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Antibiotic Resistance, Virulence Factors and Whole-Genome
Characterization of Enterobacter spp. and Klebsiella aerogenes isolated
from hospitals in Lebanon.
By
Patricia I. Ghafari
ABSTRACT
Enterobacter cloacae complex (ECC) members and Klebsiella aerogenes are Gram-negative,
rod-shaped, opportunistic pathogens that cause healthcare-associated infections and
significantly threaten immunocompromised patients. Despite their clinical importance, their
resistant profile and pathogenicity are not well understood due to the scarcity of studies in
Lebanon and worldwide. This study presents a comprehensive whole-genome-based
characterization of multidrug resistant and hypervirulent ECC members recovered from
clinical settings in Lebanon. Identification and classification of 21 Enterobacter species and
three K. aerogenes, was performed through hsp60 genotyping and 16S rRNA gene
sequencing and confirmed by whole-genome average nucleotide identity (wgANI).
Enterobacter spp. (N=21) were divided into three different genetic clusters: cluster VIII,
cluster VI and only one mapping to cluster XI. Multi-locus sequence typing (MLST) was
used to determine the clonality of the isolates and core-genome single nucleotide
polymorphism (SNP) to study the phylogenetic relatedness. MLST typing revealed the clonal
diversity and helped in identifying epidemic clones such as ST114. Antibiotic susceptibility
testing showed that most isolates were extensively drug-resistant (XDR), and the majority
resistant to carbapenems(n=22/24). in silico analysis and plasmid-based replicon typing
(PBRT) confirmed that the horizontal gene transfer of conjugative plasmids among ECC
members facilitated the exchange of resistance determinants. Co-selection of resistance and
virulence characteristics could have provided a selective advantage. This study confirmed the
polyphyletic nature of ECC members and their potential to rapidly evolve and adapt through
horizontal gene transfer (HGT). It also revealed the need to expand prevention measures,
showed the importance of developing and maintaining surveillance practices to control the
spread of these pathogens, and the inevitability of implementing strict infection control
measures in healthcare facilities.
Keywords: Enterobacter spp., Klebsiella aerogenes, Enterobacter cloacae complex, NDM,
OXA-48, OXA-181, Heteroresistance, MDR hypervirulent strains.
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Chapter One
Introduction
1.1 Overview of Enterobacter spp.
1.1.1 Background
The Enterobacter genus, introduced by Hormaeche and Edwards in 1960, belongs to
the Enterobacteriaceae family, which is composed of Gram-negative bacteria and
includes over 100 species. Enterobacter are rod-shaped, non-spore forming, and
facultative anaerobic bacteria. They are motile and saprophytic. They are found in
natural environments such as soil, water, plants and are one of the most important
enteric commensal flora in humans and animals (Mezzatesta, Gona & Stefani, 2012;
Sanders & Sanders, 1997). Currently, the Enterobacter genus harbors 22 species: E.
aerogenes, E. amnigenus, E. arachidis, E. asburiae, E. carcinogenus, E. cloacae, E.
cowanii, E. dissolvans, E. gergoviae, E. helveticus, E. hormaechei, E. kobei, E.
ludwigii, E. mori, E. nimipressuralis, E. oryzae, E. pulveris, E. pyrinus, E.
radicincitans, E. soli, E. taylorae, and E. turicensis (Davin-Regli & Pages, 2015;
Mezzatesta, Gona& Stefani, 2012). Most of the mentioned species are plant pathogens,
however some can cause nosocomial infections, especially in immunocompromised
patients who are on mechanical ventilation, and are therefore, considered as
opportunistic pathogens. Infections caused by Enterobacter spp. include, but are not
limited to, lower respiratory tract infections, urinary tract infections (UTIs), bacteremia,
soft tissue infections, endocarditis, septic arthritis, osteomyelitis and many more
(Davin-regli & Pages, 2015; Zong, Feng& McNally, 2021). Although infections caused
by Enterobacter are hospital acquired, some community acquired infections have also
been reported (Ramos-Viva et al., 2019).
1

One of the most puzzling features of Enterobacter spp. is their ability to rapidly adapt
to different niches and conditions. Enterobacter spp. develop antibiotic resistance
during treatment due to their adaptability and ability to grow under antimicrobial
pressure ( Zong, Feng& McNally, 2021).
They are also members of the ESKAPE (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) family of pathogens which includes life threatening multidrug resistant organisms, responsible for the majority of nosocomial infections (WHO,
2017; Zhang et al., 2016).
1.1.2 Enterobacter cloacae complex (ECC)
The Enterobacter cloacae complex (ECC) includes Enterobacter spp. that cause
hospital acquired infections in humans and are considered major pathogens in intensive
care units (Moradigaravand et al., 2016). At the present time, six species have been
assigned as part of this complex: E. cloacae , E. asburiae, E. hormaechei, E. kobei, E.
ludwigii, and E. nimipressuralis (Annavajhala et al., 2019; Paauw et al., 2018), with E.
asburiae increasingly causing infections making it an emerging pathogen (De-Florio et
al., 2018). However, the most frequently encountered species in healthcare associated
infections (HAIs) are E. cloacae, E. hormaechei and Klebsiella aerogenes (DavinRegli& Pages, 2015; Davin-Regli, Lavigne& Pages, 2019).
1.1.2.1 E. cloacae
E. cloacae can be found in both aquatic and terrestrial environments and also belongs
to the normal microflora of the intestinal tract of animals and humans (Mezzatesta,
Gona & Stefanie, 2012). Over the past decade, E. cloacae has been one of the most
common pathogen isolated from immunocompromised patients, linked to its
association and contamination of diverse medical devices, surgical equipment,
operative cleaning solutions and detergents, intravenous equipment, and parenteral
2

nutrition solutions (Ferry et al., 2020; Moradigaravand et al., 2016; Wang et al., 2000).
E. cloacae can also be transmitted to neonates via contaminated intravenous devices,
fluids, parenteral nutrition solution, and powdered infant formula (Bowen & Braden,
2006; Mezzatesta, Gona, Stefani, 2012). E. cloacae’s ability to colonize and invade
diverse niches is mirrored by the genetic variety of its genome which carries a large
collection of accessory elements that enable its rapid adaptation to diverse
environments (Davin-Regli, Lavigne& Pages, 2019; Hoffmann & Roggenkamp, 2003;
van Nierop et al., 1998).
1.1.2.2 E. hormaechei
E. hormaechei was introduced as a species belonging to the Enterobacter genus in
1989. E. hormaechei consists of five subspecies: E. hormaechei subsp. hormaechei, E.
hormaechei subsp. steigerwaltii, E. hormaechei subsp. oharae, E. hormaechei subsp.
xiangfangensis and E. hormaechei subsp. hoffmannii (Hoffmann et al., 2005;
Mezzatesta, Gona& Stefani, 2012; Sutton et al., 2018).
Like E. cloacae it is a ubiquitous pathogen, infecting mainly intensive care patients. It
is usually recovered from urine, sputum, wounds, and blood (Mezzatesta, Gona &
Stefani, 2012; Wang et al., 2020). It is one of the most predominant species linked to
intensive care outbreaks. Genome studies of outbreak strains revealed a large repertoire
of transfer and mobile elements that showed the genomic plasticity of E. hormaechei
enabling it to colonize several niches and to survive harsh conditions (Mezzatesta,
Gona& Stefani, 2012; Ohad et al., 2014; Pauuw et al., 2009; Wenger et al., 1997). E.
hormaechei was also recently associated with a respiratory infection in calves (Wang et
al., 2020).
It can be easily distinguished from other species of the ECC using biochemical assays
being lactose, d-sorbitol, raffinose, melibiose, esculin and oxidase negative (Hoffmann
& Roggenkamp, 2003; Pauuw et al., 2009, Wang et al., 2020).
3

