al.,
2018). Thus, fipA may serve as a “hot spot” for integration of
mobile genetic elements.

CONCLUSION

Here, we report a new transposon, Tn6696, in the IncN1 plasmid,
pNDM1-CBG, from a ST932 MDR E. cloacae ssp. dissolvens strain
recovered in China. We describe the structures of both pNDM1-
CBG and Tn6696 in detail. Our work provides a new perspective
regarding the potential for a novel horizontal transfer of NDM-1
via Tn6696 to occur among IncN1 plasmids. The latter finding
is of great significance for future studies of the dissemination of
blaNDM−1 in different species and its monitoring.
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A novel Klebsiella pneumoniae carbapenemase (KPC) variant, KPC-55, produced by
a K. pneumoniae ST307 strain was characterized. K. pneumoniae strain BS407 was
recovered from an active surveillance rectal swab of a patient newly admitted to a
general hospital in Busan, South Korea. Carbapenemase production was confirmed by
the modified Hodge test, and the MICs of β-lactams were determined by the broth
microdilution method. The whole genome was sequenced. Cloning and expression
of the blaKPC-55 gene in Escherichia coli and MIC determination were performed.
The enzyme KPC-55 was used for kinetic assays against β-lactams and compared
with the KPC-2 enzyme. The new allele of the blaKPC gene had a T794A alteration
compared to the blaKPC-2 gene, resulting in the amino acid substitution Y264N in
the middle of the β9-sheet. Compared to the KPC-2-producing strain, the KPC-55-
producing strain exhibited a lower level of resistance to most β-lactam drugs tested,
however, the KPC-55 enzyme catalyzed aztreonam and meropenem at an increased
efficiency compared to the catalytic activity of KPC-2. KPC subtypes could have varied
phenotypes due to alterations in amino acid sequences, and such an unexpected
resistance phenotype emphasizes the importance of detailed characterizations for the
carbapenemase-producing Enterobacterales.

Keywords: Klebsiella pneumoniae, KPC-55, meropenem, ST307, carbapenemase-producing Enterobacterales

INTRODUCTION

The β-lactam drugs are currently the most used class of antimicrobial agents; among them,
carbapenems are the most potent against Gram-positive and Gram-negative bacteria and have the
broadest spectrum of activity (Papp-Wallace et al., 2011). Klebsiella pneumoniae carbapenemase
(KPC) is one of the most worrisome carbapenem resistance determinants in clinical settings,
because it has broad spectrum of substrates including most β-lactams except cephamycins and it
appears to be produced by a broad range of bacterial hosts (Yigit et al., 2001; Nordmann et al.,
2011). The recent development regarding the inactivation of class A β-lactamases, including KPC,
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is the possibility to use avibactam in combination with
ceftazidime (van Duin and Bonomo, 2016). However, emerging
KPC subtypes resistant to avibactam is issuing (Gottig et al.,
2019). To date, a total of 54 allele types of KPC have been
deposited in the β-lactamase database1.

Klebsiella pneumoniae sequence type (ST) 307 was deposited
into the multilocus sequence typing database primarily in 2008,
and the ST307 strains are frequently resistant to late generation
cephalosporins through its production of CTX-M-15 extended-
spectrum β-lactamase (ESBL) (Wyres et al., 2019). In recent years,
the spectrum of resistance of the K. pneumoniae ST307 clone
was broadened to carbapenems by acquiring genes encoding
carbapenemases, such as KPC (Villa et al., 2017). The KPC-
producing K. pneumoniae clonal group (CG) has been changed
from CG235 to ST307 in recent years (Yoon et al., 2018b;
Cejas et al., 2019). In South Korea, most of the KPC-producing
Enterobacterales were K. pneumoniae ST11 belonging to CG235
until 2014 and from 2015, the KPC-producing clone was rapidly
exchanged to ST307 (Yoon et al., 2018b).

Here, we report a K. pneumoniae ST307 clinical strain
recovered from an active surveillance rectal swab specimen
against a new admission carrying an IncX3 plasmid, which
encodes a novel subtype KPC-55 with asparagine at position 264
instead of tyrosine as in the prototype KPC-2. The amino acid
substitution in the KPC-55 was responsible for the increased
catalytic activity to meropenem compared to the catalytic
activity of KPC-2.

MATERIALS AND METHODS

Ethics
This study was approved by the Institutional Review Board
of Inje University Busan Paik Hospital (No. 20-0036),
Busan, South Korea.

Clinical Strains Used in the Study
The K. pneumoniae strain BS407 was isolated from the CPE
screening step before hospitalization using rectal swab of a
patient in a university hospital in Busan, South Korea. The
patient information was obtained retrospectively. Antibiograms
were obtained by the disk diffusion test, and the carbapenemase-
producing phenotype of the strain was confirmed by the
modified Hodge test. For any comparison, the K. pneumoniae
lab-collection strain KP1559, which harbors the prototype
blaKPC-2 gene, was used.

Antimicrobial Susceptibility Testing
An antibiogram for K. pneumoniae strain BS407 was performed
by the disk diffusion test on Mueller-Hinton (MH) agar
(Becton Dickinson, Franklin lakes, NJ, United States) following
the CLSI guidelines (CLSI, 2019) with 15 antimicrobial
agents, i.e., piperacillin, amoxicillin/sulbactam, cefazolin,
cefotaxime, ceftazidime, cefepime, cefoxitin, aztreonam,
ertapenem, imipenem, meropenem, amikacin, gentamicin,

1http://www.bldb.eu/BLDB.php?prot=A#KPC, last updated in April 10, 2020

ciprofloxacin, and trimethoprim-sulfamethoxazole (Oxoid,
Basel, Switzerland). The MICs of tigecycline (Pfizer, New York
city, NY, United States), colistin (Sigma-Aldrich, St. Louis,
MO, United States), and the eight β-lactam drugs (Table 1)
were determined by the broth microdilution method using
MH broth (CLSI, 2019). For ceftazidime and imipenem, MICs
were determined with or without enzyme inhibitors, clavulanic
acid (Dong-A Pharmaceutical Co., Ltd., Seoul, South Korea),
and avibactam (BOC Sciences, Shirley, NY, United States).
Escherichia coli ATCC 25922 and Pseudomonas aeruginosa
ATCC 27853 were used for quality control of the tests.

Plasmid Transfer by Bacterial
Conjugation
For bacterial conjugation, the K. pneumoniae BS407 strain was
used as a donor, and a rifampicin-resistant mutant of E. coli
J53 was used as a recipient. Equal amounts of exponential
cultures of the donor, K. pneumoniae BS407, and recipient
isolates were mixed, incubated in MH broth for 12 h, and
spread on MH agar containing rifampicin (30 µg/ml), sodium
azide (100 µg/ml), and imipenem (0.5 µg/ml). Any colony
at the selective plate was tested by disk diffusion test and
confirmed by PCR.

DNA Manipulation and Cloning
The blaKPC-2 and blaKPC-55 genes were amplified
from the total DNA of K. pneumoniae KP1559
and BS407, respectively, using KPC_F (5′-
AGGAGGTAAATAATGTCACTGTATCGC CGTCTAGTT-3′)
and KPC_R (5′-TTACTGCCCGTTGACGCCCAA-3′) using
Phusion R© High-Fidelity DNA polymerase (Thermo Fisher
Scientific, Waltham, MA, United States). Each PCR product
was purified and cloned into the pCR-Blunt vector (Invitrogen,
Thermo Fisher Scientific). The recombinant plasmids were
transformed into chemically competent E. coli One ShotTM

TOP10 (Invitrogen, Thermo Fisher Scientific) and selected
on MH agar containing kanamycin 50 µg/ml and ampicillin
50 µg/ml. Nucleic acid sequences and the direction of each insert
were verified by Sanger sequencing using the universal M13
primers of both directions.

Analysis of the Entire Genome
The whole genome of K. pneumoniae strain BS407 was sequenced
using both Illumina and Nanopore technologies. DNA was
extracted with the GenEluteTM Bacterial Genomic DNA Kit
(Sigma), and libraries were prepared for Illumina using the
Swift 2S Turbo DNA Library Kit (Swift Biosciences, Ann Arbor,
MI, United States) and Swift 2S Turbo Combinatorial Dual
Indexing Primer Kit (Swift Biosciences) and for Nanopore
using the Ligation Sequencing Kit (Oxford Nanopore, Oxford,
United Kingdom). Reads were assembled using Spades (version
3.11.1), and the complete sequences were annotated using
prokka 1.13.72. Identification of resistance determinants and

2https://github.com/tseemann/prokka
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TABLE 1 | MICs of β-lactams.

MICs (µg/ml)

K. pneumoniae E. coil

BS407 KP1559 TOP10 TOP10 TOP10

β-Lactamsa �blaKPC−55 �blaKPC-2 �blaKPC−55 �blaKPC-2

Ampicillin >32 >32 >32 >32 4

Aztreonam 16 >32 16 >32 0.125

Cefotaxime 16 >32 1 8 <0.0625

Ceftazidime 16 >32 8 32 0.25

Ceftazidime + CAb 16 4 0.5 0.25 0.25

Ceftazidime + ABc 0.125 2 0.5 0.25 0.25

Cefoxitin 32 >32 2 >32 2

Cefepime 8 >32 1 8 <0.0625

Imipenem 1 8 0.5 1 0.125

Imipenem + CA 0.5 <0.0625 0.25 0.125 0.125

Imipenem + AB <0.0625 <0.0625 0.5 0.25 0.25

Meropenem 2 16 0.25 1 <0.0625

aAmpicillin (Sigma-Aldrich), aztreonam (Daehan New Pharm Co., Ltd., Gyeonggi-do, South Korea), cefotaxime (Aju Pharm Co., Ltd., Seoul, South Korea), ceftazidime
(Sigma-Aldrich), cefoxitin (JW pharmaceutical, Co., Ltd., Seoul, South Korea), cefepime (Boryeong Pharmaceutical Co., Ltd., Seoul, South Korea), imipenem (MSD, Co.,
Inc., Kenilworth, NJ, United States), and meropenem (Sigma-Aldrich). bCA, clavulanic acid (Dong-A Pharmaceutical Co., Ltd., Seoul, South Korea). cAB, avibactam (BOC
Sciences, Shirley, NY, United States).

FIGURE 1 | The KPC-55 protein in comparison with the prototype KPC-2. Top, the active site and binding site of the KPC enzyme corresponding to the 2OV5
protein database structure (Ke et al., 2007). Two hinge regions, the � loop and the substrate binding site, are indicated in the amino acid sequences in orange,
green, and red, respectively. Middle, the sequence of KPC-55 compared with that of KPC-2 is presented. The Y264N alteration is illustrated with a red dot. Bottom,
secondary structure of KPC-2 indicating β-sheets in light yellow and α-helices in dark red (Ke et al., 2007).

plasmid incompatibility typing were assessed using ResFinder3

and plasmid finder4, respectively.

Purification of the KPC Enzymes
Klebsiella pneumoniae BS407 and KP1559 cells were harvested by
centrifugation, and the bacterial cells were resuspended in 15 mM
sodium phosphate buffer (pH 7.0). The cells were disrupted by
sonication, and the debris was eliminated by centrifugation at
15,000 × g for 30 min at 4◦C. The crude extract was then passed
through a 0.45-µm Millipore membrane filter (MilliporeSigma,
Burlington, MA, United States) and loaded on a 10 ml Poly-
Prep column (Bio-Rad, Hercules, CA, United States) filled with
aminophenylboronic acid agarose (Sigma) at a flow rate of
1 ml/min (Bauvois et al., 2005). Then, the enzyme was eluted by
a linear borate gradient (0 to 0.5 M) in 20 mM triethanolamine-
HCl and 0.5 M NaCl (pH 7.0) over 5 ( column volumes at a flow
rate of 1 ml/min. The fractions exhibiting (-lactamase activity
were collected, and their purity was estimated by electrophoresis
on a sodium dodecyl sulfate-polyacrylamide gel stained with
Bio-Safe Coomassie stain (Bio-Rad).

3https://cge.cbs.dtu.dk/services/ResFinder/
4https://cge.cbs.dtu.dk/services/PlasmidFinder/

Enzyme Kinetic Assay
Kinetic measurements were carried out using KPC enzymes
in 50 mM morpholinepropanesulfonic acid (pH 7.0), 50 mM
NaCl, and 100 mM sodium phosphate (pH 7.0) at 30◦C
(Bauvois et al., 2005). A Lambda 25 UV–visible (UV–Vis)
spectrophotometer (PerkinElmer, Waltham, MA, United States)
was used to determine the rates of hydrolysis. Various
concentrations of the drugs were preincubated with the enzyme
at 30◦C to determine the kinetic parameters. All the values were
determined in triplicate.

Statistical Analysis
All kinetic results are presented as averages± standard deviations
from a minimum of three replicates.

Accession Number
The genome sequence of the plasmid pBS407-3 was deposited
in the United States National Center for Biotechnology
Information (NCBI) database under the GenBank accession
number MT028409, and the allele number of the blaKPC-55 gene
was designated under the curation by the Bacterial Antimicrobial
Resistance Reference Gene Database of the NCBI.

Frontiers in Microbiology | www.frontiersin.org 3 October 2020 | Volume 11 | Article 56131797

https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-561317 October 5, 2020 Time: 14:14 # 4

Yoon et al. KPC-55 in Klebsiella pneumoniae ST307

RESULTS

Case Description
The K. pneumoniae BS407 strain was recovered from a rectal
swab of >80-year-old patient admitted for hospitalization at
Inje University Busan Paik Hospital, Busan, South Korea. The
patient was subjected to active surveillance for carbapenemase-
producing Enterobacterales (CPE) at the stage of admission.

The K. pneumoniae BS407 strain was resistant to
ciprofloxacin and all β-lactam drugs tested, i.e., penicillins
(ampicillin, piperacillin, and ampicillin-sulbactam with
an inhibition zone diameter of 6 mm), narrow-spectrum
(cefazoline, 6 mm) and extended-spectrum cephalosporins
(cefotaxime, 18 mm; ceftazidime, 14 mm; and cefepime,
16 mm), cephamycin (cefoxitin, 14 mm), monobactam
(aztreonam, 8 mm), and carbapenems (ertapenem, 15 mm;
imipenem, 19 mm; and meropenem, 17 mm), but susceptible
to aminoglycosides (amikacin, 22 mm; gentamicin,
24 mm), tigecycline (MIC, 2 µg/ml), and colistin (MIC,
2 µg/ml), and the strain showed intermediate resistance to
trimethoprim-sulfamethoxazole (15 mm).

Identification of a Novel KPC Subtype
Phenotypic verification using the modified Hodge test indicated
that the BS407 strain was a carbapenemase producer, and PCR
and direct sequencing confirmed that the strain harbored the
blaKPC gene, whose allele had never been deposited in the
GenBank database. The novel gene encoding the new KPC
variant had one nucleic acid alteration of T794A, resulting
in asparagine instead of tyrosine at position 264 of the
prototype KPC-2 (Figure 1). The altered amino acid was
located in the middle of the β9-sheet, apart from the active
site. Variable subtypes of KPC enzymes had one (KPC-52) to
15 aa (KPC-44) insertions between β9 and α12, 250 aa to
273 aa (Figure 2); however, the same substitution had not been
identified previously.

Genome Analysis of the K. pneumoniae
BS407 Strain
The sequences of the whole genome of K. pneumoniae BS407
indicated that the strain belonged to ST307 and had the
capsular type wzi110. The genome was composed of a 5,477,837-
bp chromosome and four circularized plasmids of 136,158,
100,435, 50,505, and 3,551 bp in size. The intrinsic blaSHV
gene encoded SHV-28, an ESBL (Kim et al., 2006). In addition,
the resistance determinants to fosfomycin, the fosA gene, was
acquired in the chromosome, and the resistance-associated
nucleic acid mutations was not observed in the chromosome,
i.e., those at the quinolone resistance determining region or at
the global regulator. The plasmids carried one to six resistance
determinants, except the 3,551-bp cryptic plasmid: the aac(6′)-
Ibcr and qnrB1 genes for quinolone resistance, the tet(A) gene
for tetracycline resistance, the catB3 gene for chloramphenicol
resistance, the dfrA14 gene for trimethoprim resistance, and
the blaOXA-1 gene for β-lactam resistance in the IncFIB-type
136,158-bp plasmid; the qnrS1 gene for quinolone resistance

in the IncFIB/FII-type 100,435-bp plasmid; and the blaKPC−55
and blaSHV−182 genes for β-lactam resistance in the IncX3-type
50,505-bp plasmid.

The blaKPC−55 gene was located on a truncated Tn4401a
transposon composed of 1ISKpn7-blaKPC−55-ISKpn6
(Figure 3). The genes for transposase and resolvase composing
the 3′ half of the transposon were absent together with the gene
for transposase comprising the ISKpn7 element. The intergenic
region between the ISKpn7 element and the blaKPC−55 gene was
99 bp shorter than the longest isotype Tn4401b, indicating that

FIGURE 2 | The variable region of the KPC subtypes between aa 250 and aa
278. The secondary structure of KPC-2 is indicated at the top with β-sheets in
light yellow and alpha-helices in dark red. The amino acid sequence of
KPC-55 is in the yellow open box. The sequences of the KPC subtypes were
obtained from the Bacterial Antimicrobial Resistance Reference Gene
Database ver. 2020-01-22.1 (BioProject accession, PRJNA313047; last
accessed on 2020.2.5.).
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FIGURE 3 | The 50,505-bp IncX3 plasmid carrying the blaKPC-55 gene in K. pneumoniae BS904. The open arrow indicates open reading frames, and the function of
the protein encoded by the gene is represented by color: orange, replication and assembly; yellow, transposase; red, antimicrobial resistance; black, conjugation;
white, others. The unlabeled ORF encodes a hypothetical protein. The green box indicates the truncated Tn4401. The complete structure of Tn4401 is indicated at
the top.

TABLE 2 | Kinetic parameters of the β-lactamases KPC-55 and KPC-2.

Hydrolysis activitya

KPC-55 KPC-2

Substrate kcat (s−1) Km (µM) kcat/Km (s−1 µM−1) kcat (s−1) Km (µM) kcat/Km (s−1 µM−1)

Ampicillin 0.06 ± 0.05 0.03 ± 0.01 1.89 ± 1.81 5.31 ± 2.8 1.03 ± 0.38 4.98 ± 0.77

Aztreonam 27.89 ± 5.20 1.50 ± 0.31 18.58 ± 0.36 2.56 ± 3.23 1.17 ± 1.29 1.85 ± 0.50

Ceftazidime 0.20 ± 0.33 0.40 ± 0.11 0.45 ± 0.74 0.02 ± 0.003 0.28 ± 0.09 0.07 ± 0.02

Imipenem 1.99 ± 0.64 0.13 ± 0.002 15.14 ± 4.61 0.41 ± 0.30 0.03 ± 0.02 37.48 ± 47.21

Meropenem 1.34 ± 0.05 0.02 ± 0.01 80.49 ± 35.18 0.09 ± 0.03 0.02 ± 0.02 5.19 ± 2.93

aData are the means of three independent determinations.

it was a Tn4401a element. The IncX3-type plasmid carrying the
blaKPC−55 gene bracketed by the truncated Tn4401a element
furnished the Type IV secretion system, contributing to conjugal
DNA transfer (Figure 3). However, the transfer efficiency of
the IncX3 plasmid carrying the blaKPC−55 gene was less than
the detection limit, <10−9, which means that the plasmid was
hardly transferable.

Substrate Spectrum and Inhibitory
Characteristics of KPC-55
To evaluate the spectrum of resistance, the corresponding
blaKPC−55 gene was cloned into the pCR-Blunt vector and
introduced into the E. coli OneShot TOP10 strain. When the
gene was expressed in the E. coli host, the gene conferred
reduced susceptibility to most β-lactams; however, the resulting
MICs were consistently lower than the MICs with the blaKPC-2
gene (Table 1). As the blaKPC-2 transformant, the blaKPC−55
gene transformant presented diminished MICs of imipenem
and ceftazidime by adding enzyme inhibitors, either clavulanic
acid or avibactam.

Kinetic data using the enzyme showed that compared to
that KPC-2, the hydrolytic activity of KPC-55 was lower for
ampicillin and higher for aztreonam and meropenem (Table 2).
The diminished catalytic efficiency for ampicillin was a result of
the combination of the decreased turnover number and increased
affinity. The higher catalytic efficiency of KPC-55 to aztreonam
and meropenem was associated mostly with the improved
turnover efficiency, not the affinity. It could be speculated that
the alteration of Y264N could allow the enzyme to catalyze more
meropenem and aztreonam but not ampicillin and increased the
affinity of the enzyme to ampicillin. The catalytic efficiency of
KPC-55 against imipenem and ceftazidime was indifferent from

that of KPC-2, and KPC-55 presented similar levels of inhibition
by clavulanic acid and avibactam to KPC-2.

DISCUSSION

The emergence of plasmid-mediated KPC enzymes in 1996 (Yigit
et al., 2001) was a prelude of a global epidemic of CPE. The
prototype KPC-2 is able to hydrolyze most β-lactams, with great
efficiency for penicillins, cephalosporins and carbapenems and
diminished efficiency for cephamycins and ceftazidime (Yigit
et al., 2001). The identification of a number of KPC-2 variants
possessing amino acid substitutions presented a varied spectrum
of substrates for hydrolysis (Mehta et al., 2015). In particular, any
alteration in the KPC active site, which is encompassed by the
�-loop of R164 to D179, the hinge between helices α3 and α4 and
another hinge region between helices α10 and α11, could affect
the hydrolysis activity of the KPC enzyme (Galdadas et al., 2018).
KPC-4 possessing the P103R substitution at the α3-α4 hinge
has higher ceftazidime-hydrolytic activity but lower carbapenem-
hydrolytic activity compared to KPC-2 (Wolter et al., 2009),
and KPC-3 possessing the L169P alteration at the �-loop
confers resistance to the bacterial hosts against the enzyme
inhibitor avibactam, which inactivates KPC-2 (Hemarajata and
Humphries, 2019). Not only the alterations located at the three
loops but also the substitutions occurring at the other parts of the
enzyme, such as the insertion of PNK between D269 and D270
in KPC-41, are responsible for reduced carbapenem-hydrolyzing
activity and increased inhibition by avibactam (Mueller et al.,
2019). All these examples highlight the importance of exploring
new variants of the enzyme and characterizing them for their
altered hydrolyzing activity.
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In this study, a new allele of the KPC-2 variant with the
Y264N alteration was characterized. The results indicate that
the Y264N alteration was responsible for the reduced MICs
of aztreonam, extended-spectrum cephalosporins, cefoxitin, and
cefepime, and carbapenems in E. coli transformants presenting
a good correspondence with the hydrolyzing activity test results
using the enzyme. Interestingly, the alteration led to higher
meropenem-hydrolyzing activity, even though the substitution
was distantly located from the �-loop and any other hinges
composing the active site. The β9-sheet and the following hinge
to the α12-helix is a variable region; six of the 46 deposited
KPC alleles have one- to 15-amino acid insertions in this region.
Among those, only one allele, KPC-52, had an altered β9-sheet
by insertion of valine between A259 and V260 (Figure 2);
however, unfortunately, kinetic assay data for KPC-52 for proper
comparison are unavailable.

The IncX3-type plasmid harboring the blaKPC-55 gene
resembled the 69,409-bp plasmid pECSEV_01 in E. coli EcU443
recovered in 2014 from Seoul, South Korea (Jeong et al.,
2018). They shared 99.9% nucleic acid identity showing 89%
of query coverage. Of note, the reverse presented 100% of
coverage including the duplicated conjugative elements in the
pECSEV_01. The pECSEV_01 plasmid has been identified to
harbor the blaKPC-2 gene carried by a truncated Tn4401a
1ISKpn7-blaKPC-55-ISKpn6 as the truncated Tn4401a harboring
the blaKPC-55 gene.

The strain carrying the blaKPC−55 gene belonged to ST307,
which is a worldwide K. pneumoniae clone resistant to extended-
spectrum cephalosporins and carbapenems through varied
acquired resistance determinants (Villa et al., 2017). The ST307
clone possessing the blaKPC-2 gene mobilized by the Tn4401a
transposon has been predominant in South Korea (Kim et al.,
2017; Yoon et al., 2018a), and it could be speculated that a point
mutation occurred on the coding sequences of the blaKPC-2 gene,
resulting in the BS407 strain. The K. pneumoniae ST307 clone
is commonly resistant to multiple antimicrobial drugs but rarely
harbors virulence factors (Kim et al., 2019). Because of its traits,
the clone is linked with healthcare-associated infections (Kim
et al., 2019) and associated with higher mortality than the other
clones (Villa et al., 2017). Moreover, mortality in patients with
infections caused by KPC-producing K. pneumoniae is high, up
to 41.0% (Ramos-Castaneda et al., 2018), and even the carriage
of KPC-producing K. pneumoniae is a risk factor for mortality
in patients with diabetic foot disease (Tascini et al., 2015). Novel

variants of the KPC enzyme have been reported in isolates
identified not only from infection sites but also from active
surveillance (Mueller et al., 2019). Therefore, following up both
the dominant clonal lineage of KPC producers and the subtype
of KPCs produced by Enterobacterales should be actively carried
out both for infection-causative CPE and for carriages.

In conclusion, we reported here K. pneumoniae ST307
strain producing KPC-55, KPC-2Y264N, conferring reduced
susceptibility to carbapenems. The alteration is located out of
the known active site of the KPC enzyme, and a detailed kinetic
assay revealed that the alteration led to higher meropenem-
hydrolytic activity than the prototype KPC-2. KPC subtypes
could have varied phenotypes by alterations, and the CPEs
producing such an allele conferring low-level resistance could
be missed in routine screening even though their catalytic
activity toward some carbapenems can be improved. Thus,
paying close attention to CPE screening is needed, and detailed
characterization should be carried out.
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This study aimed to explore the activity of combined antimicrobials in vitro, and the
relationship among resistance mechanisms, antimicrobial regimens, and the clinical
outcome of patients with carbapenem-resistant Acinetobacter baumannii (CRAB)
infections in western China. A total of 89 CRAB strains were collected from patients with
CRAB infection from January 2018 to June 2018. The checkerboard assay was used
to study the combined effects in vitro. Carbapenemase-encoding genes were detected
by polymerase chain reaction (PCR) or multiplex PCR technique. The clinical data of
86 patients were collected. CRAB showed high susceptibility to tigecycline (91.01%
inhibition) and polymyxin (83.15% inhibition). Polymyxin plus sulbactam exhibited the
highest synergistic effect at a rate of 82.35%. Production of carbapenemase (blaOXA−23)
was the main resistance mechanism of CRAB to carbapenem (95.35%). Excessive
expression of active efflux pump genes (adeB, adeJ, and abeM) and deletion of the CarO
protein accounted for 13.95% (12/86) and 84.88% (73/86), respectively. The synergistic
effect of the sulbactam-based combination was higher than that of the polymyxin
B-tigecycline combination for carbapenemase-producing CRAB (P < 0.05). The clinical
outcome was not affected by the resistance mechanisms (P > 0.05). Advanced age,
multiple organ dysfunction syndromes (MODS), and admission to the intensive care unit
(ICU) were associated with treatment failure (P < 0.05). Appropriate antibiotic therapy
did not improve the clinical outcome of critically ill patients. Higher minimum inhibitory
concentrations (MICs) of tigecycline were associated with treatment failure (P < 0.05).
A multivariate analysis showed that ICU stay (OR = 15.123, 95% CI: 2.600–87.951,
P = 0.002) and procalcitonin ≥2 ng/ml (OR = 2.636, 95% CI: 1.173–5.924, P = 0.019)
were the risk factors for treatment failure. In conclusion, this study demonstrated that the
sulbactam-based combination exhibited a synergistic effect in vitro. The clinical outcome
of patients was not associated with resistance mechanisms. This indicates that the early
control of the progression from infection to severe disease may be important.

Keywords: carbapenem-resistant Acinetobacter baumannii, infection, resistance mechanism, synergistic effect,
clinical outcome
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INTRODUCTION

Carbapenem-resistant Acinetobacter baumannii (CRAB) is
at the top of the World Health Organization’s list of drug-
resistant bacteria and poses a significant threat to human
health (Willyard, 2017). It can cause severe infections including
pneumonia, bloodstream infection, abdominal infection,
and skin and soft tissue infection, for which almost no
treatment is available (Willyard, 2017). Data from the China
Antimicrobial Surveillance Network (CHINET) has shown
that the percentage of imipenem-resistant Acinetobacter
baumannii (AB) increased from 39.0% in 2005 to 78.1% in
2018 (CHINET, 2019). Infections caused by CRAB have high
mortality due to limited antimicrobial options, and CRAB
bloodstream infection tends to occur in critically ill patients
along with rapid disease progression and higher mortality.
A previous study showed that the 30-day mortality of patients
with CRAB bacteremia in the intensive care unit (ICU) was
as high as 79.8% (Kim et al., 2012). The new β-lactamase
inhibitor ceftazidime/avibactam presents an opportunity to
improve the survival of patients with carbapenem-resistant
Pseudomonas aeruginosa and Enterobacteriaceae infections, but
the susceptibility of CRAB to ceftazidime/avibactam was poor
(Hsueh et al., 2019). Several new antimicrobial agents, including
aztreonam/avibactam, cefiderocol, and eravacycline, might be
promising therapeutic options in treating CRAB infections
(Leone et al., 2019). Currently, the treatment options for CRAB
infections are limited, including colistin, tigecycline, sulbactam,
and aminoglycosides (Karaiskos et al., 2017). Therefore, knowing
which of the existing antimicrobials to select in controlling CRAB
infections is a huge challenge for clinicians. Observational studies
have shown no difference in statistics between monotherapy
and combination therapy in mortality and clinical efficacy in
patients with CRAB infections (Karaiskos et al., 2017). There are
also no convincing studies that recommend the combination of
carbapenems, colistin, or sulbactam (Karaiskos et al., 2017).

The resistance mechanisms of CRAB to carbapenem mainly
include the production of carbapenemases (especially class
D carbapenemases) in AB, excessive expression of an active
efflux pump, functional loss of outer-membrane porins (Brink,
2019). Different antimicrobial agents have different antimicrobial
mechanisms and targets. Thus, understanding the antibiotic
resistance mechanisms exhibited by CRAB will help clinicians
to choose the antimicrobial regimens appropriately. At present,
some studies have focused on the resistance mechanisms of
clinical strains (Jiang et al., 2019; Li S. et al., 2019), and
other studies have focused on observational research of the
clinical efficacy of different antimicrobial regimens in the
treatment of CRAB infections (Elsayed et al., 2019; Russo et al.,
2019). Few clinical studies have compared the efficacy of the
existing antimicrobial regimens based on different resistance
mechanisms. Therefore, it is extremely important to know how
to better select from the existing antimicrobials and optimize
the treatment regimen according to the antibiotic resistance
mechanisms to achieve a better clinical outcome.

This study explored the following three aspects: (1) The
in vitro activities of imipenem (IPM), biapenem (BIP), sulbactam

(SUL), tigecycline (TGC), or polymyxin B (PB), and the
combination of IPM-TGC, IPM-BIP, PB-TGC, TGC-SUL, PB-
SUL against CRAB were determined. (2) It investigated the
mechanisms of carbapenem resistance in clinical CRAB strains.
(3) we evaluated the relationship between resistance mechanisms,
antimicrobial regimens, and clinical outcomes in patients with
CRAB infections.

MATERIALS AND METHODS

Bacterial Strains and Drugs
For this study, eighty-nine non-repeated clinical CRAB
strains were collected from patients with CRAB infection
between January 2018 and June 2018 in West China Hospital,
Sichuan University (a 4300-bed academic tertiary-care
hospital). We conducted identification and antimicrobial
susceptibility tests (AST) on the VITEK-2 COMPACT
automated microbiology system (BioMerieux, France).
Species identification was confirmed by detecting and
sequencing the gyrB and rpoB genes. The following drugs
were used in these experiments: imipenem/cilastatin sodium
(Merck Sharp & Dohme Corp., New Jersey, United States),
biapenem (Chia Tai Tianqing Pharmaceutical Co., Ltd.,
Jiangsu, China), cefoperazone/sulbactam sodium (Pfizer,
New York, United States), polymyxin B (SPH NO.1 Biochemical
& Pharmaceutical Co., Ltd., Shanghai, China), tigecycline
(Wyeth Pharmaceutical Co., Ltd., Carolina, United States), and
carbonyl cyano-p-chlorphenizone (CCCP) (Sigma-Aldrich,
Inc., United States).

Clinical Isolates and Antimicrobial
Susceptibility Testing, and Synergistic
Testing and Determination of Efflux
Pump Activity
The minimum inhibitory concentrations (MICs) of IPM,
BIP, TGC, SUL, and PB were determined using the broth
microdilution method following CLSI guidelines (CLSI, 2017).
The susceptibility breakpoints of the antimicrobials used against
A. baumannii in this study were in accordance with the CLSI
criterion (CLSI, 2017). The breakpoint for BIP was defined
as ≥ 8 mg/L resistant strains based on the breakpoints for
other carbapenems against A. baumannii, because of the lack
of CLSI, European Committee on Antimicrobial Susceptibility
Testing (EUCAST), or FDA-approved breakpoint for BIP.
The breakpoints for TGC were based on the FDA-approved
tigecycline breakpoints for the Enterobacteriaceae, ≤2 mg/L
susceptible and ≥ 8 mg/L resistant. Escherichia coli ATCC
25922 was used as the reference strain. The synergistic effects
of antimicrobial combinations were determined using the
checkerboard method with Mueller-Hinton broth (Gordon et al.,
2010). The fractional inhibitory concentration indices (FICI)
were calculated for each of the paired antimicrobials using the
following equation: the MIC of drug A in combination/the MIC
of drug A alone + the MIC of drug B in combination/the MIC of
drug B alone. FICI<1, FICI = 1.0, and 1<FICI<2.0 were used to
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define synergy, addition, and indifference, respectively, according
to a previous study (Yoon et al., 2004). MICs of IPM were
observed in the absence and the presence of CCCP (10 µg/mL).
A significant inhibition effect was defined as a four-fold or more
reduction in IPM MICs in the presence of CCCP. Efflux pump
activity was determined for the efflux pump positive isolates.

Polymerase Chain Reaction (PCR) and
Nucleotide Sequencing
Classes A and D carbapenemase-encoding genes (blaGES, blaKPC,
blaOXA−51, blaOXA−23, blaOXA−24, blaOXA−58, and blaOXA−143)
and class B metallo-β-lactamase genes (blaIMP, blaVIM, blaSPM,
blaGIM, blaSIM, and blaNDM) were detected by the PCR method
or multiplex PCR technique as previously described (Poirel et al.,
2000; Woodford et al., 2006; Ellington et al., 2007; Higgins et al.,
2010). The primers were synthesized and the amplicons obtained
were sequenced by the Beijing Genomics Institute. The sequences
were analyzed with the NCBI BLAST program1.

Fluorescence Quantitative Real-Time
RT-PCR
The expression levels of efflux system genes (adeB, adeJ,
and abeM) were assessed using fluorescence quantitative real-
time reverse transcription-PCR (qRT-PCR). The adeB gene
was screened as described previously (Peleg et al., 2007) and
new primers were designed for the adeJ (adeJ-F: ATGAGAAA
CTGATTGCAGCTC; adeJ-R: TGAGGAGTATCTTCCTGAC
CA) and abeM (abeM-F: AGGCTTCGGCTTATCGAAAC;
abeM-R: AGAGGGCTAAGGACCAATGC) genes.

The RNA was extracted using TaKaRa RNAiso Plus (TaKaRa
Bio Inc., Japan), and cDNA was synthesized using the
PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa Bio
Inc., Japan). Real-time PCR assays were performed using
an Option 2 real-time PCR detection system (Bio-Rad Inc.,
United States) with the SsoFast EvaGreen Supermix Kit (Bio-
Rad Inc., United States). The 16S rRNA gene was used as
the internal control gene. Expression analysis was performed
using the 2−11Ct method (Livak and Schmittgen, 2001) to
compare the relative expression of the mRNA with that of
A. baumannii ATCC 19606.

Western Blot Analysis
Western blot analysis was used to evaluate the level of the outer
membrane protein CarO expression for each isolate. Bacterial
cells were mixed with radioimmunoprecipitation (RIPA) buffer
(3 ml RIPA buffer/g). After centrifugation, the supernatant
was collected. Western blotting was performed as previously
described (Goh et al., 2013). The CarO-specific antibody was
generated in a rabbit by Abmart Biomedicine Co., Ltd. (Shanghai,
China; 1: 1000 dilution). The secondary antibody was horseradish
peroxidase (HRP) conjugated goat anti-rabbit IgG (Fumaisi
Biotechnology Co., Ltd., Nanjing, China; 1: 2000 dilution).

1www.ncbi.nlm.nih.gov/blast/

Clinical Data
Detailed clinical information of patients with CRAB infection,
including demographic characteristics, laboratory data, antibiotic
treatment regimens, and clinical outcomes, were collected
from their medical records. The clinical and microbiological
diagnosis of CRAB infection was defined according to the
criteria of the Centers for Disease Control and Prevention (CDC)
(Horan et al., 2008). Colonization was excluded before the
beginning of this study. CRAB was defined as A. baumannii
demonstrating resistance or intermediate susceptibility to one
or more of meropenem or IPM, according to the AST results.
Appropriate antibiotic treatment was defined as the use of
at least one active drug against CRAB within 5 days of
the date of sampling. Treatment outcomes were evaluated
at 28 days after clinical samples were taken from patients.
Clinical outcomes were defined as treatment success or
treatment failure (death or disease progression). This study was
approved by the Ethics Committee of West China Hospital,
Sichuan University.

Statistical Analysis
Statistical analyses were performed using SPSS version 22.0
for Windows (SPSS Inc., Chicago, United States). Normality
tests for quantitative variables were assessed by the Shapiro-
Wilk test. Significance testing was performed using the Student’s
t test or Mann-Whitney U test. Categorical variables were
compared using the Chi-square test or Fisher’s exact test.
Risk factors for 28-day treatment outcomes of patients with
CRAB infection were identified using a logistic regression
model. All variables with P < 0.05 in univariate analysis were
entered into the multivariate analysis by using the forward
conditional method. P < 0.05 (two-tailed) was considered
statistically significant.

RESULTS

In vitro Antibacterial Activity of
Antimicrobials Alone and in Combination
The sensitivity rates of CRAB to IPM, BIP, SUL, TGC, and
colistin were 0, 0, 2.25% (2/89), 91.01% (81/89), and 83.15%
(74/89), respectively. Some strains were selected to evaluate the
drug interaction in antibiotic combinations according to the
MIC values (excluding highly susceptible and resistant strains).
MICs of antimicrobials against CRAB alone and in combination
are shown in Table 1. For all drug combinations, a synergistic
effect was the most common interaction. PB-SUL showed the
highest synergistic effect at a rate of 82.35% (14/17), followed by
TGC-SUL at a rate of 73.91% (17/23).

Association of the Clinical Outcome and
Resistance Mechanisms
We collected the clinical data of 86 patients with CRAB
infections. Three patients were lost because, by the time the
diagnosis was made, they were transferred to other hospitals.
The distribution of carbapenem resistance mechanisms in these
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clinical isolates is shown in Table 2. The only detectable
carbapenemase gene was blaOXA−23 (82, 95.35%). All strains
detected the naturally occurring blaOXA−51 gene (86, 100.00%).
The sequences of OXA51 and OXA23 obtained in this study
have been submitted to GenBank and the accession numbers are
MT757793 and MT757794, respectively. Other carbapenemase-
encoding genes were not detected. The MIC values of 12 isolates
were decreased at least four-fold in the presence of CCCP, and
they were also the active efflux phenotype positive strains. The
relative expression of adeB, adeJ, and abeM had increased by
approximately 4.4-fold, 4.1-fold, and 3.8-fold, respectively, in
CRAB isolates than in the sensitive strain. The positive rate of
CarO porin in the treatment success group was higher than that
in the treatment failure group (P < 0.05).

The in vitro Antibacterial Activity of
Antimicrobial Combination in CRAB With
Different Resistance Mechanisms
The synergistic effect of PB in combination with SUL was higher
than that of the other drug combinations against CRAB strains
(P < 0.05). In the strains with carbapenemases, the synergistic
effect of the SUB-based combination was higher than that of PB-
TGC combination (P<0.05). For other resistance mechanisms,
no drug combination showed a statistically significant difference
in the synergistic effect (P > 0.05) (see Table 3).

Clinical Characteristics of Patients With
CRAB Infection
After excluding 4 patients with non-carbapenemase-producing
CRAB infection, a total of 82 patients with CRAB infections
(mean age 58.05 ± 17.54 years; 51 male) were included in this
study (Table 4). The treatment failure rate was 28.05% (23/82)
within 28 days of the specimens being taken. Patients at an
advanced age, those with multiple organ dysfunction syndromes
(MODS), and those admitted in the ICU had a higher rate of
treatment failure (P < 0.05). Patients in the treatment failure
group had higher levels of procalcitonin (PCT) and percentage of
neutrophils, and a lower level of estimated glomerular filtration
rate (eGFR) than those in the treatment success group (P < 0.05).
The treatment failure group had a higher proportion of CRAB
patients with bloodstream infections than the treatment success
group (P<0.05). More patients had a poor clinical outcome
even if they were given appropriate antibiotic therapy (P<0.05).
Patients infected with CRAB strains with lower MICs of TGC had
a better clinical outcome (P = 0.021).

Risk Factors for a Poor Treatment
Outcome of Patients With CRAB
Infection
Multivariate analysis showed that ICU stay (OR = 15.123, 95%
CI: 2.600–87.951, P = 0.002) and PCT ≥ 2 ng/ml (OR = 2.636,
95% CI: 1.173–5.924, P = 0.019) were independent risk factors
for treatment failure in patients with CRAB infection, as shown
in Table 5.

Frontiers in Microbiology | www.frontiersin.org 4 October 2020 | Volume 11 | Article 541423105

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-541423 October 11, 2020 Time: 10:12 # 5

Qu et al. Antibiotic Synergy and Clinical Outcome

TABLE 2 | Distribution of carbapenem resistance mechanisms in clinical isolates of carbapenem-resistant Acinetobacter baumannii.

All (N = 86) (%) Treatment success (N = 62) (%) Treatment failure (N = 24) (%) P-value

Carbapenemase-encoding genes
Class D oxacillinases

blaOXA−23 82 (95.35) 59 (95.16) 23 (95.83) 1.000

Drug efflux pumps
Efflux pump inhibition test (+) 12 (13.95) 8 (12.90) 4 (16.67) 0.731

AdeB (fold) (Mean ± SD) 4.37 ± 2.99 4.88 ± 3.44 3.35 ± 1.74 0.544

AdeJ (fold) (Mean ± SD) 4.14 ± 2.52 4.71 ± 2.82 2.99 ± 1.45 0.432

AbeM (fold) (Mean ± SD) 3.80 ± 2.09 4.41 ± 2.30 2.57 ± 0.88 0.336

Porin
CarO 73(84.88) 58(93.55) 15(62.50) 0.002

SD, standard deviation. These bold values emphasize that the difference is statistically significant.

TABLE 3 | The synergistic effect of drug combinations in carbapenem-resistant Acinetobacter baumannii with different resistance mechanisms.

Antibiotic combination Synergism (n, %) Resistance mechanisms

Carbapenemases Drug efflux pumps Functional loss of CarO

Imipenem + Tigecycline (N = 24) 14 (58.33) 12 (50.00) 2 (8.33) 2 (8.33)

Imipenem + Biapenem (N = 24) 16 (66.67) 14 (58.33) 4 (16.67) 1 (4.17)

Polymyxin B + Tigecycline (N = 17) 7 (41.18)a 6 (35.29)c 2 (11.76) 1 (11.76)

Tigecycline + Sulbactam (N = 23) 17 (73.91)b 16 (69.57)d 4 (17.39) 3 (13.04)

Polymyxin B + Sulbactam (N = 17) 14 (82.35)c 12 (70.59)e 3 (17.65) 3 (17.65)

Pab < 0.05; Pac < 0.05; Pcd < 0.05; Pce < 0.05.

TABLE 4 | Clinical characteristics in patients with carbapenem-resistant Acinetobacter baumannii infection.

Variables All (N = 82) (%) Treatment success (N = 59) (%) Treatment failure (N = 23) (%) P-value

Male (n, %) 51 (62.20) 39 (66.10) 12 (52.17) 0.243
Age (yr) (Mean ± SD) 58.05 ± 17.54 53.66 ± 19.26 63.61 ± 11.65 0.026
MODS (n, %) 37 (45.12) 20 (33.90) 17 (73.91) 0.001
In ICU when specimen was obtained (n, %) 42 (51.22) 22 (37.29) 20 (86.96) 0.000
Laboratory data
PCT (ng/ml), (Median, IQR) 0.63 (0.16–2.15) 0.40 (0.11–1.59) 1.11 (0.68–5.87) 0.001
WBC (× 109/L), (mean ± SD) 10.87 ± 5.43 10.20 ± 5.48 12.61 ± 4.97 0.071
Neutrophils (%),(mean ± SD) 83.05 ± 8.97 80.61 ± 10.14 86.07 ± 6.12 0.001
Hemoglobin (g/L), (mean ± SD) 95.98 ± 22.60 98.09 ± 21.77 90.57 ± 24.24 0.177
Albumin(g/L), (mean ± SD) 32.12 ± 5.39 32.42 ± 4.39 31.35 ± 7.44 0.522
eGFR (ml/min), (mean ± SD) 84.44 ± 37.21 90.07 ± 37.11 70.23 ± 34.13 0.030
Site of infection (n, %)
Lung 53 (64.63) 40 (67.80) 13 (56.52) 0.337
Intra-abdominal 8 (9.76) 5 (8.47) 3 (13.04) 0.680
Blood 10 (12.20) 4 (6.78) 6 (26.09) 0.026
Urinary tract 4 (4.88) 4 (6.78) 0 (0) 0.573
Wound 6 (7.32) 6 (10.17) 0 (0) 0.178
Central nervous system 1 (1.22) 0 (0) 1 (4.35) 0.284
Antibiotic Treatment (n, %)
Appropriate antibiotic therapy 52 (63.41) 33 (55.93) 19 (82.61) 0.024
Monotherapy 16 (19.51) 11 (18.64) 5 (21.74) 0.048
Combination therapy 36 (43.90) 22 (37.29) 14 (60.87)
MIC (mg/L) (Median, IQR)
Imipenem 128 (64,128) 128 (64,128) 128 (64,128) 0.325
Biapenem 64 (32,64) 64 (32,64) 64 (64,64) 0.303
Sulbactam 64 (64,128) 64 (64,128) 64 (64,128) 0.693
Polymyxin B 2 (1,2) 2 (1,2) 2 (1,2) 0.181
Tigecycline 1 (1,2) 1 (1,2) 1 (0.5,2) 0.021

MODS, multiple organ dysfunction syndromes; ICU, intensive care unit; PCT, procalcitonin; WBC, white blood cell; eGFR, estimated glomerular filtration rate; MIC,
minimum inhibitory concentration; SD, standard deviation; IQR, interquartile ranges. These bold values emphasize that the difference is statistically significant.
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TABLE 5 | Risk factors associated with treatment failure of patients with
carbapenem-resistant Acinetobacter baumannii infection.

Variables P-value Odds ratio(OR) 95% CI

Ages 0.156 1.037 0.986–1.089

MODS 0.114 3.752 0.729–19.320

In ICU when specimen was obtained 0.002 15.123 2.600–87.951

PCT (≥2 ng/ml) 0.019 2.636 1.173–5.924

Neutrophils (Percent) 0.950 1.034 0.359–2.982

eGFR 0.660 1.163 0.593–2.280

Appropriate antibiotic therapy 0.798 1.248 0.227–6.856

MICs of tigecycline 0.799 0.870 0.296–2.551

Bloodstream infection 0.975 1.030 0.166–6.406

MODS, multiple organ dysfunction syndromes; ICU, intensive care unit;
PCT, procalcitonin; eGFR, estimated glomerular filtration rate; MIC, minimum
inhibitory concentration. These bold values emphasize that the difference is
statistically significant.

DISCUSSION

In this study, we found that CRAB displayed high sensitivity
to TGC and PB, which is similar to that reported in many
previous reports (He et al., 2015; Yazdansetad et al., 2019).
Despite their in vitro activity against CRAB, the results of studies
on the clinical effectiveness of TGC have been mixed, and even
show a higher mortality risk (McGovern et al., 2013). A low
serum concentration of TGC is inadequate to eradicate CRAB,
and this limits its use in CRAB bloodstream infection. The
role of TGC in treating CRAB infections remains controversial.
Nephrotoxicity and neurotoxicity of colistin limited its clinical
use, and patients with carbapenem-resistant bacterial infections
receiving colistin monotherapy had a less than optimal outcome
(Zusman et al., 2017). The combination of several antimicrobial
agents produced synergistic effects in this study, especially
the PB-SUL combination. Although many previous studies
have demonstrated the synergistic or additive effects of an
antimicrobial combination (He et al., 2015; Le Minh et al., 2015),
the antibacterial activity in vitro does not necessarily reflect
activity in vivo. In clinical practice, the efficacy of TGC and
polymyxin was uncertain even when used in combination with
other antimicrobials (Zusman et al., 2017; Doi, 2019). A previous
study showed that the polymyxin-vancomycin combination
produced a synergistic effect in vitro (Bae et al., 2016).
Vancomycin may enhance the permeability of polymyxin on the
A. baumannii outer membrane, and perhaps other antimicrobial
agents, such as ceftazidime, aztreonam, and meropenem, may
also have this effect, which can be studied further.

A high percentage of OXA-23-positive isolates were observed
in this study. Carbapenemase production was the main resistance
mechanism of CRAB to carbapenem. However, different types
of resistance mechanisms in CRAB did not affect the clinical
outcome. A previous study found that patients infected with
blaKPC−2-producing carbapenem-resistant Enterobacteriaceae
(CRE) had poor outcomes (Wang et al., 2018). Mutations in
blaKPC−3 in CRE may lead to a decrease in the antibacterial
activity of ceftazidime-avibactam (Haidar et al., 2017). Early
detection of the carbapenemase type might help improve the
prognosis of patients with CRE infections. With respect to CRAB,

studies on the relationship between the clinical outcome and
specific resistance genes are limited. A previous study showed
that mortality in critical patients with A. baumannii complex
bacteremia was not correlated with any specific genospecies (Lee
et al., 2014). Resistance mechanisms might not play a significant
role in the clinical outcomes of patients with CRAB infection, but
further studies are needed.

For strains with the presence of carbapenemases, more isolates
exhibited synergistic activity with a combination of PB/TGC
and SUL, but there was no statistically significant difference
in the synergistic effect for the strains with overexpression of
efflux pump genes and functional loss of porin. Leelasupasri
et al. (2018) also found that colistin combined with SUL has
a good synergistic and additive effect on CRAB strains, and
colistin plus SUL against CRAB seemed to be an interesting
option. There are limited studies on the in vitro antibacterial
activity of an antimicrobial combination based on different
resistance mechanisms. An open-label, randomized controlled
trial found that colistin-meropenem combination was not
superior to colistin monotherapy in the cumulative survival
rate (Paul et al., 2018). Although many combinations, such
as SUL-TGC, SUL-carbapenems, polymyxin-carbapenems, and
polymyxin-TGC, were used for CRAB infection (Chinese XDR
Consensus Working Group et al., 2016), the efficacy of colistin-
SUL against CRAB in clinical use also has to be evaluated. The 28-
day treatment failure rate in these patients was 28.05% (23/82).
The patients at an advanced age, those with MODS, those with a
lower level of eGFR, and those admitted to the ICU had a poor
clinical outcome, which was similar to that in previous studies
(Sheng et al., 2010; Niu et al., 2018; Du et al., 2019). The treatment
failure rate increased with the advanced age of patients, possibly
associated with a decreased immune response to pathogens as age
increases (Li M. et al., 2019). MODS, a lower level of eGFR, and
ICU stay often indicate that the patients are critically ill and are
more likely to die.

This study also showed that the level of PCT in the treatment
failure group was significantly higher than that in the treatment
success group. PCT has now been considered as a marker for
early diagnosis, prognosis, and antibiotic stewardship in patients
with bacterial infections, especially acute respiratory infections
and sepsis (Lee et al., 2020).

Some previous studies have shown that appropriate therapy
could decrease the mortality in patients with CRE bloodstream
infections (Gutiérrez-Gutiérrez et al., 2017; Wang et al., 2018).
In this study, we found that appropriate antibiotic therapy
did not improve the clinical outcome of patients with CRAB
infection. Most of the patients in the treatment failure group
were in a critical condition when they developed CRAB infection.
MODS is associated with very high mortality (Ramírez, 2013),
and their clinical outcome was still poor even if they were
given aggressive antibiotic therapy. Therefore, early identification
of bacterial infection, immediate administration of antibiotic
therapy, and prevention of severe infection-induced MODS are
very important to reduce bacterial infection-related mortality.
This study also found that the group that died had higher
TGC MICs. Some patients were given TGC because polymyxin
was not available in China at that time. Lower MICs of TGC
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can more easily meet the pharmacokinetic/pharmacodynamic
parameter requirements.

In our study, multivariate analysis showed that ICU stay
and PCT ≥ 2 ng/ml were closely correlated with a poor
outcome of patients with CRAB infection. Previous studies
showed that there were many risk factors for treatment failure
in CRAB infection, including ICU stay, TGC therapy, presence
of septic shock, higher acute Physiology and Chronic Health
Evaluation II (APACHE II) score, central venous catheterization,
inappropriate empirical antimicrobial treatment, and multiple
organ failure (Sheng et al., 2010; Niu et al., 2018; Du et al.,
2019). High PCT values often represent severe infection, which
often occurs in critically ill patients and easily leads to death.
A previous systematic review found that inappropriate empirical
antimicrobial treatment was a risk factor for higher mortality
in patients with CRAB infections (Du et al., 2019), which was
different from that in our study. Further multicenter, high-
quality, prospective studies are needed.

This study has some limitations. First, since the MIC values
of TGC and polymyxin of many strains were very low, only
some strains were evaluated for the in vitro antibacterial activity
of an antimicrobial combination. Second, only three patients
were treated with polymyxin because it was not available in
our hospital at that time. Therefore, clinical data on polymyxin
combined with SUL was not available. Relevant studies will be
carried out in the future.

CONCLUSION

In conclusion, this study demonstrated the synergistic potential
of the combination of polymyxin/TGC and SUL in vitro
against CRAB presenting carbapenemase-encoding genes. The
clinical outcome of patients was not associated with resistance
mechanisms. The patients at an advanced age, those with MODS,
and those admitted to the ICU had a poor clinical outcome.
ICU stay and PCT ≥ 2 ng/ml were risk factors for treatment

failure in patients with CRAB infection. Appropriate antibiotic
therapy did not improve the clinical outcome of critically ill
patients. Infections with higher MICs of TGC were more difficult
to control. It may be more important to identify the infection
early, actively control its progression to severe infection, and
reduce ICU admission.
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Objectives: To evaluate the rapid phenotypic CarbaLux test for routine diagnostics in
the medical laboratory in a proof of concept study.

Methods: isolates of Gram-negative bacteria suspicious for carbapenem resistance
including Enterobacterales (67), Pseudomonas (10), Acinetobacter (5), and
Stenotrophomonas (1) species, collected between 2016 and 2018 from in-patients,
were tested for carbapenemase activity using a novel fluorescent carbapenem. When
subjected to extracted bacterial carbapenemases its fluorescence disappears.
All bacteria to be tested were cultured on Columbia blood agar and few on
other commercial media. MALDI TOF MS, molecular assays, automated MIC
testing, and in part, agar diffusion tests served to characterize the isolates. For
comparison, few selected bacteria were also investigated by prior phenotypic tests for
carbapenemase detection.

Results: Under UV light, the CarbaLux test allowed a rapid detection of 39/39
carbapenemase-producing bacteria, including 15 isolates with OXA carbapenemases
(e.g., OXA-23, OXA-24/40-like OXA-48-like or OXA-181). Several isolates had low
MICs but still expressed carbapenemases. Among Enterobacter spp., it detected six
strains with hyper-produced AmpC beta-lactamases, which deactivated carbapenems
but were not detectable by prior rapid phenotypic assays. An unexpected high
carbapenemase activity appeared with these enzymes. They were identified as AmpC
variants by inhibition with cloxacillin.

Conclusion: Other than prior rapid phenotypic assessments for carbapenemases,
which use secondary effects such as a change of pH, the inactivation of the fluorescent
carbapenem substrate can be visualized directly under UV light. The new test works at
100 to 200-fold lower, therapy-like substrate concentrations. It takes advantage of the
high substrate affinity to carbapenemases allowing also the detection of less reactive
resistance enzymes via a trapping mechanism, even from bacteria, which might appear
unsuspicious from initial antibiograms. The novel fluorescence method allows simple
and safe handling, reliable readings, and documentation and is suitable for primary
testing in the clinical laboratory.

Keywords: antibiotic resistance, rapid CarbaLux test, fluorescent carbapenem, carbapenemase, plasmidic
resistance, AmpC beta-lactamase, antibiotic trapping, inactivation mechanism
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INTRODUCTION

One of the most disastrous environmental changes of the early
21st century is the insidious alteration of human intestinal
bacteria. Bacteria have learned to overcome the pressure
exerted by over-use of antibiotics and within the last two or
three decades resistance towards antibiotics, in particular beta-
lactam antibiotics, emerged. Today, a considerable part of the
human population and of domestic and wild animals harbors
intestinal bacteria resistant to penicillins and cephalosporins
(Economou and Gousia, 2015). Recently, also carbapenem
resistance progressed. The responsible Enterobacterales are often
associated with non-susceptibility to most other antibiotics
including quinolones. They pose a threat to human life and,
in case of infections, offer few options for successful therapy
(Codjoe and Donkor, 2018).

Yet, this phenomenon remains mostly unrecognized within
the healthy population, because colonized carriers are non-
symptomatic and in fact, the resistant bacteria behave like
their wild type relatives carrying out physiological functions;
e.g. they participate in the digestion of food, adjust the
equilibrium with other bacteria, and regulate the pH in the
gastrointestinal tract etc.

However, in hospital settings these microorganisms can
proceed from the gut of the host to the bloodstream
and cause severe sepsis. They can colonize neonates, other
immunocompromised patients at risk for invasive infection,
or even members of the hospital staff. Therefore, the early
detection of multi-resistant gram-negative bacteria is paramount
(Hrabak et al., 2014).

There are several mechanisms contributing to acquired
carbapenem resistance of gram-negative bacteria. Besides
changes in the cell wall, determining the decrease of the
influx or the increase of efflux of antibiotics, (Davin-Regli
and Pagès, 2015) formation of hydrolyzing enzymes is the
predominant contribution to resistance against carbapenems
(Queenan and Bush, 2007).

Carbapenemases show a great structural variety. Most
investigated are VIM, NDM, IMP, KPC, OXA-48-like beta-
lactamases and a few others. They are either metallo or serine type
beta-lactamases.

From all class D beta-lactamases, including OXA
penicillinases, the OXA-48-like carbapenemases are distinct,
due to their higher and broader catalytic efficiency. In Europe,
they are the most observed among all classes of carbapenem
hydrolyzing enzymes. They occur in manifold modifications
and vary often only by the substitution of a single amino acid.
Currently, more than 400 variants possessing carbapenemase
activity have been described (Queenan and Bush, 2007;
Antunes et al., 2014; Bush, 2018). Because of relatively low
enzymatic reactivity and expression they may often remain
undetected in microbiological laboratories (Poirel et al., 2012;
Hrabak et al., 2014).

A second scarcely investigated but progressing (Jacoby, 2009;
Thomson, 2010) type of carbapenem resistance arises from
molecular Class C beta-lactamases (AmpCs), (Philippon et al.,
2002) which also show a broad structural diversity. Around 800
variants have already been identified (Bush, 2018). Their genes

are located in the chromosomes of several members in the family
of Gram-negative bacteria but the production of the enzymes was
largely depressed in the wild-type bacteria. With the exposition
to beta-lactam antibiotics, mutants with stable hyper-production
have emerged. The mode of expression varies from usually stable
repression (e.g., in Escherichia coli), to inducible production (e.g.,
in Enterobacter cloacae, Klebsiella aerogenes, Citrobacter freundii,
Serratia marcenses, and other species). Constitutive high-level
production of chromosomally encoded AmpCs often results from
mutations in regulatory genes.

Over the years, blaAmpC genes have been mobilized by
transfer into plasmids (Jacoby, 2009). High level enzyme
expression often arises due to a lack of genetic repression and
by the presence of effective promoters on plasmids. The gene
transfer occurred not only among the original ancestors, e.g.,
in E. cloacae (Peymani et al., 2016) and K. aerogenes, (Gazouli
et al., 1996) but also into other genera including, Klebsiella
pneumoniae, Salmonella spp., and Proteus mirabilis that were
initially devoid of this particular genetic information, (Philippon
et al., 2002) or into Escherichia coli, having a (normally) silent
chromosomal blaAmpC gene. Most investigations were based
on such isolates because their effective plasmidic gene location
was unambiguous.

Earlier bacteria with chromosomal location and relatively low
expression of blaAmpC genes were susceptible to carbapenems
and low-level resistant to cefoxitin (Polsfuss et al., 2011). In
contrast, the enzyme expression of particular plasmidic genes
of Enterobacter cloacae can be increased up to 95-fold (Jacoby,
2009). Over-production of plasmid-mediated AmpC (pAmpC)
beta-lactamases is associated with constitutive multi-resistance
(Gazouli et al., 1996; Bush, 2018) and of concern because of
the easy transfer of resistance genes between bacterial species
and the association with hospital outbreaks (Philippon et al.,
2002; Rensing et al., 2019). However, this might also hold for
chromosome-mediated resistance: In a Taiwanese hospital, 41
cases of bloodstream infections caused by E. cloacae (Ku et al.,
2019) were impeded by a high participation (74 %) of plasmidic
blaAmpCs, most of a non-clonal origin. This suggests a frequent
gene transfer from chromosome to plasmid within this genus.

In summary, essentially all Gram-negative pathogens can
host chromosomally mediated (cAmpC) or acquired (pAmpC)
beta-lactamases. When over-produced they contribute to
or imply carbapenem resistance, (Noyal et al., 2009; Bush,
2018) particularly in connection with reduced cell wall
permeability (Raimondi et al., 1991; Bradford et al., 1997)
of the bacterial pathogens.

When focusing on clinical E. coli isolates, the prevalence of
pAmpC resistance can differ worldwide. It was as low as 0.12
% in Denmark but up to 45.5 % in India. In 2019, in Egypt,
2.4 % of E. coli and 10.5 % of K. pneumoniae clinical isolates were
plasmidic blaAmpC carriers (Rensing et al., 2019). In Germany,
AmpC, combined with reduced cell wall permeability, is the
predominant factor for carbapenem resistance of E. cloacae and
K. aerogenes, (Lübbert, 2016) which have also been described as
the third and fifth leading causes for recent infections caused
by Enterobacterales in France (Davin-Regli and Pagès, 2015).
Enterobacter spp. can be associated with the dissemination of
actual epidemic plasmids bearing most prevalent resistance genes
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and expressing new beta-lactamases or carbapenemases. Today,
multiple combinations of beta-lactamases within one organism
are common and can make phenotypic identification difficult.
Therefore, AmpC resistance goes undetected in most clinical
laboratories (Perez-Perez and Hanson, 2002; EUCAST, 2017a).
Outbreaks were frequently associated to AmpC beta-lactamase
producing bacteria (Philippon et al., 2002; Jacoby, 2009; Davin-
Regli and Pagès, 2015) and high mortalities were observed
in Britain among infected persons who received therapy with
cephalosporins (Livermore and Woodford, 2006) or worldwide
among patients treated with meropenem (Tamma et al., 2013;
Harris et al., 2016). In a three years cohort study, from all bacterial
infections, bacteremia by AmpC producing Enterobacterales was
the second-highest risk factor for inappropriate therapy and
patient mortality, even higher than that for MRSA bacteremia
(Picot-Guéraud et al., 2015). In summary, AmpC enzymes are
largely underestimated (Philippon et al., 2002; Jacoby, 2009)
and pose a vital danger because their activity contributes to the
effect of other beta-lactamases or of the other resistance factors
(Noyal et al., 2009).

Methods for Carbapenemase Detection
Susceptibility Testing
For over fifty years, antibiotic therapy was to be oriented
towards MIC testing and automated systems have become
established in the clinical laboratory. However, susceptibility
testing, while adequate for less complicated organisms, often fails
with new pathogens that express multiple resistance mechanisms
and produce multiple types of beta-lactamases (Perez-Perez
and Hanson, 2002). In particular, K. pneumoniae and E. coli
producing plasmid-mediated carbapenemase were associated
with serious errors of false susceptibility in routine inhibition
tests (Black et al., 2005; Queenan and Bush, 2007). But also other
isolates, producing VIM-carbapenemases, provided carbapenem
MICs around the clinical breakpoints (Asthana et al., 2014) or
were as low as 0.125 µg/ml (Psichogiou et al., 2008) so that
laboratory reports of false-positive susceptibility to carbapenems
can lead to false therapy and be potentially fatal.

