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Abstract: Between April 2018 and August 2019, a total of 135 strains of Enterobacter cloacae complex
(ECC) were randomly collected at the University Hospital Center of Guadeloupe to investigate the
structure and diversity of the local bacterial population. These nosocomial isolates were initially
identified genetically by the hsp60 typing method, which revealed the clinical relevance of E. xiang-
fangensis (n = 69). Overall, 57/94 of the third cephalosporin-resistant strains were characterized as
extended-spectrum-β-lactamase (ESBL) producers, and their whole-genome was sequenced using
Illumina technology to determine the clonal relatedness and diffusion of resistance genes. We found
limited genetic diversity among sequence types (STs). ST114 (n = 13), ST1503 (n = 9), ST53 (n = 5) and
ST113 (n = 4), which belong to three different Enterobacter species, were the most prevalent among the
57 ESBL producers. The blaCTXM-15 gene was the most prevalent ESBL determinant (56/57) and was
in most cases associated with IncHI2/ST1 plasmid replicon carriage (36/57). To fully characterize
this predominant blaCTXM-15/IncHI2/ST1 plasmid, four isolates from different lineages were also
sequenced using Oxford Nanopore sequencing technology to generate long-reads. Hybrid sequence
analyses confirmed the circulation of a well-conserved plasmid among ECC members. In addition, the
novel ST1503 and its associated species (ECC taxon 4) were analyzed, in view of its high prevalence
in nosocomial infections. These genetic observations confirmed the overall incidence of nosocomial
ESBL Enterobacteriaceae infections acquired in this hospital during the study period, which was clearly
higher in Guadeloupe (1.59/1000 hospitalization days) than in mainland France (0.52/1,000 hospital-
ization days). This project revealed issues and future challenges for the management and surveillance
of nosocomial and multidrug-resistant Enterobacter in the Caribbean.

Keywords: Caribbean; Enterobacter cloacae complex; ESBL; healthcare; hsp60; molecular sequencing;
Nanopore; plasmid; ST114; ST1503

1. Introduction

Enterobacter cloacae complex (ECC) members are ubiquitous and are found as intestinal
commensal bacteria [1]. The Enterobacter genus was reviewed and its taxonomy reclassified
by genetic approaches such as identification of the 60-kDa heat shock protein partial
coding gene (hsp60), and more recently, whole-genome sequencing (WGS). In 2018, ECC
classification included 13 hsp60 clusters (Hoffman’s approach) related to 22 phylogenetic
clades (Sutton’s clades A–V) [1–4]. Phylogenetic analyses are ongoing; in 2020 and 2021,
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Feng Y. and colleagues illustrated the difficulty of accurate assignment based on a high
computational approach, indicating possible important taxonomic updates. The authors
identified 24 species and 22 novel Enterobacter genomospecies or taxons among this bacterial
complex (see taxonomy-nomenclature in the Supplementary Data Set S1) [5,6].

These bacteria are included in the ESKAPE group as important opportunistic clinical
pathogens that can harbor a wide range of resistance genes (Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumonia complex, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.) [7]. The World Health Organization recently released a list of priority
antibiotic-resistant organisms that included third-generation cephalosporin-resistant (3GC-
R) ECC isolates [8]. Resistance in the Enterobacter genus is mediated mainly by the overex-
pression of the chromosomic ampC gene that codes for a cephalosporinase or is associated
with the production of extended-spectrum-β-lactamase (ESBL) [1]. Plasmids are the main
carriers of multiple resistance genes, including ESBL, in clinical strains and are an important
vehicle for the horizontal transfer of resistance genes among Enterobacteriaceae [9]. Until
now, it has been difficult to study these mobile genetic elements using high-throughput
sequencing, as they assemble poorly in short-read sequencing (Illumina), and their genomic
fragments (contigs) are difficult to distinguish from chromosomal fragments. Software
tools with various analytical approaches have been developed to predict plasmid-related
sequences in draft assemblies and plasmidomes in metagenomic data (coverage analysis,
chromosomal and plasmid marker genes, k-mer frequencies signatures) [10–13]. Recent
technological progress and developments in bioinformatics are also eliminating the barriers
to plasmid genomics studies by combining, for example, high-throughput sequencing and
Oxford Nanopore sequencing technology (ONT) to fully reconstruct plasmids [14].

In comparison with other Enterobacteriacae, such as the K. pneumoniae complex, few
data are available on the prevalence of ECC in human infections in the French West Indies
and other Caribbean islands [15–17]. In Guadeloupe, we previously studied the distri-
bution of ECC members in local fruits and vegetables, wild fauna, livestock and human
infections and found that ESBL-producing ECC were restricted to human isolates [18].
We also identified clinically relevant genetic lineages, such as ECC sequence type (ST)
114, in a continuum, from clinical settings (hospital effluents) to the natural receiving
environment, treated wastewater and wild animals living near the treatment plant [19].
These elements suggest that the reservoir of ESBL-producing ECC is mainly human and
that transfer from humans to animals and the environment can occur under significant
anthropic pressure. Thus, within this continuum, a well-conserved plasmid (IncHI2/ST1)
carrying the blaCTX-M-15 gene was found to be widespread among ESBL isolates assigned
mainly to the ST114 lineage [19].

The primary objective of the present study was (i) to use WGS to identify the genetic
background of ESBL-producing ECC collected from patients admitted to the University
Hospital Center of Guadeloupe (UHCG) over 17 months. The secondary objectives were
(ii) to study the genetic basis of 3GC-R ECC in order to investigate the spread of the well-
conserved IncHI2/ST1 plasmid-carrying blaCTXM-15, and (iii) to determine the incidence of
hospital-acquired ESBL-producing ECC associated with human infections and to compare
it with that of major ESBL-producing Enterobacteriacae.

2. Results
2.1. Clinical Incidence of Hospital Acquired ESBL-Producing Enterobacteriaceae at the UHCG
between 2018 and 2019

During the study period, a total of 330 ESBL-producing Enterobacteriaceae isolates
associated with nosocomial infections was recorded at the UHCG. The most prevalent
species among these epidemiological data were the K. pneumoniae complex (n = 218, 66.1%)
followed by ECC (n = 72, 21.8%) and E. coli (n = 27, 8.2%). The other species were Citrobacter
freundii (n = 5), C. koseri (n = 4), K. aerogenes (n = 3) and Proteus mirabilis (n = 1; details
available in the Supplementary Data Set S2). Most of these ESBL-producing Enterobacteri-
aceae were isolated from urinary tract infection (n = 136, 41.2%), followed by catheter site
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infection (n = 68, 20.6%) and bacteremia (n = 62, 18.8%). The least represented infection
sites were the respiratory tract (n = 24, 7.3%), surgical site (n = 19, 5.8%), and skin and
soft tissue (n = 5, 1.5%). Sixteen strains were not associated with any of these infection
sites (i.e., “Other” in Figure S1; details are provided in the Supplementary Data Set S2).
Overall, the incidence of ESBL-producing Enterobacteriaceae was estimated at 1.59/1000 hos-
pitalization days at the UHCG. This corresponded to incidences of 1.05 ESBL-producing
K. pneumoniae complexes, 0.35 ECC and 0.13 E. coli. The samples were mainly isolated from
men (n = 213; sex ratio = 1.84) and the median age of the patients was 65 years.

2.2. Enterobacter hsp60 Distribution and Antibiotic Resistance Patterns at the UHCG

During the same period, and irrespective of their resistance profile, a total of 135 ECC
isolates associated with hospital-acquired infection were recovered and fully analyzed in
this study. Associated patients were hospitalized in intensive care units (n = 48, 35.6%),
surgical wards (n = 41, 30.4%), medical wards (n = 29, 21.5%), or emergency units (n = 15,
11.1%). Two strains were isolated from patients from unknown hospital departments. These
bacteria were recovered from the urinary tract (n = 54, 40.0%), bacteremia (n = 23, 17.0%),
catheter site infection (n = 19, 14.1%), surgical site infection (n = 15, 11.1%), respiratory tract
(n = 7, 5.2%), or skin and soft tissue infection (n = 6, 4.4%). Eleven strains did not fit the
different infection sites mentioned above (8.1%; “Other” in Figure S2, details are provided
in the Supplementary Data Set S1).

With regard to the antibiotic-resistance phenotype of this bacterial collection,
41 hospital-acquired Enterobacter strains (30.4%) were characterized as wild-type against
β-lactam antibiotics. The 3GC-R strains were associated with ESBL production (n = 57,
42.2%) or cephalosporinase overproduction without the ESBL gene (CoP, n = 37, 27.4%), of
which one isolate (GENC133) was identified as a carbapenemase producer. Among these
94 3GC-R isolates, 44 (46.8%) were isolated from urinary tract infections. Various levels
of resistance to fluoroquinolones, gentamicin and trimethoprim–sulfamethoxazole were
observed in 3GC-R strains (Table S1). Most of the ESBL producers were resistant to these
antibiotics (41/57, 72.0%). This specific bacterial collection reflected the clinical incidence
of ESBL-producing ECC during the same period, as described in Section 2.1 (see details in
Figure S2 and Supplementary Data Set S2).

All these clinical isolates were clearly assigned to a Hoffman’s hsp60 cluster. Assig-
nation was first conducted with the approach proposed by the hsp60ECCtool and was
confirmed according to the reference and bootstrap values in a phylogenetic tree (see
Figure S3 and Supplementary Data Set S1). Hoffman’s clusters III, C-VII and C-XIII (se-
quence crowd) were not recovered among the 13 initial hsp60 clusters of the Enterobacter
genus. Overall, the E. xiangfangensis-related clusters were the most prevalent, with C-VI
and C-VIII (n = 69, 51.1%; Figure 1 and Supplementary Data Set S1). Most of these isolates
were characterized as 3GC-R (50/69, 72.5%). This observation was not cluster specific,
however, and the proportion was not significantly higher than in other hsp60 clusters
(44/66, 66.7%, p = 0.46). In fact, undefined hsp60 cluster 4 (UD4) accounted for 12.6% of the
isolates (17 strains), and most of them were also 3GC-R (n = 15, 88.2%).

2.3. Specificities of ESBL-Producing ECC Populations

Because of the wide distribution of ESBL-producing strains among the ECC collection
(57/135) and the similar antibiotic-resistance phenotype, these resistant strains were further
analyzed (Table S1). WGS revealed that each hsp60 cluster was correctly associated with a
related Sutton’s clade. However, species prediction of the latest Enterobacter nomenclature,
especially for UD4, is currently not accurate enough with the hsp60 coding partial gene (see
comparison on Supplementary Data Set S1). Pairwise average nucleotide identity (ANI)
and in-silico DNA:DNA hybridization (isDDH) values against the different references are
listed on Supplementary Data Set S1.
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Figure 1. Distribution of 135 E. cloacae complex (ECC) members isolated from clinical samples accord-
ing to the hps60 approach. For each hsp60 cluster recovered in this bacterial collection, nosocomial
strains were grouped according to their resistance profile to β-lactam antibiotics: wild-type (WT),
extended-spectrum-β-lactamase (ESBL), cephalosporinase overproduction without ESBL gene (CoP),
or carbapenemase production (CP). The distributions in Figure S3 and the hsp60ECCtool output were
identical (for details see Supplementary Data Set S1). Cluster XIV was defined according to Beyrouthy
et al. and corresponds to E quasihormaechei [2,3,6]. * UD refers to “undefined hsp60 cluster” [18]. They
were not identified in the original paper of Hoffman et al. [4].