1.1.2.3 K. aerogenes (formerly E. aerogenes)
K. aerogenes was a member of the genus Enterobacter (previously E. aerogenes)
sharing phenotypic similarities with the other Enterobacter spp. However, wholegenome-based comparative phylogenetic studies revealed that E. aerogenes’ core
genome was closely related to Klebsiella, while its accessory genome is like that found
in Enterobacter spp. (Davin-Regli, Lavigne & Pages, 2019; Diene et al., 2013;
Wesevich et al., 2020) and as such was reclassified as K. aerogenes.
K. aerogenes is also an important nosocomial pathogen linked to several outbreaks in
Europe, especially France. Infections caused by this pathogen include UTIs,
pneumonia, bacteremia, skin infections, burn/wound infections, and adult meningitis
(Bosi et al, 1999 ; Diene et al., 2013). Moreover, it represents the paradigm of
opportunistic pathogens due to its virulence and resistance, and its ability to adapt to
antibiotic pressure (Hao et al., 2019).
1.1.3 Taxonomy and clusters of Enterobacter spp.
Identification and differentiation of the species and subspecies of the ECC, could be
done using DNA-DNA hybridization or biochemical phenotypic characterization, with
the 3-hydroxybutyrate test being used to differentiate between E. cloacae and E.
hormaechei. However, both are time consuming and error prone (Mezzatesta, Gona, &
Stefani, 2012), while the 16S rRNA sequence analysis cannot be reliably used for the
identification of Enterobacter spp. due to the high frequency of recombination that
occurs in that region (Hidron et al., 2008).
1.1.3.1 The Hoffman clusters
In 2003, Hoffmann and Roggenkamp, classified members of the ECC based on the
sequence analysis of the hsp60 (heat shock protein 60), which revealed 12 genetic
clusters ( E. asburiae cluster I, E. kobei cluster II, E. hormaechei subsp. hoffmannii
cluster III, E. roggenkampii cluster IV, E. ludwigii cluster V, E. hormaechei subsp.
4

1.3 Pathogenicity of Enterobacter spp. and K. aerogenes
1.3.1. Virulence factors
Virulence factors, which are either secreted, membrane associated or cytosolic, mediate
colonization, replication, and dissemination within the host (Schroeder et al., 2017).
Enteric pathogens, including members of the ECC and K. aerogenes, colonize various
niches and compete through different virulence factors with members of the intestinal
microbiota for space and nutrients (Heroven, Nuss& Dersch, 2017).
i. Stages of Pathogenesis
Adhesion is the first encounter between the pathogen and the host. Bacterial adhesion
facilitates interaction with targeted cells using surface structural elements, such as
flagella, fimbriae and curli fibers, which serve as virulence factors enabling bacterial
colonization and infection (Johnson, 1991).
Curli fibers are extracellular protein fibers that are involved in cell aggregation and
adhesion, they are used by members of the ECC for biofilm formation and
subsequently adhesion (Mezzatesta, Gona& Stephani, 2012). A biofilm is a bacterial
community embedded in extrapolymeric substances made of polysaccharides, DNA, or
proteins (Flemming et al., 2016). Enterobacter spp. are capable of colonizing medical
devices through biofilm formation which enhances survival upon exposure to
antimicrobial agents and facilitates the exchange of genetic materials (Zurob et al.,
2019).
ii. Immune Evasion
a. Metal homeostasis
Metal ions are co-factors or structural elements for essential enzymes. Iron is needed
for redox reactions, as a co-factor for tricarboxylic acid cycle (TCA) enzymes and
enzymes involved in oxygen-mediated metabolism and electron transport (Porcheron et
7

al., 2013; Zhang et al., 2016). Zinc is the second most important metal ion for bacterial
growth and survival. It plays an essential role in gene expression, DNA replication and
biosynthesis of amino acids (Kim et al., 2009).
An imbalance in bacterial metal homeostasis is fatal (Porcheron et al., 2013). One of
the main defense mechanisms used by the host during infections is bacterial restriction
of essential metals (Carpenter& Payne, 2014). Accordingly, pathogens developed
multiple mechanisms to scavenge or export metals, competing with their hosts
(Porcheron et al., 2013).
Enterobacter spp. and K. aerogenes, solubilize and transport iron through siderophores.
Siderophores are synthesized and secreted by pathogens into the extracellular
environment where they bind and transport ferric ions from the extracellular space back
to the bacterium through outer membrane receptors (Azevedo et al., 2018; Zhang et al.,
2016). Iron starved E. cloacae produce two different siderophores, enterobactin (also
known as enterochelin) and aerobactin. Aerobactin has a lower affinity to iron
compared to enterobactin but more of it is secreted as it plays a role in serum resistance
(Khan et al., 2020; Tiel-Menkveld et al., 1982). K. aerogenes also harbors iron uptake
systems, with yersinabactin being the most common detected siderophore (Mokracka,
Koczura& Kaznowski, 2004).
b. Secretion systems
Secretion systems are one of the most significant molecular systems in promoting
bacterial virulence. These systems secrete effector proteins into targeted cells or into
the extracellular matrix, to facilitate adhesion, scavenge essential nutrients, intoxicate,
or kill target cells and manipulate the host’s immune system (Krzymińska et al., 2009).
Secretion systems differ in size, effector proteins, and architecture. Accordingly, six
secretion systems (Type I-VI) were detected in Gram-negative bacteria with some
having multiple types (Costa et al., 2015).
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Type I secretion systems (T1SS) are very common and frequently found in Gramnegative bacteria. The T1SS usually mediate the secretion of adhesins, proteases, pore
forming toxins, lipases, and some iron scavenger proteins, facilitating bacterial
colonization and replication (Morgan, Acheson, and Zimmer, 2017; Spitz et al., 2019).
T2SS, which is conserved in many Gram-negative bacteria, secretes effector proteins
from the periplasm into the extracellular space. The effector proteins are enzymes, such
as lipases, proteases, cellulases, phospholipases, and phosphatases; they are linked to
host cell and tissue damage and can mediate metabolic adaptation (Korotkov,
Sandkvist& Hol, 2012; Sandkvist, 2001).
On the other hand, the T3SS, is known as the “injectosome” or the “needle and syringe
structure” due to its architecture that looks like a needle. The T3SS directly delivers
effector proteins into targeted cells in a contact dependent manner (Korotkov,
Sandkvist& Hol, 2012, Lombardi et al., 2019). Although T3SS effector proteins vary
among pathogens, most of them are involved in immune system subversion, disruption
of the host cytoskeleton, disrupting cellular trafficking processes, and inducing cellular
cytotoxicity and death through apoptosis or necrosis (Coburn et al., 2007).
T4SS, however, secretes effector proteins that mediate vacuole formation and host’s
immune response evasion, and is unique due to its ability to uptake or transfer DNA. It
serves, as a result, as a conjugative system mediating the acquisition of resistance and
virulence determinants (Costa et al., 2021; Korotkov, Sandkvist& Hol, 2012).
Finally, the T6SS system are also very common, being used as a weapon against other
organisms competing for space and resources. T6SS translocate effector proteins into
rival cells, in a contact dependent manner, inhibiting their growth. The targets of T6SS
effector proteins in prokaryotes are the wall, membrane, and nucleic acids, while it’s
actin in eukaryotes (Green & Mecsas, 2016). T6SS is also associated with zinc
acquisition through a secreted zinc scavenging protein (TseZ) (Repizo et al., 2015, Si et
9