In susceptibility testing low inocula are used, which may
not always correspond with the in-vivo situation. It was found
that K. pneumoniae isolates with borderline MICs provided a
marked inoculum effect, absent for their wild type relatives (Adler
et al., 2015). A key point is that clinical resistance often arises
only during antibiotic therapy by induction or the selection of
few mutants, (Jacoby, 2009) and may go unrecognized through
early MIC testing (Thomson, 2010; Hrabak et al., 2014). In fact,
most strains with pAmpC enzymes have been isolated from
patients after several days in hospital (Philippon et al., 2002). To
improve reliability, lower epidemiological cut-off values for the
detection of carbapenem resistance were recently proposed by
the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (EUCAST, 2017b).

In consequence, susceptibility testing to carbapenems should
be complemented by a direct test for carbapenemase activity.

Molecular Tests or PCR Assays
When cultured on agar plates, methicillin resistant
Staphylococcus aureus (MRSA) isolates can be reliably identified

by amplification of mecA and mecC gene and its variants
(Aydiner et al., 2012; Hirvonen et al., 2012). In contrast, resistant
Gram-negative bacteria are far more difficult to assess. They can
exhibit more than 2700 confirmed beta-lactamases (Bush, 2018)
and molecular tests are limited to the detection of relatively few
congeners, as only known and pre-selected carbapenemase genes
can be addressed. Consequently, new variants might be missed
(Kaase et al., 2012).

The value of such molecular methods is rather due to their
high sensitivity and reliability to detect and identify particular
resistance genes. Naturally, they neither provide an estimate
of the level of gene expression nor of the reactivity of the
investigated enzymes. As for the ubiquitous AmpC found in
several classes of Gram-negative bacteria, a molecular test would
always provide a positive result, independent of the phenotypic
resistance. Consequently, in organisms that produce an inducible
chromosomal blaAmpC such testing is unnecessary because
the organism identification is indicative of AmpC production
(Thomson, 2010). On the other hand, molecular identification
of the most common plasmid-located blaAmpCs (blaCMY,
blaDHA, blaFOX, blaMOX, etc.) is possible, due to lack of
significant homology with intrinsic blaAmpC genes. The main
constraint, however, is the multiplicity of targets. Unfortunately,
a commercial test is not available.

Phenotypic Test Methods
Phenotypic test methods are broader in scope but also face a
particular problem of the versatile character of resistant bacteria:
The amount and reactivity of carbapenemases vary largely
between the individual strains and enzymes (Queenan and Bush,
2007). In particular, enzymes of low reactivity or at low level are
difficult to detect.

In an actual summary (Ludgring and Limbago, 2016) and
in multiple original research articles the current test methods
were described, e.g., in Sun et al. (2017) where six assays were
evaluated, all based on hydrolysis of carbapenem antibiotics.
With all these procedures bacteria from agar plates were tested.
Three methods required additional overnight culturing of an
E. coli indicator strain and three investigated variants (pH based
methods) were rapid assays with test results available on the same
day, usually within ca. 2 hr of investigation. A positive test arises
from a slight reduction by ca. 0.2 pH of the medium, when the
extracted bacterial enzyme have hydrolyzed a part of imipenem.
It is accompanied by a continuous shift in color tone of an
acid-base indicator, which is compared to the color shade of a
reference sample with bacteria but without imipenem. These tests
use high inocula and imipenem concentrations of up to 6000 µg
per mL. The investigation (Sun et al., 2017) provided very high
sensitivities, except for many OXA-type carbapenemases (17–80
%) and none of the three rapid pH methods evaluated could
identify AmpC in a panel of 52 isolates with imipenem MICs
of 1–128 µg per mL. In contrast, two inhibition zone-based
methods MHT (modified Hodge test) and THT (triton Hodge
test) provided 7 and 10 positive results from isolates, which all
harbored the plasmid located blaAmpC genes.

The pH based tests were subject to a multiple change of
protocols. Major issues are the setting of a reliable cut-off point,
i.e., an unfailing tone of color, inaccurate detection by the human
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eye, and interpretation of borderline results. Deviating test results
were attributed to extra challenging bacteria (Österblad et al.,
2016) and/or to the presence or absence of buffer or to different
culture media (Lifshitz et al., 2016). Apparently, for many of
the important OXA-carbapenemase producing bacteria, the pH
based tests may lack substantial sensitivity, (Huang et al., 2014;
Pasteran et al., 2015; Lifshitz et al., 2016; Sun et al., 2017).
[Tan JBX, Goh SS. 2017; 27th European Congress of Clinical
Microbiology and Infectious Diseases, Abstract No. EV0030] or
selectivity (Huang et al., 2014; Lifshitz et al., 2016; Österblad et al.,
2016). Moreover, they cannot detect carbapenem deactivation
by over-produced AmpC beta-lactamases (Lifshitz et al., 2016;
Sun et al., 2017). In view of the worldwide abundance, ability
to disseminate, and the high patient mortality associated with
bacteria harboring or co-harboring such enzymes, improved
methods of assessment are needed urgently.

A universal test for carbapenemase should be reliable, specific,
inexpensive, simple, rapid, broad, easily read, and documented, in
view of the diversity of enzymes a goal hard to achieve in a single
test method. It must also be highly sensitive to detect borderline
resistance, likely expanding during therapy.

A promising solution was an enzymatic test mimicking the
inactivation of carbapenem antibiotics during therapy when
exposed to carbapenemase-producing bacteria. We present here
the novel phenotypic CarbaLux R© test.

Principle of the CarbaLux Test
A fluorescent carbapenem substrate (Pfaendler and Golz, 2016)
served to detect the carbapenemases extracted from bacteria.
Upon contact with active enzymes its fluorescence disappears,
allowing to monitor the decay of the substrate under a laboratory
UV lamp as shown in Figure 1. The nitrocefin test (O’Callaghan
et al., 1972) used in many laboratories for the detection of
beta-lactamases works with a similar principle. The difference
is the decay of yellow-green fluorescence in the former versus
the formation of red color in the latter during hydrolysis of
the substrate. Additionally, the fluorescent probe is specific
for carbapenemases.

MATERIALS AND METHODS

The CarbaLux Test
Applied Culture Media and Substrates
The CarbaLux test was performed on strains grown on Oxoid
Columbia Agar + Sheep blood (Product PB 5008A), Oxoid
Columbia Agar + Sheep blood Plus (Product PB5039A), Oxoid
Mueller-Hinton Agar (Product PO5007A), Mast CHROMagar
ESBL (Product 201470), Mast CHROMagar mSuperCARBA
(Product 201473), Oxoid Brilliance ESBL Agar (Product
PO5202), and Oxoid Brilliance CRE Agar (Product PO1226). The
blood agar medium (PB 5008A) was used in all reported tests.
The other media were applied in fewer cases when available or
intended for another testing in daily practice.

Reference strains E. coli CCUG 58543 (pAmpC CMY-2) and
K. pneumoniae CCUG 58545 (pAmpC DHA) were obtained from
Culture Collection University of Gothenburg, Sweden.

Fluorescent carbapenem substrate, aliquoted in polypropylene
tubes (Eppendorf Safe-Lock Tubes, PCR clean, Product 0030
123.328), was provided by CarbaLux R© GmbH, 82544 Egling,
Germany. Similarly, tubes with substrate and cloxacillin (CLX)
were available. The extraction medium consisted of an aqueous
buffer solution (pH 7.4) containing a non-ionic tenside and was
obtained from the same supplier.

Set-up for Detection of Fluorescence Levels
The progress of the reaction was investigated in a UV cabinet
with exclusion of daylight. UV light of 312 nm was produced by a
modified laboratory lamp (Herolab UV-B 6W, Product 2950510)
used as a transilluminator. After appropriate time intervals, the
tubes were photographed (Figure 1) with a mounted Logitech C
920 webcam. The individual levels of the recorded fluorescence
were determined using a red-green-blue photo program. Green
values were suitable to estimate the amount of non-hydrolyzed
substrate. They served as criteria to determine the presence
or absence of a bacterial carbapenemase. Typically, during a
positive reaction, the values decreased from ca. 240 (bright
yellow-green fluorescent) to ca. 20 (non-fluorescent, dark gray
tube). The camera settings were adjusted to these values and
kept throughout all experiments. A test considered positive arose,
when the yellow-green fluorescence had decreased below the
value of 100 (see Figure 1). Alternatively, an ordinary UV lamp
containing a 312 nm tube also can serve to visualize the decay of
the fluorescence in the dark.

The following protocol for the CarbaLux test was applied:

Culturing of Bacteria and Enzyme Extraction
After fractional loop inoculation the agar plates were incubated
for 15–18 h at 37◦C. Bacteria from a sparse growth area or single
colonies were collected to a full 1 µL loop (approximately 5 to
8 mg of wet bacteria) and suspended in CarbaLux R© extraction
medium (100 µL) in 1.5 mL tubes, containing the lyophilized
fluorescent substrate or its composition with cloxacillin. Up
to eight samples were prepared in parallel. The pellets were
completely dispersed manually, and the tubes were locked
followed by short vortexing. They were left at room temperature
allowing to the last prepared sample an additional extraction
period of 15 min. Subsequently, the tubes were centrifuged for
3 min at 13’500 rpm and were ready for the first fluorescence
measurement (time zero).

The centrifugation step is optional for cultures from blood
agar or Mueller-Hinton agar but mandatory with dyed bacteria
from chromogenic media (Mast CHROMagar or Brilliance agar
media). To standardize the protocol, all samples were centrifuged
prior to the first UV measurement.

Enzymatic Hydrolysis and Measurement of
Fluorescence Levels
Simultaneously, up to eight tubes were investigated under UV
light. A picture was taken at time zero, i.e., when the last
preparation had been allowed an extraction period of 15 min.
In order to achieve the highest possible reactivity, the tubes were
kept in a heating block at 37◦C for 120 minutes in total. After 30,
60, and 120 min snapshots were taken, after allowing the tubes

Frontiers in Microbiology | www.frontiersin.org 4 November 2020 | Volume 11 | Article 588887113

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-588887 November 18, 2020 Time: 10:57 # 5

Pfaendler et al. A Novel Test for Carbapenemases

FIGURE 1 | Example of carbapenemase assessment under UV light. (A) E. coli ATCC 25922; (B) and (C) P. mirabilis OXA-48 Nos. 29bl and 29ca; (D) E. coli NDM
No. 21bl; (E) K. pneumoniae KPC; No. 11bl; (F) A. baumanii OXA-40 No. 25bl; (G) E. ludwigii hyper-producing AmpC No. 83bl.

(for 1 to 2 minutes only) to get room temperature. They remained
only shortly exposed to UV light. A sample with carbapenemase-
negative E. coli ATCC 25922 or P. aeruginosa. ATCC 27853 was
co-investigated in each run.

Susceptibility Testing and Molecular
Assays
Bacterial strains were identified by MALDI-TOF mass
spectrometry (Microflex R©) Bruker Daltonics GmbH, Bremen,
Germany. Routine susceptibility testing was performed by
Vitek R© 2 (bioMérieux GmbH, Nürtingen, Germany). To
confirm results found in cases of low MICs around the
clinical cutoff, gradient diffusion tests were done by MIC
Test Strips (Liofilchem/bestbion dx GmbH, Köln, Germany).
Antibiograms of isolates were interpreted according to CLSI
breakpoints. All carbapenem non-susceptible strains, selected
for the CarbaLux test, were investigated for carbapenemase
genes at least by one of the following molecular assays:
eazyplex R© SuperBug CRE (Amplex Biosystems GmbH,
Giessen, Germany) or Xpert R©-Carba-R (Cepheid GmbH,
Frankfurt, Germany). Addressed carbapenemase genes were
blaKPC, blaNDM, blaVIM, blaIMP-1, blaOXA-48, blaOXA-23,
blaOXA-24/40, blaOXA-58, and in one instance blaOXA-
181. A 0.5 mM solution of ferrous sulfate (for removal
of fluorescence, frequently associated with P. aeruginosa)
was freshly prepared by dissolving FeSO4 heptahydrate in
2.5 mM H2SO4.

Spectroscopic Carbapenem Hydrolysis
Assay
Beta-Lactamase Reactivity of Selected Bacteria
The aim of these investigations was to compare and correlate
positive CarbaLux test results with those of a proven assay
(Nagano et al., 1999) From a selection of four isolates Nos.
2, 16, 26, and 79 the activities of crude protein extracts

towards the fluorescent substrate, imipenem (IPM), meropenem
(MEM), and nitrocefin were measured in a Varian Cary 50
Scan spectrophotometer. For protein extraction, 15.0 mg of wet
bacteria were harvested from an overnight culture on Columbia
agar with 5 % sheep blood (Oxoid), suspended in phosphate
buffer pH 8 (750 µL) in a 1.5 mL plastic tube, and sonicated
at 0◦C for 10 min. A Bandelin SONOPULS GM 2070 and a
2 mm tip (supplier Bandelin Electronics, Heinrichstrasse 3–4,
D-12207 Berlin, Germany) were used at 30 % cycle and 30 %
power settings. The initial turbid solution became transparent
after ca. 7 min. The tube was centrifuged and the supernatant
stock solution kept at 3◦C. Variable volumes of fresh stock
solution (e.g., 50 µL, corresponding to 1.0 mg of wet bacteria)
were diluted in phosphate buffer pH 8 to a final volume of
600 µL in an appropriate UV cell, allowing a complete reaction
of 20 µg substrate within an investigation period of ca. 1 to
6 h at 30◦C. The decay at UV maximum absorption of the
carbapenems IPM, MEM, or fluorescent carbapenem and the
increase at 490 nm with the cephalosporin nitrocefin were
recorded at different time points. The initial reactivity was
obtained by plotting extinctions vs. time, considering the early
phase of the decay. Relative reactivities refer to µg of hydrolyzed
substrate per hr and per mg of (wet) bacterial cells. Nitrocefin
served for setting up this method and as a standard due to the
visible color change.

Inhibition of Nitrocefin Hydrolysis by
Carbapenems
Bacterial extracts from isolate No. 79 were obtained by sonication
as above-mentioned. The rates of the nitrocefin hydrolysis
were determined by spectroscopic assay at 1: 6000 dilution of
the extract solution (corresponding to 3.3 µg of wet bacteria
investigated per mL) in phosphate buffer pH 8 at 30◦C. IC50
were determined from investigations at five different inhibitor
concentrations as described (Goessens et al., 2013).
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Additional Investigations by Carbapenem
Inactivation Method (CIM) and by the
Carba NP-Direct Test (CNPt-direct)
Selected isolates were investigated by CIM as reported (Gutiérrez
et al., 2019). A 10 µg imipenem (IPM) disk was added to a
bacterial suspension in 400 µL water and incubated for 2 hr at
35◦C prior to the investigation by agar diffusion testing at 35◦C.
The indicator strain was E. coli ATCC 25922. Accordingly, the
CIM was repeated with meropenem (MEM) as reported (Sun
et al., 2017). The inactivation period was extended to 6 h at 35◦C.

The Carba CNPt-direct test was performed as reported
(Sun et al., 2017).

Assessment by Double Disk Method for
AmpC Inducibility
Selected isolates of were investigated by the Double Disk Method
(Gupta et al., 2014). Mueller-Hinton plates, inoculated with the
investigative isolates and disks with IPM (10 µg) as an inducer
and supplemented disks (by adding appropriate amounts of 2
% aqueous solutions of the antibiotic to the commercial disk,
in case of insoluble ceftazidime, of a 2 % solution in phosphate
buffer pH 8) containing cefoxitin (250 µg), ceftriaxone (250 µg),
ceftazidime (250 µg), and aztreonam (100 µg) or original
cefotaxime disks (30 µg) were placed 15 mm or 20 mm apart
and incubated at 36◦C overnight. Distorted inhibition zones were
interpreted as inducibility.

RESULTS

CarbaLux Test Results
Molecular (PCR) identification was used as a gold standard.
The investigated bacteria, many with reduced susceptibility to
carbapenems, were classified into two categories depending
on positive or negative results of the CarbaLux test and
the corresponding results are presented, respectively, in
Tables 1, 2. The data on Enterobacter spp. and other
AmpC producing strains are presented separately in
Table 3 because the expression of AmpC in those strains
was found to inactivate the fluorescent carbapenem in the
CarbaLux test. Their molecular investigations revealed the
absence of eight carbapenemase genes. For comparison,
the results of two control strains harboring acquired
p-AmpC beta-lactamase were also included in Table 3.
Their use as reference strains was recommended by EUCAST
(EUCAST, 2017a).

The relative carbapenemase reactivity was expressed (Table 1)
by the time required, to provide a dark tube at elevated
temperature (37◦C). 30 out of 39 isolates of Group 1
including an S. maltophilia isolate with inducible carbapenemase
(No. 30 carba) gave a rapid positive result, i.e., a dark
tube, already at room temperature within the prior enzyme
extraction period of 15 to 45 min. 38 out of 39 isolates
were positive after 60 min at elevated temperature (37◦C).
Only one VIM positive isolate (No. 38 bl) took 120 min for
complete reaction.

The unexpected low MIC values of bacteria, found
in Table 1 (e.g., Nos. 2 and 16) could arise from
low expression of carbapenemase and/or the presence
of hetero-resistant sub-populations (Pournaras et al.,
2010) which were accounted by PCR, but not by MIC
testing. Low MICs are typical for particular blaKPC and
blaOXA-48 carriers.

Several isolates of Table 2 provided MICs higher than CLSI
breakpoints, suggesting the presence of beta-lactamases
and/or other mechanisms. All strains tested negative
for carbapenemase, with preservation of yellow-green
fluorescence. With non-resistant E. coli ATCC 25922 or
P. aeruginosa ATTC 27853 the fluorescence of the carbapenem
substrate remained stable at least for 15 additional hours at
room temperature.

Most isolates of Table 3 had MICs higher than the CLSI
breakpoints, suggesting the presence of beta-lactamase and/or
other mechanisms of resistance. Six out of 24 tested Enterobacter
spp. (Nos. 60 bl, 61 bl, 62 bl, 63 bl, 79 bl, and 83 bl)
gave a positive CarbaLux test. Cloxacillin (CLX) effectively
inhibited their enzymatic reaction. When repeatedly sub-
cultured at high inoculate in IPM-supplemented MH broth or
MH agar, the MICs of both reference strains CCUG 58543
and CCUG 58545 with acquired AmpC enzymes had increased
from ≤ 0.5 over the resistance breakpoint, to ≥ 8, whereas in
the CarbaLux test only the inducible DHA strain CCUG 58545
became positive.

The unexpected high MICs of several isolates (e.g., Nos. 42
and 56) in Table 2 or (e.g., No. 71)in Table 3 could arise from an
increased blaAmpC and/or blaESBL expression, the presence of
more than one beta-lactamase, (Perez-Perez and Hanson, 2002)
from low permeability of the cell walls for antibiotics or an active
efflux mechanism (Davin-Regli and Pagès, 2015).

In summary, the large and random span of MICs in Tables 1–3
supports the view that routine susceptibility testing alone cannot
reliably detect all carbapenem inactivation mechanisms. This
agrees with similar observations (Perez-Perez and Hanson, 2002;
Tenover et al., 2006; Poirel et al., 2012; Harino et al., 2013) and
demonstrates that special tests are required (Asthana et al., 2014).

Sensitivity and Specificity of the CarbaLux Test
The CarbaLux test detected all acquired carbapenemases in the
tested isolates and of intrinsic L-1 beta-lactamase (Okazaki and
Avison, 2008) of S. maltophilia No. 30 carba (Table 1) and
when the hyper-producing AmpC isolates were excluded, the
assay yielded no false-positive results with carbapenemase non-
producing isolates (Tables 2, 3), indicating 100 % sensitivity
and specificity.

AmpC and Inhibition by Cloxacillin
Six out of 24 tested Enterobacter or K. aerogenes isolates without
molecular evidence for a carbapenemase gene (Table 3), gave a
positive CarbaLux test. When repeated with added cloxacillin, a
potent and specific inhibitor of AmpC, (Ingram et al., 2011) the
reaction of the fluorescent carbapenem was inhibited and the six
tests became negative. The span of the reactivity and the variable
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TABLE 1 | CarbaLux positive bacterial isolates.

Type Isolate No. Agar culture Timea 37◦C Molecular statusb MEM MICc IPM ETP Remarks

K. pneumoniae 1 bl <1 OXA-48 ≥16 ≥16 ≥8

2 bl <1 OXA-48 1 2

3 bl 30 OXA-48 ≥16 ≥16 ≥8

4 bl 30 OXA-48 ≥16 2 ≥8

5 bl <1 OXA-48 4 ≥16 4

6 bl 30 OXA-48 8 1 ≥8 strain No 3, after 90d

7 bl 30 OXA-48 ≥16 4 4

mh <1

8 bl <1 OXA-48 NDM ≥16 ≥16 8

carba <1

9 bl <1 OXA-181 4 ≥16 4

carba <1

10 bl <1 KPC ≥16 ≥16 8

carba <1

11 bl <1 KPC ≥16 ≥16 ≥8

12 bl <1 KPC NDM ≥16 ≥16 ≥8

13 bl <1 VIM ≥16 ≥16 4

mh 30

carba <1

14 bl <1 NDM ≥16 ≥16 ≥8

K. oxytoca 15 bl <1 NDM ≥16 ≥16 4

E. coli 16 bl <1 OXA-48 ≤0.25 2 ≤0.5

17 bl <1 OXA-48 4 4

mh <1

18 bl <1 VIM ≥16 ≥16 ≤0.5

19 bl <1 NDM ≥16 8 ≥8

carba <1

20 bl <1 NDM ≥16 ≥16

carba <1

21 bl <1 NDM ≥16 8 ≥8

C. freundii 22 bl 30 VIM ≥16 ≥16 1

carba <1

23 bl 30 VIM 8 8

A. baumannii 24 bl 60 OXA-40 ≥16 ≥16

25 bl <1 OXA-40 ≥16 ≥16 8

26 bl <1 NDM ≥16 ≥16

carba <1

27 bl <1 NDM ≥16 8

28 bl <1 NDM OXA-23 ≥16 ≥16

P. mirabilis 29 bl <1 OXA-48 1 ≥16 2

carba <1

S. maltophilia 30 bl �120 (L-1) ≥16 ≥16 L-1 beta-lactamase

carba <1

P. aeruginosa 31 bl <1 NDM ≥16 ≥16

carba <1

32 bl <1 NDM ≥16 ≥16

33 bl <1 NDM ≥16 ≥16

carba <1

34 bl 30 NDM 4 2 ≥8

carba <1

35 bl <1 NDM ≥16 ≥16

carba <1

36 bl <1 NDM ≥16 ≥16

carba <1 NDM

(Continued)
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TABLE 1 | Continued

Type Isolate No. Agar culture Timea 37◦C Molecular statusb MEM MICc IPM ETP Remarks

E. cloacae 37 bl <1 VIM ≥16 ≥16

38 bl 120 VIM ≥16 ≥16

39 bl <1 VIM ≥16 ≥16

bl: Bacteria from Oxoid Columbia agar SB; mh: Oxoid Mueller-Hinton agar; carba: Mast CHROMagar msuperCARBA
a) Time to positive CarbaLux results: �120 fluorescence retained after 120 min, negative test; >120 fluorescence reduced after 120 min, negative test; 120 no
fluorescence after 120 min (dark tube), positive test; <1 tube is dark after extraction period at RT (15–45 min), positive test.
b) Molecular status according to eight addressed carbapenemase genes.
c) MIC data from automated testing. MEM meropenem, IPM imipenem, ETP ertapenem.

TABLE 2 | CarbaLux negative bacterial isolates.

Type Isolate No. Agar culture Timea at 37◦C Molecular statusb MEM MICc IPM ETP Remarks

K. pneumoniae 40 bl �120 no ind. ≤0.25 ≤0.25 4

41 bl �120 neg. 0.5 ≤0.25 4

42 bl �120 neg. 8 2 ≥8 ESBL, porin loss

43 bl �120 no ind. ≤0.25 ≤0.25 ≤0.5

carba �60 growth on carba in spite of low MICs

44 bl �120 neg. 2 0.5 ≥8

K. oxytoca 45 bl �120 neg. ≤0.25 ≤0.25 4

E. coli 46 bl �120 neg. 4 2 ≥ 8 ESBL, porin loss

47 bl �120 neg. 4 1 ≥8 ESBL, porin loss

mh �120

48 bl �120 no ind. ≤1 ≤1 ≤0.5

49 bl �120 neg. ≤0.25 ≤0.25 ≤0.5

50 bl �120 neg. 1 ≤0.25 ≤0.5

51 bl �120 neg. 1 ≤0.25 ≥8 ESBL, porin loss

carba �90 growth on carba in spite of low MICs

52 bl �120 neg. 0.5 0.25 4

carba �120 growth on carba in spite of low MICs

53 bl �120 neg. 4 1 ≥8

reference bl �120 neg. E. coli ATCC 25922

C. freundii 54 bl �120 neg. ≤0.25 2 ≤0.5

S. marcescens 55 bl �120 neg. 1 4 4

P. aeruginosa 56 bl >120 neg. ≥16 ≥16

carba �120

57 bl >120 neg. ≥16 ≥16 culture fluorescence

carba >120 when FeSO4 added still fluorescent

bl �120 CLX test with added CLX

carba >120 CLX test with added CLX

58 bl �120 neg. 4 2 ≥8

reference bl �120 neg. P. aeuginosa. ATCC 27853

P. putida 59 bl �120 neg 4 0.5

bl: Bacteria from Oxoid Columbia agar SB; mh: Oxoid Mueller-Hinton agar; carba: Mast CHROMagar msuperCARBA
a) Time to positive CarbaLux results: �120 fluorescence retained after 120 min, negative test; >120 fluorescence reduced after 120 min, negative test; 120 no
fluorescence after 120 min (dark tube), positive test; <1 tube is dark after extraction period at RT (15–45 min), positive test.
b) Molecular status according to eight addressed carbapenemase genes.
c) MIC data from automated testing. MEM meropenem, IPM imipenem, ETP ertapenem.

MICs of the said six isolates of Table 3 largely conform to those
of Table 1 bacteria with classical carbapenemases.

Correlation of Reactivity by Spectroscopic
Investigation
After finalizing the CarbaLux tests, it was still questionable to
what extent the results would agree with the behavior of clinically

used carbapenems. Because the fluorescence method cannot
assess non-fluorescent substrates, hydrolyses of imipenem (IPM),
meropenem (MEM), the fluorescent carbapenem, and nitrocefin
were investigated in parallel in a UV spectrometer as previously
reported (Nagano et al., 1999; Poirel et al., 2012). Crude protein
extracts from selected isolates were used. The relative reaction
rates (Table 4) allowed a conclusive comparison. Extracted NDM
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TABLE 3 | Isolates with potential AmpC beta-lactamase activity and negative molecular test for carbapenemase.

Type Isolate No. Agar culture Timea at 37◦C Molecular statusb MEM MICc IPM ETP Remarks

K. aerogenes 60 bl <1 neg. 8 ≥16

(E. aerogenes) bl �120 CLX test with added cloxacillin

61 bl 30 neg. ≥16 ≥16 ≥8

bl �120 CLX test with added cloxacillin

62 bl 30 neg. ≤0.25 4

bl �120 CLX test with added cloxacillin

carba <1 growth on carba agar

63 bl 120 neg. 8 ≥16

bl �120 CLX test with added cloxacillin

64 bl >120 neg. 8 ≥16

bl �120 CLX test with added cloxacillin

65 bl �120 neg. 4 8

mh �120

66 bl �120 neg. 4 ≥16

67 bl �120 neg. 8 16 >32

carba �120

68 bl �120 neg. ≤0.25 2

69 bl �120 neg. ≤0.25 2

70 bl �120 neg. 8 ≥16

71 bl �120 neg. 8 ≥16

E. cloacae 72 bl �120 neg. 2 2

bl �120 CLX test with added cloxacillin

73 bl �120 neg. ≤0.25 4

74 bl �120 neg. ≤0.25 2

75 bl �120 neg. 0.5 4

76 bl �120 neg. ≤0.25 2

77 bl �120 neg. ≤0.25 4

78 bl �120 neg. ≤0.25 4

bl �120 CLX test with added cloxacillin

E. kobeii 79 bl <1 neg. ≤0.25 1 1

bl �120 CLX test with added cloxacillin

80 bl �120 neg. ≤0.25 2

E. asburiae 81 bl �120 neg. ≤0.25 2

82 bl �120 neg. ≤1 4

E. ludwigii 83 bl 30 neg. ≥16 ≥16

bl �60 CLX test with added cloxacillin

E. coli bl �120 neg. ≤0.25 ≤0.25 ≤0.5 control strain CCUG

reference mh �120 58543, plasmidic blaCMY-2

mh+IPM* >120 ≥16 8 ≥8 sub-cultured with IPM

mh+IPM* �120 CLX test with added cloxacillin

carba �120 growth on carba agar

K. pneumoniae bl �120 neg. ≤0.25 ≤0.25 ≤0.5 control strain CCUG

reference mh �120 58545, plasmidic blaDHA

mh+IPM* 60 ≥16 8 ≥8 sub-cultured with IPM

mh+IPM* �120 CLX test with added cloxacillin

carba �120 growth on carba agar

bl: Bacteria from Oxoid Columbia agar SB; mh: Oxoid Mueller-Hinton agar; carba: Mast CHROMagar msuperCARBA.
a) Time to positive CarbaLux results: �120 fluorescence retained after 120 min, negative test; >120 fluorescence reduced after 120 min, negative test; 120 no
fluorescence after 120 min (dark tube), positive test; <1 tube is dark after extraction period at RT (15–45 min), positive test.
b) Molecular status according to eight addressed carbapenemase genes.
c) MIC data from automated testing. MEM meropenem, IPM imipenem, ETP ertapenem.
*) Bacteria were repeatedly sub-cultured in the presence of imipenem.
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TABLE 4 | Relative beta-lactamase activity of selected bacterial extractsa.

Type Isolate number Agarb Molecular status IPM MEM Fluorescent carbapenem Nitrocefin

K. pneumoniae 2 bl OXA-48 32 4 5.2 4800

E. coli 16 bl OXA-48 14 1 1.1 1600

A. baumannii 26 bl NDM 28 34 18 1100

E. kobeii 79 bl negative 2.7 1.3 1.3 25000

aBeta-lactamase activity was measured by UV spectrometer and refers to µg of substrate hydrolyzed per hr at pH 8.0 and 30◦C by a crude extract of 1.0 mg of wet cells.
Extraction was performed by sonication.
bBacteria obtained from Oxoid Columbia agar SB (bl) culture.

isolate No. 26 bl revealed a broad profile of specificity. With the
serine-type beta-lactamases extracted from isolates 2 bl, 16 bl, and
79 bl, imipenem was the best (carbapenem) substrate, whereas
with meropenem very low reaction rates at UV concentrations
became apparent. Again, in this investigation the carbapenemase
activities of the OXA-48 (No. 16) and AmpC (No. 79) extracts
towards MEM appeared similar. Both isolates were susceptible
(MIC ≤ 1) to MEM (Tables 1, 3). Understandably, the low
enzyme concentrations investigated in 1 cm UV cells provide low
reactivity. As the concentrations of the extracted enzymes could
not be determined, exact kinetic parameters are not reported.

The low hydrolytic activity of OXA-48 and AmpC towards
meropenem was reported earlier (Queenan et al., 2010; Antunes
et al., 2014). However, even with the observed moderate in-vitro
hydrolysis rate, smaller amounts of carbapenem agent still may be
inactivated efficiently in-vivo, because the organism may produce
exceptionally large periplasmic concentrations (up to 1 mM)
of the beta-lactamase, (Walther-Rasmussen and Høiby, 2006)
more than one hundred times the concentration of antibiotic in
the cells. In conclusion, with regard to carbapenemase activity,
results in Table 4 show that the fluorescent carbapenem closely
resembled meropenem, qualifying the fluorescence test as a
suitable tool to assess resistance patterns towards commercial
carbapenem antibiotics, particularly meropenem.

Preferred Culture Media
The preferred culture medium was Oxoid Columbia Agar SB,
which was successful with all investigated bacterial strains. Oxoid
Mueller-Hinton agar, and Mast msuperCARBA were used only
with a limited number of isolates and also appeared as suitable.
Carbapenem susceptible Pseudomonas spp. and Enterobacter spp.
frequently also grew on Mast mSuperCARBA, thus reducing the
specificity of this plate for the detection of carbapenem resistance
based on bacterial growth. Bacteria from this plate are stained
and require a centrifugation step before the first measurement by
the CarbaLux test.

Inappropriate culture media were Oxoid Brilliance CRE agar,
which often did not provide enough bacteria within 15 to
18 hours of incubation. Two media developed for the isolation
of ESBL producing bacteria (esbl and bresbl) provided a lower
sensitivity, due to their content of inhibitors such as cloxacillin.
MacConkey agar contains the fluorescent indicator Methyl Red,
strongly interfering with the reading (results not shown).

Stenotrophomonas maltophilia carbapenemase is not
addressable by commercial PCR gene tests. Isolate No. 30

(Table 1) gave a positive result only when grown on Carba agar
media (containing active antibiotics).

Fluorescence of Pseudomonas aeruginosa: when present,
initially interfered with the CarbaLux test. The natural
phenomenon arises from blue fluorescent siderophors produced
when the culture enters the stationary phase, (Sharma and
Johri, 2003) if the medium is depleted of iron. The length of
culturing time but also the type of medium was determinant. In
particular, cultures from Mast ESBL agar and Oxoid Brilliance
ESBL agar exhibited bacterial fluorescence frequently. Bacterial
fluorescence was reduced and overcome by a short culturing
period of 15 h at 37◦C and by collecting single colonies or cells
of an area of sparse growth from fresh cultures. Such harvested
bacteria were not or only lightly stained when investigated
in daylight and had no interfering fluorescence in UV light.
The protocol was also applicable to all other investigated
isolates in this study. Eventually and prior to investigations
of Pseudomonas aeruginosa spp., the presence of culture
fluorescence may be checked on the agar plate using a UV
lamp. Non-fluorescent bacterial samples can then be located and
collected. Culture fluorescence may also be determined from a
bacterial suspension in 100 µL of extraction medium in a tube
devoid of the substrate.

Additional Confirmation of Negative Test Results
Additional confirmation of negative test results was provided
by the addition of 5 µL of carbapenemase LacBusterTM-L
(Eucodis Bioscience) into the tube after the last 120 min
reading. Then, a rapid decay of the fluorescence within a
few minutes at 37◦C confirms that a still active substrate
was investigated and the prior test was true negative.
When fluorescence with P. aeruginosa spp. is observed
the final (120min) test result can be checked by addition
of low amounts of 0.5 mM ferrous sulfate solution (5 or
10 µL) into the vial, which suppresses the natural blue
fluorescence instantaneously without affecting the yellow-
green fluorescence of the carbapenem substrate notably.
Thus, a misinterpretation of eventual culture fluorescence
can be ruled out.

Safety
After the 120 min test phase, 99.99% of the bacteria (isolate
No. 79) were killed, as determined by plate count methods.
When stored at room temperature for 24 hr, no viable
bacteria were found (data not shown). Save-Lock tubes
secured further safety.
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FIGURE 2 | Results from carbapenem inactivation method CIM with
imipenem. Tested isolates were (in clockwise sequence): E. coli ATCC 25922
(top), E. coli OXA-48 (No. 16), E. kobeii AmpC (No. 79), K. aerogenes AmpC
(Nos. 60, 61, 62). A positive test arises when the antibiotic is hydrolyzed
(inhibition diameter 6 mm) after exposure for 2 h at 35◦C. Indicator strain was
E. coli ATCC 25922.

FIGURE 3 | Results from carbapenem inactivation method CIM with
meropenem. Tested isolates were (in clockwise sequence): E. coli ATCC
25922 (top), E. coli OXA-48 (No. 16), E. kobeii AmpC (No. 79), and
K. aerogenes AmpC (Nos. 60, 61, 62). The MEM disks were kept in an
aqueous bacterial suspension for 6 h at 35◦C. Indicator strain was E. coli
ATCC 25922.

Results from Other Phenotypic
Carbapenemase Assays
Confirmation of Carbapenemase Activity by
Carbapenem Inactivation Method (CIM)
Selected test results of the CarbaLux test were experimentally
confirmed (Figure 2). The test was performed according to
(Gutiérrez et al., 2019) with intact cells, suspended in water. Five
isolates (one OXA-48 and four AmpCs) hydrolyzed 10 µg IPM
rapidly and completely.

In contrast, when repeating the CIM experiment with the
same isolates and 10 µg MEM disks, E. coli OXA-48 No. 16 and
E. kobeii No. 79 also gave a positive result after 6 hr at 35◦C but
the three Klebsiella aerogenes isolates Nos. 60, 61, and 62 tested
negatives (Figure 3). The original CIM recommends a minimum
reaction time of 2 hr at 35 ◦C.

Performance of the Carba NP-Direct Test
(CNPt-direct)
For comparison, the same selection of isolates was also
investigated by CNPt-direct. With this method, enzymes are
extracted by a non-ionic tenside. E. coli OXA-48 provided a weak
positive reaction, whereas the four blaAmpC carriers and E. coli
ATCC gave a negative test. Results are shown in Figure 4.

Performance of the CarbaLux Test in Water
Six CarbaLux positive isolates from Table 3 were investigated.
When performing the test in water at 37◦C accordingly, E. coli
ATCC 25922 gave a negative result, retaining the level of
fluorescence for more than 15 hr. Four K. aerogenes isolates Nos.
60–63 took 5 to 6 h to complete the decay. The reactivities of
OXA-48 isolate No.16 and of AmpC isolates Nos. 79 and 83 were
the same with full extinction of the fluorescence already after
30 min. The low substrate concentration and the density of the
bacterial suspension corresponded to those of the CIM tests.

Inducibility of AmpC Beta-lactamase
CarbaLux positive isolates of Table 3, Nos. 60, 61, 62, 63, 79,
and 83 were investigated by the Double Disk Method (Gupta
et al., 2014). K. pneumoniae CCUG 58545 served as a reference.
All six isolates provided a negative test result without any
distorted inhibition zone, whereas the reference strain tested
clearly positive.

Inhibition of Nitrocefin Hydrolysis by Carbapenems
Investigations of sonicated E. kobeii isolate No. 79 were
performed according to (Goessens et al., 2013). Inhibition
concentrations (IC50) for IPM, MEM and the fluorescent
carbapenem were 0.1, 0.02, and 0.05 µM, respectively.

DISCUSSION

Given the horizontal transfer of plasmid bound carbapenemase
genes to other bacteria, the detection of OXA carbapenemases
is crucial. A highlight of the rapid CarbaLux test was that all
15 strains harboring blaOXA-48, blaOXA-40, blaOXA-23, or
blaOXA-181 genes showed positive results with complete decay
of fluorescence in ≤ 60 min at 37 ◦C (Table 1).

A second feature in this study was the rapid detection of
six Enterobacter or K. aerogenes isolates Nos. 60–63, 79, and 83
(Table 3), due to AmpC beta-lactamase. In the past, this type
of abundant (Rensing et al., 2019) and harmful (Picot-Guéraud
et al., 2015) resistance to antibiotics including carbapenems,
was laborious and time-consuming to assess by phenotypic tests
(Ingram et al., 2011; Van der Zwaluw et al., 2015) and could not
be detected by the rapid pH based methods (Sun et al., 2017). The
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FIGURE 4 | Results from CNPt-direct after exposure for 2 hr at 36◦C. Matched pairs of isolate without and with IPM were in upper row (A,B) E. coli ATCC 25922,
(C,D) E. coli OXA-48 (No. 16), (E,F) E. kobeii AmpC (No. 79); in lower row (A,B) K. aerogenes AmpC (No. 60), (C,D) K. aerogenes AmpC (No. 61), (E,F)
K. aerogenes AmpC (No. 62). With a positive test the matched pair appears red/light-orange, red/dark-yellow, or red/light-yellow.

reactions were inhibited by cloxacillin, characterizing the isolates
as blaAmpC carriers, (Polsfuss et al., 2011).

The CIM tests investigate intact bacteria in water, without
the extraction of the enzymes. The CIM variant using IPM
was initially developed for the investigation of P. aeruginosa
spp. (Gutiérrez et al., 2019). In agreement with the CarbaLux
test results, this variant also provided positive test results
for an E. coli OXA-48 and the four blaAmpC carrying
E. kobeii or K. aerogenes isolates (Figure 2), irrespective of
their MICs. Two further isolates Nos. 63 and 83 were also
positive with no inhibition zone (plate not shown). On the
other hand, after six hours of incubation, the original test with
MEM (Van der Zwaluw et al., 2015; Sun et al., 2017) could
detect, in addition to the OXA-48 strain No 16, only one
AmpC isolate No. 79, whereof the MICs ≤ 1 were consistent
with a permeable outer membrane (Figure 3). The strikingly
different performance of the two established CIM variants to
detect hyper-produced AmpC beta-lactamase may be due to
the higher in-vitro reactivity of IPM. However, more likely,
MEM did not fully pass the cell walls during the period of
incubation and missed the periplasmic enzymes of particular
bacteria. Investigations of IPM and MEM provided very different
permeability coefficients for E. cloacae spp. (Cornaglia et al.,
1995) and IPM exceptionally enters Enterobacter spp. via a

porin channel different to that used by cephalosporins (Jones
et al., 1997). Therefore, in this genus, the architecture of
the cell wall might be of secondary importance for causing
resistance to imipenem. With MEM, negative CIM test results
have also been observed (Van der Zwaluw et al., 2015) of 14
Enterobacterales isolates with MICs > 8 and without evidence for
a carbapenemase encoding gene.

Unlike the said six CarbaLux positive isolates from Table 3, the
reference strains E. coli CCUG 58543 and K. pneumoniae CCUG
58545 with acquired blaAmpC genes were fully susceptible
to three carbapenems with MICs ≤ 0.5. Both provided
a negative CarbaLux test when cultured on regular media
(Table 3), suggesting that the strains did not hyper-produce
AmpCs, although CCUG 58545 was resistant to quinolone and
aminoglycoside antibiotics. When these reference bacteria were
sub-cultured several times at high inocula in MH broth and
on agar plates supplemented with IPM, induction (Philippon
et al., 2002; Jacoby, 2009) and/or selection (Black et al., 2005;
Ingram et al., 2011) of resistant mutants occurred with an
increase of carbapenem MICs. The mutated K. pneumonia DHA
strain gave also a positive CarbaLux test. Subsequently, when re-
cultured on IMP-free MH agar, the mutants lost the acquired
carbapenemase activity, as observed by a negative CarbaLux
test (data not shown). Likewise, resistance was induced in
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FIGURE 5 | Mechanism relevant for the inactivation of carbapenem antibiotics and detection of carbapenemases.

mutant strains of E. cloacae by IPM, leading to unstable cultures
(Raimondi et al., 1991).

In the past, infections caused by chromosomal blaAmpC
pathogens were curable by carbapenem therapy (Pai et al., 2004)
but with the wide use of carbapenems, these bacteria were
likely to become resistant (Ingram et al., 2011; Bush, 2018). In
particular, E. cloacae was notorious for rapidly increasing MICs
when sub-cultured in the presence of IPM and MEM (Neu et al.,
1989; Jacoby, 2009). In a recent collection of the same species,
(Peymani et al., 2016) a considerable part (20%) of pAmpC
isolates was resistant against carbapenems and harbored the
inducible (Jacoby, 2009) DHA-1-beta-lactamase. Our discovery
of six isolates with effective AmpC (Table 3) seems just to confirm
the earlier predictions. It might reflect a general advance of
Enterobacter spp. towards multi-resistance. On the other hand,
considering the lack of simple diagnostic methods, (Philippon
et al., 2002; Ingram et al., 2011) such pathogens may have
been more abundant than assumed, (de Gheldre et al., 1997).
Particularly, isolates seemingly susceptible to MEM such as
Nos. 62 and 79 may be malicious. Unstable cultures, e.g., from
mutated K. pneumoniae GGUG 58545, may impede diagnosis
and induction of DHA can affect the clinical outcome of therapy,
when hetero-resistant pathogens are exposed to carbapenem
antibiotics for days or weeks. Likely, the hidden resistance of
such “wolves in sheep’s clothing” has largely contributed to their
spread around the world.

When compared to other beta-lactam antibiotics,
carbapenems are slow substrates for most carbapenemases,
(Queenan et al., 2010; Poirel et al., 2012) consistent with
high affinity but low turnover numbers (Walther-Rasmussen
and Høiby, 2006; Bauvois et al., 2005). This makes detection
by carbapenem hydrolysis difficult. Low enzyme levels –
with particular K. pneumoniae isolates – they can be more
than one hundred times lower for blaOXA-48 than for
blaKPC carriers (Adler et al., 2015) – can create an additional
obstacle for detection.

At low enzyme concentration, MEM is a potent inhibitor
of carbapenemases and particularly of AmpC beta-lactamases
(Goessens et al., 2013). This is also true for IPM and the
fluorescent carbapenem, as found from our inhibition assay
based on nitrocefin hydrolysis. The high inhibition activity can
also explain the enigma of “false susceptibility”: When the
resistance enzyme becomes inhibited by a minor part of the
antibiotic, bacterial growth is prevented and a low MIC is
observed, which may be falsely interpreted in that the investigated

strain is devoid of carbapenemase. AmpC isolate No. 79, but
also Nos. 2 and 16 may serve as examples. However, the
delayed enzymes remain active. Surviving in aqueous solution for
years at 5◦C, as documented for the LacBusterTM-L, particular
carbapenemases are far more stable than the bacterial cells and
far more stable than the antibiotics. Likely, the restored and
persistent resistance enzymes also play an important role over the
course of antibiotic therapy.

The mechanism of carbapenem detection by phenotypic
methods (Figure 5) occurs via two essential reaction steps: a rapid
acylation of the enzyme (step 1), followed by a slow hydrolysis
of the acyl-intermediate with concomitant restoration of the
enzyme (step 2). According to Michaelis-Menten, the relevant
kinetic parameter 1/Km is a rough indicator for the substrate
affinity to the enzyme and for the reactivity of step 1. In contrast,
the catalytic efficiency kcat/Km describes the reaction rate of step
2 and the overall conversion of the substrate into final product.

The CarbaLux test is unique, because it measures the first
and always faster step, while opening the beta-lactam ring
and reducing the fluorescence at the same time. This is not
possible with the pH-based methods. Although their reaction also
proceeds through step 1 with a rapid acylation and deactivation
of IPM, they cannot provide a rapid visible effect because step 1
occurs at constant pH. These methods rely exclusively on a
substantial turnover via steps 1 and 2, and respond only when
the acidic final product is accumulated, providing a change of
indicator color.

The results of kinetic measurements (Queenan et al., 2010)
revealed that the rates of the two steps varied significantly
among individual carbapenem antibiotics and enzymes. MEM
reacted rapidly in step 1 with CMY-2, an abundant pAmpC beta-
lactamase, but the formed acyl-intermediate did not noticeably
hydrolyze in step 2, i.e., MEM acted as a potent inhibitor of the
enzyme. This “antibiotic trapping” was confirmed by Goessens
et al. (2013) with the detection of a covalent enzyme-MEM
conjugate. On the other hand, the “trapping” by IPM is less
momentous as its acyl intermediate hydrolyzes more rapidly.

Why does the CarbaLux test detect hyper-produced AmpCs
(Table 3), whereas the prior pH methods cannot in spite of
using the hydrolytically more reactive imipenem as substrate?
A straightforward explanation is that the pH-based methods
require a significant amount of hydrolyzed carbapenem substrate
to shift the pH sufficiently for detection with a color
indicator. This is not achievable with AmpCs. To support
this hypothesis we determined the amount of acid required
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in the CNPt-direct for a change of color from red to
orange in a titration experiment (Pasteran et al., 2015). When
bacterial suspensions were investigated, the consumed acetic
acid exceeded 30 times (based on molarities) the fluorescent
carbapenem used in the CarbaLux test, thus explaining its
higher selectivity.

However, this cannot explain the data of Table 4, collected
from the three isolates Nos. 2, 16, and 79, which reflect
considerably higher hydrolysis rates of IPM versus those of
the fluorescent carbapenem. Neither does this agree with the
high reactivity of the same isolates, found by the CarbaLux
test, providing positive results already at room temperature.
Therefore, an additional explanation was required.

Why is the CarbaLux test rapid in spite of the observed
low hydrolysis rates of the fluorescent carbapenem? As
observed in the inhibition assay, the retarded hydrolysis
of nitrocefin revealed that the fluorescent carbapenem
acted as a potent inhibitor of AmpC from isolate No.
79, reflecting its high affinity to the enzyme. With larger
concentration of extracted enzymes and low substrate amounts,
as investigated by the CarbaLux test, full inactivation of
the substrate occurs already in step 1. The close structural
relationship between MEM and the fluorescent carbapenem,
together with their matching (IC50) inhibition properties
and hydrolysis data (Table 4), strongly support the
trapping mechanism. They additionally explain the rapid
inactivation of the fluorescent substrate and the detection
of particular beta-lactamases in the CarbaLux test. Similar
considerations might be valid for some OXA carbapenemases,
also having very high affinity to carbapenems and low
catalytic efficiency (Walther-Rasmussen and Høiby, 2006;
Santillana et al., 2007).

An important question arises about the origin of the beta-
lactamases in the six CarbaLux positive isolates of Table 3.
Are they over-expressed intrinsic chromosomal (cAmpC)
enzymes or specific mutants thereof with enhanced activity
towards carbapenems or acquired plasmid-mediated (pAmpC)
enzymes? The phenotypic differentiation is particularly difficult
in K. aerogenes and E. cloacae complex. The more so
as high carbapenemase activity of AmpC strains was only
scarcely reported. In general, plasmidic blaAmpCs are expressed
constitutively (Polsfuss et al., 2011) and the enzymes are not
inducible, although there are exceptions. The enzyme affinity of
carbapenems is much higher (Queenan et al., 2010) and also the
level of enzyme expression is also higher in comparison with the
chromosomal blaAmpCs (Jacoby, 2009).

Based on the high carbapenemase activity, the lack of AmpC
inducibility, and the agreement between the MEM inhibition
activity of sonicated isolate No. 79 (IC50 0.05 µM) and that of
CMY-2 beta-lactamase (0.02 µM), (Goessens et al., 2013) we
tentatively classify the isolate 79 as plasmidic blaAmpC carrier.
However, further molecular investigations are needed for a more
detailed characterization.

The simple CarbaLux test provides early information as to
whether or not carbapenem antibiotics are an option for therapy.
The investigation of viable bacteria from primary cultures adds
to reliability. Being broader and less laborious, the test may be
applied prior to molecular assays. Only when the phenotypic

test was positive, would complementary genotypic investigations
be necessary to determine which individual enzymes contribute
to the resistance.

With regard to the protocols of all prior phenotypic tests, the
fluorescence assay is the easiest to handle because predisposed
vials with single portioned units (SPU) are available and because
it does not require a double investigation of each tested strain
with and without carbapenem substrate (control tube) as the
pH based methods do. Up to ten tests can be carried out
in parallel and with most carbapenemases a positive result
is available within one hour. Reading of test results and
interpretation are also easier and less ambiguous. Detecting
classical carbapenemases and carbapenem inactivating AmpCs
together in a single test is to the best advantage. Predisposed
SPU test tubes, containing fluorescent carbapenem and inhibitor
cloxacillin, allow investigating, whether AmpC was causative or
contributed to a prior positive test result.

The mode of action of the CarbaLux test is straightforward and
comprehensible in that the decay of the fluorescent carbapenem
can be directly observed by vision under UV light and because
high concentrations of enzymes and low amounts of substrate are
investigated. These conditions are also present in the periplasm of
bacteria (Gazouli et al., 1996) during therapy. Several consecutive
readings allow estimating the reactivity of the extracted enzyme
in each run. With particular bacteria, the test can proceed faster
via a mechanism different from that of current rapid assays. It
can also detect carbapenemase-producing bacteria, which might
appear unsuspicious by antibiograms.

Due to the basic carbapenem structure of the fluorescent
substrate, the phenotypic CarbaLux test reacts in the same
way as carbapenem antibiotics do. It detects all carbapenem-
deactivating Gram-negative bacteria, independent of their MICs,
and/or the type and number of the relevant enzymes, the location
of the genes (chromosomal or plasmidic), their mechanism
of deactivation (trapping or hydrolysis). As cell extracts are
investigated, permeability of the bacterial cell walls or the porin
status does not influence the outcome of the test either. Without
the necessity of targeting particular genes, the phenotypic
CarbaLux test could serve as a first step for an assessment, aiming
for all known carbapenemases and those to be detected in future.

A limitation can arise from initially unremarkable strains,
which produce the resistance enzymes only during therapy.
Repeated testing is recommended. The test should not exclude,
but contribute to the therapist’s experience and knowledge, how
to treat particular infections.

The European Committee on Antimicrobial Susceptibility
Testing (EUCAST) recommends the same testing and infection
control procedures for bacteria with pAmpC beta-lactamases
as for classical carbapenemase carriers (EUCAST, 2017a). In
the past, the incidence of AmpC carrying pathogens was
hidden, not widely known, and a rapid and simple method
of assessment was not available. Therefore, most clinical
laboratories avoided investigation of this progressing resistance
(Black et al., 2005) and still today, it goes undetected. Early and
sustained implementation of the above guidelines may not only
preserve patients and the community from the new threat but will
also save enormous healthcare costs and be a blessing to modern
medicine (Smith and Coast, 2013).
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CONCLUSION

The CarbaLux test was shown to be a reliable rapid test. It
was safe, easy to handle and read in a routine diagnostic
microbiological laboratory. Potentially, the new method could
become a useful tool to investigate resistance mechanisms
but also for measures of prescription practice and infection
control. Eventually, it could also curtail the dissemination
of multi-resistant Gram-negative pathogens by easier and
broader detection.
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Carbapenem-resistant Acinetobacter spp. mainly Acinetobacter baumannii are
frequently causing nosocomial infections with high mortality. In this study, the efficacy
of the Eazyplex R© SuperBug Complete A system, based on loop-mediated isothermal
amplification (LAMP), to detect the presence of carbapenemases in Acinetobacter
spp. directly from bronchoalveolar lavage (BAL) samples was assessed. A total
of 22 Acinetobacter spp. strains producing OXA-23, OXA-40, OXA-58, NDM, and
IMP were selected. Eazyplex SuperBug Complete A kit, used with the Genie
II device, is a molecular diagnostics kit that detects a selection of genes that
express carbapenemases (blaKPC, blaNDM, blaVIM, blaOXA−48, blaOXA−23, blaOXA−40, and
blaOXA−58). Negative BAL samples were identified, McFarland solutions were prepared
from each of the 22 Acinetobacter strains and serial dilutions in saline solution were
made to finally spike BAL samples to a concentration of 102 and 103 CFU/ml. Fifteen
concentrations out of the 44 tested out did not provide detection of the carbapenemase-
producing gene, all but one being at the lowest concentration tested at 102 CFU/ml;
therefore, the limit of sensitivity is 103 CFU/ml. This assay represents the kind of
advantages that investing in molecular diagnostics brings to the clinical practice,
allowing the identification of carbapenemases in less than 30 min with a sensitivity of
103 CFU/ml.
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INTRODUCTION

Carbapenems are potent β-lactam antibiotics with broad-
spectrum and bactericidal mode of action (Codjoe and Donkor,
2017). Their use was increased due to the spread of extended
spectrum β-lactamase-producing Enterobacteriales toward whom
they are active (Hawkey and Livermore, 2012; Bush and Bradford,
2020). Carbapenems are considered one of the most efficacious
antimicrobials to treat bacterial infections (Codjoe and Donkor,
2017). However, resistance by carbapenemases did not take
long to appear, and it poses a major threat to public health
(Hawkey and Livermore, 2012).

Acinetobacter spp. members and specially carbapenem-
resistant Acinetobacter baumannii (CRAB) are among the world’s
most dangerous pathogen threats. CRAB has been classified as
a critical priority pathogen by the WHO’s priority pathogens
to guide research and development (R&D) of new antibiotics
(Tacconelli et al., 2018; World Health Organization, 2019) and
as an urgent threat that requires aggressive action by Centers
for Disease Control and Prevention (CDC) (Centers for Disease
Control, 2019).

Even though community-acquired Acinetobacter infections
can occur, the most common and acute infections happen in
the nosocomial setting. Acinetobacter lurks around intensive
care units and surgical wards causing a number of infections
(e.g., on burns and soft tissue, urinary tract, and bloodstream)
and specially ventilator-associated pneumonia (VAP) in patients
under mechanical ventilation (Evans et al., 2012; Bush and
Bradford, 2020).

Ventilator-associated pneumonia develops in intensive care
units in patients under ventilation for at least 48 h. Rapid
diagnostic of VAP-causing pathogens is of utmost importance:
VAP patients not only have longer hospital stays and need
more antibiotics, therefore their treatment is more expensive,
but also have higher mortality (Torres et al., 2017; Bonell et al.,
2019).

This study aims to evaluate Eazyplex R© SuperBug Complete
A based on loop-mediated isothermal amplification (LAMP)
for detecting carbapenemase produced by Acinetobacter directly
from inoculated bronchoalveolar lavage (BAL) samples.

MATERIALS AND METHODS

Eazyplex R© SuperBug Complete A kit (AmplexDiagnostics
GmbH, Germany), used with the Genie II device (OptiGene,
Horsham, United Kingdom), is a molecular diagnostics kit
that detects a selection of genes that express carbapenemases
(including metallo-β-lactamases and oxacillinases). Results after
detection of bacterial DNA are presented within 30 min.

The kit is composed of eight tube strips each with a mix of
lyophilized agents for the amplification of one of the following
seven genes: blaKPC, blaNDM , blaVIM , blaOXA−48, blaOXA−23,
blaOXA−40, and blaOXA−58. The eighth tube is an internal
inhibitory control.

Once the samples are prepared and the strip is inside the Genie
II device, a LAMP is performed. The reaction is incubated at

66◦C for 30 min, and detection is performed via fluorescence
excitation, for up to two strips at a time.

A total of 22 Acinetobacter spp. strains producing OXA-23,
OXA-40, OXA-58, NDM, and IMP were selected (Table 1).
Isolate identification was performed via MALDI-TOF/MS
(Bruker Daltonics, Bremen, Germany). Carbapenemase
gene detection was checked via conventional PCR for
each of the strains (Woodford et al., 2006; Kulah et al.,
2010; Solé et al., 2011). The strains selected basically were
epidemiologically unrelated due to its different sequence types
(ST) or geographical origins.

Negative BAL samples were identified and collected at
the Clinical Microbiology Laboratory from Hospital Clinic of
Barcelona; samples were stored at −80◦C. McFarland solutions
were prepared from each of the 22 Acinetobacter strains, and
serial dilutions in saline solution were made to finally spike BAL
samples to a concentration of 102 and 103 CFU/ml.

The protocol consisted in: centrifugation of 850 µl of the 102

and 103 spiked BAL samples (at 14,000 g for 5 min), addition of
500 µl of resuspension and lysis fluid (RALF, provided with the
kit) to the pellet obtained, incubation at 99◦C for 2 min and a
final centrifugation step (4,000 rpm for 2 min). Finally, 25 µl of
the supernatant was added to each tube of the assay strip. The
hands-on time took a maximum of 15 min per strain.

RESULTS AND DISCUSSION

Increasing resistance to antimicrobials and specifically
carbapenems is reported in A. baumannii in the past
years. In Spain, there has been an increase of up to 40%
in A. baumannii clinical isolates presenting resistance to
carbapenems from 2000 to 2010; 86% of the 446 A. baumannii
clinical isolates presented resistance to carbapenems in 2010’s
study (Fernández-Cuenca et al., 2013).

This situation is rather common. Recently, European Centre
for Disease Prevention and Control (ECDC) has reported
≥50% of Acinetobacter spp. invasive isolates present resistance
to carbapenems in Hungary, Poland, Bulgaria, Latvia, Italy,
Spain, Cyprus, Romania, Lithuania, Greece, and Croatia in
2018’s Annual Report of the European Antimicrobial Resistance
Surveillance Network (European Centre for Disease Prevention
and Control, 2018).

Current effective antibiotics for the treatment of CRAB are
scarce and are not the most suitable therapeutic agents due to
poor pharmacokinetics, toxicity (as in the case of polymyxins),
and emergence of resistance (Garnacho-Montero et al., 2015).
Chromosome and/or plasmid encoded carbapenemases are the
main mechanism of resistance to carbapenems in CRAB (Roca
et al., 2012; Bush and Bradford, 2020); thus, rapid detection
of carbapenemases is key to guide effective antibiotic therapies
(Garnacho-Montero et al., 2015).

Although the Complete A kit is not specific for Acinetobacter,
carbapenemase coverage is enough to check for the main
carbapenemases present in Acinetobacter. Of all the
carbapenemases described in A. baumannii, oxacillinases
are by far the most frequently found among the most prevalent
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TABLE 1 | Eazyplex SuperBug Complete A kit was used to detect
carbapenemases of Acinetobacter spp. from spiked BAL.

Strain Resistance
gene (bla)

Concentration
(CFU/ml)

Eazyplex
SuperBug

Complete A
(minutes:seconds)

A. baumannii 1 OXA-23 103 14:00

102 16:15

A. baumannii 2 OXA-23 103 11:45

102 –

A. baumannii 3 OXA-23 103 28:00

102 21:15

A. baumannii 4 OXA-23 103 13:00

102 –

A. baumannii 5 OXA-23 103 11:15

102 14:15

A. baumannii 6 OXA-40 103 12:50

102 13:15

A. baumannii 7 OXA-40 103 13:30

102 –

A. baumannii 8 OXA-40 103 11:30

102 17:00

A. baumannii 9 OXA-40 103 9:45

102 –

A. baumannii 10 OXA-40 103 9:30

102 10:30

A. baumannii 11 OXA-58 103 16:10

102 18:30

A. baumannii 12 OXA-58 103 16:15

102 –

A. baumannii 13 OXA-58 103 16:45

102 21:30

Acinetobacter
nosocomialis 1 OXA-58
IMP-4*

OXA-58 103 14:30

102 –

A. baumannii 14 OXA-58 103 9:30

102 10:00

A. baumannii 15 OXA-58 103 12:15

102 12:45

Acinetobacter pittii 1 NDM 103 20:00

102 –

Acinetobacter
dijkshoorniae 1

NDM 103 18:30

102 –

A. baumannii 16 NDM 103 –

102 –

A. baumannii 17 NDM 103 13:45

102 –

A. junii 1 IMP-1* IMP 103 –

102 –

A. baumannii 18 IMP-2* IMP 103 –

102 –

Eazyplex R© SuperBug Complete A detection time per concentration tested for
each of the Acinetobacter spp. strains tested. “–” indicates no detection of
the carbapenemase-producing gene in the concentration tested. *IMP-producing
strains were included in the study to cover the range of carbapenemases found in
Acinetobacter although not being detected in the kit.

clones, being the international clone 2 OXA-23 producing
A. baumannii worldwide spread.

Detection of carbapenemase-producing genes in the tested
strains using Eazyplex SuperBug Complete A assay is shown
in Table 1, and the results agree with conventional PCR
results. Detection time values vary per strain and gene. Only
15 concentrations tested out of 44 did not provide detection
of the carbapenemase-producing gene, all being at the lowest
concentration tested at 102 CFU/ml; therefore, with the limit
of sensitivity being 103 CFU/ml, we consider that this kit has
enough sensitivity for the detection of carbapenemase-producing
Acinetobacter in clinical BAL samples, taking into consideration
that the cut-off for BAL is 104 CFU/ml.

With a maximum hands-on time of 15 min per sample and
30 min run time (approximately 45 min total), this assay proves
to be a great advantage compared to routine methods in the
clinical microbiology laboratory that need 16–24 h for results
to be obtained. Naturally, further antimicrobial susceptibility
testing should be considered in all samples. The only rapid test
(4 h) that allows the detection of the most frequent pathogens
causing HAP is the Unyvero Hospitalized Pneumonia (HPN;
Curetis GmbH, Germany). This multiplex panel also includes
some resistant markers (18 in total); among them, it can detect
the genes encoding VIM, IMP, NDM, KPC, OXA-23, OXA-24,
OXA-48, and OXA-58. However, as far as we know, it has not
been validated for detection of carbapenemases in A. baumannii.

We visualize the following workflow for diagnosis of hospital-
acquired pneumonia (HAP): when the sample arrives to the
clinical microbiology laboratory, rapid identification of the
bacteria causing HAP is performed also using an in-house LAMP
reaction approach (Vergara et al., 2020a); if A. baumannii is
identified as the pathogen causing the infection, the method to
detect specific carbapenemases in Acinetobacter described in this
study is performed. However, if Enterobacterales is detected, the
same approach can be applied (Vergara et al., 2020b).