In-silico multilocus sequence typing (MLST) of the 57 whole-genome sequenced
strains revealed limited diversity, as they belonged to 20 identified STs. Four novel STs
were characterized in this ESBL-producing ECC collection (ST1468, ST1537, ST1539 and
ST1540). Detailed profiles of the seven housekeeping genes used in the ECC MLST are
presented in Supplementary Data Set S1. The most prevalent were ST114 (n = 13, 22.8%)
and ST1503 (n = 9, 15.8%), associated with E. xiangfangensis and ECC taxon 4, respectively.
They were followed by ST53 (n = 5, E. asburiae) and ST113 (n = 4, E. xiangfangensis; Figure 2
and Supplementary Data Set S1). These four major STs were isolated mainly from urinary
infections (18/31, 58.1%). They were mainly identified in medical wards and intensive care
units (n = 22, 71.0%).

Precise core-SNP analyses among this selection of major STs revealed a low number of
SNPs between some strains as suggested for ST114 (mean SNPs difference between isolates,
n = 46.3), ST1503 (n = 16.9), ST53 (n = 38.8) and ST113 (n = 13.3). More specifically, SNPs’
different count matrix indicated the presence of bacterial clones especially for ECC taxon 4
ST1503 (clonality was defined as ≤ 10 pairwise SNPs in the core-genome; Supplementary
Data Set S1). As these STs were recovered from different wards at the UHCG (Figure 2),
the SNP values suggest that an environmental reservoir was responsible for the direct or
long-term cross-transmission of ESBL-producers during this 17-month study.

2.4. Sequence Analyses and Synteny of Major blaCTXM-15/IncHI2/ST1 Plasmids

Most of the ESBL-producing ECC isolates harbored a blaCTX-M-15 gene (98.2%, 56/57),
and the last one contained a blaGES-7 determinant (GENC084; Supplementary Data Set
S1). With prediction tools, we classified most of the blaCTX-M-15-carrying contigs, with
80.4% (n = 45) predicted at the same location with three types of software. The others
were predicted at the same location with an acceptable percentage identity with two types
of software (n = 7), and only four isolates were not retained for this blaCTX-M-15-carrying
analysis (different outcomes, percentage identity < 70.0% when applicable). In this ESBL
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ECC collection, the CTX-M-15 coding gene was predicted mainly on plasmid sequences
(39/52, 75.0%). Its chromosomal location was predicted for various Enterobacter species,
including E. xiangfangensis (8/13), E. asburiae (n = 2), ECC taxon 4 (n = 2) and the two
E. bugandensis ST1537 (see Supplementary Data Set S3).

Figure 2. Maximum likelihood phylogenetic tree of clinical ESBL-producing E. cloacae complex (ECC)
isolated between 2018 and 2019 in Guadeloupe. The core-genome phylogenetic tree was drawn from
57 genomes with iTOL. The tree was rooted at the mid-point and only bootstrap values equal to
100% are indicated by a black circle. The following metadata are indicated: the current species name
(PSID) on the inner colored ring and the related ECC Sutton’s clade and hsp60 cluster (CC) on the
second one [3,4,6]. The type of hospital department (THD) is indicated on the last circle. Strains with
a blaCTX-M-15 gene with a location predicted on a plasmid and an IncHI2/ST1 plasmid replicon are in
red. * New sequence types (STs).

In addition to the prediction data, some genetically unrelated strains presented similar
antibiotic resistance gene patterns, as previously observed in local ST114 lineage [19]. In
the present study, in addition to genes coding for chromosomal AmpC, the blaCTX-M-15
determinant and the efflux pumps [mdf(A), oqxA/oqxB], genes that confer resistance to
aminoglycosides [aac(3)-IIa, aac(6′)-Ib-cr, aph(3”)-Ib, aph(6)-Id], β-lactam class [blaOXA-1,
blaTEM-1B], fluoroquinolones [aac(6′)-Ib-cr, qnrB1], fosfomycin [fosA], sulfonamides [sul2],
tetracyclines [tet(A)] and trimethoprim [dfrA14] were present in more than 60.0% of the
strains. A truncated catB3 gene was also found (Table S2 and Supplementary Data Set
S1). These genes were identified in all the recovered species except for E. bugandensis and
E. quasihormaechei, which suggests carriage by a similar plasmid(s). Most of these strains
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presented PlasmidFinder and pMLST outputs, indicating the presence of an IncHI2/ST1
plasmid replicon (n = 36); the allele profiles did not permit the determination of IncHI2 ST
for five strains (see Supplementary Data Set S3). A Bowtie reconstruction and mapping
with previously sequenced plasmid pGENC200 (associated strain: GEN200; CP061495;
291,493 bp) as the reference also suggested the possible carriage of these genes on a sim-
ilar mobile genetic element, with an 82.7–96.6% similarity in identity among the other
ESBL-producing isolates with an IncHI2 signature (Table S3). Finally, among other resis-
tance genes, we reported that two E. xiangfangensis strains (ST171; GENC184, GENC214)
possessed the mcr-9 gene but lacked the associated regulatory genes qseC/qseB [20].

After the reads mapping analysis with previously sequenced pGENC200, a more
precise comparison was performed with additional Illumina and Oxford Nanopore hybrid
assemblies. We compared four novel local circularized plasmids recovered from different
Enterobacter species to investigate the possibility of an “epidemic plasmid” in our clinical
isolates. BLAST Ring Image Generator (BRIG) and MAUVE software tools revealed strong
similarity in their backbone structure (Figures 3 and S4). Calculation of the Mash distance
for plasmid similarities led to a similarity mean of 5.6 × 10–3 (see Supplementary Data Set
S3). The insertion of various additional regions into these plasmids resulted in variable
lengths (from 291,493 to 349,057 bp), including an Fe(III) transporter system in the larger
plasmid pGENC414 (Figure 3 and Supplementary Data Set S3). These plasmids encoded
not only resistance genes to several families of antibiotics but also the determinants of
resistance to heavy-metal ions including arsenic [ars], mercury [mer, tni] and tellurium [ter
operon], and also a toxin–antitoxin system (Figure 3 and Supplementary Data Set S3). Finally,
the plasmid taxonomic unit (PTU) of these local circularized plasmids was -HI2, which
corresponds to the conjugative plasmid with a bacterial host range value of IV according to
Redondo-Salvo et al. [21,22].

2.5. Literature Search for Similar IncHI2/ST1 Resistance Plasmids

In parallel to this local analysis, a total of 91 similar IncHI2/ST1 plasmids with com-
plete metadata were recovered from the Plasmid database (PLSDB; Mash distance min:
0.0021891; max: 0.0287714 against the largest pGENC414) [23]. Details of the output are
provided in Supplementary Data Set S3. Among them, 98.9% presented -HI2 PTU (90/91).
These large mobile genetic elements were associated with the genus Enterobacter (n = 49,
53.8%), followed by Salmonella (n = 12, 13.2%) and Citrobacter (n = 11, 12.1%). The other
genera, including Cronobacter, Escherichia, Klebsiella, Leclercia, Phytobacter and Raoultella,
were detected less than ten times each. These Enterobacteriaceae were mainly associated
with human (n = 57, 62.6%) and domestic animal (n = 15, 16.5%) samples. The remain-
ing 19 IncHI2/ST1 plasmids were isolated from the environment (n = 6), food products
(n = 5), wild animals (n = 5) and various surface samples (n = 5). They were recovered and
sequenced from all over the world; specifically, East Asia (n = 25, 27.5%), Europe (n = 25,
27.5%) and North America (n = 18, 19.8%). The antibiotic resistance genes carried by these
IncHI2/ST1 plasmids were varied and only seven showed the same pattern as observed
in our clinical setting, including pGENC200 (CP061495) and three plasmids previously
recovered from animals living near the wastewater continuum of the UHCG (CP061496,
CP061494, CP061493). The three other highly similar plasmids were recovered in Kenya
(CP021463) and South Korea (CP024813) in human samples, and in Switzerland (CP048350)
in the environment. These IncHI2/ST1 plasmids were also frequently associated with
ESBL production, such as blaSHV-12, (n = 28, 30.8%) and blaCXT-M determinants (n = 15,
16.5%). In addition, gene families encoding carbapenemases were identified, including
blaVIM (n = 16, 17.6%), followed by blaIMP (n = 4), blaKPC (n = 3) and blaNDM (n = 3). Among
other resistances, we noted the presence of the complete ter operon in 90 plasmids (98.9%).
The mcr-9 gene was identified in 62 sequences (68.1%) but only 13 were associated with the
qseC/qseB regulatory genes [20].
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Figure 3. Syntenic analysis of five blaCTX-M-15/IncHI2/ST1 plasmids from the UHCG. This figure
was developed with BRIG software. The first black ring represents the pGENC414 plasmid, used as
the reference, and the second ring indicates the GC skew. This first plasmid was isolated from the
E. cloacae complex taxon 4 ST1503 (GenBank accession number OL331020, recovered in July 2019). The
inner to the outer rings correspond to the following pairwise comparison with IncHI2/ST1 plasmids
from other ECC STs isolated at the same hospital: pGENC423 (E. cloacae, ST167, OL331021, August
2019), pGENC405 (E. asburiae, ST53, OL331019, May 2019), pGENC213 (E. xiangfangensis, ST113,
OL331018, November 2018) and pGENC200 (E. xiangfangensis, ST114, CP061495, October 2018). The
last rings represent the genetic map of pGENC414, with the first hypothetical proteins shown as grey
arrows, followed by coding sequences in black arrows, except for genes associated with antibiotic
resistance (red), conjugation (green), formaldehyde detoxification (fuchsia), heavy-metal resistance
(orange), Fe(III) transporter system (yellow), lac operon (aqua) and plasmid replication, partition or
maintenance (blue). The genetic details and metadata of the plasmids are shown in Supplementary
Data Set S3.

2.6. Phylogenetic Analysis of ECC Sutton’s Clade L in Guadeloupe and Global Comparison

Due to the uncommon prevalence of ESBL-producing Sutton’s clade L in our collection
(i.e., UD4 hsp60 cluster in Figures 1 and 2), we compared it with international and other
local WGS associated with this vernacular name [3,24]. Overall, the ECC Sutton’s clade L
WGS contained 58 isolates with complete metadata. Local ECC Sutton’s clade L isolates
comprised 16 from the present clinical study, 3 from screening in the UHCG and the urban
wastewater continuum and 1 obtained in the natural environment [18,19,25]. Most of the
38 international strains retained for this analysis were isolated from humans (n = 36, 94.7%),
except for one collected from a pig (PCFC00000000) and one isolated in activated sludge
(BMBZ00000000). Overall, these strains were recovered in 12 geographic areas, with the
oldest having been isolated in 2006 in the USA (LEDT00000000; Supplementary Data Set
S4). The antibiotic resistance profiles indicated a high prevalence of 3GC-R strains in the
non-Guadeloupean collection (21/38, 55.2%), with blaCTX-M genes identified in ten strains,
of which eight were blaCTX-M-15. However, the local InchI2/ST1 replicon and associated
resistance pattern were not identified in other ECC Sutton’s clade L isolates (Supplementary
Data Set S4).

In the latest taxonomic analysis, ECC Sutton’s clade L was divided into two Enter-
obacter members (i.e., E. chengduensis and ECC taxon 4; see taxonomy-nomenclature in
the Supplementary Data Set S1) [3,5,6]. Phylogenetic analysis of this clade revealed clear
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clustering into three main branches (Figure S5). The first contained seven international
strains belonging to ST414 and two strains from Guadeloupe with novel ST1533 and ST1535
(additional representation in our reference [25]). All these isolates were recovered from
humans except JAKLRZ000000000, and were referred as to as E. chengduensis [5,26]. The
other two major branches corresponded to ECC taxon 4 (n = 38; see Figure S5 and Sup-
plementary Data Set S4) [5]. Most of ECC taxon 4 isolates belonged to ST598,1799 (13/38,
34.2%; Figure 4). In the Guadeloupean samples, this ST contained two ESBL-producing
isolates recovered in wastewater from the UHCG in 2018 and 2019 (SRR12525863 and
SRR12525874) and three ESBL-producing strains isolated from patients during the same
period [19]. Most of the clinical ECC taxon 4 from Guadeloupe, however, belonged to the
recently defined ST1503 (9/18, 50.0%) and formed a cluster with ST1065, which at present
is only associated with human infections (Figure 4). Comparison with international ECC
taxon 4 indicated that the predominant ST identified at the UHCG is currently limited
throughout the island (Figure 4 and Supplementary Data Set S4).