al., 2017). Enterobacter spp. harbors all the above (Khan et al., 2020; Mustafa et al.,
2020), and in E. cloacae two functional T6SS were detected and were designated as
T6SS-1 and T6SS-2 (Soria-Bustos et al., 2020).
c. Outer membrane protein
The outer membrane in Gram-negative bacteria contains several integrated membrane
proteins designated as outer membrane proteins (OMPs). OMPs are exposed to the
environment and are the first line of contact. OMPs are involved in diverse cellular
functions, such as cell signaling, nutrients scavenging, adhesins, siderophore receptors
and evasion of the immune system (Ebbensgaard et al., 2018; Rollauer et al., 2015).
OmpA family of proteins also establish a physical linkage between the OM and the
peptidoglycan layer, regulate adhesion, biofilm formation and activation of the innate
immune response (Koebnik et al., 2000; Nie et al., 2020). OmpX family of proteins on
the other hand, mediate macrophage survival (Koebnik et al., 2000), while OmpC and
OmpF are porins facilitating influx of antimicrobial agents (Choi &Lee, 2019).
1.4 Resistance Mechanisms
Multi-drug resistant Enterobacteriaceae were listed by the World Health Organization
(WHO) as high priority pathogens due to the elevated linked rate of mortalities
(Kopotsa, Sekyere, & Mbelle, 2019). Resistance within this family was detected against
first line drugs, carbapenems and even colistin (Mushtaq et al., 2020).
1.4.1 Intrinsic resistance
Enterobacter spp. and K.aerogenes are intrinsically resistant to penicillins, in addition
to first and second generation cephalosporins, attributed to Ambler class C
cephalosporinase (ampC-ampD and ampR code for enzymes that hydrolyze the βlactam ring). Intrinsic resistance to third generation cephalosporins and aztreonam was
also detected in Enterobacter spp. and K. aerogenes, linked to ampD mutations, or
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through the acquisition of ampC genes through mobile genetic elements, resulting in
AmpC hyperproduction (Annavajhala et al., 2019; Cheng et al., 2017). Efflux pumps
also play a key role mediating intrinsic or acquired resistance in gram-negative
bacteria. These pumps are embedded in the membrane, and act by pumping out
antibiotic molecules. AcrAB-TolC, are efflux pumps in E. cloacae and E. hormaechei
associated with intrinsic resistance to tigecycline, carbapenems and colistin (Daurel et
al., 2009; Perez et al., 2007).
1.4.2 Acquired resistance
1.4.2.1 Mobile Genetic Elements
Pathogens acquire antimicrobial resistance (AMR) though four main mechanisms:
Antibiotic inactivation/alteration, target site modifications, reduced antibiotic
penetration and accumulation, biofilm formation and acquisition of mobile genetic
elements (MGE) (De Oliveira et al., 2020). Enterobacter spp. and K. aerogenes can
acquire new MGEs which contribute to resistance, increased pathogenicity and are
associated with their fast ability to adapt (Azevedo et al., 2018; Gravey et al.,
2020).The most relevant elements that provide resistance to both Enterobacter spp. and
K. aerogenes are conjugative transposons (Tn) as well as integrative and conjugative
plasmids (De Oliveira et al., 2020, Rozwandowicz et al., 2018; Sanders& Sanders,
1997). The exchange of plasmids between organisms plays a crucial role in the
interchange of genetic information. They are mobile elements that mediate resistance,
virulence, and enhance bacterial fitness (Rozwandowicz et al., 2018; Virolle et al.,
2020). Plasmids are circular extrachromosomal replicons with a size range of 30 kbp to
300 kbp and have been classified based on the incompatibility (Inc) of plasmids that
share similar partition systems, to coexist and stably propagate in the same host. There
are 28 different Inc groups linked to members of the Enterobacteriaceae family, with
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IncFII being the most common among ECC members (Rozwandowicz et al., 2018,
Shintani, Sanchez& Kimbara, 2015).
Transposable elements (TE) on the other hand, are DNA fragments that can “move”
from locus to locus within the same or different genome, altering the genetic
background of the site of insertion. Transposons (Tn) provide plasticity to the genome,
they usually carry resistant genes and are prone to mediate recombination (Bennett,
2004; Sultan et al., 2018). In ECC members, transposons play a big role in resistance
with the most common being Tn2101, Tn1331, Tn3000 and Tn402 derivatives (Alavi
et al., 2011). Transposons are also one of the reasons behind the diverseness of ECC
genomes, since they are prone to recombination with each transposition event,
modifying their genetic background (Bennet, 2004).
1.4.2.2 Extended-spectrum β-lactamases
β-lactam antibiotics act on bacteria by inhibiting their cell wall synthesis through the
inhibition of penicillin-binding proteins (PBP) (enzymes mediating the cell wall
synthesis) (Zeng & Lin, 2013). β-lactam antibiotics include penicillins, cephalosporins,
carbapenems and monobactams (Pandey & Cascella, 2021).
Extended-spectrum β-lactamases (ESBLs) are plasmid encoded hydrolytic enzymes
that hydrolyze the β-lactam ring, rendering the bacterium resistant to antibiotics such as
third generation cephalosporins and monobactam (i.e., aztreonam) (Amin et al., 2013;
Davin-Regli & Pagès, 2015; Rawat & Nair, 2010).
ESBLs are exchanged among members of the Enterobacteriaceae and are commonly
detected in Enterobacter spp. and K. aerogenes. The presence ampC along with the
carriage of ESBLs, lead to pan β-lactam resistance in ECC members (Annavajhala et
al., 2019; Podschun & Ullmann, 1998).
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1.4.2.3 Carbapenem Resistance in ECC and K.aerogenes
Carbapenems, such as imipenem, meropenem and ertapenem, are β-lactam
antimicrobial agents that are resistant to most β-lactamases and are used as last resort
antibiotics to treat infections caused by ESBL and AmpC producing bacteria (PappWallace et al., 2011).
Enterobacter spp. are the second most commonly encountered carbapenem-resistant
pathogen and the second most prevalent carbapenemase producing bacteria among
members of the Enterobacteriaceae (Annavajhala et al., 2019).
Carbapenemases encoding genes fall into three groups: Ambler Class A, B and D
(Bush & Jacoby, 2010).Class A carbapenemases are serine β-lactamases because they
have serine in their active site. These can be chromosomally encoded, or plasmid
borne. The most frequent Class A carbapenemase is the K. pneumoniae carbapenemase