Using Eazyplex R© SuperBug Complete A assay will allow to
guide and optimize antibiotic therapies earlier than with usual
techniques used in the laboratory, which likely means a decrease
in mortality. This assay represents the kind of advantages that
investing in molecular diagnostics brings to the clinical practice:
allows the identification of specific resistance mechanisms in
approximately 45 min and if sample identification using LAMP
was included as a first step (1 h), both pathogen and resistance
mechanism could be identified in less than 2 h.
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For addressing the issue of antimicrobial drug resistance in developing countries,
it is important to investigate the characteristics of carbapenemase-producing
organisms. We aimed to genetically characterize a carbapenemase-producing Klebsiella
pneumoniae (CPKP) isolated in the intensive care unit of a tertiary hospital in
Bangladesh. The number of CPKP isolates were 43/145 (30%), of which pandrug-
resistant (PDR) strains were 14%. These carbapenemases were New Delhi metallo-
beta-lactamase (NDM)-1 (53%), NDM-5 (14%), oxacillinase (OXA)-181 (12%), OXA-
232 (10%), NDM-5 + OXA-181 (5%), and NDM-5 + OXA-232 (2%). Many CPKP
isolates harbored a variety of resistance genes, and the prevalence of 16S rRNA
methyltransferase was particularly high (91%). The 43 CPKP isolates were classified into
14 different sequence types (STs), and the common STs were ST34 (26%), ST147 (16%),
ST11 (9%), ST14 (9%), ST25 (7%), and ST231 (7%). In this study, PDR strains were of
three types, ST147, ST231, and ST14, and their PDR rates were 57, 33, and 25%,
respectively. The spread of the antimicrobial drug resistance of CPKP in Bangladesh
was identified. In particular, the emergence of PDR is problem, and there may be its
spread as a superbug of antimicrobial treatment.

Keywords: PDR, ST147, NDM-1, NDM-5, OXA-181, OXA-232

INTRODUCTION

The worldwide spread of carbapenemase-producing organisms (CPOs) is increasing (Bonomo
et al., 2009). Carbapenem resistance in Klebsiella pneumoniae is frequently associated with
antimicrobial resistance to other antibiotic classes, making treatment of infections challenging
(Fournier et al., 2018). In North America, South America, and Europe, the main carbapenemase-
producing genes are the Klebsiella pneumoniae carbapenemase (KPC) types; in the Middle East
and Africa, they are the oxacillinase-48-like (OXA-48-like) types; and in the Indian subcontinent,
they are of the New Delhi metallo-beta-lactamase (NDM) and OXA-48-like types. Many of these
multidrug-resistant (MDR) strains are sequence type (ST) 11, ST14, ST37, ST147, and ST258 and
are spreading worldwide as international MDR high-risk clones (Mathers et al., 2015).
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The Center for Disease Control and Prevention (CDC) and
the European Centre for Disease Prevention and Control have
jointly developed definitions for MDR, extensively drug-resistant
(XDR), and pandrug-resistant (PDR) bacteria (Magiorakos
et al., 2012). K. pneumoniae strains classified as XDR are
rapidly emerging due to the dissemination of resistance toward
aminoglycosides, β-lactams, fluoroquinolones, and carbapenems
(Al-Marzooq et al., 2015). Recently, XDR strains have evolved
to become PDR by acquiring resistance to tigecycline and
polymyxin antibiotics (Papadimitriou-Olivgeris et al., 2018).
The spread of such strains is associated with high mortality
rates, limited treatment options, and rapid dissemination of
successful bacterial clones in the hospital setting (Guo et al., 2016;
Protonotariou et al., 2018).

Antimicrobial resistance (AMR) is a major problem in Asia
(O’neill, 2016). Bangladesh is a developing country surrounded
by India and is known to have a high prevalence of carbapenem-
resistant organisms. The CPOs detected are mainly NDM-
producing strains, but in recent years, OXA-48-like-producing
strains have also been detected. However, no surveillance system
has been established in developing countries in this region, and
there are few reports on molecular epidemiology (Hasan and
Rabbani, 2019). We started the short-term prospective study
of MDR bacteria with the ultimate goal of building a resistant
surveillance system in Bangladesh (Okanda et al., 2018). In this
study, we performed an analysis of acquired drug resistance
mechanism and molecular epidemiology of carbapenemase-
producing Klebsiella pneumoniae (CPKP) isolated in a tertiary
hospital in Dhaka, Bangladesh.

MATERIALS AND METHODS

Collection of Isolates
Bangabandhu Sheikh Mujib Medical University Hospital is the
premier Postgraduate Medical Institution of Bangladesh and a
major tertiary hospital with 1,900 beds. The intensive care unit
(ICU) at this hospital accepts critically ill patients not only
throughout Dhaka but also from neighboring countries. In this
study, collection of isolates was originally scheduled for only
between August and October 2015, but because of observed
subsequent changes in AMR at ICU, isolates were also collected
between August and September 2017. A total of 145 third-
generation cephalosporin-resistant Klebsiella pneumoniae were
isolated from blood, sputum or tracheal aspirate, urine, and pus
in ICU patients (82 in 2015 and 63 in 2017). These were all
consecutive isolates selected on the CHROMagar ESBL medium
(Kanto Chemical Co., Inc., Japan), eliminating duplication by
patient. These isolates were inoculated into casitone medium and
transported to Tokyo Medical University in Japan, where they
were incubated on modified Drigalski agar (EIKEN Chemical
Co., Ltd) at 35◦C for 18 h. The resulting cultures were re-
identified by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry using MALDI Biotyper (library ver.
9.0.0.0) and stored at −80◦C in heart infusion broth containing
20% glycerol until use.

Screening of Carbapenemase-Producer
and Detection of
Carbapenemase-Encoding Genes
Phenotypic detection of carbapenemase was performed using
the modified carbapenem inactivation method (mCIM) and
Carba NP test. Escherichia coli ATCC 25922 was used as an
indicator organism and negative control, whereas K. pneumoniae
KPP 127 was used as a positive control. All isolates that
showed positive results and intermediate results were detected
of carbapenemase-encoding genes by polymerase chain reaction
(PCR) assay. DNA was extracted using the Cica Geneus DNA
Extraction Reagent (Kanto Chemical Co., Inc., Japan). The
examined carbapenemase-encoding genes were blaKPC, blaGES,
blaIMP, blaVIM , blaNDM , blaOXA−48−like, blaBIC, blaAIM , blaGIM ,
blaSIM , blaDIM , and blaSPM (Supplementary Table S1).

Genotypic Detection of
Carbapenemase-Encoding Genes and
Other Resistance Genes
The confirmed CPKP isolates were tested for extended-spectrum
β-lactamases (ESBLs)-producing genes, plasmid-mediated
AmpC β-lactamase (PABLs)-producing genes, mobilized
colistin resistance (mcr) gene, 16S rRNA methyltransferase
(16SRMTase) genes, tetracycline resistance genes, plasmid-
mediated quinolone resistance (PMQR) genes, fosfomycin
resistance genes, sulfonamide resistance genes, and dihydrofolate
reductase (DHFR)-encoding genes (Supplementary Table S1).
Target genes were confirmed via single PCR, and PCR fragments
were then purified from PCR product or agarose gels using Cica
Geneus R© PCR & Gel Prep Kit (Kanto Chemical Co., Inc., Japan).
Following sequencing, the similarity search was performed with
the sequenced data using BLAST analysis1.

Antimicrobial Susceptibility Testing
Carbapenemase-producing Klebsiella pneumoniae isolates
were tested for their susceptibility to piperacillin/tazobactam
(TZP), cefepime (FEP), cefmetazole (CMZ), moxalactam
(MOX), flomoxef (FOX), aztreonam (ATM), imipenem (IPM),
meropenem (MEM), doripenem (DOR), biapenem (BPM),
colistin (CST), gentamicin (GEN), amikacin (AMK), minocycline
(MIN), tigecycline (TGC), ciprofloxacin (CIP), levofloxacin
(LVX), fosfomycin (FOF), and trimethoprim/sulfamethoxazole
(SXT). Microdilution susceptibility testing was performed
and minimum inhibitory concentrations (MIC) determined
according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines (Clinical and Laboratory Standards Institute
(CLSI), 2020). In this edition, CST breakpoints were defined
as resistant ≥4 mg/l and intermediate ≤2 mg/l, with no
susceptible category defined. In addition, no TGC and FOF
breakpoints were defined for K. pneumoniae. Thus, CST,
TGC, and FOF breakpoints were performed according to the
European Committee on Antimicrobial Susceptibility Testing

1http://blast.ncbi.nlm.nih.gov/Blast.cgi
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(EUCAST) guideline2. E. coli ATCC 25922 was used for quality
control of the test.

Molecular Epidemiology Typing
Pulsed-field gel electrophoresis (PFGE) was carried out by the
following method. After digestion of the genomic DNA by XbaI
(New England Biolabs), the restriction fragments were separated
using a temperature-controlled CHEF-DR III system (Bio-Rad)
for 19.5 h at 14◦C under the following conditions: two state
modes, initial switch time of 5.3 s, final switch time of 60.0 s,
a gradient of 6 V/cm, and switch angle of 120◦. After staining
with ethidium bromide, the fragments were visualized using an
ultraviolet transilluminator. Percent similarities were determined
by generating a dendrogram by the unweighted pair group
method using arithmetic averages and based on Dice coefficients.
Band position tolerance and optimization were both set at 1.0%.
A similarity coefficient of 80.0% was selected to define the
clusters after reviewing the epidemiological data associated with
each isolate cluster. For the determination of PCR conditions
and primer sequences, information obtained from the Institut
Pasteur multilocus sequence typing (MLST) database3 was used
(Diancourt et al., 2009). For the identification of ST, the allelic
profiles of the purified sequences were submitted to the Institut
Pasteur MLST database. Clustering of each ST to determine the
clonal group (CG) of single-locus mutants was conducted using
the eBURST program (Feil et al., 2004).

RESULTS

CPKP Isolates
By phenotypic testing and sequencing, carbapenemase-
producing genes were detected from 43 of the 145 isolates
(30%). These 43 carbapenemase-producing genes were identified
as blaNDM−1 (23, 53%), blaNDM−5 (6, 14%), blaOXA−181 (5,
12%), blaOXA−232 (4, 10%), 2 blaNDM−5 + blaOXA−181 (2,
5%), blaNDM−5 + blaOXA−232 (1, 2%), blaNDM−7 (1, 2%), and
blaOXA−48 (1, 2%) by sequence. Therefore, 40 (93%) of the
43 CPKP isolates were single-harboring blaNDM (30, 70%) or
blaOXA−48−like (10, 23%), while the remaining 3 (7%) were co-
harboring both genes. CPKP isolates were co-harboring various
AMR genes (Figure 1). ESBL- and PABL-encoding genes were
detected in 43 (100%) and 22 (51%) CPKP isolates, respectively.
Therefore, 22 CPKP isolates (51%) were co-harboring ESBLs and
PABLs. In addition, the prevalence of 16SRMTase, tetracycline
resistance, PMQR, fosfomycin resistance, sulfonamide resistance,
and DHFR-encoding genes in CPKP isolates were 91% (39), 30%
(13), 77% (33), 49% (21), 60% (26), and 60% (26), respectively.
However, the mcr gene reported to date was not detected from
colistin-resistant isolates.

Antimicrobial Resistance
The susceptibility of 43 CPKP isolates are shown in Table 1.
Forty-three CPKP isolates were resistant to many of the

2https://eucast.org/clinical_breakpoints/
3https://bigsdb.pasteur.fr/klebsiella/klebsiella.html

antibiotics tested, with 10 isolates (23%) classified as XDR and
6 isolates (14%) classified as PDR. Interestingly, these CPKP
isolates were highly resistant to aminoglycosides, and all AMK-
resistant isolates showed MIC ≥ 512. From 2015 to 2017, the
resistant rates of BPM, MIN, TGC, LVX, FOF, and SXT were
increased, while the CST susceptibility was almost unchanged.
In addition, the MIC value of six PDR isolates are shown in
Table 2. PDR isolates showed high-level resistance to many
antimicrobials, but low-level resistance to CST and TGC.

CTX-M-15 was the common ESBL, but PABL was changed
from DHA to CMY in 2017 (Figure 2). In 16SRMTase, the
prevalence did not change during the collection period, while
the common type was changed from the armA gene to the
rmtB/F genes. The 2017 CPKP isolate showed an increased
prevalence of some resistance genes compared to the 2015 isolate.
In tetracycline resistance, the prevalence of the tet (A) gene
increased from 5% (1/21) to 36% (8/22). Perhaps this is the cause
of the increased MINO or TGC resistance rate. In addition, the
prevalence of the fosA, sul1, and dfrA1 genes were increased from
29% (6/21) to 68% (15/22), from 29% (6/21) to 86% (19/22), and
from 19% (4/21) to 73% (16/22), respectively. As the number
of these resistance genes increased, the resistance rate of the
corresponding antibacterial drug increased. In fact, the increase
in resistant rates from 2015 to 2017 was 29% (6/21) to 68%
(15/22) for FOF and 33% (7/21) to 86% (19/22) for SXT.

Molecular Epidemiological
Characteristics of CPKP
Pulsed-field gel electrophoresis identified 29 different banding
patterns from 43 CPKP isolates. These banding patterns were
classified into 18 clusters (A to R) by more than 80% genetic
associations (Figure 1). Common clusters were R (11, 26%), A
(4, 9%), and L (4, 9%), and the most common cluster R was
all ST34 strain. All ST34s were isolated from the ICU in 2015,
and their antimicrobial susceptibility and acquisition resistance
genes were almost the same. This suggested that there was an
outbreak of ST34 strains in 2015. The STs of clusters A and L
were ST147 and ST11, respectively. On the other hand, the second
most common cluster A was all ST147, but it may be a different
clone due to different banding patterns and separation dates. The
band pattern of ST147 was significantly different between 2015
and 2017, forming cluster A and B, respectively. Therefore, it was
considered that the transmission route was different between the
ST147 strain in 2015 and in 2017.

The MLST classified the 43 isolates into 14 different STs
(Figure 1). The common STs were ST34 (11, 26%), ST147 (7,
16%), ST11 (4, 9%), ST14 (4, 9%), ST25 (3, 7%), and ST231 (3,
7%). ST147, ST11, and ST231 strains were isolated in both 2015
and 2017. The eBURST analysis, based on the MLST database,
found that 14 different STs were clustered into four different CGs
(Figure 3). The founder of each CG was ST11, ST147, ST231, and
ST43, while ST893 did not form a cluster and was a singleton.
CG11 was the most common group, but those STs were diverse,
and only ST11 strain was isolated in both years. The multidrug
resistance of ST147 and ST231 strains was serious, all of which
were XDR or PDR.
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TABLE 1 | Susceptibility of carbapenemase-producing Klebsiella
pneumoniae in Bangladesh.

2015 2017 Total

Number of isolates 21/82 (26%) 22/63 (35%) 43/145 (30%)

Antimicrobial resistance types

Multidrug resistant 16/21 (76%) 11/22 (50%) 27/43 (63%)

Extensively drug resistant 3/21 (14%) 7/22 (32%) 10/43 (23%)

Pandrug resistant 2/21 (10%) 4/22 (18%) 6/43 (14%)

Resistant rate

Piperacillin–tazobactam 100% 100% 100%

Cefepime 100% 100% 100%

Cefmetazole 90% 100% 95%

Moxalactam 100% 100% 100%

Flomoxef 100% 100% 100%

Aztreonam 100% 100% 100%

Imipenem 100% 100% 100%

Meropenem 100% 100% 100%

Doripenem 100% 100% 100%

Biapenem 62% 95% 79%

Colistin 24% 27% 26%

Gentamicin 100% 100% 100%

Amikacin 95% 86% 91%

Minocycline 33% 68% 51%

Tigecycline 19% 36% 28%

Ciprofloxacin 100% 100% 100%

Levofloxacin 62% 100% 81%

Fosfomycin 29% 68% 49%

Trimethoprim–sulfamethoxazole 33% 86% 60%

Breakpoints are performed according to the Clinical and Laboratory
Standards Institute guideline M100-30 edition and according to the European
Committee on Antimicrobial Susceptibility Testing guideline ver.10.0 for colistin,
tigecycline, and fosfomycin.

DISCUSSION

The global spread of CPOs is a major issue in AMR measures,
and the emergence of PDR strains makes antimicrobial treatment
more difficult. The worsening of resistance of K. pneumoniae
is remarkable, and some international MDR high-risk clones
are reported (Mathers et al., 2015). These clones have a
significant burden on global public health. Therefore, it is
necessary to conduct intensive studies to monitor K. pneumoniae
international MDR high-risk clones, to mitigate this issue. In
the present study, we report for the molecular epidemiological
characteristics of CPKP isolates collected at the largest tertiary
hospital in Bangladesh. It is worth noting that PDR strains are
ST147, ST231, and ST14, which harbored various resistance genes
in addition to blaNDM- and blaOXA−48−like-encoding genes.

Antimicrobial resistance is globally increasing via the spread
of carbapenemase, and treatment options are increasingly limited
(Bonomo et al., 2009). In several cases, CPE are also resistant to
colistin and tigecycline, and our data agrees with this observation
(Table 2). In our study, the colistin resistance rate of CPKP
isolates was 26% (MIC = 4 mg/l). Colistin resistance is caused
by a decrease in negative charge due to modification of the
lipid A structure of the outer membrane LPS. Modifications TA
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FIGURE 2 | Changes in the number of detected resistance genes. (A) Extended-spectrum β-lactamases (ESBLs)-, plasmid-mediated AmpC β-lactamase (PABLs)-,
and carbapenemase-producing genes. (B) 16S rRNA methyltransferase- and tetracycline resistance protein-producing genes. (C) Plasmid-mediated quinolone
resistance and fosfomycin resistance genes. (D) Sulfonamide resistance genes and dihydrofolate reductase encoding genes.

include those by the acquired mcr gene and those by the two-
component regulatory system caused by chromosomal gene
mutations (Macesic et al., 2020). However, the mcr gene was not
detected from CST-resistant isolates. Thus, it is possible that the
colistin resistance mechanism in this study is due to mutations
in chromosomal resistance genes. Although the mechanism of
tigecycline resistance has not been fully elucidated, the tigecycline
resistance rate increased from 19% to 36% with the increase
in the tet(A) gene. This result suggests that the tetracycline
resistance protein is involved in tigecycline resistance of CPKP
isolates. Resistance to CST and TGC has been on the rise because
these antibiotics are regularly prescribed due to the scarcity of
treatment options for CPE (5, 42–44). A report stating that 45%
of 298 K. pneumoniae isolated at an Indian tertiary hospital
between 2013 and 2017 were XDR and 9% were PDR is alarming

(Mohapatra et al., 2018). Unfortunately, Mohapatra et al. (2018)
do not mention the molecular epidemiology of XDR and PDR
strains, but the possibility that these isolates are spreading from
India and neighboring developing countries is plausible and
worth investigating further.

Outbreaks involving the ST147 clone have been reported
worldwide (Guo et al., 2016; Hamzaoui et al., 2018; Protonotariou
et al., 2018). In Greece, the ST147 clone co-producing KPC-
2 and VIM-1 was isolated from 25 patients at a tertiary
teaching hospital, and 17 of these patients developed bloodstream
infections (mortality rate = 48%) (Protonotariou et al., 2018).
Nahid et al. (2017) provided insight into the emergence of ST147
PDR clone and the rapid global spreading of this high-risk clone.
ST147 has been commonly reported among Indian isolates and
has been frequently associated with NDM-1 and OXA48-like
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FIGURE 3 | Classification of multidrug resistance type of each STs.

carbapenemases as observed from the present study (Pragasam
et al., 2017). Indeed, we showed that all ST147 clones were
XDR and PDR strains harboring various resistance genes in
Bangladesh. In addition, the ST147 clone was previously only
isolated in the hospital environment, but a strain of ST147 that
co-produces NDM-9 and CTX-M-15 has been isolated from
wastewater in Switzerland (Nüesch-Inderbinen et al., 2018).
This suggests that these PDR strains may already be present
in our public health and are increasingly spreading under the
surface. Therefore, ST147 will increasingly spread as a One
Health infectious disease, and its dissemination may carry higher
risks than other international high-risk clones such as ST11,
ST15, and ST258.

In recent years, new antibacterial agents against
carbapenemase-producing bacteria have been developed
one after another and are expected to greatly contribute to
the treatment of CPO infection (Ito et al., 2016). However,
these new antimicrobials are expensive for some time after
approval and are difficult to be readily available in developing
countries. As another treatment option for CPO infections, a
combination therapy by existing antibiotics is expected. We
reported the efficacy of 136 pattern of combination therapies for
five types of CPO and non-CPO (Okanda and Matsumoto, 2020).
This report mainly suggests that the combined use of protein
synthesis inhibitors and cell wall synthesis inhibitor is useful.
However, CPOs isolated in South Asia often carry 16SRMTase,
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and there is concern that combinations using aminoglycosides
are ineffective due to their high MIC values for aminoglycosides.
Since 91% of CPKP isolates are AMK-high-resistant strains
(MIC ≥ 512 µg/ml) harboring 16SRMTase in this study, the
effect of combination therapy using aminoglycosides cannot
be expected. In our report, it is suggested that the combined
use of BPM or IPM with MIN or TGC is effective to AMK-
high-resistant strains (Okanda and Matsumoto, 2020). This
combination therapy may be effective for some PDR-CPKP
isolates in Bangladesh, which are not highly resistant to these
antimicrobials. However, as the MIC of the antibiotics used in
combination increases, the effect of the combination is limited.
Therefore, the increase in PDR strains and in MIC value are
particularly serious problems for developing countries.

CONCLUSION

Spread of CPKP isolates and PDR strain in Bangladesh warrants
the need for the intensive surveillance of AMR and the
implementation of an efficient infection control program in
developing countries for the management of such infections.
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Gram-negative bacteria, especially Enterobacterales, have emerged as major players in

antimicrobial resistance worldwide. Resistance may affect all major classes of anti-gram-

negative agents, becoming multidrug resistant or even pan-drug resistant. Currently,

β-lactamase-mediated resistance does not spare even the most powerful β-lactams

(carbapenems), whose activity is challenged by carbapenemases. The dissemination of

carbapenemases-encoding genes among Enterobacterales is a matter of concern, given

the importance of carbapenems to treat nosocomial infections. Based on their amino acid

sequences, carbapenemases are grouped into three major classes. Classes A and D

use an active-site serine to catalyze hydrolysis, while class B (MBLs) require one or two

zinc ions for their activity. The most important and clinically relevant carbapenemases

are KPC, IMP/VIM/NDM, and OXA-48. However, several carbapenemases belonging to

the different classes are less frequently detected. They correspond to class A (SME-,

Nmc-A/IMI-, SFC-, GES-, BIC-like…), to class B (GIM, TMB, LMB…), class C (CMY-10

and ACT-28), and to class D (OXA-372). This review will address the genetic diversity,

biochemical properties, and detection methods of minor acquired carbapenemases

in Enterobacterales.

Keywords: CHDL, carbapenem, transposon, insertion sequence, antibiotic resistance, detection

Nowadays antimicrobial resistance is of critical concern. Since the first identification of an enzyme
able to destroy the penicillin by Abraham and Chain in the 1940s (1), more than 4,900 β-
lactamases have been reported (http://www.bldb.eu/). Two main classifications are used: (i) the
structural classification of Ambler and (ii) the functional classification of Bush and Jacoby (2, 3).
Since the functional classification is more complicated, Ambler’s classification will be used in this
review. According to Ambler’s structural classification, four classes (A to D) of β-lactamase are
described (4). Briefly, the class A groups penicillinases and their extended-spectrum variants that
are inhibited by clavulanate, sulbactam, and tazobactam. The class B corresponds to metallo-β-
lactamases. All of the metallo-β-lactamases possess a carbapenemase activity. They are inhibited
by ion chelator such as EDTA but not by class A inhibitor (clavulanate, tazobactam, sulbactam).
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Class C enzymes correspond to cephalosporinase and
initially demonstrated better activity toward first generations
cephalosporins compared to penicillins. They are inhibited by
cloxacillin. Finally, class D enzymes, also named oxacillinases,
group very diverse β-lactamase sub-families. They were initially
reported to be inhibited in vitro by NaCl (5). Novel inhibitors
such as avibactam, relebactam, or vaborbactam that possess
inhibitory activity toward class A, C, and ± D will be described
further in this review.

Thirty years of carbapenemase epidemiology demonstrated
that these broad-spectrum enzymes might be split in two groups,
the “Big Five” carbapenemases and the “rare” carbapenemases.
The “Big Five” carbapenemases corresponds to the five main
carbapenemases identified worldwide being class A KPC
enzymes, metallo-β-lactamases of IMP, VIM&NDMgroups, and
class D OXA-48-like enzymes (4–7). The rare carbapenemases
constitute a diverse group of enzymes belonging to the four
classes of β-lactamases. The observed lower prevalence might
be due to genetic features leading to a lower spread, or to
the underdetection due to the lack of specific diagnostic tests
targeting these enzymes.

Before starting this journey in carbapenemases-producing
bacteria, it is important to overview the important changes
in bacterial nomenclature. Indeed, with the massive use of
whole genome sequencing, bacterial nomenclature has evolved
rapidly during the last decade. Accordingly, this nomenclature
evolution will lead to some changes in the old descriptions.
Enterobacteria constitute a large and diverse group of facultative
aerobic, gram negative rods. They are highly diverse regarding
their biochemical properties, their pathogenicity, as well as for
their ecological niches. The former order of Enterobacteriales has
been reorganized recently based on the phylogenetic analysis of
1,500 protein sequences and overall genome similarity (8). The
order of Enterobacterales is now composed of 7 families being
Enterobacteriaceae, Erwiniaceae, Pectobacteriaceae, Yersiniaceae,
Hafniaceae,Morganellaceae, and Budvicaceae. Themost clinically
relevant bacterial genera are part of the Enterobacteriaceae
family, including Escherichia/Shigella, Salmonella, Klebsiella,
Citrobacter, and Enterobacter. Yersiniaceae family contains
Yersinia spp. and Serratia spp. and Morganellaceae contains
Morganella spp., Proteus spp., and Providencia spp. To dive
deeper in Enterobacterales classification and evolution, the case
of Enterobacter genus is a key example. Described in the
1960s, this genus comprised more than 20 species (https://lpsn.
dsmz.de/genus/enterobacter) but its classification is continuingly
evolving. For instance, Enterobacter aerogenes (also renamed
Klebsiella mobilis in the 1970s) has been officially reclassified
as Klebsiella aerogenes (9). Another example of this constant
evolution is the reclassification of Enterobacter sakazakii as
Cronobacter sakazakii (10). Moreover, it is highly difficult,
even almost impossible, to decipher the E. cloacae complex
(ECC) using classical microbiological methods even using
MALDI-TOF for that purpose (11). For all these reasons,
ancient description of genus and species in this manuscript
should be analyzed with the prism that they were not
identified with phylogenetic analysis methods and thus can
be misidentified.

MINOR CLASS A CARBAPENEMASES

The main class A carbapenemases in Enterobacterales
correspond to KPC-type enzymes (4, 5). Beyond this major
carbapenemase family, a wide diversity of unrelated minor
class A carbapenemases have emerged including IMI-, FRI-,
or GES-type enzymes. To complicate the situation, some of
these carbapenemases possess a peculiar phenotype that can
be missed on the antibiogram. This chapter will focus on the
genetic diversity and phenotypes of these rarely described class
A carbapenemases.

IMI / NMC-A
The IMI/NMC-A (Imipenemase/Non-metallo-carbapenemase
A) carbapenemases form a group of carbapenemases identified in
Enterobacter genus. They are among the oldest carbapenemases
described (12, 13). IMI-1 confers resistance to penicillins
alone and in combination with clavulanate, early generation
cephalosporins, and carbapenems but spares broad-spectrum
cephalosporins such as ceftazidime (Figure 1) (12). Despite
rarely described, in comparison to “Big Five” carbapenemases,
IMI-like carbapenemases have been described in different
continents. IMI-1 was initially reported in the USA in an E.
cloacae isolate from 1984, thus a year prior the US approval of
imipenem. Since then, IMI-1 has been identified in Enterobacter
genus in Singapore, China, French Polynesia, Vietnam, and Japan
(14–17). IMI-2 was firstly identified in E. asburiae recovered from
environmental samples in US rivers from 1999 to 2001 (18). It
has been identified in Klebsiella variicola in UK, in E. asburiae
in Czech Republic, in E. cloacae from Spanish rivers, France, and
Canada, Enterobacter mori in Austria, and E. coli in Spain and
China (19–24). IMI-3 was firstly detected in China and France
(21, 25, 26). IMI-5, IMI-6 were identified in Canada (27). IMI-
9 was identified in Enterobacter cloacae in Canada and Norway
(27, 28). In addition, IMI-13 and IMI-17 were detected in France
by the French National Center (unpublished data). To date,
19 variants of IMI plus NMC-A have been identified. Genetic
analysis revealed interesting features related to the acquisition
of those genes. Whereas, blaIMI−1 is often carried on the
chromosome, blaIMI−2 is mainly carried on plasmids. The genetic
element at the origin of the acquisition of blaIMI−1 is a genomic
island involving XerC/XerD recombinases. These elements are
named EcloIMEX-like elements (27). At least 8 EcloIMEX have
been described in the literature. They differ by the diversity at the

3
′
extremity of the structures. However, the 5

′
extremity carrying

the blaIMI-like gene is highly conserved and contained different
hypothetical proteins, a putative protease, and ABC_ATPase
and a glycosyltransferase (27). Some EcloIMEX elements (for
XER-dependent integrative mobile elements) seem to have
recombined and have lost part of their IMEX as observed for
EcloIMEX-8 (17). All of these elements are inserted in a dif site
between setB and yeiP genes. These elements are also responsible
for the acquisition of blaIMI−9 carried by EcloIMEX-5 and
EcloIMEX-6. The blaIMI−2 was carried on a self-transferable
plasmid of ca. 66 kb in E. asburiae from US rivers (18). After
initial identification, a blaIMI−2-carrying plasmid was sequenced
from K. variicola (19). This plasmid belonged to IncFII-family
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FIGURE 1 | Antibiograms of representative class A carbapenemases. (A)

IMI-1-producing E. cloacae complex clinical isolate. (B) GES-5 producing K.

pneumoniae clinical isolate. (C) SME-3-producing S. marcescens. (D)

FRI-1-producing E. coli transformant. AMX, Amoxicillin; AMC,

Amoxicillin/clavulanate; ATM, aztreonam; CAZ, ceftazidime; CTX, Cefotaxime;

CZA, Ceftazidime/avibactam; ETP, Ertapenem; FEP, Cefepime; FOX,

Cefoxitine; IPM, Imipenem; MEM, Meropenem; PIP, Piperacillin; TCC,

Ticarcillin/Clavulanate; TEM, Temocillin; TIC, Ticarcillin; TZP,

Piperacillin/Tazobactam.

plasmid and was of 77 kb in size. The blaIMI−2 gene has also
been identified in IncFI-like plasmid in E. coli in Spain (20).
The mechanism of acquisition of blaIMI−2 remains unclear. As
for all blaIMI-like gene, a LysR family transcriptional regulator,
blaIMI−R, is present upstream of blaIMI−2 (18). Different ISs or
IS remnants have been identified bracketing blaIMI−2-blaIMI−R

locus including ISEcl3, ISEcl1, ISEc36 (21). The presence of this
gene on IncF-type plasmid families is very likely the reason of
its occurrence out of Enterobacter genus. The blaIMI−3 gene
was identified on an IncFIIY plasmid within a new composite
transposon, Tn6306. This transposon is composed of 2 copies of
ISEcl1-like bracketing the resistance gene (21). The blaIMI−5 and
blaIMI−6 genes are also carried by different IncFII-type plasmids
of c.a 90 and c.a 165 kb (27). Of note, the blaIMI−6 and blaIMI−3-
carrying plasmids also carried a type VI secretion system that
might give an advantage under certain ecological niches.

BKC-1
BKC-1, for Brazilian Klebsiella carbapenemase, is one of the
latest carbapenemases described. The first occurrence of this

carbapenemase was reported in three K. pneumoniae strains
isolated in Sáo Paulo, Brazil (29). These three isolates were
recovered from two different hospitals but showed the same pulse
field gel electrophoresis (PFGE) pattern and belonged to same
sequence type (ST), ST1781. Cloned in E. coli, the production
of BKC-1 confers resistance to penicillins, broad-spectrum
cephalosporins, aztreonam, and decreased susceptibility to
carbapenems (Table 1). However, as observed for ESBLs, efficacy
of cefoxitin is not altered by BKC-1. Purification of this
enzyme confirmed the observed phenotype with hydrolysis of
penicillins, cephalosporins, and carbapenems but not cefoxitin.
Phylogenetic analysis revealed few similarities with other class A
carbapenemases, e.g., 39% of amino-acid identity with KPC-2.
The closest β-lactamase corresponds to an uncharacterized β-
lactamase identified in Sinorhizobium meliloti with 63% amino
acid identity (29). The blaBKC−1 is carried by a small non-
conjugative IncQ-type plasmid of 9.7 kb in size. Upstream of
blaBKC−1, a copy of ISKpn23 is inserted, likely leading to its
expression and its probable mobilization (30). Indeed, ISKpn23
belongs to IS1380 family. The most famous member of this
family is ISEcp1, known to mobilize adjacent genes by one-
ended transposition (31). This gene has also been identified in C.
freundii harboring the same plasmid (32). Until now, this enzyme
has never been described out of Brazil and presented an overall
low prevalence in this country with 0.3% (2/635) of Klebsiella
spp. isolates randomly selected among strains collected from
previous surveillance studies (33). In this study, the two isolates
of K. pneumoniae were clonally related belonging to ST442 and
possessed the same plasmid.

SHV-38
SHV is the natural class A β-lactamase of K. pneumoniae.
Variants of SHV with changes in their hydrolytic properties
were the main resistance mechanism to broad-spectrum
cephalosporins in the 1980s (with TEM-like enzyme) before
the emergence and the spread of CTX-M enzymes (34). These
enzymes gave the name of extended-spectrum β-lactamase
compared to narrow-spectrum SHV-1. Among more than
200 variants of SHV enzymes, SHV-38, possessing A146V
substitution, has been described to be the only SHV variant with
carbapenemase activity (35). Once cloned in E. coli, this enzyme
conferred increased MICs to imipenem as compared with SHV-
1 (Table 1). Enzymatic assays confirmed ability of SHV-38 to
hydrolyze imipenem (Table 2). However, no characterization of
the impact of the amino acid substitution was performed to
date (e.g., replacement of the valine by another amino acid
or the crystallization of this enzyme bound to imipenem).
This enzyme has been detected in Brazil, in environmental
samples in India and in Tunisia, but its presence is very likely
underestimated (36–38).

CTX-M-33
CTX-M enzymes are the main ESBLs described worldwide
and have replaced the “old” ESBLs, TEM-, and SHV-like
enzymes (39). Despite the fact that the production of CTX-M-15
associated to porin deficiency can increase theMIC of ertapenem,
this enzyme does not hydrolyze carbapenems at a significant
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TABLE 1 | Main features of rare carbapenemases in Enterobacterales.

MICs of β-lactams in cloning vector in E. coli (mg/l)

Name Number of variants Genetic environment Countries of isolation TIC CAZ IPM MEM ERT Strain of E. coli and

cloning vector/variant

References

for MICs

Class A

IMI-/NMC-A 20 EcloIMEX (IMI-1-like)

different ISs (IMI-2-like)

USA, Singapore, China,

French Polynesia, Vietnam,

Japan, Czech Republic,

France, Canada, Austria,

Spain, Norway

256 0.5 >32 >32 N/A E. coli DH10B

Vector pGB2-IMI-2

(18)

BKC 1 ISKpn23 Brazil >256 8 0.5 0.12 0.12 E. coli BL21

Vector pET-BKC

(29)

SHV-38 - N/A Brazil, India, Tunisia >512 64 0.5 0.12 N/A E. coli DH10B

Vector pBK-CMV-SHV-38

(35)

CTX-M-33 - N/A Greece, Portugal >512 32 1 0.25 0.25 E. coli TOP10

Vector natural plasmid

(42)

GES 43 (only few variants with

carbapenemase activity)

integron France, Greece, Japan,

Korea, Brazil, Czech Republic,

South Africa, Portugal,

Belgium, Macedonia, Israel

>256 0.75 1.5 0.094 N/A E. coli DH5alpha

Vector PACYC184-GES-5

(47)

SFC 1 N/A Portugal N/A 1 4 0.38 N/A E. coli XL2 pIH18 (64)

SME 5 SmarGI1-1 UK, USA, Argentina,

Switzerland, Canada, Brazil

512 1 32 2 N/A E. coli JM109

Vector pACYC-184-SME-

1 (pTN102)

(66)

FRI 9 ISs France, UK, Germany, Japan,

Canada

>256 2 4 0.38 0.75 E. coli TOP10

Vector pTOPO-FRI-1

(80)

FLC 1 Netherlands N/A 1 16 4 >2 E. coli LMG194 vector

pBAD

(24)

Class B

GIM 2 Integron Germany N/A 16 0.5 0.5 1 E. coli J53

Vector pGIM-1

(85)

KHM 1 ISs Japan 512 >512 0.5 4 N/A (94)

TMB 1 Integron France N/A >256 1 32 N/A E. coli DH5a

Vector pGEM-T-TMB-1

(97)

SFH 1 N/A Portugal N/A 0.19 >32 >32 N/A E. coli XL2 blue

Vector pBGS19-SFH-1

(101)

AIM 1 ISCR5 China N/A 32 0.25 0.25 1 E. coli TOP10

Vector pK18-AIM-1

(103)

LMB 1 ISs Austria, Argentina N/A 32 1 2 0.25 E. coli TOP10

Vector pBK-CMV-LMB-1

(108)

Class C

CMY-10 - ISCR1 Korea N/A 4 0.25 0.25 N/A E. coli J53

Vector natural plasmid

(111)

ACT-28 - None France >256 >256 0.5 0.047 0.125 E. coli TOP10

Vector pTOPO-ACT-28

(110)

(Continued)
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level (40, 41). Recently, a variant of CTX-M-15, CTX-M-33, was
reported to hydrolyze significantly carbapenems despite a very
low kcat for imipenem and ertapenem (42). This enzyme has been
firstly identified in Greece in 2007 and more recently in Portugal
(43, 44). As mentioned above for SHV-38, the prevalence of this
enzyme is likely underestimated since sequencing of the gene is
mandatory to detect this peculiar variant.

GES
Among the wide diversity of ESBLs, some are major such as
the pandemic CTX-M-family enzymes, and some are minor
considering their rare identification or their restriction to
certain areas. Among these ESBLs, a family is of particular
interest: GES-type enzymes. Firstly identified in 1998 in France
in a K. pneumoniae isolate (45), GES-1 production conferred
resistance to penicillins, broad-spectrum cephalosporins, but
not to cephamycins and carbapenems (45). After this first
identification, a variant, GES-2, possessing a G170N substitution,
was characterized. This variant was the first ESBL variant with a
significant carbapenemase activity (46). Since then, more than 40
variants of GES-1 have been described. Among them, all variants
with a substitution of the glycine 170 exhibited significant
carbapenemase activity with the higher catalytic properties for
G170S substitution. In addition to carbapenem hydrolysis, G170S
substitution increased hydrolysis spectrum toward cephamycins
(47). Noticeably, two other amino acid positions are involved
in hydrolysis spectrum changes. Indeed, positions 104 and
243 are involved in increased hydrolysis toward oxyimino-
cephalospoins and aztreonam, respectively (47, 48). Several GES-
type carbapenemases have been identified in Enterobacterales
being GES-3 in Greece, Japan, and Korea (49–51), GES-4 in
Greece and Japan (49, 52), GES-5 in Korea, Brazil (including
remote community in Amazonia), France (Figure 1), Czech
Republic, South Africa, and Portugal (53–58), GES-6 in Belgium,
Macedonia, and Israel (59, 60), and GES-16 in Brazil (61). The
blaGES-type genes are usually carried by class 1 integron, but also
more rarely by class 3 integron responsible for their expression.
These genes have been described on a variety of plasmid families.
Noticeably, this gene family is increasingly reported with, for
instance, two recent reports of GES-5-producing K. pneumoniae
in Poland and GES-5-producingK. oxytoca, E. coli, and E. cloacae
in UK (62, 63).

SFC-1
Among rare class A carbapenemases, SFC-1 (Serratia fonticola
resistant to carbapenems) and SME-like (Serratia marcescens
enzyme) enzymes have been identified in Serratia fonticola
and Serratia marcescens, respectively (64–66). Despite its
identification on the chromosome of S. fonticola, blaSFC−1 is
not shared by all S. fonticola but only in one isolate from
Portugal. No information regarding its acquisition is available in
the literature. SFC-1 hydrolyzes all β-lactams including broad-
spectrum cephalosporins, cephamycins, and carbapenems.

SME
SME-1 was initially detected in two isolates recovered in
England in early 1980s (67). Kinetics parameters of SME-1 and
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TABLE 2 | Kinetics of minor carbapenemases.

Class A Class B Class C Class D

Substrates Kcat (s-1)

NMC-A IMI-1 FRI-1 BKC-1 CTX-M-33 SHV-38 GES-5 SME-1SFC-1 GIM-1 AIM-1 TMB-1KHM-

1

ACT-28 CMY-10 OXA-23 OXA-40 OXA-58 OXA-198 OXA-372

Benzylpenicillin 260 36 1,060 34.2 210 100 317 19.3 6.6 778 23 70 3.06 5 5.5 15 40

Amoxicillin 816 190 >17,000 215 1,800 181

Ticarcillin 81 120 1.6 7.5 10 2.3 5 1 110

Piperacillin 6.1 >26,00 205 100 4 6.9 337 3.3 1 2.5 2.6

Oxacillin 14,306 2 1.5 25 145

Nitrocefin 22.4 5.8

Cephalothin 118.4 380 5 49.7 16 529 384 3 0.1 0.19 0.17

Cephaloridine 40 190 686

Cefoxitin NH 9.6 8.3 145 0.3 1,178

Cefotaxime 286 3.4 >220 0.4 620 1 2.9 <0.98 8.3 1.1 609 2,181 0.07 NH NH NH NH

Ceftazidime NH <0.01 NH 0.1 0.35 110 0.3 2.1 18 7 0.07 118 0.1 5.0 20 NH NH NH

Cefepime 28 1.69 70 3 17 93 NH NH NH NH

Aztreonam 707 51 >8,300 2.2 10 3 108 162 NH NH NH NH NH NH NH NH

Imipenem 1,040 89 1,790 0.03 <0.01 0.01 1.2 104 54 27 1,700 1.7 15 0.025 1.6 0.35 0.1 0.1 0.1 5.8

Meropenem 12 10 46 0.003 0.13 8.9 6.5 2.7 1,000 1.4 0.4 0.068 NH <0.01 0.01 0.13

Ertapenem 150 0.002 <0.01 0.4 0.021 0.49

Km (uM)

Benzylpenicillin 28 64 567 78.7 20 13 370 16.7 46 31 1,340 36 20.5 23 50 14 110

Amoxicillin 90 780 >5,000 160 35 488

Ticarcillin 152 393 32.7 40 14(Ki) 57 60 240 190

Piperacillin 13 >3,000 140 80 454 69 17 72 23 50 35

Oxacillin 267.3 876 70 30 125

Nitrocefin 20.9 12

Cephalothin 30 100 577 22 38 138 72 150 0.19 57

Cephaloridine 150 506 4.4

Cefoxitin 206 26 69 81

Cefotaxime 956 190 >5,000 223.9 215 800 341 NH 89 4 49 13 3.8 NH NH NH NH

Ceftazidime NH 270 NH 92.9 1,500 3,800 394 NH 52 31 148 31 8 306 33.9 2,500 NH NH NH

Cefepime 3,400 174.3 100 1,600 431 594 NH NH NH NH

Aztreonam 125 93 >5,000 1200.7 60 5,500 259 484 NH NH NH NH NH NH NH

Imipenem 92 170 1,614 4.4 0.2 (Ki) 24 4.2 202 82 287 97 200 268 1.9 11.4 4.8 6.5 7.5 0.15 26

Meropenem 4.4 26 70 1.5 90 13.4 26 25 163 75 12 <1 NH 0.075 0.006 0.7

Ertapenem 98 1.7 0.009 (Ki) 31 0.5 0.25

Kcat/Km (uM/s)

Benzylpenicillin 9.3 0.6 1.9 0.4 10 7.7 0.9 1.2 0.14 26 0.017 1.9 0.14 0.22 0.11 1.07 2.8

(Continued)
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TABLE 2 | Continued

Class A Class B Class C Class D

Substrates Kcat (s-1)

NMC-A IMI-1 FRI-1 BKC-1 CTX-M-33SHV-38 GES-5 SME-1SFC-1 GIM-1 AIM-1 TMB-1KHM-

1

ACT-28 CMY-10 OXA-23 OXA-40 OXA-58 OXA-198 OXA-372

Amoxicillin 9.1 0.2 3.4 1.35 51 0.4

Ticarcillin 0.5 0.3 0.05 0.2 0.7 0.04 0.02 0.004

Piperacillin 0.5 0.9 1.5 1.3 0.009 0.1 20 0.12 0.05 0.05 0.07 0.58

Oxacillin 53.5 0.002 0.83 1.2

Nitrocefin 1.1 0.47

Cephalothin 12.5 0.05 0.09 0.72 14 2.8 0.05 0.001 0.02 0.003

Cephaloridine 0.27 0.4 155.9

Cefoxitin 0.04 57 0.004 14.5

Cefotaxime 0.3 0.02 0.04 0.002 3 0.001 0.009 NH 0.09 0.24 12 167.8 0.02 NH NH NH

Ceftazidime 0.05 0.00002 NH 0.001 0.0003 0.03 0.0007 NH 0.04 0.58 0.0005 0.002 14.8 0.0003 0.15 0.01 NH NH

Cefepime 0.008 0.01 0.7 0.002 0.04 0.16 NH NH NH

Aztreonam 5.6 0.5 1.7 0.002 0.2 0.0005 0.4 0.004 NH NH NH NH NH NH NH

Imipenem 11 0.5 1.1 0.007 0.0005 0.3 0.5 0.7 0.09 17.5 0.009 0.06 0.013 0.14 0.07 0.015 0.014 0.67 0.22

Meropenem 2.7 0.4 0.7 0.002 0.0014 0.6 0.3 0.11 6,1 0.019 0.03 >0.06 NH <0.0002 1.67 0.52

Ertapenem 1.5 0.013 0.04 0.7

NH, Not Hydrolyzed.
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SME-2 demonstrated hydrolysis of penicillins, early-generation
cephalosporins, and carbapenems but not cephamycins and
broad-spectrum cephalosporins (68) (Figure 1). To date, five
point-derivative variants of SME-1 were reported. SME-1 has
been detected in UK and across the USA (68–71), SME-2 in
Argentina, Switzerland, Canada, USA (68, 72, 73), SME-3 in USA
(74), SME-4 in Brazil, Argentina, andUSA (75–77), and SME-5 in
Canada (Genbank accession number KJ188748). Analysis of the
genetic context revealed that expression of this carbapenemase
was under the control of a lysR-family transcriptional regulator,
SmeR (78). SmeR acts as an inducer of carbapenemase expression
in presence of cefoxitin or imipenem. Little information is
available regarding the genetic environment of blaSME−like gene.
The blaSME−1/−2 genes were embedded within a 28 kb genomic
island named SmarGI1-1. This genomic island was inserted
within the chromosome of S. marcescens at the locus ssrA coding
for the tmRNA representing the att site (79). A similar structure
is responsible for the acquisition of blaSME−4 in S. marcescens
isolate in Argentina (76).

FRI
One of the last described class A carbapenemase family in
Enterobacterales corresponds to FRI-1, for French resistance to
imipenem (80). The blaFRI−1 gene was detected in a E. cloacae
isolated in a patient hospitalized in Paris area, with a previous
history of travel in Switzerland. Production of FRI-1 conferred
resistance or reduced susceptibility to penicillins, cephalosporins,
aztreonam, and carbapenems (Figure 1; Table 1). Purified FRI-
1 enzyme exhibited hydrolysis of all tested β-lactams except
ceftazidime. It can be noticed that Km were relatively high
compared to other class A carbapenemases indicating a weak
affinity (Table 2). Nine variants have been described to date.
These variants did not correspond to point derivatives but
exhibited 81–94% amino acid identities for FRI-8 and FRI-6,
respectively. FRI-1 has been reported in France (80), FRI-2 in
UK (81), FRI-3 in Germany (82), FRI-4 in Japan (83), FRI-
5 in Japan (MH208723), FRI-6 in Canada (84), FRI-7/-8/-9 in
Japan (AP019534, AP019635, AP019633). The blaFRI−1 gene was
associated to a lysR-family transcriptional regulator as observed
for blaSME−1 responsible for inducible expression of the gene
(80). The blaFRI−1 gene has been identified on a 110 kb non
conjugative and untypeable plasmid. The IncFII/IncR plasmid
of 98 kb in size carrying the blaFRI−4 gene has been entirely
sequenced. Interestingly, the blaFRI−4 gene and its surrounding
region were duplicated on this plasmid (83). The last class A
carbapenemase identified is FLC-1, for FRI-like carbapenemase,
from Indian frozen seafood in Netherland in 2017 (24). This
carbapenemase is 99.66 and 82.3% amino acids identical to
FRI-8 and FRI-1, respectively. Therefore, this enzyme may be
reclassified as FRI-like variant. The phenotype observed in FLC-
1-producing is similar to FRI-1 (Table 1). This was confirmed
in biochemical analysis being hydrolysis of penicillins and
carbapenems but not ceftazidime or cefepime (Table 2). The
blaFLC−1 was carried by a plasmid belonging to IncFII family.
Surrounding the blaFLC−1 gene, remnants of IS belonging to IS3
family have been identified (24).

MINOR CLASS B CARBAPENEMASES

Metallo-β-lactamases belong to the molecular class B of Ambler’s
classification and group 3 of Bush & Jacoby’s classification
(2, 3). These enzymes are very diverse in term of structure
and hydrolytic profile. They can be classified in different
subgroups (B1, B2, & B3) based on their structures. The main
metallo-β-lactamases that have been identified worldwide in
Enterobacterales are NDM-, VIM-, and IMP-like enzymes (4). In
addition, several rare class B carbapenemases have been described
in Enterobacterales being class B1 GIM-1, TMB-1, and KHM-1,
class B2 SFH-1, and class B3 LMB-1 and AIM-1.

GIM-1
GIM-1, for Germany Imipenemase, is a class B1 metallo-β-
lactamase described in 2002 from five imipenem-resistant P.
aeruginosa in Germany (85). This enzyme, as for most class B1
β-lactamases, confers resistance to penicillins, broad-spectrum
cephalosporins, and carbapenems but spares aztreonam (85). It
is not inhibited by clavulanate or avibactam but is inhibited in
vitro by EDTA. Purified enzyme is able to hydrolyze all tested
β-lactams except for aztreonam (Figure 2; Table 2). Crystal
structures of GIM-1 revealed that the active site is narrower
in comparison to VIM-1 but possessed flexibility in two loops
likely explaining its wide variety of substrates (86). The blaGIM−1

gene was then identified in S. marcescens from a German patient
over a 20-month period (87). After this first occurrence in S.
marcescens, the blaGIM−1 gene was described in E. cloacae, K.
oxytoca, E. coli, C. amalonaticus, and C. freundii (88–92). To date,
this carbapenemase has spread only in Germany. Analysis of the
genetic context revealed that blaGIM−1 is part of class 1 integron
(85, 88, 89). This gene was carried by different conjugative
plasmids but not typeable by PBRT (88, 90). Until now, only one
variant, GIM-2, of this carbapenemase has been described in E.
cloacae in Germany (93).

KHM-1
KHM-1, for Kyorin Hospital Metallo-β-lactamase, is a class B1
metallo-β-lactamase identified in a clinical isolate ofC. freundii in
Japan (94). This carbapenemase confers resistance to penicillins,
broad-spectrum cephalosporins, and carbapenems but spares
aztreonam (94). This enzyme was purified and confirmed
the hydrolytic properties observed for the recombinant strain
(Table 2). The blaKHM−1 gene has never been described out
of Japan. However, this gene was present not only in clinical
settings but also in urban sewage that might indicate a spread
in the community. This carbapenemase has been identified
in C. freundii, K. quasipneumoniae, and E. hormaechei subsp.
hoffmannii (94–96). Genetic analysis revealed that blaKHM−1 is
not part of class 1 integron or “classical” transposon. In C.
freundii, genes of unknown function bracketed the blaKHM−1

(94). In K. quasipneumoniae and E. homaechei, a copy of ISEc68
and IS5 have been identified, respectively (95, 96). The blaKHM−1

has been identified on different large IncA/C-type plasmids.
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FIGURE 2 | Antibiograms of representative class B carbapenemases. (A)

GIM-1-producing E. cloacae complex clinical isolate. (B) TMB-1 producing E.

coli transconjugant. (C) SFH-1-producing S. marcescens clinical isolate. (D)

LMB-1-producing C. freundii clinical isolates. AMX, Amoxicillin; AMC,

Amoxicillin/clavulanate; ATM, aztreonam; CAZ, ceftazidime; CTX, Cefotaxime;

CZA, Ceftazidime/avibactam; ETP, Ertapenem; FEP, Cefepime; FOX,

Cefoxitine; IPM, Imipenem; MEM, Meropenem; PIP, Piperacillin; TCC,

Ticarcillin/Clavulanate; TEM, Temocillin; TIC, Ticarcillin; TZP,

Piperacillin/Tazobactam.

TMB-1
TMB-1, for Tripoli Metallo-β-lactamase, has been described
from an environmental isolate of Achromobacter xylosoxidans
in Libyan hospital in Tripoli, Libya (97). Since then, this
carbapenemase have been identified in A. baumannii
and Acinetobacter calcoaceticus in Japan (98). Of note, a
point derivative variant of TMB-1, TMB-2, possessing the
substitution S228P, has been described in Acinetobacter pittii
and Acinetobacter genomospecies 14 BJ also in Japan (99). The
production of TMB-1 confers resistance to penicillins/inhibitor
combinations and broad-spectrum cephalosporins but spares
aztreonam, as classically observed with class B1 enzymes.
Of note, MIC for meropenem is higher than for imipenem
with TMB-1 (MICs at 1 mg/L vs. 32 mg/L for imipenem and
meropenem, respectively). This difference was not observed
with TMB-2 for which MICs to imipenem and meropenem
were similar (MICs at 2 mg/L) (99). To date, only one report
of TMB-1 is available in Enterobacterales from France (100).
Two TMB-1-producing clinical isolates of E. hormaechei and C.
freundii were recovered from a patient previously hospitalized
in Tunisia (Figure 2). The blaTMB−1 gene is embedded in class
1 integron as a gene cassette always in the first position. In

A. xylosoxidans and Acinetobacter, it was likely carried on the
chromosome whereas it was carried by an IncN-type plasmid in
Enterobacterales (100).

SFH-1
SFH-1, for Serratia fonticola carbapenem hydrolase,
is a particular case since it corresponds to the sole
characterized metallo-β-lactamase belonging to B2 subclass
in Enterobacterales. This gene has been only described in S.
fonticola in Portugal (101, 102). However, no extensive genetic
analysis was performed to characterize the genetic context of this
gene. Interestingly, the phenotype conferred by the production
of this enzyme is peculiar. Indeed, it confers resistance to
carbapenems but neither to cephalosporins nor penicilins
(Figure 2; Table 1).

AIM-1
AIM-1, for Adelaide imipenemase, was described in clinical
isolates of P. aeruginosa in Adelaide, Australia, in 2002
(103). Very few reports of AIM-1 were available in the
literature. The blaAIM−1 gene has been detected in urban
wastewater in West Africa and in China (104, 105). The unique
description in Enterobacterales corresponds to a AIM-1-
producing K. pneumoniae in China (104). AIM-1 producing
K. pneumoniae was resistant to penicillins, except piperacillin,
to broad-spectrum cephalosporins and carbapenems, but
remained susceptible to aztreonam. Crystal structure of AIM-1
revealed that the active site is narrower than other class B3
carbapenemases (106). However, this particular conformation
might explain the higher efficiency compared to other B3. The
genetic context of blaAIM−1 revealed its association with ISCR5,
an insertion sequence moving by rolling circle transposition
(103). However, the acquisition mechanism remains poorly
understood. In K. pneumoniae, no information related to the
genetic context is available in the manuscript.

LMB-1
LMB-1, for Linz Metallo-β-lactamase, is the last metallo-
β-lactamase described in Enterobacterales (107). This
carbapenemase has been firstly identified in E. cloacae in
an Austrian patient hospitalized in Salzburg, Austria, in 2013.
LMB-1 belongs to class B3 and the closest clinically relevant
carbapenemase corresponds to AIM-1 (42% amino acid identity).
However, analysis of available β-lactamase in genbank database
indicated that LMB-1 presented 99% amino acid identity with
a predicted β-lactamase from marine bacteria Rheinheimera
pacifica (107). LMB-1-producing E. cloacae was resistant to
penicillins, broad-spectrum cephalosporins, and carbapenems.
Recently this carbapenemase has been identified in a clinical
isolate of C. freundii in Buenos Aires, Argentina (Figure 2)
(108). Until now, LMB-1 has not been purified due to some
difficulty to express this carbapenemase (108). However, in
both studies, specific activities indicated that LMB-1 hydrolyzed
all β-lactams except aztreonam and cefepime. Analysis of
the genetic context showed that blaLMB−1 is embedded in a
complex genetic structure with different class 1 integrons.
Immediately downstream of the blaLMB−1 gene, an ISCR1
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is present, whereas a putative phosphodiesterase is found
upstream. This phophodiesterase is likely part of the genome of
the progenitor. In both isolates, the genetic context is similar but
differs in the gene cassette arrays of class 1 integrons. However,
in the Austrian isolate, two copies of IS6-family ISs bracket
the whole structure forming a putative composite transposon.
The blaLMB−1 is carried on conjugative plasmids. Nevertheless,
these two plasmids do not belong to same incompatibility group
being IncFIb-like in Austria and IncA/C in Argentina. This is
an interesting phenomenon since its identification in distant
geographic areas on different plasmids might indicate that this
gene has spread more than expected.

MINOR CLASS C CARBAPENEMASES

Class C β-lactamases, also known as cephalosporinases, have
been rarely reported as carbapenemases. To date, only two β-
lactamases were described possessing a carbapenemase activity
being CMY-10 and more recently ACT-28 (109, 110).

CMY-10
CMY-10 is a point variant of CMY, the natural cephalosporinase
of Citrobacter spp. identified in Enterobacter aerogenes (111).
CMY-10 conferred high levels of resistance to penicillins
and penicillin/inhibitor combinations and cephalosporins such
as cefoxitin, cephalothin, or ceftazidime. This variant was
categorized as an extended-spectrum AmpC (ESAC) due to
increased MICs toward carbapenems and aztreonam (Table 1).
Carbapenem hydrolysis properties were explained by a widened
active site as compared to P99 AmpC due to a three amino acids
deleted in R2 loop (109). The blaCMY−10 gene was carried on
a conjugative plasmid associated to a complex class 1 integron
(112). It is usually located at the 3’ end of integron and associated
with ISCR1 leading to its expression. This β-lactamase have
exclusively been reported in Korea (111–113). However, its
prevalence may be underestimated. Indeed, this variant cannot
be detected without sequencing and is not targeted by most
detection tools available in the market. Regarding the treatment
of this ESAC, scarce information is available. Avibactam is
active against class C β-lactamases but it has been demonstrated
that mutation in �-loop can increased MICs of ceftazidime-
avibactam (114). Another study demonstrated that nucleotides
guanosine monophosphate (GMP) and inosine monophosphate
(IMP) are potential inhibitors for this enzyme (115).

ACT-28
The other class C β-lactamase with potential carbapenemase
activity is ACT-28 (110). ACT-1 was firstly identified in a
carbapenem resistant K. pneumoniae in US (116). Lately, it has
been demonstrated that the progenitor of blaACT−like genes
was the Enterobacter genus (117). ACT-28 was firstly identified
in eight carbapenem non-susceptible Enterobacter kobei sent
to the French National Reference Centre for antimicrobial
resistance (110). All isolates presented a positive carbapenem
hydrolysis using the Carba-NP test. ACT-28-producing E. kobei
isolates were resistant to penicillins, to penicillin/inhibitor
combination, to broad-spectrum cephalosporins except

FIGURE 3 | Antibiograms of representative class C & D carbapenemases. (A)

ACT-28-producing E. kobei clinical isolate. (B) OXA-23 producing P. mirabilis

clinical isolate. (C) OXA-372-producing C. freundii clinical isolates. AMX,

Amoxicillin; AMC, Amoxicillin/clavulanate; ATM, aztreonam; CAZ, ceftazidime;

CTX, Cefotaxime; CZA, Ceftazidime/avibactam; ETP, Ertapenem; FEP,

Cefepime; FOX, Cefoxitine; IPM, Imipenem; MEM, Meropenem; PIP,

Piperacillin; TCC, Ticarcillin/Clavulanate; TEM, Temocillin; TIC, Ticarcillin; TZP,

Piperacillin/Tazobactam.

cefepime, to aztreonam, but remained susceptible to carbapenem
according EUCAST guidelines (Figure 3) (110). Purified ACT-28
exhibits low catalytic activity for imipenem (kcat = 0.025 s−1)
but presents a high affinity (Km = 1.9µM) resulting in a catalytic
efficiency (kcat/ Km) at 0.013 µM−1.s−1, which is twice the
value of ACT-1 purified in parallel. This small difference of
catalytic efficiency might explain the positivity of detection tests
based on imipenem hydrolysis. Furthermore, despite the fact
that this catalytic efficiency is low, it is in the same range as
other carbapenemases such as OXA-23 (Table 2). Regarding the
genetic context, the blaACT−28 was carried on the chromosome
of a lineage of E. kobei ST-125. No mobile element was identified
at the vicinity of this gene, indicating that this gene was not
acquired but belongs to the core genome of this lineage. Search
in the NCBI database identified this gene in different countries,
including Brazil, USA, and UK, always in E. kobei of ST-125.

MINOR CLASS D CARBAPENEMASES

In Enterobacterales, the main class D carbapenemase is OXA-48
that has spread worldwide with endemic area in Mediterranean
countries with the exception of Israel, Greece, and Italy for
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which KPC-like enzymes represent the main carbapenemase.
In this part of the manuscript, we will focus on the class
D carbapenemases other than OXA-48-like enzymes. We can
divide these enzymes in two groups: (i) carbapenemases firstly
identified in other bacterial families before secondary spreading
in Enterobacterales (OXA-23, OXA-40, OXA-58, & OXA-198)
and (ii) carbapenemases identified firstly in Enterobacterales
(OXA-372 & OXA-427).

OXA-23
The blaOXA−23 gene codes for the main carbapenemase identified
in Acinetobacter genus (118). In Acinetobacter spp. OXA-23
production confers high level resistance to all β-lactams. The
blaOXA−23 gene was identified on many different conjugative
plasmids, including GR6 incompatibility group, the most
distributed plasmid family in Acinetobacter baumannii (119).
The blaOXA−23 gene is most often found several transposons
associated with ISAba1 (e.g., Tn2006 or Tn2008) or ISAba4
(Tn2007) (120, 121). This cabapenemase has been reported
worldwide but until 2002, it has never been described out of
the Acinetobacter genus. The first report of OXA-23-producing
Enterobacterales was published in 2002 with the description of 10
isolates recovered from 1996 to 1999 in a French hospital. Clonal
relationship identified that all these isolates were clonally related
despite they were recovered over a 4-year period without any
link between patients (122). Since then, several report of OXA-
23-producing P. mirabilis were reported in France, Singapore,
and Finland (123–125). Intriguingly, the genomes of 20 OXA-
23-producing P. mirabilis isolates recovered from France and
Belgium have been compared to all Proteus genomes available
in the NCBI database. This study highlighted that all isolates
belonged to a single lineage that has spread since 1996 (126).
Moreover, veterinary samples were included in this study and
revealed that this lineage has spread also in animals (126).
Analysis of the genetic context revealed that the blaOXA−23

gene is mainly carried on the chromosome of P. mirabilis (122,
124, 127) except for one isolate from France and three isolates
from Singapore. There, the blaOXA−23 gene has been identified
carried on an AbaR4-like structure on an untypeable plasmid
(125). The AbaR4 structure is composed of Tn2006, carrying
the blaOXA−23 gene, embedded in a complex transposon usually
inserted in comM gene on the chromosome of A. baumannii
(128). Regarding the other isolates, the blaOXA−23 is carried by
complex IS26-based transposon. However, it is always associated
to ISAba1 in its 5’ extremity leading to its expression (126).
OXA-23-producing P. mirabilis can be hard to detect. Indeed,
MICs to carbapenems are relatively low and may be hidden by
the low affinity of PLP for imipenem in Proteus. A moderate
increase of carbapenem MICs can be observed from 0.25 to 0.5
mg/L but the presence of this carbapenemase should be evocated
mainly in case of an increase of MICs for amoxicillin-clavulanate
combination (Figure 3) (129). In addition to the difficulty to
detect a phenotype associated to the production of OXA-23,
most of carbapenemase detection tests for Enterobaterales do
not detect carbapenem hydolyzing class D β-lactamases (CHDLs)
other than OXA-48 (126).