Figure 4. Maximum likelihood phylogenetic tree of E. cloacae complex (ECC) taxon 4 isolated in
Guadeloupe (n = 18) and internationally (n = 20). The core-genome phylogenetic tree was drawn
with iTOL, from 38 genomes recovered worldwide between 2006 and 2021 [24]. The tree was rooted
with E. chengduensis reference (in bold: CP043318) [5,26]. ECC taxon 4 reference is also presented in
bold (JZXZ00000000) [5], and only bootstrap values equal to 100% are indicated by a black circle. The
following metadata are indicated: date of isolation, sequence type (ST) and antibiotic resistance genes
in black squares. Only acquired genes that confer resistance to β-lactam antibiotics were included.
Strains with a blaCTX-M-15 gene with a location predicted on a plasmid and an IncHI2/ST1 plasmid
replicon are shown in red. Metadata are shown in Supplementary Data Set S4.
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3. Discussion
3.1. Nosocomial Incidence of ESBL-Producers in Guadeloupe

This 17-month epidemiological study at the UHCG showed a higher incidence of ESBL-
producing Enterobacteriaceae (1.59/1000 hospitalization days) than in mainland France in
2018 (0.52) [27]. Among ESBL-producing Enterobacteriaceae, the incidences of K. pneumoniae
complex (1.05) and ECC (0.35) were higher and that of E. coli (0.13) was lower than in
mainland France. The predominance of E. coli among ESBL-producing Enterobacteriaceae
was identified in a national inventory in 2012 [28]. These findings indicate probable
epidemiological specificities of the island [27]. The French National Spares surveillance
system indicated that the incidence of ESBL-producing ECC in 2018 was 0.05, lower than
that of K. pneumoniae complex (0.17) and E. coli (0.27), and similar observations were
reported from other national surveillance systems [29].

3.2. The Local hsp60 Cluster Distribution of Clinical ECC Does Not Mirror That in the
National Population

There is no clear phylogenetic consensus in the recently published research papers
associated with this bacterial complex (example references [30,31]). Because of the extensive
changes in ECC assignment due to the evolution of bioinformatics and genetic methods,
we used various taxonomic approaches and vernacular names to link previous, present,
and future works on this genus [3,4,6]. We first investigated the hsp60 cluster distribution
of clinical ECC isolates from inpatients at the UHCG [4]. It was concordant with several
European studies, as highlighted by the high proportion of successful C-VI and C-VIII.
E. xiangfangensis, which is the related opportunistic species, was isolated at various sites of
infection, including invasive samples, with the urinary tract being the most common [32–34].
This high proportion of C-VI and C-VIII was also recently identified in East Asia [31,35]. In
contrast, we noted several local specificities. Cluster III (E. hoffmannii) was not represented
in this French West Indies island, while it has been frequently reported in hospitals in
metropolitan France [32,36]. Furthermore, the third most represented hsp60 cluster was
named UD4 in our previous local analysis and is associated with Sutton’s clade L [3,18]. In
addition, other recent surveys suggested geographical variations in ECC distribution in
human infections: for example, C-II (E. kobei) was one of the most represented in China [35],
and C-IV (E. roggenkampii) in Spain [37]. Larger analyses involving different countries and
geographical areas with an identical protocol are needed to clearly assess these variations.

To date, misidentifications of UHCG have had no impact on antibiotic therapy, as the
clinical strains identified as belonging to the ECC had similar antibiotic resistance patterns.
The emergence and rapid spread of resistant plasmids and specific lineages in the future
could, however, have a direct impact on antibiotic therapy and cause large nosocomial
outbreaks globally. As an accurate ECC identification is crucial for monitoring outbreaks,
our observations underline the usefulness of the hsp60 typing approach, an inexpensive
initial screening tool. Although this method as defined by Hoffman and Roggenkamp is
limited (i.e., single gene fragment analysis), it could be updated, as it provides a more
accurate characterization of Enterobacter diversity than traditional approaches and seems
to be a good first step for preliminary comparison in hospital settings [4,18,32,33,35–37].
The hsp60ECCtool developed here provides a more evident identification of hsp60 clusters
in the ECC than a direct comparison using BLASTn against the entire National Center for
Biotechnology Information (NCBI) database. Like other recently proposed methods and
markers, this updated approach should help the scientific community to rapidly sort and
classify ECC members for epidemiological and screening purposes [38,39].

3.3. Dissemination of Resistant Lineages through Hospital Wards

The ESBL producer sequencing indicated the circulation of several specific lineages at
the UHCG. Some members of the ECC have been recognized as nosocomial pathogens, and
the worldwide diffusion of specific lineages harboring a large panel of antibiotic resistance
genes is being characterized. Clinical and veterinary analyses showed that ST113, ST114,
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ST133 and ST171 belonging to E. xiangfangensis, as identified in our study, are successful
resistant clones [34,40–44]. In addition, ECC ST114, which predominated in this collection,
is often associated with blaCTX-M-15 in the literature [19,40,43,44]. This ESBL determinant
was also the most frequent in Guadeloupe [15,18,19]. A large, curated Data Set initially
provided by Wu et al. in 2020 indicated that the associated Enterobacter species was the
most sequenced since 1987 (831/1544; 53.8%). E. xiangfangensis has been recovered from
various compartments, including human samples (759/1354; 56.1%; see Supplementary
Data Set S5) [5,24]. As the authors point out, the reason for its high prevalence worldwide
is not clear and further studies are needed [5].

The second most prevalent ESBL-producing lineage, ST1503, appeared to be well
conserved throughout the sampling period and associated strains were isolated from
patients in various wards. This ST was initially associated with the Sutton’s clade L. By
performing a comparison with internationally published genome collections, we identified
a few isolates within this Sutton’s clade that are also referred to as E. chengduensis and
ECC taxon 4 according to the most recent nomenclature (see taxonomy-nomenclature in
the Supplementary Data Set S1) [3,5,24,26]. Human infections caused by these two ECC
members have rarely been reported. They represented only 0.9% of the NCBI curated Data
Set in 2019 (14/1544; Supplementary Data Set S5) [5,24]. To our knowledge, this is the
first description of the nosocomial incidence of ECC taxon 4 (17/135, 12.6%), and ST1503
was not found outside the island. This finding underlines the importance of a complete
characterization of strains related to ECC taxon 4 in the future. A first name for this taxon
was indicated in 2020 on NCBI; however, additional research and validation have not been
carried until now (SAMD00239574: Enterobacter kurensis) [24].

Among the other clinically relevant STs in our collection, ST53 (associated with
E. asburiae) was initially described from clinical strains in Japan and is of growing im-
portance due to carbapenemase production [45], as also mentioned for ST873 (E. quasihor-
maechei) [2,5]. In the global, curated Data Set from NCBI, E. asburiae represented 4.7% of
the genome collection (73/1544), and only nine strains have been identified to be E. quasi-
hormaechei since 2014 (Supplementary Data Set S5) [5,24]. No additional carbapenemase-
producing Enterobacter were identified at the UHCG during the study period. As the only
carbapenemase-producing strain found was ST114 [18], its presence should be monitored
to avoid its spread. In other countries, the presence of carbapenemase-producing ECC and
related STs is well documented and remains a growing public health issue [37,40,42,45–47].
Among resistance genes against “last resort” antibiotics, the mcr-9 signature identified in
two ECC ST171 strains is also of concern due to its emergence in different Enterobacter
lineages and plasmidic diffusion in other compartments [48–50]. In-silico analysis did not,
however, identify the qseC/qseB system, which is generally associated with the up-regulation
of this gene [20].

The isolation of various resistant lineages during the study period indicates pos-
sible long-term transmission, with sporadic presence and persistence in various wards.
Further studies should be conducted to understand the ECC transmission pathways at
this hospital (patient to patient, environment to patient), and specific infection control
measures should be proposed to reduce in-hospital transmission [2,30,45,46]. This would
not, however, reflect the nosocomial situation in other medical centers on the island. Be-
cause of extensive communication among the Caribbean islands, data collection must
be expanded to determine whether specific lineages such as ST114 and ST1503 circulate
and persist as hospital-associated ESBL-producing strains, as described recently for the
K. pneumoniae complex in some Caribbean states [16]. Previous work in Ireland and the
United Kingdom indicated the wide dissemination of some ECC clones and inter-hospital
connectivity [34]. A similar observation was made for a successful ESBL-producing clone
in China (ST591) [35]. Until now, the human compartment remains the most represented in
Enterobacter whole-genome data (Supplementary Data Set S5) [5,24]. The use of a wider
“one health” approach is important for investigations regarding possible circulation and
persistence in the environment and local community carriage.
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3.4. A Successful blaCTXM-15/IncHI2/ST1 Plasmid Is Circulating in ECC Nosocomial Populations

With a mapping approach, followed by long-reads and hybrid assembly, we confirmed
plasmid-borne dissemination of an antibiotic resistance gene pattern associated with the
local development of several ECC members. The high prevalence of a well-conserved
blaCTX-M-15/IncHI2/ST1 plasmid in various Enterobacter suggests a key role in the dissem-
ination of novel lineages (example, ST1503). An IncHI2 signature has frequently been
identified in ECC members in clinical and veterinary studies worldwide and was recently
associated with carbapenemase determinants [2,28,34,35,44,51]. Its important association
with the Enterobacter genus, also observed with the PLSDB data [23], remains unclear and
should be explored further (see Supplementary Data Set S3).

This plasmid type is well known to be present in a wide bacterial range and could play
an important role in the maintenance of resistance [9,52]. In addition to data from PLSDB
presented here [23], the taxonomic classifier of plasmids tool (COPLA) output highlighted
that similar local and international plasmids had a host range value of IV (-HI2 PTU) [21].
This value indicates that mobile genetic elements can spread among Enterobacteriaceae and
also species of the Erwiniaceae, Morganellaceae and Yersiniaceae families [22]. Fully sequenced
IncHI2/ST1 plasmids obtained from ESBL-producing ECC from local wastewater and
various animal taxa showed a high percentage similarity with international plasmids and
raised concern about their transfer though various compartments, hosts and bacterial
species [19]. Conjugative transfer through other Enterobacteriaceae species has been clearly
demonstrated (pEB-247, LN830952) [51]; however, this event was thermosensitive for this
incompatibility group, with a low range of temperature efficacy globally < 30 ◦C [9,51]. The
regulation of conjugation of this incompatibility group is being elucidated. In the latest
studies of Gibert et al., the expression of a membrane protein (TrhR) and a cytoplasmic
protein (TrhY) encoded in the plasmid was associated with the activation of transfer operons
(associated with tra genes) and by a cascade effect, with initiation of its conjugation. The
action of these two proteins is, however, regulated by different mechanisms. The HtdA
protein partially counteracts the activity of TrhR/TrhY at low temperatures, whereas, at
higher temperatures (37 ◦C), overexpression of an H-NS/Hha protein complex represses
the gene encoding the TrhR protein and blocks initiation of transfer [53,54]. This specificity
is in accordance with environmental conjugation but not in the mammalian gut.