(KPC) enzyme (blaKPC), with several outbreaks being linked to the spread of
nosocomial Enterobacter spp. carrying blaKPC on their plasmids (Ferranti et al., 2018).
The Class B carbapenemases on the other hand, are metallo-beta-lactamases (MBL).
They are zinc-based and can be inhibited by metal chelators. These enzymes include
NDM (New Delhi metallo-lactamase), IMP (Imipenem-resistant Pseudomonas), and
VIM (Verona integron-encoded metallo-lactamase). blaNDM, blaIMP and blaVIM, are
usually detected on plasmids and other transposable elements, with blaNDM being the
most common in ECC members (Cui, Zhang & Du, 2019; Smith & Kendall, 2021).
Class D carbapenemases are serine lactamases, they cleave oxacillin, and are
designated as oxacillinases (OXA). Interestingly, this class can also cleave penicillin
which differentiates them from the class A serine β-lactamases. OXA-48 is the most
common variant and is typically found in K. pneumoniae and among Enterobacter spp.
(Cui, Zhang & Du, 2019).
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Bacteria have acquired various mechanisms of resistance other than antimicrobial
inactivation through enzymes. Of these, is mutations introduced in porins, which cause
changes in membrane permeability blocking the passage of the antimicrobial agent
(Meletis, 2016). Acquisition of resistance to carbapenems in ECC members is through
two main mechanisms including carbapenemases or mutations within porins combined
with efflux pumps, mediating membrane permeability changes (Logan et al., 2015;
Sheu et al., 2019; Tamma & Simner 2018). Over expression of efflux pumps and loss
of porins were linked to imipenem and meropenem resistance in carbapenemresistant Enterobacter cloacae complex (CREC) that lacked carbapenemase encoding
genes (Chen et al., 2021). Carbapenem resistant K. aerogenes (CR-KE) also rely on
inducing changes in membrane permeability, combined with the overproduction of
AmpC or ESBLs (Ma et al., 2020; Malek et al., 2019). During the first stage of
treatment with carbapenems, K. aerogenes introduces mutations in Omp35 porin
leading to ertapenem and partial carbapenem resistance. However, extended treatment
induces non-synonymous mutations in Omp36 rendering all carbapenems ineffective.
1.4.2.4 Colistin Resistance
Colistin is an antibiotic that was used during the 1950’s to treat infections caused by
multidrug resistant Gram-negative pathogens. It is a cationic antibiotic that basically
act by disrupting the outer membrane, targeting the LPS, which is anionic. By binding
to LPS, colistin causes, in a competitive manner, the displacement of magnesium and
calcium ions from LPS phosphate groups disrupting, as a result, the integrity and
stability of the outer membrane, leading to the loss of the cellular content, and
eventually killing the pathogen (Bialvaei& Samadi Khafil, 2015; Loho & Dharmayanti,
2015). Colistin is neurotoxic and so its clinical use was banned up until the emergence
and spread of carbapenem resistant pathogens. Colistin is now considered as the last
line treatment option for infections caused by pan resistant Enterobacteriaceae,
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especially for intensive care patients (Dagher et al., 2019; Zeng et al., 2016). Resistance
to colistin was linked to modifications in the LPS through chromosomal mutations. The
most frequent mechanism is modifying the LPS by reducing its net negative charge,
thus inhibiting colistin binding. In 2015, plasmid encoded genes, mcr , were detected in
Enterobacteriaceae, and were associated with colistin resistance. mcr encodes for a
phosphoethanolamine transferase, an enzyme that adds phosphoethanolamine to
lipid A moiety of LPS. This modification reduces the overall negative charge of LPS,
rendering the bacterium resistant to colistin (Aghapour et al., 2019). Currently, nine
different plasmid-mediated mcr variants (mcr-1 -9) have been reported (Salloum et al.,
2020).
Colistin resistant ECC isolates carry mcr-1 -9 genes on plasmids, leading to colistin
resistance due to transfer of plasmids from resistant to sensitive isolates (Wise et al.,
2018). Recent studies reported the co-occurrence of mcr-9 and blaNDM-1 and blaVIM-4
in E. cloacae and E. hormaechei rendering resistance to both colistin and carbapenem.
This is a serious matter of concern since it was shown that Enterobacter spp. can
harbor and co-spread genes responsible for the resistance to last-resort agents (Chavda
et al., 2019; Lin et al., 2020; Soliman et al., 2020). In addition, excreting colistin out
through efflux pumps, KpnEF, AcrAB-TolC and Sap, is another important mechanism
leading to colistin resistance in Enterobacter spp. (Aghapour et al., 2019;
Sundaramoorthy et al., 2019).
1.5 Heteroresistance
Bacterial resistance is generally identified by estimating the minimum inhibitory
concentration (MIC) required for an antibiotic to inhibit growth. However, some
bacterial populations that were classified as susceptible based on their MIC values,
harbored subpopulations that were able to survive antibiotic treatment. Heteroresistance
gives rise to bacterial subpopulations displaying 8-fold MIC increase. Heteroresistant
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cells can grow in the presence of antibiotics and maintain their phenotype for several
generations (up to 50 generations). However, upon removal of the treatment pressure,
they lose resistance due to intrinsic genome instability (Andersson et al., 2019; Norman
et al., 2015). Heteroresistance is still not well understood, however, it is believed that it
originates from genetic events linked to resistance genes duplications or mutations in
regulatory systems (Dewachter et al., 2019).
Under the selective pressure of treatment, Enterobacter spp.’ rapid genomic evolution
enables this organism to adapt and develop heteroresistance. Enterobacter spp. have the
highest rates of detected heteroresistance against carbapenem and colistin compared to
other pathogens such as Pseudomonas aeruginosa and K. pneumoniae (Band et al.,
2021). Carbapenem heteroresistance in Enterobacter spp. is due to carabpenemase gene
amplification through copy number increase (Nicoloff et al., 2019).
In E. cloacae, heteroresistant populations survive colistin treatment by adding a
cationic amine moiety, PhoPQ-dependent 4-amino-4-deoxy-l-arabinose, to lipid A,
reducing colistin’s affinity to the OM (Band et al., 2016).
1.6 Aims of this study
•