OXA-24/40
The blaOXA−24/−40 was firstly identified in Acinetobacter
baumannii isolates from Spain and then described in several
countries (130). Only one description of OXA-24-producing P.
mirabilis is reported to date (131). No information is available
regarding the genetic context of blaOXA−24/−40, except the
impossibility to transfer the carbapenemase by conjugation.

OXA-58
The last major CHDL frequently identified in Acinetobacter is
OXA-58. This carbapenemase was firstly identified in France
in 2003 (132) but then has been reported worldwide in
Acinetobacter genus (118). Since recently, this carbapenemase
was limited to Acinetobacter spp. The first report of OXA-58 in
Enterobacterales was published in 2013 from Sierra Leone (133).
However, no genetic is available with these isolates. Intriguingly,
in addition to the blaOXA−58 gene, some K. pneumoniae
possessed the blaOXA−51-like gene also, which is the natural β-
lactamase of A. baumannii, suggesting a misidentification of the
bacterial isolates or a contamination with Acinetobacter DNA.
Since then, three recent studies regarding OXA-58-producing P.
mirabilis from Belgium, Poland, and Germany were published
(134–136). Genetic analysis revealed that isolates from Poland
and Germany shared the same genetic context. The blaOXA−58

was carried by a small untypeable plasmid of 6.2 kb also carrying
aadA14 aminoglycoside resistance gene (135, 136). On the other
hand, the Belgium isolate possessed a peculiar genetic context.
The blaOXA−58 gene was localized on the chromosome associated
to a class C β-lactamase ampC gene and was repeated in tandem
(134). In all isolates, fragments of ISAba3-like were identified at
the vicinity of blaOXA−58 as observed in Acinetobacter. ISAba3
was described as the probable mobile element at the origin of the
expression of blaOXA−58 in Acinetobacter (137). It is likely that
the same promoter was conserved in P. mirabilis explaining the
conserved fragments of ISAba3.

OXA-198
OXA-198 is a CHDL initially described in P. aeruginosa (138).
After this sole occurrence, it was recently described in a
Citrobacter pasteurii clinical isolate from France (139). In P.
aeruginosa, blaOXA−198 is carried on an IncP11 plasmid of 49 kb
(140), but in C. pasteurii, it was carried on an IncHI-type
of 183Kb (139). In both cases, blaOXA−198 is embedded in a
class 1 integron. In P. aeruginosa, blaOXA−198 is the second
cassette whereas in C. freundii, it corresponds to the third
cassette (139). To date, this carbapenamase has been identified
only in France and Belgium. This carbapenemase confers only
a slight decrease of susceptibility to carbapenems (MICs of
0.38 mg/L, 0.5 mg/L, and 1 mg/L for meropenem, ertapenem,
and imipenem, respectively in the C. pasteurii clinical isolate)
(Table 1). In addition, this carbapenemase confers resistance
to penicillins/inhibitor combination but spares ceftazidime.
Catalytic constants confirmed this resistance phenotype with
hydrolysis of penicillins and carbapenems but no activity toward
broad-spectrum cephalosporins (Table 2).
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OXA-372
OXA-372 belongs to a new family of CHDLs described
in Enterobacterales (141). This carbapenemase has been
identified in C. freundii recovered from hospital wastewater
in Italy (141). OXA-372 confers resistance to penicillins and
diminished susceptibility to carbapenems but not to broad-
spectrum cephalosporins, a common phenotype associated to the
production of CHDLs (Figure 3; Table 1). Kinetic parameters
confirmed that this enzyme is able to hydrolyze penicillins
and carbapenems but not broad-spectrum cephalosprins and
aztreonam (Table 2). Analysis of the genetic context revealed
that the blaOXA−372 gene was carried by a multireplicon plasmid
(IncA/C & IncN). This gene was embedded into a complex
structure made of reminiscence of Tn6017 itself inserted in
Tn6256, a Tn3-family transposon.

OXA-427
The last family of CHDL described in Enterobacterales
corresponds to OXA-427 (142). This carbapenemase has been
described in Belgium from various Enterobacterales being K.
pneumoniae, E. coli, K. oxytoca, S. marcescens, and Providencia
rettgeri. This carbapenemase confers resistance to penicillins
including temocillin, ceftazidime, aztreonam, and ertapenem
but spares cefotaxime (Table 1). Genetic analysis revealed that
blaOXA−427 was localized on an IncA/C-type plasmid of 177kb
(142). Immediate genetic context is made of a class 1 integron
upstream of blaOXA−427 and a copy of IS1326 dowstream
(142). A recent study identified the blaOXA−427 on a multi-
replicon plasmid IncA/C-InFIb-like plasmid (143). This plasmid
of 321 kb actually resulted of the co-integration of the IncA/C-
type plasmid carrying blaOXA−427 and an IncFIb-like plasmid
(143). Biochemical analysis confirmed that OXA-427 is able to
hydrolyze ceftazidime and imipenem (142), and was inhibited by
avibactam (144).

DETECTION METHODS FOR RARE

CARBAPENEMASES

Since it is difficult (or impossible) to prevent the emergence
of carbapenemases and more generally resistance genes, the
most powerful method to bend their spread is to detect them.
Indeed, earliest detection associated to hygiene measures and
antimicrobial stewardship are our armamentarium against those
bugs (145–147).

Mirroring the spread of carbapenemases numerous detection
tools have emerged. These tests may be classified in different
families based on their detection technology: (i) phenotypic
tests, (ii) enzymatic tests based on hydrolysis, (iii) immuno-
chromatographic assays, and (iv) molecular tests. This part of
the manuscript will focus on the abilities of these tests to
specifically detect rare carbapenemases and not on their global
performance. Of note, taking in account the low number of
isolates producing these rare cabapenemases, sensitivity and
specificity might be false.

Electrochemical Assay
Among the biochemical tests, the BYG test, named after the
name of developers, is an electrochemical assays able to detect
carbapenemase activity via a variation of conductivity during the
carbapenem hydrolysis (148). During its multicenter evaluation,
the BYG test was able to detect all GIM-1 (n = 1), FRI-1 (n =

1), SME-like (n = 2) producers. However, only 5/7 IMI/NMC-
A producing isolates and no GES-5 producers (0/4) could be
detected (148).

Colorimetric Biochemical Assays
Different biochemical colorimetric tests based on the hydrolysis
of carbapenem have been developed. The first test, the Carba-
NP test, can detect imipenem hydrolysis via the production of
acidic derivatives of imipenem (149). This test, along with the
commercial test RAPIDEC R© Carba NP (Biomérieux, France),
has been extensively tested on major carbapenemases (149–
151). Carba NP test was able to detect IMI/NMC-A-like,
SME-like, FRI-1, and GIM-1 enzymes but failed to detect
some GES-5 producing isolates (151). Another test based on
colorimetric changes after hydrolysis of a chromogenic β-
lactam is the β-CARBATM test (Biorad, France) (152). This test
showed similar sensitivity/specificity for the detection of the
main carbapenemases compared to the Carba NP test and its
commercial version, the RAPIDEC R© Carba NP (152). It was also
efficient in the detection of GIM-1. But it systematically failed to
detect all minor class A carbapenemases including IMI-/NMC-
A-like, SME-like, GES-5, and FRI-1 (151, 153). This result might
be explained by the fact that the chromogenic β-lactam included
in the β-CARBATM test do not correspond to a true carbapenem,
but a broad-spectrum cephalosporin that is likely not hydolzyzed
by these minor class A carbapenemases.

MALDI-TOF Based Detection of

Carbapenem Hydrolysis
The last group of β-lactam hydrolysis-based detection assay
correspond to the use of MALDI-TOF for the detection of
a carbapenemase activity (154). Several detection tests using
MALDI-TOF were developed including only one commercial
kit, the MBT STAR R© Carba IVD Kit (Brucker). These tests
are based on the detection of (i) the disappearance of the
carbapenem peak and (ii) the concomitant appearance of
the peak corresponding of the hydrolyzed carbapenem after
incubation of the carbapenemase-producing bacteria in a
carbapenem supplemented solution. Overall, these tests showed
good sensitivity/specificity for the detection of the main
carbapenemases (154, 155). A multicentric evaluation of two
methods, an in-house MALDI-TOF based protocol and the MBT
STAR R© Carba IVD Kit, demonstrated that the twomethods were
able to efficiently detect IMI-/NMC-A-like, SME-like, GES-5,
GIM-1, and FRI-1 producing isolates (155).

Hodge Test
One of the first phenotypic tests used for the detection
of carbapenemase producers is the modified Hodge test, as
known as cloverleaf test (156). Due to high number of false
positive results as well as the weak sensitivity, this test is
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no longer considered as a good alternative for the detection
of CPE including rare carbapenemase (156, 157). Of note,
another modified Hodge test, Triton Hodge test, was developed
by addition of Triton X-100 during the process (158). This
test demonstrated good sensitivity to detect carbapenemases
including NMC-A, SME-1, and GES-5 (produced by P.
aeruginosa) (158).

CIM Test
Another phenotypic test based on indirect detection of
carbapenemase production corresponds to CIM test, for
Carbapenem Inactivation Method, and derivatives (159). The
aim of this test is to detect the ability of a carbapenem susceptible
bacteria to grow close to a carbapenem containing disc after
incubation of this disc with the suspected carbapenemase-
producing bacteria. In a retrospective and prospective evaluation,
this test revealed a good specificity and sensitivity for the
detection of IMI-1/-2/-3, NMC-A, SME-1/-2, FRI-1, GIM-1,
GES-5, and OXA-372 producers (160). The mCIM, modified
Carbapenem InactivationMethod, corresponds to a CIM test for
which water was replaced with trypticase soy broth during the
incubation phase between the carbapenem containing disc and
the tested strain, and the time was extended (161). This test was
able to detect the rare carbapenemases tested being NMC-A-like
and SME-like enzymes (161). One of the most critical features
with these tests is the 24 h delay to obtain the results. Another
CIM derivative, rCIM for rapid Carbapenem Inactivation
Method, was developed to target carbapenemase production in
Enterobacterales (162). This test used a nephelometer to evaluate
the growth of the susceptible bacteria instead of using a plate
allowing a faster evaluation of the growth (few hours instead
of 24 h). This tests accurately detected FRI-1, GES-5, IMI-1/-2,
SME-1/-2, GIM-1, and OXA-372 (162).

Inhibition Phenotypic Tests
Among the phenotypic detection tests, a wide diversity
of combined disk methodologies has been developed. The
combined disk assays are based on the use of carbapenem
impregnated disk associated to different inhibitors such as
boronic acid, dipicolinic acid, and cloxacillin, inhibiting class
A, B, and C β-lactamases, respectively. As observed with
the CIM and the mCIM, a 24 h delay is required to obtain
results. Few studies tested the accuracy of this test on
rare carbapenemases. Recently, the Carbapenemase Detection
Set R© (MAST Diagnostic) was evaluated (163). This assay
accurately detected IMI-/NMC-A-like, SME-1/-2, and FRI-
1 as class A carbapenemase, GIM-1 as a class B, but
complementary tests were needed to decipher the presence
of GES-5 (due to the absence of any diameter differences
with all tested inhibitors) (164). Other combined disc methods
are commercially available but were not evaluated on rare
carbapenemase-producing Enterobacterales.

Lateral Flow Immunoassays
Recently, lateral flow immunoassays have been developed for
the detection of the main carbapenemases. The main tests
are RESIST-4 O.K.V.M (Coris Bioconcept), which detect KPC,

NDM, VIM, OXA-48-like enzymes, and NG-Test R© CARBA 5
(NG Biotech), which detects KPC, NDM, VIM, OXA-48-like,
and IMP enzymes. Both of these tests can deliver results in
<15min when performed on bacterial colonies (165–167) or
directly from positive blood cultures (168, 169). Despite both of
these tests possess excellent performance for the detection of the
“Big five” carbapenemases encountered in Enterobacterales, none
of the rare carbapenemase are included in the detection panel yet.
More recently, the OXA-23 K-Set R© (Coris Bioconcept) has been
developed for the detection of OXA-23-producing Acinetobacter
spp. However, OXA-23 is also rarely identified in P. mirabilis.
Accordingly, a recent evaluation demonstrated that OXA-23
K-Set R© accurately detects OXA-23-producing P. mirabilis (170).

Molecular Detection of Carbapenemase

Encoding Genes
The last group of detection tests gathers the molecular test in
which PCR is the warhorse for the detection of carbapenemase
encoding genes. By contrast to biochemical tests that detect
carbapenemase activity, molecular tests detect the presence of a
specific gene. Thus, the main caution of these tests is “we are
able to detect only what we target.” One of the most worldwide
spread molecular assay for the detection of carbapenemase
encoding genes corresponds to the GeneXpert R© (Cepheid) (171).
The current version Carba-R V2 is able to detect accurately
and “Big Five” carbapenemase encoding genes but none of
the rare carbapenemase encoding ones (172). Currently, this
issue is common for most of PCR-based detection kit including
Revogene (Meridian bioscience), Biofire filmArray Blood Culture
identification panel (BioMérieux) Amplidiag CarbaR+MCR
(Mobidiag), Luminex xTAG assay (Luminex corp), Check-MDR
CT103 (Check-Points Health), or CRE ELITe MGB R© (Elitech)
kits (173–177). Interestingly, the blaOXA−23 and blaOXA−58 genes
are detected by Amplidiag CarbaR+MCR kit.

Whole genome sequencing, despite not based directly on PCR,
is a molecular method very useful for precise identification of
resistance mechanism to carbapenems. The main weakness of
this technology is that a genotype may not explain a phenotype
and vice versa. Indeed, the presence of a gene does not necessarily
prove its expression. That is the reason why in silico antibiogram
is not widely used yet (178). However, this method is able to
detect any gene related to β-lactamases whatever its homology
or phenotype as well as undetected or totally novel β-lactamase
family. Moreover, servers for analysis of WGS raw data are not
appropriate for an easy interpretation of the data, e.g., Resfinder
(179), CARD (180).

β-LACTAMASE INHIBITORS AND RARE

CARBAPENEMASES

The use of β-lactamase inhibitors is crucial to fight β-
lactamase-producing isolates. Among the well-known inhibitors,
the three inhibitors of class A β-lactamases, clavulanate,
tazobactam, and sulbactam, are widely used in clinical practice
(181). Unfortunately, carbapenem-resistant Enterobacterales
(and particularly carbapenemase-producing Enterobacterales)
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are most often resistant to the classical β-lactam/β-lactamase
inhibitors associations (e.g., amoxiciline-clavulanate, ticarcilline-
clavulanate, piperacilline-tazobactam, ceftolozane-tazobactam)
used to treat infected patients. Thus, an urgent need for new
inhibitors was obvious. Recently, several inhibitors have been
developed. Among them three inhibitors are now approved or
in phase 3, avibactam (belonging to diazibyciclooctanone DBO),
relebactam (DBO), and vaborbactam (boronic acid derivative)
(182). Avibactam, formerly NXL-104, in combination with
ceftazidime, proved its efficacy against class A, C, and some
class D but not against class B β-lactamases (183). Among
rare carbapenemases, avibactam demonstrated efficacy against
CTX-M-33-, GES-5-, SME-2-producing isolates (42, 184). To
this short list, zidebactam, a new DBO member, can be added
(185), nacubactam, a bridged DBO, enmetazobactam, belonging
to penicillanic acid sulfone class, taniborbactam a boronic acid
derivative (186–188). Avibactam inhibits class A, C, and D
whereas relebactam and vaborbactam mainly inhibit class A
and C (189). Activity of vaborbactam in combination with
meropenem has been described toward some rare class A
carbapenemase such as SME-, NMC-A-, FRI-1-, and BKC-1-
producing isolates (190). However, this combination has limited
activity against class B (NDM-, VIM-, or IMP-producing isolates)
and class D (OXA-48-like-producing isolates) (191). Relebactam
demonstrated inhibition toward KPC-, SHV-, CTX-M-,TEM-
, or class C-β-lactamases but exhibited moderate inhibition
against OXA-48-like (183). However, it has been observed that,
despite activity against class A carbapenemases such as KPC,
relebactam does not inhibit SME-4 enzyme (192). A GES-
20-producing K. pneumoniae resistant to imipenem-relebactam
was also reported (193). Cefepime-enmetaozactam, formerly
AAI101, demonstrated activity against ESBLs- or AMPc-
producing isolates but limited activity toward KPC- and VIM-
producing isolates (183). No data regarding its activity against
minor carbapenemase is available. Zidebactam (formerly WCK
5107) exhibited activity against class A and B carbapenemases
and moderate inhibition activity OXA-23/-40/-58-producing A.
baumannii (194). Noticeably, zidebactam also inhibits PBP2 and
thus possess intrinsic antibacterial activity (183). Among minor

carbapenemases, cefepime/zidebactam demonstrated activity
against a GES-18-producing isolate (194). Nacubactam, formerly
FPI-1465, demonstrated in vitro inihibition against class A,
C, and some class D β-lactamases (183). As observed for
zidebactam, Nacubactam demonstrated affinity to PBP2 and thus
also exhibited activity toward MBL-producing isolates (188).
This molecule remains to be tested for minor carbapenemases.
Taniborbactam, formerly VNRX-5133, is able to inhibit class
A, C, and D β-lactamases and even class B carbapenemases
(187, 195). Among MBLs inhibited by VIM-, NDM-, SPM-1-
producing isolates but not IMP-like enzyme (187). Of note,
GIM-1 and GES-5 are inhibited by taniborbactam (195).

CONCLUSIONS

Since the first description of “an enzyme able to destroy
penicillin,” thousands of β-lactamases were identified
from more than 50 families. The wide genetic diversity
associated to very diverse phenotypes largely complicate
the identification of the resistance mechanisms involved in
carbapenem resistant Enterobacterales. Although several
tools have been developed for the accurate detection of
the 5 main carbapenemases, KPC, NDM, VIM, IMP, and
OXA-48-like, it might be now interesting to developed
multiplex tests (molecular tests or immunochromatographic
assays) that will be able to fill the gap in the detection of
rare carbapenemase-encoding Enterobacterales. It might be
of particular interest for Ambler class A carbapenemases
of GES-, IMI-, SME-, and FRI-type that have already been
reported in different countries, and for which some of the
widely used colorimetric biochemical tests (e.g., β-CARBATM

test) remain inefficient. Without efficient detection tools,
these enzymes might be a concern in a near future in
healthcare facilities.
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The aim of this study was to characterize four Enterobacterales co-producing NDM- and
OXA-48-like carbapenemases from Czech patients with travel history or/and previous
hospitalization abroad. Klebsiella pneumoniae isolates belonged to “high risk” clones
ST147, ST11, and ST15, while the Escherichia coli isolate was assigned to ST167. All
isolates expressed resistance against most β-lactams, including carbapenems, while
retaining susceptibility to colistin. Furthermore, analysis of WGS data showed that
all four isolates co-produced OXA-48- and NDM-type carbapenemases, in different
combinations (Kpn47733: blaNDM−5 + blaOXA−181; Kpn50595: blaNDM−1 + blaOXA−181;
Kpn51015: blaNDM−1 + blaOXA−244; Eco52418: blaNDM−5 + blaOXA−244). In Kpn51015,
the blaOXA−244 was found on plasmid p51015_OXA-244, while the respective gene was
localized in the chromosomal contig of E. coli Eco52418. On the other hand, blaOXA−181

was identified on a ColKP3 plasmid in isolate Kpn47733, while a blaOXA−181-carrying
plasmid being an IncX3-ColKP3 fusion was identified in Kpn50595. The blaNDM−1 gene
was found on two different plasmids, p51015_NDM-1 belonging to a novel IncH plasmid
group and p51015_NDM-1 being an IncFK1-FIB replicon. Furthermore, the blaNDM−5

was found in two IncFII plasmids exhibiting limited nucleotide similarity to each other. In
both plasmids, the genetic environment of blaNDM−5 was identical. Finally, in all four
carbapenemase-producing isolates, a diverse number of additional replicons, some
of these associated with important resistance determinants, like blaCTX−M−15, arr-2
and ermB, were identified. In conclusion, this study reports the first description of
OXA-244-producing Enterobacterales isolated from Czech hospitals. Additionally, our
findings indicated the genetic plurality involved in the acquisition and dissemination of
determinants encoding OXA/NDM carbapenemases.
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INTRODUCTION

The increased incidence of multidrug-resistant (MDR) Gram-
negative bacteria worldwide over the last decade has been
worrisome (Bassetti et al., 2019). Carbapenems are considered
the drug of choice in treating such infections. However, the
increased usage of these antibiotics has led to the emergence
of carbapenem-resistant strains (Roberts et al., 2020). Center
for Disease Control (CDC) considers carbapenem-resistant
Enterobacterales (CRE) as a serious global threat to patient
health that limits treatment options, especially in chronically
ill patients in intensive care units (ICU) and long-term care
facilities (McConville et al., 2017; Gupta et al., 2019). Resistance
to carbapenems is caused by various mechanisms, such as porin
loss, increased efflux pump activity and most importantly the
production of carbapenemases (Ye et al., 2018).

Acquired carbapenem-hydrolyzing β-lactamases are enzymes
of the Ambler class A KPC type, class B type, including
IMP-, VIM-, and NDM-like metallo-β-lactamases (MβLs), or
the class D OXA-48 type. However, in Enterobacterales, the
most clinically significant metallo-β-lactamases are the NDM-
like enzymes (Nordmann et al., 2011). NDM-like enzymes
efficiently hydrolyze broad range of β-lactam antibiotics,
including penicillins, cephalosporins, and carbapenems, with the
exception of monobactams such as aztreonam (Nordmann and
Poirel, 2014). In 2008, NDM-1 was reported for the first time
(Yong et al., 2009) and, shortly after, 24 distinct NDM enzymes
have been described worldwide, most of them originating from
India, China, Nepal, or Near East (Hornsey et al., 2011; Kaase
et al., 2011; Nordmann et al., 2012; Williamson et al., 2012;
Rogers et al., 2013; Tada et al., 2013; Wang et al., 2014; Wu et al.,
2019). Compared to NDM-1, NDM-5 MβL has two amino acid
substitutions (Val88Leu and Met154Leu) (Hornsey et al., 2011).
NDM-5 was reported, for the first time, from a clinical Escherichia
coli strain in the United Kingdom (Hornsey et al., 2011). In the
Czech Republic, NDM-1 and NDM-5 enzymes were reported for
the first time in 2011 and in 2016, respectively (Hrabak et al.,
2012; Paskova et al., 2018).

Also, OXA-48-producing Enterobacterales pose an important
public threat, mainly due to their challenging detection and
the rapid horizontal transfer of pOXA-48-like plasmids (Skalova
et al., 2017). OXA-48-like enzymes hydrolyze penicillins at a high
level and carbapenems at a low level, sparing broad-spectrum
cephalosporins, and are not susceptible to β-lactamase inhibitors
(Poirel et al., 2004). Since its first report in Turkey in 2004, 11
variants with few amino acid substitutions or deletions emerged
globally (Bakthavatchalam et al., 2016; Mairi et al., 2018). In
2006–2007, OXA-181 was reported for the first time in India and
since then it is considered one of the most disseminated OXA-48-
like enzymes worldwide especially in patients with travel history
to the Indian continent (Castanheira et al., 2011; Rojas et al.,
2017). In 2011, OXA-244 was reported for the first time in
Spain, since then there has been only limited number of reports,
indicating limited dissemination (Oteo et al., 2013; Fursova et al.,
2015; Potron et al., 2016; van Hattem et al., 2016). Recently, co-
production of NDM- and OXA-48-like carbapenemase has been
increasingly described, especially in patients with travel history

to Italy (Marchetti et al., 2019), South Korea (Baek et al., 2019),
Turkey (Otlu et al., 2018), Singapore (Balm et al., 2013) and the
United States (Doi et al., 2014; Contreras et al., 2020).

Thus, the aim of this study was to genomically characterize
four isolates (three Klebsiella pneumoniae and one E. coli)
co-producing NDM- and OXA-48-like carbapenemases
from Czech patients with travel history or/and previous
hospitalization abroad.

MATERIALS AND METHODS

Case Presentations
The first case was reported, in December 2018, from a Czech
patient admitted to the Neuro Intensive Unit Care (ICU) of
the Military University Hospital in Prague for head injury and
concussion. The patient had traveled shortly before admission
to India, where he/she was hospitalized due to a motorcycle
accident, and then transferred back to Prague. A rectal swab
was collected, highlighting a K. pneumoniae isolate (Kpn47733)
co-producing NDM- and OXA-48-like carbapenemases.

The second case referred to an inpatient of the Rehabilitation
Unit of the Malvazinky Clinic in Prague, who underwent an
orthopedic surgery for hip replacement in May 2019. During
rehabilitation, the patient developed a urinary tract infection.
Urine culture confirmed the presence of a K. pneumoniae
isolate (Kpn50595), coproducing NDM- and OXA-48-like
carbapenemases. The patient had a travel history 2 weeks before
admission (April 2019) to Mauritius, but didn’t have any history
of hospitalization there.

The third case was a patient admitted to
Hepatogastroenterology Unit of the Institute of Clinical
and Experimental Medicine in Prague for bile duct obstruction,
in June 2019. As a part of the screening process, a rectal swab
was performed, and culture highlighted the presence of a
K. pneumoniae isolate (Kpn51015), co-producing NDM- and
OXA-48-like enzymes. The patient had a travel history to Egypt
in December 2018, without hospitalizations.

The fourth case was reported in August 2019, when a
female patient was admitted to the Nephrology Ambulatory
of the University Hospital of Ostrava, showing urinary tract
infection symptoms. Urine sample culture identified the presence
of an E. coli isolate (Eco52148), co-producing NDM- and
OXA-48-like enzymes. The patient’s hospitalization history
showed that she had kidney transplantation shortly before being
admitted. Additionally, the patient was recently repatriated from
northern part of Africa.

Carbapenem Production and
Susceptibility Testing
These four isolates, mentioned above, were selected to be further
characterized, since they were the only Enterobacterales, co-
producing NDM- and OXA-48-like enzymes, referred from
local microbiological laboratories to our lab, during 2018–
2019. Species identification of the four strains was performed
using matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) through MALDI Biotyper
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software (Bruker Daltonics, Bremen, Germany). MALDI-
TOF MS meropenem hydrolysis assay was used to confirm
carbapenem production (Rotova et al., 2017). Production
of carbapenemases (metallo-β-lactamase, OXA-48 and KPC)
was assessed using the double-disc synergy test with EDTA,
temocillin disc test and phenylboronic acid test (Lee et al.,
2003; Doi et al., 2008; Glupczynski et al., 2012). The isolates
were screened by PCR for the presence of blaNDM-like
blaVIM-like, blaIMP-like, blaKPC-like and blaOXA−48-like genes
(Papagiannitsis et al., 2015). Antimicrobial susceptibility was
performed using broth microdilution according to European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
guidelines. Susceptibility to fosfomycin was performed using
agar dilution based on EUCAST guidelines. Susceptibility data
were interpreted according to the criteria (version 10.0) of
the EUCAST1.

Transfer of Carbapenemase-Encoding
Genes
The conjugal transfer of carbapenemase-encoding genes was
tested in liquid medium using the E. coli A15 strain (AzdR) as
recipient. Transconjugants were selected on MacConkey agar
(Scharlab, SL, Barcelona, Spain) plates containing sodium azide
(100 mg/L) (Sigma-Aldrich, St. Louis, MO, United States) and
ampicillin (100 mg/L) (Sigma-Aldrich). The presence of blaNDM-
like and blaOXA−48-like was confirmed by PCR.

Whole-Genome Sequencing and Analysis
Genomic DNA was extracted from the four clinical isolates using
NucleoSpin Microbial DNA kit (Macherey-Nagel, Germany).
Whole genome sequencing (WGS) was performed on the
Sequel I platform (Pacific biosciences, Menlo Park, CA,
United States). Microbial multiplexing protocol was used
for the library preparation according to the manufacturer
instructions for Sheared DNA. DNA shearing was performed
using the Megaruptor 2 (Diagenode, Liege, Belgium) using
long hydropores producing 15kb long inserts. No size selection
was performed during the library preparation. Microbial
Assembly pipeline offered by the SMRT Link v8.0 software
was used to perform the assembly and circularization with
minimum seed coverage of 30×. Assembled sequences were
annotated using the NCBI Prokaryotic Genome Annotation
Pipeline (PGAP). Antibiotic resistant genes, plasmid replicons,
mobile elements and multilocus sequence types (MLST) were
determined through uploading the assembled sequences to
ResFinder 4.1 and CARD (Zankari et al., 2012; Alcock et al.,
2020), PlasmidFinder (Carattoli et al., 2014), ISfinder (Siguier
et al., 2006), and MLST 2.0 (Larsen et al., 2012), respectively.
Comparative genome alignment was done using Mauve v.2.3.1.2

and BLAST Ring Image Generator (BRIG) (Alikhan et al.,
2011). Diagrams and gene organization were sketched using
Inkscape 0.92.43.

1http://www.eucast.org/
2http://darlinglab.org/mauve/mauve.html
3https://inkscape.org/

Nucleotide Sequence Accession
Numbers
The nucleotide sequences of the genomes and plasmids of
Kpn47733, Kpn50595, Kpn51015, and Eco52148 has been
uploaded to GenBank under the accession numbers CP050360-
CP050370, CP050371-CP050375, CP050376-CP050381, and
CP050382-CP050384 respectively.

RESULTS

All isolates expressed resistance to ampicillin, ciprofloxacin,
piperacillin, piperacillin-tazobactam, cefotaxime, meropenem,
and ertapenem, while retaining susceptibility to colistin.
Moreover, all isolates, except for Eco52148, showed resistance
against gentamicin, amikacin, netilmicin and tobramycin. On the
other hand, isolates Eco52148 and Kpn47733 showed resistance
to tetracycline (Table 1).

WGS performed on the Sequel I platform and assembly
performed on Microbial Assembly pipeline resulted in complete,
closed chromosomes and plasmids shown in Table 2. WGS
revealed that K. pneumoniae isolates Kn47733, Kpn50595, and
Kpn51015 belonged to sequence types (STs) 147, 11 and 15,
respectively. All these three STs have been considered as “high
risk” clones (Woodford et al., 2011). The E. coli isolate Eco52418
was assigned to ST167. Several studies have reported the
association of ST167 E. coli with the dissemination of resistance
genes, especially of the carbapenemase-encoding gene blaNDM−5
(Mani et al., 2017; Sánchez-Benito et al., 2017; Sun et al., 2018;
Xu et al., 2019).

Furthermore, analysis of WGS data showed that all four
isolates carried different combinations of carbapenemase-
encoding genes (Kpn47733: blaNDM−5 + blaOXA−181; Kpn50595:
blaNDM−1 + blaOXA−181; Kpn51015: blaNDM−1 + blaOXA−244;
Eco52418: blaNDM−5 + blaOXA−244) (Table 2). Noteworthy,
based on our knowledge, this is the first report of
Enterobacterales, carrying blaOXA−244 gene, isolated from
the Czech Republic. Additionally, all isolates exhibited
a wide variety of resistance genes conferring resistance
to β-lactams, aminoglycosides, sulfonamides, macrolides,
lincosamides, streptogramin b, fosfomycin (low-level resistance),
fluoroquinolones, chloramphenicol, tetracyclines, and/or
rifampicin (Table 2).

The carbapenem resistance phenotypes of all clinical strains
were transferred to azide-resistant E. coli A15 by conjugation
(Supplementary Table 1). For isolates Kpn47733, Kpn50595
and Kpn51015, all transconjugants carried both carbapenemase-
encoding genes, while only the blaNDM−5 gene was identified in
the transconjugants of the E. coli isolate Eco52148.

Analysis of contigs carrying carbapenemase-encoding genes
showed that, in isolate Kpn51015, the blaOXA−244 gene was found
on a plasmid (p51015_OXA-244) of 71402 bp in size, while
the respective gene was localized in the chromosomal contig of
E. coli isolate Eco52418. In both isolates, the blaOXA−244 gene
was bounded by two copies of IS1 insertion sequence in parallel
orientation (Supplementary Figure 1), forming a composite
transposon, named Tn51098. In the E. coli isolate Eco52418, the
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TABLE 1 | Susceptibility profiles of Enterobacterales, co-producing NDM- and OXA-48-like carbapenemases, isolates collected in Czech hospitals, during the study.

Isolate ST MIC (mg/L)

Amp Pip Tzp Ctx Caz Mem Etp Gm Amk Tm Net Tet Tgc Col Fos

K. pneumoniae Kpn47733 147 >128 >128 >128 >8 >16 >16 >2 >32 >64 >8 >16 16 1 0.25 128

K. pneumoniae Kpn50595 11 >128 >128 >128 >8 >16 16 >2 >32 >64 >8 >16 2 0.5 0.25 32

K. pneumoniae Kpn51015 15 >128 >128 >128 >8 >16 8 >2 >32 >64 >8 >16 1 0.25 0.25 64

E. coli Eco52148 167 >128 >128 >128 >8 >16 4 >2 4 64 0.5 1 >32 0.25 0.25 0.5

MIC, minimum inhibitory concentration; Amp, ampicillin; Pip, piperacillin; Tzp, piperacillin-tazobactam; Ctx, cefotaxime; Caz, ceftazidime; Mem, meropenem; Etp,
ertapenem; Gm, gentamicin; Amk, amikacin; Tm, tobramycin; Net, netilmicin; Tet, tetracycline; Tgc, tigecycline; Col, colistin; Fos, fosfomycin.

TABLE 2 | WGS data of Enterobacterales, co-producing NDM- and OXA-48-like carbapenemases, isolates recovered from Czech hospitals.

Isolate ST Replicons Size Plasmid name Inc group Carbapenemase
encoding-genes

Other resistance genes GenBank
accession no.

Kpn47733 147 Chromosome 5401559 bp – – – blaCTX−M−15, blaSHV−11,
oqxA, oqxB, fosA

CP050360

Plasmid 103085 bp p47733_NDM-5 IncFII blaNDM−5 aadA2, rmtB, blaTEM−1B,
erm(B), mph(A), sul1,

dfrA12

CP050367

Plasmid 6812 bp p47733_OXA-181 ColKP3 blaOXA−181 – CP050368

Plasmid 119981 bp p47733_CTX-M-15 R – rmtF, blaCTX−M−15, mph(A),
catA2, aac(6’)-lb-cr, qnrB1,

drfA12, dfrA14

CP050364

Plasmid 107451 bp p47733_ARR-2 IncFII – rmtF, aac(6’)-lb-cr, arr-2 CP050361

Plasmid 115360 bp p47733_IncFIB IncFIB – – CP050365

Plasmid 2101 bp p47733_Col_BS512 Col – – CP050362

Plasmid 1546 bp p47733_Col_MG828 Col – – CP050363

Plasmid 2056 bp p47733_Col_PVC Col – – CP050370

Plasmid 4715 bp p47733_S NT – – CP050369

Plasmid 55119 bp p47733_L NT – – CP050366

Kpn50595 11 Chromosome 5339674 bp – – – blaSHV−11, fosA, oqxA,
oqxB

CP050371

Plasmid 193462 bp p50595_NDM-1 IncFIB-IncFII blaNDM−1 aac(3)-lla, aac(6’)-lb-cr,
rmtF, blaCTX−M−15, catB,

arr-2

CP050374

Plasmid 51140 bp p50595_OXA-181 IncX3-ColKP3 blaOXA−181 qnrS1 CP050375

Plasmid 76387 bp p50595_ERM IncFII – erm(B), mph(A) CP050372

Plasmid 127925 bp p50595 IncFII-IncFIB – – CP050373

Kpn51015 15 Chromosome 5306856 bp – – – blaSHV−28, fosA, oqxA,
oqxB

CP050376

Plasmid 353810 bp p51015_NDM-1 IncFIB-IncHI1B blaNDM−1 aph(3’)-la, aph(3’)-VI, armA,
mph(A), mph(E), msr(E),
qnrS1, sul1, sul2, dfrA5

CP050380

Plasmid 71402 bp p51015_OXA-244 IncFII blaOXA−244 – CP050381

Plasmid 225540 bp p51015_CTX-M-15 IncFII-IncFIB – aac(3)-lld, aac(6’)-lb-cr,
aph(3”)-lb, aph(3’)-la,

aph(6)-ld, blaCTX−M−15,
blaOXA−1, blaTEM−1B,
mph(A), catB3, sul2

CP050379

Plasmid 18651 bp p51015_ColRNAI ColRNAI – – CP050378

Plasmid 1565 bp p51015 NT – – CP050377

Eco52148 167 Chromosome 4859628 bp – – blaOXA−244 mdf (A) CP050382

Plasmid 121872 bp p52148_NDM-5 IncFII-IncFIA blaNDM−5 aadA2, mph(A), sul1, tet(A),
dfrA12

CP050384

Plasmid 4081 bp p52148 NT – – CP050383

NT, non-typed.
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Tn51098 transposon was integrated into an open reading frame
(ORF) encoding an HNH endonuclease (nts 576701 to 580010
in GenBank accession no. CP050382), as described previously
(Potron et al., 2016; Hoyos-Mallecot et al., 2017). Direct repeats
of 9 bp (TGAATTGCT) were found at the boundaries of
the blaOXA−244-carrying composite transposon, suggesting its
transposition into the E. coli chromosome. However, unlike
the isolate Eco52418, an ORF encoding a LysR transcriptional
regulator wasn’t found between blaOXA−244 (downstream) and
IS1, in plasmid p51015_OXA-244. Plasmid p51015_OXA-244,
which belonged to the incompatibility group FII (IncFII),
exhibited extensive similarity with IncFII plasmids from E. coli
strains D181 and F5176C6 (GenBank accession nos. CP024250
and CP024669, respectively) (Supplementary Figure 2A). Unlike
p51015_OXA-244, those plasmids were negative for the presence
of blaOXA−244 gene. Among p51015_OXA-244, no resistance
genes other than blaOXA−244 were identified.

On the other hand, the blaOXA−181 carbapenemase-encoding
gene was identified on a ColKP3 plasmid (p47733_OXA-181) of
6812 bp in size, in isolate Kpn47733, while a blaOXA−181-carrying
plasmid (p50595_OXA-181; 51140 bp), being an IncX3-ColKP3
fusion, was identified in isolate Kpn50595. In both plasmids,
the blaOXA−181 genes were surrounded by identical sequences
(Supplementary Figure 3). In comparison with the archetypal
ColE2-type plasmid pKP3-A carrying blaOXA−181 (Potron et al.,
2011), p47733_OXA-181 was composed only of repA and
blaOXA−181 genes (Supplementary Figure 2A). The mob genes,
encoding proteins that form a plasmid mobilization system,
were not found in plasmid p47733_OXA-181. One additional
difference between the two plasmids was the presence of Tn5403
transposon in p47733_OXA-181. The Tn5403 transposon has
been previously found in blaNDM−1-positive IncN2 plasmids,
like plasmid pJN24NDM1 characterized from a ST405 E. coli
from China (Hao et al., 2019). On the other hand, plasmid
p50595_OXA-181 was almost identical to plasmids p1-Ec-
BERN-042 (100% coverage, 99.99% identity; GenBank accession
no. CP042935) and pOXA181_29144 (100% coverage, 99.99%
identity) (Supplementary Figure 2A). Plasmid pOXA181_29144

was previously characterized from a ST18 K. pneumoniae strain
(Kpn-29144) isolated, in 2015, in the Czech Republic (Skalova
et al., 2017). Similar to pOXA181_29144, which was transferable
by conjugation (Skalova et al., 2017), a complete tra locus was
found in the sequence of p50595_OXA-181. Also, the qnrS1
gene, conferring low-level resistance to fluoroquinolones, was
identified in the sequence of p50595_OXA-181.

The blaNDM−1 carbapenemase-encoding gene was found
on two different plasmid types (Supplementary Figure 4). In
isolate Kpn51015, a blaNDM−1-positive plasmid (p51015_NDM-
1) of 353810 bp in size was identified, while a 193462-bp
plasmid (p50595_NDM-1) carrying blaNDM−1 was found in
isolate Kpn50595. Plasmid p51015_NDM-1 exhibited extensive
similarity to blaNDM−5-carrying plasmid pKpvST383L (99%
coverage, 99% identity; GenBank accession no. CP034201)
(Supplementary Figure 2B), characterized from a ST383
K. pneumoniae recovered in London. p51015_NDM-1 belonged
to a novel IncH plasmid group, harboring FIB and HIB
replicons previously observed in blaNDM−1-carrying plasmid
pNDM-MAR characterized from a ST15 K. pneumoniae isolated
in Morocco (Villa et al., 2012). In the MDR of p51015_NDM-
1, beside blaNDM−1, aph(3’)-la, aph(3’)-VI, armA, mph(A),
mph(E), msr(E), qnrS1, sul1, sul2, and dfrA5 genes, conferring
resistance to aminoglycosides, macrolides, streptogramin
b, fluoroquinolones, sulfonamides and trimethoprim, were
found (Figure 1). Additionally, plasmid p51015_NDM-1
carried tellurium resistance genes (terZABCDEF), commonly
associated with this plasmid family (Zingali et al., 2020). Unlike
p51015_NDM-1, p50595_NDM-1 was an IncFK1-FIB plasmid
being a fusion derivative of previously characterized plasmids,
like pUCLAOXA232-3, p51015_CTX_M_15, pKPX-1, and pGR-
1870 (GenBank accession no. CP012564, CP050379, AP012055
and KF874498) (Supplementary Figure 2B). In p50595_NDM-
1, the blaNDM−1 gene was found in a genetically distant
MDR region than observed in plasmid p51015_NDM-1. The
MDR region of p50595_NDM-1 also contained blaCTX−M−15,
aac(3)-IIa, aacA4 (2 copies), rmtF (2 copies), catB (2 copies)
and arr-2 (2 copies) genes conferring resistance to β-lactams,

FIGURE 1 | Linear maps of the multidrug resistance regions (MDRs), carrying blaNDM−1 genes. Arrows show the direction of transcription of open reading frames
(ORFs), while truncated ORFs appear as rectangles (arrows within rectangles indicate the direction of transcription). Resistance genes are shown in red. IS elements
and transposases are shown in yellow and green, respectively. intI1 genes are shaded purple. The remaining genes are shown in white. Homologous segments
(representing ≥99% sequence identity) are indicated by light blue shading.
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aminoglycosides, chloramphenicol and rifampicin (Figure 1).
Additionally, plasmid backbone of p50595_NDM-1 included an
arsenate resistance region. In both blaNDM−1-carrying plasmids,
several insertion sequences (ISs) that could be involved in the
organization of their MDR regions were found.

Furthermore, the blaNDM−5 gene was found in two IncFII
plasmids, p47733_NDM-5 and p52418_NDM-5, which
contained complete tra operons. The FII (allele 2) plasmid
p47733_NDM-5 (103085 bp), found in K. pneumoniae
Kpn47733, showed extensive similarity to the blaNDM−5-
carrying plasmid pCRKP-2297_2 (99% coverage, 99.96%
identity; GenBank CP024836) (Supplementary Figure 2B)
characterized from K. pneumoniae strain CRKP-2297 recovered
in South Korea. In p47733_NDM-5, the blaNDM−5 gene was
found in a MDR region of 31159 bp (nts 38315-69473 in
GenBank accession no. CP050367) in size. This MDR region,
which was bounded by two copies of IS26 element, also included
blaTEM−1, aadA2 (2 copies), sul1, rmtB, mphA and ermB
genes conferring resistance to β-lactams, aminoglycosides,
sulfonamides, macrolides, lincosamides, and streptogramin b.
An additional resistance gene, dfrA12, being the unique gene
cassette of a class 1 integron was identified ∼26 Kb upstream
of the p47733_NDM-5 MDR region (Figure 2). While both
blaNDM−5-carrying plasmids belonged to IncFII group, the
FII (allele 36) plasmid p52148_NDM-5 (121872 bp), found in
E. coli isolate Eco52148, harbored a second replicon, FIA (allele
4) (nts 85531-86286 in GenBank accession no. CP050384).
Plasmid p52148_NDM-5 exhibited limited nucleotide similarity
(53% coverage, 100% identity) against p47733_NDM-5.
However, it was highly similar to blaNDM−5-carrying plasmid
p1ESCUMpO83_CORR (100% coverage, 99.98 identity;
GenBank accession no. CP033159) (Supplementary Figure 2B)
characterized from a pathogenic E. coli strain in India. In
p52148_NDM-5, the blaNDM−5 gene was found in a MDR region
of 28400 bp in size (nts 105368-121872 and 1-11895 in GenBank
accession no. CP050384). In both plasmids, p47733_NDM-5
and p52148_NDM-5, the genetic environment of blaNDM−5

was identical (Figure 2). The aadA2, dfrA12, sul1, mphA and
tetA resistance genes were also identified in the MDR region
of p52148_NDM-5. The MDR region of p52418_NDM-5 was
inserted downstream the pemIK operon, as it was also observed
in p47733_NDM-5.

Finally, in all four carbapenemase-producing isolates, a
diverse number of additional replicons were identified (Table 2).
Some of these replicons were associated with important resistance
determinants, like blaCTX−M−15, arr-2 and ermB.

DISCUSSION

Previous studies have reported the spread of blaOXA−48-
like and blaNDM-like genes in Enterobacterales recovered
from Czech hospitals (Skalova et al., 2017; Paskova et al.,
2018). However, based on our knowledge, this study reports
the first description of OXA-244-producing Enterobacterales
isolated from Czech hospitals. Both OXA-244-producing isolates,
also expressed NDM-1 or NDM-5 MβLs. Additionally, two
K. pneumoniae isolates, co-producing OXA-181 and NDM-
type carbapenemases, were identified. Overall, horizontal gene
transfer is the main mechanism involved in the dissemination
of blaNDM-like and blaOXA−48-like genes, but certain clones
have been associated with the spread of these resistance genes
(Pitout et al., 2019). Carbapenemase-producing K. pneumoniae
and E. coli isolates, characterized during this study, belonged
to clones (STs 11, 15, and 147 in K. pneumoniae, and ST167
in E. coli; Table 2), which have been previously characterized
as “high risk clones,” and have been reported in association
with these carbapenem-resistance mechanisms (Woodford et al.,
2011; Pitout et al., 2019). In all cases, carbapenemase-producers
were recovered from patients with travel history or previous
hospitalization abroad. The endemicity of OXA-181 and NDM-
5 carbapenemases among Enterobacterales isolated in the Indian
subcontinent has been reported in several studies (Lascols
et al., 2013; Krishnaraju et al., 2015; Ahmad et al., 2019;

FIGURE 2 | Linear maps of the multidrug resistance regions (MDRs), carrying blaNDM−5 genes. Arrows show the direction of transcription of open reading frames
(ORFs), while truncated ORFs appear as rectangles (arrows within rectangles indicate the direction of transcription). Resistance genes are shown in red. IS elements
and transposases are shown in yellow and green, respectively. intI1 genes are shaded purple. The remaining genes are shown in white. Homologous segments
(representing ≥99% sequence identity) are indicated by light blue shading, while pink shading shows inverted homologous segments.

Frontiers in Microbiology | www.frontiersin.org 6 February 2021 | Volume 12 | Article 641415165

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-641415 February 2, 2021 Time: 18:56 # 7

Chudejova et al. OXA/NDM-Encoding Features

Pitout et al., 2019). Interestingly, a recent report from the
United States described the characterization of a ST147
K. pneumoniae harboring blaNDM−5 and blaOXA−181 from
a patient, who was previously hospitalized in India (Rojas
et al., 2017). Also, North African countries, and especially
Egypt, represent a geographical region, where blaOXA−48-
like and/or blaNDM-like genes are highly disseminated among
Enterobacterales (Tafoukt et al., 2017; Soliman et al., 2020a,b).
Studies from Italy have described the import of NDM-1-
producing K. pneumoniae isolates from Egypt (Principe et al.,
2016; Nucleo et al., 2020). Additionally, the import of OXA-
244-producing E. coli isolates from countries in Northern Africa
was observed in a surveillance from Denmark (Hammerum
et al., 2020). Finally, two studies have documented the spread of
NDM-1-producing K. pneumoniae isolates in Mauritius (Poirel
et al., 2012; Holman et al., 2017), speculating a link with India,
due to the geographical and cultural links between the two
countries. In 2018, another study described the characterization
of a K. pneumoniae isolate co-producing NDM-1 and OXA-181
carbapenemases, recovered from a patient, who had previously
went to Mauritius (Allyn et al., 2018). These findings highly
underline that import of carbapenemase-producing isolates via
travel or/and hospitalization abroad could represent a risk for
a further dissemination of these isolates in Czech hospitals.
However, epidemiological data don’t confirm the scenario
regarding the spread of Enterobacterales co-producing NDM-
and OXA-48-like carbapenemases in Czech hospitals (Hrabak,
unpublished results).

Although the main limitation of this study was the small
number of Enterobacterales isolates co-producing OXA- and
NDM-type carbapenemases, which were collected in clinical
microbiology laboratories, analysis of WGS data revealed that
all four isolates harbored a huge variety of genes conferring
resistance to several categories of antibiotics. Additionally,
inspection of contigs carrying carbapenemase-encoding genes
showed that different genetic structures and replicon types were
involved in the dissemination of these resistance determinants.
These contigs also included a huge variety of insertion sequences
that might be involved in the organization of MDR regions,
conferring resistance to several antibiotic categories thus, limiting

therapeutic options. Thus, in addition to different combinations
of carbapenemase-encoding genes, the variability of replicon
types, genetic structures, resistance genes and mobile elements
observed among the studied isolates indicated the genetic
plurality involved in the acquisition and dissemination of
determinants encoding OXA/NDM carbapenemases.
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Carbapenem-resistant Enterobacterales (CRE) pose a serious threat to clinical
management and public health. We investigated the molecular characteristics of
12 IMP-4 metallo-β-lactamase-producing strains, namely, 5 Enterobacter cloacae, 3
Escherichia coli, 2 Klebsiella pneumoniae, and 2 Citrobacter freundii. These strains
were collected from a tertiary teaching hospital in Zhengzhou from 2013 to 2015.
The minimum inhibitory concentration (MIC) results showed that each blaIMP−4-positive
isolate was multidrug-resistant (MDR) but susceptible to colistin. All of the E. coli
belonged to ST167, two C. freundii isolates belonged to ST396, and diverse ST types
were identified in E. cloacae and K. pneumoniae. S1-PFGE, Southern blotting, and PCR-
based replicon typing assays showed that the blaIMP−4-carrying plasmids ranged from
∼52 to ∼360 kb and belonged to FII, FIB, HI2/HI2A, and N types. N plasmids were the
predominant type (8/12, 66.7%). Plasmid stability testing indicated that the blaIMP−4-
carrying N-type plasmid is more stable than the other types of plasmids. Conjugative
assays revealed that three of the blaIMP−4-carrying N plasmids were transferrable.
Complete sequence analysis of a representative N type (pIMP-ECL14–57) revealed that
it was nearly identical to pIMP-FJ1503 (KU051710) (99% nucleotide identity and query
coverage), an N-type blaIMP−4-carrying epidemic plasmid in a C. freundii strain. PCR
mapping indicated that a transposon-like structure [IS6100-mobC-intron (K1.pn.I3)-
blaIMP−4-IntI1-IS26] was highly conserved in all of the N plasmids. IS26 involved
recombination events that resulted in variable structures of this transposon-like module
in FII and FIB plasmids. The blaIMP−4 gene was captured by a sul1-type integron In1589
on HI2/HI2A plasmid pIMP-ECL-13–46.

Keywords: blaIMP−4, transposon-like structure, class 1 integron, carbapenem-resistant Enterobacterales,
N plasmid

INTRODUCTION

The Zn(II)-containing metallo-β-lactamases (MBLs) comprise Imipenemase (IMP),
New Delhi metallo-β-lactamase (NDM), and Verona Integron-encoded Metallo-β-
lactamase (VIM) types that belong to class B β-lactamase according to the Ambler
classification. MBLs can hydrolyze nearly all β-lactams, including carbapenems, which are
important antibiotics in clinical practice and the “last line” drugs for treating infections
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caused by multiple drug-resistant (MDR) Gram-negative
bacteria (Boyd et al., 2020). The rapid spread of MBLs
among Enterobacterales has led to the increased prevalence of
carbapenem-resistant Enterobacterales (CRE), and this presents
a challenge for infection treatment worldwide (Nordmann and
Poirel, 2019). Unlike NDMs, IMP-type β-lactamases are not
often detected in CRE from China (Zhang et al., 2017; Wang
et al., 2018). The most commonly encountered blaIMP−4 gene has
been found captured by class 1 integrons and carried by plasmids
belonging to multiple replicon types including HI2, L/M, A/C,
and N for dissemination (Lai et al., 2017; Matsumura et al., 2017).
An epidemic N plasmid in Enterobacterales isolates was recently
recovered from Shanghai, Guangdong, and Fujian provinces of
China and was responsible for the dissemination of blaIMP−4
gene (Wang et al., 2017). It is not known if this type of plasmid
is prevalent in other regions of China and if it is involved in
the spread of blaIMP genes. We conducted a retrospective study
to investigate the prevalence and molecular characterization of
IMP-positive Enterobacterales isolates in Henan Province within
the north central region of China.

MATERIALS AND METHODS

Bacterial Isolates and Antimicrobial
Susceptibility Testing
From January 2013 to December 2015, a retrospective survey
for MBLs in CRE isolated from a tertiary teaching hospital of
Zhengzhou University identified 12 blaIMP−4 positive isolates,
which were recovered from different types of clinical specimens
(Table 1). The study and consent procedure was approved
by the Ethical Committee of Zhengzhou University. PCR and
sequencing were used to identify MBL encoding genes, including
blaIMP, blaNDM , and blaVIM , as described previously (Doyle
et al., 2012). Antimicrobial susceptibility of the 12 blaIMP−4-
positive isolates and their transconjugants was determined
using microbroth and agar dilution methods according to the
Clinical and Laboratory Standards Institute (CLSI) guidelines
(CLSI, 2019). Escherichia coli ATCC25922 was used as the
quality control.

Bacterial Genotyping
Multilocus sequence typing (MLST) for Klebsiella pneumoniae,
Enterobacter cloacae, Citrobacter freundii, and E. coli isolates were
performed using previously described methods (Qin et al., 2014;
Liu et al., 2015). The PCR products were purified and sequenced,
and the allelic profiles and sequence types (STs) were assigned
using online databases (https://pubmlst.org/ for K. pneumoniae,
E. cloacae, and C. freundii, http://mlst.warwick.ac.uk/mlst/dbs/
Ecoli for E. coli).

Conjugation Assay, S1-PFGE, and
Southern Blotting
Conjugation experiments were conducted using methods
described previously at 25, 30, and 37◦C. Briefly, the
blaIMP−4-positive isolates served as the donor, while E. coli

EC600 (rifampin resistant) was used as the recipient strain.
Transconjugants were selected on Mueller–Hinton (MH)
agar supplemented with sodium rifampin (200 µg/ml) and
meropenem (2 µg/ml). The presence of the blaIMP−4 gene
and other resistance genes in transconjugants was confirmed
by PCR, DNA sequencing, and antimicrobial susceptibility.
S1-PFGE and Southern blotting were conducted, according
to published methods, to estimate sizes of blaIMP−4 plasmids
(Qin et al., 2014).

Plasmid Sequencing and Genetic
Environments of blaIMP−4 Analysis
The plasmids of the blaIMP−4-positive strains were extracted
using the Qiagen Midi kit (Qiagen, Hilden, Germany) and
transformed into E. coli DH5α by electroporation. Transformants
were selected on Luria–Bertani (LB) agar plates containing
meropenem (2 µg/ml), and we confirmed the presence of the
blaIMP−4 gene by using PCR and sequencing. Plasmid replicons
were determined using the PCR-based replicon typing method
(Carattoli et al., 2005). Plasmids were sequenced based on
the Illumina HiSeq2000 platform with 2 × 100 bp paired-end
reads (Majorbio Company, Shanghai, China) and the Nanopore
MinION (long-read) sequencing platform. The sequencing reads
were assembled de novo using SOAPdenovo v2.04. Open reading
frame prediction and annotation were done with Glimmer 3.021

and BLAST at NCBI2. Plasmid comparisons were performed
using BRIG3 (Alikhan et al., 2011) and Easyfig4 tools (Sullivan
et al., 2011). The complete sequence of the plasmids pIMP-
ECL14-57, pIMP-KP-13-9, pIMP-CF-15-127, and pIMP-CF-15-
288 and the ∼46 kb fragment from pIMP-ECL-13-46 were
deposited in GenBank with accession nos. MH727565 (pIMP-
ECL14-57), CP068028 (pIMP-KP-13-9), CP068026 (pIMP-CF-
15-127), CP068027 (pIMP-CF-15-288), and (CP068240) (pIMP-
ECL-13-46, partial sequence). The final dataset of pIMP-KP-
13-9, pIMP-CF-15-127, and pIMP-CF-15-288 and the ∼46 kb
fragment from pIMP-ECL-13-46 is available as a fasta file
from Figshare; doi: 10.6084/m9.figshare.135154825 The genetic
environments surrounding the blaIMP−4 gene on the other seven
N plasmids were investigated by PCR mapping and sequencing,
and the plasmid pIMP-ECL14-57 and an HI2 plasmid pIMP4-
SEM1 (KX810825) were used as references. PCR primers
were designed from the reference sequences and are listed in
Supplementary Table 1. The locations of the primers are shown
in Figure 1D.

Plasmid Stability
Stability tests for plasmids were conducted as described
previously (Wang et al., 2017). Briefly, the blaIMP−4-harboring
transformants from ECL14-57, CF-15-127, and ECL-13-46,
which were representative of blaIMP−4-carrying N, F, and HI2
plasmids characterized in this study, respectively, were used as

1http://cbcb.umd.edu/software/glimmer/
2https://blast.ncbi.nlm.nih.gov/Blast.cgi
3http://brig.sourceforge.net/
4http://mjsull.github.io/Easyfig/
5https://figshare.com/s/a1dc76cc2fa6dd00d1b4
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the test strains. The overnight growths of the bacteria in LB broth
were inoculated into 2 ml of a fresh LB broth and incubated for
12 h at 37◦C (time zero). The above process was repeated every
12 h (equivalent to 10 generations each). At time zero and after
passage without antibiotic for 50, 100, 150, and 200 generations,
a sample of the culture was diluted and spread onto a LB plate.
One hundred colonies were picked and replica plated onto a
pair of plain and antibiotic-containing (0.5 µg/ml meropenem)
LB plates. Plasmid stability was determined by the percentage of
colonies growing on the antibiotic-containing plates.

RESULTS

Overview of the blaIMP−4-Positive
Isolates
A total of 12 (12/317, 3.79%) blaIMP−4 positive isolates, namely,
5 E. cloacae, 3 E. coli, 2 K. pneumoniae, and 2 C. freundii strains,
were obtained from 317 CRE. These strains were recovered
from different sample types including urine, blood, wound,
abdominal drainage, sputum, and cerebrospinal fluid (Table 1).
Over half of the blaIMP−4-carrying isolates (7/12, 58.33%) were
collected from the ICU department, and the mortality among the
patients infected with a blaIMP−4-positive isolate was 25% (3/12)

(Table 1). These patients were diagnosed with different clinical
diseases and none of them had a history of foreign travel.

For the antimicrobial susceptibility profiles, all the blaIMP−4-
positive isolates were susceptible to colistin [minimum inhibitory
concentrations (MICs) of ≤2 µg/ml]; tigecycline also had high
activity against these isolates (MIC50 = 0.5 µg/ml) (Table 2). Our
observation is consistent with previous data from both China
and other countries which showed that colistin and tigecycline
are effective for the treatment of infections caused by CRE
(Wang et al., 2018).

Bacterial Genotyping, Conjugation, and
Plasmid Analysis
MLST was performed for all the IMP-4-positive E. cloacae, E. coli,
C. freundii, and K. pneumoniae isolates. Based on the MLST
results, five E. cloacae isolates were distributed to four ST types,
namely, ST133 (n = 2), ST231 (n = 1), ST754 (n = 1), and ST97
(n = 1). All of the three E. coli isolates belonged to ST167, which
is regarded as the most common clone of E. coli in China (Zhang
et al., 2017; Wang et al., 2018). Two C. freundii isolates belonging
to ST396. ST14- and ST17-type K. pneumoniae carried blaIMP−4
in this study (Table 1). Overall, the observation of diversity in
the isolates of E. cloacae for carrying blaIMP−4 indicated that
the mobile genetic elements, such as conjugative plasmids and

TABLE 1 | Characteristics of blaIMP−4-positive CRE isolates.

Isolatea Clinical features MLSTb blaIMP−4-carrying plasmids

Age/sex Specimen Diagnosis/wardc Outcome Plasmid name Type and
size (kb)

ECL-13–46 25 years/female Urine Multiple injury and lung
infection
/neurosurgery

Discharge ST231 pIMP-ECL-13–46 HI2/HI2A/360

ECL-14–57 72 years/female Blood Viral encephalitis and lung
infection/EICU

Discharge ST754 pIMP-ECL-14–57 N/52

ECL-15–65 54 years/male Wound Arterial ischemia and
thrombosis of right
lower/vascular surgery

Discharge ST97 pIMP-ECL-15–65 N/52

ECL-15–101 60 years/male Urine Prostatic hyperplasia with
urinary retention/urology

Discharge ST133 pIMP-ECL-15–101 N/52

ECL-15–284 45 years/male Abdominal
drainage

Severe acute
pancreatitis/ICU

Death ST133 pIMP-ECL-15–284 N/52

KP-13–9 6 months/male Sputum Lung infections and
asphyxia/PICU

Discharge ST14 pIMP-KP-13–9 FII/110

KP-15–285 6 months/male Sputum Severe pneumonia/PICU Death ST17 pIMP-KP-15–285 N/52

EC-13–25 78 years/female Urine Bronchiectasis
/respiratory and sleep
department

Discharge ST167 pIMP-EC-13–25 N/52

EC-13–26 72 years/male Sputum ACVD/NSICU Discharge ST167 pIMP-EC-13–26 N/52

EC-14–52 58 years/female Urine Renal calculi/urology Discharge ST167 pIMP-EC-14–52 N/52

CF-15–288 19 years/female CSFd Cerebral
hemorrhage/NSICU

Discharge ST396 pIMP-CF-15–288 FIB/130

CF-15–127 26 years/male CSF Headache and
dizziness/NSICU

Death ST396 pIMP-CF-15–127 FIB/130

aECL, E. cloacae strains; EC, E. coli strains; KP, K. pneumoniae strains; CF, C. freundii strains. bMLST, multilocus sequence typing; -, not detected.
c ICU, intensive care unit; NSICU, neuroscience ICU; EICU, emergency ICU; PICU, pediatric ICU; ACVD, acute cardiovascular disease.
dCSF, cerebrospinal fluid.
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transposons, might be responsible for the horizontal transfer of
blaIMP−4 among different clones.

The blaIMP−4 gene was always carried by a plasmid, so S1-
PFGE and Southern blotting were performed to identify blaIMP−4
harboring plasmids. The blaIMP−4 genes in all 12 CRE isolates
were located on plasmids with sizes ranging from ∼52 to
∼360 kb. The ∼52 kb plasmids were predominant among those
carrying blaIMP−4 (8/12, 66.7%). Conjugative assays revealed that
only three ∼52 kb blaIMP−4-carrying plasmids were successfully
transferred to E. coli EC600 from the donors by conjugation
at frequencies of 3.2 × 10−4–4 × 10−5 per donor cell. The
other nine IMP-4-encoding plasmids which failed to transfer
to the recipient strain by conjugation were electrotransformed
into E. coli DH5α. PCR-based replicon typing analysis for both
transconjugants and transformants showed that all the ∼52 kb
blaIMP−4-carrying plasmids were distributed in four E. cloacae,
three E. coli, and oneK. pneumoniae isolates belonging to plasmid
replicon type N (Table 1 and Figure 1A). The details concerning
plasmid name, size, and replicon type are summarized in Table 1.