This plasmid presents a toxin–antitoxin system and high genetic plasticity. For in-
stance, the Fe(III) transporter system was also identified in a large, similar IncHI2/ST1
(pKST313-UGA14, CP021463; 352,906 bp) plasmid recovered from a Salmonella enterica
strain isolated in Kenya in 2003 [52]. Like this previously sequenced mobile genetic ele-
ment, pGENC414 also contains a complete lac operon and formaldehyde detoxification
system but not the region with genes related to sucrose catabolism [52]. This large “epi-
demic” plasmid type has numerous genes that encode formaldehyde detoxification and
resistance to various antibiotic families and heavy metal ions, so that its hosts can develop
in unfavorable conditions, such as wastewater and contaminated streams, due to the large
exposome [19,55,56]. Recent work on Klebsiella and tellurite resistance shows that this
operon is clearly associated with infection and could enhance fitness in the gut during
colonization [57]. Further research is necessary to clarify this successful link with the Enter-
obacter genus. Bacterial persistence in the hospital environment without specific selective
pressure is, however, still undefined. Well-adapted bacteria in this environment could be
major contributors to nosocomial outbreaks and the maintenance of this resistant plasmid
and vice versa [2,46,58]. In our study, the entire ter operon (terZABCDE) was identified
on 97.6% of ESBL producers with an IncHI2 replicon (40/41) and on only two strains
without this replicon (2/17; 11.8%) [59]. In the similar IncHI2/ST1 plasmids recovered from
PLSDB, 98.9% were also ter operon positive. The screening of the nosocomial environment
with selective agar, supplemented with tellurite and antibiotics, could help to identify
Enterobacter reservoirs with the blaCTX-M-15/IncHI2/ST1 plasmid. Similar approaches have
been developed for shiga toxin-producing E. coli, also known to be associated with the ter
operon on its chromosome [60].
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3.5. Limitations of the Study

The COVID-19 pandemic may have influenced the epidemiological dynamics of
antibiotic resistance genes and associated plasmids or bacterial lineages. Our pre-COVID-
19 study would be a useful resource for further analysis to assess this potential impact
in hospitals and especially the associated Enterobacter population structure. However,
this project has several limitations. It has a relatively small sample size over a 17-month
period. Additional analyses were provided on the incidence of nosocomial ESBL producers
to assess the representativeness of the bacterial collection and to overcome this problem.
Although convenient, the initial partial sequence analysis of hsp60 does not allow for the
thorough delineation of some species, as observed here for E. chengduensis and ECC taxon
4. Full sequencing of this region could, however, refine this identification and further
analyses are required (Supplementary Data Set S1 and S4). The spread of the blaCTX-M-15
and other resistance genes has been observed at the UHCG and cannot be generalized
to other institutions on the island. In addition, no whole-genome sequencing has been
performed on other ESBL Enterobacteriacae such as the K. pneumoniae complex and on the
hospital environment in order to assess the dissemination of lineages and efficient plasmids.

4. Materials and Methods
4.1. Collection of Metadata on ESBL Enterobacteriaceae Associated Infections

In order to compare ECC with other relevant bacteria, an initial investigation of the
incidence of nosocomial ESBL Enterobacteriaceae acquired at the UHCG was performed be-
tween April 2018 and August 2019. In this study, we followed the definition of nosocomial
infections provided by the World Health Organization. They correspond “to infections
acquired during hospital care which are not present or incubating at admission. Infections
occurring more than 48 h after admission are usually considered nosocomial” [61]. All
clinical metadata on ESBL Enterobacteriaceae that meet this definition were collected during
this 17-month period. Community-acquired ESBL Enterobacteriaceae infections were thus
excluded. Isolates from systematic colonization screening were not analyzed; furthermore,
if more than one isolate belonging to the same species with the same antibiotic suscepti-
bility pattern was recovered from the same patient, only the first was included. For each
strain, the date of admission, the hospital ward, the date of a positive specimen and the
nosocomial infection site were recorded. The incidence of ESBL Enterobacteriaceae infection
was calculated per 1000 in-hospital patient days (Supplementary Data Set S2).

4.2. Collection of Clinical ECC Strains and Associated Data

In parallel, non-duplicate ECC isolates were collected at the laboratory between April
2018 and August 2019 from patients admitted to the UHCG. Only infectious isolates con-
sidered to be hospital-acquired according to the same definition given in Section 4.1 were
conserved (n = 135). The study protocol was approved by the local ethics committee (ref-
erence A5_19_12_05_TRAMID). Briefly, after isolation, bacteria were found to be related
to the “E. cloacae complex” by performing matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry and associated software (MALDI-TOF MS; bioMérieux,
Marcy L’Etoile, France) [62]. Antimicrobial susceptibility was then analyzed as recom-
mended in the 2018 CA-SFM/EUCAST guideline by the disc diffusion method using
the Mueller–Hinton medium [63]. As most of the C3G-R Enterobacter overproduced their
cephalosporinase, an additional investigation was conducted with Mueller–Hinton medium
supplemented with cloxacillin to detect ESBL production [63]. The resistance profile of
these ECC isolates was characterized against β-lactam antibiotics as follow: wild-type
cephalosporinase (WT), cephalosporinase over-production (without ESBL production;
CoP), ESBL or carbapenemase producer. The sampling date, the nature of the biological
sample and the hospital ward were recorded anonymously. Antimicrobial susceptibility
was determined for the following antibiotic components: ampicillin (10 µg), amoxicillin–
clavulanic acid (20–10 µg), ticarcillin (75 µg), temocillin (30 µg), cefoxitin (30 µg), cefotaxime
(5 µg), ceftazidime (10 µg), aztreonam (30 µg), cefepim (30 µg), ertapenem (10 µg), gentam-
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icin (10 µg), amikacin (30 µg), nalidixic acid (30 µg), ciprofloxacin (5 µg), tigecycline (15 µg)
and trimethoprim–sulfamethoxazole (1.25–23.75 µg; Supplementary Data Set S1).

4.3. DNA Extraction and hsp60 Cluster Identification

In addition to routine species identification of ECC members by MALDI-TOF MS,
partial hsp60 coding gene amplification and sequencing were conducted for new isolates,
as previously described [4,18]. All amplicons were first entered into the hsp60ECCtool
v1.1.0, available on our Galaxy server [64–66]. It allows for the easy identification of
ECC at the hsp60 cluster level and a species prediction with the BLASTn approach and
specific databases. The tool includes a large panel of complete, non-redundant sequences
that code for the hsp60 extracted from ECC assemblies recovered in GenBank (July 2021,
194 sequences) [67]. These references were sorted and identified at species, Sutton’s clade
and Hoffman’s cluster levels [2–5,18]. In addition, a maximum likelihood phylogenetic
reconstruction was performed with IQ-tree v2.1.2 and associated dependencies (–merit BIC:
TIM3e+I+G4 –ufboot 1000 –bnni) [68–70], after alignment with MAFFT and a large reference
panel (-flavor auto, v7.505; see Figure S3 legend for details) [18,71]. The phylogenetic
tree was then drawn and annotated with the online tool iTOL v6.4.2 (Figure S3) [72].
This extended reference panel was used to avoid any “atypical clustering”, as previously
mentioned [32]. DNA was initially extracted with the QIAamp DNA minikit (Qiagen,
Hilden, Germany).

4.4. Assembly and Core-Genome Phylogenetic Analyses of ESBL ECC

To investigate the genomic dynamics of ECC members and their mobile genetic ele-
ments, WGS was conducted on all the recovered strains characterized as ESBL producers,
except for the 23 previously sequenced isolates (for details of the new collection see Sup-
plementary Data Set S1) [18,19]. These strains were sequenced at the “Plateforme de
microbiologie mutualisée” on the Pasteur International Bioresources network (Institut
Pasteur, Paris, France). The method and software used in the short-read sequencing step
were the same as those previously described [18,19]. We obtained an estimated coverage of
93-fold (AlienTrimmer v0.4.0) [73]. SPAdes software v3.12.0 was used for de novo assembly
(-careful), and quality was verified with QUAST v5.0.2 [74,75]. This step led to a N50 mean
of 172,235 (min: 79,193; max: 323,676). The mean benchmarking universal single-copy or-
thologs (BUSCO) score was estimated as 98.7% of completeness (single-copy; lineage_Data
Set_Enterobacterales; v5.0.0) [76].

The rest of our bioinformatics methodology is presented in a supplementary schematic
diagram (Figure S6). In order to follow the chronology of taxonomic changes in the
genus Enterobacter, phylogenetic identification was first confirmed by performing ANI
with FastANI software v1.3 against the ECC clade references proposed by Sutton et al., in
2018 (n = 22), with cut-off values of >95.0% for species delineation [3,77]. In parallel, we
conducted a precise species identification according to Wu et al. [5]. This second approach
proposed in 2020 includes isDDH and ANI analyses against a most-important reference
panel (ANI≥ 96.0% cut-off; n = 46). The isDDH value estimated with the online genome-to-
genome distance calculator tool (GGDC v2.1) was a ≥70.0% cut-off for species delineation
(pairwise analyses against all Enterobacter references are provided in Supplementary Data
Set S1) [5,6,78].

To observe the genomic structure of the collection of ESBL-producers, assembled
and identified genomes were annotated with Prokka software v1.14.6 [79], and a global
core-genome alignment was carried out with Roary v3.13.0 (-cd FLOAT 95) [80]. These
steps led to a global alignment of 2,133,125 bp, with 2098 genes shared by a least 95.0%
of bacterial isolates. ML phylogenetic reconstruction was performed with IQ-tree and
associated dependencies (–merit BIC: GTR+F+R8 –ufboot 1000 –bnni) [68–70]. The tree was
drawn and annotated with iTOL (Figure 2) [72].
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4.5. Sequence Type and Precise Clonal Relatedness among Major Enterobacter

For all WGS analyses, MLST was performed with mlst software v2.19.0 against
PubMLST [81–83]. As this bacterial complex includes different species, a deeper anal-
ysis to estimate the number of SNPs between members of the major ESBL-producing STs
recovered during this study was performed. To conduct further analyses, four strains were
selected from different ECC members and fully sequenced by performing ONT long-read
sequencing (GENC213, GENC405, GENC414 and GENC423). The long-reads sequencing
methodology was the same as described previously [19]. Unicycler software v0.4.8 was
used to generate hybrid assemblies between Illumina and the Nanopore sequencing data
(-mode normal) [84]. We used GENC213 as a reference for ST113, GENC405 for ST53 and
GENC414 for ST1503 (see Supplementary Data Set S1). The hybrid sequence of GENC200
was sequenced previously and was used as a reference for ST114 [19]. Mapping was carried
out by using Snippy v3.2 [85]. The resulting core-SNPs were concatenated and used to
infer ML trees for each ST analyzed by using IQ-tree and associated dependencies (–merit
BIC: K3P+ASC –ufboot 1000 –bnni; intermediate) [68–70]. Finally, SNPs difference matrix
files were generated after the removal of recombination elements with ClonalFrameML
v1.12 [86].

4.6. Plasmid Profiles and Genetic Contents

Antibiotic resistance genes and plasmid replicons were detected with Abricate soft-
ware v1.0.1 associated with ResFinder and PlasmidFinder databases, respectively (cut-off:
≥90.0% coverage and ≥70.0% nucleotide identity) [10,87,88]. For clinical isolates, ESBL-
coding genes were predicted as associated with plasmids or chromosomes by combining
different softwares (MOB-recon v3.0.3, PlasFlow v1.1.0, RFPlasmids v0.0.18) with default
thresholds. The location was considered to be acceptable when at least two software pro-
grams produced the same result, with a prediction of >70.0%; other ESBL-carrying contigs
were classified as “divergent” (see Supplementary Data Set S3) [11–13].

4.7. Sequencing and Synteny of a Major Local Resistance Plasmid

PlasmidFinder was used to identify an IncHI2 signature in 41 bacterial strains, of which
36 were clearly typed as ST1 (pMLST v2.0, IncHI2 DLST configuration, see Supplementary
Table S3) [10]. This profile was described in the previously assembled and annotated
pGENC200 plasmid (GenBank accession number CP061495) isolated from a local clinical
ST114 strain [19,24]. We estimated the number of bases shared by the plasmid of new
Enterobacter isolates and this first local reference by reconstructing putative plasmids by
mapping trimmed reads with Bowtie 2 (v2.4.2) against pGENC200 [89]. Then, these selected
mapped reads were assembled with SPAdes [74]. To assess the similarity of reconstructed
elements, QUAST software (v5.0.2) was used against the local reference (Table S3) [75].