Investigate the population dynamics of pathogenic members of the ECC.

•

Determine the antibiotic susceptibility profile of ECC isolates and detect the
presence of different resistance genes through PCR and in silico typing.

•

Identify antimicrobial resistance gene reservoirs in resistant isolates.

•

Identify hypervirulent strains and determine the genes involved in virulence via
in silico typing.

•

Identify genes involved in host adaptation and investigate variation in virulence
potential.

•

Investigate the presence of heteroresistance in some isolates.
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•

Investigate the relatedness of the isolates using SNP-based analysis and pangenome analysis.

•

Identify the relationship between resistance and virulence determinants among
the study isolates.
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Chapter Two
Materials and Methods
2.1 Ethical Approval
No ethical approval was required for this study since the isolates were collected and
stored as part of a routine clinical screening. Also, patients’ information (such as name)
were anonymized before any kind of studies.
2.2 Bacterial Isolates
A total of 21 Enterobacter spp., and three K.aerogenes isolates recovered from clinical
settings, were collected from hospitals in Lebanon. They were isolated from stool (two
isolates), contaminated commercial fluids for intravenous injections (two isolates),
deep tracheal aspiration (DTA) (four isolates), urine (six isolates), blood (three isolates)
and catheters (seven isolates) (Table 2).
Eleven isolates were collected from male patients and 13 were collected from female
patients. The age ranged from 1-95 years old.
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cefoperazone/sulbactam), 4th generation cephalosporins (cefepime), carbapenems
(ertapenem, imipenem and meropenem), folate pathway inhibitors
(trimethoprim/sulfamethoxazole) and polymyxin (colistin).
Minimum-inhibitory concentrations (MIC) were assessed with the Vitek2 system
(BioMerieux), and the results were interpreted according to the clinical & laboratory
standard institute (CLSI) recommendations (CLSI, 2018). The MIC of colistin was
assessed by broth microdilution method (BMD) following the instructions of the
European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2022);
isolates were considered susceptible if colistin MICs via BMD is ≤2 µg/ml and resistant
if >2 µg/mL.
2.4. DNA Extraction
The isolates were grown overnight in tryptic soy broth (TSB), and the DNA was
extracted using the Nucleospin® Tissue kit (Macherey-Nagel, Germany) according to
the manufacturer's instructions, and was stored at -20℃ for future use.
2.5 16S rDNA and hsp60 gene amplification by PCR and sequencing
Primary identification of the isolates was done through 16S rDNA sequence analysis
using universal 16S rDNA primers.
Identification of the Hoffmann cluster for each ECC member was achieved through
PCR amplification and sequencing of the hsp60 gene using the hsp60-F and hsp60-R
primers (Table 3) as described by Hoffman et al., (2003). The hsp60 sequence for each
isolate was aligned against references representing the 12 Hoffmann clusters (I→ XII).
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2.9.3 Annotation
Annotation of the fasta files was done using Prokka version 1.13. with a similarity
cutoff e-value 10−6 and minimum contig size of 200 bp (Seemann 2014).
2.9.4 In silico analysis
In silico primary species identification was done using KmerFinder 3.2 on Center for
Genomic Epidemiology website(CGE)(www.genomicepidemiology.org)(Hasman et
al., 2014). STs were assigned to each isolate using the blast option available on pubmlst
(https://pubmlst.org/). The Comprehensive Antibiotic Resistance Database (CARD)
and ResFinder 4.1 available on CGE website were used to determine the presence of
resistance determinants and efflux pumps (Carattoli et al., 2014). The presence of
putative VFs was screened using both VF schemes available on VirulenceFinder
database from VFDB (http://www.mgc.ac.cn/VFs/main.htm) and IslandViewer4 for
Pathogenicity Islands (http://www.pathogenomics.sfu.ca/islandviewer/). PlasmidFinder
2.1 available on CGE website was used to detect the presence of Inc groups (Carattoli
et al., 2014). Characterization of mobile genetic elements and their relation to the
isolates’ resistance genes and virulence factors was performed using
MobileElementFinder found on the CGE website and ISfinder tool (https://wwwis.biotoul.fr/index.php) was used to pinpoint insertion sequences (Siguier, Perochon,
Lestrade, Mahillon, & Chandler, 2006).
2.9.5 Pangenome analysis
The Annotated GFF3 files were piped into Roary version 3.12.0. choosing a minimum
blastp identity of 95 and core gene prevalence in all (>99%) of the isolates. The
resulting pan-genome fingerprints of the isolates was visualized on Phandango V 1.1.0
(Hadfield et al., 2018).
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from the diluted cultures were added to a 96-well plate. A negative control of only LB
broth was included. The plates were then incubated overnight at 37℃. Growth was
confirmed by measuring the OD600 . Plates were washed 3x with water and then with
ethanol (95%). The aliquots were then added to new 96-well plates and their OD540 was
measured. OD values were used to classify the isolates as being non-adherent, weak,
moderate, or strong biofilm producer according to the following: OD ≤ 0.05, nonbiofilm producer; OD > 0.05–0.1 weak biofilm producer; OD > 0.1–0.3 moderate
biofilm producer; OD > 0.3 strong biofilm producer (Ramos-Vivas et al., 2019).
2.12 Coaggregation assay
The isolates were grown in LB broth at 37℃ overnight. Cells were collected by
centrifugation (15 min at 10 000g) and washed 3x in a coaggregation buffer (1 mM Tris
(hydroxymethy) amino methane, 0.1 mM MgCl2, 0.1 mM CaCl2, 0.15 M NaCl, and 3.1
mM NaN3 at pH 7.8). The OD600 was then adjusted to 1. A 0.2 ml of two different cell
suspensions were mixed by vortexing for 30 secs and the OD600 of the mixed solution
was measured (OD1). The solution was then centrifuged for 2 min and left at room
temperature for 2 h, following which, the upper layer OD600 was measured (OD2). The
same was repeated after 24 h (OD24). The percentage of coaggregation was assessed
using the following:
% Coaggregation=(

𝑂𝐷1−𝑂𝐷2(𝑜𝑟 𝑂𝐷24)
𝑂𝐷1

)𝑥 100

If the percentage was higher than 30%, then coaggregation occurred (Datta, Stapleton
& Willcox, 2017). Experiments were conducted in triplicates.
2.13 MLST typing
PCR amplification of the seven housekeeping genes (dnaA, fusA, gyrB, leuS, pyrG,
rplB and rpoB) was performed, to determine the sequence type of: KAP9, KAP15,
KAP16, ENTP14 and ENT17-24 (isolates that were not subjected to WGS), using the
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2.14.2 Broth microdilution
Using the broth microdilution method according to EUCAST (2022), heteroresistance
was confirmed by screening for skipped wells. Isolates exhibiting no growth in some
wells while growing in wells with higher concentrations of antibiotics were
heteroresistant. According to CLSI guidelines (2018), a single skip well is not
indicative for heteroresistance. However, isolates showing multiple skip wells (two or
more) were taken into consideration (Landman, Salamera & Quale, 2013).
2.14.3 Heteroresistance Verification
To verify that heteroresistance was not the outcome of a mixed culture or due to a
stable mutation in a small number of bacteria out of the total population, resistant
colonies taken from within the inhibition zone of a disk diffusion or E-test plate
showing a “cocarde” growth were streaked again on tryptic soy agar (TSA) for up to 40
generations at 37℃, in the absence of antibiotics. If the isolates are “truly”
heteroresistant, a decrease in the frequency of resistance or total loss of resistance is
expected. If it is the outcome of having a mixed culture or a stable mutation, the
frequency of resistance should stay the same (Nicoloff et al., 2019).
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Figure 1: Matrix representing the ANI percentage relatedness of ECC isolates and
reference genomes. Red blocks represent isolate relatedness higher than 97% and white
blocks indicate relatedness values lower than 96%.
3.1.3 hsp60 typing
hsp60 typing was performed to determine the identity of the remaining Enterobacter
spp. isolates (ENTP14 and ENTP17-ENTP24) and to determine the distribution of the
genetic clusters based on Hoffmann & Roggenkamp (2003) developed approach. hsp60
sequences of the Enterobacter spp. isolates (N=21; ENTP1-ENTP8, ENTP10-14 and
ENTP17-24) were aligned against reference sequences representing the different ECC
species downloaded from the NCBI (AJ417108 to AJ417143). Sequences showing 98%
to 100% sequency similarity were considered belonging to the same species
(Rodriguez-R & Konstantinidis, 2016).
hsp60 sequence analysis revealed that the isolates belonging to the Enterobacter spp.
(N=21; ENTP1-8;ENTP10-14 and ENTP 17-24) were divided into three different
genetic clusters. Ten sequences (ENTP1, ENTP4-6, ENTP8, ENTP10, ENTP17,
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ENTP10, ENTP11, KAP15, ENTP22 and ENTP23) were resistant to all three tested
carbapenems.
We also detected resistance against tigecycline (five isolates), norfloxacin (11 isolates),
tetracycline (17 isolates), gentamicin (18 isolates) and trimethoprim/ sulfamethoxazole
(14 isolates) (Figure 2). Moreover, resistance to colistin combined with resistance to at
least one of the tested carbapenems was another significant finding seen in six isolates
(ENTP5, ENTP8, ENTP10, ENTP14, ENTP17 and ENTP22), making them extensively
drug resistant (XDR) (Basak, Singh and Rajurkar, 2016).
Table 11: Antimicrobial susceptibility testing results using the disk diffusion assay, Etest and BMD. Phenotypes: R: Resistant I: Intermediate S: Sensitive HR:
Heteroresistant. Antibiotics: AMC: Amoxicillin/ clavulanic acid, TZP: Piperacillin/
tazobactam, GEM:Gentamicin, CRO: Ceftriaxone, SCF: Cefoperazone/ sulbactam,
CAZ: Ceftazidime, FEP: Cefepime, ETP: Ertapenem, IMP: Imipenem, MEM:
Meropenem, TET: Tetracycline, NXN: Norfloxacin, TGC: Tigecycline, TMP-SMX:
Trimethoprim/ sulfamethoxazole, COL: Colistin.
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3.10 Heteroresistance
The appearance of a “cocarde” growth was spotted in 11 isolates for the following
antibiotics: ertapenem, imipenem, meropenem, cefepime, tetracycline and colistin.
However only isolates showing potential HR for carbapenems and colistin
(ENT1,8,13,14,18,19,21 and 23; N=8) underwent further analysis (Figure 3).
To confirm ertapenem, imipenem, meropenem and colistin HR, we used the broth
microdilution (BMD) assay according to EUCAST guidelines (2022). All the isolates
tested for colistin HR (N=3; ENTP19, ENTP21 and ENTP23) had uninterpretable
MICs, with all three displaying multiple skip wells (3-6 wells) in the 0.2 to 6 µg/ml
range, further confirming HR. Similarly, all isolates tested for ertapenem HR (N=3;
ENTP1, ENTP13, and ENTP18) and meropenem HR (N=7; ENTP8, ENTP13,
ENTP14, ENTP18-ENTP21) presented respectively multiple skip wells: 4-5 wells in
the 0.5 to 6 µg/ml range and 3-6 wells in the 2 to 10 µg/ml range.
Not all the isolates tested for imipenem HR (N=6; ENTP8, ENTP13, ENTP14,
ENTP18, ENTP19 and ENTP21) presented uninterpretable MICs. ENTP8 was resistant
to imipenem using BMD with an MIC value of 6 µg/ml while the remaining showed
skipped wells (3-5) in the 2- 6 µg/ml range.
For further verification, the isolates were streaked for 40 generations in the absence of
antibiotics and were tested again. All eight isolates (ENTP1, ENTP8, ENTP13,
ENTP14, ENTP18, ENTP19, ENTP21 and ENTP23) lost their resistance subpopulation
after 33 generations. Accordingly, the eight tested isolates had the potential of
developing HR against the last resort antibiotics.
It’s noteworthy that ENTP19 was exceptional being resistant against most tested
antimicrobial agents (amoxicillin/clavulanic acid, piperacillin/tazobactam, gentamicin,
ceftriaxone, cefoperazone/sulbactam, ceftazidime, cefepime, ertapenem, tetracycline,
norfloxacin, tigecycline, and trimethoprim/sulfamethoxazole) and capable of
35