Sequence Analysis of blaIMP−4-Carrying
Plasmids and Genetic Environments of
blaIMP−4
A representative N-type blaIMP−4-carrying plasmid named
pIMP-ECL14-57, which came from E. cloacae strain ECL14-
57, had 51,795 bp, with an average GC content of 50.52%,
encoding 54 predicted open reading frames (ORFs). It shared
extensive similarity with pIMP-FJ1503 (99% nucleotide identity

and query coverage) (KU051710), an N-type blaIMP−4-
carrying plasmid in a carbapenem-resistant C. freundii strain
CRE1503 isolated from Hong Kong (Figure 1A). Comparative
genomic analysis between these two plasmids revealed only
two differences: (1) the intact ISkpn19 element downstream
of qnrS1 that was carried by pIMP-FJ1503 was inserted by
an IS26 element in pIMP-ECL14-57 and (2) the Int1 gene
immediately upstream of blaIMP−4 was complete in pIMP-
ECL14-57 but was truncated in pIMP-FJ1503 (Figure 1A). Only
two resistance genes, namely blaIMP−4 and qnrS1, conferring
resistance to carbapenems and quinolones, respectively, were
identified in each plasmid. The blaIMP−4 gene-associated
class 1 integron In823 was carried by a transposon-like
structure [IS6100-mobC-intron (K1.pn.I3)-blaIMP−4-IntI1-
IS26] bracketed by two 5 bp direct repeats (DR: AACAG)
inserted between the EcorII and uvp1 genes. In addition, this
blaIMP−4-carrying transposon-like structure was also identified
in the other seven N plasmids by using PCR mapping and
sequencing (Figure 1D).

The FII plasmid pIMP-KP-13-9 was 112,209 bp long with an
average GC content of 51.19% and encoding 138 predicted ORFs
(Figure 1B). This plasmid showed 98.94% nucleotide identity
and 84% query coverage with pIMP1572 (MH464586), a plasmid
carrying both blaIMP−26 and tet(A) variants (Yao et al., 2020).
Different from the plasmid pIMP1572, a Tn1721-like transposon
structure carrying the tet(A) variant which is responsible for
tigecycline was absent in pIMP-KP-13-9. Interestingly, a 3,447 bp
region comprising an IS26, int1, the blaIMP−4 gene, and 1intron
(K1.pn.I3) in the blaIMP−4-carrying transposon-like structure

TABLE 2 | Antibiotic susceptibilities of blaIMP−4-positive CRE and their transconjugants.

Isolatea Antibiotic susceptibility (µ g/ml) tob

IPM MEM ATM CAZ LVX GEN AMK CHL TET TGC CST FOF AMP CFZ CFX TZP

ECL-13-46 >64 >64 >64 >64 64 >64 >64 >64 >64 1 2 >1,024 ND ND ND 256

ECL-14-57 32 64 64 >64 64 64 16 >64 >64 4 1 64 ND ND ND 256

ECL-15-65 >64 64 64 >64 2 8 2 >64 8 1 0.5 <1 ND ND ND >512

ECL-15-101 >64 >64 >64 >64 64 8 4 >64 8 4 1 <1 ND ND ND >512

ECL-15-284 64 64 >64 >64 64 64 16 >64 8 0.25 1 64 ND ND ND 64

KP-13-9 64 64 64 >64 8 1 4 4 8 0.25 1 16 >256 >256 >256 128

KP-15-285 >64 >64 >64 >64 4 1 2 4 >64 0.5 0.5 16 >256 >256 >256 64

EC-13-25 8 16 >64 >64 64 64 >64 8 >64 0.25 0.5 2 >256 >256 >256 256

EC-13-26 4 4 64 64 16 >64 8 8 64 0.5 0.125 <1 >256 >256 >256 512

EC-14-52 4 16 64 64 0.5 >64 >64 4 64 0.25 0.5 16 >256 >256 >256 256

CF-15-288 64 64 >64 >64 4 8 8 8 4 2 1 4 ND ND ND 512

CF-15-127 64 32 64 >64 64 64 8 8 8 1 2 4 ND ND ND 256

Recipients

E. coli EC600 0.25 <0.03 0.5 0.25 0.125 1 2 4 2 <0.125 0.5 <1 4 2 8 <2

Transconjugants

ECL-15-101-EC600 16 8 0.25 >64 4 <0.25 4 4 1 0.5 0.5 < ( <1 4 2 64 1

ECL-15-284-EC600 16 16 0.25 >64 4 <0.25 2 4 1 0.25 0.5 < ( <1 8 2 64 2

KP-15-285-EC600 16 8 0.25 >64 1 <0.25 2 2 2 0.5 0.5 < ( <1 4 2 32 1

aAll of the blaIMP−4-positive isolates were multidrug-resistant (MDR) strains. EC, E. coli strains; KP, K. pneumoniae strains; ECL, E. cloacae strains; CF, C. freundii strains.
For the transconjugants, all were E. coli EC600 harboring plasmids from the respective clinical isolates.
b IPM, imipenem; MEM, meropenem; ATM, aztreonam; CAZ, ceftazidime; LVX, levofloxacin; GEN, gentamicin; AMK, amikacin; CHL, chloramphenicol; TET, tetracycline;
TGC, tigecycline; CST, colistin; FOF, fosfomycin; AMP, ampicillin; CFZ, cefazolin; CFX, cefoxitin; TZP, piperacillin-tazobactam. ND, not determined (E. cloacae and C.
freundii isolates are intrinsically resistant to AMP, CFZ, and CFX).
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FIGURE 1 | (A) Circular comparison between plasmid pIMP-ECL14-57 (MH727565, in this study) and other similar plasmids. Plasmid pIMP-ECL14-57 (the outer
circle) was used by the BRIG software as a reference plasmid to perform the sequence alignment with BLASTN. The different colors indicated different plasmids and
are listed in the color key. (B) Circular comparison between plasmid pIMP-KP-13-9 and other reported similar plasmids. Plasmid pIMP-KP-13-9 (the outer circle) was
used by the BRIG software as a reference plasmid to perform the sequence alignment with BLASTN. The different colors indicate different plasmids and are listed in
the color key. (C) Circular comparison between plasmids pIMP-CF-15-288 and pIMP-CF-15-127 and similar plasmids. Plasmids pIMP-CF-15-288 and
pIMP-CF-15-127 (the outermost two circles) were used by the BRIG software as a reference plasmid to perform the sequence alignment with BLASTN. The different
colors indicate different plasmids and are listed in the color key. (D) Comparison of the blaIMP−4 gene environments identified in this study with other publications:
pIMP-FJ1503 (accession no. KU051710) and pIMP-4-EC62 (accession no. MH829594). Light gray shading indicated homologous regions (>99% DNA identity).
Genetic contexts of class 1 integron carrying blaIMP−4 are shown. The different boxed arrows indicate the positions, directions of transcription, and predicted
function of the genes. Positions of the primers used for PCR mapping are indicated by arrows. Genes, mobile elements, and other features are colored based on
function classification.

in N plasmids was reversed in pIMP-KP-13-9 due to IS26-
mediated recombination indicated by the presence of target site
duplications (TSD) of 8 bp (CCTGCGAG).

The two FIB plasmids pIMP-CF-15-127 and pIMP-CF-15-
288 obtained from different ST396 C. freundii strains were

nearly identical (96.85% nucleotide identity and 100% query
coverage) (Figure 1C), both of which harbored 268 predicted
ORFs. The backbone region of pIMP-CF-15-127/pIMP-CF-15-
288 (∼57.6 kb) containing repA (replication), umuCD (SOS
mutagenesis), sopAB (plasmid-partition), and partial type IV
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secretion system (T4SS) encoding gene cluster shared 51%
query coverage and 99.06% nucleotide identity with PCN061p6
(CP006642) from an O9 E. coli strain. A partial, but not an intact,
T4SS encoding region in the two plasmids could explain the
lack of conjugation of FIB plasmids. A similar blaIMP−4-carrying
transposon-like structure in N plasmids was also found in pIMP-
CF-15-127/pIMP-CF-15-288, while the IS26 element located
immediately downstream of the int1 gene was disrupted by a
6,689 bp pIMP-HZ1 (KU886034)-derived segment encompassing
IS26, qnrS1, and multiple functional genes (Figure 1D).

Overall, the blaIMP−4-associated In823 flanked by IS6100
and IS26 in N plasmids was conserved, and IS26 involved
recombination events that resulted in variable structures of this
transposon-like module in the FII and FIB plasmids. Analysis of a
∼46 kb blaIMP−4-carrying segment from the HI2/HI2A plasmid
pIMP-ECL-13-46 (failure to obtain complete sequence by WGS)
revealed that the blaIMP−4 gene was present in the sul1-type
integron In1589, which was first identified in an HI2 plasmid
pIMP-4-EC62 obtained from E. cloacae EC62 of swine origin
(Zhu et al., 2019).

Stability of blaIMP−4-Carrying Plasmids
Plasmid stability analysis revealed that the N-type plasmid
pIMP-ECL14-57 in transformants from ECL14-57 could be
maintained at 100% over 200 generations of multiplication
in the absence of antibiotics. However, drastic loss of the
F-type plasmid pIMP-CF-15-127 and HI2-type plasmid pIMP-
ECL-13-46 in transformants from CF-15-127 and ECL-13-46
was observed after 50 generations of multiplication, with 35
and 3%, respectively, retaining the blaIMP−4-harboring plasmid
after 150 generations. These results revealed that, among the
plasmids carrying blaIMP−4, the N type is more stable than the
F type and HI2 type.

DISCUSSION

The IMP-4-type MBL, first identified in clinical Acinetobacter
spp. from Hong Kong (Chu et al., 2001), has spread to
Australia but has not been frequently detected as KPC-2 and
NDM among CRE in mainland China (Xiong et al., 2016).
The incidence (3.79%) of IMP-4-producing Enterobacterales
observed in the CRE of this study was comparable to that found
in a recent nationwide survey of CRE (3.6%) (Wang et al.,
2018). The blaIMP−4 gene was found in four species, namely,
E. cloacae, E. coli, K. pneumoniae, and C. freundii, which are
the most common species carrying blaIMP genes (Wang et al.,
2018). A report from Australia indicated that IMP-4 was the
predominant MBL type among CRE, particularly in carbapenem-
resistant E. cloacae (CRECL) (Sidjabat et al., 2015). Our previous
study together with recent findings from China revealed the
dominance of NDM-type MBL among CRECL; whether IMP-4
is the second most common MBL in CRECL needs further study
(Liu et al., 2015; Jin et al., 2018).

All of the blaIMP−4 genes in this study were carried by
plasmids with diverse replicons. These included HI2, N, F,
and especially the predominant N plasmids. The N type
is a broad host range plasmid that carries a variety of

resistance determinants and shows resistance to extended-
spectrum-β-lactams, sulfonamides, quinolones, aminoglycosides,
tetracyclines, and streptomycin (Eikmeyer et al., 2012). N
plasmids are also associated with the spread of carbapenem-
resistant determinants, such as blaNDM and blaKPC (Poirel et al.,
2011; Partridge et al., 2012; Eilertson et al., 2017; Jiang et al., 2017;
Partridge et al., 2018; Schweizer et al., 2019). This type of plasmid
was recently identified as an epidemic plasmid for carrying
blaIMP−4 among Enterobacterial species in China (Lai et al.,
2017; Wang et al., 2017), and it was responsible for horizontal
transmission of blaIMP−6 among Enterobacterales from Japan
(Yamagishi et al., 2020). Our findings are consistent with these
studies and indicate the prevalence of N blaIMP−4-carrying
epidemic plasmids among CRE in other regions of China.
Additionally, FII plasmids, which are carriers of the blaKPC gene
in K. pneumoniae (Partridge et al., 2018; Yang et al., 2020), were
found to carry the blaIMP gene in this study. Association with
these widespread types of plasmids may accelerate dissemination
of blaIMP genes among K. pneumonia.

Class 1 integrons are common vehicles for carrying the
blaIMP genes. Multiple blaIMP-harboring class 1 integrons
with considerable cassette array diversity, such as In992,
1312 (blaIMP−1), In809, 823, 1456, 1460, 1589 (blaIMP−4),
In722, 1321 (blaIMP−6), In73 (blaIMP−8), In687 (blaIMP−14),
In1310, 1386 (blaIMP−26), and 1385 (blaIMP−38), were identified
in Enterobacterales and non-fermenting Gram-negative bacilli
including Pseudomonas aeruginosa and Acinetobacter spp. (Lee
et al., 2017; Matsumura et al., 2017; Papagiannitsis et al., 2017;
Wang et al., 2017; Dolejska et al., 2018; Zhan et al., 2018; Zhu
et al., 2019). Among these, the blaIMP−4-carrying In823 integron
was the most frequently detected structure on N-type plasmids
in isolates recovered from different regions of China including
Henan Province (Feng et al., 2016; Wang et al., 2017).

CONCLUSION

In conclusion, we determined the prevalence and molecular
characterization of blaIMP−4-positive Enterobacterales in clinical
specimens collected at a teaching hospital in Henan Province.
Previously reported epidemic N-type plasmids exhibited superior
stability compared with F- and HI2-type plasmids. N-type
plasmids were the predominant plasmids carrying blaIMP−4
among the collected Enterobacterales. Associated with self-
transmissible N plasmids, widespread FII plasmids and a
successful epidemic E. coli ST167 clone might facilitate
further dissemination of blaIMP−4 among the Enterobacterales.
Surveillance is needed to monitor the spread of blaIMP−4-
harboring Enterobacterales.
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Carbapenem-resistant Pseudomonas aeruginosa is one of the major concerns in clinical
settings impelling a great challenge to antimicrobial therapy for patients with infections
caused by the pathogen. While membrane permeability, together with derepression of
the intrinsic beta-lactamase gene, is the global prevailing mechanism of carbapenem
resistance in P. aeruginosa, the acquired genes for carbapenemases need special
attention because horizontal gene transfer through mobile genetic elements, such as
integrons, transposons, plasmids, and integrative and conjugative elements, could
accelerate the dissemination of the carbapenem-resistant P. aeruginosa. This review
aimed to illustrate epidemiologically the carbapenem resistance in P. aeruginosa,
including the resistance rates worldwide and the carbapenemase-encoding genes along
with the mobile genetic elements responsible for the horizontal dissemination of the
drug resistance determinants. Moreover, the modular mobile elements including the
carbapenemase-encoding gene, also known as the P. aeruginosa resistance islands,
are scrutinized mostly for their structures.

Keywords: carbapenem resistance, carbapenemase, molecular epidemiology, Pseudomonas aeruginosa, mobile
genetic elements, genomic islands

INTRODUCTION

Pseudomonas aeruginosa is a non-fermentative and aerobic Gram-negative bacillus that is one
of the leading causes of severe health care-associated infections targeting immunocompromised
patients (Rice, 2008). The bacterial species is an opportunistic pathogen not only for humans but
also for plants and animals. P. aeruginosa is metabolically versatile, and it has an enormous ability
for adaptation to different conditions with genome plasticity (Shen et al., 2006). There are diverse
opinions whether the pangenome of P. aeruginosa is still open or closed to acquire foreign genes
(Klockgether et al., 2011; Mosquera-Rendon et al., 2016). The accessory genome is often composed
of genes involved in virulence to human hosts and antimicrobial resistance, resulting in a high risk
of mortality and a high rate of multidrug resistance (Moradali et al., 2017). P. aeruginosa has a
median genome size value of 6.7 Mbp, a median number of 6,016 coding sequences, and 66.1% GC
on average (NCBI, 2020).

Although beta-lactams are one of the most commonly used antimicrobial drug classes
for P. aeruginosa infection, antipseudomonal beta-lactam drugs are limited because of the
species’ intrinsic resistance due to the interplay of chromosomal beta-lactamases (Livermore
and Yang, 1987), a low outer membrane permeability (Angus et al., 1982), and the
constitutive expression of efflux pump systems (Li et al., 1995). The beta-lactam regimens for
P. aeruginosa infection include antipseudomonal penicillins in combination with a beta-lactamase
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inhibitor, i.e., piperacillin–tazobactam and ticarcillin–clavulanic
acid; antipseudomonal cephalosporins alone or in combination
with beta-lactamase inhibitors, i.e., ceftazidime (with avibactam),
ceftolozane (with tazobactam), cefoperazone (with sulbactam),
and cefepime (Slack, 1981); and carbapenems, i.e., imipenem
and meropenem. Among those, carbapenems are the preferred
choice against multidrug-resistant P. aeruginosa. In recent
years, the rate of carbapenem resistance in P. aeruginosa has
increased worldwide and has become of great concern since
it significantly restricts the therapeutic options for patients
(El Solh and Alhajhusain, 2009). Carbapenem resistance in
P. aeruginosa is caused by chromosomal substitutions resulting in
membrane permeability alterations through porin loss and efflux
pump overexpression, together with intrinsic beta-lactamase
derepression, and the acquisition of the genes for carbapenemases
(Livermore, 1992; Masuda et al., 2000; Lister et al., 2009).

In this review, we summarized carbapenem resistance in
P. aeruginosa. The first half of this review outlines the worldwide
epidemiology and the second half discusses the mechanisms
of carbapenem resistance and the mobile genetic elements
responsible for the horizontal dissemination of resistance
determinants. All of the information in the review was collected
and analyzed from the National Database of Antibiotic Resistant
Organisms1 using the Reference Gene Catalog ver. 2020-09-22.22

for the carbapenemases and the Genome Database (last updated
on 22 September 2020)3 for the complete P. aeruginosa genomes.

CARBAPENEMS FOR
ANTIPSEUDOMONAL TREATMENT AND
RESISTANCE IN P. aeruginosa

Carbapenems for the Treatment of
Patients With P. aeruginosa Infection
Beta-lactams act by binding to and inactivating the penicillin-
binding proteins (PBPs), which have an essential role for
the completion of peptidoglycan biosynthesis through their
dual activity as a transglycosylase and transpeptidase. Among
the beta-lactams, carbapenems are the most effective against
Gram-positive and Gram-negative bacteria, presenting a broad
spectrum of antibacterial activity. Replacing the sulfur atom at
the C-1 position of the penicillin backbone by a carbon atom
(the red dot of the carbapenem backbone in the box in Figure 1)
allows exceptional stability against most enzymes inactivating
beta-lactams (Papp-Wallace et al., 2011).

The early carbapenem ertapenem has a bulky R3 moiety,
resulting in a weak affinity to the PBP3 of P. aeruginosa, and
consequently, the drug has little activity against P. aeruginosa
(Figure 1). Thus, the late carbapenems imipenem and
meropenem are actively used for the treatment of infections (Luyt
et al., 2014). Among the three antipseudomonal carbapenems,
imipenem has a distinctive stereographic structure and the

1https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/
2https://www.ncbi.nlm.nih.gov/pathogens/isolates#/refgene/
3https://www.ncbi.nlm.nih.gov/genome/

lowest minimum inhibitory concentrations (MICs) for wild
P. aeruginosa strains (Figure 1). Meropenem presents good
affinity to the active site of PBP3 (Figure 2). The recently
developed combinations of beta-lactam/beta-lactamase inhibitor,
such as aztreonam–avibactam, meropenem–vaborbactam,
and imipenem–relebactam, have a limited efficacy against
the metallo-beta-lactamase (MBL)-producing carbapenem-
resistant P. aeruginosa (Karlowsky et al., 2017, 2020; Lob
et al., 2020). However, the siderophore cephalosporin
cefiderocol (Delgado-Valverde et al., 2020) is effective against
all the carbapenemase-producing P. aeruginosa, including
the MBL producers.

Carbapenem Resistance in P. aeruginosa
The rate of carbapenem resistance in P. aeruginosa varies
worldwide (Figure 3). According to the Antimicrobial Testing
Leadership and Surveillance program by Pfizer in 2018 (last
updated on September 14, 2020) (Pfizer, 2020), the rate of
resistant clinical strains (-R) of P. aeruginosa by continent was
the lowest in Oceania (imipenem-R in 7.1% and meropenem-
R in 5.1% of 99 isolates from Australia), and the highest was
in the Middle East (imipenem-R in 27.9% and meropenem-R
in 19.5% of 226 isolates from four participating countries). In
descending order, the median resistance rates were 30.7% in
South America (the lowest imipenem-R and meropenem-R both
in 12.5% of 24 isolates from the Dominican Republic and the
highest imipenem-R in 49.3% and meropenem-R in 75.3% in 75
isolates from Chile, among nine participating countries), 28.0%
in Europe (the lowest 0.0% of 19 isolates from Finland and
the highest imipenem-R in 48.5% and meropenem-R in 44.8%
of 194 isolates from Russia, among 24 participating countries),
24.4% in North America (imipenem-R in 21.4% and meropenem-
R in 18.3% of 197 isolates from Canada and imipenem-R in
27.4% and meropenem-R in 15.5% of 588 isolates from the
United States), 22.8% in Africa (the lowest imipenem-R in 13.2%
and meropenem-R in 15.8% of 38 isolates from Nigeria and the
highest imipenem-R in 21.4% and meropenem-R in 19.4% of 98
isolates from South Africa, among three participating countries),
and 18.1% in Asia (the lowest imipenem-R and meropenem-R
both in 8.0% of 75 isolates from Japan and the highest imipenem-
R in 33.2% and meropenem-R in 25.1% of 386 isolates from
China, among 10 participating countries).

Epidemic High-Risk P. aeruginosa
Clones
The current P. aeruginosa high-risk clones, which meet both
requirements of global dominance and association with the
multidrug-resistant phenotype, include 10 P. aeruginosa lineages
belonging to ST111, ST175, ST233, ST235, ST244, ST277, ST298
(CC445), ST308, ST357, and ST654 (Del Barrio-Tofino et al.,
2020). The multidrug-resistant P. aeruginosa ST111, ST175,
and ST235 have been identified to carry genomic islands
(Roy Chowdhury et al., 2017). While all the 10 high-risk
clones are relevant to MBL production, ST235 and ST111
are by far the most worrisome carbapenemase producers,
associated not only with class B but also with class A and
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FIGURE 1 | Carbapenem drugs. The backbone of carbapenems is in a box. The C-1 position replaced from the sulfur atom in the penicillin backbone is indicated
with a red dot. The important R1 and R3 positions are indicated with red letters. Ertapenem with a bulky R3 residue, which does not have enough affinity to be active
against Pseudomonas aeruginosa, is presented with the other three carbapenems having antipseudomonal activity.

D carbapenemases. The widespread P. aeruginosa ST235 clone
is often associated with poor clinical outcomes due to its
multidrug resistance and virulence factors, representatively
the cytotoxin ExoU causing necrotic cell death (Sato et al.,
2003; Roy Chowdhury et al., 2016; Yoon et al., 2019).
The second dominant P. aeruginosa clone is ST111, which
has been identified in all six continents except Oceania
(Del Barrio-Tofino et al., 2020).

MECHANISMS OF RESISTANCE TO
CARBAPENEMS IN P. aeruginosa

Chromosomal Mutation-Derived
Carbapenem Resistance
Pseudomonas aeruginosa can acquire resistance to carbapenems
by chromosomal mutations (Lister et al., 2009). Loss of
the outer membrane protein OprD, which is a channel for
imipenem penetration (Margaret et al., 1989), is associated
with a reduced susceptibility to carbapenems, mostly imipenem
(Farra et al., 2008). Early reports have underlined OprD
deficiency as the predominant mechanism of carbapenem
resistance in P. aeruginosa (Margaret et al., 1989; Kohler et al.,
1999). The overexpression of efflux pump systems, such as
MexAB-OprM, by mutation at the regulatory region contributes
directly to the resistance to meropenem (Kohler et al., 1999;
Masuda et al., 2000) and mutational derepression of the
chromosomal cephalosporinase AmpC, especially the extended-
spectrum cephalosporinases (Rodriguez-Martinez et al., 2009a),
and plays a part in carbapenem resistance (Quale et al.,
2006; Rodriguez-Martinez et al., 2009b). The combination
of porin loss, efflux pump overexpression, and chromosomal
cephalosporinase derepression is able to confer high-level
resistance to carbapenems, and P. aeruginosa could have elevated
imipenem and meropenem MICs up to 256 and 128 mg/L,
respectively (Chalhoub et al., 2016).

Enzymatic Mechanisms of Carbapenem
Resistance
Before 1990, the only known mechanism of carbapenem
resistance was mutations occurring in the chromosome.
Following the first identification of an MBL-producing
P. aeruginosa clinical strain (Watanabe et al., 1991; Minami
et al., 1996), a retrospective screening of P. aeruginosa identified
the blaIMP−1 gene in 1992 in Japan (Senda et al., 1996a).
Subsequent outbreaks due to the transferable drug resistance
conferred by the gene were reported (Senda et al., 1996b). The
blaVIM−1 gene encoding the Verona integron-encoded MBL
(VIM) subtype 1 in P. aeruginosa clinical strain was identified
in 1997 in Italy in a P. aeruginosa clinical isolate (Lauretti
et al., 1999). And the carbapenem-resistant P. aeruginosa spread
rapidly through the contribution of mobile genetic elements and
high-risk clones. Thus far, class A, B, and D carbapenemases have
been identified in P. aeruginosa, and the class B MBL enzyme is
the most prevalent (Queenan and Bush, 2007).

Class A Beta-Lactamases
The class A beta-lactamases include serine at amino acid (aa)
70 at the active site and the general base Glu-166 is involved in
the catalytic process, which makes a difference from the other
serine beta-lactamases of classes C and D (Matagne et al., 1999).
In P. aeruginosa, the Klebsiella pneumoniae carbapenemase
(KPC) and the Guiana extended-spectrum beta-lactamase (GES)
belonging to the class A beta-lactamases with carbapenemase
activity have been identified. The class A carbapenemases
actively hydrolyze carbapenems and are partially inhibited by
clavulanic acid.

Klebsiella pneumoniae carbapenemase was first discovered
in a K. pneumoniae clinical isolate from North Carolina,
United States, in 1996, presenting a specific pattern of resistance
to penicillins, extended-spectrum cephalosporins, and aztreonam
(Yigit et al., 2001). The first KPC-producing P. aeruginosa
isolate was identified in Colombia in Villegas et al. (2007), and
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FIGURE 2 | A stereoview of PBP3 of Pseudomonas aeruginosa complexed with meropenem (PDB ID, 3PBR) and the interaction of the meropenem in the ligand
pocket of PBP3 (Han et al., 2010). The structure of PBP3 is colored by secondary structure, and the meropenem is in a ball-and-stick presentation. The molecular
surface of PBP3 in the binding pocket is presented with the interacting amino acid residue complex with meropenem in a ball-and-stick presentation.

subsequent reports of the pathogen followed all over the world,
including America (Akpaka et al., 2009; Poirel et al., 2010;
Robledo et al., 2011; Jacome et al., 2012; Ramirez et al., 2013;
Kazmierczak et al., 2016a; Walkty et al., 2019), Asia (Ge et al.,
2011; Paul et al., 2015; Falahat et al., 2016; Hagemann et al., 2018),
and Europe (Figure 4).

Among the GES-type class A beta-lactamases, only the
variants with alterations at aa 170 from glycine to asparagine or
serine with a polar uncharged side chain are able to hydrolyze
carbapenems (Frase et al., 2009). Among the 43 GES variants,
subtypes 4–6, 14–16, 18, 20, 21, 24, 25, 27–30, 33, 34, 36,
37, 39, 40–42, and 43 with serine at aa 170 and variants 2
and 13 with asparagine at aa 170 have carbapenem-hydrolyzing
activity. Of note is that variant 22, having a substitution to
leucine with a hydrophobic side chain at aa 170, does not confer
resistance to carbapenems (Castanheira et al., 2014a). GES-type
carbapenemase-producing P. aeruginosa has been identified in
North and South America [Canada (McCracken et al., 2019),

Mexico (Treepong et al., 2018), and Brazil (Polotto et al.,
2012)], in Europe [including Belgium (Bebrone et al., 2013),
Turkey (Malkocoglu et al., 2017), Spain (Viedma et al., 2009;
Treepong et al., 2018), and Russia (Treepong et al., 2018)],
in Africa [South Africa (Poirel et al., 2001); in the Middle
East of Lebanon (Yaghi et al., 2019)], in Asia [including Japan
(Hishinuma et al., 2018), India (Maurya et al., 2014), China
(Wang et al., 2006a), and South Korea (Hong et al., 2016;
Jabalameli et al., 2018)], and in Oceania [Australia (Sherry et al.,
2018)] (Figure 4).

The carbapenem-hydrolyzing class A beta-lactamase
producers mostly belong to ST235, ST111, ST357, and ST463.
The KPC-, and GES-5-producing P. aeruginosa clones have
been identified in Europe [Spain (Viedma et al., 2009), Italy
(Giani et al., 2018), Lithuania (Mikucionyte et al., 2016), Turkey,
Germany (Castanheira et al., 2014b), Belarus, and Russia
(Edelstein et al., 2013)] and in Asian countries [Kazakhstan
(Edelstein et al., 2013), Thailand (Khuntayaporn et al., 2019),
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FIGURE 3 | Rates of imipenem resistance in Pseudomonas aeruginosa worldwide in 2018. All the data were extracted from the Antimicrobial Testing Leadership and
Surveillance run by Pfizer (last updated on October 30, 2019) (Pfizer, 2020), except for the data from South Korea (unpublished data). The actual resistance rates are
indicated per continent as follows: Africa [three participating countries: Morocco (N = 79, 22.8%), Nigeria (N = 38, 13.2%), South Africa (N = 98, 21.4%)]; Asia [10
participating countries: China (N = 386, 33.2%), Hong Kong (N = 25, 24%), India (N = 125, 29.6%), Japan (N = 75, 8%), Malaysia (N = 55, 21.8%), Philippines
(N = 74, 18.9%), Singapore (N = 25, 16%), South Korea (N = 127, 18.1%), Taiwan (N = 99, 9.1%), and Thailand (N = 75, 16%)]; Europe [24 participating countries:
Belgium (N = 150, 21.3%), Croatia (N = 78, 35.9%), Czech Republic (N = 102, 29.4%), Denmark (N = 25, 8%), Finland (N = 19, 0%), France (N = 248, 20.2%),
Germany (N = 248, 27.4%), Greece (N = 75, 30.7%), Hungary (N = 100, 42%), Ireland (N = 64, 18.8%), Italy (N = 242, 28.5%), Latvia (N = 24, 33.3%), Lithuania
(N = 50, 22%), Poland (N = 101, 39.6%), Portugal (N = 99, 32.3%), Romania (N = 99, 45.5%), Russia (N = 194, 48.5%), Netherlands (N = 40, 17.5%), Spain
(N = 273, 19.4%), Sweden (N = 25, 8%), Switzerland (N = 50, 10%), Turkey (N = 60, 43.3%), Ukraine (N = 53, 54.7%), and United Kingdom (N = 158, 19.6%)]; Mid
and South America [10 participating countries: Brazil (N = 116, 16.4%), Chile (N = 75, 49.3%), Colombia (N = 124, 30.7%), Costa Rica (N = 22, 13.6%), Dominican
Republic (N = 24, 12.5%), Guatemala (N = 55, 16.4%), Mexico (N = 146, 42.5%), Panama (N = 32, 37.5%), and Venezuela (N = 64, 45.3%)]; North America [two
participating countries: Canada (N = 197, 27.4%) and the United States (N = 588, 21.4%),]; Middle East [four participating countries: Israel (N = 100, 12%), Jordan
(N = 24, 29.2%), Kuwait (N = 76, 44.7%), and Saudi Arabia (N = 26, 38.5%)]; and Oceania [a single participating country: Australia (N = 99, 7.1%)].

China (Hu et al., 2015), and South Korea (Hong et al.,
2016)] (Figure 5).

Class B Beta-Lactamases
The class B beta-lactamases are also known as “metallo-” beta-
lactamases because they need divalent cations, usually Zn2+

ions, as a metal cofactor to hydrolyze beta-lactams. Although
class B beta-lactamases are subclassified as B1, B2, and B3
based on structural and functional points (Frere et al., 2005),
we will discuss subclass B1, the only dominant subclass in
P. aeruginosa. The B1 subclass contains the largest number of
clinically relevant acquired MBLs, not only in P. aeruginosa
but also in Enterobacterales and other Gram-negative non-
fermenters. MBLs bind two Zn2+ atoms for optimal hydrolysis.
Zn2+ ion ligands bind at 3H (His–His–His) and DCH (Asp–
Cys–His) sites, and the binding of di-Zn2+ plays a critical role

in hydrolyzing beta-lactam substrates (Frere et al., 2005; Moran-
Barrio et al., 2016). Consequently, the carbapenemase activity
of MBLs is diminished in the presence of a chelator of Zn2+

and other divalent cations, i.e., ethylenediaminetetraacetic acid
(EDTA). The substrate profile of the MBLs includes penicillins,
cephalosporins, and carbapenems, but excludes monobactams.
The acquired MBL genes, located mostly within a class 1 integron
as gene cassettes, have been found in various bacterial species,
including P. aeruginosa.

Metallo-beta-lactamase are the most prevalent type of
carbapenemases produced by P. aeruginosa clinical isolates.
VIMs are the most disseminated, followed by imipenemases
(IMPs). New Delhi MBLs (NDMs) have also been identified.
Regional dissemination of P. aeruginosa clinical strains
producing Australian imipenemase (AIM), Central Alberta
MBL (CAM), Dutch imipenemase (DIM), Florence imipenemase
(FIM), German imipenemase (GIM), Hamburg MBL (HMB),
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FIGURE 4 | Worldwide identification of the carbapenemase-producing Pseudomonas aeruginosa. Reports of class A [Klebsiella pneumoniae carbapenemase (KPC)
and Guiana extended-spectrum beta-lactamase (GES) with amino acid alteration at aa 170], class B [Verona integron-encoded MBL (VIM), imipenemase (IMP), New
Delhi MBL (NDM), and others], and class D (OXA) carbapenemases are indicated in a geographic map. The references used for the map drawing are indicated in the
main text.

São Paulo MBL (SPM), and Seoul imipenemase (SIM)
was also reported.

A VIM-1-producing P. aeruginosa strain was first isolated
in Verona, Italy, in Lauretti et al. (1999). Together with
subtype VIM-2 (Poirel et al., 2000), the first two VIM enzymes

were originally found in P. aeruginosa as gene cassettes
of class 1 integrons. Notably, VIM-2 has a 10-fold more
efficient hydrolyzing activity to both imipenem and meropenem
compared to VIM-1 (Docquier et al., 2003), and in most of the
countries, VIM-2 is the dominant carbapenemase produced by
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FIGURE 5 | Epidemic carbapenemase-producing high-risk Pseudomonas aeruginosa clones identified worldwide. Regional dissemination of specific P. aeruginosa
clones identified through multilocus sequence typing (MLST) is indicated in color on a geographic map, and the carbapenemases produced are indicated at the
region. The number of countries with reports of the P. aeruginosa clone are indicated in the figure legends. References are indicated in the main text.

P. aeruginosa (Kazmierczak et al., 2016b). Thus far, a total of 66
variants of VIM have been identified, and subtype 2-producing
P. aeruginosa has been extensively spread, with a few regional
exceptions by specific outbreaks. VIM-producing P. aeruginosa
clinical strains have been identified in almost all countries
reporting surveillance data in six continents: in Europe (Poirel
et al., 2000; Pournaras et al., 2002; Bahar et al., 2004; Deplano
et al., 2007; Juan et al., 2008; Schneider et al., 2008; Siarkou
et al., 2009; Bosnjak et al., 2010; Samuelsen et al., 2010; Mazzariol
et al., 2011; Edelstein et al., 2013; Dortet et al., 2015; Kazmierczak
et al., 2016b), in Asia (Wang et al., 2006b; Khosravi and Mihani,
2008; Nho et al., 2008; Al-Agamy et al., 2009; Castanheira et al.,
2009; Azim et al., 2010; Khosravi et al., 2010; Koh et al., 2010;
Mano et al., 2015; Kazmierczak et al., 2016b; Tada et al., 2017,
2019; Tohya et al., 2019; Yaghi et al., 2019), in North (Toleman
et al., 2004; Pitout et al., 2007) and South America (Crespo
et al., 2004; Pasteran et al., 2005; Kazmierczak et al., 2016a; Rios
et al., 2018; Pacheco et al., 2019), in Africa (Pitout et al., 2008;
Ktari et al., 2011; Jeannot et al., 2013; Moyo et al., 2015; Kateete
et al., 2016; Adam and Elhag, 2018), and in Oceania (Tai et al.,
2015; Figure 4). P. aeruginosa ST111 mostly produces VIM-2 and
has been identified in European countries [the Czech Republic
(Papagiannitsis et al., 2017), Portugal (Botelho et al., 2018), Italy
(Giani et al., 2018), Greece, and Belgium (Castanheira et al.,
2014b)] and in Latin American countries [Colombia (Correa
et al., 2015)]. Less frequently, VIM-producing P. aeruginosa
ST244 was identified in China (Chen et al., 2014; Feng et al.,
2017), Brazil (de Oliveira Santos et al., 2019), and Africa (Cholley
et al., 2014); VIM-producing P. aeruginosa ST175 was identified

in Europe [Spain and Germany (Elias et al., 2010; Garcia-Castillo
et al., 2011; Viedma et al., 2012; Giani et al., 2018)].

After the first IMP enzyme found in Japan in Watanabe et al.
(1991), subsequent interspecies spread of the blaIMP gene to
Enterobacterales and Acinetobacter baumannii was reported in
Japan and Europe, respectively (Arakawa et al., 1995). Currently,
up to 79 variants of IMP have been identified, and varied subtypes
have been identified with regional inconsistency. The global
prevalent subtype is IMP-1, with a few exceptions of IMP-9 in
China (Xiong et al., 2006) and IMP-6 in South Korea (Ryoo
et al., 2009). Notably, IMP-6 has better hydrolyzing activity to
meropenem than to imipenem compared to the other subtypes
of IMP enzymes (Yano et al., 2001). IMP is the second most
common carbapenemase produced by P. aeruginosa regardless of
whether the strain was isolated in Europe (Hrabak et al., 2009,
2011; Samuelsen et al., 2010), in Asia (Xiong et al., 2006; Kouda
et al., 2007; Nho et al., 2008; Ryoo et al., 2009; Azim et al., 2010;
Khosravi et al., 2010; Koh et al., 2010; Tada et al., 2019; Yaghi
et al., 2019), in North (Gibb et al., 2002; Hanson et al., 2006),
and South America (Garza-Ramos et al., 2008; Kazmierczak et al.,
2016b), in Africa (Kateete et al., 2016; Adam and Elhag, 2018),
and in Oceania (McCarthy et al., 2017; Figure 4). P. aeruginosa
ST357 mostly produces IMP. The clone was spread in Europe
(Hrabak et al., 2011; Papagiannitsis et al., 2017) and Asia (Kouda
et al., 2009; Fan et al., 2016). IMP-producing P. aeruginosa ST621
was identified in Europe [Italy (Giani et al., 2018) and France
(Fournier et al., 2012)] (Figure 5).

The NDM enzyme was first identified in 2008 in
K. pneumoniae isolated from a Swedish patient with a history
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of travel to India (Yong et al., 2009). Shortly after, the NDM
producers became endemic in South Asian countries located in
the Indian subcontinent, such as India, Pakistan, and Bangladesh
(Kumarasamy et al., 2010; Dortet et al., 2014). The first report
of NDM-1-producing P. aeruginosa was in Serbia in Jovcic
et al. (2011), and subsequent dissemination was observed in
the Balkans (Jovcic et al., 2013; Kulkova et al., 2015). NDM-
producing P. aeruginosa has been identified mostly in Asia
(Khajuria et al., 2013; Paul et al., 2015; Tada et al., 2017, 2019;
Honda et al., 2019; Tohya et al., 2019), in Europe (Jovcic et al.,
2011; Carattoli et al., 2013; Janvier et al., 2013; Kulkova et al.,
2015; Urbanowicz et al., 2019), and in Africa (Manenzhe et al.,
2015; Kateete et al., 2016; Adam and Elhag, 2018). And, as a
sporadic emergence, it was also identified in North America
(Mataseje et al., 2016; Figure 4). Among a total of 27 variants of
NDM that have been identified, NDM-1 seems to be the most
prevalent subtype.

Being different from the intercontinental dissemination of
VIM-, IMP-, and NDM-producing P. aeruginosa, other MBL-
producing P. aeruginosa outbreaks or regional spreading have
occurred, except for SPM-producing P. aeruginosa. SPM-
producing P. aeruginosa was first identified in São Paulo, Brazil
(Toleman et al., 2002), and the clone belonged to ST277 (Chaves
et al., 2017; de Oliveira Santos et al., 2019). The SPM producer
was subsequently identified in Switzerland (Salabi et al., 2010),
the United Kingdom (Salabi et al., 2010), India (Azim et al.,
2010), China (Cai et al., 2016), and Uganda (Kateete et al.,
2016; Figure 4). DIM-producing P. aeruginosa clinical strains
were regionally disseminated mostly in Asia (Tada et al., 2017,
2019) and Europe (Urbanowicz et al., 2019). GIM-producing
P. aeruginosa was identified in Germany (Castanheira et al.,
2004; Wendel et al., 2015) and India (Azim et al., 2010).
SIM-producing P. aeruginosa was identified in China (Sun
et al., 2016). HMB-producing P. aeruginosa was identified
both in Hamburg, Germany (Pfennigwerth et al., 2017), and
in the United States (Walters et al., 2019). CAM-producing
P. aeruginosa was identified in Canada (Boyd et al., 2019), and no
more dissemination was observed. The AIM and FIM producers
were restricted in Australia (Yong et al., 2012) and Italy (Pollini
et al., 2013), respectively (Figure 4).

Class D Beta-Lactamases
Class D beta-lactamases belong to the superfamily of serine beta-
lactamases with a unique carboxylated Lys-73 responsible for
the beta-lactam hydrolysis activity (Golemi et al., 2001). The
carbapenem-hydrolyzing class D beta-lactamases (CHDLs) were
first described in A. baumannii and published by Paton et al.
(1993). CHDLs are serine beta-lactamases with a relatively weak
activity against carbapenems and are poorly inhibited by EDTA
or clavulanic acid. Among a total of 12 groups of CHDLs, three
groups—OXA-40-like, OXA-48-like, and OXA-198-like—have
been identified in P. aeruginosa.

OXA-type carbapenemases are rarely identified in
P. aeruginosa, and the emergence of the following strains
has been reported: OXA-40-producing P. aeruginosa in Spain
(Sevillano et al., 2009), OXA-48-producing P. aeruginosa in India
(Borah et al., 2016), OXA-181-producing P. aeruginosa in the

United Kingdom (Findlay et al., 2017), and OXA-198-producing
P. aeruginosa in Belgium (Bonnin et al., 2018; Figure 4).

MOBILE GENETIC ELEMENTS
ASSOCIATED WITH
CARBAPENEMASE-ENCODING GENES

The acquired genes encoding carbapenemases are associated with
a plethora of mobile genetic elements, such as plasmids, gene
cassettes of integrons, transposons, and genomic islands (Kung
et al., 2010). Mobile genetic elements have the ability to move
from genome to genome by transformation, conjugation, and
transduction, presenting intracellular and intercellular mobility
(Roberts et al., 2008).

Pseudomonas aeruginosa Plasmids
Carrying the Carbapenemase-Encoding
Genes
In general, the plasmids carrying the carbapenemase-encoding
genes in P. aeruginosa belong to the distinct incompatibility
groups from those in Enterobacterales. Among the 13 known
incompatibility types of IncP, IncP-2-type plasmids are classic
types frequently identified in P. aeruginosa (Korfhagen et al.,
1976). Among the 207 complete genomes of P. aeruginosa of
the Genome Database (NCBI, 2020), five genomes include a
plasmid carrying one or two carbapenemase-encoding genes; two
of the five plasmids are of the IncP-2 incompatibility type, while
the other three are untypable: two blaKPC−2 genes are harbored
by untypable plasmids, which are almost the same (identical
nucleotide sequences, except for a 1-bp gap difference between
the 57,053- and 57,052-bp plasmids), one blaVIM−1 is harbored
by an untypable plasmid, one IncP-2 plasmid harbors blaIMP−45,
and one IncP-2 plasmid harbors both the blaVIM−1 and the
blaIMP−45 genes.

Among the plasmids in P. aeruginosa having an incomplete
genome, the 31,529- and 38,939-bp IncP-6 plasmids carrying
the blaKPC−2 gene have been identified in Colombia and China,
respectively (Naas et al., 2013; Dai et al., 2016), and the
7,995-bp IncU plasmid including the blaKPC−2 gene has been
identified in Colombia (Naas et al., 2013). An untypable 3,652-
bp plasmid harboring the blaKPC−2 gene was identified in Brazil
(Galetti et al., 2016).

Recently, a Pseudomonas plasmid lineage carrying the MBL
genes has been reported (Di Pilato et al., 2019). A retrospective
analysis revealed that the plasmid lineage has been identified
since the 1990s, mostly in Europe. While the plasmid does
not belong to a recognized plasmid type, the type 4 secretion
system components classified the plasmids as MOBF11 or MPFT
plasmid families. The MBL genes in the plasmid were identified as
gene cassettes of the class 1 integron In70 (Di Pilato et al., 2019).

Carbapenemase-Encoding
Gene-Associated Transposable Units
The carbapenemase-encoding genes are frequently included in
transposable elements, which are often associated with the
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FIGURE 6 | Transposable units identified in Pseudomonas aeruginosa carrying the carbapenemase-encoding genes. The red arrow indicates the genes for
antimicrobial resistance, and those with yellow letters inside indicate the genes for carbapenemase. Yellow arrows depict insertion sequences, and those in orange
indicate transposase/resolvase.

insertion sequences with a common region (ISCRs) being
responsible for the rapid transmission of bacterial multidrug
resistance (Figure 6; Toleman et al., 2006). Typically, the
ISCR element lacks flanking inverted repeats (IRs) and the
integration does not produce direct repeat (DR) sequences
(Diaz-Aroca et al., 1987). Rolling circle has been suggested
for the transmission mechanism of ISCRs (Figure 7), and the
transposition method allows a polarized transfer of the ISCR
elements to mobilize adjacent DNA sequences in varied sizes
(del Pilar Garcillan-Barcia et al., 2001).

The blaCAM and blaFIM genes were identified in transposable
elements associated with ISCR14 and ISCR19, respectively,
located downstream from the gene. The blaSPM gene was
identified in P. aeruginosa accompanied with the chaperone
groEL gene and flanked by a pair of ISCR4 elements. The
blaAIM gene was identified in a transposable element associated
with the upstream ISCR15. The blaHMB−1 gene was in a
transposable unit, namely, Tn6345 (Supplementary Table 1;
Pfennigwerth et al., 2017), flanked by IS1595 upstream and
ISCR27-like downstream (Toleman et al., 2006). For the
blaNDM gene, the composite transposon Tn125 flanked by a
pair of ISAba125 copies at both ends has been identified in
A. baumannii (Bontron et al., 2016). The blaNDM−1 gene-
associated transposable element is composed of a truncated

Tn125. ISCR is located upstream from the 1ISAba1, and
downstream of the blaNDM−1 gene, the ble gene for bleomycin
resistance and the trpF gene for phosphoribosylanthranilate
isomerase are followed (Sole et al., 2011).

The Tn4401 carrying the blaKPC gene has been found in
diverse bacterial hosts, including P. aeruginosa (Cuzon et al.,
2011; Figure 6). Tn4401 is a 10-kb transposon composed
of genes encoding a transposase and a resolvase, and the
blaKPC gene together with two insertion sequences (ISs),
ISKpn6 and ISKpn7 (Figure 6), and transposition of Tn4401
occurs through the mechanism of copy-and-paste replicative
transposition (Figure 7; Grindley, 1983). Tn4401 includes nine
isoforms from a to I differing in the sequences upstream
of the blaKPC gene (Naas et al., 2012; Bryant et al., 2013;
Cheruvanky et al., 2017; Araujo et al., 2018; Schweizer et al.,
2019). While both Tn4401a and Tn4401b are prevalent in
Enterobacterales (Stoesser et al., 2017; Yoon et al., 2018),
Tn4401b is the only isotype identified in P. aeruginosa. Seven
Tn4401 elements were found through the restricted BLAST
against the species P. aeruginosa, and all were Tn4401b:
two Tn4401b copies in a chromosome (GenBank accession
CP029605) and each Tn4401b copy in five plasmids (GenBank
accessions MN082782.1, CP027168.1, CP029092.1, KC609323.1,
and EU176013.1).
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FIGURE 7 | Mechanisms of replicative transposition of the transposons. (A) Insertion sequence with a common region (ISCR)-mediated rolling circle replicative
transposition is involved in rolling circle replication. ISCR elements lack terminal inverted repeats, and a single copy of the element is able to transpose adjacent DNA
sequences (Toleman et al., 2006). (B) A Tn3-mediated copy-and-paste replicative transposition requires both a transposase and a resolvase. The transposon is
replicated, joining the donor and the recipient in a cointegrate, which is resolved to give the donor and the recipient of the transposon (Grindley, 1983).

Class 1 Integrons Carrying
Carbapenemase-Encoding Gene
Cassettes
Integrons are assembly platforms comprising an intI gene for
a site-specific tyrosine recombinase, an attI for a primary
recombination site, the promoter Pc for transcription, and an
assemblage of passenger genes composing a gene cassette array
(Figure 8; Collis et al., 1993). The IntI integrase recognizes the
attC site of the gene cassette and the promoterless gene cassette is
inserted as a linear form in the integron (Figure 8; Collis and Hall,
1992). In addition to the catalysis of attC × attC, the integrase
catalyzes attI × attC, leading to the gene cassette integration
into the attI site. A successive integration of the gene cassettes
occurs downstream of the resident Pc promoter (Hall and Collis,
1995). The expression of the gene cassette is dependent on the
sole promoter and the level of gene expression depends on the
distance from the sole promoter Pc (Coyne et al., 2010). By
nature, the first few cassettes are expressed and the rest of the

array exists as a reservoir of standing genetic variation (Cambray
et al., 2010). Rearrangement of the order of gene cassettes affects
the resistance phenotype of the bacterial host (Hall and Collis,
1995; Rowe-Magnus et al., 2002).

Carbapenemase-Encoding Gene Cassettes
The class A carbapenemase-encoding gene blaGES, the MBL genes
blaVIM, blaIMP, and blaGIM−1, and the class D gene blaOXA−198
were identified as a gene cassette composing a class 1 integron.
In the integron database INTEGRALL (4last updated on 10
December 2020) (Moura et al., 2009), a total of 812 class 1
integrons of 282 different gene cassette arrays were identified for
the organism P. aeruginosa. Among them, 191 class 1 integrons of
148 different arrays carried one or two carbapenemase-encoding
gene cassettes (Supplementary Table 2). The most prevalent
blaVIM genes were identified as gene cassettes in 98 arrays of the
130 class 1 integrons. Among them, 13 carried only the blaVIM

4http://integrall.bio.ua.pt/
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FIGURE 8 | Organization of the integron and the process of capturing and
exchanging the gene cassettes. The open arrow indicates the open reading
frame and is colored based on its function: the antimicrobial resistance gene is
in red or in magenta, the attC gene is in green, and the intI1 gene is in orange.
The open box indicates the attI locus. The integron is organized as a
functional platform including the intI1 gene and the attI locus and a cassette
array assembled through the acquisition of gene cassettes structured with an
open reading frame and an attC locus. Expression of the gene cassettes is
dependent on the common promoter, Pc, and the level of expression
depends on the distance from the Pc. The IntI1 integrase binds to the attC
locus of the excised gene cassette to help circularize the cassette (Collis et al.,
1993; Hall and Collis, 1995).

cassette; the others harbored additional gene cassettes encoding
aminoglycoside-modifying enzymes, mostly the aacA genes and
less frequently the aadA or aadB genes. All but five carried the

blaVIM gene cassette in the first position of the array (62.3%) or
in the second position of the array (33.1%).

The second most dominant blaIMP cassettes were identified in
50 class 1 integrons of 40 different arrays, and 14 of the integrons
harbored a single gene cassette. All but two harbored the blaIMP
gene cassette in the first of the array (70.0%) or in the second
of the array (22.9%). Less frequently, the blaGIM−1 gene cassette
was identified in six class 1 integrons of five different arrays all
in the first of the array, and three blaGES−5 cassette-associated
and one of each of the blaGES−8, blaGES−9, and blaGES−15 cassette-
associated class 1 integrons were identified.

Mobilized Class 1 Integrons
Basically, class 1 integrons are immobile per se, and a set of
functional transposition modules is needed for transposition
(Martinez et al., 2012). The Tn402 family transposon Tn5090
is a good example of a functional transposon giving mobility
to a class 1 integron (Figure 9; Radstrom et al., 1994). The
Tn402 family transposon is a Mu-related transposon that has
been identified in the broad-host IncP plasmid R751 conferring
trimethoprim resistance (Jobanputra and Datta, 1974; Shapiro
and Sporn, 1977). The transposon family has two modules:
a transposition module composed of the transposase TniA,
the ATP-binding protein TniB, the transposition auxiliary
protein TniQ-resolution site res, the serine resolvase TniC,
and a class 1 integron carrying antimicrobial resistance gene
cassettes. Transposition of the Tn402 family transposon involves
a TniABQ-dependent cointegrate formation and a site-specific
serine resolvase-dependent resolution (Radstrom et al., 1994).
The transposon has 25-bp inverted repeats, and the integration
generates 5-bp DRs. The transposon targets the res site of
Tn21 subfamily transposons as well as resolution sites found
on plasmids (Minakhina et al., 1999). The Tn21-like Tn1403,
Tn6060, Tn6162, and Tn6249, which nest inside the Tn402-like,
carry a class 1 integron possessing the blaVIM−1 gene cassette
(Di Pilato et al., 2015).

In the transposon repository database (Tansirichaiya et al.,
2019), a total of 20 transposons carried the gene encoding
carbapenemases (Supplementary Table 1), and of those, 19
transposons are associated with class 1 integrons harboring the
blaVIM (n = 9), blaIMP (n = 6), blaGES (n = 2), blaSIM (n = 1), and
blaDIM (n = 1) gene cassettes. The 207 complete P. aeruginosa
genomes from the Genome Database included a total of 29
chromosomal class 1 integrons with a carbapenemase-encoding
gene cassette. Among those, 20 integrons included a part or
the entire set of the TniABQR transposition module of the
Tn402-like.

Resistance Islands Harboring the
Carbapenemase-Encoding Genes
Genomic islands carrying many foreign genes are useful for
adaptation by providing multiple fitness-associated elements to
P. aeruginosa in a single event of horizontal gene transfer (Kung
et al., 2010). Genomic islands are often free to move in and out of
the chromosome, and pKLC102, a 100-kb plasmid identified in
P. aeruginosa C strain, is an example of this (Klockgether et al.,
2004). The plasmid pKLC102 was found simultaneously in the
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FIGURE 9 | Transposons giving mobility to integrons. Transposons are indicated in scale with the component. The accession number of each sequence is indicated
in brackets. Arrows indicate open reading frames with filled colors that differ by function: yellow, transposition; orange, class 1 integrase; red, antimicrobial
resistance; green, heavy metal resistance (Radstrom et al., 1994; Minakhina et al., 1999; Shi et al., 2018).

FIGURE 10 | Schematic presentation of the structure of genomic islands belonging to the three groups. The schematic structure is presented for the three groups of
genomic islands: (A) Group 1 resistance islands equipping the tyrosine-based integrase gene at the 5’ terminal and the conjugative transfer machinery gene cluster
at the 3’ terminus, (B) Group 2 resistance islands carrying a transposition module of a whole or a partial TniABQR component, (C) and the others. The genes are
indicated with open arrows and colored based on function: genes for integration and recombination of the genomic island are in yellow, genes for antimicrobial
resistance (AMR) are in red, genes for heavy metal resistance (HMR) are in green, the intI1 gene is in orange, conjugative transfer module mostly composed of the
type 4 pili assembly genes is in black, and the core gene is in gray. The open box indicates inverted repeats (IRs) left and right, named the attL and attR loci for
integration conjugative elements.

chromosome as a genomic island being integrated into the 3′ end
of the tRNALys gene in favor of an att site.

Genomic islands are typically inserted at the 3′ end of a
transfer RNA (tRNA) gene; however, they are also targeted
elsewhere in the chromosome (Klockgether et al., 2011). Genomic
islands are easily differentiated from the core genome by their
atypical G+C contents, differing from the typical P. aeruginosa
G+C content of 65–67% and atypical oligonucleotide usage.
Genomic islands typically harbor the genes for factors involved
in mobility, such as integrases, transposases, ISs, and other

components responsible for biological processes. Genomic
islands are categorized accordingly to their main characteristics
determined by the gene content, such as pathogenicity, symbiosis,
metabolic, fitness, or drug resistance. Thus far, 25 genomic islands
have been identified: two P. aeruginosa pathogenic islands, PAPI-
1 and PAPI-2; 17 P. aeruginosa genomic islands, PAGI-1 to
PAGI-17; five Liverpool epidemic strain genomic islands, LESGI-
1 to LESGI-5; and a plasmid-origin genomic island, pKLC102.
As an effort to group the genomic islands, Kung et al. (2010)
suggested two families of genomic islands by conserved function
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and synteny of the backbone genes, and Klockgether et al. (2011)
proposed that any known genomic islands originated from an
ancestry based on conserved orthologs. However, no scheme is
publicly endorsed.

Genomic islands carrying the antimicrobial resistance genes,
so-called resistance islands, specifically provide a great advantage
for survival to bacterial hosts in clinical settings. Among the 25
genomic islands, only three—PAGI-13 in P. aeruginosa ST277
(Silveira et al., 2014) and PAGI-15 in ST244 and PAGI-16 in
ST235, respectively (Hong et al., 2016)—were resistance islands
carrying antimicrobial resistance determinants, and only two,
PAGI-15 (blaGES−24) and PAGI-16 (blaIMP−6, or blaIMP−10),
harbored a carbapenemase-encoding gene (Table 1; Hong et al.,
2016). One unnamed PAGI-2-like island in P. aeruginosa
ST235 carrying the blaGES−5 gene has also been reported
(Abril et al., 2019).

In addition, the PA143/97 genomic island, which was
manufactured to include the Tn6249 carrying two class 1
integrons harboring the blaVIM−2 gene cassette, was reported
(Martinez et al., 2012; Di Pilato et al., 2015).

Pseudomonas aeruginosa is able to obtain multidrug resistance
at once through resistance islands. Since this review focuses
on carbapenem resistance in P. aeruginosa, the exploration
is restricted to genomic islands harboring carbapenemase-
encoding genes.

Among the 207 complete genomes of P. aeruginosa extracted
from the Genome Database, a total of 38 chromosomes harbor
resistance islands carrying the carbapenemase-encoding gene,
and eight of those carry two resistance islands. In total, 45
resistance islands, sized between 8,858 and 117,103 bp, were
analyzed. The G+C contents varied from 55.5 to 65.5%, which
were lower than those of the chromosomes, which were from 65
to 67%, and the integration sites varied.

The 45 resistance islands carrying the carbapenemase-
encoding gene were classified into three groups by the
transposition module (Table 2). Group 1 resistance islands
furnish the tyrosine-based integrase gene at the 5’ terminal
and the conjugative transfer machinery gene cluster at the 3′
terminus (Figure 10). Group 1 can be further grouped into two
subgroups: group 1a, with a core structure of ICETn4371 mostly
targeting OprD of OccD4/OpdT tyrosine or adenylate cyclase
ExoY, and group 1b, which resembles the known multidrug-
resistant genomic islands PAGI-13, PAGI-15, and PAGI-16
targeting tRNAGly. Resistance islands belonging to group 1a had
G+C contents between 64.5 and 65.1%, and the size was 44–
74 kbp. The blaSPM−1 and blaNDM−1 genes carried by the group
1a resistance islands were all associated with IS91-like ISCRs
composing unit transposons, and neither the other antimicrobial
resistance determinants nor the heavy metal resistance-associated
genes were identified in the resistance island. Meanwhile, the
G+C contents of group 1b ranged between 60.5 and 64.2%, and
the size ranged from 37 to 117 kbp. The upper cluster of group
1b, including four genomic islands (Table 2), targeted tRNAGly
at the locus PA0714 of the genome of P. aeruginosa PAO1
(NCBI RefSeq, NC_002516.2). Characteristically, the genomic
islands belonging to the cluster always possess the mercury
resistance gene cluster, which is likely derived from Tn501, TA
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TABLE 2 | Resistance islands carrying the carbapenemase-encoding gene in Pseudomonas aeruginosa.

aThe molecular phylogenetic trees were constructed using the aligned amino acid sequences of the integration module, either the tyrosine-type integrase/recombinase
or the concatenated TniABQR for transposition, using the maximum likelihood method implemented in the PhyML program (v. 3.0 aLRT) with the WAG matrix and a
gamma correction for variable evolutionary rates (Guindon and Gascuel, 2003). A total of 100 bootstrap experiments are carried out; the red dots at the node indicate
perfect robustness.
b If the chromosome includes two genomic islands, each case is indicated with numbers 1/2 and 2/2 in brackets following the GenBank accession number.
c Integration sites are indicated using the locus tag of the genome of P. aeruginosa PAO1 (NCBI RefSeq, NC_002516.2).
d In0 is indicated with “0.”
eAntimicrobial resistance genes located in a class 1 integron and transposons are indicated, and the genes encoding carbapenemase are in boldface.

and the carbapenemase-encoding genes are carried by class
1 integrons as a gene cassette. The eight genomic islands
belonging to the next cluster of subgroup 1b targeted tRNAGly
either at the locus PA2583 or PA2817 of the PAO1 genome.
A quarter of the genomic islands possess a class 1 integron, and
the acquisition of the carbapenemase-encoding gene is mostly
due to ISCR elements. Pieces of the heavy metal gene cluster
have been observed.

The group 2 resistance islands contain a transposition module
composed of a whole or a partial TniABQR component. The
resistance islands had obviously lower G+C contents, between
55.5 and 62.0%, and the sizes were diverse, from 8.8 to 105 kbp.
The composition of the resistance islands in group 2 corresponds
to that of the Proteus genomic island PGI-1 (Mac Aogain
et al., 2016). The resistance islands are constructed through
the accumulated assemblage on a Tn402 backbone. Such an
assemblage of transposons is commonly observed in the AbaR-
type resistance islands in A. baumannii, which evolved from the
Tn6019 backbone (Krizova et al., 2011).

In the case of the remaining two resistance islands,
categorization is unavailable since only two cases of
possible clonal relations are available from the GenBank

database. Neither a specific tyrosine-based recombinase
nor a transposition component has been identified in
the resistance islands; however, they are flanked by 20-bp
inverted repeats.

CONCLUSION

Carbapenems represent a valuable therapeutic option for patients
with infections caused by multidrug-resistant P. aeruginosa. It
is ironic that carbapenem resistance, especially that conferred
by carbapenemase production, is closely related to multidrug
resistance, highlighting the role of modular mobile units
carrying multiple antimicrobial resistance determinants. The
molecular epidemiology of antimicrobial resistance has been
studied by traditional methodologies based on PCR and Sanger
sequencing to identify the resistance genes and to distinguish the
fundamental mobile genetic elements carrying the gene, i.e., gene
cassettes of integrons, transposons, and plasmids. The present
era of massive next-generation sequencing, mostly the long-read
sequencing, allows resolving a wide range of complex genome
regions, such as modular mobile units associated with genes
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for antimicrobial resistance, also known as resistance islands.
Such an extensive analysis has been carried out for limited
numbers of the P. aeruginosa genome mostly for the genomic
islands unrelated to antimicrobial resistance determinants.
Among the plenty genomic islands in the genome of
P. aeruginosa, resistance islands have a meaning beyond genome
plasticity. Such a modular mobile unit harboring antimicrobial
resistance determinants is able to disseminate by itself and
capture an alien gene for resistance, which means the resistance
islands and high-risk clones are the A to Z of acquisition of
multidrug resistance. Our trial to classify P. aeruginosa resistance
islands needs improvement with more cases for resistance islands.

The global spread of the carbapenem-resistant P. aeruginosa
is one of the major global public health challenges, and the
epidemiological scenario is often associated with the circulation
of carbapenemase-encoding genes linked with (i) the endemic
carbapenemase gene and (ii) the carbapenem usage in clinical
settings. The KPC-producing P. aeruginosa in KPC-endemic
United States, the SPM-producing P. aeruginosa in SPM-
endemic Brazil, and the NDM-producing P. aeruginosa in NDM-
endemic India exemplify well the first linkage. The second
linkage is illustrated through the dominance of IMP-6-producing
P. aeruginosa in South Korea, in which meropenem usage
is approximately twice more in clinical settings than that of
imipenem. Since IMP-6 has greater hydrolyzing activity to
meropenem than to imipenem compared to the other subtypes
of IMP enzymes, producing the IMP-6 subtype is favorable
to the bacterial host. It emphasizes that the carbapenemase-
producing organisms should be controlled regardless of the
bacterial host, and control includes both surveillance study and
antimicrobial stewardship. Needless to say, more attention is
needed to be paid to the emergence and spread of the high-
risk P. aeruginosa clones, together with their enzymatic/non-
enzymatic carbapenem resistance. Though continuing efforts
are being made to develop the beta-lactamase inhibitors in
order to preserve the efficacy of beta-lactam drugs including
carbapenems, it is fruitful just for the serine beta-lactamases.
Development of the inhibitors for MBLs, which are frequently
produced by P. aeruginosa, is eager to be accelerated.