Next, to accurately determine the structural differences of the local IncHI2 mobile
genetic elements, we focused on the fully reconstructed plasmids obtained by perform-
ing ONT long-read sequencing in Section 4.5 (pGENC213, pGENC405, pGENC414 and
pGENC423; Table S3). The previously assembled and annotated pGENC200 plasmid was
also analyzed [19]. Plasmid similarities were calculated by Mash distance according to the
approach of Matlock et al. (k-mer length: 13; sketch size: 5000; Mash v2.1) [90,91]. Antibiotic
resistance genes were detected with Abricate software as described above [87,88]. The
PTU of this plasmid selection was identified using COPLA [21,22]. A syntenic analysis
was performed against the larger circularized plasmid used as the reference (pGENC414:
349,057 bp). This step was performed with BRIG software v0.95 with default thresholds
(Figure 3) [92]. The annotation of pGENC414 was performed on RAST server v2.0 (anno-
tation scheme: RASTtk; Supplementary Data Set S3) [93]. The plasmid structures were
compared and visualized with Mauve software v2.4.0 (Figure S4) [94].
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4.8. Literature Search for Similar Plasmids

On 27 March 2022, in order to identify similar mobile genetic elements in the literature,
the nucleotide sequence of pGENC414 was searched with Mash distance in the Plasmid
database, PLSDB v2.1.1 (mash sketch -S 42 -k 21 -s 1000; max_pvalue = 0.1, max_dist = 0.1,
individually = false) [23,91]. Only IncHI2/ST1 plasmids with complete metadata were
conserved (associated bacterium, country, origin and submission date) [10]. In addition, the
antibiotic resistance genes and PTU of these plasmids were identified as described above
(see Supplementary Data Set S3) [21,87,88].

4.9. Global Phylogenetic Analysis of ECC Sutton’s Clade L

Because of the high prevalence of uncommon ESBL-producing strains belonging to
the “UD4” hsp60 cluster recovered in our study, initially associated with ECC Sutton’s clade
L strains (Figure S3 and Supplementary Data Set S4) [3,18], and in order to place these
isolates in the global context, all the WGS of ECC strains identified as belonging to this
previous genogroup, with good quality and complete metadata (collection date, country
and origin), were downloaded from GenBank on 29 June 2022 (see NCBI:txid2494701
and references [5,6]). Additional analyses were conducted with Similar Genome Finder
to research similar public genomes in PATRIC resource center (v3.6.12 query reference:
LEDN00000000, p-value: 0.001, Mash distance: ≤0.05) [3,91,95]. For quality control criteria,
see Figure S6. Wild-type resistance pattern hsp60 “UD4” GENC015 and GENC224 strains
recovered from our clinical isolates (Figure S3) were also sequenced (Supplementary Data
Set S4) [18].

The N50 mean of this ECC Sutton’s clade L collection (n = 58) was equal to 410,428
(min: 31,887, max: 5,111,427) [75]. The estimated mean BUSCO score was 98.8% complete-
ness (single-copy; –lineage_Data Set_Enterobacterales; Supplementary Data Set S4) [76].
Antibiotic resistance genes and plasmid replicons were detected in this collection with
Abricate associated with PlasmiFinder and ResFinder [10,87,88]. The ML phylogenetic tree
was created as described above after annotation with Prokka and a global core-genome
alignment with Roary [68–70,79,80]. The core-genome of the ECC Sutton’s clade L collection
is composed of 3295 genes shared by at least 95.0% of the bacterial isolates, with a global
alignment of 3,260,739 bp (Figure S5). We conducted another analysis after excluding all
members of E. chengduensis, which was the least represented species from this clade, and
conserved only ECC taxon 4 according to the approach of Wu et al. [5]. It corresponded
to 38 isolates (Figure 4; 3539 genes shared by at least 95.0% of bacterial isolates, global
alignment of 3,480,412 bp; –merit BIC: TIM2+F+R3 –ufboot 1000 –bnni) [68–70,79,80].

4.10. Data Analyses

Data collection and analyses were performed with Microsoft Access 2003. The inci-
dence of ESBL-producer cases per 1000 patient days at the UHCG was calculated after
sorting performed with GAM software for the management of medical, administrative
and financial patient data. Pearson’s χ2 or Fisher’s exact tests were used to determine the
significance of data (p < 0.05).

5. Conclusions

This study raises concern about emerging Enterobacter resistance species associated
with a successful plasmid in Guadeloupe. Using various complementary sequencing ap-
proaches, we analyzed the genomic context of the E. cloacae complex between 2018 and 2019.
The results for ESBL-producing strains suggest the dominance of specific lineages with intra-
hospital dissemination and the wide diffusion of a well-conserved blaCTX-M-15/IncHI2/ST1
plasmid. By performing a comparison with international data, we demonstrated the local
emergence of a novel sequence type. As several hospitalized patients have been infected
with similar clones carrying large antibiotic resistance gene patterns, the strains should be
compared with other strains and species collected from hospitals and community surveil-
lance, especially in the Caribbean, to better appreciate regional differences and the possible
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spread of successful ESBL-producing lineages and associated plasmids; in addition, the
screening of nosocomial environmental reservoirs should be performed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11101443/s1, Figure S1: Overall incidence of ESBL-
producing Enterobacteriaceae at the University Hospital Center of Guadeloupe between 2018 and
2019 (n = 330); Figure S2: Distribution of Enterobacter cloacae complex strains according to the type
of infection site; Figure S3: Maximum likelihood phylogenetic tree based on the partial hsp60
coding sequence of E. cloacae complex clinical isolates (n = 135); Figure S4: Alignment of the five
analyzed blaCTX-M-15/IncHI2/ST1 plasmids; Figure S5: Maximum likelihood unrooted phylogenetic
tree of E. cloacae complex Sutton’s clade L members; Figure S6: Schematic diagram of Materials
and Methods—Section 4; Table S1: Prevalence of resistant E. cloacae complex (ECC) isolates for
each tested antibiotic; Table S2: Abundance of identified resistance genes among the 57 E. cloacae
complex (ECC) strains characterized as ESBL producers; and Table S3: Quast comparison of plasmids
from previously sequenced pGENC200 (E. xiangfangensis, sequence type (ST) 114, CP061495) vs.
reconstructed plasmids with an IncHI2 incompatibility group. The link includes also the following
supplementary data set: Data Set S1: Sample metadata and details of genetic content of sequenced
ESBL producer E. cloacae complex (n = 57); Data Set S2: Clinical incidence of hospital acquired
ESBL-producing Enterobacteriaceae at the UHCG during the study period; Data Set S3: Metadata
for the blaCTX-M-15/IncHI2/ST1 plasmids recovered in Guadeloupe; and Data Set S4: Metadata and
details of genetic content of international collection of whole-genome sequenced and ESBL-producing
E. cloacae complex Sutton’s clade L (n = 58); Data Set S5: Curated Enterobacter metadata in NCBI
GenBank (1987–2019). References [3–5,10–13,18,19,24,26,63,67–72,74,75,77,78,80,87–89,94] are cited in
the supplementary materials.

Author Contributions: The study was conceptualized and supervised by A.T., S.B. (Sébastien Breurec)
and S.G.-R. Funding was acquired by A.T., S.B. (Sébastien Breurec) and S.G.-R., S.B. (Sylvaine
Bastian), S.B. (Sébastien Breurec) and T.F. collected epidemiological data, then M.P. and T.F. performed
additional analyses on these data. Biological samples were collected by J.-D.P., M.V. and S.B. (Sylvaine
Bastian). Investigations and data curation were performed by D.C., M.P., S.B. (Sébastien Breurec), S.F.
and Y.R., S.F. preformed Nanopore sequencing. Software development, programming and formal
genomic data analyses were undertaken by A.D., D.C., M.P. and Y.R. The original draft was written
by A.T., M.P., S.B. (Sébastien Breurec) and S.G.-R. Preparation of the published work was undertaken
by M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by an FEDER grant (2018-FED-1084), financed by the European
Union and the Guadeloupe Region (MALIN 2, https://www.projet-malin.fr).

Institutional Review Board Statement: Ethics approval was provided by the local ethics committee
(UHCG, reference A5_19_12_05_TRAMID).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that all supporting data are provided with the arti-
cle in the supplementary files. Antibiotic resistance profile results and partial hsp60 coding sequences
of the 135 clinical ECC strains are available on Supplementary Data Set S1. Eighty-nine partial hsp60
coding sequences were obtained from previous supplementary material [18] and the others were
newly sequenced. The 36 new whole-genome sequences of ECC isolates (ESBL producers, GENC015
and GENC224) and the four IncHI2/ST1 plasmids are deposited in GenBank database under BioPro-
ject no. PRJNA775655, while the 23 previously sequenced clinical isolates and plasmid (n = 1) were
included in the PRJNA649757 and PRJNA659514 BioProjects. The corresponding accession numbers
are listed in supplementary Data Set S1 for bacteria with ResFinder and PlasmidFinder outputs
and Data Set S3 for plasmids. Additional information on E. chengduensis and E. cloacae complex
taxon 4 analyses is presented in supplementary Data Set S4. Clinical metadata used for nosocomial
incidence analyses are available in Supplementary Data Set S2.

Acknowledgments: We are grateful to all the technicians and students at the University Hospital
Center and the Pasteur Institute of Guadeloupe who were involved in this work. We thank the
teams at the E. cloacae complex typing PubMLST database and the “Plateforme de microbiologie
mutualisée” for their cooperation. We are grateful to the informatics department of the University

https://www.mdpi.com/article/10.3390/antibiotics11101443/s1
https://www.mdpi.com/article/10.3390/antibiotics11101443/s1
https://www.projet-malin.fr


Antibiotics 2022, 11, 1443 17 of 20

of the Antilles for their logistical help in Galaxy KaruBioNet development (see also: http://www.
pasteur-guadeloupe.fr/karubionet.html) [65,66]. We also thank E. Heseltine for editorial assistance
and M. Jean-Pierre for sorting the health-care databases.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationship that could be construed as a potential conflict of interest. The
funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript, or in the decision to publish the results.

References
1. Davin-Regli, A.; Lavigne, J.P.; Pagès, J.M. Enterobacter spp.: Update on taxonomy, clinical aspects, and emerging antimicrobial

resistance. Clin. Microbiol. Rev. 2019, 32, e00002-19. [CrossRef]
2. Beyrouthy, R.; Barets, M.; Marion, E.; Dananché, C.; Dauwalder, O.; Robin, F.; Gauthier, L.; Jousset, A.; Dortet, L.; Guérin, F.; et al.