developing HR against the remaining (imipenem, meropenem, and colistin). ENTP19
accordingly is an XDR clone that could significantly impact treatment and contribute to
the spread of resistance determinants (Basak, Singh and Rajurkar, 2016).

Figure 2: “Cocarde” growth pattern using the Kirby-Bauer disk diffusion assay on
Mueller-Hinton agar.
3.4. Resistance determinants
3.4.1 Resistance genes
in silico screening using both ResFinder and CARD, was performed to detect the
presence of resistance determinants in the sequenced genomes (N=12; ENTP1-ENTP8
and ENTP10-13) (Figure 4). Six genes (aac(6')-Ib, aph(3')-VIb, aadA1, aac(3)-IIa,
aph(6)-Id, rtmc) assosicated with aminoglycoside resistance were identified in all
isolates, except for ENTP7.
fosA, dfrA14 and tet(A), associated respectively with fosfomysisn, folate pathway and
tetracycline resistance, and genes mediating floroquinole resistance (qnrB1 and qnrS1)
were also detected (Figure 4). Three variants of the chromosomally encoded ampC
(blaACT-15, 7, 16 ) were detected in 9/12 isolates. blaACT-16 was the most common
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chromosomally encoded ampC variant among detected in this study (ENTP3, ENTP7,
ENTP12 and ENTP13) (Figure 4).
β-lactamases are the most common and important resistance factors in Enterobacter
spp., blaCTX-M-15 and blaCTX-M-14 were among the detected extended-spectrum βlactamases (ESBLs) (Figure 4).
We also used PCR assays to determine the type and the distribution of carbapenemases
encoding genes for all the isolates. The combined results of in silico and PCR assays
showed that all the isolates had at least one β-lactamase, with all the following being
detected: blaNDM-1, blaNDM-5, blaCTX-M-14, blaCTX-M-15, blaACT-15, blaACT-16, blaACT-7,
blaTEM-1B, blaSHV-12, blaOXA-1, blaOXA-7, blaOXA-48, and blaOXA-181. blaNDM-1 was the most
common carbapenemase detected in 10/24 , followed by blaOXA-181 (8/24), and
blaOXA-48 (6/24) (Figure 4).
It is noteworthy that we did not detect mcr genes (genes encoding colistin resistance).
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Figure 3: Types and distribution of resistance genes determined using ResFinder v1.2
and PCR assays.
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3.4.2 Efflux pumps
Efflux pumps were identified in the sequenced isolates (N=12; ENTP1-ENTP8 and
ENTP10-13) using CARD. We detected many efflux pumps with each isolate having at
least 10. AcrAB-TolC pump, associated with resistance to carbapenems and colistin
(Chetri et al., 2019) and the K. pneumoniae KpnE efflux pump, linked to cephalosporin
and carbapenem resistance (Srinivasan and Rajamohan, 2013), were the commonly
detected types (Figure 5).
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Table 11: Types and distribution of efflux pumps. RND: Resistance-nodulation-cell
division antibiotic efflux system, MFS: Major facilitator superfamily antibiotic efflux
system, SMR: small multidrug resistant efflux system.
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Pan-genome analysis was performed on the sequenced genomes (N=12; ENTP1ENTP8 and ENTP10-13). The analysis revealed the presence of 12636 total genes,
3623 were part of the core genome (common to all of the ECC), 2928 were the shell
genes present in 15-95% of the isolates, and the remaining 6085 constituted the cloud
genes found in less than 15% of the isolates. The presence/absence gene matrix and the
maximum-likelihood phylogenetic tree based on the pan-genome are shown in Figure
6.
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Figure 4: The presence/absence of genes matrix and maximum likelihood phylogenetic
tree based on pan-genome analysis. Each gene is represented by a blue block, the left
adjacent blue blocks represent the shared core genes in ECC, and the scattered block on
the right represent the shell and cloud genes forming the accessory genome.
43