Despite the efforts to control the spread of carbapenem-
resistant P. aeruginosa, a conclusive solution to the issue is still
far from being accomplished. Surveillance study for the drug-
resistant pathogen is essential and global collaboration using
harmonized methods is important for a practical comparison
of the outputs. In addition, to fight against the drug-resistant
pathogen, we need to understand how the pathogens acquire
resistance determinants. Taking the advantages of up-to-date
techniques, assessment of the bacterial genome should be
carried out, not only for the mobile genetic elements carrying
a carbapenemase-encoding gene but also for the genomic
islands. Furthermore, through the technique, the mobile genetic
elements should be investigated extensively, and it would allow a
comprehensive grasp of the dissemination of drug resistance.
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Background: Carbapenem-resistant Klebsiella aerogenes (CRKA) has posed a serious

threat for clinical anti-infective therapy. However, the molecular characteristics of CRKA

in Shanghai are rarely reported.

Objective: This study aimed to investigate the resistance profiles, dissemination

mechanism, and molecular characteristics of CRKA strains isolated from children in a

pediatric hospital, Shanghai.

Method: Fifty CRKA isolates were collected in 2019. Antimicrobial susceptibility of

the strains was determined by broth microdilution method. The β-lactamases and

outer membrane porin genes were characterized by polymerase chain reaction (PCR).

Conjugation experiments were performed to determine the transferability of the plasmids.

The plasmids were typed based on their incompatibility group using the PCR-based

replicon typing method. Multilocus sequence typing (MLST) and enterobacterial repetitive

intergenic consensus-PCR (ERIC-PCR) were performed for the genetic relationship.

Results: All CRKA strains showed high level of resistance to cephalosporins and

carbapenems, but still susceptible to aminoglycosides, colistin, and tigecycline. Forty five

of fifty isolates carried blaNDM−5 genes (45/50, 90%), alongside with other β-Lactamase

genes including blaCTX−M−1, blaTEM−1, and blaSHV−11 being detected. Loss of ompK35

and ompK36 genes were observed in 14% (7/50) and 28% (14/50), respectively, with

5 isolates lacking both ompK35 and ompK36. MLST analysis demonstrated that the

majority of isolates belonged to ST4 (47/50, 94%) and ERIC-PCR fingerprinting was

performed to identify NDM-5-producing isolates with approximately or more than 80%

similarity levels. Plasmids carrying blaNDM−5 were successfully transferred to the E. coli

recipient and plasmid typing showed that IncX3were the prevalent amongCRKA isolates.

Conclusions: Our finding revealed the emergence of NDM-5 producing CRKA

belonging to ST4 among children in Shanghai. Further attention should be paid to control

the horizontal spread of the Class B carbapenemases like NDM in children.

Keywords: carbapenem-resistant Klebsiella aerogenes, NDM-5, ST4, plasmid, IncX3
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INTRODUCTION

Klebsiella aerogenes, formerly described as Enterobacter
aerogenes, is an opportunistic pathogen associated with a variety
of nosocomial infections including pneumonia, sepsis, and
urinary tract infection (1, 2). Emergence of carbapenem-resistant
Enterobacterales (CRE) has posed a serious threat for clinical
anti-infective therapy and the main resistant mechanism of CRE
is production of carbapenemases, although other mechanisms
have been proposed, including overproduction of β-lactamases,
efflux pumps, porin deficiency, and changes in penicillin-binding
proteins. Carbapenemases including Klebsiella pneumoniae
carbapenemase (KPC), New Delhi metallo- β-lactamase
(NDM), and Imipenemase (IMP) have been identified in K.
aerogenes (3–5).

NDM carbapenemase, as a newly emerging β-lactamase,
can efficiently hydrolyse a broad range of β-lactams except
aztreonam and has become the most clinically significant due to
its increased resistant phenotype and rapid global dissemination.
NDM carbapenemases are divided into NDM-1 to NDM-25
variants. To the best of our knowledge, NDM carbapenemases
can easily spread among different species of Enterobacterales,
with NDM-1 and NDM-5 type being commonly detected. NDM-
5 carbapenemase was mainly detected in E. coli and rarely
in Enterobacterales. However, the prevalence, dissemination
mechanism, and clinical characteristics of carbapenem-resistant
K. aerogenes (CRKA) in Shanghai are still unavailable. In
this study, we will focus on CRKA isolated from children in
Shanghai, to investigate the resistance profiles and molecular
epidemiological characteristics of these strains.

MATERIALS AND METHODS

Study Design and Bacterial Strains
This study was retrospectively performed in Shanghai Children’s
Hospital, which is one of largest pediatric hospitals in China.
A total of 50 non-duplicative nosocomial CRKA strains were
collected in 2019. All the isolates were identified by matrix-
assisted laser desorption ionization time of flight (MALDI-TOF)
mass spectrometry using MALDI Biotyper (Bruker Daltonik
GmbHm, Bremen, Germany). CRKA were defined as strains
that were resistant to at least one of the carbapenem antibiotics
(ertapenem, meropenem, or imipenem) by Centers for Disease
Control and Prevention of USA (https://www.cdc.gov/hai/
organisms/cre/technical-info.html#Definition). Furthermore,
clinical information was obtained from the medical records of
each patient. This information included patient demographics,
neonatal birth information, brief hospital course, any antibiotic
use history of infants, and treatment outcomes, etc.

Antimicrobial Susceptibility Testing
Antimicrobial susceptibility of all CRKA strains against
amikacin, cefuroxime, ceftriaxone, ceftazidime, cefepime,
piperacillin-tazobactam, ertapenem, imipenem, meropenem,
levofloxacin, trimethoprim-sulfamethoxazole, aztreonam,
colistin, and tigecycline were investigated by broth microdilution
method. The breakpoints used for interpretation were

recommended by the Clinical and Laboratory Standards Institute
(CLSI) 2020. The interpretive criterion for tigecycline was based
on the breakpoints of the Food and Drug Administration (FDA).
Quality control was managed by using E. coli ATCC 25922 and
E. coli ATCC 35218.

Detection of Resistance Genes
DNA of all strains was extracted by boiling centrifugation
method. Polymerase chain reaction (PCR) was used to detected
carbapenemase genes (blaNDM, blaKPC, blaIMP, blaVIM, and
blaOXA−48), ESBL genes (blaCTX−M, blaTEM, blaSHV), AmpC
genes (blaDHA, blaCMY, blaMOX, blaEBC, and blaAAC) and
porin genes (ompK35 and ompK36) as previously described
(6, 7). Amplicons were sequenced and nucleotide sequences
were further analyzed and compared to sequences available
at the National Center for Biotechnology Information (NCBI)
website (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Multilocus Sequence Typing
MLST analysis was performed for the genetic relationship as
described previously (8). Seven housekeeping genes including
dnaA, fusA, gyrB, leuS, pyrG, rplB, and rpoB were amplified
and sequenced for K. aerogenes. Alleles and sequence types
(STs) were assigned at the PubMLST database (https://pubmlst.
org/kaerogenes/). Clonal complexes (CC) of these strains were
also analyzed.

Enterobacterial Repetitive Intergenic

Consensus-PCR
Furthermore, the clonal relatedness between NDM-5 producing
CRKA isolates were investigated by ERIC-PCR using the
primers ERIC-Forward (5′ATGTAAGCTCCTGGGGATTAAC-
3′) and ERIC-Reverse (5′AAGTAAGGACTGGGG-TGAGCG-
3′) (9). Bio-Red Gel Doc system was used to scan gel image and
the fingerprinting profiles analysis of these strains was conducted
in the BioNumerics software for the similarity dendrogram.

Conjugation and Plasmid Replicon Typing
To confirm whether the blaNDM−5 gene was located on plasmids,
conjugation transfer experiments were repeatedly carried out by
using mixed broth culture method with sodium azide resistant E.
coli J53 as the recipient. Potential transconjugants that possessed
the blaNDM−5-bearing plasmid were selected on Mueller–Hinton
agar plates containing sodium azide (180µg/ml) and ertapenem
(1µg/ml). The transconjugants were tested for antimicrobial
susceptibilities by broth microdilution for testing the above
antibiotics. The colonies grown on the selective medium were
identified by detecting blaNDM−5 gene using PCR. Furthermore,
PBRT 2.0 kit-PCR-based replicon typing was used for molecular
typing of plasmids of transconjugants (10).

Statistical Analysis
Antimicrobial resistance data was analyzed by using WHONET
5.6. Other statistical data including quantitative data categorical
variables was performed by using SPSS 19.0 software (SPSS
Inc., Chicago, IL, USA). A value of P ≤ 0.05 was considered
statistically significant.
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RESULTS

Clinical Presentation of All Patients
Among 50 patients, most were located at the neonatal
department (48/50, 96%) with only two strains from pediatric
intensive care unit (PICU). Most of them are male (78%, 39/50)
with 22% being female. Most children were <3-months-old,
with only two children being 5–months-old and 7-months-old,
respectively. The median length of hospital stay was 50 days
(6–121 days) and the patients developed CRKP colonization or
infection an average of 14 days (2–58 days) after admission.
Among 48 patients in neonatal unit, the median birth weight
was 1300 g (770–4100 g) and 33 patients were diagnosed as
premature infants.

The most common underlying condition among all patients
was pneumonia (68%, 34/50). Ninety-two percent of patients
had a history of invasive procedures, including central venous
catheter, intubation/mechanical ventilation, lumbar puncture,
and surgery. Most patients have received more than two
antibiotics and β-lactam/β-lactamase inhibitor combinations
(74%; 37/50) and carbapenems (64%; 32/50) were the most
frequently used antibiotics. Furthermore, a majority of children
were improved after treatment during hospitalization and two
children were died.

Isolates Information and Antimicrobial

Susceptibility of CRKA Isolates
Among 50 non-duplicated CRKA isolates, 33 (66%) strains
were isolated from sputum, followed by tracheal (10/50, 20%),
blood (3/50, 6%), swab (3/50, 6%), and urine (1/50, 2%).
As shown in Table 1, 100, 98, and 98% of isolates were
resistant to ertapenem, imipenem, and meropenem, respectively.
Furthermore, all strains were resistant to cefuroxime, cefotaxime,
ceftriaxone, cefepime, and piperacillin-tazobactam, while all
strains were susceptible to amikacin, gentamicin, trimethoprim-
sulfamethoxazole, and tigecycline. In addition, resistance to
levofloxacin was seen in 30% of isolates in this study.

Distribution of Resistant Genes
Forty five of fifty isolates carried blaNDM−5 genes (45/50, 90%),
which showed that production of NDM-5 carbapenemase was
the main mechanism of K. aerogenes resistance to carbapenems.
Furthermore, loss of ompK35 and ompK36 genes were also
observed in 14% (7/50) and 28% (14/50), respectively, with 5
isolates lacking both ompK35 and ompK36. Twelve of 45 NDM-
5 producing strains examined were deficient in ompK35 or/and
ompK36. Among 5 non-NDM-5-producing isolates, ompK35
or/and ompK36 were detected in four of them. Moreover, all
isolates were found to carry at least one ESBL and/or AmpC gene.
Specially, blaCTX−M−1 group, blaTEM−1, blaSHV−11, and blaEBC
were identified in 96, 96, 56, and 86%, respectively (Table 2).

Genetic Relationships
MLST analysis demonstrated that these 50 isolates were designed
into four different STs andmost of isolates (47/50, 94%) belonged
to ST4 with allelic profile 3-3-1-4-3-1-2. ST199 and other two
new STs were also found in this study. ST4 were identified as

TABLE 1 | Antimicrobial susceptibility profiles of carbapenem-resistant Klebsiella

aerogenes isolates.

Antibiotics Antimicrobial

susceptibility, % (n)

MIC(µg/mL)

R S MIC50 MIC90

Cefuroxime 100 (50) 0 (0) ≥32 ≥32

Cefotaxime 100 (50) 0 (0) ≥64 ≥64

Ceftriaxone 100 (50) 0 (0) ≥64 ≥64

Cefepime 100 (50) 0 (0) ≥32 ≥32

Piperacillin-tazobactam 100 (50) 0 (0) ≥128/2 ≥128/2

Ertapenem 100 (50) 0 (0) ≥128 ≥128

Imipenem 98 (49) 2 (1) ≥128 ≥128

Meropenem 98 (49) 2 (1) ≥128 ≥128

Amikacin 0 (0) 100 (50) ≤2 ≤2

Levofloxacin 30.0 (15) 2.0 (1) 1 1

Trimethoprim-sulfamethoxazole 0 (0) 100 (50) ≤1/19 ≤1/19

Colistin – 0(0) ≤0.5 ≤0.5

Tigecycline 0 (0) 100 (50) ≤0.5 1

TABLE 2 | Distribution of resistant genes and molecular characteristics of CRKA

isolates (No.).

Characteristics NDM-5 producing

CRKA

Non-NDM-5 producing

CRKA

Other

β-lactamase

genes

blaCTX−M−1(45),

blaTEM−1(45), blaSHV−11

(26), blaEBC (40)

blaCTX−M−1(3), blaTEM−1(3),

blaSHV−11 (2), blaEBC (3)

Porin genes ompK35(+)+ompK36(+) (33)

ompK35(+)+ompK36(-)

(7)

ompK35(-)+ompK36(+)

(2)

ompK35(-)+ompK36(-) (3)

ompK35(+)+ompK36(+) (1)

ompK35(+)+ompK36(-) (2)

ompK35(-)+ompK36(+) (2)

MLST ST 4(45) ST4 (2), ST199 (1), New STs

(2)

Replicon type IncX3 (45) /

CC1. For molecular typing of NDM-5 producing CRKA isolates,
a cluster analysis by ERIC-PCR fingerprinting was performed
and thirteen distinct ERIC-PCR types labeled as A–M were
identified with approximately or more than 80% similarity level,
which represented that there existed clonal dissemination among
neonatal unit or PICU (Figure 1).

Conjugation and Plasmid Replicon Typing

Analysis
Conjugation experiments revealed that potential transconjugants
with plasmids were selected and further identified. The E.
coli transconjugants exhibited significantly reduced carbapenem
susceptibility, and acquired antimicrobial susceptibility pattern
similar to those of the donors. In addition, PCR assays
demonstrated that all transconjugants harbored the blaNDM−5

gene and it was successfully transferred from the 45 NDM-
5-producing CRKA isolates to E. coli J53. According to the
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FIGURE 1 | Eric-PCR analysis of carbapenem-resistant Klebsiella aerogenes isolates.
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PCR-based plasmid replicon typing results, plasmid types of
transconjugants carrying blaNDM−5 belonged to IncX3 (Table 2).

DISCUSSIONS

The most common and unequivocal carbapenem resistance
mechanism of Enterobacterales involves the production of
carbapenemases and this study indicated that NDM-5 was the
common carbapenemase in CRKA strains, which was different
from other reports conducted in other countries (3, 11). Notably,
the detection rate for NDM type carrying Enterobacterales has
risen in recent years. NDM-5 type carbapenemase, a variant
of NDM-1 with two amino acids substitution (Val88Leu and
Met154Leu), was firstly identified in E. coli isolate ST648
in United Kingdom from a patient with a previous history
of hospitalization in India (12). Then NDM-5 producing
strains further spread worldwide, for example, in Europe,
United States, Korea, and China, and attracted extensive
attention (13–15). Additionally, previous studies showed that
NDM-5 carbapenemase has been limited primarily in E. coli and
K. pneumoniae, but rarely in other species of Enterobacterales,
although NDM-5 has been found in Proteus mirabilis (16),
Morganella morganii (17), Klebsiella quasipneumoniae (18).
Worryingly, NDM-5 producing isolates are also observed in food
animals (19) and environment (20) and this phenomenon should
be further emphasized.

Despites of the production of carbapenemase, the role of porin
deficiency or loss of Omp35 andOmp36 has ever been considered
as the main resistant mechanism to carbapenem for Enterobacter
including K. aerogenes, which was previously assigned as a
species of Enterobacter in 1960. In this study, 16 CRKA strains
were detected with loss of ompK35 and ompK36 genes and
four of 5 non-NDM-5-producing isolates were observed with
the loss of ompK35 or/and ompK36 genes. However, recently
the viewpoint about the role of porin deficiency in CREA was
still controversial (21), with the wide spread of carbapenemase
among Enterobacterales. Therefore, it is necessary that we should
not neglect the importance of porin deficiency, which maybe
the main mechanism of non-carbapenemase-carrying CRE, and
extensive studies should be further investigated.

The K. aerogenes MLST scheme was published in December
2017 (22) and only few studies about molecular characteristics
of CRKA all over the world were reported. A previous research
presented the detailed description of 91 isolates of K. aerogenes
with whole-genome sequencing reads available on Genbank and
the results showed that the prevalent STs of K. aerogenes were
ST93 and ST4, belonging to CC3 and CC1, respectively (22).
Our MLST analysis suggested that ST4 was the predominant ST
type in CRKA strains and there was clonal dissemination among
neonates, which was further confirmed by Eric-PCR method.
In 2017, we have detected four CRKA isolates from children
harboring NDM-5 in our hospital but we did not know the
ST of theses isolates (23). Whether the previous isolates are
correlated to our study is still unknown and further analysis
should be conducted. Therefore, this is the first report of ST4
blaNDM−5-carrying K. aerogenes in children in Shanghai.

To the best of our knowledge, mobile genetic elements such
as plasmids are independent of the host genome and responsible
for horizontal transfer of resistant genes in Enterobacterales.
The blaNDM−5, encoding NDM cabapenemase, was previously
identified in IncX3 and IncFII plasmids (15, 24). Here, blaNDM−5

gene was demonstrated to be located on IncX3 plasmids and the
production of blaNDM−5-harboring CRKA may be the result of
the transmission of IncX3 plasmid from other Enterobacterales,
since previous studies revealed that the IncX3 plasmids played
a significant role in mediating the widespread of the blaNDM−5

gene among Enterobacterales, which have been reported in China
(23), India (25), and Nigeria (18). IncX3 belonging to IncX-
type plasmids always also bear other β-lactamase genes (blaSHV,
blaTEM, blaampC) and other resistance genes (qnr, sul1, and tet)
which contribute to resistance to other antibiotics (17).

In conclusion, this study described the emergence of ST4
NDM-5-producing K. aerogenes from children in China and the
nosocomial infection of these strain among neonates. The present
study also provided the evidence about the clonal dissemination
of blaNDM−5 in K. aerogenes. Therefore, it is crucial that urgent
and effective measures should be taken to monitor and control
the further horizontal spread of the Class B carbapenemases like
NDM in children.
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Carbapenem resistant Acinetobacter baumannii (CRAb) is an important global pathogen
contributing to increased morbidity and mortality in hospitalized patients, due to
limited alternative treatment options. Nine international clonal (IC) lineages have been
identified in many countries worldwide, however, data still lacks from some parts of
the world, particularly in Africa. We hereby present the molecular epidemiology of
MDR A. baumannii from four hospitals in Khartoum, Sudan, collected from 2017 to
2018. Forty-two isolates were whole-genome sequenced, and subsequent molecular
epidemiology was determined by core genome MLST (cgMLST), and their resistomes
identified. All isolates had an array of diverse antibiotic resistance mechanisms conferring
resistance to multiple classes of antibiotics. We found a predominance (88%) of IC2 (with
the intrinsic OXA-66 and acquired OXA-23), and some with NDM-1. IC2 isolates were
sub-divided into 4 STs separated by 5 to 431 allelic differences, and with evidence of
seven transmission clusters. Isolates belonging to IC1, IC5, and IC9 were also identified.
These data illustrate that MDR IC2 A. baumannii are widely distributed in Khartoum
hospitals and are in possession of multiple antibiotic resistance determinants.

Keywords: antibiotic resistance, cgMLST, OXA, NDM-1, Sudan, international clones

INTRODUCTION

Acinetobacter baumannii is an important nosocomial pathogen that causes a variety of infections
including but not limited to ventilator-associated pneumonia and bloodstream infection (Peleg
et al., 2008). Treatment options have been compromised by the emergence of multi-drug resistant
(MDR) isolates. The prevalence of MDR A. baumannii in hospitals has put the organism on
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the “ESKAPE” pathogens list: an acronym developed by the
Infectious Diseases Society of America for a group of MDR
nosocomial pathogens with limited remaining treatment options
(Boucher et al., 2009). A. baumannii is also considered as priority
1 (“critical”) on the World Health Organization list of priority
organisms for research and development of new antibiotics
(WHO, 2017). Of particular concern is carbapenem resistance,
as carbapenems are considered the drugs of last resort in treating
A. baumannii infections, and resistance is commonly attributed
to acquired carbapenemases (Poirel and Nordmann, 2006).

For the investigation of local outbreaks, pulsed field gel
electrophoresis (PFGE) has been the traditional typing method,
but given the global distribution of A. baumannii, current typing
methods must be reproducible and portable, both of which PFGE
lacks. Multi-locus sequence typing (MLST) is a relatively easy
method to perform but it lacks the resolution for outbreak
investigation (Higgins et al., 2017). The advent of relatively
cheap whole-genome sequencing (WGS) technology gives the
opportunity to perform high resolution typing and the ability
to compare whole genomes rather than only a few loci. WGS
also allows for the identification of antimicrobial resistance
determinants, both intrinsic and acquired, and can aid in our
understanding of the circulating resistome.

Molecular epidemiological studies have assigned nine major
International Clones (IC1-9) of A. baumannii, the most
widespread of which is IC2 commonly harboring the acquired
carbapenemase OXA-23 (Higgins et al., 2010a; Zarrilli et al., 2013;
Hamidian and Nigro, 2019; Müller et al., 2019; Tomaschek et al.,
2019). However, there is a significant lack of epidemiological and
genomic data from low- and middle-income countries (LMICs),
mainly due to limited research infrastructure and resources.
Given that antimicrobial resistance does not respect borders,
there is therefore an urgent need to support local initiatives in
LMICs to generate epidemiological and genomic data in order
to assess the burden of infectious diseases, and track resistance
globally (Okeke et al., 2005).

This study aimed to explore the molecular epidemiology and
antimicrobial resistance mechanisms using WGS of carbapenem
resistant A. baumannii (CRAb) isolated from patients in
Khartoum State in Sudan.

MATERIALS AND METHODS

Bacterial Strains and Antimicrobial
Susceptibility
A total of 71 consecutive A. baumannii isolates were collected
between 2017 and 2018 from hospitalized patients in four
different hospitals in Khartoum, Sudan: Soba University Hospital
(n = 37), Ibrahim Malik Hospital (n = 3), The Military Hospital
(n = 16), and Al Baraha Hospital (n = 16). These were isolated
from a variety of samples including blood, urine, sputum, wound,
cerebrospinal fluid, and catheter tips (Table 1). Isolates were
initially identified at the clinical microbiology laboratories of the
hospitals using conventional methods. For the purpose of this
study, all isolates were confirmed as A. baumannii by the gyrB
multiplex PCR method and MALDI-TOF prior to whole genome

sequencing (WGS) (Higgins et al., 2010b). Presence of OXA and
metallo- carbapenemase-encoding genes was determined by PCR
(OXA-23, -40,-51, -58, -143, -235, and NDM, IMP,VIM, GIM,
KPC, and GES) (Woodford et al., 2006; Ellington et al., 2007;
Higgins et al., 2013).

Antimicrobial susceptibility (AST) was initially performed
by disk-diffusion at the clinical microbiology laboratories
and interpreted according to CLSI guidelines. Upon species
confirmation, the minimum inhibitory concentration (MIC)
was determined by MICRONAUT-GN, an automated microtiter
broth dilution susceptibility testing system (Merlin Diagnostika,
Germany). Colonies from a pure overnight subculture were used
to prepare a 0.5-McFarland-standard suspension in 0.9% saline
as recommended by the manufacturer (Merlin Diagnostika,
Germany). This system allows the determination of the MIC for
a panel of antibiotics with two concentrations (mg/L) based on
the EUCAST MIC breakpoints for sensitivity (S) or resistance
(R) (EUCAST, 2020b): meropenem (MER), gentamicin
(GEN), amikacin (AMK), trimethoprim-sulfamethoxazole
(SXT), ciprofloxacin (CIP), and colistin (COL) in a single
microtitre plate. After the addition of the bacterial suspension
and rehydration of the antibacterial agents, the plates were
incubated at 37◦C for 18–24 h. Bacterial growth in the wells
was monitored photometrically at 620 nm, and a density of
>50% above the cutoff value for the growth control. The
results were also observed visually for turbidity to confirm
the results. Additionally, MIC for imipenem (IMP) was
performed by broth microdilution (BMD) method according
to the EUCAST guidelines V2, 2020 (EUCAST, 2020a).
Quality control strains Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853 were used in all AST
experiments.

Whole Genome Sequencing and
Molecular Typing
Total DNA was extracted from the bacterial isolates using
the MagAttract HMW DNA Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instruction. Sequencing libraries
were prepared using the Nextera XT library prep kit (Illumina
GmbH, Munich, Germany) for a 250-bp paired-end sequencing
run on an Illumina MiSeq platform. Genomes were assembled de
novo using Velvet v1.1.04. Molecular epidemiology of the isolates
was investigated by core-genome MLST (cgMLST) based on a
core genome of 2,390 alleles using Ridom R© SeqSphere+ v. 7.2.3
(Higgins et al., 2017).

Multi-locus sequence typing was performed on the
pubMLST database https://pubmlst.org/abaumannii/ to identify
sequence types (STs) for both the Pasteur and Oxford schemes.
Antimicrobial resistance determinants were identified using
the Resfinder software v3.2 https://cge.cbs.dtu.dk/services/
ResFinder/. Beta-lactamases were identified using the online
beta-lactamase database1 (Naas et al., 2017).

All assembled genomes were submitted to GenBank under
BioProject number PRJNA628907. All accession numbers are
listed in Table 1.

1http://www.bldb.eu/
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TABLE 1 | Details of isolates included in the study.

MIC mg/L

Isolate Genotype Transmission
cluster

Year Specimen Hospital IMP MEM GEN AMK SXT CIP CST ST Oxf ST Pas Accession No.

AC-36 IC1 2018 urine Military <2 ≤2 ≥4 ≤8 ≥4 ≥0.5 ≤2 2270 1 JABETE000000000

SUH-4 IC1 2016 blood Soba 128 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 231 1 JABESK000000000

AC-12 IC2 TC-1 2018 sputum Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 2 JABESV000000000

AC-17 IC2 TC-1 2018 wound Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 2 JABESX000000000

AC-19 IC2 TC-1 2018 sputum Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 2 JABESY000000000

AC-2 IC2 TC-1 2018 sputum Soba 16 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 195 2 JABESQ000000000

AC-33 IC2 TC-1 2018 sputum Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 2 JABETC000000000

AC-35 IC2 TC-1 2018 sputum Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 2 JABETD000000000

AC-37 IC2 TC-1 2018 wound Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 2 JABETF000000000

AC-9 IC2 TC-1 2018 blood Soba 32 ≥8 ≥4 8 ≥4 ≥0.5 ≤2 195 2 JABETI000000000

SUH-10 IC2 TC-1 2017 urine Soba 256 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 208 2 JABERU000000000

SUH-12 IC2 TC-1 2017 blood Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 632 JABERX000000000

SUH-13 IC2 TC-1 2017 CSF Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 632 JABERY000000000

SUH-15 IC2 TC-1 2016 urine Soba 128 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 2 JABESA000000000

SUH-20 IC2 TC-1 2017 blood Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 632 JABESC000000000

SUH-23 IC2 TC-1 2017 wound Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 632 JABESD000000000

SUH-26-1 IC2 TC-1 2017 CSF Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 632 JABESE000000000

SUH-28 IC2 TC-1 2017 wound Soba 64 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 208 2 JABESH000000000

SUH-3 IC2 TC-1 2016 blood Ibrahim Malik 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 2 JABESJ000000000

SUH-5 IC2 TC-1 2016 catheter Soba 256 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 2 JABESL000000000

SUH-8 IC2 TC-1 2016 urine Soba 256 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 195 2 JABESO000000000

SUH-9 IC2 TC-1 2017 blood Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 195 632 JABESP000000000

SUH-29 IC2 2019 blood Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1632 600 JABESI000000000

AC-5 IC2 TC-2 2018 blood Military 16 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 2 JABESS000000000

AC-7 IC2 TC-2 2018 sputum Military 32 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 208 2 JABESU000000000

AC-3 IC2 TC-3 2018 sputum Military 16 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 2 JABESR000000000

AC-6 IC2 TC-3 2018 sputum Military 32 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 208 2 JABEST000000000

SUH-11-1 IC2 TC-4 2017 blood Ibrahim Malik 64 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 208 2 JABERV000000000

SUH-11-2 IC2 TC-4 2017 blood Ibrahim Malik 64 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 208 2 JABERW000000000

SUH-26-2 IC2 TC-4 2017 CSF Soba 64 ≥8 ≥4 ≥16 4 ≥0.5 ≤2 195 2 JABESF000000000

AC-26 IC2 TC-5 2018 sputum Soba 64 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1632 600 JABETB000000000

AC-27 IC2 TC-5 2018 sputum Soba 128 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1632 600 JABETJ000000000

SUH-6 IC2 TC-5 2016 wound Soba 256 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1632 600 JABESM000000000

SUH-27 IC2 TC-6 2017 wound Soba 64 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 208 2 JABESG000000000

SUH-7 IC2 TC-6 2016 wound Soba 64 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 195 2 JABESN000000000

AC-14 IC2 TC-7 2018 sputum Al-Braha 128 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1701 570 JABESW000000000

AC-23 IC2 TC-7 2018 catheter Al-Braha 128 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1701 570 JABETA000000000

AC-40 IC2 TC-7 2018 sputum Al-Braha 64 ≥8 ≤2 ≥16 ≤2 ≥0.5 ≤2 1701 570 JABETG000000000

AC-45 IC2 TC-7 2018 sputum Al-Braha 128 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1701 570 JABETH000000000

SUH-14 IC5 2016 urine Soba 128 ≥8 ≥4 ≥16 ≥4 ≥0.5 ≤2 732 602 JABERZ000000000

AC-20 IC9 2018 tissue Military 128 ≥8 ≥4 ≥16 ≤2 ≥0.5 ≤2 1089 85 JABESZ000000000

SUH-2 S 2016 wound Soba 4 ≤2 ≥4 ≤8 ≤2 ≥0.5 ≤2 1208 584 JABESB000000000

Isolate number, genotype, transmission clusters, year of collection, type of specimen, hospital from which it was collected, MIC, ST (Oxford and Pasteur schemes), and
GenBank accession numbers.
IC, international clone; S, singleton, TC, transmission cluster; CSF, cerebrospinal fluid; IMP, imipenem; MEM, meropenem; GEN, gentamicin; AMK, amikacin; SXT,
trimethoprim/sulfamethoxazole; CIP, ciprofloxacin; CST, colistin.
Some isolates have two different STs in the Oxford scheme due to two gdhB alleles detected, we give only the first one.
SUH-29 was not part of a transmission cluster.
AC-36 contained a novel gpi allele (assigned number 388), and subsequently a novel ST was assigned: ST-2270 in the Oxford MLST scheme.

RESULTS

Of the 71 isolates initially collected, a total of 42 isolates
were confirmed as A. baumannii by gyrB, presence of
blaOXA−51−like, and MALDI-TOF, and subsequently included in
this study. The remaining isolates were other Gram negative

organisms misidentified as A. baumannii and excluded from
the study.

Antimicrobial susceptibility results showed that all isolated
were MDR (Table 1) and that 95% of the isolates (n = 40)
were CRAb, with an MIC for imipenem ranging from 16 to
256 mg/L (Table 2). Resistome analysis revealed that blaOXA−23

Frontiers in Microbiology | www.frontiersin.org 3 February 2021 | Volume 12 | Article 628736206

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fm
icb-12-628736

February
22,2021

Tim
e:19:20

#
4

A
l-H

assan
etal.

A
cinetobacter

baum
anniiFrom

S
udan

TABLE 2 | Resistome data for all isolates.

Antibiotic
Class

Beta-lactam Aminoglycoside and Fluoroquinolone Other antibiotics

Resistance
genes

b
la

N
D

M
-1

b
la

O
X

A
-2

3

b
la

O
X

A
-5

8

b
la

O
X

A
-6

6

b
la

O
X

A
-6

9

b
la

O
X

A
-1

b
la

O
X

A
-9

8

b
la

O
X

A
-9

4

b
la

O
X

A
-9

1

b
la

C
T

X
-M

-1
5

b
la

T
E

M
-1

D

b
la

G
E

S
-1

1

b
la

A
D

C

b
la

T
E

M
-1

99

aa
cA

4-
lik

e

A
ad

A
1

A
ad

A
2

aa
d

B

ap
h(

3′
)-

Ic

ap
h(

3′
)-

V
Ia

ap
h(

3′
)-

Ia

ap
h(

6′
)-

Id

ap
h(

3′
)-

Ib

ar
m

A

st
rA

S
tr

B

aa
c(

3)
-I

Ia

aa
c(

6′
)Ib

-l
ik

e

m
p

h(
E

)

m
sr

(E
)

su
l1

S
ul

2

d
fr

A
1

D
fr

A
7

te
t(

B
)

te
t(

B
)-

lik
e

te
t(

39
)

cm
lA

1-
lik

e

ca
tB

8

fl
o

R
-l

ik
e

AC-12 D D D D D D D D D D D

AC-14 D D D D D D D D D D D

AC-17 D D D D D D D D D D

AC-19 D D D D D D D D D D D

AC-2 D D D D D D D D D D

AC-20 D D D D D D D

AC-23 D D D D D D D D D D D

AC-26 D D D D D D D D

AC-27 D D D D D D D D

AC-3 D D D D D D D D D D D D

AC-33 D D D D D D D D D

AC-35 D D D D D D D D D D D D

AC-36 D D D D D D

AC-37 D D D D D D D D D D D

AC-40 D D D D D D D D

AC-45 D D D D D D D D D D

AC-5 D D D D D D D D D D D D D D

AC-6 D D D D D D D D D D

AC-7 D D D D D D D D D D D D D

AC-9 D D D D D D D D D D D
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SUH-20 D D D D D D D D D D

SUH-23 D D D D D D D D D D D

SUH-26-1 D D D D D D D D D D D D D
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was the most prevalent carbapenemase, present in 39 isolates
(92%), with three isolates co-harboring blaOXA−58 (Table 2).
Other β-lactamases detected included NDM-1 (n = 10), GES-11
(n = 2), CTX-M-15 (n = 1), OXA-1 (n = 1), TEM-1D (n = 30)
and TEM-199 (n = 1). Multiple aminoglycoside modifying
enzymes were identified: armA, aadA1, aad-B-like, aac(3)-Ia-
like, aph(3′)-VIa-like, aph(3′)-Ia, aph(6)-Id, aph(3′′)-Ib, aph(3′)-
Ic, strA, strB, and aac(6′)-Ib-like. Genes contributing to macrolide
resistance mphE and msrE were present in 33 isolates, some
of which co-localized in a gene cassette with aminoglycoside
resistance genes. Twenty-five isolates possessed tet(A), tet(B) or
tet(39) contributing to tetracycline and erythromycin resistance,
found on the same contigs as aminoglycoside modifying
enzymes. All isolates had the chromosomally encoded ADC
cephalosporinase.

The isolates belonged to seven distinct STs according to
the Pasteur scheme: ST1, ST2, ST85, ST570, ST584, ST600,
ST602, and ST632, which belonged to IC1, IC2, IC5, IC9, and
a singleton. Table 1 lists the STs identified in both the Pasteur
and Oxford schemes. OXA-66, OXA-69, OXA-91, OXA-94, and
OXA-51 were the intrinsic OXA-51-like enzymes identified in the
study (Table 2).

Molecular epidemiology by cgMLST confirmed that IC2 with
the intrinsic OXA-66 and acquired OXA-23 was the major clonal
lineage found across the four hospitals in Khartoum (n = 37,
88%). As seen in Figure 1, IC2 is sub-divided into 4 STs (ST-2,
−570, −600, and −632) separated by 5–431 allelic differences.
Within IC2, we found evidence of seven transmission clusters
(TC) (defined at ≤10 allelic differences between isolates) one of
which included two Pasteur STs (ST-632 and ST-2), including two
inter-hospital transmissions (Figure 1). The largest transmission
cluster (TC-1, n = 20) comprises two Pasteur STs: ST-2 and ST-
632 (single-locus variants at the rpoB allele), and two Oxford STs:
ST-195 and ST-208 (single locus variants at the gpi allele).

Two isolates belonging to IC1 (ST-1) and harboring OXA-
69 were from two different hospitals (Soba and the Military
Hospital), separated by >200 allelic differences, and with
distinct resistomes. The two isolates shared the presence of
aminoglycoside modifying enzymes aadA1 and aac(3)-Ia, and
sul1. Isolate SUH-4 was carbapenem resistant, and harbored
OXA-23, NDM-1, and additional aminoglycoside modifying
enzymes aadB-like, aph(3′)VIa, aph(3′)Ic, strA, strB, and dfrA1
contributing to trimethoprim resistance. Isolate AC-36, on the
other hand, was carbapenem susceptible.

The remaining isolates SUH-14 (OXA-91, ST-602) and AC-20
(OXA-94, ST-85) belonged to IC5 and IC-9, respectively, while
SUH-2 (OXA-98, ST-584) was a singleton not belonging to an IC.

These data also gave an indication of the local inter-hospital
transmissions. Soba University Hospital had a large diversity of
isolates belonging to IC1, IC2, IC5 and the singleton ST-584. As
seen in Figure 1, the majority of these isolates were part of a
large transmission cluster (TC-1) that included an isolate from
the Ibrahim Malik hospital, as well as having three other smaller
transmission clusters (TC-4, TC-5, and TC-6), of which TC-4
comprised three identical isolates, two of which were from the
Ibrahim Malik hospital. Isolates from the other two hospitals,
Al-Baraha and the Military Hospital, in this study were part
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FIGURE 1 | Ridom SeqSphere+ minimum spanning tree (MST) for 42 samples based on 2,390 alleles. Isolates grouped by color indicating the different STs (Pasteur
scheme). Eight different STs were identified, belonging to IC1, IC2, IC5, IC9, and a singleton. Numbers between the nodes indicate the number of allelic differences.
Shaded nodes represent transmission clusters (TC), and are numbered TC1-7.

of transmission clusters TC-2, TC-3, and TC-7, but with no
inter-hospital spread.

With regards to carbapenem-resistance, all but three isolates
possessed blaOXA−23 which was the sole carbapenemase in 26
isolates. In addition to blaOXA−23, two isolates had blaGES−11,
eight blaNDM−1, two blaOXA−58, and one had both blaNDM−1
and blaOXA−58 (Table 2 and Supplementary Figure 2). One
isolate had only NDM-1. There were two carbapenem susceptible
isolates, one of which was positive for the ESBLs CTX-M-15 and
blaOXA−1. The plasticity of the isolates is demonstrated by them
being identical by cgMLST, but differing in their resistomes as for
of isolate SUH-8 differing from SUH-28 by having an additional
blaNDM−1.

Three isolates from Ibrahim Malik Hospital all fall within IC2
(ST-2) but one of which was separated from the other two by
>192 allelic differences. The Military Hospital, on the other hand,
had isolates belonging to IC1, IC2, and IC9. A single cluster
represented isolates from Al-Baraha Hospital (ST-570) belonging
to IC2 and all co-harbored OXA-23 and NDM-1.

DISCUSSION

We hereby present the molecular epidemiology of carbapenem-
resistant A. baumannii collected from patients from Khartoum,

Sudan. A total of 71 isolates from four different hospitals were
collected in 2017–2018, out of which 42 were confirmed as
A. baumannii. Routine identification in clinical microbiology
laboratories in Sudan relies primarily on phenotypic methods
in combination with simple biochemical methods, which are
not always reliable for accurate bacterial species identification,
and 29 isolates (40%) were excluded in the study due to
misidentification. Similar findings were reported in a study in
Sudan on Klebsiella pneumoniae where 40% of isolates were
misidentified (Osman et al., 2020). These data highlight an
urgent need to improve diagnostic facilities across LMICs such
as Sudan, in order to obtain accurate information of the local
burden of infections and resistance, and to select optimal
treatment options. However, restrictions in funding and capacity
pose great limitations in implementing molecular diagnosis in
clinical microbiology laboratories. Genomic data from Sudan is
scarce, despite the indicative high burden of MDR in hospitals
(Hamdan et al., 2015). One study that has performed WGS
on an A. baumannii isolate from Khartoum, identified it as
STOXF164, with OXA-91 as the intrinsic OXA-51-like enzyme
(Mohamed et al., 2019), however, the genome of this isolate
had over 2,000 allelic differences when compared to our isolates
(data not shown).

Core-genome MLST analysis revealed seven transmission
clusters, with a predominance of IC2-OXA-23 accounting
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for 88% of the isolates across Khartoum Hospitals. This is
in accordance with previously published data showing that
IC2-OXA-23 is the most successfully disseminating clone globally
(Hamidian and Nigro, 2019), however, there are regional
variation such as IC5 and IC7 being more predominant in South
and Central America (Higgins et al., 2010a). IC2 in Sudan is
composed of four sequence types (STPAS2, STPAS570, STPAS600,
and STPAS632). The IC2 isolates were further delineated by
cgMLST showing that the ST2 isolates were in some cases
more distant than to other STs. For example >190 allelic
differences are found between isolates within ST2 (SUH-10
and SUH-11), whereas SUH-3 and SUH-23 which belong to
ST2 and ST632, respectively, only have 5 allelic differences.
A recent comparison of the two MLST schemes suggested that
the Pasteur scheme was more stable than the Oxford scheme
(Gaiarsa et al., 2019); while this might be true in most cases,
these data from Sudan highlight that a reliance on only 7-
loci can lead to a false sense of strain divergence, when in
fact, isolates differ in five alleles out of a total 2,390, one
of which is the rpoB MLST allele. Furthermore, the seven
transmission clusters, included inter-hospital spread of two
clones (TC-1 and TC-4), which was not apparent from their STs.
Similarly, isolates belonging to ST1 have >200 allelic differences
between them. These findings illustrate the low resolution of
traditional 7-loci typing, particularly for local outbreak and
transmission investigations.

Although transmission clusters are clearly evident
(Figure 1), and despite the relatively conserved dissemination
of carbapenemases in the current study, there are some
differences, particularly in acquired genes such as NDM-
1. For example, SUH-28 and SUH-8 were identical by
cgMLST and both had OXA-23, but SUH-28 harbored
additional NDM-1 and OXA-58. Furthermore, NDM-1 was
present in only three of the four ST-600 isolates. Relying on
characterisation of the resistome for determining clonality can
be misleading and illustrate the genome plasticity of MDR
A. baumannii. It is therefore important that discriminatory
genomic typing methods are applied in combination with
the resistome, clinical and epidemiological data to obtain
an accurate picture of outbreaks and transmission links. As
A. baumannii is an emerging nosocomial pathogen with
extended antibiotic resistance, it’s important to note the
availability of online resources and databases offering rapid
typing and phylogenetic relatedness to use when investigating
local and global outbreaks, which is increasingly important in a
globalized community.

Three isolates (SUH-2, AC20 and AC36) did not harbor OXA-
23, but on the other hand harbored other β-lactamases: CTX-M-
15, OXA-1, and/or NDM-1. To our knowledge, this is the first
report of OXA-1 in A. baumannii. OXA-1 is commonly found in
Enterobacteriaceae, and frequently co-carried with CTX-M-15, as
also present in our data (Sugumar et al., 2014).

Our study complements previous studies on the successful
dissemination and possible endemicity of specific STs and
resistance determinants across North Africa and the Middle
East. ST-85 (IC9) is a common clone in Africa and the Middle
East as it has been reported as a major clone spreading the

NDM-1 gene in Tunisia, among Syrian refugees in Lebanon and
Turkey, in France from patients with a history of hospitalization
in Algeria, Tunisia and Egypt (Bonnin et al., 2013; Jaidane
et al., 2018; Salloum et al., 2018), and recently Spain in a
strain harboring NDM-6 (Xanthopoulou et al., 2020). ST6, a
single locus variant of ST85, has also been identified among
Lebanese patients (Rafei et al., 2014). A single isolate from
the Military Hospital was identified as ST-85 harboring OXA-
94 and NDM-1 similar to the isolates from Tunisia and
Lebanon. With Oxford MLST scheme, this isolate (AC20)
was assigned to ST-1089OXF, which has also been reported
in Egypt (Al-Hassan et al., 2019; Al-Hassan and Al-Madboly,
2020). Two isolates, SUH-14 and SUH-7, assigned to ST602
(IC5) and ST-2 (IC2), respectively, were positive for GES-
11 ESBL. GES-11 has been identified in a Belgian outbreak
and was found associated with travel to Egypt, Turkey, and
Gaza, thereby indicating a possible geographic dissemination
(Moubareck et al., 2009; Bogaerts et al., 2010). Travel and medical
tourism are among the major contributors to the acceleration
of spread of resistance globally (Ostholm-Balkhed et al., 2013;
Tatem, 2014).

CONCLUSION

Our study illustrates that CRAb IC2 A. baumannii are widely
distributed in Khartoum hospitals and are in possession of
multiple antibiotic resistance determinants. We are also able
to confirm the spread of specific clones, such as IC9 (ST-
85) globally, and across the Middle East and North Africa
region specifically. Despite advances in genomic technology,
and the relative cheap price of conducting WGS on bacterial
genomes, it remains a challenge to implement routine molecular
typing methods in Sudan, particularly due to the need of
advanced technology and expertise. It is, however, essential
to support local efforts to obtain epidemiological data on
the burden of resistance in major hospital-acquired infections
such as those caused by A. baumannii. For local outbreak
investigations, molecular epidemiology must be combined with
patient clinical and demographic data in order to track
transmission and resistance.
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The emergence of carbapenem resistance (CR) caused by hydrolytic enzymes called
carbapenemases has become a major concern worldwide. So far, CR genes have
been widely detected in various bacteria. However, there is no report of CR gene
harboring Comamonas thiooxydans. We first isolated a strain of an IMP-8-producing
C. thiooxydans from a patient with urinary tract infection in China. Species identity
was determined using MALDI-TOF MS analysis and carbapenemase-encoding genes
were detected using PCR. The complete genomic sequence of C. thiooxydans was
identified using Illumina Novaseq and Oxford Nanopore PromethION. Antimicrobial
susceptibility analysis indicated that the C. thiooxydans strain ZDHYF418 was
susceptible to imipenem, intermediate to meropenem, and was resistant to aztreonam,
fluoroquinolones, and aminoglycosides. The blaIMP−8 gene was chromosomally located,
and was part of a Tn402-like class 1 integron characterized by the following structure:
DDE-type integrase/transposase/recombinase-tniB-tniQ-recombinase family protein-
aac(6′)-Ib-cr-blaIMP−8-intI1. Phylogenetic analysis demonstrated that the closest relative
of ZDHYF418 is C. thiooxydans QYY (accession number: CP053920.1). We detected
330 SNP differences between ZDHYF418 and C. thiooxydans QYY. Strain QYY was
isolated from activated sludge in Jilin province, China in 2015. In summary, we isolated
a strain of C. thiooxydans that is able to produce IMP-8 and a novel blaOXA. This is the
first time that a CR gene has been identified in C. thiooxydans. The occurrence of the
strain needs to be closely monitored.

Keywords: blaIMP−8, antimicrobial resistance, complete genome sequence, comparative genomic analysis,
Comamonas thiooxydans

INTRODUCTION

The genus Comamonas contains species that are Gram-negative, aerobic, non-pigmented, and rod-
shaped bacteria that belong to β-Proteobacteria, which are motile through the use of at least one
polar tuft of flagella, and has non-fermentative chemoorganotrophic metabolism. These are quite
ubiquitous in the environment and have been isolated from soil, termite guts, activated sludge,
humans, fresh water, sediments, and garden ponds. Comamonas strains have been found to be
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isolated from various clinical samples, as well as from the
hospital environment. However, they are not seen as pathogenic
to healthy humans (Willems and De Vos, 2006; Hatayama,
2014; Narayan et al., 2016; Subhash et al., 2016; Kämpfer et al.,
2018). Despite the fact that Comamonas spp. are considered to
be non-pathogenic or rare opportunistic pathogens to human,
some Comamonas species have been suggested to be involved
in many different infections, including Comamonas testosteroni,
Comamonas kerstersii, and so on (Tsui et al., 2011; Zhou et al.,
2018). Comamonas thiooxydans is a Gram-negative bacterium
that belongs to the genus Comamona. Comamonas is comprised
by 23 species with validly published names1. C. thiooxydans
had the ability to oxidize thiosulfate under mixotrophic growth
condition (Narayan et al., 2016). C. thiooxydans can grow under
anoxic conditions, while other species that belong to Comamonas
are strictly aerobes (Chen et al., 2016). Comamonas thiooxydans
is most closely related to Comamonas testosteroni (Pandey et al.,
2009). Of the all 21 C. thiooxydans in Genome of NCBI, 14
of them were originally submitted as Comamonas testosteroni
but have later changed to C. thiooxydans due to ANI results2

(Supplementary Table 1). To date, infections of C. thiooxydans
have not yet been reported. This current study describes the
bacterium C. thiooxydans ZDHYF418, which has been isolated
from a patient’s urine specimen.

The IMP-type metallo beta-lactamase (MBL) was first
reported in Japan in 1991 when the blaIMP−1 was identified in
a Pseudomonas aeruginosa isolate (Watanabe et al., 1991). The
IMP family spread to various areas including Europe (Riccio
et al., 2000), China (Hawkey et al., 2001), Australia (Peleg et al.,
2004), and the United States (Hanson et al., 2006). The blaIMP−8
was first identified from Klebsiella pneumoniae in Taiwan in
2001, it is a variant of blaIMP−2 with four nucleotide differences,
which resulting in two amino acid differences (Yan et al., 2001).
Subsequently, it were also found in Pseudomonas mendocina in
Portugal (Santos et al., 2010), Enterobacter cloacae in Argentina
(Gomez et al., 2011), Klebsiella oxytoca in Spain (Vergara-Lopez
et al., 2013), and Klebsiella pneumoniae in Tunisia (Chouchani
et al., 2013). To date, blaIMP genes have not been identified in
C. thiooxydans. In this study, we set out to describe the isolation of
an IMP-8-producing C. thiooxydans from a patient with a urinary
tract infection in China. This is the first time that a carbapenem
resistance (CR) gene has been found in C. thiooxydans. Therefore,
it is necessary to carry out further study on this strain, the
genomic and phenotypic characteristics.

MATERIALS AND METHODS

Species Identification and Antimicrobial
Susceptibility Testing
Species identification was performed using MALDI-TOF/MS
(Bruker Daltonik GmbH, Bremen, Germany), as well as average
nucleotide identity (ANI). Carbapenemase-encoding genes were
detected using PCR. Supplementary Table 2 contains data

1http://www.bacterio.net/comamonas.html
2https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/36735/

regarding specific experimental conditions and primer sequence
information. Antimicrobial Susceptibility Testing (AST) was
carried out using agar dilution, and results were interpreted
according to CLSI 2020 standards for other non-enterobacterales
bacteria (Clinical and Laboratory Standards Institute, 2020). The
strains Escherichia coli ATCC 25922 and P. aeruginosa ATCC
27853 were used as controls.

Whole Genome Sequencing and
Bioinformatics Analysis
Genomic DNA was extracted using a Genomic DNA Isolation
Kit (QIAGEN, Hilden, Germany) and sequenced using Illumina
Novaseq (Illumina, Inc., CA, United States) and Oxford
Nanopore PromethION (Oxford Nanopore Technologies,
Oxford, United Kingdom). Draft genomes were obtained using
SPAdes version 3.9.13 and annotated by the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP)4 and RAST version 2.05

(Aziz et al., 2008). Acquired antibiotic resistance genes were
identified using ResFinder version 3.26 and CARD7. Comparison
of the genetic structures carrying blaIMP−8 gene were performed
through Easyfig version 2.2.3 (Sullivan et al., 2011).

Phylogenetic Analysis
In order to investigate the phylogenetic relationships between
C. thiooxydans ZDHYF418 and additional C. thiooxydans
strains, we downloaded all 21 C. thiooxydans publicly available

3http://cab.spbu.ru/software/spades/
4https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
5https://rast.nmpdr.org/
6https://cge.cbs.dtu.dk/services/ResFinder/
7https://card.mcmaster.ca/

TABLE 1 | Minimum inhibitory concentration (MIC) values of antimicrobials for
Comamonas thiooxydans ZDHYF418.

Antibiotics MICs (mg/L) Interpretation

β -lactam

Ceftazidime >64 R

Ceftriaxone 16 I

Cefepime >64 R

Piperacillin/Tazobactam 32 I

Imipenem 2 S

Meropenem 8 I

Aztreonam >64 R

Fluoroquinolone

Levofloxacin 32 R

Ciprofloxacin 32 R

Aminoglycoside

Amikacin 128 R

Gentamicin >16 R

Sulfonamide

Trimethoprim/sulfamethoxazole 0.25 S

Other/

Chloramphenicol 8 S

R, resistant; S, susceptible; I, intermediate.
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genomes in the NCBI Genome database8 as of October 2020
(Supplementary Table 1). Next, we used KSNP 3.0 (Gardner
et al., 2015) to create a SNP-based phylogenetic tree through
the use of C. thiooxydans CNB (accession number: CP001220.2)
as reference strain. The phylogenetic tree was subsequently
visualized and modified using iTOL version 59.

RESULTS AND DISCUSSION

Case Description
We isolated a novel strain of C. thiooxydans, designated
as ZDHYF418, from the mid-section urine specimen of a
60-year-old female patient that was admitted to a public
hospital in Zhengzhou, China in 2019. The patient was
admitted to the hospital for treatment of left kidney stones.
During hospitalization, the patient was intermittently irritable,
unconscious, and went into septic shock. Additionally, the
patient experienced abdominal distension, nausea, and vomiting.
The blood culture results indicated the presence of an E. coli
infection. The patient was administered imipenem-cilastatin 1g
ivgtt Q8H for 1 month to fight the infection. The doctor plans
to perform transurethral ureteroscopy with lithotripsy when her
condition became stable. C. thiooxydans was detected in the
patient’s urine culture the day before the surgery. The patient’s
stones suddenly recurred and the pain could not be relieved,
so the doctor did not postpone the operation. The patient was
treated for a week until her condition stabilized and she was
discharged from the hospital.

8https://www.ncbi.nlm.nih.gov/genome/genomes/
9https://itol.embl.de/

Strain Identification of ZDHYF418
Strain ZDHYF418 was named C. thiooxydans after the
observation of ANIs analysis based on BLAST. In fact, the
genomic sequences of ZDHYF418 are 96.830% identical by ANI
to the genome of C. thiooxydans, with 86.2% coverage of the
genome. This result reveals that a phylogenetic affiliation of
strain ZDHYF418 belongs to the species C. thiooxydans.

Resistome of C. thiooxydans ZDHYF418
According to CLSI 2020 standards for other non-enterobacterales
bacteria, in vitro susceptibility tests results indicated that
ZDHYF418 is a multi-drug resistant strain (Table 1).
Antibiogram assays indicated that ZDHYF418 is resistant to most
of the antibiotics tested in this study. ZDHYF418 was found to
be resistant to ceftazidime, cefepime, levofloxacin, ciprofloxacin,
amikacin, gentamicin, and aztreonam; intermediate to
ceftriaxone, piperacillin/tazobactam, and meropenem;
susceptible to imipenem, trimethoprim/sulfamethoxazole,
and chloramphenicol. According to the analysis of ResFinder
and CARD, blaIMP−8 and aac(6′)-Ib-cr are all resistance genes
contained in the sequence of strain ZDHYF418. In addition,
gyrA, parC, and a novel class D beta-lactamase gene blaOXA were
also found in the annotation results. The blaIMP−8 and blaOXA
genes confer resistance to β-lactam antibiotics, β-lactamase
production is the most common resistance mechanism.
The aac(6′)-Ib-cr gene mainly modifies the amino group of
aminoglycosides to inactivate aminoglycoside antibiotics,
thereby conferring resistance to aminoglycosides. In addition,
the resistance to fluoroquinolones is mainly caused by mutations
in the coding regions of the gyrase subunit (gyrA) and DNA
topoisomerase IV (parC) (Hawkey and Jones, 2009). Usually, the
blaIMP gene confers resistance to beta-lactam antibiotics, except
monobactams. However, our data indicates that ZDHYF418

FIGURE 1 | Comparison of the genetic structure surrounding blaIMP−8 in Comamonas thiooxydans ZDHYF418 and those observed in other blaIMP−8 positive
bacteria. Open reading frames (ORFs) are indicate as arrows that show the orientation of coding sequence with the gene name. Regions with a high degree of
homology are indicated by light purple shading.
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is resistant to aztreonam. According to the annotation results
of ZDHYF418, a series of efflux pumps such as efflux RND
transporter, multidrug effflux MFS transporter, MacB family
efflux pump can be found (Cattoir, 2004; Braz et al., 2016).
The efflux pump system is one of the most essential resistance
mechanisms. We do not know the expression of the pumps
exactly, but we suppose that the resistance of ZDHYF418 to
aztreonam might be similar to that in pseudomonas.

Genetic Structure of blaIMP−8 Gene in
C. thiooxydans ZDHYF418
We report here the genomic sequence of this strain contains
5,273,527 bp with a GC content of 61.4%. The genetic structure
of the blaIMP−8 gene in ZDHYF418 and the sequences most

similar to ZDHYF418 by BLAST are shown in Figure 1. The
genetic structure around blaIMP−8 in C. thiooxydans ZDHYF418
has a percent identity of 99.96 and 99.94% to the p447-IMP
in K. pneumoniae (accession number: KY978631) (Zhan et al.,
2018) and p16005813B in Leclercia adecarboxylata, respectively
(accession number: MK036884) (Yin et al., 2019). The genetic
structure of blaIMP−8 gene in C. thiooxydans ZDHYF418
includes DDE-type integrase/transposase/recombinase–tniB–
tniQ-recombinase family protein-aac(6′)-Ib-cr-blaIMP−8-intI1.
p447-IMP and p16005813B both contain the In655 integron,
which is an ancestral Tn402-associated integron. The differences
among these sequences are that in ZDHYF418, the tniR
module may be missing and replaced by a recombinase family
protein. It has a 100% identity to MULTISPECIES: recombinase
family protein (accession number: WP_003155741.1), it

FIGURE 2 | A phylogenetic tree showing C. thiooxydans strain ZDHYF418 along with all additional C. thiooxydans genomes are publicly available in the NCBI
Genome database. The C. thiooxydans ZDHYF418 strain is indicated in red. The two circles around the phylogenetic tree indicate country of origin (inner circle) and
the source (outer circle) of these strains. NA, not applicable.
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belongs to the serine recombinase (SR) family that can
mediate site-specific recombination (Stark, 2014). The tniA
module may be missing and is replaced by a DDE-type
integrase/transposase/recombinase. It has a 100% identity to
MULTISPECIES: DDE-type integrase/transposase/recombinase
(accession number:WP_088244042.1). Both of the recombinase
family protein and DDE-type integrase/transposase/recombinase
are non-redundant protein sequences.

Analysis of Phylogenetic Relationships
The phylogenetic relationship of C. thiooxydans ZDHYF418
to the 21 C. thiooxydans are depicted in Figure 2 and
Supplementary Tables 1, 3. According to Figure 2 and
Supplementary Table 3, the closest relative of ZDHYF418 is
C. thiooxydans QYY (accession number: CP053920.1). There are
330 SNP differences between ZDHYF418 and C. thiooxydans
QYY. Strain QYY was isolated from activated sludge in Jilin
province in 2015. On the other hand, C. thiooxydans has been
mainly isolated from the environment, especially soil (Figure 2
and Supplementary Tables 1, 3). AWTM01, AWTP01, and
AWTO01 come from the same country, as well as the same
source, and their relationships are the closest. Furthermore,
AWOT01, AWOU01, AWOV01, AWOS01, and VTRK01 come
from the same country and the same source, and they are closely
related. LIOM01 and CYHD01 come from the same country and
source, and their relationship is the closest.

Clinical Perspectives
In this study, we describe a C. thiooxydans strain from the urine
of a patient with urinary tract infection caused by E. coli and
C. thiooxydans. The patient ultimately developed septic shock.
According to a previous case report of septic shock caused by
bloodstream infection (Grumaz et al., 2016), we speculate that
septic shock in our patient may also be due to a bloodstream
infection. Additionally, in our case, the patient was fitted with
a urinary catheter during hospitalization, and therefore, the
bloodstream infection may be caused by a retrograde urethral
infection. However, we were unable to collect a specific catheter
for testing. Therefore, it is impossible to trace the source of
infection. Our experience of this case highlights the need for
increased awareness with regards to hospital-acquired infections
caused by C. thiooxydans.

CONCLUSION

In summary, we first identified a blaIMP−8-positive
C. thiooxydans strain from a human urine sample. The isolation

of C. thiooxydans from humans is very rare, and the strain we
identified was clearly resistant to aztreonam, fluoroquinolones
and aminoglycosides, and intermediate to meropenem. The
increased resistance of bacteria to antibiotics is now starting to
appear in less common bacteria, such as C. thiooxydans. This
finding prompts us to standardize clinical medication and pay
more attention to bacterial resistance monitoring of this species.
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Acinetobacter baumannii is an opportunistic pathogen primarily associated with
multidrug-resistant nosocomial infections, for which polymyxins are the last-resort
antibiotics. This study investigated carbapenem-resistant A. baumannii strains exhibiting
an extensively drug-resistant (XDR) phenotype, including four isolates considered
locally pan drug-resistant (LPDR), isolated from inpatients during an outbreak at a
teaching hospital in Brazil. ApaI DNA macrorestriction followed by PFGE clustered the
strains in three pulsotypes, named A to C, among carbapenem-resistant A. baumannii
strains. Pulsotypes A and B clustered six polymyxin-resistant A. baumannii strains.
MLST analysis of representative strains of pulsotypes A, B, and C showed that they
belong, respectively, to sequence types ST1 (clonal complex, CC1), ST79 (CC79),
and ST903. Genomic analysis of international clones ST1 and ST79 representative
strains predicted a wide resistome for β-lactams, aminoglycosides, fluoroquinolones,
and trimethoprim-sulfamethoxazole, with blaOXA−23 and blaOXA−72 genes encoding
carbapenem resistance. Amino acid substitutions in PmrB (Thr232Ile or Pro170Leu) and
PmrC (Arg125His) were responsible for polymyxin resistance. Although colistin MICs
were all high (MIC ≥ 128 mg/L), polymyxin B MICs varied; strains with Pro170Leu
substitution in PmrB had MICs > 128 mg/L, while those with Thr232Ile had lower MICs
(16–64 mg/L), irrespective of the clone. Although the first identified polymyxin-resistant
A. baumannii strain belonged to ST79, the ST1 strains were endemic and caused the
outbreak most likely due to polymyxin B use. The genome comparison of two ST1
strains from the same patient, but one susceptible and the other resistant to polymyxin,
revealed mutations in 28 ORFs in addition to pmrBC. The ORF codifying an acyl-CoA
dehydrogenase has gained attention due to its fatty acid breakdown and membrane
fluidity involvement. However, the role of these mutations in the polymyxin resistance
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mechanism remains unknown. To prevent the dissemination of XDR bacteria, the
hospital infection control committee implemented the patient bathing practice with a 2%
chlorhexidine solution, a higher concentration than all A. baumannii chlorhexidine MICs.
In conclusion, we showed the emergence of polymyxin resistance due to mutations
in the chromosome of the carbapenem-resistant A. baumannii ST1, a high-risk global
clone spreading in this hospital.

Keywords: carbapenem-resistant Acinetobacter baumannii, polymyxin resistance, extensively drug-resistant,
pan drug-resistant, A. baumannii ST1, A. baumannii ST79, PmrC, PmrB

INTRODUCTION

Acinetobacter baumannii is an opportunistic pathogen often
associated with hospital-acquired infections worldwide,
especially in intensive care units (ICUs) (Gundi et al., 2009;
Zhang et al., 2013; Lin and Lan, 2014). A. baumannii has
high rates of resistance to multiple antimicrobials due to its
propensity to rapidly acquire resistance genes or even due to
intrinsic resistance mechanisms typical to the genus (Peleg
et al., 2008; Durante-Mangoni and Zarrilli, 2011). Furthermore,
A. baumannii growth structured as biofilms on medical devices
and mucous surfaces difficult their elimination, contributing
to cause persistent and recurrent infections (Rodríguez-Baño
et al., 2008). Epidemiologically, A. baumannii is one of the most
severe ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.) (Boucher et al., 2009). In
addition, carbapenem-resistant A. baumannii is on the top of the
World Health Organization (WHO) list of critical priorities for
developing new antimicrobials (Tacconelli et al., 2018).

Polymyxins (colistin and polymyxin B) are antibiotics
from the 1960s reintroduced in the 2000s in an attempt to
treat infections caused by multidrug-resistant (MDR) gram-
negative bacteria, particularly those resistant to carbapenems,
as last-resort antibiotics (Karaiskos and Giamarellou, 2014).
Combination therapy, such as polymyxins/aminoglycosides or
meropenem or tigecycline, is considered when A. baumannii
is resistant to carbapenem but susceptible to these antibiotics
(Satlin et al., 2020). However, the use of tigecycline is not
recommended or at least controversial (Ni et al., 2016).
On the other hand, the meropenem/colistin combination
improves survival in critically ill patients infected with
carbapenem-resistant A. baumannii (Park et al., 2019). Since
their reintroduction into clinical practice, polymyxins still
display good activity against non-fermentative pathogens (Dias
et al., 2016); however, resistance has increased in recent years
(Karaiskos and Giamarellou, 2014).