Novel Enterobacter lineage as leading cause of nosocomial outbreak involving carbapenemase-producing strains. Emerg. Infect.
Dis. 2018, 24, 1505–1515. [CrossRef] [PubMed]

3. Sutton, G.G.; Brinkac, L.M.; Clarke, T.H.; Fouts, D.E. Enterobacter hormaechei subsp. hoffmannii subsp. nov., Enterobacter hormaechei
subsp. xiangfangensis comb. nov., Enterobacter roggenkampii sp. nov., and Enterobacter muelleri is a later heterotypic synonym of
Enterobacter asburiae based on computational analysis of sequenced Enterobacter genomes. F1000Research 2018, 7, 521. [CrossRef]
[PubMed]

4. Hoffmann, H.; Roggenkamp, A. Population genetics of the nomenspecies Enterobacter cloacae. Appl. Environ. Microbiol. 2003, 69,
5306–5318. [CrossRef]

5. Wu, W.; Feng, Y.; Zong, Z. Precise species identification for Enterobacter: A genome sequence-based study with reporting of two
novel species, Enterobacter quasiroggenkampii sp. nov. and Enterobacter quasimori sp. nov. mSystems 2020, 5, e00527-20. [CrossRef]

6. Feng, Y.; Hu, Y.; Zong, Z. Reexamining the association of AmpC variants with Enterobacter species in the context of updated
taxonomy. Antimicrob. Agents Chemother. 2021, 65, e0159621. [CrossRef]

7. Rice, L.B. Federal funding for the study of antimicrobial resistance in nosocomial pathogens: No ESKAPE. J. Infect. Dis. 2008, 197,
1079–1081. [CrossRef]

8. World Health Organization. WHO Publishes List of Bacteria for Which New Antibiotics Are Urgently Needed. 2017. Available
online: https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-
needed (accessed on 2 February 2020).

9. Rozwandowicz, M.; Brouwer, M.S.M.; Fischer, J.; Wagenaar, J.A.; Gonzalez-Zorn, B.; Guerra, B.; Mevius, D.J.; Hordijk, J. Plasmids
carrying antimicrobial resistance genes in Enterobacteriaceae. J. Antimicrob. Chemother. 2018, 73, 1121–1137. [CrossRef] [PubMed]

10. Carattoli, A.; Zankari, E.; García-Fernández, A.; Voldby Larsen, M.; Lund, O.; Villa, L.; Møller Aarestrup, F.; Hasman, H. In silico
detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother.
2014, 58, 3895–3903. [CrossRef]

11. Krawczyk, P.S.; Lipinski, L.; Dziembowski, A. PlasFlow: Predicting plasmid sequences in metagenomic data using genome
signatures. Nucleic Acids Res. 2018, 46, e35. [CrossRef]

12. van der Graaf-van Bloois, L.; Wagenaar, J.A.; Zomer, A.L. RFPlasmid: Predicting plasmid sequences from short-read assembly
data using machine learning. Microb. Genom. 2021, 7, 000683. [CrossRef]

13. Robertson, J.; Nash, J.H.E. MOB-suite: Software tools for clustering, reconstruction and typing of plasmids from draft assemblies.
Microb. Genom. 2018, 4, e000206. [CrossRef] [PubMed]

14. George, S.; Pankhurst, L.; Hubbard, A.; Votintseva, A.; Stoesser, N.; Sheppard, A.E.; Mathers, A.; Norris, R.; Navickaite, I.; Eaton,
C.; et al. Resolving plasmid structures in Enterobacteriaceae using the MinION Nanopore sequencer: Assessment of MinION and
MinION/Illumina hybrid data assembly approaches. Microb. Genom. 2017, 3, e000118. [CrossRef]

15. Guyomard-Rabenirina, S.; Malespine, J.; Ducat, C.; Sadikalay, S.; Falord, M.; Harrois, D.; Richard, V.; Dozois, C.; The Laboratory
Working Group; Breurec, S.; et al. Temporal trends and risks factors for antimicrobial resistant Enterobacteriaceae urinary isolates
from outpatients in Guadeloupe. BMC Microbiol. 2016, 16, 121. [CrossRef]

16. Heinz, E.; Brindle, R.; Morgan-McCalla, A.; Peters, K.; Thomson, N.R. Caribbean multi-centre study of Klebsiella pneumoniae:
Whole-genome sequencing, antimicrobial resistance and virulence factors. Microb. Genom. 2019, 5, e000266. [CrossRef]

17. Piednoir, P.; Clarac, U.; Rolle, A.; Bastian, S.; Gruel, G.; Martino, F.; Mehdaoui, H.; Valette, M.; Breurec, S.; Carles, M. Spontaneous
community-acquired bacterial meningitis in adults admitted to the intensive care units in the Caribbean French West Indies:
Unusual prevalence of Klebsiella pneumonia. Int. J. Infect. Dis. 2020, 100, 473–475. [CrossRef]

18. Pot, M.; Reynaud, Y.; Couvin, D.; Ducat, C.; Ferdinand, S.; Gravey, F.; Gruel, G.; Guérin, F.; Malpote, E.; Breurec, S.; et al. Wide
distribution and specific Resistance pattern to third-generation cephalosporins of Enterobacter cloacae complex members in humans
and in the environment in Guadeloupe (French West Indies). Front. Microbiol. 2021, 12, 628058. [CrossRef]

19. Pot, M.; Guyomard-Rabenirina, S.; Couvin, D.; Ducat, C.; Enouf, V.; Ferdinand, S.; Gruel, G.; Malpote, E.; Talarmin, A.; Breurec,
S.; et al. Dissemination of extended-spectrum-β-Lactamase-producing Enterobacter cloacae complex from a hospital to the nearby
environment in Guadeloupe (French West Indies): ST114 Lineage coding for a successful IncHI2/ST1 plasmid. Antimicrob. Agents
Chemother. 2021, 65, e02146-20. [CrossRef]

http://www.pasteur-guadeloupe.fr/karubionet.html
http://www.pasteur-guadeloupe.fr/karubionet.html
http://doi.org/10.1128/CMR.00002-19
http://doi.org/10.3201/eid2408.180151
http://www.ncbi.nlm.nih.gov/pubmed/30014838
http://doi.org/10.12688/f1000research.14566.2
http://www.ncbi.nlm.nih.gov/pubmed/30430006
http://doi.org/10.1128/AEM.69.9.5306-5318.2003
http://doi.org/10.1128/mSystems.00527-20
http://doi.org/10.1128/AAC.01596-21
http://doi.org/10.1086/533452
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
http://doi.org/10.1093/jac/dkx488
http://www.ncbi.nlm.nih.gov/pubmed/29370371
http://doi.org/10.1128/AAC.02412-14
http://doi.org/10.1093/nar/gkx1321
http://doi.org/10.1099/mgen.0.000683
http://doi.org/10.1099/mgen.0.000206
http://www.ncbi.nlm.nih.gov/pubmed/30052170
http://doi.org/10.1099/mgen.0.000118
http://doi.org/10.1186/s12866-016-0749-9
http://doi.org/10.1099/mgen.0.000266
http://doi.org/10.1016/j.ijid.2020.09.1420
http://doi.org/10.3389/fmicb.2021.628058
http://doi.org/10.1128/AAC.02146-20


Antibiotics 2022, 11, 1443 18 of 20

20. Kieffer, N.; Royer, G.; Decousser, J.W.; Bourrel, A.S.; Palmieri, M.; Ortiz de la Rosa, J.M.; Jacquier, H.; Denamur, E.; Nordmann,
P.; Poirel, L. mcr-9, an inducible gene encoding an acquired phosphoethanolamine transferase in Escherichia coli, and its origin.
Antimicrob. Agents Chemother. 2019, 63, e00965-19. [CrossRef]

21. Redondo-Salvo, S.; Bartomeus-Peñalver, R.; Vielva, L.; Tagg, K.A.; Webb, H.E.; Fernández-López, R.; de la Cruz, F. COPLA, a
taxonomic classifier of plasmids. BMC Bioinform. 2021, 22, 390. [CrossRef]

22. Redondo-Salvo, S.; Fernández-López, R.; Ruiz, R.; Vielva, L.; de Toro, M.; Rocha, E.P.C.; Garcillán-Barcia, M.P.; de la Cruz, F. Pathways
for horizontal gene transfer in bacteria revealed by a global map of their plasmids. Nat. Commun. 2020, 11, 3602. [CrossRef]

23. Schmartz, G.P.; Hartung, A.; Hirsch, P.; Kern, F.; Fehlmann, T.; Müller, R.; Keller, A. PLSDB: Advancing a comprehensive database
of bacterial plasmids. Nucleic Acids Res. 2022, 50, D273–D278. [CrossRef]

24. NCBI Resource Coordinators. Database resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2016,
44, D7–D19. [CrossRef] [PubMed]

25. Pot, M.; Ducat, C.; Reynaud, Y.; Couvin, D.; Ferdinand, S.; Breurec, S.; Talarmin, A.; Guyomard-Rabenirina, S. Draft Genome
Sequence of Enterobacter chengduensis ECC445, Isolated from Fresh Water in the West Indies. [Figure S1—Manuscript under
Revision Process]. 2022. Available online: https://doi.org/10.6084/m9.figshare.21294879 (accessed on 7 October 2022).

26. Wu, W.; Feng, Y.; Zong, Z. Characterization of a strain representing a new Enterobacter species, Enterobacter chengduensis sp. nov.
Antonie Leeuwenhoek 2019, 112, 491–500. [CrossRef]

27. Santé Publique France. Mission Spares. In Surveillance de L’antibiorésistance en Établissement de Santé—Données 2018, Partie 2:
Résistance Bactérienne aux Antibiotiques; Santé Publique France: Saint-Maurice, France, 2020; pp. 1–54.

28. Robin, F.; Beyrouthy, R.; Bonacorsi, S.; Aissa, N.; Bret, L.; Brieu, N.; Cattoir, V.; Chapuis, A.; Chardon, H.; Degand, N.; et al. Inven-
tory of extended-spectrum-β-Lactamase-producing Enterobacteriaceae in France as assessed by a multicenter study. Antimicrob.
Agents Chemother. 2017, 61, e01911-16. [CrossRef]

29. Santé Publique France. GEODES. Available online: https://geodes.santepubliquefrance.fr (accessed on 2 January 2021).
30. Girlich, D.; Ouzani, S.; Emeraud, C.; Gauthier, L.; Bonnin, R.A.; Le Sache, N.; Mokhtari, M.; Langlois, I.; Begasse, C.; Arangia,

N.; et al. Uncovering the novel Enterobacter cloacae complex species responsible for septic shock deaths in newborns: A cohort
study. Lancet Microbe. 2021, 5247, e536–e544. [CrossRef]

31. Chang, C.Y.; Huang, P.H.; Lu, P.L. The resistance mechanisms and clinical impact of resistance to the third generation
cephalosporins in species of Enterobacter cloacae complex in Taiwan. Antibiotics 2022, 11, 1153. [CrossRef]

32. Garinet, S.; Fihman, V.; Jacquier, H.; Corvec, S.; Le Monnier, A.; Guillard, T.; Cattoir, V.; Zahar, J.R.; Woerther, P.L.; Carbonnelle,
E.; et al. Elective distribution of resistance to beta-lactams among Enterobacter cloacae genetic clusters. J. Infect. 2018, 77, 178–182.
[CrossRef]

33. Kremer, A.; Hoffmann, H. Prevalences of the Enterobacter cloacae complex and its phylogenetic derivatives in the nosocomial
environment. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31, 2951–2955. [CrossRef]

34. Moradigaravand, D.; Reuter, S.; Martin, V.; Peacock, S.J.; Parkhill, J. The dissemination of multidrug-resistant Enterobacter cloacae
throughout the UK and Ireland. Nat. Microbiol. 2016, 1, 16173. [CrossRef]

35. Zhou, K.; Yu, W.; Cao, X.; Shen, P.; Lu, H.; Luo, Q.; Rossen, J.W.A.; Xiao, Y. Characterization of the population structure, drug
resistance mechanisms and plasmids of the community-associated Enterobacter cloacae complex in China. J. Antimicrob. Chemother.
2018, 73, 66–76. [CrossRef]

36. Morand, P.C.; Billoet, A.; Rottman, M.; Sivadon-Tardy, V.; Eyrolle, L.; Jeanne, L.; Tazi, A.; Anract, P.; Courpied, J.P.; Poyart, C.; et al.
Specific distribution within the Enterobacter cloacae complex of strains isolated from infected orthopedic implants. J. Clin. Microbiol.
2009, 47, 2489–2495. [CrossRef]