3.7 Core- genome (cg) SNP-based phylogenetic analysis
The sequenced isolates (N=12) were further analyzed through core-genome SNP
analysis using E. hormaechei subsp. steigerwaltii (NZ_CP017179.1) as a reference. We
also included in the phylogeny representative genomes for organisms commonly linked
to nosocomial infections including: E. hormaechei subsp. xiangfangensis, E.
hormaechei subsp. oharae, E. hormaechei subsp. hoffmani, E. cloacae subsp.
dissolvens, and E. cloacae subsp. cloacae.
The core genome SNP-based phylogenetic analysis revealed the clustering of the
isolates into two major clades. Six of the sequenced isolates (ENTP2, ENTP3, ENTP7,
ENTP11, ENTP12 and ENTP13) clustered within the same clade as that of E.
hormaechei subsp. xiangfanfensis. The remaining, however, clustered with E.
hormaechei subsp. steigerwaltii (Figure 7).
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Figure 5: Maximum-likelihood phylogenetic tree based on core SNPs alignment
showing the phylogenetic relationship between different members of the ECC based on
the reference genome E. hormaechei subsp. steigerwaltii ( NZ_CP017179.1).
3.8 Virulence factors
We tested biofilm formation as it is an important indicator of virulence. All the isolates
were biofilm producers, nine (ENTP1-ENTP3, ENTP5,ENTP7, ENTP10, ENTP11,
ENTP14 and ENTP24) were classified as strong biofilm producers, five (ENTP4,
ENTP12, ENTP13, ENTP19 and ENTP22) as moderate, and seven (ENTP6, ENTP8,
ENTP17, ENTP18, ENTP20, ENTP21 and ENTP23) as weak (Figure 8).
We also used PCR assays to check for secretion systems. All the isolates harbored the
T6SS, 17 had the T3SS, and 10 the T4SS. in silico screening for secretion systems
revealed that ENTP3 and ENTP4 additionally harbored the T1SS, and only ENTP3 had
the T2SS (Figure 8).
On the other hand, the majority of the isolates were positive for OmpX and/or OmpA,
18 had OmpX, and 12 co-harbored both OmpX and OmpA (Figure 8).
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Using in silico analysis we found the fimH gene, encoding the type 1 fimbriae, in all the
sequenced genomes, in addition to entE, entC, entB, ybdA, entS and entF; genes
encoding for enterobactin siderophores. Genes encoding for the aerobactin siderophore
were also detected in all the sequenced genomes, except for ENTP7 (Figure 8).
On the other hand, toxins such as toxin A (ENTP2 and ENTP3), RTX toxins (ENTP2,
ENTP4 and ENTP11) and colicin E1 (ENTP13) were among the detected virulence
determinants, with ENTP2 harboring two toxins (Figure 8).
The highest number of virulence determinants were detected in ENTP3 and ENTP4.

Figure 6: Identification of virulence factors in Enterobacter spp. (N=21) through PCR
assays and in silico analysis.
3.9 Co-aggregation assay
ENTP6 was isolated from a patient co-infected with Stenotrophomonas maltophilia,
ENTP13 from a patient co-infected with Pseudomonas aeruginosa and Klebsiella
pneumoniae, and KAP16 with Acinetobacter baumanii. Accordingly, we further
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determined the ability of ENTP6, ENTP13 and KAP16 in forming a multi-species
biofilms, co-aggregation.
Co-aggregation was detected in all three isolates. The process started after 2 h of
incubation, almost reaching its full potential overnight and slightly increasing after 24
h. ENTP6 co-aggregated with S. maltophilia (33%) , ENTP13 co-aggregated with P.
aeruginosa and K. pneumoniae (40% and 48% respectively) and KAP16 with A.
baumanii (38%). Consequently, members of ECC have the potential to be engaged in
biofilm development with other species (Rickard et al., 2003).
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Chapter Four
Discussion
Although ECC members have emerged as a clinically significant cause of nosocomial
infections over the last decades, little attention is given to these organisms due to their
misidentification using phenotypic methods within hospital settings. Moreover, the
Enterobacter genus is polyphyletic, and the 16S rRNA gene sequencing is not alone
reliable. Additionally, knowledge regarding their genomic characteristics, population
structure, virulome and resistance determinants remains limited, not only in Lebanon
but also worldwide (Davin-Regli, Lavigne, & Pagès, 2019; Morand et al., 2009).
Work addressing the dissemination of carbapenem resistant Enterobacteriaceae (CRE)
in Lebanon targeted mainly K. pneumoniae and E. coli (Moghnieh et al., 2019, Azour
et al., 2021). In this study, WGS-based identification revealed the heterogeneity of
Enterobacter, where 10/21 of the isolates mapped to Hoffman’s cluster VIII, another
10 to cluster VI and only one to cluster XI. Most of the isolates were classified as
subspecies of E. hormaechei, 10/21 identified as E. hormaechei subsp. steigerwaltii and
another 10 as E. hormaechei subsp. xiangfangensis, which was in accordance with
other studies (Chavda et al., 2016; Mezzatesta, Gona & Stefani, 2012).
Moreover, MLST analysis revealed clonal diversity among the study isolates (N=24).
We detected 12 different STs, with the majority being assigned to ST177 followed by
ST114. ST114 was previously designated as an epidemic clone, detected south-eastern
Asia, Europe, and in the Middle East (Makhlouf et al., 2021; Peirano et al., 2018).
ST177 on the other hand, was linked to blaNDM-1 (Yang et al., 2018), and ST114 to
blaCTX-M-15 and blaNDM-1 within ECC members (Izdebski et al., 2015; Makhlouf et al.,
2021), which agreed with our findings (Figure 4). It’s noteworthy, that K. aerogenes
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belonged to two different STs, ST4 and ST233. ST4 is linked to K. aerogenes
outbreaks within hospital settings but the clonal diversity and geographical
dissemination of this species is still not well elucidated (Malek et al., 2019).
We also determined the susceptibility of the isolates to the routinely used antimicrobial
agents and showed that all were resistant against most tested antibiotics, including
carbapenems (22/24), with 10 isolates showing resistance to all three tested
carbapenems (ertapenem, imipenem and meropenem). Our results showed very high
resistance against carbapenems (92%, n=22/24), and was consistent with percentages
detected in isolates recovered from countries lacking antibiotic stewardship programs
such as Egypt and India and was higher from other countries such as Serbia (1.6%) and
the UK (28.9%) (Mashaly & Mashaly, 2020). Resistance could be attributed to the
different carbapenemases detected (Figure 4). blaNDM-1 was the most common (10/24),
followed by blaOXA-181 (8/24), and blaOXA-48 (6/24), agreeing with Brkić et al., (2020).
blaOXA-48, however, was reported previously as being the most frequently identified
carabapenemase in E. coli and K. pneumoniae recovered from clinical settings in
Lebanon (Arabaghian et al., 2019; Dagher et al. 2018).
Bacterial efflux pumps contribute to multidrug resistance in Gram-negative bacteria,
notably in Enterobacter and Klebsiella spp., through actively pumping out metabolites,
toxins, and antimicrobial agents (Andersen et al., 2015; Davin-Regli et al., 2016).
Analysis of the sequenced isolates (N=12) showed that their genomes harbored a
considerable number of efflux pumps. AcrAB-TolC and KpnEF were the most
important being linked to colistin, carbapenem and cephalosporin resistance in ECC
members, E. coli, K. pneumoniae, and other Gram-negative bacteria (Lui et al., 2021).
Resistance to colistin, as a result, in ENTP5, ENTP8, ENTP10, ENTP10, ENTP14,
ENTP17 and ENTP22, which were mcr negative, could be attributed to efflux pumps.
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Colistin and carbapenems co-resistance in ECC was also previously reported in
different countries including Japan, China, India, and USA (Chavda et al., 2018;
Manohar et al., 2017; Norgan et al., 2015; Uechi et al., 2019). To our knowledge,
however, this is the first study showing co-resistance to the last resort antibiotics in
isolates recovered from Lebanon (ENTP5, ENTP10 and ENTP22; Figure 2),
leading to more difficult to treat infections and death.
HR was also detected in this study, and which revealed the emergence of resistance in
Enterobacter spp. through spontaneous mutations introduced when exposed to
antimicrobial agents. HR development through mutations in the two-component system
pmrAB and phoPQ (system that is involved in modifying lipid A in ECC) was
previously reported in Enterobacter spp. (Guerin et al., 2016; Wand & Sutton, 2020).
Moreover, AcrAB-TolC efflux pumps also play an important role in the emergence of
HR against carbapenems and colistin, and which could also be linked to the HR
developed within the tested isolates in this study (Figures 2 and 5) (Liu et al., 2021). It
is noteworthy that heteroresistance to carbapenems and to colistin has never been
reported in Lebanon among ECC members.
Contrary to results obtained in this study, Guerin et al. (2016) showed that HR to
colistin was cluster dependent among ECC members. Isolates belonging to clusters I,
II, IV, VII, IX, X, XI and XII exhibited HR towards colistin, those belonging to clusters
III, V, VI, VIII and XIII were susceptible, while isolates from clusters V and VIII had
small proportion of cells showing HR to colistin when tested. HR to colistin in the
tested isolates in this study belonged to clusters VI and VIII.
Horizontal gene transfer (HGT) is recognized as a major driving force which have
contributed significantly to the success of antimicrobial-resistant bacteria, most
importantly through conjugative plasmids (Iwasaki & Takagi, 2009). Plasmids, usually
carry genes that enhance resistance and pathogenesis, providing them with rapid ways
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to respond and adapt to harsh and unsuitable environments, such as treatment (Mathers,
Peirano & Pitout, 2015).
Plasmids with different Inc groups were detected among the study isolates, including
IncFII and IncX3. IncFII was previosuly linked to the spread of blaNDM-1 in Lebanon
and blaCTX-M-15 globally (Makhlouf et al., 2021; Rozwandowicz et al., 2018), while
IncX3 was connected to the spread of blaOXA-181 in Enterobacteriaceae, including ECC
members (Rozwandowicz et al., 2018), which agreed with reports showing that
plasmids were important vehicles facilitating the spread of resistance determinants in
Enterobacteriaceae. Plasmids are also key players behind the worldwide dissemination
of carbapenemase-encoding genes in ECC members and in K. aerogenes (Annavajhala
et al., 2019; Rozwandowicz et al., 2018). ENTP19, had several plasmids of different
Inc types (five different) and was extensively drug resistant (Figure 2 and Table 11),
further confirming the significance of determining the type of plasmids and resistance
determinants in high-risk clones.
Outer membrane protein (OMP) analysis revealed a strong association between the
specific OMPs and resistance. Isolates co-harboring OmpA and OmpX (12/24), in this
study, showed higher resistance towards β-lactams and cephalosporins compared to the
isolates harboring OmpF (ENTP3 and ENTP7) (Figures 2 and 8). OmpA and OmpX
were found to be conserved in most Enterobacter spp. and their overexpression reduced
the expression of OmpC and OmpF (non-specific porins) decreasing the permeability to
antimicrobial agents, especially to carbapenems such as ertapenem and imipenem
(Viveiros et al., 2007; Yigit et al., 2002)
Furthermore, Enterobacter spp. along with K. aerogenes are intrinsic carriers of the
chromosomally encoded ampC gene (gene encoding β-lactamases), which under
selective pressure has the ability to acquire selective mutations yielding to the
development carbapenem resistance irrespectively of the presence of carbapenemase
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encoding genes (Mezzatesta, Gona & Stefani, 2012). Taken together, these results show
that multiple mechanisms mediate resistance to carbapenems in ECC members
including outer membrane permeability changes , upregulation of efflux pumps, the
constitutive overexpression of ampC , and through the acquisition of plasmid-encoded
carbapenemase genes.