At first, the polymyxin resistance mechanisms were only
chromosomally related and, therefore, more difficult to
disseminate (Cai et al., 2012). Later, plasmid-mediated genes
conferring resistance to polymyxins were described, the so-called
mcr genes. Initially, researchers thought that the mcr genes were
only among Enterobacterales (Fernandes et al., 2016; Liu et al.,
2016, 2017; Xavier et al., 2016; Kluytmans, 2017; Rau et al.,
2018). However, the description of the mcr gene in Acinetobacter
spp. revealed that this gene represents a real threat for rapid

dissemination of resistance to the last resort therapeutic option
available to face infections caused by gram-negative MDR
bacteria (Hameed et al., 2019; Ma et al., 2019; Martins-Sorenson
et al., 2020).

In Brazil, Acinetobacter spp. have exhibited elevated
carbapenem resistance rates, remaining susceptible to
polymyxins (Gales et al., 2012; Dias et al., 2016; Leite et al., 2016;
Rossi et al., 2017). In the present study, we aimed to perform a
phenotypic and molecular comparison of carbapenem-resistant
A. baumannii strains exhibiting extensively drug-resistant (XDR)
profile (Magiorakos et al., 2012) isolated from inpatients at a
teaching hospital to determine whether there was an outbreak
of a specific clone and to investigate the molecular mechanisms
underlying the polymyxin resistance development.

MATERIALS AND METHODS

Bacterial Isolates and Antimicrobial
Susceptibility Testing
We studied sixteen Acinetobacter baumannii strains recovered
from 14 patients admitted to a teaching hospital in Minas Gerais
state, in Southeastern Brazil (Figure 1). This was an observational
and non-interventionist study using bacterial samples only,
which did not require consent procedures, and was approved
by the collegiate of the teaching, research and extension unit—
NEPE/HRTN ethical committee (NEPE 26/2017). Serving an
average of 120 patients per day in the emergency and maternity
wards, this teaching hospital has 345 beds distributed in the
following wards: 111 belong to the emergency, 96 to the medical
clinic, 72 to surgery, 35 to intensive care unit, and 31 to maternity.

The isolates were stored in tryptic soy broth containing
40% glycerol at −80◦C, and cultured on Brain Heart Infusion
(BHI) agar plates at 37 ◦C for 24 h before performing the
tests. Bacterial identification and antimicrobial susceptibility
tests were determined using the Vitek 2 Compact (bioMérieux,
France). Additionally, susceptibility to amikacin, gentamicin,
imipenem, meropenem, ciprofloxacin, piperacillin-tazobactam,
ampicillin-sulbactam, cefotaxime, ceftazidime, trimethoprim-
sulfamethoxazole, and tetracycline was determined by the disk
diffusion method, according to the Clinical and Laboratory
Standards Institute guidelines (Clinical and Laboratory Standards
Institute, 2018). Minimal inhibitory concentrations (MICs)
for colistin and polymyxin B (purchased from GoldBio,
United States, and Sigma-Aldrich, United States, respectively)
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FIGURE 1 | Genotypic and phenotypic characteristics of the A. baumannii isolates. From left to right, the figure shows the PFGE dendrogram with the percentage of
genetic similarity, the A. baumannii isolates, PFGE subtype definition, sequence type (ST) according to Pasteur MLST scheme, isolation date, susceptibility profile,
and clinical specimen. The following antimicrobials were tested: AK, Amikacin; CN, Gentamicin; IMI, Imipenem; MEM, Meropenem; CIP, Ciprofloxacin; CTX,
Cefotaxime; CRO, Ceftriaxone; CAZ, Ceftazidime; FEP, Cefepime; SXT, Trimethoprim-sulfamethoxazole; PTZ, Piperacillin-tazobactam; SAM, Ampicillin-sulbactam;
PB, Polymyxin B; CL, Colistin; TET, Tetracycline. Black, gray, and white squares represent resistant, intermediate, and susceptible, respectively.

and tigecycline (Wyeth, United States) were determined in
duplicate using the broth microdilution method (Eucast,
2017; Clinical and Laboratory Standards Institute, 2018).
It is important to note that the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) indicates that
there is insufficient evidence that Acinetobacter species are a good
target for therapy with tigecycline and that we should report the
MIC value without an interpretation.

Multidrug-resistant (MDR) and extensively drug-resistant
(XDR) profiles were defined using previously established criteria
(Magiorakos et al., 2012). Because not all antibiotics suggested
in the criteria mentioned above were available for use in this
hospital, the strains were considered locally pan drug-resistant
(LPDR) when resistant to all antibiotics tested in this study.

In addition, we determined the MIC to chlorhexidine
gluconate by broth microdilution method using cation-
adjusted Mueller-Hinton broth, since patient bathing with
2% chlorhexidine is a protocol to control the spread of MDR
pathogens in this hospital. For this, we diluted 20% (w/v
aqueous solution) chlorhexidine digluconate (Neon Comercial
Reagentes Analíticos, Brazil) to obtain final concentrations
ranging from 256 to 1 mg/L.

Identification of A. baumannii Species by
PCR
For PCR amplification, the clinical strains genomic DNA
was mechanically extracted, following an adapted methodology
previously described (Palazzo et al., 2007). A. baumannii
species was confirmed by detection of the blaOXA−51−like
gene. Amplification of this gene was performed with primers
previously described (Sohrabi et al., 2012), in a final volume of
25 µL, containing 100 ng of genomic DNA, 0.2 µM of each

primer, 2.5 mM of each dNTP, 2.0 mM of MgCl2 and 1 U Taq
DNA Polymerase (Cellco, Brazil), under the following cycling
conditions: initial denaturation (95◦C/ 1 min), 35 cycles of
denaturation (95◦C/ 30 s), annealing (57.5◦C/ 30 s) and extension
(72◦C/1 min), and a final extension (72◦C/2 min) in a thermal
cycler (C1000, Bio-Rad Laboratories Inc., United States). The
PCR products were separated by 1.5% agarose gel electrophoresis,
stained with 0.01% SYBR Safe (Invitrogen, Life Technologies,
United States), and visualized using the ChemiDoc XRS imaging
system (Bio-Rad Laboratories Inc., United States).

Pulsed-Field Gel Electrophoresis
The strains genetic relatedness was observed by DNA
macrorestriction with 30 U of ApaI enzyme (New England
BioLabs Inc., United States) followed by pulsed-field gel
electrophoresis (PFGE), as previously described (Durmaz et al.,
2009). The electrophoresis was run with 0.5X TBE buffer at
14◦C, with 6 V/cm2, for 20 h and linear ramping, with initial
and final switch times of 5 and 30 s, respectively, using a CHEF
Mapper system (CHEF Mapper XA Pulsed Field Electrophoresis
System—Bio-Rad Laboratories Inc., United States). After
electrophoresis, the gel was stained with 0.01% SYBRSafe
(Invitrogen, Life Technologies, United States) in 0.5x TBE buffer
for 1 h, followed by visualization using the ChemiDoc XRS
(Bio-Rad Laboratories Inc., United States).

We compared the DNA band profiles using the Bionumerics
software (version 7.6, Applied-Maths, Belgium) with 0.5%
optimization and 1.25% tolerance parameters, with cluster
analysis done by the unweighted pair group method using
the arithmetic average (UPGMA). Isolates with 100% similarity
by PFGE were considered indistinguishable and clustered in
the same pulsotype and subtype; isolates with similarity 80%
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were considered closely related and clustered in the same
pulsotype, but different subtypes; isolates with similarity <80%
were considered possibly related and are classified as belonging
to different pulsotypes.

Whole-Genome Sequencing, MLST, and
Resistome Analysis
For whole-genome sequencing, the genomic DNA of ACI40,
ACI42, ACI50, ACI51, ACI53, ACI54, and ACI55 strains was
extracted according to the manufacturer instructions using the
DNeasy blood and tissue kit (Qiagen GmbH, Germany). Libraries
were prepared from 1 ng total DNA using a Nextera XT Sample
Preparation Kit (Illumina, United States), with modifications
for 2x 250 bp paired-end sequencing. Samples were sequenced
using MiSeq or NextSeq platforms (Illumina, United States).
CLC Genomics Workbench v.10.1.1 (QIAGEN, Denmark) was
used for de novo genome assembly. Contigs were annotated
through the NCBI Prokaryotic Genome Annotation Pipeline,
and genomes were deposited at DDBJ/EMBL/GenBank. For
A. baumannii strains ACI40, ACI42, ACI50, ACI53, ACI54,
ACI55, and ACI51, sequence types (STs) were determined
using the MLST 1.8 online tool from the Center for Genomic
Epidemiology1.

For the ACI41 strain, the DNA was extracted and submitted
to PCR amplification using MLST primers indicated by the
Pasteur scheme2. PCR products were sequenced using the Sanger
method (Diancourt et al., 2005). Chromatograms were checked
using Vector NTi (Invitrogen, United States) and submitted
to the Pasteur database in order to obtain the sequence type
(ST), as determined by the combination of alleles identified3.
Resistome of strains ACI40, ACI42, ACI50, ACI53, ACI54,
ACI55, and ACI51 was predicted by using ResFinder 3.24 and
the Comprehensive Antibiotic Resistance Database (CARD)5.
The presence of mutations associated with polymyxin resistance
was investigated by the alignment of eptA, pmrCAB, adeRS,
lpsB, and lpxACD genes (Hood et al., 2013; Lesho et al., 2013;
Moffatt et al., 2019; Gerson et al., 2020; Yilmaz et al., 2020)
from polymyxin-resistant (ACI50, ACI51, ACI53, ACI54,
ACI55) and polymyxin-susceptible isolates (ACI40 and ACI42),
whereas the genome of A. baumannii AB030 (NZ_CP009257.1)
was used as colistin-susceptible reference strain (Loewen
et al., 2014). For comparison, the pmrB gene of A. baumannii
ACI56 was amplified with primers and conditions already
described (Beceiro et al., 2011) in a thermal cycler (C1000,
Bio-Rad Laboratories Inc., United States). The PCR product
was separated by 1.5% agarose gel electrophoresis, stained with
0.01% SYBR Safe (Invitrogen, Life Technologies, United States),
and visualized in the ChemiDoc XRS image system (Bio-Rad
Laboratories Inc., United States). The fragment was purified
by the PCR purification kit (Jena Biosciences, Germany) and
sequenced by the Sanger method at the Laboratory of Biophysics

1https://cge.cbs.dtu.dk/services/MLST
2https://pubmlst.org/bigsdb?db=pubmlst_abaumannii_pasteur_seqdef
3https://pubmlst.org/organisms/acinetobacter-baumannii
4https://cge.cbs.dtu.dk/services/ResFinder/
5https://card.mcmaster.ca/home

Sergio Mascarenhas at the IFSC-USP. Chromatograms were
checked using Vector NTi (Invitrogen, United States) and
compared to the other isolates genomes’ genes. The genome
sequences were submitted to GenBank, and accession numbers
are as follows: WJWR00000000 (ACI40), WJWS00000000
(ACI42), PNFN00000000 (ACI50), PNJH00000000 (ACI51),
WJWT00000000 (ACI53), PNJI00000000 (ACI54), and
PNFO00000000 (ACI55).

Determination of the Doubling Time
The bacteria ACI40 and ACI50 were incubated in Mueller Hinton
Cation Adjusted broth at 37◦C for 18 h. The suspension was
adjusted to OD600 of 0.08–1.0, and 0.2 ml were transferred
to each well in the microplate. The growth was measured by
absorbance (OD600) using the spectrophotometer SpectraMax
M5 (Molecular Devices). For growth curve and doubling time
determinations, the OD vs. time was plotted for each strain in
the exponential growth phase. The doubling times were then
calculated as follows: [(t2 - t1) × log 2]/(log OD600 at t2 - log
OD600 at t1), where t1 is sampling time 1 and t2 is sampling time
2. Two independent experiments were carried out in 6 replicates.
The doubling time data were compared by ANOVA single factor.

Biofilm Formation
The quantitative biofilm formation (biofilm mass) of
A. baumannnii clinical strains was evaluated according to
Qin et al. (2014) with modifications. Briefly, an isolated colony
from a fresh culture was inoculated in 35 mL of BHI broth
with 0.75% glucose and incubated (37◦C for 24 h). After that,
this culture was centrifuged (4,100 rpm/4◦C/10 min), the pellet
was resuspended in 0.5 mL of BHI broth + 0.75% glucose, and
0.05 ml of this suspension was added into 0.45 ml of phosphate-
buffered saline (PBS), to reach the OD600 = 1.0. This adjusted
suspension was then diluted (1:40) in BHI broth+0.75% glucose,
and 0.2 ml was added to the wells of a flat bottom 96-wells
microplate in triplicate. Staphylococcus epidermidis ATCC 35984
(good biofilm-forming strain) and Staphylococcus epidermidis
ATCC 12228 (non-biofilm-forming strain) were used as positive
and negative controls, respectively. Fresh BHI broth + 0.75%
glucose was considered as blank. The microplate was incubated
at 37◦C during 24 h, the culture medium was removed, the wells
were washed thrice with PBS, and let dry at room temperature.
Then, 0.2 ml of crystal violet (0.2%) was added to each well
to stain the biofilms for 15 min, and the wells were washed
thrice with PBS. After that, 0.2 ml of ethanol:acetone solution
(80:20) was added, and the microplates were shaken for 1 min.
After homogenization, 0.04 ml of each well’s content was added
to 0.16 ml of ethanol:acetone solution in a new microplate,
and the absorbance was measured at OD595 in the microplate
reader SpectraMax M5 (Molecular Devices, United States). The
negative and positive controls (S. epidermidis ATCC 12228 and
S. epidermidis ATCC 35984) were compared using the two-tailed
t-test, for which the result was considered acceptable when the p-
value was lower than 0.05. To determine if the isolates produced
a significant amount of biofilm, they were compared by the two-
tailed t-test with the negative control S. epidermidis ATCC 12228,
being considered statistically different from the negative control,
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and therefore biofilm formers, when the p-value was lower than
0.05. For these cases, the percentage of biofilm formation in
comparison with the negative control was calculated.

RESULTS

Extensively Drug-Resistant A. baumannii
ST1 Spread Among Patients
All isolates were confirmed as A. baumannii by the presence of
the species-specific blaOXA−51−like gene. The MICs of colistin,
polymyxin B, and tigecycline are in Table 1. Six out of
16 A. baumannii isolates were resistant to both polymyxins
representing a 37.5% incidence of polymyxin resistance in the
study period. Of these polymyxin-resistant strains, only one
was susceptible to tetracycline, and another was susceptible
to tetracycline and tigecycline. Susceptibility to tigecycline was
determined according to PK/PD breakpoints for non-species
related (Eucast, 2017). Considering the parameters of Magiorakos
et al. (2012), all the analyzed strains are XDR. Four of them
were non-susceptible to all the 16 different antimicrobials tested,
belonging to nine different antimicrobial categories, and were
classified as LPDR due to the hospital antimicrobial availability.
The chlorhexidine MIC of all isolates ranged from 16 to
32 mg/L (Table 1).

Figure 1 shows the genetic similarity between the 16
A. baumannii strains by PFGE. Pulsotype A is the most prevalent
among the A. baumannii strains isolated in this hospital (62.5%),
followed by pulsotypes C and B (31.2 and 6.2%, respectively).

The strains clustered in the pulsotype A include seven different
subtypes (A1–A7), 40% (n = 4) isolated from bronchoalveolar
lavage, 40% (n = 4) from catheter tips, and 20% (n = 2)
from tracheal aspirates. There are some indistinguishable strains

TABLE 1 | MIC values of antibiotics and chlorhexidine for A. baumannii isolates.

Isolates MIC (mg/L)a

Colistin Polymyxin B Tigecycline Chlorhexidine

ACI40 0.5 0.25 2 32

ACI41 0.5 0.25 2 32

ACI42 0.25 0.25 2 32

ACI43 0.25 0.25 2 32

ACI44 0.5 0.25 1 32

ACI45 0.25 0.25 1 16

ACI46 0.5 0.25 2 32

ACI47 0.5 0.25 2 32

ACI48 0.5 0.25 2 32

ACI49 0.5 1 2 32

ACI50 >128 128 2 16

ACI51 >128 64 2 16

ACI53 >128 >128 8 32

ACI54 >128 64 1 16

ACI55 128 16 0.25 16

ACI56 >128 >128 2 16

aResistance in bold.

clustered in the pulsotype A: two strains clustered in the subtype
A1 (ACI40 and ACI49), and three strains clustered in the subtype
A2 (ACI50, ACI53, and ACI56). The subtype A1 strains were
isolated from different dates and clinical specimens (Figure 1),
patients and units (data not shown), but both of them showed
the same antimicrobial susceptibility profile (Figure 1). The
subtype A2 strains were non-susceptible to all the antimicrobials
evaluated in this study (Figure 1). Furthermore, they were all
isolated from bronchoalveolar lavage (Figure 1) from different
patients in the same intensive care unit (ICU) (data not shown),
but at different dates (Figure 1).

The ACI51 was the first strain temporarily isolated during
the study period and the only strain belonging to the pulsotype
B. It was isolated from blood and showed resistance to the
polymyxins (Figure 1), so it was the first polymyxin-resistant
A. baumannii strain detected in this hospital. The other five
polymyxin-resistant isolates (ACI50, ACI53, ACI54, ACI55, and
ACI56) were clustered in the pulsotype A (Figure 1).

Pulsotype C consists of four subtypes (C1–C4), being all of
them susceptible to polymyxins. They were all isolated within
eight days, except for two indistinguishable strains (ACI41 and
ACI43) clustered in the subtype C1 that were isolated on the same
date in different clinical specimens (Figure 1) from the same
patient admitted to the ICU (data not shown). These data suggest
this patient had a severe disseminated infection caused by one
polymyxin susceptible A. baumannii clone.

Of the representative isolates with their ST determined, those
from pulsotype A belong to ST1 and ST405, and the pulsotype
B isolate belongs to ST79 and ST233 (Pasteur and Oxford
MLST schemes, respectively). One representative of pulsotype C1
belongs to the ST903 (Pasteur MLST scheme) (Figure 1).

Molecular Basis for the Resistance
Phenotype of the A. baumannii Strains
and Fitness Comparison
The genomes coverages varied from 128x to 251x, and the
details of contigs and GenBank accession numbers are in
Supplementary Table S1. The acquired resistance genes detected
in the draft genomes by Resfinder are in Table 2.

In addition to the aac(6′)Ib-cr gene conferring quinolone
resistance, CARD showed that all isolates have mutations leading
to the Ser81Leu amino acid substitution in GyrA. The parC
gene of the ST1 isolates also has mutations leading to Ser84Leu,
Val104Ile, and Aps105Glu amino acid substitutions. ACI51 has
only Val104Ile and Aps105Glu amino acid substitutions in ParC.

The tigecycline-resistance gene codifying TetX was absent
in all isolates. AdeABC efflux pump and its two-component
system AdeSR, both involved in multidrug resistance, including
tigecycline (Ruzin et al., 2010), were present in all draft genomes.
Only ACI54 and ACI55 presented the nucleotide substitution
G40A in the adeS gene leading to Ala14Thr substitution in AdeS.

Specifically, all variants already known of the mcr plasmid-
mediated gene and the eptA gene were absent in the genomes
analyzed regarding polymyxin resistance.

We extracted the genes that were already reported by others
as involved in polymyxins resistance lpxACD and pmrCAB from
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TABLE 2 | Resistome and mutations related to polymyxin resistance identified in the sequenced genomes of A. baumannii strains.

Characteristics Acinetobacter baumannii strains

ACI40 ACI42 ACI50 ACI53 ACI54 ACI55 ACI51

Polymyxin susceptibility S S R R R R R

MLST (ST) ST1 ST1 ST1 ST1 ST1 ST1 ST79

Resistome

Aminoglycosides aac(6′)Ib3,
aph(3′ ′)-Ib,

aph(3′)-II, aph(6)-Id

aac(6′)Ib3,
aph(3′ ′)-I, aph(3′)-II,

aph(6)-Id

aac(6′)Ib3,
aph(3′ ′)-Ib,
aph(6)-Id

aac(6′)Ib3,
aph(3′ ′)-I, aph(3′)-II,

aph(6)-Id

aac(6′)Ib3,
aph(6)-Id

aac(6′)Ib3,
aph(3′ ′)-Ib,
aph(6)-Id

aph(3′ ′)-I, aph(6)-Id,
aadA1

β-lactams blaOXA−69,
blaOXA−23,
blaADC−25,
blaTEM−116

blaOXA−69,
blaOXA-23,
blaADC-25,
blaTEM-116

blaOXA-69,
blaOXA-23,
blaADC-25

blaOXA-69,
blaOXA-23,
blaADC-25,
blaTEM-116

blaOXA-69,
blaOXA-23,
blaADC-25

blaOXA-69,
blaOXA-23,
blaADC-25

blaADC-25,
blaOXA-65,
blaOXA-72,
blaTEM-1A

Fluoroquinolones aac(6′)Ib-cr aac(6′)Ib-cr aac(6′)Ib-cr aac(6′)Ib-cr aac(6′)Ib-cr aac(6′)Ib-cr –

Macrolides mph(E), msr(E) mph(E), msr(E) mph(E), msr(E) mph(E), msr(E) mph(E), msr(E)

Phenicols floR floR floR floR floR floR floR

Sulfonamides sul2 sul2 sul2 sul2 sul2 sul2 sul2

Trimethoprim – – – – – – dfrA1

Tetracyclines – – – tet(39) – –

pmrA mutations – – – – – – G244A/Asp82Asn

pmrB mutations – – C509T/P170L C509T/P170L C695T/T232I C695T/T232I C695T/T232I

pmrC mutations – – G374A/R125H G374A/R125H G374A/R125H G374A/R125H G374A/R125H

draft genomes for a detailed analysis (Moffatt et al., 2010;
Lesho et al., 2013; Gerson et al., 2020). We compared the
genes of the polymyxin-resistant isolates (ACI50, ACI51, ACI53,
ACI54, and ACI55) plus the susceptible ACI42 (ST1) to those of
the susceptible isolate ACI40 (ST1). Because some amino acid
substitutions are lineage-related, we also compared the proteins
codified from ACI51 (ST79) genes to those of A. baumannii
AB030 (ST79). The mutations detected are described in Table 2.

To investigate whether all strains with higher polymyxin B
MIC (ACI50, ACI53, and ACI56) had the PmrB substitution
Pro170Leu (Poirel et al., 2017), the pmrB gene of ACI56, which
did not have the draft genome sequenced, was PCR-amplified
and sequenced by Sanger. As suspected, we found the same
Pro170Leu substitution.

ACI40 (subtype A1) and ACI50 (subtype A2) were the
only pulsotype A strains isolated from the same patient, from
tracheal aspirate and bronchoalveolar lavage, respectively. They
were closely related (97% similarity) by PFGE, but ACI40 was
susceptible, and ACI50 was polymyxin-resistant. Comparing
their genomes, we found 39 mutations leading to amino acid
substitutions in 30 coding regions, including those already
cited in pmrB and pmrC in ACI50 (Supplementary Table S2).
We compared these coding regions to those in the other
polymyxin-susceptible and resistant strains genomes sequenced
in this study plus the polymyxin-susceptible ST79 AB030 strain
genome. The coding regions were either absent in ST79 or
were found only in ST1 polymyxin-resistant strains. Eight
mutated coding regions, exclusive of ST1 polymyxin-resistant
strains, codify two hypothetical proteins, an FMN-binding
glutamate synthase family protein, Acyl-CoA dehydrogenase, a
putative 2-aminoethyl phosphonate ABC transporter substrate-
binding protein, polysaccharide biosynthesis tyrosine autokinase,
fumarylacetoacetate hydrolase, and an amidohydrolase family

protein (Supplementary Table S2). In addition, we compared
the growth curves of the two isolates (Supplementary Figure S1)
and observed that the polymyxin-resistant ACI50 strain showed
longer doubling time (176 ± 17 min) compared with that of the
susceptible strain ACI40 (148± 1), with p< 0.005 determined by
the single-factor ANOVA.

Biofilm Formation Is Not Enhanced
Among the Polymyxin-Resistant Strains
We wanted to investigate whether any correlation between
polymyxin-resistance and biofilm formation existed. Figure 2
shows that all strains were able to form biofilms, which were
statistically significant compared to the non-biofilm-former
strain S. epidermidis ATCC 12228, or even compared to the
negative control using Student’s t-test, p < 0.05. Thus, we
considered all A. baumannii isolates as biofilm formers; The
only isolate capable of forming biofilm comparable to the good
biofilm-forming S. epidermidis ATCC 35984 strain was the
polymyxin-susceptible ACI44 strain (Figure 2).

DISCUSSION

The isolation of gram-negative bacteria resistant to polymyxin
at the Brazilian teaching hospital was unusual. Since the first
polymyxin-resistant Acinetobacter baumannii complex isolate
identification in that hospital, healthcare workers closely
monitored and collected the subsequent Acinetobacter spp.
isolates during the following three months for characterizing
them and determining whether there was an outbreak. In this
regard, the first polymyxin-resistant A. baumannii was identified
in August 2016, and by the end of October 2016, the other five
polymyxin-resistant A. baumannii isolates were identified. Our
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FIGURE 2 | Comparison of biofilm mass formed by A. baumannii strains (ACI) to that of Staphylococcus epidermidis ATCC 12228 and ATCC 35984, the non-biofilm
and the good biofilm former strains, respectively.

results showed that all isolates have blaOXA−51−like gene, thus
belonging to the A. baumannii species. This species prevalence
was expected and agreed with other studies in Brazilian hospitals
(Leite et al., 2016; Castilho et al., 2017; Vasconcellos et al., 2017).

Regarding the antimicrobial susceptibility profile obtained
(Figure 1), we noticed that it is quite common that the
A. baumannii strains isolated in this hospital are XDR. In
addition, if taken the reality at the local therapeutic protocol
and all the antimicrobial options available to their patients
into account, several isolates were classified by the hospital as
LPDR because 25% of them were non-susceptible to all the
antimicrobials available (Figure 1). Despite the reports that the
A. baumannii strains isolated in Brazilian hospitals are MDR, the
susceptibility of those isolates to the last choice drugs, such as
polymyxins, still prevails (Leite et al., 2016; Sader et al., 2016;
Castilho et al., 2017; Vasconcellos et al., 2017). For instance,
in a Brazilian teaching hospital, Tavares et al. (2019) found
MDR and XDR A. baumannii clones were emerging, including
CC1 strains, as the second most prevalent; on the other hand,
although MDR or XDR, none of the strains was resistant
to polymyxin B (Tavares et al., 2019). Nevertheless, the high
incidence of polymyxin resistance found in the A. baumannii
isolates evaluated in this study (37.5%) highlights the need for
constant surveillance of antimicrobials resistance, particularly
to the drugs used as last resources, in all the species isolated
at the hospital. The high incidence of elevated tigecycline
MIC found in the strains evaluated in this study (94%) agrees
with recent studies that analyzed Brazilian clinical isolates of
A. baumannii (Cardoso et al., 2016; Vasconcellos et al., 2017),
although historically A. baumannii Brazilian isolates are mostly
susceptible to tigecycline (Leite et al., 2016; Sader et al., 2016;
Castilho et al., 2017). The use of tigecycline as a treatment for

A. baumannii MDR strains infections is still controversial or,
at least, not recommended, both in monotherapy or combined
therapy (Ni et al., 2016; Eucast, 2017).

Being colonized by MDR A. baumannii is a risk factor for
being infected by this microorganism (Fan et al., 2019). Skin
decolonization with chlorhexidine bathing may help prevent
catheter colonization and catheter-related bloodstream infections
(Fan et al., 2019). Chlorhexidine MICs of all of our isolates are in a
range already described in the literature for A. baumannii (Biswas
et al., 2019; Nor A’shimi et al., 2019) with no difference among
polymyxin-resistant and polymyxin-susceptible strains. The
MICs (16–32 mg/L) were lower than the patient bathing solutions
concentration (2% chlorhexidine gluconate, or 20,000 mg/L),
suggesting that the bathing would benefit the spread control if
those strains colonized the patients’ skin. Patient bathing with
chlorhexidine and ventilators decontamination improvement
(use of tubes with valves, ventilators not circulating to
other patients until hospital discharge, plus being sterilized)
were performed simultaneously as control measurements, and
this way, the healthcare workers were able to control the
dissemination of the polymyxin-resistant A. baumannii strains.

The biofilm is an important virulence factor that can
ease the persistence of the bacterial cells in the environment
and the host. In the biofilm form, they can evade immune
responses and resist antibiotics more than in planktonic form
(McConnell et al., 2013). The relationship between biofilm-
forming ability and antibiotic resistance is of great interest to
clinicians and has already been established for Pseudomonas
aeruginosa, for instance (Abidi et al., 2013), but remains unclear
for A. baumannii (Qi et al., 2016). We wanted to verify whether
a difference in biofilm formation among polymyxin-resistant
and polymyxin-susceptible isolates existed. Our results show that
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all strains form biofilm at similar levels, but the polymyxin-
susceptible strain ACI44 was the only one that formed more
biofilm (Figure 2). It is not surprising to find in the literature
that non-MDR A. baumannii isolates can form quantitatively
more biofilm and more robust than MDR or XDR isolates.
These resistant isolates usually are non-biofilm formers or
tend to form weaker biofilms (Rodríguez-Baño et al., 2008; Qi
et al., 2016). Thus, it seems that A. baumannii biofilms could
be a mechanism for bacteria to get a better survival in the
environment, especially when their resistance to antibiotics is not
high enough (Qi et al., 2016).

The PFGE results showed a clonal similarity among five out
of the six A. baumannii strains resistant to polymyxins in this
hospital. The first isolate of the studied period (ACI51, subtype
B1) is only possibly related to the other isolates resistant to
polymyxins by PFGE (Figure 1). One should notice that the
antimicrobial susceptibility profile of these strains belonging to
the subtypes A2 and B1 are practically identical, which shows
that antibiogram is not enough to discriminate the similarity of
the strains, requiring molecular methodologies, such as PFGE,
to distinguish different genotypic profiles of strains with similar
phenotypes and define the occurrence of a possible outbreak. The
patient’s history from whom ACI51 was isolated shows recent
hospitalization in another hospital, getting worst after five days
discharged and then was admitted to the Teaching Hospital,
where A. baumannii ACI51 was isolated from blood. Therefore,
we suggest this pulsotype B ST79 strain is unrelated to the
hospital endemic clone (pulsotype A).

The analysis of the draft genome sequence of five out of six
polymyxin-resistant A. baumannii, plus two susceptible strains,
shed light on the polymyxin-resistance and other mechanisms
involved in the strains of this study.

ACI53 presented the higher tigecycline MIC and harbored an
ORF codifying a major facilitator superfamily (MFS) antibiotic
efflux pump, which was identified as tet(D)-like by CARD.
Other mutations that may confer resistance to tigecycline,
besides aminoglycosides, tetracyclines, fluoroquinolones, and
chloramphenicol, are those in AdeSR, controlling the AdeABC
efflux system expression level (Yilmaz et al., 2020). Substitutions
in AdeRS were also already reported in colistin-resistant isolates.
The draft-genomes of this study showed that the adeS gene of
ACI54 and ACI55 presented a mutation leading to the Ala14Thr
substitution; these strains were among those with the lowest
tigecycline MIC.

Although there was a recent report of mcr-4.3 gene detection
in an A. baumannii ST79 in Brazil (Martins-Sorenson et al.,
2020), in the present study, the draft genome sequences excluded
the mcr genes in the emergence of polymyxin resistance among
these isolates. Indeed, A. baumannii rarely harbors the mcr
genes (Bitar et al., 2019; Hameed et al., 2019; Ma et al., 2019).
The most common mechanisms of polymyxin resistance are
usually related to chromosomal genes, such as those resulting
in the loss of lipopolysaccharide by inactivation or insertion of
sequence ISAba11 in the lpxA, lpxC, or lpxD genes (Moffatt
et al., 2010, 2011; Henry et al., 2012) or due to the addition of
phosphoethanolamine to the hepta-acylated lipid A by PmrC,
which is regulated by PmrAB, thus reducing the negative charge

of the bacterial cells and consecutively reducing the affinity of
polymyxins to their action target (Adams et al., 2009; Beceiro
et al., 2011; Gerson et al., 2020).

Amino acid substitutions in the PmrCAB are known to confer
colistin resistance (Lesho et al., 2013; Durante-Mangoni et al.,
2015; Moffatt et al., 2019; Gerson et al., 2020) and are likely the
only reason for the polymyxin resistance in this study’s strains.
We observed the substitution Asp82Asn in ACI51 PmrA, and
although it is in the signal receiver domain, there is no mention
in the literature relating this substitution to polymyxin resistance
so far. Also, no phenotypic change was observed with Asp82Asn
substitution when compared to the other strains. We subjected
the mutated sequence to the SIFT algorithm6, which showed that
the Asp82Asn substitution appears deleterious to protein activity.

Pro170Leu substitution in PmrB is known to cause an
impact on the polymyxin resistance. In addition to Pro170Leu,
Pro170Ser and Pro170Gln also increase pmrC expression in
polymyxin-resistant isolates (Arroyo et al., 2011; Gerson et al.,
2020). The PmrB substitution Pro170Leu was present in ACI50
and ACI53. Curiously, these strains had higher polymyxin B
MICs (>128 mg/L) when compared to the ACI51, ACI54, and
ACI55 (from 16 to 64 mg/L), which had a Thr232Ile substitution
in PmrB, instead. ACI56 strain was indistinguishable to ACI50
and ACI53 by PFGE, belonging to subtype A2, and presented
higher polymyxin B MIC (>128 mg/L) as well. For this reason, we
analyzed ACI56 pmrB gene by PCR, revealing the same mutation
found in ACI50 and ACI53. Colistin MICs of these strains were
all at the same level (≥128 mg/L). Thus, it appears that Thr232Ile
substitution in PmrB may lead to a lower polymyxin B MIC than
isolates with Pro170Leu substitution. The polymyxin B MICs
in strains with Thr232Ile substitution in PmrB in strains from
another study ranged from 8 to 96 mg/L (Lesho et al., 2013).
According to the SIFT algorithm, although both substitutions are
deleterious, the probability of Thr232Ile substitution (probability
of substitution = 0.02) is higher than the probability of Pro170Leu
(probability of substitution = 0.00). Therefore, the impact of
the PmrB Thr232Ile substitution in polymyxin B activity needs
further investigation.

All the resistant isolates had a mutation in pmrC, leading
to the Arg125His replacement in PmrC. According to the SIFT
algorithm, the Arg125His substitution appears to be tolerant to
protein activity (probability of this substitution = 0.37). Amino
acid substitution in this position was already described, such
as Arg125Pro, which has less impact on colistin resistance than
amino acid changes in PmrA or PmrB (Gerson et al., 2020).

Because ACI40 (polymyxin-susceptible) was isolated 15 days
apart after ACI50 (polymyxin-resistant), both from the same
patient, the same lineage (ST1), and closely related to each
other by PFGE, we concluded that different ST1 strains infected
the patient during the hospital stay. Even so, we compared
the genome of these strains and identified 30 mutated ORFs
(Supplementary Table S2), of which eight were only present
in ST1 polymyxin resistant isolates. Among them, an ORF that
codifies acyl-CoA dehydrogenase gained our attention because of
the involvement in the fatty acid breakdown and the membrane

6https://sift.bii.a-star.edu.sg/
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fluidity (Overath et al., 1969; Ma et al., 2015). Whether these
mutations contribute to the mechanism of polymyxin resistance
or are just related to the resistant clone expanding in the
hospital, we still have to verify. In addition, the doubling-time
shows that ACI40 presents a faster growth than ACI50, and
some of these mutations likely affect the polymyxin-resistant
isolate fitness (Pournaras et al., 2014). Further studies have
to clear whether mutations leading to polymyxin-resistance
simultaneously affect fitness.

Our results suggest that pulsotype A ST1 strains belong to
an endemic clone that expanded in this hospital with recent
mutations leading to polymyxin resistance. All the patients
infected by the LPDR strains received polymyxin B as treatment
during the hospitalization period, contributing to the resistance
selection. ACI51, the first polymyxin-resistant isolate identified
in this hospital, belongs to ST79, and our results, along with the
patient history, showed it is unrelated to the endemic clone.

A limitation of this study is that data on polymyxin-
resistant A. baumannii came from a single center. However,
the main contribution of this study is the genomic evidence
showing that carbapenem-resistant A. baumannii belonging
to the international clone ST1 can easily expand in hospital
settings and acquire chromosomal mutations in PmrB (Thr232Ile
or Pro170Leu) and/or PmrC (Arg125His), resulting in the
selection of polymyxin-resistant lineages displaying, at least, an
LPDR phenotype.

In conclusion, we showed the clonal expansion of XDR
A. baumannii ST1 strains in a Brazilian teaching hospital,
including four LPDR strains. The polymyxin resistance in
this outbreak is due to chromosomal mutations, mainly with
Pro170Leu substitution in PmrB. Further investigation is needed
to know whether the Thr232Ile substitution in PmrB plays a role
in the lower polymyxin B MICs. The transmission of these strains
among patients points out the need for constant surveillance for
adopting adequate measures to avoid new nosocomial outbreaks
caused by XDR carbapenem-resistant A. baumannii strains.
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Carbapenemase-producing Klebsiella pneumoniae infections are an increasing global

threat with scarce and uncertain treatment options. In this context, combination

therapies are often used for these infections. The bactericidal and synergistic

activity of fosfomycin plus amikacin and gentamicin was studied trough time–kill

assays against four clonally unrelated clinical isolates of carbapenemase-producing

K. pneumoniae, VIM-1, VIM-1 plus DHA-1, OXA-48 plus CTXM-15, and KPC-3,

respectively. The efficacy of antimicrobials that showed synergistic activity in vitro against

all the carbapenemase-producing K. pneumoniae were tested in monotherapy and in

combination, in a murine peritoneal sepsis model. In vitro, fosfomycin plus amikacin

showed synergistic and bactericidal effect against strains producing VIM-1, VIM-1 plus

DHA-1, and OXA-48 plus CTX-M-15. Fosfomycin plus gentamicin had in vitro synergistic

activity against the strain producing KPC-3. In vivo, fosfomycin and amikacin and its

combination reduced the spleen bacterial concentration compared with controls groups

in animals infected by K. pneumoniae producing VIM-1 and OXA-48 plus CTX-M-15.

Moreover, amikacin alone and its combination with fosfomycin reduced the bacteremia

rate against the VIM-1 producer strain. Contrary to the in vitro results, no in vivo efficacy

was found with fosfomycin plus amikacin against the VIM-1 plus DHA-1 producer strain.

Finally, fosfomycin plus gentamicin reduced the bacterial concentration in spleen against

the KPC-3 producer strain. In conclusion, our results suggest that fosfomycin plus
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aminoglycosides has a dissimilar efficacy in the treatment of this severe experimental

infection, when caused by different carbapenemase-producing K. pneumoniae strains.

Fosfomycin plus amikacin or plus gentamycin may be useful to treat infections by OXA-48

plus CTX-M-15 or KPC-3 producer strains, respectively.

Keywords: fosfomycin, aminoglycosides, in vivo, time kill curves, carbapenemase-producing Klebsiella

pneumoniae

INTRODUCTION

Klebsiella pneumoniae carbapenemase (KPC)-producers (KPC-
KP) represent an increasing global threat worldwide and is one
of the most important existing pathogens, especially in endemic
areas. KPC-KP causes mostly nosocomial infections although
they can occur in healthy people. Most common infections
among others are urinary tract, pneumonia and bacteraemia
(1). Resistance to carbapenems in K. pneumoniae is mainly
due to the production of carbapenem-hydrolyzing β-lactamases
such as the KPC type (Ambler class A), IMP, VIM and NMD
types (Ambler class B) and OXA-48 (Ambler class D), and
bacteremia due to these strains is associated with higher rates
of treatment failure and death (2). Moreover, carbapenemase
producers often show co-resistance to the majority of other
antimicrobial agents, leaving scarce and uncertain treatment
options, such as tigecycline, colistin, and some aminoglycosides
(2–4). Then, the increment of infections by carbapenemase-
producing strains prompts the search of new therapies for
infections caused by them. Also, awareness of the prevalence and
incidence of the specific mechanisms of carbapenem resistance
within K. pneumoniae is crucial in the prevention of their spread
and selection of appropriate treatment options (5).

In the search of optimal treatments for infections by
these carbapenemase-producing strains, combination among
antibiotics is being explored (6, 7), together with newer options
like plazomicin, eravacycline and cefiderocol (8). The most
commonly in vitro active and potentially useful drugs remain
ceftazidime-avibactam and newer inhibitors combinations,
gentamicin, amikacin, colistin, tigecycline, and fosfomycin (9).
Many in vitro studies and some in vivo studies have investigated
the effects of double and triple combinations of drugs with
different mechanisms of action (10, 11). Synergistic actions
have been convincingly demonstrated for carbapenem-resistant
Enterobacteriaceae (particularly K. pneumoniae), Acinetobacter
baumannii, and Pseudomonas aeruginosa. In this regard, the
study of Erdem et al. showed in vitro that double carbapenem
antibiotics plus colistin could be a potential alternative to treat
colistin and carbapenem-resistant K. pneumoniae (7). Another in
vitro study against multidrug-resistant K. pneumoniae producing
KPC-2, KPC-3, NDM-1, OXA-48 and VIM-1 carbapenemases
points to polymyxin B in combination with minocycline,
rifampicin or fosfomycin as potentially therapy of interest
(12). Nevertheless, there are only a few in vivo experimental
studies that evaluate antimicrobials in combination against
carbapenemase producers K. pneumoniae strains. Hagihara
et al., found that meropenem plus amikacin was effective
against KPC-, IMP- and OXA-48-producing K. pneumoniae

infections, except for NDM type carbapenemase producing (13).
Also, the combination of meropenem plus colistin was found
to be bactericidal against a KPC-producing K. pneumoniae
experimental osteomyelitis in rabbits (14). Several studies have
suggested fosfomycin combination with other antimicrobials
to be explored because of its in vitro activity. In this regard,
Yu et al., demonstrated in vitro synergy with fosfomycin plus
imipenem, ertapenem and tigecycline against KPC-producing
K. pneumoniae (15). Also, fosfomycin plus gentamicin were
synergist in vitro against KPC-3 producing strains (16).
Nevertheless, and although the combination of fosfomycin to
antimicrobials has been found to be active in vitro, there are
not in vivo studies to evaluate this therapeutic alternative,
except fosfomycin plus colistin combination in experimental
osteomyelitis due to KPC-producing K. pneumoniae, which
achieved a reduction the bacterial bone concentration (17).

The aim of the present study was evaluate the efficacy of the
fosfomycin plus amikacin or gentamicin in a murine peritoneal
sepsis model using four K. pneumoniae clinical strains producers
of the currently most prevalent carbapenemases.

MATERIALS AND METHODS

Bacterial Strains
In this study, we tested four genetically unrelated clinical isolates
of KPC-KP: a VIM-1 ST 1603 clone producing isolate, a VIM-
1 with the acquired AmpC type beta-lactamase DHA-1 ST 11
producing isolate, a OXA-48 ST 11 clone with the extended
spectrum beta-lactemase (ESBL) CTX-M-15, and a KPC-3 ST
512 clone with the broad spectrum beta-lactamases TEM-1 and
SHV-11 (18). The identification of the isolates, the presence
of carbapenemase genes, and genes coding for other beta-
lactamases and the absence of genetic relatedness among the
isolates was confirmed by a Microflex LT- MALDI Biotyper
mass spectrometer, PCR and sequencing, and PFGE analysis,
respectively, as described previously (18). Two of the strains,
KPC-3 and VIM-1 (DHA-1) were multidrug-resistant while the
other two were not.

Drugs
For the in vitro assays, antimicrobials were used as standard
laboratory powders (Sigma-Aldrich, Madrid, Spain). For in vivo
experiments, clinical formulations of antimicrobials were used:
fosfomycin intravenous 1 g; (Laboratorios ERN, S.A; Barcelona,
Spain), Amikacin Normon 125 mg/ml (Laboratorios Normon,
S.A; Madrid, Spain) and gentamicin, genta-gobens 80mg,
(Laboratorios Normon, S.A; Madrid, Spain).
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In vitro Studies
Antimicrobial Susceptibility Testing
Theminimal inhibitory concentrations (MIC) values were tested.
MICs of fosfomycin, gentamicin and amikacin were determined
by broth microdilution method as recommended by the Clinical
Laboratory Standard Institute (CLSI) (19), using Mueller Hinton
broth II (MHB) (Becton Dickinson & Co., Sparks, MD,
United States) supplemented or not with 25 mg/L of glucose-
6-phosphate (G-6-P) (Sigma-Aldrich, Madrid, Spain) and agar
dilution method using Mueller Hinton agar supplemented with
G-6-P for fosfomycin. MIC of fosfomycin was also determined by
the broth microdilution method using MHB supplemented with
G-6-P. MIC results were interpreted according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
(http://www.eucast.org/clinical_breakpoints/) breakpoints for all
antibiotics (20). Studies were performed in triplicate to
ensure reproducibility.

Time-Kill Curves
Time-kill methodology was used to study the in vitro
interactions between fosfomycin plus amikacin and gentamicin.
The antibiotic concentrations used for susceptible strains
corresponded to the value of their MIC obtained by the broth
microdilution method, whereas the concentrations used for
resistant strains were those of the susceptibility breakpoints
recommended by EUCAST. Experiments were carried out in
MHB supplemented with G-6-P with a starting inoculum of 1 ×
106 cfu/mL and the drugs alone and in combination. Tubes were
incubated at 37◦C, with shaking and samples were taken at 0, 1 3,
6, and 24 h, serially diluted, plated (Eddy Jet, IUL S.A., Barcelona,
Spain) and incubated at 37◦C (16, 21). Bacterial colonies were
counted after 24 h using an automatic colony counter (Flash &
Go, IUL S.A., Barcelona, Spain). Experiments were performed at
least three times on separate occasions. Bactericidal activities of
single drugs or combination were defined as a decrease ≥ 3 log10
cfu/mL from the starting inoculum, bacteriostatic effect was
defined as no change respect to the initial bacterial concentration
during the 24 h. Synergy was defined as a decrease ≥ 2 log10
cfu/mL for the drugs combination compared with the most
active single agent (22).

Animals
Immunocompetent C57BL/6J female mice weighing 16–20 g
(7–9 weeks old) were used (Production and Experimentation
Animal Center, University of Seville, Seville, Spain). Animals
had a sanitary status of murine pathogen free and were assessed
for genetic authenticity. Mice were housed in an individually
ventilated cage system under specific pathogen-free conditions,
with water and food ad libitum. This study was carried out in
strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals (23). In vivo experiments
were approved by the Committee on the Ethics of Animal
Experiments of the University Hospital VirgenMacarena, Seville,
Spain (CI 1961). Procedures were performed under sodium
thiopental (B. Braun Medical S.A., Spain) anesthesia, and all
efforts were made to minimize suffering.

Pharmacokinetic/Pharmacodynamic Analysis
Serum antibiotic concentrations were determined in groups of
healthy mice after a single intraperitoneal administration of
fosfomycin (500 mg/kg), amikacin (15 mg/kg) or gentamicin (5
mg/kg). In sets of three animals and at 5, 10, 15, 30, 60, 90,
120, 240, 480, and 1,440min after the administration of each
antibiotic, blood samples were obtained from anesthetized mice
from the periorbital plexus. Blood samples were immediately
centrifuged at 4,500 rpm for 15min at 4◦C, and serum samples
were stored at −80◦C until its analysis. Serum concentrations
of fosfomycin, amikacin and gentamicin were measured
using a HPLC-tandem mass spectrometry (LC-MS/MS) (24).
Measurement of the fosfomycin, amikacin and gentamicin
binding to mice plasma proteins was also performed (25).

The maximum concentration of drug in serum (Cmax),
elimination half-life (t1/2), Area Under the concentration-time
Curve from 0 to 24 h (AUC0−24), free AUC0−24 (fAUC0−24),
AUC0−24/MIC ratio, and fAUC0−24/MIC ratio were calculated
using the PKSOLVER program (26). The pharmacodynamic
parameters used to assure the efficacy of each antimicrobial
Cmax/MIC for amikacin and gentamicin (27) and for fosfomycin
this parameter is still not elucidated (28).

Murine Experimental Models
A previously described murine peritoneal sepsis model was used
(22). Briefly, groups of C57BL/6J female mice were infected by
intraperitoneal (ip) inoculation of 0.5mL the Minimal Lethal
Dose (MLD) of each strain. The inoculum concentrations
inoculated were (log10 CFU/ml): 8.97 for VIM-1, 8.94 for VIM-
1/DHA-1, 9.35 for OXA 48 plus CTX-M-15, and 8.38 for
KPc29 KPC3/TEM-1 and SHV-11. Antimicrobial treatments
were initiated 4 h post-inoculation and lasted 72 h. Mice were
randomly included into six different therapeutic groups: (i)
controls (untreated), (ii) fosfomycin, 500 mg/kg/8 h/ip (1.5
g/Kg/day), (iii) amikacin, 10 mg/kg/12 h/ip (100 mg/Kg/day),
(iv) gentamicin, 5 mg/kg/12 h/ip (10 mg/Kg/day), (v) fosfomycin
plus amikacin, for three of the strains: VIM-1 producer, VIM-
1/DHA-1 producer, and OXA 48 plus CTX M 15 producer,
(vi) fosfomycin plus gentamicin, for the KPC-3 TEM 1 plus
SHV-11 producer strain. Antimicrobial dosages were chosen
after PK/PD analysis to achieve the drugs optimal therapeutic
regimen. Antimicrobials therapy lasted 72 h.

Immediately after mice death or sacrificed (sodium
thiopental, ip) when the 72 h treatment was completed,
aseptic thoracotomies were carried out, and blood samples were
obtained for qualitative blood cultures; results were expressed
as positive (≥1 cfu present in the plate) or negative. Spleens
were aseptically extracted, weighed and homogenized in sterile
saline (Stomacher 80; Tekmar Co., Cincinnati, OH, USA) before
quantitative cultures (log10 cfu/g) in Columbia agar with 5%
sheep blood plates (22).

Previous to the experimental model, in order to discard the
toxicity of the treatments, groups of 5 healthy mice received the
same dosages of antimicrobials alone or in combination, during
72 h, and were observed for any adverse reaction or body weight
loss during 7 days.
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Statistical Analysis
Mortality and positive blood cultures were expressed as
percentages. Bacterial spleen concentrations (Log10 CFU/g) were
expressed as means± SD. Differences in bacterial concentrations
in spleen were compared by analysis of variance (ANOVA)
and the Dunnet and Tukey post-hoc-tests. Mortality and blood
sterility rates between groups were compared by use of the
two-tailed Fisher’s-test. A P < 0.05 value was considered as
statistically significant. The SPSS v22.0 was used (SPSS Inc.,
Chicago, IL, USA).

RESULTS

In vitro Results
Antimicrobial Susceptibilities
The MICs of fosfomycin, amikacin and gentamicin for the four
clinical strains by the broth microdilution method are shown
in Table 1. VIM-1-, OXA-48 plus CTX-M-15-, and KPC-3-
producing strains were resistant to fosfomycin, whereas by the
dilution in agar method only KPC-3 producer was resistant.
Only the KPC-3-producing strain was resistant to amikacin,
and the VIM-1-producer strain to gentamicin. No differences
in MIC values were obtained when MHB was supplemented
with G-6-P.

Time-Kill Curves
The results are shown in Table 2. Fosfomycin plus amikacin was
bactericidal and synergistic against VIM-1-, VIM-1 plus DHA-
1-, and OXA-48 plus CTX-M-15-producing strains. Fosfomycin
plus gentamicin showed synergistic activity only against the
KPC-3 producer.

Pharmacokinetics and Pharmacodynamics
Pharmacokinetic parameters of each antimicrobial are shown in
Table 3. Pharmacodynamics profiles are shown in Table 4.

In vivo Results: Peritoneal Sepsis Model
The efficacies of the antimicrobials are shown in Table 4.
Mortality, bacterial clearance on spleen and bacteremia, are
analyzed immediately after the death of mice or at the end of the
experiment (72 h of treatment).

TABLE 1 | MICs for the carbapenem-resistant Klebsiella pneumoniae strains used

in the studies.

Strains MIC (mg/L) (SR)

Fosfomycin Amikacin Gentamicin

VIM-1 8/64 (S/R)* 1 (S) 4 (R)

VIM-1/DHA-1 8/32 (S)* 4 (S) 2 (S)

OXA-48 plus CTX-M-15 16/>64 (S/R)* 1 (S) 0.5 (S)

KPC-3 (TEM-1 and SHV-11) >64/>64 (R)* >32 (R) 2 (S)

*MIC values by dilution in agar dilution method/microdilution method.

S, susceptible; R, resistant.

For fosfomycin, susceptible ≤ 32 mg/L and resistant was > 32 mg/L. For amikacin,

susceptible was ≤ 8 mg/L and resistant was > 8 mg/L. For gentamicin, susceptible was

≤ 2 mg/L and resistant was > 2 mg/L.

Mortality
Mortality in all control groups (non-treated) was 100%within the
first 24 h post-infection. Antimicrobials alone or in combination
did not significantly reduce mortality against any of the strains.

Bacterial Clearance From Spleen
Fosfomycin alone improved significantly the clearance of bacteria
from spleen (CFU/g of tissue) compared with the control groups
in mice infected with either VIM-1 (7.23 ± 0.48 vs. 8.98 ±

0.46) or OXA-48 plus CTX-M-15 (8.05 ± 0.30 vs. 9.56 ±

0.47). Amikacin alone was also better than controls in reducing
bacterial concentration in spleen against VIM-1 or OXA-48 plus
CTX-M-15 strains (5.36 ± 2.46 vs. 8.98 ± 0.46 and 7.83 ±

1.07 vs. 9.56 ± 0.47, respectively). Moreover, the combination
of fosfomycin plus amikacin reduced the bacterial concentration
compared with the controls for the strains, producing VIM-1 or
OXA-48 plus CTX-M-15 (6.62± 0.38 vs. 8.98± 0.46 and 7.74±
0.67 vs. 9.56± 0.47, respectively) and fosfomycin plus gentamicin
for the strain producing KPC-3 (9.02 ± 0.68 vs. 10.19 ± 0.29).
Fosfomycin plus amikacin against the VIM-1 strain reduced the

TABLE 2 | Time-kill curves for fosfomycin (FOF) plus amikacin (AMK) and

fosfomycin (FOF) plus gentamicin (GEN) against four clinical strains of

carbapenemase producing strains.

Strains Effect of the antibiotic

combination (grow time[s][h])

FOF + AK FOF + GEN

VIM-1 Synergy (*) and

bactericidal effect

Indifference

VIM-1/DHA-1 Synergy (*) and

bactericidal effect

Indifference

OXA-48 plus CTX-M-15 Synergy (**) and

bactericidal effect

Indifference

KPC-3 (TEM-1 and SHV-11) Indifference Synergy (*)

FOF, fosfomycin; AK, amikacin; GEN, gentamicin.

*at 24 h; **at 6 and 24 h.

TABLE 3 | Pharmacokinetic profiles of fosfomycin, amikacin and gentamicin in

mice serum.

Antimicrobial

[dose (mg/kg),

route of

administration]

Drug Cmax (mg/L) t1/2 (h) AUC0−24

(mg·h/L)

FOF (500, ip.) tFOF 1354.09 1.07 2695.35

fFOF 1340.55 1.09 2668.35

AK (15, ip.) tAK 35.93 0.27 85.24

fAK 27.93 0.27 63.06

GEN (5, ip.) tGEN 21.03 0.43 40.23

fGEN 14.72 0.37 28.16

FOF, fosfomicin; AK, amikacin; GEN, gentamicin; tFOF, total fosfomicin; fFOF, free

fosfomicin; tAK, total amikacin; fAK, free amikacin; tGEN, total gentamicin; fGEN, free

gentamicim; ip., intraperitoneal; Cmax , maximum concentration of drug in serum; t1/2,

half-life; AUC0−24, area under the concentration-time curve from 0-24 h; fAUC0−24,

free AUC0−24.
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spleen bacterial concentration compared to fosfomycin alone
(6.62 ± 0.38 vs. 7.23 ± 0.48). None of the antimicrobials tested
alone or in combination reduced the bacterial concentration in
spleen against the strain producing VIM-1 (DHA-1).

Bacteremia
Amikacin alone and in combination with fosfomycin showed a
significant reduction sterilizing blood cultures of mice infected
with the VIM-1 producer (40 and 28.57% vs. 100%, respectively).

DISCUSSION

The results of this study show that the combination of fosfomycin
plus aminoglycosides (amikacin and gentamycin) shows efficacy
in terms of bacterial clearance from tissue in animals infected
with the strains VIM-1, OXA-48 plus CTX-M-15 and KPC-3
producers. Bacteraemia was only significantly reduced against
the VIM-1 producer strain with fosfomycin plus amikacin.
None of the treatments tested improved mortality compared
to those from control groups for any of the studied strains.
Finally, there was no significant efficacy in terms of bacterial
clearance either from tissue and blood or in the survival in
the animals infected with the strain producing VIM-1 (DHA-1).
The synergistic activity found between fosfomycin and amikacin
is in accordance with other in vitro studies that found a
synergistic and bactericidal effect with this combination against
fosfomycin susceptible clinical KPC-producing K. pneumoniae
isolates, regardless the bacteria susceptibility to amikacin (15).

Fosfomycin dosage used in this study 500 mg/kg every 8 h
was chosen because it produces a mean peak serum fosfomycin
concentration of 1354.09 ± 217.99 mg/L and a mean AUC0−24

of 2695.35 ± mg∗h/L, above to those obtained in humans after
a 4 h infusion of 4 g every 8 h (peak of 123 + 16 mg/L; AUC0–
24 of 600 mg∗h/L) and above dosages proven to be effective
in several murine experimental studies using, KPC-3- or OXA-
48-producing Escherichia coli (29), Enterococcus faecalis (30).
Moreover, with this dose we achieved the PK/PD index that
best predicted efficacy for K. pneumoniae strains base on model
fit and regression analysis, an unbound AUC0−14/MIC ratio
of 41.69 or 83.39, depending on the strains (31). Nevertheless,
fosfomycin monotherapy was only effective in reducing tissue
concentrations against VIM-1- and OXA-48 plus CTX-M-15-
producing strains, but not with the other two tested strains, not
even with the fosfomycin susceptible VIM-1/DHA-1-producing
strain. These results could be in the line of the described
uncertainty as whether fosfomycin monotherapy is efficacious
in the treatment of systemic infections other than complicated
urinary tract infection and/or acute pyelonephritis (32).

Although the pharmacokinetic/pharmacodynamic target
Cmax/MIC ≥ 8 (33) was achieved for all the tested strains,
the activity of aminoglycosides (amikacin and gentamicin)
in monotherapy was also limited, reducing amikacin only
bacterial spleen concentration compared to control groups in
mice infected with VIM-1 or OXA-48 plus CTX-M-15 strains,
for which the Cmax/MIC value for both strains was = 35.93,
predictor of efficacy was achieved. Only in the case of animals
infected with the VIM-1 producer strain, amikacin reduced the
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mortality compared to controls mice. Nevertheless, amikacin is
only used alone to treat urinary tract infections (34).

Fosfomycin in combination with amikacin demonstrated in
vitro a synergistic effect against the VIM-1-, VIM-1/DHA-1-
, and OXA-48 plus CTX-M-15-producing strains, while the
combination with gentamycin was the only with synergistic
activity against KPC-3-producing strain. These results are
in accordance with other studies showing synergy of this
combination against KPC-producing K. pneumoniae strains.
An in vitro study in KPC-producing K. pneumoniae found
a synergistic and bactericidal effect with the combination
of fosfomycin with amikacin against fosfomycin susceptible
isolates, even when the causative bacteria are resistant to
amikacin (15). Other in vitro studies have showed fosfomycin
plus amikacin to have additive and synergistic effects against
other pathogens such as P. aeruginosa and methicillin-resistant
Staphylococcus epidermidis and IMP-8 metallo-β-lactamase-
producing K. oxytoca (35, 36).

With regard to the in vivo efficacy of fosfomycin plus
amikacin in the experimental murine peritoneal sepsis model,
the combination was better than the control groups taking
into account the bacterial clearance from spleen against the
VIM-1 and the OXA-48 plus CTX-M-15 strain. Moreover, this
combination reduced bacteremia compared both with control
and fosfomycin groups against the VIM-1 strain. Nevertheless,
and besides both antimicrobials achieving the pharmacodynamic
values described as optimal for efficacy, fAUC0−24/MIC and
Cmax/MIC, no activity is found against the VIM-1/DHA-1
strain, in contrast with the synergy observed in the time-
kill studies. Also, and in accordance with the in vitro results
fosfomycin plus gentamicin reduced significantly bacteria from
spleen compared with control and fosfomycin groups against
the KPC-3 strain. Finally, none of the combinations reduced the
mortality against any of the tested strains. To our best knowledge,
there are no experimental studies in which fosfomycin in
combination with amikacin and gentamicin has been evaluated.
There are experimental studies that have evaluated fosfomycin
in combination with ceftazidime-avibactam combination against
MDR P. aeruginosa finding this combination better than
either drug alone (37). In other study, they evaluated in a
surgical wound infection in mice the activity of fosfomycin in
combination with rifampin and tigecycline against Enterococcus
faecium and methicillin-resistant Staphylococcus aureus clinical
isolates, finding the combination as an alternative treatment
to control skin infection (38). Also, Berleur et al., found that
fosfomycin plus temocillin reduced bacterial counts in a murine
peritonitis model against E. coli strains producing KPC-3 or
OXA-48-type carbapenemases (29).

In summary, our results showed that the fosfomycin plus
aminoglycosides combination has a low and dissimilar efficacy
in the treatment of severe infections, such as a peritoneal sepsis
infection, caused by different KPC-KP strains, reducing only the
tissue bacterial concentration against three of the strains and
only decreasing bacteremia against the VIM-1 producer strain.
Moreover, none of the combinations improved the survival in
the infection by any of the KPC-KP strains. Also no activity was

found in reducing tissue bacterial concentration or in decreasing
bacteremia or mortality in the infection by VIM-1/DHA-1
strain. Because of the lack of available alternatives for these
kinds of carbapenemase-producing strains, the fosfomycin plus
aminoglycosides combination might be considered for further
evaluation against other kind of infections. Overall, the results
of the present study suggest that the efficacy of fosfomycin
plus aminoglycosides depends on the class of carbapenemase
produced by K. pneumoniae.
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Purpose: The infection of carbapenem-resistant Enterobacterales (CRE) has become

a major clinical and healthcare problem worldwide. The screening methods of CRE

have been extensively developed but still need improving [e.g., tests with accurate and

simple minimum inhibitory (MICs)]. In this study, the performance of the BD Phoenix

NMIC-413 AST panel was evaluated against clinical CRE and carbapenem-susceptible

Enterobacterales (CSE) in China. The panel was first evaluated in the Chinese clinical lab.

Methods: Antimicrobial susceptibility testing of 303 clinical Enterobacterales isolates

were conducted by broth microdilution (BMD), Phoenix NMIC-413 AST panel, and disk

diffusion method for imipenem, ertapenem, and meropenem. Considering BMD is a gold

standard, essential agreement (EA), categorical agreement (CA), minor error (MIE), major

error (ME), and very major error (VME) were determined according to CLSI guidelines.

CA and EA > 90%, ME < 3%, and VME < 1.5% were considered as acceptable criteria.

Polymerase chain reaction and sanger sequencing were performed to determine the

β-lactamase genotypes of CRE isolates.

Results: Three hundred and three isolates included 195 CREs and 108 CSEs were

enrolled according to the BMD-MIC values of three carbapenems. Tested CREs showing

100 blaKPC−2-positive organisms, 31 blaIMP-positive organisms, 28 blaNDM-positive

organisms, 5 blaVIM-positive organisms, 2 both blaIMP and blaVIM-positive organisms,

2 blaOXA−48-positive organisms, and 27 isolates without carbapenemase genes. For the

Phoenix NMIC-413 method, CA and EA rates>93%, MIE rates <5%, ME rates <1.75%,

and VME rates were 0%, across the three drugs. For the disk diffusion method, the CA

rates for three drugs were all >93%, while the MIE and ME rates were all <5 and <3%,
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respectively. VME rate was 3.28% for imipenem, exceeded the cut-off value specified by

CLSI M52, 0 and 0.56% for ertapenem and meropenem, separately.