37. Mateos, M.; Hernández-García, M.; Del Campo, R.; Martínez-García, L.; Gijón, D.; Morosini, M.I.; Ruiz-Garbajosa, P.; Cantón,
R. Emergence and persistence over time of carbapenemase-producing Enterobacter isolates in a Spanish university hospital in
Madrid, Spain (2005–2018). Microb. Drug Resist. 2021, 27, 895–903. [CrossRef]

38. Ji, Y.; Wang, P.; Xu, T.; Zhou, Y.; Chen, R.; Zhu, H.; Zhou, K. Development of a one-step multiplex PCR assay for differential
detection of four species (Enterobacter cloacae, Enterobacter hormaechei, Enterobacter roggenkampii, and Enterobacter kobei) belonging
to Enterobacter cloacae complex with clinical significance. Front. Cell. Infect. Microbiol. 2021, 11, 677089. [CrossRef]

39. Hernandez-Alonso, E.; Barreault, S.; Augusto, L.A.; Jatteau, P.; Villet, M.; Tissieres, P.; Doucet-Populaire, F.; Bourgeois-Nicolaos,
N.; SENSE Group. dnaJ: A new approach to identify species within the genus Enterobacter. Microbiol. Spectr. 2021, 9, e0124221.
[CrossRef] [PubMed]

40. Peirano, G.; Matsumura, Y.; Adams, M.D.; Bradford, P.; Motyl, M.; Chen, L.; Kreiswirth, B.N.; Pitout, J.D.D. Genomic epidemiology
of global carbapenemase-producing Enterobacter spp., 2008–2014. Emerg. Infect. Dis. 2018, 24, 1010–1019. [CrossRef] [PubMed]

41. Izdebski, R.; Baraniak, A.; Herda, M.; Fiett, J.; Bonten, M.J.; Carmeli, Y.; Goossens, H.; Hryniewicz, W.; Brun-Buisson, C.;
Gniadkowski, M.; et al. MLST reveals potentially high-risk international clones of Enterobacter cloacae. J. Antimicrob. Chemother.
2015, 70, 48–56. [CrossRef]

42. Gomez-Simmonds, A.; Annavajhala, M.K.; Wang, Z.; Macesic, N.; Hu, Y.; Giddins, M.J.; O’Malley, A.; Toussaint, N.C.; Whittier,
S.; Torres, V.J.; et al. Genomic and geographic context for the evolution of high-risk carbapenem-resistant Enterobacter cloacae
complex clones ST171 and ST78. mBio 2018, 9, e00542-18. [CrossRef]

http://doi.org/10.1128/AAC.00965-19
http://doi.org/10.1186/s12859-021-04299-x
http://doi.org/10.1038/s41467-020-17278-2
http://doi.org/10.1093/nar/gkab1111
http://doi.org/10.1093/nar/gkv1290
http://www.ncbi.nlm.nih.gov/pubmed/26615191
https://doi.org/10.6084/m9.figshare.21294879
http://doi.org/10.1007/s10482-018-1180-z
http://doi.org/10.1128/AAC.01911-16
https://geodes.santepubliquefrance.fr
http://doi.org/10.1016/S2666-5247(21)00098-7
http://doi.org/10.3390/antibiotics11091153
http://doi.org/10.1016/j.jinf.2018.05.005
http://doi.org/10.1007/s10096-012-1646-2
http://doi.org/10.1038/nmicrobiol.2016.173
http://doi.org/10.1093/jac/dkx361
http://doi.org/10.1128/JCM.00290-09
http://doi.org/10.1089/mdr.2020.0265
http://doi.org/10.3389/fcimb.2021.677089
http://doi.org/10.1128/Spectrum.01242-21
http://www.ncbi.nlm.nih.gov/pubmed/34937187
http://doi.org/10.3201/eid2406.171648
http://www.ncbi.nlm.nih.gov/pubmed/29774858
http://doi.org/10.1093/jac/dku359
http://doi.org/10.1128/mBio.00542-18


Antibiotics 2022, 11, 1443 19 of 20

43. Harada, K.; Shimizu, T.; Mukai, Y.; Kuwajima, K.; Sato, T.; Kajino, A.; Usui, M.; Tamura, Y.; Kimura, Y.; Miyamoto, T.; et al.
Phenotypic and molecular characterization of antimicrobial resistance in Enterobacter spp. isolates from companion animals in
Japan. PLoS ONE 2017, 12, e0174178. [CrossRef]

44. Haenni, M.; Saras, E.; Ponsin, C.; Dahmen, S.; Petitjean, M.; Hocquet, D.; Madec, J.Y. High prevalence of international ESBL
CTX-M-15-producing Enterobacter cloacae ST114 clone in animals. J. Antimicrob. Chemother. 2016, 71, 1497–1500. [CrossRef] [PubMed]

45. Tetsuka, N.; Hirabayashi, A.; Matsumoto, A.; Oka, K.; Hara, Y.; Morioka, H.; Iguchi, M.; Tomita, Y.; Suzuki, M.; Shibayama,
K.; et al. Molecular epidemiological analysis and risk factors for acquisition of carbapenemase-producing Enterobacter cloacae
complex in a Japanese university hospital. Antimicrob. Resist. Infect. Control 2019, 8, 126. [CrossRef] [PubMed]

46. Roberts, L.W.; Harris, P.N.A.; Forde, B.M.; Ben Zakour, N.L.; Catchpoole, E.; Stanton-Cook, M.; Phan, M.D.; Sidjabat, H.E.;
Bergh, H.; Heney, C.; et al. Integrating multiple genomic technologies to investigate an outbreak of carbapenemase-producing
Enterobacter hormaechei. Nat. Commun. 2020, 11, 466. [CrossRef] [PubMed]

47. Kizny Gordon, A.; Phan, H.T.T.; Lipworth, S.I.; Cheong, E.; Gottlieb, T.; George, S.; Peto, T.E.A.; Mathers, A.J.; Walker, A.S.;
Crook, D.W.; et al. Genomic dynamics of species and mobile genetic elements in a prolonged blaIMP-4-associated carbapenemase
outbreak in an Australian hospital. J. Antimicrob. Chemother. 2020, 75, 873–882. [CrossRef]

48. Zong, Z.; Feng, Y.; McNally, A. Carbapenem and colistin resistance in Enterobacter: Determinants and clones. Trends Microbiol.
2021, 29, 473–476. [CrossRef] [PubMed]

49. Haenni, M.; Métayer, V.; Jarry, R.; Drapeau, A.; Puech, M.P.; Madec, J.Y.; Keck, N. Wide spread of blaCTX-M-9/mcr-9 IncHI2/ST1
plasmids and CTX-M-9-Producing Escherichia coli and Enterobacter cloacae in rescued wild animals. Front. Microbiol. 2020,
11, 601317. [CrossRef] [PubMed]

50. Macesic, N.; Blakeway, L.V.; Stewart, J.D.; Hawkey, J.; Wyres, K.L.; Judd, L.M.; Wick, R.R.; Jenney, A.W.; Holt, K.E.; Peleg, A.Y.
Silent spread of mobile colistin resistance gene mcr-9.1 on IncHI2 “superplasmids” in clinical carbapenem-resistant Enterobacterales.
Clin. Microbiol. Infect. 2021, 27, 1856.e7–1856.e13. [CrossRef] [PubMed]

51. Pati, N.B.; Doijad, S.P.; Schultze, T.; Mannala, G.K.; Yao, Y.; Jaiswal, S.; Ryan, D.; Suar, M.; Gwozdzinski, K.; Bunk, B.; et al.
Enterobacter bugandensis: A novel enterobacterial species associated with severe clinical infection. Sci. Rep. 2018, 8, 5392. [CrossRef]
[PubMed]

52. Kubicek-Sutherland, J.Z.; Xie, G.; Shakya, M.; Dighe, P.K.; Jacobs, L.L.; Daligault, H.; Davenport, K.; Stromberg, L.R.; Stromberg,
Z.R.; Cheng, Q.; et al. Comparative genomic and phenotypic characterization of invasive non-typhoidal Salmonella isolates from
Siaya, Kenya. PLoS Negl. Trop. Dis. 2021, 15, e0008991. [CrossRef]

53. Gibert, M.; Paytubi, S.; Madrid, C.; Balsalobre, C. Temperature dependent control of the R27 conjugative plasmid genes. Front.
Mol. Biosci. 2020, 7, 124. [CrossRef]

54. Forns, N.; Baños, R.C.; Balsalobre, C.; Juárez, A.; Madrid, C. Temperature-dependent conjugative transfer of R27: Role of
chromosome- and plasmid-encoded Hha and H-NS proteins. J. Bacteriol. 2005, 187, 3950–3959. [CrossRef] [PubMed]

55. Buelow, E.; Rico, A.; Gaschet, M.; Lourenço, J.; Kennedy, S.P.; Wiest, L.; Ploy, M.C.; Dagot, C. Hospital discharges in urban
sanitation systems: Long-term monitoring of wastewater resistome and microbiota in relationship to their eco-exposome. Water
Res. X 2020, 7, 100045. [CrossRef] [PubMed]

56. Astolfi, M.C.T.; Carvalho, E.B.S.; de Barros, A.M.; Pinto, M.V.; de Lacerda, L.B.; Nogueira, V.B.; Lopes, E.F.; Astolfi-Filho, S.
Draft genome sequence of the novel Enterobacter cloacae strain amazonensis, a highly heavy metal-resistant bacterium from a
contaminated stream in Amazonas, Brazil. Genome Announc. 2018, 6, e00450-18. [CrossRef]

57. Vornhagen, J.; Bassis, C.M.; Ramakrishnan, S.; Hein, R.; Mason, S.; Bergman, Y.; Sunshine, N.; Fan, Y.; Holmes, C.L.; Timp, W.; et al.
A plasmid locus associated with Klebsiella clinical infections encodes a microbiome-dependent gut fitness factor. PLoS Pathog.
2021, 17, e1009537. [CrossRef]

58. Paauw, A.; Caspers, M.P.M.; Leverstein-van Hall, M.A.; Schuren, F.H.J.; Montijn, R.C.; Verhoef, J.; Fluit, A.C. Identification of
resistance and virulence factors in an epidemic Enterobacter hormaechei outbreak strain. Microbiology 2009, 155 Pt 5, 1478–1488.
[CrossRef] [PubMed]

59. Nguyen, T.T.H.; Kikuchi, T.; Tokunaga, T.; Iyoda, S.; Iguchi, A. Diversity of the tellurite resistance gene operon in Escherichia coli.
Front. Microbiol. 2021, 12, 681175. [CrossRef] [PubMed]

60. Jenkins, C.; Perry, N.T.; Godbole, G.; Gharbia, S. Evaluation of chromogenic selective agar (CHROMagar STEC) for the direct detection
of Shiga toxin-producing Escherichia coli from faecal specimens. J. Med. Microbiol. 2020, 69, 487–491. [CrossRef] [PubMed]

61. World Health Organization. Prevention of Hospital-Acquired Infections: A Practical Guide, 2nd ed.; World Health Organization:
Geneva, Switzerland, 2002; pp. 1–72.

62. Patel, R. Matrix-assisted laser desorption ionization–time of flight mass spectrometry in clinical microbiology. Clin. Infect. Dis.
2013, 57, 564–572. [CrossRef] [PubMed]

63. Société Française de Microbiologie. CA-SFM/EUCAST: Comité de L’antibiogramme de la Société Française de Microbiologie—
Recommandation 2018; Société Française de Microbiologie: Paris, France, 2018; pp. 1–132.

64. Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.; Grüning, B.A.; et al.
The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018, 46,
W537–W544. [CrossRef]

http://doi.org/10.1371/journal.pone.0174178
http://doi.org/10.1093/jac/dkw006
http://www.ncbi.nlm.nih.gov/pubmed/26850718
http://doi.org/10.1186/s13756-019-0578-3
http://www.ncbi.nlm.nih.gov/pubmed/31367347
http://doi.org/10.1038/s41467-019-14139-5
http://www.ncbi.nlm.nih.gov/pubmed/31980604
http://doi.org/10.1093/jac/dkz526
http://doi.org/10.1016/j.tim.2020.12.009
http://www.ncbi.nlm.nih.gov/pubmed/33431326
http://doi.org/10.3389/fmicb.2020.601317
http://www.ncbi.nlm.nih.gov/pubmed/33329492
http://doi.org/10.1016/j.cmi.2021.04.020
http://www.ncbi.nlm.nih.gov/pubmed/33915285
http://doi.org/10.1038/s41598-018-23069-z
http://www.ncbi.nlm.nih.gov/pubmed/29599516
http://doi.org/10.1371/journal.pntd.0008991
http://doi.org/10.3389/fmolb.2020.00124
http://doi.org/10.1128/JB.187.12.3950-3959.2005
http://www.ncbi.nlm.nih.gov/pubmed/15937157
http://doi.org/10.1016/j.wroa.2020.100045
http://www.ncbi.nlm.nih.gov/pubmed/32072151
http://doi.org/10.1128/genomeA.00450-18
http://doi.org/10.1371/journal.ppat.1009537
http://doi.org/10.1099/mic.0.024828-0
http://www.ncbi.nlm.nih.gov/pubmed/19372158
http://doi.org/10.3389/fmicb.2021.681175
http://www.ncbi.nlm.nih.gov/pubmed/34122392
http://doi.org/10.1099/jmm.0.001136
http://www.ncbi.nlm.nih.gov/pubmed/31935188
http://doi.org/10.1093/cid/cit247
http://www.ncbi.nlm.nih.gov/pubmed/23595835
http://doi.org/10.1093/nar/gky379


Antibiotics 2022, 11, 1443 20 of 20

65. Couvin, D.; Dereeper, A.; Meyer, D.F.; Noroy, C.; Gaete, S.; Bhakkan, B.; Poullet, N.; Gaspard, S.; Bezault, E.; Marcelino, I.; et al.
KaruBioNet: A network and discussion group for a better collaboration and structuring of bioinformatics in Guadeloupe (French
West Indies). Bioinform. Adv. 2022, 2, vbac010. [CrossRef]

66. Galaxy Karubionet. Available online: http://www.pasteur-guadeloupe.fr/karubionet.html (accessed on 9 November 2021).
67. GitHub—hsp60ECCtool. Available online: https://github.com/karubiotools/hsp60ECCtool (accessed on 9 November 2021).
68. Nguyen, L.T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating

maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef] [PubMed]
69. Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the ultrafast bootstrap approximation.

Mol. Biol. Evol. 2018, 35, 518–522. [CrossRef] [PubMed]
70. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate

phylogenetic estimates. Nat. Methods. 2017, 14, 587–589. [CrossRef] [PubMed]
71. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.

Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]
72. Letunic, I.; Bork, P. Interactive Tree of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids

Res. 2021, 49, W293–W296. [CrossRef]
73. Criscuolo, A.; Brisse, S. AlienTrimmer removes adapter oligonucleotides with high sensitivity in short-insert paired-end reads.

Commentary on Turner (2014) Assessment of insert sizes and adapter content in FASTQ data from NexteraXT libraries. Front
Genet. 2014, 5, 130. [CrossRef]

74. Prjibelski, A.; Antipov, D.; Meleshko, D.; Lapidus, A.; Korobeynikov, A. Using SPAdes de novo assembler. Curr. Protoc. Bioinform. 2020,
70, e102. [CrossRef]

75. Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality assessment tool for genome assemblies. Bioinformatics 2013, 29,
1072–1075. [CrossRef] [PubMed]

76. Simão, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome assembly and
annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212. [CrossRef] [PubMed]

77. Jain, C.; Rodriguez, R.L.M.; Phillippy, A.M.; Konstantinidis, K.T.; Aluru, S. High throughput ANI analysis of 90K prokaryotic
genomes reveals clear species boundaries. Nat. Commun. 2018, 9, 5114. [CrossRef] [PubMed]

78. Meier-Kolthoff, J.P.; Carbasse, J.S.; Peinado-Olarte, R.L.; Göker, M. TYGS and LPSN: A database tandem for fast and reliable
genome-based classification and nomenclature of prokaryotes. Nucleic Acids Res. 2022, 50, D801–D807. [CrossRef] [PubMed]

79. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef] [PubMed]
80. Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K.; Reuter, S.; Holden, M.T.; Fookes, M.; Falush, D.; Keane, J.A.; Parkhill, J. Roary:

Rapid large-scale prokaryote pan genome analysis. Bioinformatics 2015, 31, 3691–3693. [CrossRef] [PubMed]
81. GitHub—Mlst. Available online: https://github.com/tseemann/mlst (accessed on 24 February 2020).
82. Jolley, K.A.; Bray, J.E.; Maiden, M.C.J. Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website

and their applications. Wellcome Open Res. 2018, 3, 124. [CrossRef] [PubMed]
83. Miyoshi-Akiyama, T.; Hayakawa, K.; Ohmagari, N.; Shimojima, M.; Kirikae, T. Multilocus sequence typing (MLST) for characteri-

zation of Enterobacter cloacae. PLoS ONE 2013, 8, e66358. [CrossRef] [PubMed]
84. Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving bacterial genome assemblies from short and long sequencing

reads. PLoS Comput. Biol. 2017, 13, e1005595. [CrossRef]
85. GitHub—Snippy. Available online: https://github.com/tseemann/snippy (accessed on 28 November 2017).
86. Didelot, X.; Wilson, D.J. ClonalFrameML: Efficient inference of recombination in whole bacterial genomes. PLoS Comput. Biol.

2015, 11, e1004041. [CrossRef]
87. GitHub—Abricate. Available online: https://github.com/tseemann/abricate (accessed on 19 April 2020).
88. Florensa, A.F.; Kaas, R.S.; Clausen, P.T.L.C.; Aytan-Aktug, D.; Aarestrup, F.M. ResFinder—An open online resource for identifica-

tion of antimicrobial resistance genes in next-generation sequencing data and prediction of phenotypes from genotypes. Microb.
Genom. 2022, 8, 000748. [CrossRef]

89. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
90. Matlock, W.; Chau, K.K.; AbuOun, M.; Stubberfield, E.; Barker, L.; Kavanagh, J.; Pickford, H.; Gilson, D.; Smith, R.P.; Gweon, H.S.; et al.

Genomic network analysis of environmental and livestock F-type plasmid populations. ISME J. 2021, 15, 2322–2335. [CrossRef]
91. Ondov, B.D.; Treangen, T.J.; Melsted, P.; Mallonee, A.B.; Bergman, N.H.; Koren, S.; Phillippy, A.M. Mash: Fast genome and

metagenome distance estimation using MinHash. Genome Biol. 2016, 17, 132. [CrossRef]
92. Alikhan, N.F.; Petty, N.K.; Ben Zakour, N.L.; Beatson, S.A. BLAST Ring Image Generator (BRIG): Simple prokaryote genome

comparisons. BMC Genom. 2011, 12, 402. [CrossRef] [PubMed]
93. Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M.; et al. The

RAST Server: Rapid annotations using subsystems technology. BMC Genom. 2008, 9, 75. [CrossRef] [PubMed]
94. Darling, A.C.; Mau, B.; Blattner, F.R.; Perna, N.T. Mauve: Multiple alignment of conserved genomic sequence with rearrangements.

Genome Res. 2004, 14, 1394–1403. [CrossRef]
95. Davis, J.J.; Wattam, A.R.; Aziz, R.K.; Brettin, T.; Butler, R.; Butler, R.M.; Chlenski, P.; Conrad, N.; Dickerman, A.; Dietrich,

E.M.; et al. The PATRIC bioinformatics resource center: Expanding data and analysis capabilities. Nucleic Acids Res. 2020, 48,
D606–D612. [CrossRef] [PubMed]

http://doi.org/10.1093/bioadv/vbac010
http://www.pasteur-guadeloupe.fr/karubionet.html
https://github.com/karubiotools/hsp60ECCtool
http://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
http://doi.org/10.1093/molbev/msx281
http://www.ncbi.nlm.nih.gov/pubmed/29077904
http://doi.org/10.1038/nmeth.4285
http://www.ncbi.nlm.nih.gov/pubmed/28481363
http://doi.org/10.1093/molbev/mst010
http://doi.org/10.1093/nar/gkab301
http://doi.org/10.3389/fgene.2014.00130
http://doi.org/10.1002/cpbi.102
http://doi.org/10.1093/bioinformatics/btt086
http://www.ncbi.nlm.nih.gov/pubmed/23422339
http://doi.org/10.1093/bioinformatics/btv351
http://www.ncbi.nlm.nih.gov/pubmed/26059717
http://doi.org/10.1038/s41467-018-07641-9
http://www.ncbi.nlm.nih.gov/pubmed/30504855
http://doi.org/10.1093/nar/gkab902
http://www.ncbi.nlm.nih.gov/pubmed/34634793
http://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
http://doi.org/10.1093/bioinformatics/btv421
http://www.ncbi.nlm.nih.gov/pubmed/26198102
https://github.com/tseemann/mlst
http://doi.org/10.12688/wellcomeopenres.14826.1
http://www.ncbi.nlm.nih.gov/pubmed/30345391
http://doi.org/10.1371/journal.pone.0066358
http://www.ncbi.nlm.nih.gov/pubmed/23776664
http://doi.org/10.1371/journal.pcbi.1005595
https://github.com/tseemann/snippy
http://doi.org/10.1371/journal.pcbi.1004041
https://github.com/tseemann/abricate
http://doi.org/10.1099/mgen.0.000748
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1038/s41396-021-00926-w
http://doi.org/10.1186/s13059-016-0997-x
http://doi.org/10.1186/1471-2164-12-402
http://www.ncbi.nlm.nih.gov/pubmed/21824423
http://doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238
http://doi.org/10.1101/gr.2289704
http://doi.org/10.1093/nar/gkz943
http://www.ncbi.nlm.nih.gov/pubmed/31667520

	Introduction 
	Results 
	Clinical Incidence of Hospital Acquired ESBL-Producing Enterobacteriaceae at the UHCG between 2018 and 2019 
	Enterobacter hsp60 Distribution and Antibiotic Resistance Patterns at the UHCG 
	Specificities of ESBL-Producing ECC Populations 
	Sequence Analyses and Synteny of Major blaCTXM-15/IncHI2/ST1 Plasmids 
	Literature Search for Similar IncHI2/ST1 Resistance Plasmids 
	Phylogenetic Analysis of ECC Sutton’s Clade L in Guadeloupe and Global Comparison 

	Discussion 
	Nosocomial Incidence of ESBL-Producers in Guadeloupe 
	The Local hsp60 Cluster Distribution of Clinical ECC Does Not Mirror That in the National Population 
	Dissemination of Resistant Lineages through Hospital Wards 
	A Successful blaCTXM-15/IncHI2/ST1 Plasmid Is Circulating in ECC Nosocomial Populations 
	Limitations of the Study 

	Materials and Methods 
	Collection of Metadata on ESBL Enterobacteriaceae Associated Infections 
	Collection of Clinical ECC Strains and Associated Data 
	DNA Extraction and hsp60 Cluster Identification 
	Assembly and Core-Genome Phylogenetic Analyses of ESBL ECC 
	Sequence Type and Precise Clonal Relatedness among Major Enterobacter 
	Plasmid Profiles and Genetic Contents 
	Sequencing and Synteny of a Major Local Resistance Plasmid 
	Literature Search for Similar Plasmids 
	Global Phylogenetic Analysis of ECC Sutton’s Clade L 
	Data Analyses 

	Conclusions 
	References