In addition, a large arsenal of virulence factors was detected among studied isolates
including siderophores, toxins, adhesions, secretion systems and biofilm formation
(Figure 8). Enterobactin and aerobactin siderophores were detected in the sequenced
genomes (N=12), with 11 co-harboring both siderophores, giving them a fitness
advantage to overcome metal deprivation which is part of the host’s immune response
against pathogens, as stated by Tiel-Menkveld et al., (1982).
Moreover, ECC members were reported to harbor toxins, including enterotoxins,
exotoxins, and toxin A. Toxin A and RTX toxins were among the detected virulence
determinants in the sequenced genomes. RTX toxins, produced by many different
Gram-negative bacteria, are pore-forming exotoxins that cause severe damage through
cell lysis, actin depolymerization, Rho GTPase-inactivation, and caspase-3 and 7
dependent apoptosis, accelerating dissemination and infection (Linhartova et al., 2016).
Toxin A, on the other hand, disrupts tight junctions leading to cell death and further
invasion (Di Bella et al., 2016).
Additionally, all the study isolates (N=24) were biofilm producers. Klebsiella and
Enterobacter spp. were linked to biofilm formation on medical devices, which could be
a source of cross-contamination, facilitating their dissemination within hospital settings
(Ramos-Vivas et al., 2019). There was also a strong association between OMPs and
biofilm formation in Enterobacter spp. Isolates positive for OmpX, OmpF and OmpA
(14/21) showed strong to moderate biofilm formation, whereas the ones positive for
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only one (7/21) were weak biofilm producers. Mishra et al. (2020) showed that
Enterobacter isolates that were positive for OmpA, OmpX, and OmpF were more
pathogenic compared to those not having them and their presence was associated to
increased adherence and invasion in host cells.

The development of antibiotic resistance comes at a fitness cost, with organisms
acquiring resistance could be at the expense of losing virulence. Both mechanisms can
also be observed concomitantly with a positive relationship being also detected
between the acquisition of resistance and virulence (Cepas &Soto, 2020). Combining
the virulome and resistance profiles of the study isolates, revealed that we had MDR
hypervirulent clones. A phenomenon previously also detected in hypervirulent K.
pneumoniae due to hypervirulent strains acquiring antimicrobial resistance
determinants or the transfer of a virulence plasmid into MDR strain (Lin et al., 2020).
Co-selection of resistance and virulence facilitated through HGT potentiates adaptation
and increased fitness. Associations with a positive effect, increased resistance, and
virulence, will be rapidly selected and consequently spread within a population
(Beceiro et al., 2013; Cepas &Soto, 2020).

In this study we used a whole-genome-based approach to compare the genetic
relatedness, antimicrobial resistance, and the virulome of Enterobacter spp. and K.
aerogenes. Co-resistance to carbapenems and colistin, in addition to heteroresistance,
were detected among ECC members for the first time in Lebanon. We also found a
strong association between OMPs and antibiotic resistance and pathogenicity
in Enterobacter spp. Additionally, co-selection of resistance and virulence determinants
were observed among the study isolates, revealing the emergence of MDR
hypervirulent clones. Accordingly, the spread of MDR hypervirulent-pathogens is a
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significant public concern, and measures should be taken to prevent the dissemination
of resistance, most importantly carbapenemases, and virulence determinants to avoid
the spread of untreatable strains.
Our work provided an important baseline in the investigation of the genomic content of
clinical CREC in Lebanon. Several gaps, however, remain in our understanding of
Enterobacter spp. and K. aerogenes. Therefore, future genomic investigations targeting
other MGEs, such as bacteriophages, in addition to the identification of genomic
recombination events, are needed to elucidate and study the genetic environment of the
mobile elements mediating dissemination of resistance determinants and virulence
factors among clinical ECC isolates. Furthermore, future efforts should focus on better
understanding heteroresistance and on elucidating involved mechanisms.
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