Conclusion: Based on the genomic data, the detection of CRE and CSE was

more reliable using the BD Phoenix NMIC-413 panel compared to the BMD and disk

approaches. Therefore, our study supports the use of BD Phoenix NMIC-413 panel as

a suitable alternative to BMD for the detection of carbapenem resistant isolates in a

clinical setting.

Keywords: BD Phoenix NMIC-413, CRE, broth microdilution, disk diffusion, evaluation

INTRODUCTION

Carbapenem-resistant Enterobacterales (CRE) is a major
clinical and public health issue worldwide, which can cause
infections associated with high mortality and have limited
treatment options (1, 2). CREs are generally resistant to all β-
lactams, including carbapenems such as imipenem, meropenem,
ertapenem, doripenem (3), and other antibiotics such as
cephalosporins, quinolones, and aminoglycosides, which further
restrict the choice of antibiotic treatment. After the initial report
of KPC-1 (Klebsiella pneumoniae carbapenemase-1) from a
strain of K. pneumoniae discovered in North Carolina in 2001
(4), CRE has been widely reported in almost every state (1). In
China, the incidence of carbapenem-resistant Escherichia coli
and K. pneumoniae increased from 0 and 0.7% in 2004 to 1.0 and
13.4% in 2014 (5, 6).

The mechanism of Carbapenem resistance can be divided
into two types: carbapenemase factor and carbapenemase-non-
producing factor. Carbapenem resistance in Enterobacterales is
mainly mediated by the horizontal transfer of genes encoding
carbapenemases, although porin mutations or overexpression
of efflux pumps can lead to carbapenem resistance, especially
in combination with the hyperproduction of β-lactamase (7).
Carbapenemases consisted of different molecular classes: A, B,
and D of the Ambler classification (8). The clinically most
important and frequent carbapenemases in Enterobacterales
are class A (KPCs), class B metallo-β-lactamases (VIM, IMP,
and NDM), and class D (OXA-48) subgroups and their
variants (9–12).

Recently, different methods were developed to detect
CRE, such as the disk diffusion method, Brilliance TM CRE
Agar, chromID Carba, and molecular methods (13, 14).
However, phenotypic antimicrobial susceptibility assay
which can accurately determine minimum inhibitory
concentrations (MICs) is still the key method to guide
clinical medication quickly and precisely. Most of the
products in the market used to measure the MICs were
based on the broth microdilution (BMD) or improved BMD
method, such as BioMérieux VITEK 2, Beckman Coulter
MicroScan WalkAway, and BD Phoenix. BD Phoenix NMIC-
413 panel is a new panel that has recently been marketed,
and covered the main cephalosporins and carbapenems
such as imipenem, meropenem, and ertapenem. However,
its performance to detect carbapenem susceptibility was
not well-evaluated yet. In this study, the performance of

the BD Phoenix NMIC-413 panel were evaluated using
carbapenem-resistant and carbapenem-susceptible clinical
isolates in China.

MATERIALS AND METHODS

Isolates
TheHuman Research Ethics Committee of our hospital approved
the study protocols (Et. Number: S-K677). Three hundred
and three clinical Enterobacterales isolates from Peking Union
Medical College Hospital from 2010–2019 were evaluated in
this study. The majority of the specimens were taken from
sputum (74, 24.42%), blood (59, 19.47%), urine (58, 19.14%),
bronchoalveolar lavage fluid (33, 10.89%), peritoneal fluid (29,
9.57%), gall bladder (19, 6.27%), abscess (12, 3.96%), wound
(6, 1.98%), and others (13, 4.29%). Strains were isolated from
surgery department (115, 37.95%), medicine department (96,
31.68%), ICU (65, 21.45%), emergency department (21, 6.93%),
and pediatric department (6, 1.98%) (Supplementary Table 1).
Isolates were identified using MALDI-TOF MS (Vitek MS,
BioMérieux, France). All duplicate isolates (the same genus and
species from the same patient) were excluded. Isolates were
stored at −80◦C in a cryotube with 20% (w/v) skimmed milk
until subcultured on Blood Agar Plate (Oxoid, Basingstoke,
United Kingdom). Klebsiella pneumoniae BAA 1705 (blaKPC−2),
Es. coli ATCC 2452 (blaNDM−1), K. pneumoniae ATCC 700603,
and Es. coli ATCC 25922 were used as quality control strains.

BD Phoenix System
the BD Phoenix NMIC-413 panel (BD Catalog Number: 448442)
was used to determinedMICs of imipenem (range: 0.25–8mg/L),
meropenem (range: 0.125–8 mg/L), and ertapenem (range: 0.25–
2 mg/L) according to the manufacturer’s instructions. In short,
the identification broth was regulated with bacterial colonies
from Blood Agar Plates to 0.5 McFarland standard using a
spectrophotometric device. Transferred 25 µL 0.5 McFarland
identification broth suspension to the Phoenix Antibiotic
susceptibility testing (AST) broth, which was supplemented
with 50 µL of the Phoenix AST indicator for the organism
growth detecting before added to the panels. The panels were
loaded into the Phoenix device (M50). The results were analyzed
using Epicenter data management software version 6.61A (BD
Diagnostic Systems) after 16 h of incubation (15, 16).
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BMD Method
The susceptibility of strains to imipenem (range: 0.12–128mg/L),
meropenem (range: 0.12–128 mg/L), and ertapenem (range:
0.12–128 mg/L) were tested and analyzed. Three antimicrobial
powders were obtained from National Institutes for Food and
Drug Control (Beijing, China). A 0.5 McFarland standard
suspension was prepared and used to inoculate the reference
BMD panel according to CLSI M100 (17). Incubated these
panels at 35◦C for 16–20 h. Clinical carbapenem breakpoints for
susceptibility/resistance were ≤1/≥4 mg/L for imipenem and
meropenem and ≤0.5/≥2 mg/L for ertapenem.

Disk Diffusion Method
Disk diffusion tests for imipenem, meropenem, and ertapenem
(Oxoid, Basingstoke, United Kingdom) were carried out
according to CLSI M2 (18). The content of three antimicrobials
in each disk was 10 µg. The disk was pasted to the MH agar
plate using sterile tweezers and inoculated with 0.5 McFarland
standard suspension. Incubated these plates at 35◦C for 16–
20 h, the diameter of the inhibition zone was measured with a
vernier caliper. The zone diameter ≥23mm indicated that the
strain was susceptible to imipenem andmeropenem and≥22mm
to ertapenem, whereas the zone diameter ≤19mm indicated
that the strain was resistant to imipenem and meropenem and
≤18mm to ertapenem.

Screening of Carbapenemase Genes
Polymerase chain reaction (PCR) and Sanger sequencing were
used to screen out carbapenemase genes, including KPC, NDM,
VIM, IMP, and OXA-48. The oligonucleotide sequences of the
primers were listed in Supplementary Table 2 (9, 19, 20). The
QIAquick PCR Purification Kit was used to purify the PCR
product, #REF is 28104. The PCR products were sequenced and
analyzed using BLAST (http://www.ncbi.nlm.nih.gov/BLAST).
Our BLAST cut-off is that the percent identity must be 100%.

Data Analysis
Using BMD as a gold stand, the categorical agreement (CA),
essential agreement (EA), minor error (MIE), major error (ME),
and very major error (VME) were calculated (21, 22). Results
were considered CA when isolates had the same susceptible,
intermediate, susceptible-dose dependent, and resistant category
with the BMD method category result. Results were considered
EA when the MIC obtained with the BD Phoenix NMIC-413
panel was within one doubling dilution step (two-fold serial) of
the MIC value established by the BMD method. Results were
considered ME when the BMD method result was susceptible
and the BD Phoenix NMIC-413 panel is resistant. Results were
considered MIE when one result was intermediate and the other
was susceptible or resistant. Results were considered VME when
the BMD method result was resistant and the BD Phoenix
NMIC-413 panel was susceptible. The calculation formulas of
related parameters were shown in Supplementary Table 3. The
Spearman correlation coefficients (P-value) were calculated by
SPSS 26.0. The linear regression curve was performed using
GraphPad Prism8, and the R2-value was obtained at same time.

RESULTS

Isolates Information
Klebsiella pneumoniae (n = 142) accounted for the highest
proportion, followed by Enterbacter cloacae (n= 62), Enterbacter
coli (n = 59), Klebsiella aerogenes (n = 19), Citrobacter freundii
(n = 9), Serratia marcescens (n = 6), Klebsiella oxytoca (n =

5), and Proteus mirabilis (n = 1) (Figure 1). There were 195
strains resistant to at least one of the 3 antimicrobials: imipenem,
meropenem, and ertapenem. The susceptibility of 303 isolates to
3 carbapenems with different methods were shown in Figure 2.
The numbers of imipenem, ertapenem, andmeropenem resistant
strains were 182, 194, and 179 by BMD, respectively. All three
antibiotics were resistant to 177 strains, and at least one of
them was resistant to 195 strains. There were 195 CRE and
108 carbapenem-susceptible Enterobacterales (CSE) in this study.
The resistance rate of the BD Phoenix NMIC-413 (61.06, 65.35,
and 58.75%) was in general agreement with BMD (60.07, 64.03,
and 59.08%), and better than disk diffusion (55.45, 65.35, and
56,12%) (P > 0.05).

Genotype Determination
The genotypes determined by PCR and Sanger sequencing
demonstrated different resistance mechanisms which were
shown in Table 1. The highest proportion was the KPC-
2 carbapenemase gene (100/195), followed by IMP (33/195),
NDM (28/195), VIM (7/195), and OXA-48(2/195). Two isolates
produced both IMP-1 and VIM-1. A total of 27 CRE isolates were
carbapenemase gene negative in this study. KPC-2 was the most
prevalent carbapenemase gene in K. pneumoniae strains, while
IMP and NDM accounted for the majority gene type in E. cloacae
and C. freundii. All carbapenem-susceptible isolates (N = 108)
were proved no carbapenemase genes by PCR method.

Performance of BD NMIC-413 Panel vs.
Disk Diffusion Method
Figure 3 and Table 2 showed CAs, EAs, and the number of MIE,
ME, and VME for 303 clinical Enterobacterales isolates. CA and
EA were all above 90%, and the CA of the three antibiotics in the
BD Phoenix NMIC-413 was greater than the disk diffusion.

For imipenem, CA and MIE of the BD Phoenix NMIC-413
were similar with the disk diffusion. However, the VME of BD
Phoenix NMIC-413 was 0%, while the disk diffusion was 3.28%.
The ME rate of disk diffusion was close to 3%, while the BD
Phoenix NMIC-413 was only 0.99%. For meropenem, the CA,
MIE,ME, VME of BDNMIC-413 and disk diffusion was 97.69 vs.
95.38%, 1.98 vs. 3.30%, 0.83 vs. 1.65%, 0 vs. 0.56%. All the indexes
of BD Phoenix NMIC-413 were better than disk diffusion. The
performance of ertapenem of both methods is comparable, the
CA, MIE, ME, VME was 95.05 vs. 94.06%, 4.62 vs. 4.95%, 0.99 vs.
2.97%, 0 vs. 0%.

Figures 4A–C showed the linear regression curve between
the MICs determined by BD NMIC-413 and BMD. The R2-
value of imipenem, ertapenem, and meropenem was 0.97, 0.99,
and 0.97, respectively. The P-values were all <0.001. Therefore,
the BD NMIC-413 had the best performance in the detection
of ertapenem. Figures 4D–F showed the linear regression curve
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FIGURE 1 | Distribution of Enterobacterales tested in the study (n = 303).

FIGURE 2 | The susceptibility of 303 isolates to imipenem, ertapenem and meropenem with different methods.

between disk diffusion and BMD. The R2-values were 0.81–0.87,
of which the R2-value of ertapenem was the largest (0.87).

Figures 3A–C displayed the MICs distribution of imipenem,
ertapenem, and meropenem by BMD and the BD Phoenix
NMIC-413. Most MEs were clustered near the susceptibility
breakpoint. For imipenem and ertapenem, the resistance rates
detected by BD Phoenix NMIC-413 were higher than BMD.

Figures 3D–F displayed the MICs and disk zoom diameter
of three antibiotics by BMD and disk diffusion. Only in
ertapenem, the number of drug resistance measured by the
disk diffusion method was more than that of BMD (198
vs. 194), and the number of drug resistance of the other
two drugs were nearly 10 less (imipenem: 168 vs. 182;
meropenem: 170 vs. 179).
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TABLE 1 | The enzyme type and strain types of 195 CRE strains.

Organism Number and percentage of isolates with different resistance mechanisms [n (%)]

KPC IMP NDM VIM OXA-48 Carbapenemase negative

Klebsiella pneumoniae (110) 84 (76.36) 10 (9.09) 6 (5.45) 3 (2.73) 0 7 (6.36)

Enterobacter cloacae (38) 4 (10.53) 11 (28.95) 14 (36.84) 0 0 9 (23.68)

Escherichia coli (21) 6 (28.57) 2 (9.53) 6 (28.57) 1 (4.76) 2 (9.52) 4 (19.05)

Klebsiella aerogenes (8) 3 (37.50) 1 (12.50) 0 0 0 4 (50.00)

Citrobacter freundii (7) 0 6 (85.71) 1 (14.29) 0 0 0

Serratia marcescrns (5) 1 (20.00) 0 0 1 (20.00) 0 3 (60.00)

Klebsiella oxytoca (5) 1 (20.00) 3 (60.00) 1(20.00) 0 0 0

Proteus mirabilis (1) 1 (100.00) 0 0 0 0 0

KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-beta-lactamase; VIM, Verona integron-borne metallo-beta-lactamase; IMP, imipenemase; OXA, oxacillinase.

FIGURE 3 | MICs determined by BD Phoenix NMIC-413 panel, disk diffusion and broth microdilution. (A) (imipenem), (B) (ertpenem), and (C) (meropenem) were the

results of BD Phoenix NMIC-413 vs. broth microdilution; (D) (imipenem), (E) (ertpenem), and (F) (meropenem) were the results of disk diffusion vs. broth microdilution.

Dark gray expresses identical MIC, and light gray indicates 2-fold difference between the BMD and NMIC-413 panel MICs. Dotted lines show the clinical breakpoints

for each antibiotics.

Performance Evaluation Against CRE
Strains With Different Genotypes
For imipenem, the BD NMIC-413 and disk diffusion method
showed a CA rate of 62.96 and 74.07% separately against
carbapenemase-non-producing CREs. The disk diffusion
performed not well in IMP-producing CREs, with CA of
72.73% and VME of 9.09%. There was a KPC-producing K.
pneumoniae, an OXA-48-producing Es. coli, and an IMP-
producing K. aerogenes in the BD NMIC-413 that belong to
MIE, the MIC detected by BMD and BD NMIC-413 were 4 and
2 mg/L, respectively.

For ertapenem, two methods performed well in the
detection of different enzyme types, only disk diffusion had
a slightly lower CA (93.94%) in the detection of IMP type

isolates. Ertapenem was the best to detect CRE among the
three antibiotics.

For meropenem, the EA of IMP-producing CREs was <90%

(87.88%) when detected by the BD Phoenix NMIC-413. When
testing the IMP/VIM producing isolates or carbapenemase-

non-producing isolates, the disk diffusion method showed
that the CA was <90%, while the VME of IMP-producing

isolates was >3% (3.13%). There was one KPC-producing Es.
coli, one carbapenemase-non-producing E. cloacae, and one

carbapenemase-non-producing K. pneumoniae in BD NMIC-
413 belong to MIE. These results of BMD were resistant (MIC
was 8, 64, and 4 mg/L, respectively), while BD NMIC-413 were
intermediate (MIC all was 2 mg/L). Meanwhile, there was also
one IMP-producing K. pneumoniae and one OXA-48-producing
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TABLE 2 | Performance of the BD Phoenix NMIC-413 and disk diffusion compared with BMD for Enterobacterales isolates.

Antimicrobial agent BD Phoenix NMIC-413 vs. BMD N (%) Disk diffusion vs. BMD N (%)

CA EA MIE ME VME CA MIE ME VME

Imipenem 284 (93.73) 284 (93.73) 16 (5.28) 2 (1.75) 0 283 (93.40) 14 (4.62) 0 6 (3.28)

Ertapenem 288 (95.05) 296 (97.69) 14 (4.62) 1 (0.99) 0 285 (94.06) 15 (4.95) 3 (2.97) 0

Meropenem 296 (97.69) 292 (96.37) 6 (1.98) 1 (0.83) 0 289 (95.38) 10 (3.30) 2 (1.65) 1(0.56)

S, susceptible; I, intermediate; R, resistant; BMD, broth microdilution; CA, categorical agreement; EA, essential agreement; MIE, minor error; ME, major error; VME, very major error.

FIGURE 4 | The linear regression curve between the MICs determined by BD NMIC-413, disk diffusion and broth microdilution. (A) (imipenem), (B) (ertpenem), and

(C) (meropenem) were curves between BD NMIC-413 and broth microdilution; (D) (imipenem), (E) (ertpenem), and (F) (meropenem) were curves between disk

diffusion and broth microdilution.

Es. coli, the results detected by BMD were intermediate (MIC for
both of them was 2 mg/L), while BD NMIC-413 were resistant
and susceptible (MIC was 4 and 1 mg/L). Another one KPC-
producing K. pneumoniae was also MIE, and the result of BMD
was susceptible (MIC was ≤ 0.12 mg/L) while NMIC413 results
were intermediate (MIC was 2 mg/L).

Table 3 showed the rates of CAs, EAs, and the number of MIE
and VME for 195 resistant isolates with the three antibiotics.

DISCUSSION

In prior studies, the BD Phoenix NMIC-500 and NMIC-203
panels have been reported for the performance evaluation of
negative bacilli, and PMIC-84 panel has reported for positive
cocci (15, 23), including identification and antimicrobial

susceptibility testing evaluation (24). In this study, the
performance of the BD Phoenix NMIC-413 system used
for CRE testing was compared with the traditional disk
diffusion method, while BMD was used as the reference method.
Compared with BMD and disk diffusion, the BD Phoenix
NMIC-413 panel had higher CA/EA and lower ME/MIE/VME.
For carbapenemase genes negative CRE isolates, the CA rates
of imipenem were <75%, while the other two antibiotics
were all >90%. Imipenem was often degraded by the enzyme
dehydropeptidase-1 (DHP-1), hence the co-administration with
a DHP-1 inhibitor such as cilastatin was required (25). Later
meropenem and ertapenem demonstrated increased stability
to DHP-1 and were administered without a DHP-1 inhibitor
(25). So meropenem and ertapenem are more stable than
Imipenem. For intermediate isolates, the MICs obtained by BD
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TABLE 3 | Performance of the BD Phoenix NMIC-413 and disk diffusion compared with BMD for 195 CREs.

Enzyme BD Phoenix NMIC-413 vs. BMD N (%) Disk diffusion vs. BMD N (%)

CA EA MIE VME CA MIE VME

Imipenem

KPC (100) 99 (99.00) 99 (99.00) 1 (1.00) 0 99 (99.00) 1 (1.00) 0

NDM (28) 28 (100) 28 (100) 0 0 28 (100) 0 0

IMP (33) 32 (96.97) 33 (100) 1 (3.03) 0 24 (72.73) 6 (18.18) 3 (9.09)

VIM (7) 7 (100) 7 (100) 0 0 7 (100) 0 0

OXA-48 (2) 1 (50.00) 2 (100) 1(50.00) 0 2 (100) 0 0

no enzyme (27) 17 (62.96) 26 (96.30) 10 (37.04) 0 20 (74.07) 5 (18.52) 3 (11.11)

Ertapenem

KPC (100) 99 (99.00) 99 (99.00) 0 0 99 (99.00) 0 0

NDM (28) 28 (100) 28 (100) 0 0 28 (100) 0 0

IMP (33) 33 (100) 33 (100) 0 0 31 (93.94) 2 (6.06) 0

VIM (7) 7 (100) 7 (100) 0 0 7 (100) 0 0

OXA-48 (2) 2 (100) 2 (100) 0 0 2 (100) 0 0

No enzyme (27) 27 (100) 27 (100) 0 0 27 (100) 0 0

Meropenem

KPC (100) 99 (99.00) 96 (96.00) 1 (1.00) 0 98 (98.00) 1 (1.00) 0

NDM (28) 28 (100) 28 (100) 0 0 28 (100) 0 0

IMP (33) 31 (93.94) 29 (87.88) 2 (6.06) 0 27 (81.82) 5 (15.15) 1 (3.13)

VIM (7) 7 (100) 7 (100) 0 0 6 (85.71) 1 (14.29) 0

OXA-48 (2) 1 (50.00) 2 (100) 1 (50.00) 0 2 (100) 0 0

No enzyme (27) 25 (92.59) 25 (92.59) 2 (7.41) 0 23 (85.19) 3 (11.11) 0

S, susceptible; I, intermediate; R, resistant; BMD, broth microdilution; CA, categorical agreement; EA, essential agreement; MIE, minor error; VME, very major error; KPC, Klebsiella

pneumoniae carbapenemase; NDM, New Delhi metallo-beta-lactamase; VIM, Verona integron-borne metallo-beta-lactamase; IMP, imipenemase; OXA, oxacillinase.

Phoenix system NMIC-413 panel were probably higher than
BMD. Considering that the BD Phoenix system is a broth-based
microdilution method that not only measures turbidity but also
detects the bacterial growth utilizing the redox indicator (26),
enabling it to detect resistant bacteria with high sensitivity. In
addition, the BD Phoenix system had fewer manual operations,
which was simpler and more convenient compared with the
BMD method. The advantages and disadvantages of the three
methods were shown in Supplementary Table 4.

Haffler et al. (27) have evaluated one panel of the BD Phoenix
system and showed that the CA of ertapenem and meropenem
were 94 and 50%. Hogan et al. (28) have evaluated the AST
of VITEK 2 (bioMérieux, France) with Gram-negative bacteria
by blood culture and reported that the CA and EA were 86.5
and 84.6, 96.2, and 96.2% for meropenem and ertapenem,
respectively. In our study, the CA and EA of the BD Phoenix
system NMIC-413 panel were ranged from 93 to 98%.

However, the BD Phoenix system NMIC-413 panel can
only obtain MICs of the designated antibiotics, so it cannot
be used for taxonomic identification of the selected isolates.
However, the BD Phoenix CPO panel can detect the MIC and
classification of CRE at the same time. It can divide CRE into
three categories: A (KPC), B (NDM, IMP, and VIM), and D
(OXA-48). Saad Albichr et al. (29) evaluated the performance of
the automated BD Phoenix CPO Detect-test for detection and

Ambler classification of carbapenemases in Enterobacterales, P.
aeruginosa, and A. baumannii complex, the overall sensitivity

and specificity were 89.7 and 83.5%, respectively, 68.9 and
62.1% for P. aeruginosa, respectively. Although the BD Phoenix
system can detect the classification of CRE expediently, the
accuracy needed to improve, it also needs other methods
to verify.

KPC type enzyme is the most prevalent carbapenemase in
China (30). A. Antonelli has investigated the sensitivity of 6
different commercial methods (Sensititre, Microscan, Vitek2,
Etest, Kirby-Bauer, and MIC strip) on KPC-producing isolates
(31). In that study, the CA rates of imipenem, meropenem,
and ertapenem were 16.7–51.8%, 14.8–79.6%, and 83.3–96.3%,
respectively, which were much lower than NMIC-413 panel
evaluated in this study.

The BD phoenix NMIC-413 panel also had a notable
limitation in this study. There are not enough blaVIM and blaOXA
producing strains among the isolates tested in this study. Mainly
because these two carbapenemase types are very rare in China
(32, 33). From 2010 to 2019, we isolated only 7 blaVIM and 2
blaOXA producing strains in our laboratory. Now we do not have
enough VIM and OXA-48 to make up for this limitation. In the
next work, we will deliberately save these two types of strains to
facilitate future research.

CONCLUSION

In conclusion, for the BD Phoenix NMIC-413 panel, CA and
EA rates > 93%, MIE rates < 5%, ME rates < 1.75%, and
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VME rates were 0%, across the three drugs. It showed acceptable
performance as alternatives to the BMD method for clinical
treatment explanation.
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Pseudomonas aeruginosa is an opportunistic Gram-negative pathogen with an increase
in the frequency of infections caused by multidrug resistant (MDR) and extensively drug
resistant (XDR) strains, limiting the available therapeutic options. The most troublesome
resistance is the acquisition and production of carbapenemases such as Verona
integron-encoded metallo-β-lactamases (VIM), the most frequent and widespread, and
the Klebsiella pneumoniae carbapenemases (KPC), which has continuously spread
in the last decade. Its dissemination is linked to their location on mobile genetic
elements (MGEs). In Colombia, VIM and KPC have been increasing in its frequency
showing major successful dissemination. In this article, we molecularly characterized
and analyzed the genetic context of blaVIM and blaKPC in carbapenem-resistant
P. aeruginosa (CRPA) isolates from infected and colonized patients in two tertiary-care
hospitals, one in Medellín and the other in a municipality close to Medellín, both areas
with high carbapenemase endemicity in Colombia (2013–2015). Using whole-genome
sequencing (WGS), we identified a remarkable variety of genetic backgrounds in these
MDR P. aeruginosa isolates carrying blaKPC−2 and blaVIM−2. There were a diversity
of class 1 integron and variations in the gene cassettes associated to blaVIM−2, as
well as a possible event of spread of blaKPC−2 mediated by a plasmid that contained
part of Tn4401b in one infection case. The dissemination of blaVIM−2 and blaKPC−2

in P. aeruginosa in this area in Colombia has been strongly influenced by successful
international clones, carrying these genes and additional determinants of resistance on
MGEs, accompanied by gene rearrangement under an antimicrobial selection pressure.
These findings emphasize the need to implement control strategies based on rational
antibiotic use.
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic Gram-negative
pathogen especially in immunocompromised patients capable of
causing a wide array of life-threatening infections. In hospitals,
P. aeruginosa plays a crucial role in healthcare-associated
infections (Pachori et al., 2019). The increasingly frequent
infections caused by multidrug resistant (MDR) and extensively
drug resistant (XDR) strains with limited therapeutic options are
associated with high morbidity and mortality (Magiorakos et al.,
2012; Horcajada et al., 2019). The intrinsic resistance is conferred
by low outer membrane permeability, expression of efflux pumps,
and the production of antibiotic inactivating enzymes. The
acquired resistance can occur because of mutational changes or
acquisition of resistance genes via horizontal transfer by mobile
genetic elements (MGEs), such as integrons, transposons, or
plasmids (Horcajada et al., 2019).

In particular, the most troublesome acquired resistance of
P. aeruginosa is the production of carbapenemases, which confer
resistance to most commercially available β-lactam. The class
B carbapenemases, such as Verona integron-encoded metallo-
β-lactamases (VIM) and Imipenem metallo-β-lactamases
(IMP), are the most frequent (Patel and Bonomo, 2011).
The genes encoding IMP and VIM are located on integrons,
which also carry other antibiotics resistance genes favoring
their worldwide dissemination (Hong et al., 2015; van der Zee
et al., 2018). P. aeruginosa carrying class A carbapenemases
such as Klebsiella pneumoniae carbapenemases (KPC) have
become increasingly important due to their continuous
dissemination worldwide including Asia and America during
the last decade (Santella et al., 2012; Carrara-Marroni et al.,
2015; Hu et al., 2015; Potron et al., 2015). Its dissemination
is facilitated by genes encoded on transposable elements
and plasmids (Naas et al., 2013; Dai et al., 2016; Hu et al.,
2019). In Colombia, VIM-producing P. aeruginosa was
first reported in 2006, followed by P. aeruginosa harboring
KPC in 2007 (Villegas et al., 2006, 2007). The presence
of these carbapenemases in high-risk clones identified by
multilocus sequence typing (MLST) as sequence type (ST)
111 (ST111) harboring blaVIM−2 on a class 1 integron such
as In59 (Correa et al., 2015; Vanegas et al., 2014), as well
as ST308 and ST235 harboring blaKPC−2 on complete or
truncated Tn4401b in plasmids or the chromosome, may
be the cause of its successful dissemination in Colombia
(Cuzon et al., 2011; Abril et al., 2019).

The study of genetic platforms of blaVIM and blaKPC in
carbapenem-resistant P. aeruginosa (CRPA) that co-harbor genes
conferring resistance to other antibiotics, as well as their wide
diversity, is key to understand the role in the dissemination of
such resistance determinants among clinical and environmental
isolates (Cuzon et al., 2011; Naas et al., 2013; Correa et al., 2015;
Abril et al., 2019). In this article, we molecularly characterized
and analyzed the genetic context of blaVIM and blaKPC in CRPA
isolates from infected and colonized patients in two tertiary-care
hospitals, one in Medellín and the other in a municipality close
to Medellín, both areas with high carbapenemase endemicity in
Colombia (2013–2015).

MATERIALS AND METHODS

Bacterial Isolates and Clinical Data
A collection of CRPA isolates (n = 46) from a surveillance study of
carbapenem-resistant Gram-negative bacteria was selected from
infected and colonized patients in two tertiary-care hospitals
in Colombia between 2013 and 2015. Thirty-eight isolates
were recovered from hospital 2 located in a municipality
close to Medellin, while the remaining isolates were collected
from hospital 1 located in the city of Medellin (143 and
202 beds, respectively; see Supplementary Data Sheet 1).
The medical records of infected and colonized patients were
reviewed retrospectively. Colonization was defined as a CRPA
recovered from a surveillance rectal culture or clinical sample
without associated signs or symptoms of disease. Rectal swabs
were cultured on a selective chromogenic medium (chromID
CARBA; bioMérieux). Infection was defined by an associated
clinical syndrome of infection. Colonization and infection were
confirmed by the infectious disease services and/or infection
control unit. Clinical information such as age, sex, previous
hospitalization, days of hospital stay before sampling, use of
invasive medical devices, underlying diseases, comorbidities, and
antibiotic use was collected from electronic medical records
and recorded in a Microsoft Access Database. This study was
approved by the Institutional Review Board (IRB) and Ethical
Committee in each participating hospital.

Identification, Antimicrobial
Susceptibility Testing, and
Carbapenemases Detection
Species identification and antimicrobial susceptibility testing was
performed using the automated Vitek-2TM system (bioMérieux
Marcy-l′Étoile, France). The antimicrobial agents tested
included imipenem, meropenem, doripenem, ceftazidime,
cefepime, piperacillin/tazobactam, gentamicin, amikacin, and
ciprofloxacin. The minimum inhibitory concentration (MIC)
results were interpreted following the Clinical and Laboratory
Standards Institute (CLSI) breakpoints 2017 (CLSI., 2017).
All isolates classified as carbapenem-resistant were tested by
PCR assay for the presence of carbapenemases encoding genes
including blaVIM, blaKPC, blaNDM, and blaIMP. The primers used
for amplification, as well as PCR cycling conditions, have been
described elsewhere (Yigit et al., 2001; Dallenne et al., 2010).
DNA sequencing was performed on the amplification products
of positive PCR, and the results were compared and aligned with
reference sequence using the online BLAST database to identify
specific alleles.

Molecular Typing and Whole-Genome
Sequencing
The characterization by rep-PCR/DiversiLabTM (bioMérieux
Marcy-l′Étoile, France) was conducted in 21 isolates of
P. aeruginosa carrying the blaKPC or blaVIM gene that complied
with DNA in good quantity and quality pos-extraction to
determine the genomic relatedness, using >95% similarity to
be considered to be of the same rep-PCR type. A total of
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16 isolates were selected for whole-genome sequencing (WGS)
based on this initial characterization. Total DNA was extracted
with the GeneJET Genomic DNA Purification Kit (Thermo
Fisher Scientific, Waltham, MA, United States). DNA libraries
were prepared using a NexteraXT R© DNA sample preparation
kit and multiplexed with a NexteraXT index primer kit on the
Illumina platform (Illumina, San Diego, CA, United States).
Genomic libraries were sequenced on a MiSeq sequencer to
obtain 250-bp paired-end reads using Kit v2 and v3 (Illumina).
The readings were processed to eliminate low-quality bases and
contamination with sequences of adapters and later assembled
de novo. Cleaning and assembly were carried out using a CLC
Genomics Workbench assembler, version 8.5. The genomes were
annotated using the RAST server.1 The assemblies were typed on
the web server of the Center for Genomic Epidemiology using the
MLST 2.0 (Multilocus Sequence Typing)2 (Larsen et al., 2012).

Genome Analysis
The determination of resistance elements was identified using
Resfinder 2.13 (Zankari et al., 2012), using an identity percentage
higher than 95% and a coverage cutoff greater than 90%.
The O-specific antigen analysis was performed in silico in the
Pseudomonas aeruginosa serotyper (PAst) program4 (Thrane
et al., 2016). The Tn4401 isoforms were determined by BLASTn
comparing the region surrounding each blaKPC gene to the
sequences of the Tn4401 isoforms as described previously
(Naas et al., 2012). Overlapping sequences that comprised the
region surrounding blaVIM, the different integrons, and gene
cassettes were manually confirmed using BLASTn and BLASTp.
The identification of the integrons was investigated using
INTEGRALL, the reference database of integron sequences5

(Moura et al., 2009). Likewise, this database was used for registry
and the integron number assignment. Easyfig6 was used to
compare and visualize the backbone of different MGEs. The
BLAST Ring Image Generator (BRIG) software (Alikhan et al.,
2011) was applied to align the assembled reads of some sequenced
clinical isolates to one reference plasmid carrying blaKPC. The
mutations in selected resistance genes (gyrA, gryB, parE, parC,
rpoB, pmrA, pmrB, parS, parR, mexX, mexY, mexZ, mexC, oprJ,
nfxB, mexT, mexE, mexF, oprN, mexA, mexB, oprM, mexR,
nalC, nalD, oprD, ampC, ampD, ampDh2, ampDh3, and ampR)
in all genomes annotated were determined with reference to
P. aeruginosa PAO1 (accession number NC_002516.2) using a
custom pipeline.

Phylogenetic Analyses
The phylogenetic reconstruction of the isolates was carried out
by detecting single nucleotide polymorphisms (SNPs) against
the reference genome of P. aeruginosa PAO1 (accession number
NC_002516.2). Also, we included the reference genome of

1http://rast.nmpdr.org
2https://cge.cbs.dtu.dk/services/MLST/
3https://cge.cbs.dtu.dk/services/ResFinder/
4https://cge.cbs.dtu.dk/services/PAst/
5http://integrall.bio.ua.pt
6http://mjsull.github.io/Easyfig/

Pseudomonas putida K72440 (accession number NC-002947.4) as
an external group. A SNP matrix (SNP matrix) was constructed
and used to reconstruct the phylogeny of the strains with RAxML
(Stamatakis, 2014). We used the general time reversal (GTR)
model with a GAMMA distribution and Lewis correction for the
parameters to determine the best phylogenetic reconstruction by
maximum likelihood. We performed 20 runs and chose the one
with the best score. In addition, 100 bootstraps were made to
support the reconstructions. The trees obtained were visualized
by iTOL (Letunic and Bork, 2016).

Statistical Analysis
Comparison of clinical and epidemiological data was performed
between colonized and infected patients, as well as between
carbapenemase-producing P. aeruginosa (CPPA) and non-CPPA
isolates. Fisher’s exact (two tails) or chi-square test was used
for qualitative variables and Wilcoxon rank sum test for
continuous variables.

Accession Numbers
The sequence data for the isolates were submitted to the NCBI
GenBank database under the BioProject number PRJNA391501.

RESULTS

Infection and Colonization by
Carbapenem-Resistant Pseudomonas
aeruginosa
The 46 isolates of CRPA from the two hospitals were recovered
from 41 adult patients; 24 (58.5%) were infected and 17
(41.4%) were colonized, and 7 (17.1%) of them were localized
in intensive care unit (ICU) at the time of sampling in
the participating hospitals. Most patients were males (68.3%,
n = 28) and older adults (median age of 63 years; interquartile
range [IQR] = 49–74). The majority of the CRPA isolates from
the infected patients were from soft tissue (29.2%, n = 7;
see Supplementary Table 1). In general, the most common
underlying conditions were hypertension (48.8%, n = 20) and
diabetes mellitus (24.4%, n = 10). A total of 19 patients
(46.3%) had previous antibiotic exposure, with carbapenems,
piperacillin-tazobactam, and glycopeptides being the most
frequent (12.2% for each, n = 5; see Supplementary Table 1).
Among the isolates recovered, 50% (n = 23) were positive for
two of the four carbapenemases-encoding genes evaluated by
PCR (2 from hospital 1 and 21 from hospital 2). The genes
blaVIM−2, blaKPC−2, and blaVIM−2 plus blaKPC−2 were detected
in 47.8% (n = 11), 47.8% (n = 11), and 4.3% (n = 1) isolates,
respectively. These isolates were obtained from 19 patients; 10
were infected (n = 3, blaVIM−2; n = 7, blaKPC−2) and 9 were
colonized (n = 6, blaVIM−2; n = 2, blaKPC−2; n = 1, blaVIM−2
plus blaKPC−2). Two infected patients were previously colonized
by VIM-producing P. aeruginosa (each patient had two isolates).
Also, up to three KPC-producing P. aeruginosa isolates were
collected from different sources in different days from the same
infected patient (see Supplementary Data Sheet 1).
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Of the total of CRPA isolates, 91.3, 87.0, and 84.8%
were resistant to doripenem, meropenem, and imipenem,
respectively. More than half of the isolates were resistant to
piperacillin/tazobactam (73.9%), ciprofloxacin (60.8%), cefepime
(58.7%), ceftazidime (56.5%), and gentamicin (56.5%). When
comparing between CPPA and non-CPPA, the resistance to
gentamicin was higher in CPPA than in non-CPPA. Furthermore,
more than half of the isolates of both CPPA (86.9%) and
non-CPPA (65.2%) were MDR, defined as non-susceptible to at
least one antibiotic in three antimicrobial categories (Magiorakos
et al., 2012), with amikacin/gentamicin, cefepime, ceftazidime,
imipenem, meropenem, doripenem, piperacillin/tazobactam,
and ciprofloxacin in CPPA (52.2%) being the most frequent
resistance (see Supplementary Table 2).

Diverse Genetic Background of
Multidrug-Resistant Pseudomonas
aeruginosa Isolates Carrying
blaKPC/blaVIM
The initial characterization of CPPA isolates by
rep-PCR/diversilab revealed five different rep-PCR-type:
two of them harboring blaKPC−2 from hospital 2 (two isolates
for each) and three included isolates harboring blaVIM−2 from
hospitals 1 and 2 (two isolates for each); the other isolates
were unrelated (see Supplementary Figure 1). Based on this
characterization, 16 MDR P. aeruginosa isolates were selected for
WGS (n = 7, blaKPC−2; n = 9, blaVIM−2). The isolates carrying the
blaKPC−2 gene (n = 7) recovered from infected patients exhibited
a variety of genetic backgrounds, with five different ST, including
the ST309 belonging to the clonal complex (CC) 309 associated
with O-antigen serotype O11 (n = 1) and the ST308 belonging to
CC308 with O11 serotype (n = 2); other isolates with a singleton
sequence type ST313 (n = 1) and belonging to ST699 (n = 2)

were associated with other serotypes. Additionally, one new ST
was designated as ST3512 (n = 1; see Figure 1). The isolates
carrying blaVIM−2 (n = 9) recovered from colonized and infected
patients showed four different ST profiles, with ST111 belonging
to international CC111 associated with O12 serotype being the
most frequent (n = 6), while other isolates belonged to ST1249
(n = 1) and ST1027 (n = 1), and the ST357 (n = 1) belonged to
CC357 (Figure 1). Of note, four isolates ST111 genetically related
were recovered from rectal swab samples and site of infection
(soft tissue) from two patients, suggesting the colonization and
infection by the same clone of P. aeruginosa in each patient. In
general, the isolates carried other genes that can confer resistance
to several antibiotics, including aminoglycosides, sulfonamides,
tetracyclines, quinolones, phenicol, fosfomycin, and β-lactam
(see Figure 1).

In addition, sequencing confirmed the presence of mutations
in antimicrobial resistance-associated genes in some of the
clinical isolates using P. aeruginosa PAO1 as a reference (Table 1).
In general, some mutations in quinolone resistance determining
regions (QRDRs) of GyrA, ParC, and ParE detected have been
previously linked to fluoroquinolone resistance as well as the
overexpression of efflux pump systems (Dunham et al., 2010;
Subedi et al., 2018; Do Nascimento et al., 2020). In some isolates,
the mexZ, nfxB, mexT, and mexR genes, which regulate the
MexXY-OprM, MexCD-OprJ, MexEF-OprN, and MexAB-OprM
multidrug efflux systems, revealed the presence of several point
mutations predicted to result in several amino acid substitutions
associated with resistance previously reported (Monti et al., 2013;
López-Causapé et al., 2018b; Neves et al., 2019; Olsson et al.,
2020). Regarding AmpC polymorphisms, the T105A substitution
was detected in most of the isolates, which has been correlated
with more efficient carbapenem and cefepime hydrolysis (Cabot
et al., 2012). Furthermore, some mutations detected in PmrA
and PmrB were observed previously in colistin-sensitive strains

FIGURE 1 | Phylogenetic tree showing the genetic relationships among isolates of Pseudomonas aeruginosa (n = 16). Isolates were characterized by ST, O-antigen
serotype, and year of isolation. We indicate carbapenemases genes blaKPC−2 or blaVIM−2 and the genetic environment identified in each isolate. Resistance
determinants to aminoglycoside, quinolone, β-lactam, fosfomycin, tetracycline, phenicol, sulfonamide, and rifampicin are grouped and indicated by color (color box
indicates presence; blank indicates absence).
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TABLE 1 | Mutations identified in antimicrobial resistance-associated genes of 16 sequenced isolates of Pseudomonas aeruginosa using PAO1 as reference.

Gene
name

Product Alteration(s) or mutation(s) [number of isolates
harboring the mutation]

References Antibiotics
affecteda

gyrA DNA gyrase subunit A T83I [9], G663C [1], V671I [6], S859C [1], G860S [6],
D893E [6], A900G [6], and S903A [6]

*Subedi et al., 2018; Do
Nascimento et al., 2020;

Papagiannitsis et al., 2020

FQ

gyrB DNA gyrase subunit B wt FQ

parE DNA topoisomerase IV subunit B E533D [8] *Dunham et al., 2010 FQ

parC DNA topoisomerase IV subunit A S87L [9], S197L [1], and P572T [3] *Subedi et al., 2018; Do
Nascimento et al., 2020

FQ

rpoB DNA-directed RNA polymerase beta chain V51I [14] Do Nascimento et al., 2020 RIF

pmrA Two-component regulator system response
regulator PmrA

L71R [11] Snesrud et al., 2018; Do
Nascimento et al., 2020

COL

pmrB Two-component regulator system signal
sensor kinase PmrB

S2P [10], A4T [10], V6A [6], V15I [10], G68S [10], and
Y345H [14]

Snesrud et al., 2018; Do
Nascimento et al., 2020

COL

parS Two-component sensor R7H [2], L137P [6], S277N [1], and H398R [16] *López-Causapé et al., 2018a COL, IMI, MER,
CEF, AMG, FQ

parR Two-component sensor R70W [3], L153R [7], and S170N [7] *Olsson et al., 2020 COL, IMI, MER,
CEF, AMG, FQ

mexX Resistance-nodulation-cell division (RND)
multidrug efflux membrane fusion protein
MexX precursor

A30T [4], V309I [1], K329Q [14], L331V [14], and W358R
[14]

Vettoretti et al., 2009; Olsson
et al., 2020

CEF, AMG, FQ

mexY RND multidrug efflux transporter MexY A501V [15], S530G [6], I536V [10]T543A [8], G589A [11],
Q840E [10], N1036T [10], and Q1039R [12]

Vettoretti et al., 2009; Olsson
et al., 2020

mexZ Transcriptional regulator of the mexXY
multidrug transporter operon

D83E [1], G89S [2], and L138R [2] *López-Causapé et al., 2018b

mexC RND multidrug efflux membrane fusion
protein MexC precursor

R43Q [1], T142A [1], E218Q [3], A229E [3], A244T [3],
H277R [6], S2806 [1], S297A [14], E314K [1], A345T [4],
P350S [6], and A351V [4]

IMI, MER, FQ

mexD RND multidrug efflux transporter MexD T87S [4], A155T [1], E257Q [7], T286M [1], V434A [1],
F597Y [1], V660I [1], N669D [1], S685G [1], I703V [1],
S845A [14], S915A [1], I982V [1], K1031R [3], and S1040T
[1]

Papp-Wallace et al., 2019

oprJ Multidrug efflux outer membrane protein
OprJ precursor

D68G [2], M69V [8], A211V [1], A260V [1], Q267R [6], and
T376S [1]

Papp-Wallace et al., 2019;
Olsson et al., 2020

nfxB Transcriptional regulator NfxB R21H [1], D56G [1] *Monti et al., 2013

mexT Transcriptional regulator MexT F94I [1] *Neves et al., 2019 IMI, MER, FQ

mexE RND multidrug efflux membrane fusion
protein MexE precursor

S8F [3], A80G [1], A231T [1], D353F [2], and D370E [2] Olsson et al., 2020

mexF RND multidrug efflux transporter MexF D230A [2], D667E [1], and A843T [1]

oprN Multidrug efflux outer membrane protein
OprN precursor

A4T [1], S13P [7], and A410S [2] Olsson et al., 2020

mexA RND multidrug efflux membrane fusion
protein MexA precursor

K76Q [1] IMI, MER, CEF,
AMG, FQ

mexB RND multidrug efflux transporter MexB I186V [1], G957D [2], S1041E [4], and V1042A [4] Neves et al., 2019; Olsson
et al., 2020

oprM Major intrinsic multiple antibiotic resistance
efflux outer membrane protein OprM
precursor

D448N [1] Olsson et al., 2020

mexR Multidrug resistance operon repressor
MexR

V126E [13] *Olsson et al., 2020

nalC Transcriptional regulator NalC G71E [14], D79E [3], A145V [2], and S209R [7] Horna et al., 2018, 2019

nalD Transcriptional regulator NalD W205R [1]

oprD Basic amino acid, basic peptide and
imipenem outer membrane porin OprD
precursor

D43N [1], S57E [4], S59R [4], T103S [3], K115T [4], V127L
[9], F170L [4], E185Q [13], P186G [13], V189T [13], E202Q
[10], I210A [10], E230K [10], S240T [10], N262T [10],
A267S [1], T276A [9], A281G [9], K296Q [9], Q301E [9],
R310E [1], G312R [6], A315G [11], L347M [8], M372V [9],
N375S [9], N376S [9], V377S [9], G378S [9], K380A [9],
N381G [9], Y382L [9], T3939 [6], N394T [6], L395W [6],
Y399P [6], V400S [6], V401T [6], Q402S [6], S403A [3],

Díaz-Ríos et al., 2021; Horna
et al., 2018

IMI, MER

(Continued)
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TABLE 1 | Continued

Gene
name

Product Alteration(s) or mutation(s) [number of isolates
harboring the mutation]

References Antibiotics
affecteda

G404R [6], K407R [6], D408P [6], L409R [6], S410T [6],
F411C [6], Q424E [3], and G425A [3]

F308_S349del [1], S373del [9], G383del [9], E396Edel [6],
A397del [6], I414_L443 del [6], and W277_L443del[2]

ampC Beta-lactamase precursor P7S [3], F19L [1], G27D [5],R79Q [1], T105A [14], Q155R
[1], L200F [1]V205L [7], V356I [5], and G391A [7]

*Cabot et al., 2012; Subedi
et al., 2018

C/T, CAZ/AVI

ampD Beta-lactamase expression regulator AmpD A29V [1], Q44H [1], E68D [1], G148A [9], and S175L [1] Cabot et al., 2012; Do
Nascimento et al., 2020

CAZ, CEF, PPT

ampDh2 Beta-lactamase expression regulator
AmpDh2

V40I [2], V89D [1]

ampDh3 Beta-lactamase expression regulator
AmpDh3

I67T [1], A208V [1], and A219T [6] Díaz-Ríos et al., 2021

ampR Transcriptional regulator AmpR E114A [2], S179T [1], A194S [1], I251V [1], G283E [13],
E287G [7], M288R [6], M288Q [7], A290V [7], V291L [7],
and A293S [7]

Cabot et al., 2012; Subedi
et al., 2018

Those mutations/polymorphisms that are previously described are underlined. del(deletion).
*Mutations previously detected associated with increased antimicrobial resistance.
aFQs, fluoroquinolone; RIF, rifampicin; COL, colistin; IMI, imipenem; MER, meropenem; CEF, cefepime; AMGs, AMGnoglycosides; CAZ/AVI, ceftazidime/avibactam; C/T,
ceftolozane/tazobactam; PPT, piperacillin-tazobactam.

(Snesrud et al., 2018); also, some of the alterations in OprD
had been described before with no contribution to carbapenem
resistance (Horna et al., 2018; Díaz-Ríos et al., 2021).

Diversity of Structures Surrounding
blaVIM−2 in Pseudomonas aeruginosa
Isolates
The blaVIM−2 gene was associated with six different types of
gene cassette arrays encoding resistance to aminoglycosides or
chloramphenicol, designated from A to F (see Figure 2). The type
E was found in three isolates ST111, the type B in two isolates
ST357 and ST1027, and the types A, C, D, and F were found in
one isolate each, with different STs (type A—ST1249; types C,
D, and F ST111; see Figure 1). We found two of these blaVIM−2
gene cassette arrays within class 1 integrons; the In103 (type A)
was first reported in one isolate of P. aeruginosa from Portugal
in 2018 (accession number AY954726; Botelho et al., 2018) and
a new integron designated as In1545 (type B) including the
blaVIM−2-aacA7-catB3-aadB-blaOXA−21:ISAbA125:aphA6 gene
cassette. In addition, two isolates recovered from the same patient
showed a similar gene cassette to In1545, but differ by the lack
of the aacA7 and presence of the upstream region of blaVIM−2
of aac(6′)29a (type C) in one isolate and aac(6′)29b (type D)
in the other isolate. Furthermore, we found two cassette arrays
(types E and F) similar to a region of In59 previously reported in
Colombia (Correa et al., 2015; see Figure 2).

Interestingly, in six isolates, the class 1 integrons were
associated with the other gene cassette; the In1237 was detected
in one isolate from hospital 2 (C2-42), containing the gene
cassette qnrvc-gcu165-arr2-dfrA22e, which confers resistance to
fluoroquinolones, rifampicin, and trimethoprim. This integron
was previously identified in P. aeruginosa in France in 2016
(accession number KU984332; Janvier et al., 2017). Also,
a new integron designated as In2011 was detected in five

isolates (C1-133-2, C2-64-3, C2-64-2, C2-30-1, and C2-42-1)
from hospitals 1 and 2, containing the gene cassette gcu183-
aacA4′-aadA1132 -blaOXA−10, which confers resistance to
aminoglycosides and β-lactam. This integron carries a gene
cassette gcu183 without a recognized function yet (Liapis et al.,
2019). Additionally, the gene cassette structures of In1237 and
In2011 were detected in three (C2-42-1, C2-155-2, and C2-101)
and one (C2-42) isolates from hospital 2, respectively.

The sequence analysis of class 1 integrons with both gene
cassette arrays and promotor showed that In103 contained strong
Pc variant PcS, which contributes significantly to the expression
of gene cassettes and the IntI1 variant IntI1 R−32_H39, while
In1545 and In2011 contain the weak Pc variant PcH1 and the
IntI1 variant IntI1R−32_H39, which has been associated with an
efficient excision activity (Jové et al., 2010). However, it has
been suggested that this ability might compensate for the weak
expression of antibiotic resistance and could enhance the capacity
of the integron to adapt to antibiotic pressure and thus represent
a survival advantage (Vinué et al., 2011).

Transferring a Plasmid Carrying blaKPC−2
in a Case of Infection by Pseudomonas
aeruginosa
The blaKPC−2 gene was not detected in the genome in five of
the seven isolates of P. aeruginosa with positive PCR suggesting
the loss of the plasmid or the blaKPC−2 gene during storage or
subculture processing prior to sequencing. However, in two of
the three isolates recovered from the same patient, the blaKPC−2
gene was detected in the genome. The strains were isolated from
a patient in hospital 2 with chronic pelvic osteomyelitis with
the first strain an MDR P. aeruginosa (ST699/C2-102-2 strain).
Subsequently, osteomyelitis treatment failed due to the retention
of the osteosynthesis material, with a second isolate of MDR
P. aeruginosa (ST308/C2-102-3 strain) from the osteosynthesis
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FIGURE 2 | Genetic comparison of the blaVIM−2-containing class 1 integrons detected in this study and gene cassette arrays. The different types of gene cassette
arrays identified are designated from (A) to (F). Genes are denoted by horizontal arrows with their corresponding transcription orientations. blaVIM−2 is shown with
red arrows. Figure was created using EasyFig.

material. A third relapse of the infectious occurred, and an
MDR P. aeruginosa (ST699/C2-102-4 strain) was isolated in
blood cultures. The timeline of the antimicrobial treatment and
bacterial isolates of this case are shown in Figure 3.

The isolates recovered from the osteosynthesis material
(C2-102-3) and blood (C2-102-4) belonging to ST308 and ST699
carried crpP, fosA, and catb7 conferring, respectively, quinolone,
fosfomycin, and chloramphenicol resistance. Additionally, the
C2-102-3 isolate carried tetC, sul1, aph(3′′)-Ib, aac(6′)Ib-cr,
ant(2′′)Ia, aph(6)-Id, and aac(6)-Ib3 conferring tetracyclin,
sulfonamide, and aminoglycoside resistance, respectively (see
Figure 1). Also, a new integron was detected and designated as
In2012 including aadB (ant(2′′)-Ia) and aacA4′ (aac(6)-Ib3) gene
cassettes, and containing the variants PcH1 and IntI1R−32_H39.
Despite the different genetic backgrounds of C2-102-3 and
C2-102-4 isolates described above, both isolates carried blaKPC−2
on a transposon similar to Tn4401b identified previously in

the pCOL1 plasmid from P. aeruginosa COL-1 in Colombia
(accession number KC609323.1; Naas et al., 2013), without
the resolvase gene (tnpR). Therefore, the GCGCT target site
duplication (TSD) only was detected downstream to the
ISKpn6 gene (see Figure 4A). Additionally, this 1Tn4401b
was flanked at both ends by terminal inverted repeats (TIRs)
of 90 bp followed downstream by tpnR and upstream by
vapC-tnpA-merP-merT-merR genes.

Interestingly, a BLAST analysis revealed that 2 and 3 contigs
obtained by de novo assembly of the C2-102-3 and C2-102-4
isolates, respectively, showed similarities to the backbone of
a plasmid from the P. aeruginosa PABCH05 strain recovered
in Boston, MA, United States (accession number CP056099.1),
albeit only the region in the contigs that contained 1Tn4401b
and the surrounding not matched with the plasmid (see
Figure 4B). These findings suggest a novel plasmid likely
generated through transposition and homologous recombination
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FIGURE 3 | Timeline of antimicrobial treatment and bacterial identification. The antibiotics are indicated by color and the time of treatment with a red arrow to the
right. We indicate the bacteria and source of isolation in the day of identification.

events. Our finding supports the notion that the blaKPC−2 gene
could have been horizontally transferred by this plasmid between
different strains of P. aeruginosa in the same patient during the
time of infection.

DISCUSSION

This study provides new data supporting the genetic diversity
and differences in the genetic context of blaVIM−2 and blaKPC−2
of MDR P. aeruginosa isolates recovered from colonized and
infected patients from two tertiary care hospitals, one in Medellín
and the second located in a municipality close to Medellín,
both areas with high carbapenemase endemicity in Colombia.
We identified a remarkable variety of genetic backgrounds of
P. aeruginosa isolates carrying blaKPC2 or blaVIM2, diversity
of the genetic environment of blaVIM, as well as a possible
event of spread of blaKPC−2 mediated by a plasmid associated
with a structure that contained part of Tn4401b in isolates
from an infected case. This molecular heterogeneity suggests the
potential of these resistant determinants to disseminate mediated
by different MGE in P. aeruginosa in Colombia.

According to previous studies in Colombia, blaVIM and
blaKPC have been the most frequent carbapenemase genes
detected in P. aeruginosa and are widely disseminated in the
country (Pacheco et al., 2014; Saavedra et al., 2014; Vanegas
et al., 2014; Correa et al., 2015). In this study, we detected
equal frequency of isolates of CRPA carrying blaVIM−2 and
blaKPC−2 (n = 11, 47.8% for each), in contrast to other
countries where blaVIM−2 is widely spread (Hong et al.,
2015). We detected that most isolates carrying blaVIM−2 were
recovered from colonized patients, while blaKPC−2 was mostly
from infected patients. Furthermore, we found one isolate
co-harboring blaKPC−2 and blaVIM−2 from a patient with

urinary tract colonization, which was previously described in
infected patients (Correa et al., 2012, 2015; Vanegas et al., 2014;
Pacheco et al., 2019). Studies of molecular characterization in
other countries and in Colombia previously focused mainly on
infections caused by CPPA (Correa et al., 2015; Vanegas et al.,
2014), in contrast to our study where we found colonization
with CRPA harboring VIM and KPC, which is a major infection
control concern (Abdalhamid et al., 2016). Interestingly, all
the patients who were colonized by CRPA had a record of
previous hospitalization, and most of them were referred from
other hospital localized in different municipalities near Medellin
and more than half had previous antibiotic exposure (see
Supplementary Table 1). Antimicrobial pressure is a risk factor
associated with the colonization of XDR P. aeruginosa in previous
studies (Buhl et al., 2015).

Different ST profiles (n = 5) were identified among
the isolates harboring blaKPC−2 analyzed by both rep-
PCR/diversilab and WGS (n = 7). ST309 is a potential
high-risk clone reported in the isolates of P. aeruginosa
from Mexico, carrying blaKPC−2 and important virulence
factors involved in colonization and dissemination, also
described in two extensively drug-resistant isolates from
US carrying blaGES−19 and blaGES−26 (Morales-Espinosa
et al., 2017; Khan et al., 2019). ST308, a clone associated
with higher virulence, was reported before in Colombia
and other countries of South America, Europe, Asia, and
Oceania (Cuzon et al., 2011; Del Barrio-Tofiño et al., 2020).
The isolates belonging to ST309 and ST308 were associated
with the serotype O11, documented in several high-risk clones
also (Del Barrio-Tofiño et al., 2020). Other isolates belonging
to ST313 and ST699 were associated with other serotypes,
all previously described from different continents, widely
disseminated (Libisch et al., 2008; Ji et al., 2013; Cholley et al.,
2014). Likewise, among the isolates harboring blaVIM−2 (n = 9),
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FIGURE 4 | (A) Comparison of Tn4401b containing blaKPC−2 gene identified in two isolates of P. aeruginosa from the same patient (C2-102-3 and C2-102-4) with
isoform Tn4401b from P. aeruginosa COL-1 from Colombia (accession number KC609323.1) (18). Gray squares represent left and right inverted repeats (IRL and
IRR, respectively) delimiting Tn4401b, flanked by GCGCT target site duplications (TSDs). Genes are denoted by horizontal arrows with their corresponding
transcription orientations. Insertion sequences: Iskpn6 and Iskpn7 with IRL and IRR sequences (gray line); transposase tnpA and resolvase, tnpR. (B) BLAST Ring
Image Generator (BRIG 0.95 and BLASTN v2.2.29) of comparison of the annotated plasmid from P. aeruginosa PABCH05 strain, Boston, MA, United States
(accession number CP056099.1), with C2-102-3 and C2-102-4 isolates sequenced in this study. The internal ring shows the resistance and structural genes of the
plasmid of the PABCH05 strain indicated by different colors (right panel). Green ring and blue ring correspond to the BLASTn result of C2-102-3 and C2-102-4
contigs relative to the plasmid reference (inside ring), respectively. The Tn4401b without the resolvase (tnpR) gene and surrounding is indicated by the blue lines. The
transposon is flanked at both ends by terminal inverted repeats (TIRs) of 90 bp followed downstream by tnpR and upstream by vapC-tnpA-merP-merT-merR genes.

various ST profiles (n = 4) were identified, with a main linage
ST111 associated with the O12 serotype, the second more
widespread high-risk clone after ST235, which disseminated
in different Colombian cities and has been reported in other
countries of America, Europe, and Asia (Vanegas et al., 2014;

Correa et al., 2015; Del Barrio-Tofiño et al., 2020). Interestingly,
isolates that belonged to ST111 from rectal swabs and sites of
infection from two patients from hospital 2 were genetically
related. Other isolates belonged to ST1249 described previously
(Vanegas et al., 2014), and ST357 and ST1027 reported in
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other countries (Hrabák et al., 2011; Horna et al., 2019;
Nawfal Dagher et al., 2019; Khan et al., 2020). These findings
reflect a variety of genetic backgrounds of MDR P. aeruginosa
isolates carrying blaKPC2 or blaVIM2 due to the dissemination
of successful international clones and the emergence of other
clones in this area of Colombia, associated to the widespread
dissemination mediated by MGEs.

Our analysis of WGS revealed that blaVIM−2 was associated
with different gene cassette arrays encoding resistance to other
antibiotics such as aminoglycosides and chloramphenicol, among
isolates with different ST (see Figure 2). Some isolates carried
blaVIM−2-containing class 1 integrons including In103 (ST1249)
and a new integron designated In1545 (ST357 and ST1027)
whose cassette genes were detected in two isolates ST111 from
the same patient but differ by the lack of aacA7, as well as
a different upstream region of blaVIM−2 for each isolate (see
Figure 2), suggesting gene cassette rearrangement. Previous
studies demonstrated that under antimicrobial pressure, the
IntI-mediated rearrangement can generate integron variants
(Barraud and Ploy, 2015). Additionally, we found coexistence
with infrequent or new integrons with other gene cassettes that
confer resistance to fluoroquinolones, rifampicin, trimethoprim,
and β-lactam (In2011 and In1237). This is consistent with
previous studies from other countries that showed a high
prevalence of class 1 integrons with a high diversity of gene
cassettes among MDR P. aeruginosa isolates (Botelho et al.,
2018). Likewise, the detection of some mutational mechanisms of
resistance showed the propensity to develop the MDR phenotype
in the isolates of the study.

Another important finding in our study are the isolates
recovered at different times from the same patient that showed
heterogeneous genetic backgrounds but the same location of
the blaKPC−2 gene within a transposon similar to Tn4401b of
the pCOL1 plasmid (Naas et al., 2013), without the resolvase
(encoded by gene tnpR). Supported by the clinical data and
BLAST analysis, we hypothesized that the blaKPC−2 gene could
have been horizontally transferred by one plasmid that carried
the transposon between the different strains of P. aeruginosa in
the same patient during the infection period (see Figure 4B).
There are a few reports of blaKPC inter- and intraspecies transfer
within patients (Goren et al., 2010; Adler et al., 2016), but some
studies have demonstrated in vivo acquisition of an insertion
sequence or plasmid harboring blaKPC−2 among Enterobacterales
(Ding et al., 2016). The acquisition also suggests that under
antimicrobial pressure, the transposition of insertion sequences
or the movement of plasmid among coinfected strains may
emerge. In our case, these events could have occurred because the
patient had broad-spectrum antimicrobial therapy and several
infection relapses secondary to the osteosynthesis material.
Future long read sequencing studies are required to confirm the
complete sequence of this plasmid.

Overall, in this study, most of the patients colonized
and infected by CRPA were older adults (>63 years old),
with different underlying conditions, with various medical
devices and broad antibiotic exposure, mainly to carbapenems,
piperacillin-tazobactam, and glycopeptides (see Supplementary
Table 1). Exposure to broad-spectrum antibiotics has been

described as the main factor related to carbapenems resistance
(Richter et al., 2019). Furthermore, a multidrug resistance
phenotype was detected in more than half of CPPA and
non-CPPA isolates, a phenomenon locally described only in
CPPA (Vanegas et al., 2014). These differences might be
explained by the inclusion of isolates recovered from rectal
swabs in colonized patients in this study, giving the possibility
of acquisition of different resistance genes in these isolates
because the gastrointestinal tract is the main source of resistant
Enterobacterales and can play a key role in the spread of antibiotic
resistance by horizontal transmission (Abdalhamid et al., 2016).

Some limitations of this study include that only isolates from
two hospitals were analyzed, and most of these were collected
from a single institution, limiting the extrapolation of the results.
On the other hand, five P. aeruginosa isolates could have lost the
blaKPC gene or the plasmid that contained it during storage or
subculture processing prior to sequencing. Therefore, it was not
possible to define the genetic environment of the blaKPC gene
in those isolates.

In conclusion, the dissemination of blaVIM−2 and blaKPC−2
in P. aeruginosa in this area in Colombia has been strongly
influenced by successful international clones and emergence of
new clones carrying these genes, as well as the presence of
resistance determinants in integrons, transposable elements, and
plasmids, accompanied by gene rearrangement likely through
transposition and homologous recombination. We postulate that
the antimicrobial pressure may have played an important role.
Infection control strategies and rational antibiotic use may help
limit the spread. In addition, surveillance of colonization patients
may also limit the subsequent infection and dissemination
of these bacteria.
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